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Preface
Immunology is a branch of biomedical sciences covering the broad concepts of
immune system and its components of all the living beings. It is a study of the immune
system physiology both in healthy and diseased states. In general, the immune system
safeguards the human body from several infections and also evades the generation of
cancerous cells and their attack. However, a hairline margin determines the actual
mechanism of body defence termed as immunity and as autoimmunity characterised
by the loss of tolerance. An imbalance in the immune cell regulation leads to the
generation of several of the autoimmune diseases ranging from organ specific type to
the systemic ones which also includes cancer. Though the precise pathogenic
mechanisms behind the autoimmunity aren’t yet identified, previous studies identified
the genetic inheritance, infections and environmental pollutants as the major risk
factors associated with the disease. The principle motto of this book is to serve the
students, scholars and research personnel with up to date literature from the basics of
immunology to the cutting edge techniques employed to counteract the diseased
states. Added to the ease of access, peer review and open access will be one click away
from the readers to have a complete understanding of the topic of their interest. I
strongly hope that a majority of them will be benefitted from the books and find useful
for applications into clinical research.
The first chapter by Dr. Butsch Kovacic Melinda covers the details of immune cell
pathology involved in cervical cancer and its diagnostic importance, vaccines for
therapy providing insights on the clinical studies conducted and evaluated. This will
surely highlight the understanding of the disease and gap that needs to be filled.
Computational studies lead to the development of a mathematical model that
unmasked the secrets behind the adaptive immune system functioning and also for
determining the optimum immunization. This chapter provided by Dr. De Castro
Alexandre is interesting in explaining the simulations that found the dynamic
behaviour and the antigen dependency for B‐cell memory. It is followed by the review
by Dr. Orozco‐Suarez Sandra who explained the details of immune mediated CNS
diseases along with therapeutic approaches for epilepsy. Plasma Exchange has
attracted attention as new therapeutic intervention for the autoimmune neuromyelitis
optica. The details of its pathology and treatment procedures are explained by Dr
Bonnan Mickael. The novel findings of Pattern recognition receptors and their role in
the cancer aetiopathogenesis is discussed in chapter by Dr. Kutikhin Anton
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substantiating the concepts of immunology and its importance for future therapeutics.
Dr. Kuricova Miroslava dealt the aspects of Environmental xenobiotics and
immunotoxicity as a separate chapter including the concepts of developing in vitro
models for toxicity evaluation. The next chapter by Dr. Garcia‐Munoz Ricardo, is
about Chronic Lymphocytic Leukemia, a unique B‐cell malignancy updates our
current understanding with inclusions on its pathogenesis and immune dysregulation.
The conceptual literature on neuroimmune regulators in brain disorders is covered by
Dr. Neal James and the age related immune responses and alterations by Dr. Goriely
Stanislas. Next chapters by Dr. Maier Olaf deal the interesting aspects of
oligodendrocyte differentiation, its regulation and remyelination is followed by the
explanations of Prof. Hahm Bumsuk on mechanistic viral ploy for escape from host
immunity and its understanding for developing immunotherapeutic applications.
Valuable information on early nutrition and its impact on immunity, mother and
foetus immunological interactions are summarised as a separate chapter by Prof.
Boehm Günther.
Prof. Cooper Edwin took efforts and provided exclusive information for comparing
the adaptive immunity in prokaryotes and eukaryotes and the interesting outcomes
will surely attract the readers in his chapter. Valuable additions are made by Dr.
Robinson‐Agramonte Maria on the detailed pathology of glial cells and axons in
multiple sclerosis, its treatment and Dr. Sattler Susanne covered valuable information
on the immunobiology of regulatory B‐cells and their impact on the autoimmune and
allergic disorders in her chapter. Chapter’s by Prof. Mehrzad Jalil & Dr. Owais
Mohammad will conclude covering the enthusiastic concepts of neutrophils, their
interactions with pathogens along with the addressing of cutting edge techniques and
the detailed biology of Toll‐like receptor, its implications in various diseased states
and its future therapeutic modulation. In chapter by Prof Kanwar covered the study of
TH17 cells in cancer and inflammation. This field has been one of the fast‐moving and
exciting subject areas in immunology of immune‐mediated chronic inflammatory
diseases and autoimmunity, where the pathogenic role of TH17 cells has been well
documented. Based on the evidence provided in this chapter from both human and
clinical studies data, TH17 cells and TH17‐associated cytokines/effector molecules
have been shown to have both pro‐tumorigenic and anti‐tumorigenic functions. Lastly,
chapter by Prof Sehgal and Prof Kanwar covered the immunology of leishmaniasis
and its future prospective for the development of vaccines to leishmaniasis. Recent
investigations have provided new insight into the role of cells of the innate immunity.
Identification of new antigen candidates with broad species coverage, and a greater
understanding of the immunology of protective immunity to leishmaniasis open new
strategies in clinical vaccine to leishmaniasis.
Dr. Jagat R. Kanwar
Deakin University,
Australia

Section 1
Immunology of Viruses and Cancer

1
Cytokines and Markers of Immune Response
to HPV Infection
Jill Koshiol2 and Melinda Butsch Kovacic1
1Cincinnati

Children’s Hospital Medical Center
2National Cancer Institute
USA

1. Introduction
Cervical cancer is the third most commonly diagnosed cancer in women worldwide (Ferlay,
Shin et al. 2010) and is a result of infection with cancer-causing types of human
papillomavirus (HPV) (Bouvard, Baan et al. 2009). HPV is a very common infection,
although in most circumstances, infection does not usually result in cervical disease (Trottier
and Franco 2006). In fact, the natural history of HPV infection suggests that additional
factors are required to drive progression from infection to the development of cancer. Most
women are thought to clear their HPV infections within two years, but in approximately
10% of women, infection persists (Schiffman, Castle et al. 2007). Persistent HPV infection is,
in effect, the strongest risk factor for progression to cervical precancer and cancer (Koshiol,
Lindsay et al. 2008), and a dysfunctional immune response is likely to underlie the amplified
risk that leads to HPV persistence and cervical cancer. Although efficacious prophylactic
vaccines against the two types of HPV (16 and 18) that cause about 70% of cervical cancers
(Munoz, Castellsague et al. 2006) are available, these vaccines are expensive, difficult to
administer in poorer countries and will not protect women who have already been exposed
to the virus (FUTURE II Study Group 2007; Hildesheim, Herrero et al. 2007) (Su, Wu et al.
2010). Thus, it is important to understand factors that predispose some women infected with
a carcinogenic HPV infection to persist and progress.
HPV uses a variety of methods to avoid immune detection, such as maintaining an
unobtrusive infectious cycle (e.g., non-viremic and non-cytolytic since replication occurs in
cells already destined for natural cell death), suppressing interferon response, and downregulating toll-like receptor (TLR)-9 (Stanley 2010). By employing such immune evasion
tactics, HPV infection itself does not lead to a direct or obvious inflammatory response.
Rather, inflammation due to other co-factors such as smoking, parity, oral contraceptive use,
co-infection with other sexually transmitted diseases, multiple sexual partners etc. have long
been hypothesized to lead to HPV incidence, persistence, and progression to cervical precancer and cancer (Castle and Giuliano 2003). Studies that directly evaluate women’s
immune response to HPV infection may provide better insights into the role of
inflammation and immunity in HPV persistence and cervical carcinogenesis.
Although humoral response to HPV infection has been well-characterized (Bhat, Mattarollo et
al. 2011), cell-mediated response has not been well established. Numerous approaches have
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been used to characterize cell-mediated immune responses to HPV. Such approaches include
measurement of cytokines and other immune markers that commonly lead to infiltration of
immune cells. Cytokines are pleiotropic glycoproteins that regulate cell survival, proliferation,
differentiation and activation at both local and systemic levels. During inflammation, their
excessive release may lead to both chronicity and pathogenicity. The purpose of this review is
to describe the current state of knowledge regarding these important regulators or other
important immune markers of cell-mediated immune response in HPV infection. To this end,
we have evaluated studies in plasma or serum from peripheral blood, in cervical secretions, in
unstimulated and stimulated PBMCs (and cellular subsets thereof), and in cervical tissues
themselves. Importantly, this chapter will highlight not only the large amount of knowledge
gained from these studies, but also the many scientific gaps in knowledge that remain.

2. Methods
Relevant studies were identified by searching MEDLINE (via PubMed) using broad search
term categories for cervix and immunity (Appendix 1). The search included studies
identified through 3 November 2011. Studies that evaluated cell-mediated immune response
immune response by HPV status (positivity, persistence, or clearance) were included if there
were at least 10 women in each comparison group (usually HPV-positive versus HPVnegative; sometime HPV persistence versus clearance or difference by HPV type). To focus
on more functional aspects of immune response, only studies of immune-related proteins
and mRNA (evidence of expression) and studies with HPV DNA detection were included.
Studies were excluded if the HPV status and disease status of the referent group was
unclear or if they focused on DNA polymorphisms alone. Given the focus on HPV infection,
studies were also excluded if they include cervical cancer patients, but no other groups [i.e.
normal women, women with low-grade squamous intraepithelial lesions (LSIL) or cervical
intraepithelial neoplasia (CIN)]. Studies that included some cervical cancer patients along
with CIN or normal patients were retained. Post-treatment studies or studies involving
mice, cell lines, or HPV at extra-cervical anatomical sites were excluded as well.
Data were abstracted on the study characteristics, HPV measurement, immune marker
measurement, and results pertinent to this review. Study characteristics included the
country in which the study was conducted, the method of cervical secretion collection, and
descriptions of comparison groups relevant for this review (e.g., women with incident HPV
versus no HPV). The assay used to detect HPV was also noted. Immune marker-related data
included the assay used to measure the immune marker and the specific markers measured,
along with the results. Approximately 50% of studies were double abstracted.

3. Literature review
In total, 35 studies met our inclusion criteria. These studies fell into four broad categories
(Tables 1 to 4): circulating immune markers in plasma or serum (N = 7), those secreted
locally in the cervix (N = 7), immune responses in patient-derived PBMCs (N = 10), and
tissue-based immune markers (N = 12). One study contributed to both the circulating and
PBMC-based immune marker categories.
Circulating Immune Markers in Plasma/Serum. Cytokines and soluble immune markers are
increasingly being measured in readily accessible plasma and serum in the hope that they will
provide useful diagnostic and prognostic information, as well as insight into the pathogenesis
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of numerous diseases. Further, the availability of inexpensive enzyme-linked immunosorbent
assays (ELISAs), radioimmunoassays (RIAs), and other bioassays to reliably measure
cytokines in these samples make them enticing targets for discovery. Currently, seven studies
that met our inclusion criteria have directly examined HPV-infection-related immune
responses in either serum or plasma (Table 1). All of these studies have focused on associations
with carcinogenic infection using a Hybrid Capture assay. Hildesheim et al. (Hildesheim,
Schiffman et al. 1997) was among the first to use plasma to evaluate markers of immunity.
However, their comparison of carcinogenic HPV positive women with low-grade lesions to
carcinogenic negative women with low-grade lesions failed to find a statistical difference in
the soluble IL-2 receptor (sIL-2R; p=0.63). Adam et al. (Adam, Horowitz et al. 1999) similarly
compared 10 women with high risk HPV infection to 10 HPV negative women and reported
that high risk HPV infection was indeed associated with higher mean serum CSF-1 levels.
Abike et al. (Abike, Engin et al. 2011) measured neopterin, often considered a marker of
immune activation, and found lower concentrations in HPV-positive versus HPV-negative
women with normal through high-grade histology. Unlike the earlier studies, Bais et al. (Bais
2005) measured numerous cytokines simultaneously (IL-2, IL-4, IL-10, IL-12, IFN-γ, TNF-α), as
well as soluble markers (sTNFRI and sTNFRII) in plasma. They discovered that higher mean
IL-2 levels alone were associated with carcinogenic HPV positivity. Baker et al. (Baker, Dauner
et al. 2011) evaluated eleven circulating markers (adiponectin, resistin, tPAI-1, HGF, TNF-α,
leptin, IL-8, sVCAM-1, sICAM-1, sFas, MIF) and found elevated levels of resistin [odds
ratio(OR) for 3rd versus 1st tertile, 103.3; 95 confidence interval (CI), 19.3–552.8; P < 0.0001],
sFas (OR, 4.2; 95% CI, 1.5–11.7; P = 0.003), IL-8 (OR, 59.8; 95% CI, 11.4–312.5; P < 0.0001), and
TNA-α (OR, 38.6; 95% CI, 9.1–164.3, P < 0.0001) were in women with persistent HPV infection
compared to HPV-negative women. Kemp et al. (Kemp, Hildesheim et al. 2010) evaluated an
even broader spectrum of cytokines in their comparison of 50 HPV-positive women older than
45 years and 50 HPV-negative similarly aged women from their population-based cohort
study in Guanacaste, Costa Rica. Plasma levels of IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, IL-17,
IL-1α, IFN-γ, GM-CSF, TNF-α, MCP-1, MIP-1α, IP-10, RANTES, eotaxin, G-CSF, IL-12, IL-15,
IL-7, and IL-1β were measured by Lincoplex assay, IFN-α was measured by bead array, and
TGF-β1 was measured by ELISA. Their analysis revealed statistically significant differences
between cases and controls in levels of IL-6, IL-8, TNF-α, and MIP-1α, GM-CSF, IL-1β (all P <
0.0001) and IL-1α (P = 0.02). However, it should be noted that this study was intentionally
designed to explore differences between the extremes of the immunological spectrum. Thus,
differences between these groups are likely to be biased away from the null (upward) in
comparison to the general population. All six of these studies failed to concurrently evaluate
potential confounders, and with the possible exception of TNF-α, none of their findings have
been confirmed by other studies.
Unlike the other studies, Hong et al. (Hong, Kim et al. 2010) evaluated several potential
confounders (parity, menopausal status, smoking, oral contraceptive use, histological findings
of colposcopic-directed biopsy) in their recently published report of HPV persistence and
clearance among 160 carcinogenic HPV positive Korean women (normal women or women
with histologically confirmed mild dysplasia). While their univariate analysis revealed that
the number of women who were serum negative for TNF-α was significantly higher in the
carcinogenic HPV clearance group (N=107) than their persistence group (N=53, P = 0.0363),
their multivariate logistic regression analysis indicated that none of the four cytokines
measured (IFN-γ, TNF-α, IL-6, and IL-10) had a significant association with clearance of the
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carcinogenic HPV infection, pointing to the importance of these factors in future study design.
In fact, they found that only age was significantly associated with clearance of carcinogenic
HPV infections (OR, 0.95; 95% CI, 0.92- 0.98; P = 0.001).
Author & Year

Study source (Origin
Country)

Immune Marker

HPV -/+ N (Measurement
Method)
45/60 (Hybrid Capture)

Major Conclusions

Hildesheim1997 Kaiser Permanente
clinics (US)

CellFree IL-2R test kits for sIL-2R
fromplasma recovered by
centrifugation of peripheral blood

Adam1999

Centers for Disease
Control collection
(United States and
Panama)

ELISA for Macrophage colony10/10 (ViraPap + ViraType High-risk HPVinfection is associated
stimulating factor (CSF-1) in serum
dot blot hybridization
with higher mean serumCSF-1 levels.
assay for screen positives)

Bais 2005

Outpatient GYN clinic ELISA for IL-2, IL-4, IL-10, IL-12,
(The Netherlands)
IFN-γ, TNF-α, sTNFRI, sTNFRII in
plasma and leucoctye count for
leucocytes, neutrophils,
monocytes, and lymphocytes in
peripheral venous blood

Hong 2010

University hospital
and women's health
center (Korea)

ELISA for IFN-γ, IL-6, IL-10, TNF- 0/160* (Hybrid Capture 2) Based on univariate analysis, the
α in serum
number of women that were serum
negative for TNF-α was significantly
higher in the high risk HPVclearance
group than the persistence group (P =
0.0363). Based on multivariate logistic
regression, none of the 4 cytokines had
a significant association with clearance
of the high risk HPVinfection. Only age
was significantly associated with
clearance of the high risk HPVinfection
(OR, 0.950; 95% confidence interval, 0.920.98; P = 0.001).**

Kemp 2010

Population-based
cohort (Costa Rica)

Linco-plexassay for IL-2, IL-4, IL- 50/50 (MY09/11 PCR, dot
blot hybridization for
5, IL-6, IL-8, IL-10, IL-13, IL-17, ILgenotyping)
1α, IFN-γ, GM-CSF, TNF-α, MCP1, MIP-1α, IP-10, RANTES, eotaxin,
G-CSF, IL-12, IL-15, IL-7, and IL1β; ELISA for TGF-β1; single
analyte in a bead array for IFN-α.

Abike 2011

GYN Department
(Turkey)

ELISA for neopterin in serum

Baker 2011

Population-based
cohort (Costa Rica)

Millipore MultiplexBead Assay for 50/50 (MY09/11 PCR, dot
blot hybridization for
adiponectin, resistin, tPAI-1, HGF,
genotyping)
TNF-α, leptin, IL-8, sVCAM-1,
sICAM-1, sFas, MIF in PBMCs
fromheparinized blood

11/10 (GP5+/GP6+ PCR)

No statistically significant association
between sIL-2R and high risk HPV
positivity in plasma.

High-risk HPVinfection is associated
with higher mean plasma IL-2 levels.

Persistent HPVinfection in older women
with evidence of immune deficit is
associated with an increase in systemic
inflammatory cytokines and weak
lymphoproliferative responses.

78/44 (Amplisense HPV Neopterin levels were lower in women
multiplexPCR typing kit) with HPVthan women without HPV.
Resistin, sFas, IL-8, and TNA-α were
elevated in women with persistent HPV
infection compared to HPV-negative
women.

* Compared HPVpersistence and clearance. Thus, all were HPV-positive at baseline. **Adjusted for age, parity, menopause, oral contraception,
histological findings of colposcopic-directed biopsy, and cytokines. Abbreviations: US = United States, HPV= human papillomavirus, DNA =
deoxyribonucleic acid, GYN = Gynecology, PCR = polymerase chain reaction, ELISA = enzyme-linked immunosorbent assay, PBMCs= peripheral
blood mononuclear cells

Table 1. Studies of circulating immune markers in plasma and serum.
Local Immune Marker Secretions in the Cervix. It is believed that measurement of
cytokines in cervical secretions may better reflect local cytokine production relevant to
cervical carcinogenesis than circulating cytokines. Currently, seven studies that met our
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inclusion criteria have measured immune responses in cervical secretions (Table 2). Unlike
the studies of circulating cytokines above, most of these studies have tested for a broad
range of HPV types, although one (Guha and Chatterjee, 2009) only tested for carcinogenic
HPV types using the Hybrid Capture 2 assay, and another only analyzed results for women
with carcinogenic HPV infection compared to women without carcinogenic HPV infection
(Marks, Viscidi et al. 2011). Scott et al. (Scott, Stites et al. 1999) evaluated RNA expression of
IL-4, IL-12, IFN-γ, and TNF and found that a T-helper type 1 (TH1) cytokine expression
pattern (as defined by IFN-γ and TNF positivity and IL-4 negativity, with variable IL-12
expression) preceded HPV clearance. Crowley-Nowick et al. (Crowley-Nowick, Ellenberg et
al. 2000) measured IL-2, IL-10, and IL-12 cytokine levels in HIV-positive and HIV-negative
adolescents recruited from 16 clinical care settings in 13 US cities. Crowley-Nowick et al.
found that HPV-positive girls had higher IL-12 concentrations compared to HPV-negative
women (P = 0.01). Race, age, SIL status, smoking, other vaginal infections, and CD4 count
were considered as potential confounders, but all were dropped out of the backwards
regression model. Tjiong van der Vange et al. (Tjiong 2001) evaluated IL-12p40, IL-10, TGFβ1, TNF-α, and IL-1β levels by HPV status in CIN patients referred to an outpatient
gynecology department. Similar to Crowley-Nowick et al., Tjiong van der Vange et al. found
higher levels of IL-12 in HPV-positive compared to HPV-negative patients (P=0.04) (Tjiong
2001). However, no attempts were made to adjust for potential confounders. Unlike
Crowley-Nowick et al. (Crowley-Nowick, Ellenberg et al. 2000) and Tjiong van der Vange et
al. (Tjiong 2001), Gravitt et al. (Gravitt, Hildesheim et al. 2003) found no statistical
differences in IL-10 and IL-12 concentrations by HPV-positivity versus HPV-negativity in
women selected from a population-based cohort study in Guanacaste, Costa Rica, after
adjusting for stage of menstrual cycle, recent oral contraceptive use secretion volume, and
pH. Lieberman et al. (Lieberman, Moscicki et al. 2008) used a multiplex immunoassay kit to
measure IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12 (p40/p70), IL-13, IFN-γ in young
women attending a family-planning clinic or university health center, or their friends.
Although no significant differences were observed for women with incident or persistent
HPV infections compared to women without HPV, there was some suggestion that IL-1β
and IL-13 levels were reduced in women with incident or persistent HPV infections and that
IL-6 and IL-2 levels were reduced in women with incident infections. Guha et al. (Guha and
Chatterjee 2009) measured IL-1β, IL-6, IL-10, and IL-12 cytokine levels in commercial sex
workers or spouses of HIV-positive men coming in for an HIV test. After taking HIV status
into account, IL-1β, IL-10, and IL-12 seemed to be elevated in HPV-positive women
compared to HPV-negative women. IL-6 was also higher in HPV-positive women compared
to HPV-negative women (P ≤ 0.0004). After stratifying by HIV status, however, IL-6 was
only notably elevated in in women positive for both HPV and HIV, making the association
with HPV less clear. This study also evaluated cytokine levels by abnormal versus normal
cervical cytology and found that only IL-6 was related to abnormal cytology (P = 0.03).
Finally, a recent study by Marks et al. (Marks, Viscidi et al. 2011) evaluated 27 different
cytokines in a multiplex assay in cervical secretions from 35–60-year-old women attending
outpatient obstetrics and gynecology clinics for routine examination. Similar to Gravitt et al.
(Gravitt, Hildesheim et al. 2003) and Lieberman et al. (Lieberman, Moscicki et al. 2008), this
study found no association between IL-12p70 and HPV status. However, IL-5 (p = 0.03), IL-9
(p = 0.04), IL-13 (p = 0.01), IL-17 (p = 0.003), EOTAXIN (p = 0.04), GM-CSF (p = 0.01), and
MIP-1α (p = 0.005) levels were elevated in women with carcinogenic HPV infection
compared to those without carcinogenic HPV. In addition, T-cell and pro-inflammatory
cytokines tended to be correlated with EOTAXIN in women with carcinogenic HPV, while
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they were correlated with IL-2 in women without carcinogenic HPV. The authors conclude
that this shift from IL-2 to EOTAXIN may reflect a shift away from antigen-specific adaptive
responses toward innate responses.
Author & Year
Scott 1999

Study source
(Origin Country)

Immune Marker
Measurement

HPV -/+ N
(Measurement Method)

Major Conclusions

Family planning clinics RT-PCR of cDNA fromtotal 13/22 (MY09/11 PCR) HPV-positive subjects (especially those
(US)
RNA for IL-4, IL-12, IFN-γ,
who cleared) tended to be IFN-γ
TNF
positive, TFN positive, and IL-4
negative ("Th1 cytokine pattern").

Crowley-Nowick 16 clinical care
2000
settings in 13 cities
(United States)

ELISA for IL-2, IL-10, IL-12
in Weck-cel sponges

18/20 (PCR)

"Coinfection with HIV, human
papillomavirus, and other STIs predicted
the highest IL-12 concentrations."*

13/50 ( HPV-16-specific
PCR; negative samples
confirmed by CPI and
CPIIG)

IL-12 was more often detected than in
the HPV-DNA negative CIN patients
(P=0.04, Chi Square test). No other
significant associations between
cytokine levels and the detection of HPVDNA were found.

194/51 (MY09/11 +
reverse-blot
hybridization

No significant association between HPV
and IL-10 or IL-12.**

34/33 (PGMY09/11
PCR)

Although there were no significant
differences between groups, IL-1β and
IL-13 seemed to be depressed in women
with incident or persistent HPV
infections. IL-6 and IL-2 also seemed to
be depressed in women with incident
infections.

Tjiong 2001

GYN department (The ELISA for IL-12p40, IFN-γ,
Netherlands)
IL-10, TGF-β1, TNF-α and
IL-1β in cervical washes

Gravitt 2003

Population-based
cohort (Costa Rica)

Lieberman 2007

Family-planning clinic Protein Multiplex
or university health
Immunoassay kits for IL-1β,
center or friends (US) IL-2, IL-4, IL-5, IL-6, IL-8, IL10, IL-12 (p40/p70), IL-13,
IFN-γ in Merocel sponges

Guha 2009

Commercial sex
ELISA for IL-1β, IL-6, IL-10, 28/17 (Hybrid Capture Taking HIVstatus into account, IL-1β,
workers or spouses of IL-12 in lavage samples
2)
IL-10, and IL-12 seemed elevated in
HIV+ men (India)
HPV+ vs. HPV- women. IL-6 seemed
elevated when HIVwas not taken into
account (16.6 vs. 4.5 pg/ml, p≤0.0004),
but otherwise was only notably elevated
in women positive for both HPVand

ELISA for IL-10 & IL12 in
Weck-cel sponges

†

HIV.
Marks 2011

Outpatient OB/GYN
clinics (US)

Bio-Rad multiplexassay for
BASICFGF, EOTAXIN,
GCSF, GMCSF, IFN-γ, IL1β, IL-1ra, IL-2, IL-4, IL-5, IL6, IL-7, IL-8, IL-9, IL-10, IL12p70, IL-13, IL-15, IL-17, IP10, MCP-1, MIP-1α, MIP-1β,
PDGF-BB, RANTES, TNF-α,
VEGF in Merocel sponges

44/34 (Roche HPV
Linear Array)

Carcinogenic HPVassociated with
elevated IL-5, IL-9, IL-13, IL-17,
EOTAXIN, GM-CSF, and MIP-1α levels
and a shift fromIL-2 to EOTAXIN
compared to no carcinogenic HPV,
possibly reflecting a shift away from
antigen-specific adaptive responses
toward innate responses.

*Considered potential confounders, but all were dropped through backwards modeling. †Stratified by HIVstatus, but did not evaluate
additional confounders. Abbreviations: US = United States, HPV= human papillomavirus, HIV= human immunodeficiency virus, CIN =
cervical intraepithelial neoplasia, GYN = gynecology, OB/GYN = obstetrics and gynecology, PCR = polymerase chain reaction, qRT-PCR
= quantitative reverse transcriptase PCR, STI = sexually transmitted infection

Table 2. Studies of immune markers in cervical secretions.
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There is little consistency in the cytokines evaluated in these seven studies, but where there
is overlap, the results tend to be contradictory. For example, one study found evidence that
IL-6 levels were reduced in women with incident HPV infections (Lieberman, Moscicki et al.
2008), while another found that IL-6 levels tended to be elevated in HPV-positive women
(Guha and Chatterjee 2009). Similarly, one study found no evidence that IL-12 levels varied
by HPV status (Gravitt, Hildesheim et al. 2003), while two others (Crowley-Nowick,
Ellenberg et al. 2000; Tjiong, van der Vange et al. 2001) observed higher levels of IL-12 in
HPV-positive versus HPV-negative women. In addition, results from the study by Guha et
al. (Guha and Chatterjee 2009) suggested a tendency toward increased levels of IL-1β in
HPV-positive women versus HPV-negative women, while the results from Lieberman et al.
(Lieberman, Moscicki et al. 2008) showed a trend toward decreased levels of IL-1β in women
with incident or persistent HPV infection compared to HPV-negative women. These
inconsistencies are not yet resolved.
Cytokine Responses in Patient-derived PBMCs. There is evidence that cell-mediated
immune responses play an important role in the control of HPV infections. Cell-mediated
immune responses are regulated by T lymphocytes [T-helper (Th) lymphocytes and
cytotoxic lymphocytes (CTLs)] in cooperation with antigen-presenting cells such as
monocytes and dendritic cells. These cells all are modulated by and release cytokines that
can influence one another's synthesis. Characterization (including quality and quantity) of
lymphocytes directed against HPV epitopes has been examined with the goal of providing
insights into the clinical outcomes of HPV-positive patients. To this end, analyses of
cytokines and concurrent lymphoproliferative and CTL responses in patient-derived
peripheral blood mononuclear cells (PBMCs), T-cell fractions isolated from PBMCs or whole
blood cultures after stimulation with several antigens and/or HPV peptides has been
evaluated in 10 publications (Table 3).
Tsukui et al. (Tsukui, Hildesheim et al. 1996) was one of the first to measure IL-2 levels in
culture supernatants of PBMCs stimulated with predominantly 15mer overlapping peptides
from HPV-16 E6 and E7 oncoproteins. The HPV early proteins E2, E6 and E7 are among the
first of proteins that are expressed in HPV-infected epithelia. Stimulation with influenza
served as a specificity control, and stimulation with phytohemagglutinin (PHA) served as a
positive control since it is known to activate lymphocytes and induce rapid cell proliferation
as well as lead to the release of inflammatory and immune cytokines. While the report itself
focused on associations with IL-2 and disease progression, the study included both HPV
typing data and IL-2 response data for each subject included in the study. Interestingly, by
using the data presented in the paper for statistical calculation, we found that IL-2 levels
were significantly increased in a group of 32 HPV positive healthy women and women with
LSIL compared to a group of 51 HPV negative healthy women and women with LSIL
(P=0.006). Among 18 women with HSIL with HPV typing and adequate IL-2 data, only 2
women had positive IL-2 levels (1 HPV positive, 1 HPV negative).
Several other studies also attempted to evaluate IL-2 levels in a similar manner. deGruijl et
al. (de Gruijl, Bontkes et al. 1998) examined IL-2 reactivity in PBMCs stimulated with HPV16
E7 and sorted by anti-CD4 or anti-CD8 antibodies. They found that positive CD4+ T helper
cell IL-2 reactivity was restricted to patients infected by HPV16 and related types and that
reactivity was strongly associated with HPV persistence. Further, women with cervical
carcinoma showed IL-2 responses at a significantly reduced rate [7 of 15 (47%); P = 0.014].
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Study source
(Origin Country)

Immune Marker
Measurement

HPV -/+ N
(Measurement Method)

Major Conclusions

Tsukui 1996

Kaiser Permanent or IL-2 was measured by
radioimmunoassay in culture
Simmons Cancer
supernatants of PBMCs from
Center (US)
whole blood that were
stimulated with 15mer HPV16
peptides to E6 and E7, or
stimulated with FLU or PHA

56/40 (ViraPap: Hybrid IL-2 is signficantly increased in healthy
Capture with HPV-16- HPV+ women and HPV+ women with
specific Hybrid Capture for LSIL . Few women with HSIL or cancer
have detectable IL-2 levels.
+ samples. Tumors:
GP5+/GP6+ PCR)

Kadish 1997

Colposcopy clinic
(US)

26/51 (PCR and Southern Lymphoproliferative responses to
Blot assay; typing by dot specific HPV16 E6 and E7 peptides are
blot for 39 types)
significantly associated with the
clearance of HPVinfection.

de Gruijl 1998

15/51 (GP5+/GP6+ PCR)
IL-2 was measured by IL-2
Non-intervention
bioassay in culture
cohort follow-up
supernatants of PBMCs from
study of patients
heparinized blood that were
with cervical
dysplasia plus follow- stimulated with 14 different
20mer HPV16 peptides to E7, or
up study of HPVpositive women with stimulated with PHA; T cell
subsets were depleted by
normal cervical
magnetic bead sorting and anticytology
CD4 and anti-CD8 antibodies
(Netherlands)

Bontkes 1999

Non-intervention
cohort follow-up
study of patients
with cervical
dysplasia
(Netherlands)

IL-2 was measured by IL-2
bioassay in culture
supernatants of PBMCs from
heparinized blood that were
stimulated with HPV16 Nterminal and C-terminal E2
protein fragments or with PHA.

22/52 (GP5+/GP6+ PCR)

HPV16 infection was not associated
with IL-2 responsiveness against the Nterminal domain of E2, but HPV
clearance was associated with IL-2
responsiveness against the C-terminal
E2 domain

de Gruijl 1999

Non-intervention
cohort follow-up
study of patients
with cervical
dysplasia
(Netherlands)

15/49 (GP5+/GP6+ PCR)
IL-2 was measured by IL-2
bioassay in culture
supernatants of PBMCs from
heparinized blood that were
stimulated with HPV16 L1-VLP
or synthetic L1-derived 15-mer
peptides P1 (amino acids 311325) and P2 (amino acids 321335), or stimulated with PHA; T
cell subsets were depleted by
magnetic bead sorting and antiCD4 or CD8 antibodies. HPV16 L1-VLP-speciic plasma IgG
was measured by ELISA.

IgGresponses were significantly
associated with HPV16 persistence but
CD4 T helper IL-2 responses were
significantly associated with both HPV
clearance and persistence. Neither cellmediated nor humoral immune
responses against HPV16 L1 seemed
adequate for viral control.

Measured lymphocyte
proliferation in HPV16 E6 and
E7 peptide stimulated cultures
of PBMCs fromheparinized
blood

Positive CD4+ T helper cell IL-2
reactivity was restricted to patients
infected by HPV-16 and related types
and showed a strong association with
viral persistence. Women with cervical
carcinoma showed IL-2 responses at a
significantly reduced rate [7 of 15
(47%); P = 0.014].

Abbreviations: US = United States, HPV= human papillomavirus, DNA = deoxyribonucleic acid, GYN = Gynecology, PCR = polymerase chain
reaction, ELISA = enzyme-linked immunosorbent assay, PBMCs= peripheral blood mononuclear cells, FLU= influenze, PHA =
phytohemagglutinin, LSIL = low grade squamous intraepithelial lesion, HSIL= high grade squamous intraepithelial lesion, mCTLp= memory
cytotoxic T-cell precursor

Table 3. Part 1. Cytokine Responses in Patient-derived PBMCs.
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Author & Year

Study source
(Origin Country)

Immune Marker
Measurement

HPV -/+ N
(Measurement Method)

Major Conclusions

Bontkes 2000

Non-intervention
cohort follow-up
study of patients with
cervical dysplasia
(Netherlands)

HPV16-specific mCTLp activity 11/20 (GP5+/GP6+ PCR)
was measured in cultured PBMCs
fromheparinized blood stimulated
with both HPV16 E6 and E7
peptides. IL-2 was measured by
IL-2 bioassay in culture
supernatants of PBMCs that were
stimulated with 14 different 20mer
HPV16 peptides to E7, or
stimulated with PHA.

mCTLp activity was significantly
associated with persistent HPV16
infection but not observed in HPV
negative women or women with viral
clearance. HPV16 E7-specific mCTLp
activity was associated with previously
published IL-2 release in response to
HPV16 E7-derived peptides at the end
of follow-up.

Molling 2007

Non-intervention
cohort follow-up
study of patients with
cervical dysplasia
(Netherlands)

2458 (GP5+/GP6+ PCR
Cultured PBMCs taken from
and type specific PCR
heparinized blood were
for 27 types)
stimulated with 14 different 20mer
HPV16 E7 peptides or with PHA.
IL-2 levels were determined by
bioassay. CTL activity
determined by chromiumrelease
assay. iNKT and Treg counts
were measured by FACS. FoxP3
staining was performed using an
available kit. Lymphocytes were
characterized by staining with
monoclonal antibodies.

Treg frequencies significantly
increased in women with persistent
HPV16 infection. Treg frequencies were
increased in patients who had
detectable HPV16 E7 specific IL-2
producing T-helper cells, suggesting
HPVmay affect Treg development. No
evidence that iNKT cells affect
persistence of HPV16 infection.

Seresini 2007

Healthy donors and
women with cervical
lesions (Italy)

CD4+ T cells were purified from 25/37 (Hybrid Capture 2
cultured PBMCs fromperifpheral and typing by reverse
hybridization assay)
blood stimulated with HPV18 E6
peptides or PHA and CTL
activity was measured by
chromiumrelease assay as well as
IL-4, IL-5, IL-10 and IFN-γ levels
using cytometric bead array kits.
The immune infiltrates in cervical
lesions were also evaluated.

One or more HPV18 E6 peptides were
observed to be able to induce a
response in 40-50% of the women
evaluated. Response percentages
increased to 80-100% when HPV18+
women alone were considered. Levels
of IFN-γ released were shown to predict
HPVpersistence and/or disease relapse
after surgery. A higher number of
infiltrating CD4(+) and T-bet(+) T cells
were observed in the lesions which
correlated with favorable clinical
outcomes.

Sharma 2007

Outpatient department IL-2, IFN-γ, IL-4, and IL-10 was
or cancer clinic (India) measured by ELISA in cultured
PBMCs fromheparinized blood
stimulated with PHA

30/84 (HPV16 and HPV Increasing levels of IL-4 and IL-10
18 PCR)
levels were significantly associated
with HPVinfection. Decreasing levels
of IL-2 and IFN-γ were associated with
HPVstatus.

Kemp 2010

Population-based
cohort (Costa Rica)

50/50 (MY09/11 PCR, IL-6, TNF-α, MIP-1α levels were
dot blot hybridization significantly higher in unstimulated
for genotyping)
PBMCs fromHPV+ and HPV- women;
IL-6, IL-8, TNF-α and MIP-1α levels
were significantly lower in PHA
stimulated PBMCs between HPV+ and
HPV- women

Linco-plexassay for IL-6, IL-8,
TNF-α, MIP-1α in unstimulated
and PHA stimulated PBMCs

Abbreviations: US = United States, HPV= human papillomavirus, DNA = deoxyribonucleic acid, GYN = Gynecology, PCR = polymerase chain
reaction, ELISA = enzyme-linked immunosorbent assay, PBMCs= peripheral blood mononuclear cells, FLU= influenze, PHA =
phytohemagglutinin, LSIL = low grade squamous intraepithelial lesion, HSIL = high grade squamous intraepithelial lesion, mCTLp= memory
cytotoxic T-cell precursor

Table 3. Part 2. Cytokine Responses in Patient-derived PBMCs.
These findings are consistent with Tsukui et al. (Tsukui, Hildesheim et al. 1996) and suggest
that IL-2 responsiveness may differ by cytological and/or disease stage. In 1999, deGruijl et
al. (de Gruijl, Bontkes et al. 1999) again evaluated IL-2 levels, as well as IgG responses, in
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this same population. This time, they used HPV16 L1-VLP or synthetic L1-derived 15-mer
peptides P1 (amino acids 311-325) and P2 (amino acids 321-335) to stimulate the PBMCs and
sorted them as before. Importantly, they found IgG responsiveness was significantly
associated with HPV16 persistence alone, but that CD4 T helper IL-2 responsiveness was
significantly associated with both HPV clearance and persistence. Further, they reported
that neither cell-mediated nor humoral immune responses against HPV16 L1 seemed
adequate for viral control. In another publication, this group took their study one step
further and measured IL-2 levels in response to HPV E2 N-terminal and C-terminal protein
fragments (Bontkes, de Gruijl et al. 1999). They reported that HPV16 infection was not
associated with IL-2 responsiveness against the N-terminal domain of E2, but HPV clearance
was associated with IL-2 responsiveness against the C-terminal E2 domain. The following
year, Bontkes et al. (Bontkes, de Gruijl et al. 2000) evaluated HPV 16 E6- and E7-specific
memory cytotoxic T-cell precursor (mCTLp) activity in the same cohort of patients with
cervical dysplasia. They found that activity was significantly associated with persistent
HPV16 infection but not observed in HPV negative women or women with viral clearance.
Kadish et al. (Kadish, Ho et al. 1997) had previously observed a similar phenomenon.
Subjects with positive lymphoproliferative responses to E6 and/or E7 peptides were more
likely to be HPV negative at the same clinic visit than were nonresponders (P = 0.039).
Subjects who were negative for HPV and those with a low viral load were also more likely
to respond than were those with a high viral load (P for trend = 0.037). These data suggest
that lymphoproliferative responses to specific HPV 16 E6 and E7 peptides appear to be
associated with the clearance of HPV infection.
In 2007, three additional reports evaluating patient-derived PBMCs were published. Sharma
et al. (Sharma, Rajappa et al. 2007) focused on IL-2, IFN-g, IL-4, and IL-10 levels in PBMCs
stimulated with PHA. They observed that increasing levels of IL-4 and IL-10 levels were
significantly associated with HPV infection and that decreasing levels of IL-2 and IFN-γ
were associated with HPV status. Seresini et al. (Seresini, Origoni et al. 2007) measured
lymphoproliferative responses and IL-2, IFN-g, IL-4, and IL-10 levels in PBMCs stimulated
not with HPV16 peptides, but rather with HPV18-specific E6 peptides. Their analyses
revealed that one or more HPV18 E6 peptides were able to induce a response in 40-50% of
the women evaluated. Response percentages increased to 80-100% when HPV18-positive
women alone were considered. Levels of IFN-γ released were also shown to predict HPV
persistence and/or disease relapse after surgery. In addition, they showed that a higher
number of infiltrating CD4(+) and T-bet(+) T cells in lesions correlated with favorable
clinical outcomes. Finally, Molling et. al. (Molling, de Gruijl et al. 2007) evaluated cultured
PBMCs again stimulated with 14 different 20mer HPV16 E7 peptides or with PHA and
measured both IL-2 levels and CTL activity. Importantly, they also measured invariant
natural killer T-cells (iNKT) and FoxP3+ regulatory T cells (Tregs) levels by flow cytometry
(FACSCalibur). While iNKT cells did not appear to be associated with HPV persistence,
Treg frequencies were significantly increased in women with persistent HPV16 infection;
and the Tregs were significantly more common in women who had detectable HPV16 E7
specific IL-2 producing T-helper cells. These data suggest that HPV infection may affect
Treg development – a finding that opens the door for a whole new avenue of research
related to HPV-related immune research.
Immune Markers in Cervical Tissues PBMC responses and circulating or secreted
cytokines can be useful indicators of immune response, but the best indications may come
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from the actual site of interaction between HPV infection and the immune system: tissue. A
number of studies have attempted to measure immune markers in HPV-positive compared
to HPV-negative women in different ways. Among studies included in this review, these
markers fall into three major categories: immune presentation molecules, cytokines or
cytokine receptors, and immune cells.
Several studies used immunohistochemistry (IHC) to stain for major histocompatibility
complex (MHC) proteins in cervical tissue (Table 4). MHC class I molecules present
endogenous antigens (cytoplasmic proteins) to cytotoxic (CD8+) T cells and are typically
present on all nucleated cells (Murphy, Travers et al. 2011). In contrast, MHC class II
molecules present exogenous antigens from outside the cell to helper (CD4+) T cells and are
typically present only on antigen presenting cells, such as dendritic cells and macrophages.
Thus, normal cervical epithelial cells should be MHC class I positive and MHC class II
negative. In humans, MHC class I consists of major human leukocyte antigens (HLA) A, B,
and C and minor antigens E, F, and G, while MHC class II consists of HLA-DM, -DO, -DP, DQ, and -DR.
Using a polyclonal stain specific for HLA-A, -B and -C heavy chains in formalin-fixed,
paraffin-embedded (FFPE) tissue from biopsies and resection specimens from women with
CIN1-3 or cancer, Cromme et al. (Cromme, Meijer et al. 1993) found that normal MHC class
I expression, defined positive staining in ≥75% of cells, was reduced in women with HPV16,
18, or 31 infection versus HPV-negative women (p=0.04). MHC class II expression, as
measured through a polyclonal HLA-DR antigen stain, was also altered, with normal
staining (<25% positively stained cells) in 42% of women with HPV16, 18, or 31 infection
versus 64% of HPV-negative women. This alteration was not statistically significant,
however (p=0.14). Gonclaves el al (Goncalves, Le Discorde et al. 2008) also examined MHC
class I expression in FFPE biopsy blocks, but in women with normal through cancerous
histology. They found that HLA-A/B/C expression was not significantly elevated in HPVpositive compared to HPV-negative women (OR, 2.29; 95% CI, 0.77- 11.00; P = 0.14).
Strangely, HPV16/18 infection was inversely associated with HLA-A/B/C expression (OR,
0.12; 95% CI, 0.02- 0.79; P = 0.04), but as reported, it was unclear whether this association
was based on comparison to HPV-negative women, or a combination of both HPV-negative
women and women with HPV infections other than HPV16 and 18. HLA-E expression
tended to be increased in HPV-positive versus HPV-negative women (OR, 3.83; 95% CI,
0.49-30.10; P = 0.22), especially for HPV16/18 infections (OR, 11.25; 95% CI: 2.32-55.47; P =
0.003). Similarly, Dong et al. (Dong, Yang et al. 2010) stained for HLA-G in FFPE blocks from
CIN1-3 patients and found higher HLA-G expression in HPV16/18-positive patients than
HPV16/18-negative patients (P = 0.02).
In addition to interaction with an antigen MHC complex, T-cells require costimulation with
an antigen nonspecific molecule to be full activated. T cells that encounter antigen MHC
complex without costimulation may be come anergic and thus tolerant to the presence of
HPV. To investigate this possibility, Ortiz-Sanchez et al. (Ortiz-Sanchez, Chavez-Olmos et
al. 2007) evaluated expression of the CD80 and CD86 MHC class II costimulatory molecules
through immunohistochemistry (IHC), quantitative reverse transcriptase PCR (qRT-PCR),
and RNA in situ hybridization (ISH) in FFPE biopsies from histologically normal HPVnegative women and HPV16-positive women with LSIL. They found that CD86, but not
CD80, was expressed in all HPV-negative normal cervical epithelial samples, while CD86
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Study source
(Origin Country)

Immune Marker
Measurement

HPV -/+ N
(Measurement Method)

Major Conclusions

Cromme 1993

Oncological GYN
IHC for MHC-I & MHC-II
14/107 (GP 5/6 PCR + TS
oupatient department expression in FFPE tissue from PCR for HPV6, 11, 16, 18, 31,
(Netherlands)
biopsies & resection
33; RNA ISH for HPV16 E7)
specimens

Normal MHC-I expression reduced in
women with HPV16, 18, or 31 vs. HPVnegative women (p=0.04). MHC-II
expression was also altered with
HPV16/18/31, but not significantly.

Fernandes 2005

Outpatient GYN Clinic Double-sandwich ELISA for
(Brazil)
IFN-γ, TNF-α, IL-10 in snap
frozen cervical biopsies

0/42 (GP5/6, MY09/11,
HPV16E7.667/HPV16E7.774,
HPV18E7.696/HPV18E7.799
PCRs)*

HPV16 associated with higher IL-10 and
IFN-γ intralesional levels than other HPV
types, but HPV18 was associated with
reduced TNF-α and INF-γ levels. Thus,
immune response may vary by HPVtype.

Ortiz-Sanchez 2007

Women undergoing a IHC, qRT-PCR, ISH for CD80
routine hysterectomy and 86; IHC for IL10 in FFPE
due to uterine
biopsies
myomatosis and
women with LSIL
(Mexico)

30/30 (MY09/11 and p16-1 CD86 expression was decreased in patients
and p16-2R primer PCR. HPV with HPV16 positive LSIL versus normal
typing by sequence
women, independent of IL-10. Expression
comparison. Only the HPV- of CD86 on normal cervical keratinocytes
16 samples included in
could indicate the ability to activate
CD86 expression analysis.) cytotoxic T cells, while the shut-off of this
molecule in HPV-16 positive lesions could
be a mechanismfor evading host immune
surveillance, resulting in the persistent
HPVinfection and probable progression of
cervical lesions.

Song 2007

OB/GYN clinic
(Republic of Korea)

Bermudez-Morales
2008

Instituto Nacional de RT-PCR for IL-10 in cervical
28/47 (PCR-RFLPs)
Cancerolog´a
scraping and biopsies (storage
(National
not specified)
Cancerology
Institute, Mexico)

Butsch Kovacic 2008 The ASCUS/LSIL
Triage Study for
Cervical Cancer
(ALTS) trial (US)

qRT-PCR for IL-6, IL-10, IFN-γ, 0/67 (Hybrid Capture 2 +
TNF-α in frozen tissue
HPVDNA Chip)*
biopsies

Visual counting of
228/288 (Hybrid Capture 2
lymphocytes, neutrophils,
and PCR)
macrophages, plasma cells,
and eosinophils in 3 H&E
sections per biopsy (stromal
and epithelial sections of
hematoxylin and eosin stain
slides fromFFPE biopsy tissue
evaluated)

IFN-γ was significantly associated with
HPV-16 E6, E7, and high-risk HPVviral load
among HPV-positive women.**
Strong association between HPVpositivity
and IL10 mRNA levels

These data suggest that cervical
inflammation varies with type of human
papillomavirus infection, risk of persistence
and progression and HPVcofactors.**

*Evaluated cytokine expression by HPVtype in HPV-positive women. **Study adjusted for confounding factors in regression models. †Compared
HPVpersistence and clearance. Thus, all were HPV-positive at baseline. Abbreviations: HPV= human papillomavirus, CIN = cervical intraepithelial
neoplasia, FFPE = formalin-fixed paraffin-embedded, GYN = gynecology, ISH = in situ hybridization, IHC = Immunohistochemistry, OB/GYN =
obstetrics and gynecology, qRT-PCR = quantitative reverse transcriptase PCR, STI = sexually transmitted infection, TIL = tumor infiltrating
lymphocytes, RFLPs= Restriction Fragment Length Polymorphisms, ASCUS = Atypical Squamous Cells of Undetermined Significance, LSIL = low
grade squamous intraepithelial lesion, HSIL = high grade squamous intraepithelial lesion, US = United States

Table 4. Part 1. Immune Markers in Cervical Tissues.
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HPV -/+ N
(Measurement Method)

Major Conclusions

19/55 (GP5+/6+, MY09/11,
HPV16E7.667/
HPV16E7.774,
HPV18E7.696/
HPV18E7.799)

Some evidence that HPVinfection was
associated with increased HLA-E
expression, especially HPV16/18 infection.
Association with HLA-A/B/C was less
clear.

Gonclaves 2008

GYN Reference
Services (Brazil)

IHC for HLA-A/B/C and
HLA-E in RNA fromFFPE
biopsy blocks

Song 2008

OB/GYN clinic
(Republic of Korea)

qRT-PCR for IL-6, IL-10, IFN- 0/57 (Hybrid Capture 2)† IFN-γ correlated with high-risk HPV
γ, TNF-α fromfrozen tissue
clearance.**
biopsies

Tirone 2009

Women with CIN or
RT-PCR for IFNAR 1, IFNAR 31/14 (Hybrid Capture 2) Lower IFN-α receptor expression with HPV
2, 2'5'OAS, IFN-α from
infection.
normal women with
hysterectomies due to cervical tissue biopsies
uterine myoma (Brazil)

Brismar Wendel 2010 Healthy volunteers at
Karolinska Division of
Obstetrics and
Gynecology (Sweden)

qRT-PCR for CD3, CD4, CD8, 13/11 (Roche Linear Array) HPVnot associated with a local
inflammatory immune response as
CD19, CD27, CCR5,
measured by qRT-PCR.
CCL5/Rantes, IL-2, IL-4, IL10, IL-12a, IL-17a, IL-7R,
HLA-DRα, IFN-γ, TNF-β, PD1, CTLA-4, LAG3, IgA, IgG
fromfrozen biopsy of
ectocervixoutside the
transformation zone

Dong 2010

Department of
Pathology (China)

IHC for HLA-Gand visual
counting of TILs in 5 highpower fields fromFFPE
blocks

Øvestad 2011

Women refered to a
hospital for abnormal
Papanicolaou tests
(Norway)

IHC for CD4, CD8, CD25,
fromRNA isolated from
paraffin blocks of punch
biopsies
CD138, FOXp3

22/33 (ISH for HPV16 & 18 HLA-Gelevated in HPV16/18+ lesions and
in FFPE tissue section) associated with lower TIL counts,
suggesting inhibition of immune response
against HPV.
0/45 (AMPLICOR and
Linear Array)*

HPV16 and related types were correlated
with lower CD8-positive cell counts in the
stroma compared to other HPVtypes.**

*Evaluated cytokine expression by HPVtype in HPV-positive women. **Study adjusted for confounding factors in regression models. †Compared
HPVpersistence and clearance. Thus, all were HPV-positive at baseline. Abbreviations: HPV= human papillomavirus, CIN = cervical intraepithelial
neoplasia, FFPE = formalin-fixed paraffin-embedded, GYN = gynecology, ISH = in situ hybridization, IHC = Immunohistochemistry, OB/GYN =
obstetrics and gynecology, qRT-PCR = quantitative reverse transcriptase PCR, STI = sexually transmitted infection, TIL = tumor infiltrating
lymphocytes, RFLPs= Restriction Fragment Length Polymorphisms, ASCUS = Atypical Squamous Cells of Undetermined Significance, LSIL = low
grade squamous intraepithelial lesion, HSIL = high grade squamous intraepithelial lesion, US = United States

Table 4. Part 2. Immune Markers in Cervical Tissues.
expression was lower (73% by IHC) in HPV16-positive LSIL samples. This decrease in CD86
expression in HPV-positive women could represent and immune evasion mechanisms
through the down-regulation of costimulatory molecules.
The next major category of immune markers measured in cervical tissue includes cytokines
and their receptors. In addition to testing for MHC costimulatory molecules, Ortiz-Sanchez
et al. (Ortiz-Sanchez, Chavez-Olmos et al. 2007) used IHC to stain for IL-10, which inhibits
CD86 expression. IL-10 detection was likewise poor in both HPV-negative normal tissue and
HPV16-positive LSIL tissue, but detection was higher in a high-grade SIL (HSIL) control
sample. Fernandez et al. 2005 tested for IFN-γ, TNF-α, and IL-10 protein from snap frozen
cervical biopsies from HIV-positive or HIV-negative LSIL and HSIL patients infected with
HPV using a double-sandwich ELISA approach. They reported that HPV16 was associated
with higher IL-10 (P = 0.03) and IFN-γ (P = 0.04) intra-lesional levels than other HPV types,
but HPV18 was associated with reduced TNF-α (P = 0.009) and INF-γ levels (P = 0.01)
suggesting that immune responses may vary by the infecting HPV type.
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The majority of studies measured cytokines with quantitative reverse transcriptase PCR
(qRT-PCR). Bermudez-Morales et al. (Bermudez-Morales, Gutierrez et al. 2008) found a
strong association between HPV positivity and IL10 mRNA levels, especially for HPV16.
Song et al. evaluated IL-6, IL-10, IFN-γ, and TNF-α and both HPV16 positivity (Song, Lee et
al. 2008.) and HPV clearance versus persistence (Song 2008) among women positive for
carcinogenic HPV. They found that IFN-γ was associated with HPV-16 E6 (OR, 28.20; 95%
CI, 2.66-299.11) and E7 (OR, 19.62; 95% CI, 2.14-180.25) expression (Song, Lee et al. 2007), as
well as with clearance of carcinogenic HPV (OR, 8.26; 95% CI: 1.24-54.94) (Song, Lee et al.
2008.). Tirone et al. (Tirone, Peghini et al. 2009) found some evidence that the IFN-α receptor
subunits IFNAR 1 and IFNAR 2 were under-expressed in HPV-positive women with CIN1-3
compared to HPV-negative women with normal through CIN3 histology. Brismar Wendel
et al. (Brismar Wendel, Kaldensjo et al. 2010) measured a number of different cytokines and
other immune markers and found no difference between HPV-positive and HPV-negative
healthy volunteers (22/24 with normal cytology).
Another major category of immune markers is the immune cells themselves. Two studies in
this review evaluated infiltrating immune cells in cervical tissue by visually counting the
cells. Butsch Kovacic et al. (Butsch Kovacic, Katki et al. 2008) counted lymphocytes,
neutrophils, macrophages, plasma cells, and eosinophils among women with typical
squamous cells of undetermined significance or LSIL and found that cervical inflammation
varies with type of HPV infection, as well as risk of persistence and progression. Women
with carcinogenic HPV infections also had more severe epithelial inflammation and less
severe stromal inflammation than HPV-negative women. These associations were limited to
carcinogenic and not the non-carcinogenic HPV types. Dong et al. (Dong, Yang et al. 2010)
determined that among HPV16/18-positive CIN lesions, moderate to strong HLA-G
expression was associated with weak immune response, as measured by few tumor
infiltrating lymphocytes (TIL), whereas weak HLA-G expression was associated with strong
immune response (high numbers of TIL). HLA-G expression was not associated with TIL in
HPV-negative women, suggesting that the increased HLA-G expression in HPV-positive
lesion may reflect an inhibition of immune response against HPV. Brismar Wendel et al.
(Brismar Wendel, Kaldensjo et al. 2010) used qRT-PCR to measure CD3, CD4, CD8, CD19,
and CD27 expression but found no difference by HPV status. Finally, Øvestad et al.
(Ovestad, Vennestrom et al. 2011) used IHC to stain for cell surface marker in biopsies from
CIN2-3 patients and found that HPV16 and related types were correlated with lower CD8positive cell counts in the stroma compared to other HPV types (P = 0.02).

4. Conclusions and future perspectives
Taken together, these studies support the role of cell-mediated immune response in HPVrelated carcinogenesis although their findings, particularly for those measuring cytokines,
are largely inconsistent. There are many potential explanations. There has been a real lack of
consistency in sample collection methods, cytokine measurement methods and even the
outcome definitions used for analyses.
For example, some studies assessed HPV positivity, regardless of timing and/or disease
state, while others evaluated incident HPV infection or HPV persistence or clearance.
Further, these studies more than often focused on HPV 16, on carcinogenic HPV types, or
any HPV type infection together. However, those few studies that did evaluate immune
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markers by individual HPV type found evidence that immune responses vary by HPV type
(Fernandes, Gonçalves et al. 2005; Butsch Kovacic, Katki et al. 2008; Ovestad, Vennestrom et
al. 2011). Thus, HPV type is an important consideration. Moreover, while we chose to focus
on immune markers’ associations with HPV infection, most of the studies reviewed in this
chapter predominantly assessed associations between immune markers and disease state
(LSIL, HSIL, cancer or CIN1-3 and cancer). Ideally, future studies would evaluate
differences by individual HPV type and better consider the timing of disease.
There are also other notable differences in the study populations considered by these studies
(e.g., sample size, young versus old women, inclusion of HIV-positive women). Many
studies used convenience samples of women. In fact, there is a general lack of consideration
for factors that could confound or modify both cytokine production and the infectious
outcomes. Only eight of the 35 studies made any attempt to account for co-factors that may
influence cytokine level. The importance of adjusting for such potential confounders was
recently highlighted at an international workshop that addressed best practices for sampling
techniques and assessment of mucosal immune responses. The workshop identified a
number of characteristics that should be considered when studying female genital tract
immunity, including age, race, body mass index, sexually transmitted infections, other
genital tract infections, vaginal flora, alcohol or substance use, recent immunization,
pregnancy, phase of menstrual cycle, genital inflammation, recent douching, gynecologic
procedures, recent intercourse/semen, and contraception (Anderson and Cu-Uvin 2011).
The number of women included in each study is another important consideration in the
evaluation of these studies. Twenty-two of the 32 (69%) studies meeting our criteria
included less than 30 women in one or more groups (e.g., the HPV-positive or HPV-negative
group). Fifteen (47%) included less than 20 in one or more groups. Small numbers of women
in the comparison groups can lead to unstable results and may help explain why results for
individual immune markers are so inconsistent.
Most studies have measured only a few cytokines, and few have evaluated infiltrating
immune cells concurrently with cytokines, making it challenging to explore the activation
pathways of cells involved in the immune response against HPV. One research group has
made extensive use of their study population to characterize several aspects of immune
response as measured in PBMCs (de Gruijl, Bontkes et al. 1998; Bontkes, de Gruijl et al. 1999;
de Gruijl, Bontkes et al. 1999; Bontkes, de Gruijl et al. 2000; Molling, de Gruijl et al. 2007).
However, few studies have been so thorough. In fact, more than half of the studies of
PBMCs (five of nine studies), have come from this same research group with the same study
population. Additional studies characterizing many aspects of immune response in different
study populations would help clarify whether the results are broadly applicable.
Many studies focused on T-helper type 1 (TH1) versus T-helper type 2 (TH2) polarization,
using a single cytokine (or small group of cytokines) to characterize the T-helper phenotype.
However, advances in immunology have led to the shift of the TH1/TH2 paradigm to the
TH1/TH2/TH17/T-reg hypothesis, a multi-lineage commitment from the same T-helper
precursor cells. TH17 cells, in fact, have been shown to inhibit both TH1 and TH2 cells, and
therefore are likely to play a critical role in HPV-related immune responses as well. Few
studies have evaluated TH17 or Treg cells. The recent study by Molling et al. (Molling, de
Gruijl et al. 2007) is among the few that have measured these cells. Using flow cytometry in
HPV16 E7 stimulated PBMCs, they determined that Treg frequencies were significantly
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greater in women with persistent HPV16 infection and in women with detectable HPV16 E7
specific IL-2 producing T-helper cells, suggesting that HPV infection may affect Treg
development. These findings may also be supported by tissue-based studies of MHC class II
expression. Although data are limited, one study found evidence of increased MHC class II
expression in HPV-positive versus negative patients (Cromme, Meijer et al. 1993), while
another found reduced expression of the CD86 MHC class II costimulatory molecule (OrtizSanchez, Chavez-Olmos et al. 2007). It could be hypothesized that HPV upregulates MHC
class II expression and down-regulates MHC class II costimulatory molecules in order to
increase T-cell anergy through incomplete signaling. Additional studies are needed to better
understand these relationships.
For studies of cervical secretions, the collection method can have a large impact on the
results. Of the seven cervical secretion studies included in this review, two collected cervical
secretions through cervicovaginal lavage (Tjiong, van der Vange et al. 2001; Guha and
Chatterjee 2009), four used Weck-cel® (Crowley-Nowick, Ellenberg et al. 2000; Gravitt,
Hildesheim et al. 2003) or Merocel® (Lieberman, Moscicki et al. 2008; Marks, Viscidi et al.
2011) ophthalmic sponges, and one used cytobrush sample suspensions (Scott, Stites et al.
1999). Cervicovaginal lavages may not be specific enough to the cervix and may overly
dilute the specimen. Even studies that used ophthalmic sponges tended to use Weck-cel®
sponges (Gravitt, Hildesheim et al. 2003; Moscicki, Ellenberg et al. 2004), which may not
provide adequate cytokine recovery, especially compared to Merocel® sponges (Castle et
al.(Castle, Rodriguez et al. 2004).
Studies evaluating tissue have seldom considered both stroma and epithelium. In this
chapter, only two studies examined inflammation in both stroma and epithelium (Butsch
Kovacic, Katki et al. 2008; Ovestad, Vennestrom et al. 2011). One study found opposite
inflammatory patterns by HPV status ((Butsch Kovacic, Katki et al. 2008)). This study also
found that neutrophils tended to be found only in the superficial epithelial layers, whereas
mononuclear cells were found mainly near the basement membrane, suggesting that
inflammatory patterns in the stroma and the epithelium may depend on the specific cell
type. The second study only reported differences by CD8 in the stroma (Øvestad 2011).
Tissue-based studies of cytokines are also heterogeneous. Only two studies evaluated
cytokine proteins in tissue (Fernandes, Gonçalves et al. 2005; Ortiz-Sanchez, Chavez-Olmos
et al. 2007). It is not surprising that few studies have evaluated cytokine proteins in tissue
since it can be challenging to find an appropriate antibody and optimize the assay. For
example, antibodies that perform well in western blots may not work for staining since
staining requires fixation, which can change the confirmation of the cytokine protein,
thereby preventing antibody binding (Sachdeva and Asthana 2007). Most tissue-based
studies of cytokines in this review measured RNA expression, but accurate measurement of
RNA expression requires high quality tissue. If the tissue was not snap frozen immediately
after surgery and well maintained, endogenous RNases may have degraded the RNA. RNA
quality is rarely addressed. Although the presence of cytokine transcripts in tissue may be
meaningful, the absence is not given the short-lived nature of RNA, even for high quality
tissues (Sachdeva and Asthana 2007).
To clarify the role of immune response in cervical carcinogenesis, future studies should be
conducted in well-characterized epidemiologic studies that can address most or all of the
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characteristics and considerations described above. Studies should include large numbers
of women, evaluate a broader spectrum of cytokines/immune markers and measure and
adjust for potential confounders concurrently. Possible usefulness of tissue microarrays
and multiplex arrays with well-defined phenotypes should be considered as they are
likely to make these studies more feasible. Emerging results must be repeated in different
study populations and specimen types, but are encouraging. Accumulating evidence
indicates that there is a cell-mediated immune response to HPV. As technologies improve,
it should become possible to better characterize these responses to distinguish between
women at risk of developing cervical cancer and women who can effectively resolve their
HPV infections.

5. Appendix 1. Search strategy for immune function in cervical
carcinogenesis
("humans"[MeSH Terms] AND "female"[MeSH Terms] AND English[lang]) AND ("cervix
uteri"[MeSH Terms] OR “Uterine Cervical Neoplasms/immunology”[Mesh] OR "Uterine
Cervical Neoplasms/pathology"[Mesh] OR “Uterine Cervical Neoplasms/blood” [Mesh]
OR “Cervical Intraepithelial Neoplasia/metabolism”[Mesh] OR “Mucus/metabolism”
[Mesh]) AND (“Cytokines/blood*”[Mesh] OR “Cytokines/metabolism”[Mesh]
OR
“Immunity, Innate”[Mesh] OR “Adaptive Immunity”[Mesh] OR “Immunity,
Cellular”[Mesh] OR “Immunity, Humoral”[Mesh] OR “Immunity, Mucosal”[Mesh] OR
“Immunity, Innate/immunology”[Mesh] OR “immune infiltrates” OR immunity OR
"immune response" OR “immune cells” OR "immune cell" OR inflammation OR infiltration
OR "Lymphocyte Subsets/immunology"[Mesh] OR “TH1 Cells/ immunology” [Mesh] OR
“TH2 Cells/ immunology” [Mesh]) NOT (mice OR mouse OR “cell line” OR “cell lines” OR
“mouth” OR “oropharynx” OR “Antiretroviral Therapy, Highly Active"[Mesh] OR “Models,
Theoretical”[Mesh] OR “Papillomavirus Vaccines/administration & dosage”[Mesh] OR
“Premature Birth/immunology”[Mesh] OR “HIV Infections/immunology”[Mesh] OR
“Combined Modality Therapy”[Mesh] OR “Complementary Therapies”[Mesh] OR “Blood
Vessels/chemistry”[Mesh]
OR
“Laser
Therapy”[Mesh]
OR
“Labor
Stage,
First/physiology”[Mesh]
OR
“Foreign-Body
Reaction/pathology”[Mesh]
OR
“Postoperative Complications/pathology”[Mesh] OR “Male”[Mesh] OR “Labor,
Obstetric/metabolism”[Mesh])

6. References
FUTURE II Study Group (2007). "Quadrivalent vaccine against human papillomavirus to
prevent high-grade cervical lesions." N Engl J Med 356(19): 1915-1927.
Abike, F., A. B. Engin, et al. (2011). "Human papilloma virus persistence and neopterin,
folate and homocysteine levels in cervical dysplasias." Arch Gynecol Obstet 284(1):
209-214.
Adam, R. A., I. R. Horowitz, et al. (1999). "Serum levels of macrophage colony-stimulating
factor-1 in cervical human papillomavirus infection and intraepithelial neoplasia."
Am J Obstet Gynecol 180(1): 28-32.
Anderson, B. L. and S. Cu-Uvin (2011). "Clinical parameters essential to methodology and
interpretation of mucosal responses." American journal of reproductive immunology
(New York, N Y : 1989) 65(3): 352-360.

20

Recent Advances in Immunology to Target Cancer, Inflammation and Infections

Bais, A. G. (2005). "A shift to a peripheral Th2-type cytokine pattern during the
carcinogenesis of cervical cancer becomes manifest in CIN III lesions." Journal of
Clinical Pathology 58(10): 1096-1100.
Baker, R., J. G. Dauner, et al. (2011). "Increased plasma levels of adipokines and
inflammatory markers in older women with persistent HPV infection." Cytokine
53(3): 282-285.
Bermudez-Morales, V. H., L. X. Gutierrez, et al. (2008). "Correlation between IL-10 gene
expression and HPV infection in cervical cancer: a mechanism for immune
response escape." Cancer investigation 26(10): 1037-1043.
Bhat, P., S. R. Mattarollo, et al. (2011). "Regulation of immune responses to HPV infection
and during HPV-directed immunotherapy." Immunological reviews 239(1): 85-98.
Bontkes, H. J., T. D. de Gruijl, et al. (1999). "Human papillomavirus type 16 E2-specific Thelper lymphocyte responses in patients with cervical intraepithelial neoplasia." J
Gen Virol 80 ( Pt 9): 2453-2459.
Bontkes, H. J., T. D. de Gruijl, et al. (2000). "Human Papillomavirus Type 16 E6/E7-Specific
Cytotoxic T Lymphocytes In Women With Cervical Neoplasia." Int. J. Cancer 88: 9298.
Bouvard, V., R. Baan, et al. (2009). "A review of human carcinogens--Part B: biological
agents." Lancet Oncol 10(4): 321-322.
Brismar Wendel, S., T. Kaldensjo, et al. (2010). "Slumbering mucosal immune response in the
cervix of human papillomavirus DNA-positive and -negative women." International
journal of oncology 37(6): 1565-1573.
Butsch Kovacic, M., H. A. Katki, et al. (2008). "Epidemiologic analysis of histologic cervical
inflammation: relationship to human papillomavirus infections." Human Pathology
39(7): 1088-1095.
Castle, P. E. and A. R. Giuliano (2003). "Chapter 4: Genital tract infections, cervical
inflammation, and antioxidant nutrients--assessing their roles as human
papillomavirus cofactors." J Natl Cancer Inst Monogr(31): 29-34.
Castle, P. E., A. C. Rodriguez, et al. (2004). "Comparison of ophthalmic sponges for
measurements of immune markers from cervical secretions." Clin Diagn Lab
Immunol 11(2): 399-405.
Cromme, F. V., C. J. Meijer, et al. (1993). "Analysis of MHC class I and II expression in
relation to presence of HPV genotypes in premalignant and malignant cervical
lesions." Br J Cancer 67(6): 1372-1380.
Crowley-Nowick, P. A., J. H. Ellenberg, et al. (2000). "Cytokine profile in genital tract
secretions from female adolescents: impact of human immunodeficiency virus,
human papillomavirus, and other sexually transmitted pathogens." The Journal of
infectious diseases 181(3): 939-945.
de Gruijl, T. D., H. J. Bontkes, et al. (1999). "Immune responses against human
papillomavirus (HPV) type 16 virus-like particles in a cohort study of women with
cervical intraepithelial neoplasia. I. Differential T-helper and IgG responses in
relation to HPV infection and disease outcome." J Gen Virol 80 ( Pt 2): 399-408.
de Gruijl, T. D., H. J. Bontkes, et al. (1998). "Differential T helper cell responses to human
papillomavirus type 16 E7 related to viral clearance or persistence in patients with
cervical neoplasia: a longitudinal study." Cancer Res 58(8): 1700-1706.
Dong, D.-d., H. Yang, et al. (2010). "Human leukocyte antigen-G (HLA-G) expression in
cervical lesions: association with cancer progression, HPV 16/18 infection, and host
immune response." Reproductive sciences (Thousand Oaks, Calif ) 17(8): 718-723.

Cytokines and Markers of Immune Response to HPV Infection

21

Ferlay, J., H. R. Shin, et al. (2010). GLOBOCAN 2008, Cancer Incidence and Mortality
Worldwide: IARC CancerBase No. 10 Lyon, France: International Agency for
Research on Cancer. Available from: http://globocan.iarc.fr.
Fernandes, A. P. M., M. A. G. Gonçalves, et al. (2005). "HPV16, HPV18, and HIV infection
may influence cervical cytokine intralesional levels." Virology 334(2): 294-298.
Goncalves, M. A. G., M. Le Discorde, et al. (2008). "Classical and non-classical HLA
molecules and p16(INK4a) expression in precursors lesions and invasive cervical
cancer." European journal of obstetrics, gynecology, and reproductive biology 141(1): 7074.
Gravitt, P. E., A. Hildesheim, et al. (2003). "Correlates of IL-10 and IL-12 concentrations in
cervical secretions." Journal of Clinical Immunology 23(3): 175-183.
Gravitt, P. E., A. Hildesheim, et al. (2003). "Correlates of IL-10 and IL-12 concentrations in
cervical secretions." J Clin Immunol 23(3): 175-183.
Guha, D. and R. Chatterjee (2009). "Cytokine levels in HIV infected and uninfected Indian
women: Correlation with other STAs." Experimental and Molecular Pathology 86(1):
65-68.
Hildesheim, A., R. Herrero, et al. (2007). "Effect of human papillomavirus 16/18 L1 viruslike
particle vaccine among young women with preexisting infection: a randomized
trial." JAMA 298(7): 743-753.
Hildesheim, A., M. H. Schiffman, et al. (1997). "Immune activation in cervical neoplasia:
cross-sectional association between plasma soluble interleukin 2 receptor levels and
disease." Cancer Epidemiol Biomarkers Prev 6(10): 807-813.
Hong, J. H., M. K. Kim, et al. (2010). "Association Between Serum Cytokine Profiles and
Clearance or Persistence of High-Risk Human Papillomavirus Infection."
International Journal of Gynecological Cancer 20(6): 1011-1016.
Kadish, A. S., G. Y. Ho, et al. (1997). "Lymphoproliferative responses to human
papillomavirus (HPV) type 16 proteins E6 and E7: outcome of HPV infection and
associated neoplasia." J Natl Cancer Inst 89(17): 1285-1293.
Kemp, T. J., A. Hildesheim, et al. (2010). "Elevated Systemic Levels of Inflammatory
Cytokines in Older Women with Persistent Cervical Human Papillomavirus
Infection." Cancer Epidemiology Biomarkers & Prevention 19(8): 1954-1959.
Koshiol, J., L. Lindsay, et al. (2008). "Persistent human papillomavirus infection and cervical
neoplasia: a systematic review and meta-analysis." Am J Epidemiol 168(2): 123-137.
Lieberman, J. A., A. B. Moscicki, et al. (2008). "Determination of Cytokine Protein Levels in
Cervical Mucus Samples from Young Women by a Multiplex Immunoassay
Method and Assessment of Correlates." Clinical and Vaccine Immunology 15(1): 49-54.
Marks, M. A., R. P. Viscidi, et al. (2011). "Differences in the concentration and correlation of
cervical immune markers among HPV positive and negative perimenopausal
women." Cytokine.
Molling, J. W., T. D. de Gruijl, et al. (2007). "CD4(+)CD25hi regulatory T-cell frequency
correlates with persistence of human papillomavirus type 16 and T helper cell
responses in patients with cervical intraepithelial neoplasia." International journal of
cancer Journal international du cancer 121(8): 1749-1755.
Moscicki, A. B., J. H. Ellenberg, et al. (2004). "Risk of high-grade squamous intraepithelial
lesion in HIV-infected adolescents." J Infect Dis 190(8): 1413-1421.
Munoz, N., X. Castellsague, et al. (2006). "Chapter 1: HPV in the etiology of human cancer."
Vaccine 24 Suppl 3: S3/1-10.

22

Recent Advances in Immunology to Target Cancer, Inflammation and Infections

Murphy, K., P. Travers, et al. (2011). Janeway’s Immunobiology, Garland Publishing (Taylor &
Francis Group).
Ortiz-Sanchez, E., P. Chavez-Olmos, et al. (2007). "Expression of the costimulatory molecule
CD86, but not CD80, in keratinocytes of normal cervical epithelium and human
papillomavirus-16 positive low squamous intraepithelial lesions." International
journal of gynecological cancer : official journal of the International Gynecological Cancer
Society 17(3): 571-580.
Ovestad, I. T., U. Vennestrom, et al. (2011). "Comparison of different commercial methods
for HPV detection in follow-up cytology after ASCUS/LSIL, prediction of CIN2-3
in follow up biopsies and spontaneous regression of CIN2-3." Gynecol Oncol 123(2):
278-283.
Sachdeva, N. and D. Asthana (2007). "Cytokine quantitation: technologies and applications."
Front Biosci 12: 4682-4695.
Schiffman, M., P. E. Castle, et al. (2007). "Human papillomavirus and cervical cancer." Lancet
370(9590): 890-907.
Scott, M., D. P. Stites, et al. (1999). "Th1 cytokine patterns in cervical human papillomavirus
infection." Clin Diagn Lab Immunol 6(5): 751-755.
Seresini, S., M. Origoni, et al. (2007). "IFN-gamma produced by human papilloma virus-18
E6-specific CD4+ T cells predicts the clinical outcome after surgery in patients with
high-grade cervical lesions." Journal of immunology (Baltimore, Md : 1950) 179(10):
7176-7183.
Sharma, A., M. Rajappa, et al. (2007). "Cytokine profile in Indian women with cervical
intraepithelial neoplasia and cancer cervix." International Journal of Gynecological
Cancer 17(4): 879-885.
Song, S. H., J. K. Lee, et al. 2008. "Interferon-γ (IFN-γ): A possible prognostic marker for
clearance of high-risk human papillomavirus (HPV)." Gynecologic Oncology 108(3):
543-548.
Song, S., J. Lee, et al. (2007). "The relationship between cytokines and HPV-16, HPV-16 E6,
E7, and high-risk HPV viral load in the uterine cervix." Gynecologic Oncology 104(3):
732-738.
Stanley, M. (2010). "HPV - immune response to infection and vaccination." Infect Agent
Cancer 5: 19.
Su, J. H., A. Wu, et al. (2010). "Immunotherapy for cervical cancer: Research status and
clinical potential." BioDrugs 24(2): 109-129.
Tirone, N. R., B. C. Peghini, et al. (2009). "Local expression of interferon-alpha and interferon
receptors in cervical intraepithelial neoplasia." Cancer Immunology, Immunotherapy
58(12): 2003-2010.
Tjiong, M. Y., N. van der Vange, et al (2001). "Cytokines in Cervicovaginal Washing Fluid
from Patients with Cervical Neoplasia." Cytokine 14(6): 357-360.
Trottier, H. and E. L. Franco (2006). "The epidemiology of genital human papillomavirus
infection." Vaccine 24 Suppl 1: S1-15.
Tsukui, T., A. Hildesheim, et al. (1996). "Interleukin 2 production in vitro by peripheral
lymphocytes in response to human papillomavirus-derived peptides: correlation
with cervical pathology." Cancer Res 56(17): 3967-3974.

2
Viruses Strive to Suppress Host Immune
Responses and Prolong Persistence
Curtis J. Pritzl, Young-Jin Seo and Bumsuk Hahm

Departments of Surgery and Molecular Microbiology & Immunology
University of Missouri – Columbia
USA
1. Introduction
Viruses regulate host immune responses to propagate their progeny. Indeed, certain viruses
successfully establish viral persistence for long periods of time even in the
immunocompetent host. Many viruses seem to have developed clever tactics to elude,
utilize, or suppress host innate and adaptive immune systems. Unlike the parental strain,
the clone 13 (Cl 13) strain of lymphocytic choriomeningitis virus (LCMV) has been shown to
persist in mice for 60 – 100 days by nullifying the function of the host immune system.
Multiple findings obtained from this mouse model have held true in humans chronically
infected with viruses including human immunodeficiency virus (HIV) and hepatitis viruses.
These viruses have evolved a repertoire of mechanisms to suppress and evade the host
immune system. By utilizing the model for the LCMV infection of mice, this review will
focus on the viral mechanisms for inhibition or escape of host immunity, in particular the
host dendritic cell (DC) and T cell responses. Investigating the viral strategies will help us
better understand the virus-host interplay and design new immunotherapeutic approaches.
1.1 The lymphocytic choriomeningitis virus model of chronic viral infection
The Cl 13 strain of LCMV is a variant isolated from the spleens of mice infected neonatally
with the prototypic LCMV strain, Armstrong 53b (Arm) (Ahmed, Salmi et al. 1984). Mice
infected with LCMV Arm develop a robust acute immune response of cytotoxic T
lymphocytes (CTLs) that rapidly clears the virus from its host (within 10 days). In contrast,
the infection of adult mice with LCMV Cl 13 induces a profound suppression of the host
immune system leading to viral persistence (60-100 days following the start of infection)
(Figure 1) (Borrow, Evans et al. 1995; Sevilla, Kunz et al. 2003). The clinical importance of
virus-induced altered or suppressed immune responses is reflected by several human virus
infections that inhibit the immune response such as HIV and hepatitis C virus (HCV)
(Steinman, Granelli-Piperno et al. 2003; Liu, Woltman et al. 2009). Thus, the system of LCMV
Cl 13 infection of its natural host, the mouse, serves as an excellent model for the
mechanistic study of virus-induced immunosuppression and for the development of novel
targets controlling viral persistence.
Immunosuppression caused by LCMV Cl 13 is associated with the inhibition of DC function
and the reduced frequency and impaired activation (exhaustion) of virus-specific T cells
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(Borrow et al. 1995; Sevilla et al. 2003; Barber, Wherry et al. 2006; Trifilo, Hahm et al. 2006).
Exhausted T cell responses are characterized by the cells’ inability to produce antiviral and
immune stimulatory cytokines, destroy virus-infected cells, or proliferate, and have been
documented following multiple infections including HIV, HCV, and hepatitis B virus (Yi,
Cox et al. 2010).
LCMV Cl 13 differs from Arm by only two amino acids (aa); a Leu in the viral glycoprotein
at aa 260 in Cl 13 as compared to Phe in ARM is responsible for DC infection and
immunosuppression (Salvato, Borrow et al. 1991). LCMV Cl 13 preferentially replicates in
the white pulp of the spleen and infects DCs in spleen and bone marrow (BM) of the mice
via the receptor -dystroglycan (Cao, Henry et al. 1998; Smelt, Borrow et al. 2001; Sevilla et
al. 2003). The modulation of immuno-regulatory proteins expressed on DCs was reported to
explain the failure of DC function to stimulate or maintain T cell responses upon LCMV Cl
13 infection. Such modulation included the downregulation of MHC molecules and costimulatory proteins (Sevilla, McGavern et al. 2004), preferential production of the
immunosuppressive cytokine, IL-10 (Brooks, Trifilo et al. 2006; Ejrnaes, Filippi et al. 2006;
Brooks, Ha et al. 2008), and increased expression of the negative regulator, programmed
death-ligand 1 (PD-L1) on DCs for enhanced PD-L1-PD1 interaction leading to T cell
exhaustion (2, 11).

Fig. 1. Characteristics of the different LCMV infection models. LCMV ARM infection of
adult mice rapidly generates a strong CD8 T cell response in the host which can clear the
virus within 10 days, while an LCMV Cl 13 infection suppresses the host immune responses
which leads to a prolonged viral persistence lasting 60 – 100 days.
Furthermore, following LCMV Cl 13 infection, virus-specific CD4+ T cells were functionally
dysregulated, which contributes to the inability to sustain CTL function and facilitates viral
persistence (Matloubian, Concepcion et al. 1994; Brooks, Teyton et al. 2005). Virus-specific
CD4+ T cells were functionally inactivated early during the transition into viral persistence
and failed to produce effector cytokines such as IL-2 and TNF-. Recently, IL-21 was
identified as an essential component of CD4+ T cell help to sustain CD8+ T cell effector
activity and resolve persistent infection (Elsaesser, Sauer et al. 2009; Frohlich, Kisielow et al.
2009; Yi, Du et al. 2009). The detailed underlying molecular mechanism and intracellular
signaling path for the virus-induced immunosuppression and viral persistence, however,
are unclear.

2. Chronic viral infections inhibit innate and dendritic cell responses
It is generally thought that a robust CD8+ T cell response is responsible for clearing an acute
LCMV infection (Byrne and Oldstone 1984; Fung-Leung, Kundig et al. 1991). However, a
strong innate immune response is important for the generation of an effective adaptive
response against viral infections (Jung, Kato et al. 2008; Rahman, Cui et al. 2008; Zucchini,
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Bessou et al. 2008). Moreover, DCs are indispensible for the generation of the CD8+ effector
T cells. The innate immune response provides stimulatory signals, such as type I interferons
and IL-12 that promote the priming of CD8+ T cells and favor the T-helper 1 phenotype of
CD4+ T cells. DCs are the key intermediate between the innate immune response and the
adaptive immune response. DCs are the major professional antigen presenting cell subset
that provides the necessary primary and secondary signals to induce the activation and
proliferation of virus-specific CTL. A virus that can actively suppress these two responses
has a significant advantage over the host immune system and the opportunity to establish a
persistent infection.
2.1 Chronic LCMV infections suppress type I interferon expression
Type I interferons (IFN) and inflammatory cytokines are key to the initiation of anti-viral
immune responses (Seo and Hahm 2010). Type I IFN is a family of cytokines comprised of
IFN-α, IFN-β, IFN-ε, IFN-κ, and IFN-ω. These molecules have been shown to be potent
antiviral cytokines by the deletion of the common receptor subunit (IFNAR1). Transgenic
mice lacking IFNAR1 have been demonstrated to the lose ability to interfere with the
replication of many different viruses (Muller, Steinhoff et al. 1994; Goodman, Zeng et al.
2010; Kolokoltsova, Yun et al. 2010). High levels of type I IFN have been detected at early
time points during an acute, LCMV Arm infection (Montoya, Edwards et al. 2005). Zhou et
al. have demonstrated that this induction of type I IFN is due at least in part to the
recognition of the LCMV RNA genome by retinoic acid-inducible gene I (RIG-I) and
melanoma differentiation-associated gene 5 (MDA5) pathway along with toll-like receptor
(TLR) 2 and 6 (Zhou, Kurt-Jones et al. 2005; Zhou, Cerny et al. 2010). Similarly, DCs from
LCMV Cl 13-infected mice have also been shown to produce type I IFN at early time points
of virus infection (Dalod, Salazar-Mather et al. 2002; Diebold, Montoya et al. 2003; Zuniga,
Hahm et al. 2007). However, several days later, these cytokines are no longer detectable in
the sera of LCMV Cl 13-infected mice (Martinez-Sobrido, Emonet et al. 2009), which
suggests that the virus is actively suppressing the host type I IFN response. This observation
was confirmed by Zuniga et al. who specifically examined the production of type I IFN by
plasmacytoid DCs during an LCMV CL 13 infection (Zuniga, Liou et al. 2008). Plasmacytoid
DCs (pDC) are a specialized subset of DCs that rapidly produce large amounts of type I IFN
in response to viral infection (Asselin-Paturel and Trinchieri 2005; Delale, Paquin et al. 2005).
In response to certain stimulation conditions, these cells have been observed to dedicate 50%
of their cellular transcription to the production of type I IFN (Liu 2005; Lee, Lund et al.
2007). Because of this high level of type I IFN, it is suggested that these cells play a key role
in the orchestration of antiviral immune responses. In the case of an LCMV Cl 13 infection,
the number of pDCs in LCMV Cl 13-infected mice was reduced by 50% compared to mice
infected with LCMV Arm at 30 days post-infection (Zuniga et al. 2008). Moreover, the
production of type I IFN in response to TLR9 activation was severely impaired in pDCs
isolated from LCMV CL 13-infected mice, which suggests that the virus is severely limiting
the potential of these cells to respond not only to LCMV, but also additional, unrelated
pathogenic stimulation (Zuniga et al. 2008).
Indeed, it has been shown that LCMV Cl 13 utilizes specific molecular mechanisms to
inhibit type I IFN production by the host cells. Martinez-Sobrido et al. have shown that the
nucleoprotein of LCMV is responsible for the blockade of the host type I IFN response
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(Martinez-Sobrido, Zuniga et al. 2006). This inhibition of cytokine production is due to the
interaction of the viral protein with the interferon regulatory factor-3 (IRF-3) activation
pathway. The data demonstrated that LCMV nucleoprotein (NP) impaired the nuclear
translocation of IRF-3, which is involved in the upregulation of type I IFN synthesis. More
specifically, amino acid residue 382 of LCMV NP was sufficient to inhibit the host type I IFN
response (Martinez-Sobrido et al. 2009).
Additional studies have been carried out to investigate the mechanisms behind the
LCMV-mediated blockade of the host type I IFN response. LCMV NP blockade of the IRF3 pathway also affects the response to RIG-I and MDA5 (Zhou et al. 2010). Moreover, this
same study demonstrated that LCMV NP physically interacts with both RIG-I and MDA5.
Mutations in LCMV NP that prevented the inhibition of type I IFN however did not affect
this interaction, which suggests that there are additional inhibitory mechanisms (Zhou et
al. 2010).
This suppression of type I IFN not only affects the host response against LCMV, but it may
also reduce the effectiveness of responses against other opportunistic pathogens whose
clearance requires type I IFN (Zuniga et al. 2008). The effects of chronic LCMV Cl 13
infections also lead to disruptions in the ability of the host’s pDCs to produce type I IFN in
response to other unrelated infections such as vesicular stomatitis virus (VSV) or murine
cytomegalovirus (MCMV). In addition, LCMV Cl 13 infection had deleterious consequences
on the host’s natural killer cell population which may be important in the immune response
to other viral, bacterial, or parasitic infections such as HIV, influenza virus, Mycobacterium
tuberculosis (Vankayalapati, Garg et al. 2005), and Plasmodium falciparum (Alter, Malenfant et
al. 2004; Byrne, McGuirk et al. 2004; Siren, Sareneva et al. 2004; Korbel, Newman et al. 2005;
Zuniga et al. 2008). Pre-infection with LCMV Cl 13 was also demonstrated to prevent the
host from counteracting the early spread of MCMV and therefore preventing viral clearance
(Zuniga et al. 2008).
2.2 Suppression of dendritic cell functions
DCs are key mediators of adaptive immune responses. This group of cells can efficiently
present endogenously and exogenously synthesized viral antigens to CD8+ T cells. In
addition, these cells provide the necessary co-stimulatory signals to CTL for activation. The
effect of chronic LCMV Cl 13 infections on the production of type I IFN by pDCs is only one
aspect of the virus-induced restrictions of the host’s DC responses. Not only do chronically
infecting viruses suppress cytokine production by host DCs, but it has also been shown that
they can suppress the development of dendritic cells from hematopoietic precursor cells,
inhibit the maturation of DCs following exposure to activation signals, and also lead to the
destruction of these cells that are critical for effective anti-viral immune responses.
One major mechanism that LCMV Cl 13 uses to suppress DC responses is to suppress their
development from hematopoietic precursor cells (Hahm, Trifilo et al. 2005; Trifilo et al.
2006). The cytokines fms-like tyrosine kinase receptor-3 ligand (Flt3-L) and granulocyte
macrophage-colony stimulating factor (GM-CSF) are major signals in the development of
DCs from hematopoietic stem cells and can be used to induce the differentiation of DCs both
in vitro and in vivo (Sevilla et al. 2004; Hahm et al. 2005). When Flt3-L is administered to
mice, it dramatically increases the number of splenic DCs (Drakes, Lu et al. 1997). When
bone marrow is cultured in vitro with GM-CSF, the stem cells differentiate into CD11c+
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dendritic cells. It has been demonstrated that LCMV Cl 13-infected mice do not respond to
Flt3-L treatment, suggesting that the virus induces an Flt3-L-refractory state in the
hematopoietic precursor cells (Sevilla et al. 2004; Hahm et al. 2005). Moreover, in vitro
culture of bone marrow cells infected by LCMV Cl 13 with GM-CSF induced the
development of significantly fewer CD11c+ DCs compared to uninfected bone marrow cells
(Sevilla et al. 2004; Hahm et al. 2005). Collectively these data indicate that one mechanism
that chronic LCMV infection utilizes to evade the immune system is to prevent the
development of DCs which are critical to a successful adaptive immune response.
Although LCMV Cl 13 does inhibit the differentiation of DCs from their hematopoietic
progenitors, functional DCs do develop. However, the virus employs additional strategies
to suppress the responses induced by these cells. Our laboratory and others have
demonstrated that LCMV Cl 13 infection of DCs inhibits their ability to upregulate major
histocompatibility complex class I (MHC-I) molecules and co-stimulatory molecules such as
B7-2 (Figure 2A) (Sevilla et al. 2004). Moreover, the LCMV Cl 13 infection in our studies not
only prevented the upregulation of MHC-I and B7-2 but reduced the levels of their
expression to below baseline levels. This suppression of MHC-I and co-stimulatory molecule
expression renders the DCs unable to efficiently prime CD8+ T cells, which are necessary to
clear the infecting virus. Although the inhibition of type I IFN expression may be the cause
of this downregulation, there may be additional unknown mechanisms for this
phenomenon. Further, the infected DCs were impaired in the ability to synthesize IL-12, a
critical cytokine for T cell stimulation, in response to TLR9 ligation (Figure 2B). The results
also support the functional abrogation of host immunity in LCMV Cl 13-infected mice upon
the invasion of a secondary microbe that contains TLR9 ligand components such as DNA
viruses or bacteria.
The final postulated mechanism for LCMV evasion of dendritic cell responses is the targeted
killing of these cells. It has been shown that persistently infecting strains of the virus have a
mutation in the glycoprotein that affects their tropism and increases the infectivity of DCs
(Borrow et al. 1995; Sevilla, Kunz et al. 2000). This dendritic cell-specific infection leads to
increased antigen load and therefore makes these cells ideal targets for activated CD8+ T
cells. Indeed, a loss of splenic DCs has been observed in the spleens of LCMV Cl 13-infected
mice although, the ability of these infected DCs to act as targets has not yet been confirmed.
However, DCs are efficient antigen presenting cells and because they are preferentially
infected during an LCMV Cl 13 infection, it has been speculated that they are targeted for
destruction by activated CD8+ T cells (Odermatt, Eppler et al. 1991; Borrow et al. 1995).
These multiple findings have been recapitulated when DCs were infected with humantropic viruses. For instance, measles virus (MV) suppressed DC generation from bone
marrow progenitor cells under the GM-CSF or Flt3-L-supplemented culture system (Hahm
et al. 2005). Further, MV could kill DCs or strongly inhibit the ability of DCs to stimulate
anti-viral T cells (Hahm 2009). The decrease in the DC population was also observed in the
bloodstream of HCV or HIV-infected patients (Donaghy, Pozniak et al. 2001; Pacanowski,
Kahi et al. 2001; Kanto and Hayashi 2004; Kanto, Inoue et al. 2004; Siavoshian, Abraham et
al. 2005). Functional abrogation of professional antigen presenting DCs has been reported in
multiple cases of patients who were chronically infected with pathogenic viruses.
Like the inhibition of type I IFN, DCs have been shown to play a key role in the host
response and elimination of viral infections. Because of this, LCMV and other chronically
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Fig. 2. LCMV Cl 13 suppresses DC responses. (A) Bone marrow-derived DCs were
untreated (control, CTR), infected with LCMV Cl 13 (Cl 13), or treated with loxoribine (TLR7
ligand, 0.5mM). DCs were analyzed for the expression levels of MHC-I and B7-2 by flow
cytometry on the following day. Mean fluorescent intensities (MFIs) for each molecule are
shown. (B) DCs were uninfected (CTR) or infected with LCMV Cl 13. At one day postinfection (dpi), these cells were untreated or treated with CpG (TLR9 ligand, 200 ng/ml) and
the synthesis of IL-12 was assessed by flow cytometry.
infecting viruses have developed multiple strategies to counteract and evade the dendritic
cell responses. Although a great deal of effort has been focused on these evasion tactics, the
underlying mechanisms that the viruses use to suppress these responses are still not yet
fully elucidated.

3. Virus-mediated T cell exhaustion
CD8+ Cytotoxic T lymphocytes (CTLs) are a critical line of defense against viral
infections. These cells are responsible for the recognition and subsequent killing of virus-
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infected cells. During an acute virus infection, CTLs recognize antigenic peptides
displayed on the surface of professional antigen presenting cells (Carbone, Moore et al.
1988). This recognition, along with co-stimulatory signals activate the CTLs to proliferate
and gives them license to kill virus infected cells through their effector functions
including the release of the cytotoxic molecules perforin and granzyme B (Lancki, Hsieh
et al. 1991). In addition, activated CTLs also upregulate inflammatory cytokines including
IFN-γ and TNF-α (Murray, Lee et al. 1990; Martin, Vallbracht et al. 1991; Brehm, Daniels
et al. 2005). Following the resolution of the infection this large population of effector CTLs
contracts into a small pool of memory cells which are able to quickly respond to
subsequent infections by the same pathogen.
Because CTLs are able to eliminate replicative reservoirs, persisting viruses have evolved
methods for the evasion of these immune responses. Although the suppression of CTL
responses begins with the disruption of dendritic cell responses as described previously,
persistently infecting viruses such as LCMV and HIV have developed several mechanisms
to specifically perturb CTL responses. The first method involves the exhaustion of CTLs in
which the cells lose their ability to kill infected cells, while the other involves the modulation
of dominant CTL epitopes, allowing the virus to escape immune recognition. These escape
mechanisms give the viruses an additional advantage over the host immune system and
allow for chronic viral infections.
3.1 Exhaustion of CD8+ T cells by LCMV Cl 13
3.1.1 Exhaustion of cytotoxic CD8+ T lymphocytes during chronic viral infection
Exhaustion of CTL has been described in multiple viral infections including both LCMV and
HIV as the loss of effector functions by antigen-specific CD8+ T cells. The presence of both
acutely-infecting and chronically-infecting strains of LCMV have made this virus an
outstanding model for determining both the effects of the virus on CTLs as well as the
mechanism by which the virus induces T cell exhaustion. During a chronic LCMV infection,
the virus-specific CD8+ T cell response is activated and peaks similar to an acute viral
infection (Figure 3). However, instead of clearing the virus, the CTLs lose effector functions
(Figure 3). The loss of CTL functionality occurs in a stepwise manner. Individual effector
functions are lost at distinct time points over the course of the infection (Wherry, Blattman et
al. 2003). Initially, the CTLs lose the ability to proliferate and produce IL-2 in the case of
most chronic viral infections (Wherry et al. 2003). As the infection continues, the CTLs
become dysfunctional in their ability to produce and secrete the inflammatory cytokine
TNF-α (Sakuishi, Apetoh et al. 2010). At later time points of the persistent infection, the cells
also fail to produce IFN-γ and lose their cytotoxic potential (Wherry et al. 2003; Jin,
Anderson et al. 2010). In certain cases, the end result of T cell exhaustion is the death of T
cells which leads to the reduction of the total virus-specific T cell population. The
culmination of these dysfunctions is the inability of antigen-specific CTLs to kill virus
infected cells, thereby allowing the virus to persist. The mechanisms LCMV Cl 13 uses to
exhaust CTLs are not yet fully understood. It is known however that the virus activates
inhibitory molecules that are involved in the regulation of normal immune responses to
exhaust CTLs.
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Fig. 3. CD8 T cell response to acute and persistent LCMV infections over time. In response to
an acute LCMV infection (ARM, blue line), CD8 T cells rapidly expand until approximately
day 7. Following this expansion, the cells contract leaving a small population of memory
cells. During a chronic infection (Cl 13, red line), CD8 T cells expand in a similar fashion
however quickly lose effector functions (dotted red line) and leave only a small population
of functional CTL that are unable to resolve the infection (solid red line).
3.1.2 Inhibitory receptors involved in T cell exhaustion
The inhibitory receptor programmed death – 1 (PD-1) is the most extensively characterized
molecule associated with LCMV Cl 13-mediated T cell exhaustion (Wherry, Ha et al. 2007;
Blackburn, Shin et al. 2009; Jin et al. 2010; Vezys, Penaloza-MacMaster et al. 2011). PD-1 is a
negative immuno-regulatory molecule in the CD28/CTLA-4 family that is expressed on the
surface of activated CD8+ T cells. PD-1 has two ligands, PD-L1 and PD-L2 which could be
upregulated on the surface of activated DCs and macrophages, although PD-L1 is expressed
on multiple cell types (Yamazaki, Akiba et al. 2002; Brown, Dorfman et al. 2003). The
expression of this inhibitory receptor has been directly linked to type I IFN production
(Terawaki, Chikuma et al. 2011). The role of the PD-1 activation in non-persistent viral
infections is the attenuation of T cell responses to prevent unnecessary immunopathology
(Freeman, Long et al. 2000). PD-1 is thought to play a critical role in the LCMV-mediated
exhaustion of CTLs as virus-specific CD8+ T cells express significantly higher levels of this
molecule during chronic LCMV infections. The mechanisms behind the LCMV-mediated
upregulation of PD-1 have yet to be fully elucidated. However, the blockade of the PD-1
pathway restores functionality of these cells and leads to clearance of the persistent virus
infection (Barber et al. 2006).
Another molecule that has been implicated in the exhaustion of CD8+ T cells during chronic
LCMV infections is lymphocyte activated gene – 3 (LAG-3) (Wherry et al. 2007; Grosso,
Goldberg et al. 2009). This molecule belongs to the immunoglobulin superfamily and has
been shown to be immunomodulatory in the prevention of autoimmune disorders
(Workman, Dugger et al. 2002). The expression of LAG-3 does not change on CD8+ T cells
during acute infections with LCMV, but is upregulated on CD8+ T cells in LCMV Cl 13-
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infected mice (Richter, Agnellini et al. 2010). It has been suggested that LAG-3 functions in a
similar fashion to PD-1 during chronic LCMV Cl 13 infections (Blackburn et al. 2009).
Although mice deficient in LAG-3 do not demonstrate improved CD8+ T cell responses
during persistent LCMV infections (Richter et al. 2010), the simultaneous blockade of both
the PD-1 and LAG-3 pathways leads to significant improvements in the CTL responses of
LCMV Cl 13-infected mice compared to PD-1 blockade alone (Blackburn et al. 2009).
Multiple other immunomodulatory molecules have been suggested to be involved in the
attenuation of virus-specific CD8+ T cell responses. An extensive study by Wherry et al. has
shown that the expression of many different genes from multiple cellular processes is
affected during CD8+ T cell exhaustion. These markers include natural killer cell marker 2B4
(2B4), which has since been shown to be involved in the regulation of memory CD8+ T cells
during chronic LCMV infections (West, Youngblood et al. 2011), T cell Ig- and mucindomain-containing molecule-3 (Tim-3), CD160, paired Ig-like receptor-B (PIR-B), and
GP49B. All of these molecules have been shown to have inhibitory functions during immune
responses (Wherry et al. 2007; Jin et al. 2010; Vezys et al. 2011). Although Tim-3 has been
shown to act in cooperation with PD-1 in the exhaustion of CD8+ T cells during persistent
LCMV infections (Jin et al. 2010), no specific mechanisms in the loss of function of CD8+ T
cells have been attributed to these additional markers of T cell exhaustion. Until these
markers are investigated individually or in conjunction with the known inhibitory
molecules, they are only guilty by association.
The markers and mechanisms that have been described by comparing the persistent and
acute LCMV infections are by no means the only ones involved in the suppression of CD8+
T cell responses. Other immunosuppressive molecules have been shown to either be
involved in the exhaustion of CD8+ T cell responses or upregulated on exhausted T cells in
other persistent viral infections. CTLA-4, among the others discussed above, has been
shown to be important in serious human infections such as HIV and HCV (Hryniewicz,
Boasso et al. 2006; Kaufmann, Kavanagh et al. 2007; Nakamoto, Cho et al. 2009).
3.1.3 Transcription factors involved in T cell exhaustion
Several transcription factors have also been identified as modulators of the CD8+ T cell
response during a persistent LCMV Cl 13 infection (Shaffer, Lin et al. 2002; Agnellini, Wolint et
al. 2007). Nuclear factor of activated T cells (NFAT) is a transcription factor that regulates
multiple genes involved in the cytotoxicity and inflammatory cytokine production by CD8+ T
cells, including IL-2, the loss of which is a hallmark of T cell exhaustion (Wherry et al. 2003).
NFAT expression and phosphorylation are unperturbed in the CD8+ T cells from mice
persistently infected with LCMV. However, the translocation of NFAT molecules from the
cytoplasm to the nucleus is disrupted during chronic LCMV infections which prevents the
transcription factor from upregulating genes necessary for complete CTL function (Agnellini et
al. 2007). The transcription factor B-lymphocyte-induced maturation protein-1 (Blimp-1) which
is known to govern the fate decision of B-cells has also been associated with the exhaustion of
CD8+ T cells (Shaffer et al. 2002; Calame 2006). Blimp-1 expression was shown to be
dramatically increased in T cells during chronic viral infections (Shin, Blackburn et al. 2009). In
this same series of experiments, a conditional knockout of Blimp-1 resulted in significant
decreases of the inhibitory receptors PD-1 and LAG-3 in CD8+ T cells during a chronic LCMV
Cl 13 infection. Moreover, this conditional knockout resulted in increased cytotoxicity of
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LCMV-specific CTL and improved viral control (Shin et al. 2009). Although the research into
these transcriptional regulators has revealed another level of immune evasion by LCMV Cl 13,
they have not completely elucidated the pathway by which the virus induces T cell
exhaustion. Therefore more research is still required to fully understand these mechanisms.
3.1.4 Role of chronic antigen stimulation on T cell exhaustion
One possible mechanism that has been postulated to be involved in the upregulation of
these markers and the subsequent exhaustion of virus-specific CD8+ T cells is the prolonged
presence of viral antigens. In a study by Bucks et al., repeated exposure to influenza antigen
was shown to induce the exhaustion of antigen-specific CTLs. In these experiments,
repeated exposure to antigen reduced both the frequency and number of virus specific
CD8+ T cells, and significantly impeded the ability of the remaining cells to produce IFN-γ
(Bucks, Norton et al. 2009). In support of these findings, a more recent study has
investigated the epigenetic regulation CD8+ T cells during a chronic LCMV infection
(Youngblood, Oestreich et al. 2011). The results of this study indicate that long-term antigen
exposure results in prolonged demethylation of the PD-1 gene locus, leading to extended
PD-1 expression which has been observed during chronic LCMV infections. In addition, this
demethylation does not resolve rapidly in exhausted T cells due to a downregulation of
methyltransferases. Consequently, these exhausted CD8+ T cells have the potential for rapid
upregulation of PD-1 upon subsequent antigen encounters (Youngblood et al. 2011).
3.1.5 Cytokines implicated in T cell exhaustion
Another potential inducer of CD8+ T cell exhaustion is the anti-inflammatory cytokine IL10. IL-10 has been shown to be a potent inhibitor of inflammatory and adaptive immune
responses. Two different studies have implicated IL-10 in chronic viral infections (Brooks et
al. 2006; Ejrnaes et al. 2006). In these studies it was shown that IL-10-deficient mice
chronically infected with LCMV have higher frequencies of virus-specific CTLs and
antibody-mediated blockade of the IL-10 receptor can restore the function of exhausted,
virus specific CD8+ T cells (Brooks et al. 2006; Ejrnaes et al. 2006). Furthermore, the IL-10
receptor blockade also led to accelerated viral clearance in both studies (Brooks et al. 2006;
Ejrnaes et al. 2006). The source of the IL-10 involved in the immune suppression as well as
the mechanisms by which IL-10 is induced is still under investigation.
Although the inflammatory cytokine IL-21 has not been shown to be directly involved in the
induction of T cell exhaustion, its requirement in the clearance of the virus has been clearly
demonstrated. IL-21 is produced primarily by CD4+ T cells and has been shown to induce
the proliferation of CD8+ cytotoxic T-lymphocytes in a fashion similar to that of IL-2
(Kasaian, Whitters et al. 2002). Because IL-2 production is lost quickly during a chronic
LCMV infection, it is thought that IL-21 may act in a compensatory fashion. The
requirement of IL-21 in the clearance of LCMV CL 13 was demonstrated in IL-21 receptordeficient mice. These mice failed to clear the virus while the wild-type control mice had
cleared the infection by day 60 post-infection. (Elsaesser et al. 2009). In the same study by
Elsaesser et al., it was shown that IL-21 is produced by CD4+ T cells throughout an LCMV
Cl 13 infection (Elsaesser et al. 2009). However, in parallel experiments by Yi et al., it was
shown that the number of IL-21-producing CD4+ T cells is 7.8 times lower than in an acute
LCMV infection. Therefore, this loss of IL-21-producing, CD4+ T cells may be another
critical factor in the rapid exhaustion of CD8+ T cells during a persistent LCMV infection.
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The topic of T cell exhaustion is a major focus in the field of viral immunity. It is still not
clear if the expression of these markers is due to the presence of a persisting viral infection,
or if viruses have evolved specific mechanisms to activate these immunosuppressive
pathways. However, multiple studies have demonstrated that the targeting of certain
molecules relieves the suppression and allows the host CTL response to reassert control
over the infection and accelerate viral clearance. If the mechanisms behind the virusmediated upregulation of these molecules and CD8+ T cell exhaustion can be determined,
the many new targets for immune-based therapies can be designed, giving medicine a much
needed advantage in the treatment of chronic viral infections.
3.2 Dysfunction of CD4+ T cells during chronic LCMV infection
CD4+ T cells have been shown to not play a major role in the clearance of an acute, LCMV
Arm infection. Experiments conducted with mice deficient in CD4+ T cells demonstrate that
they are able to clear the infection as efficiently as their wild-type counterparts (Matloubian
et al. 1994). However in the case of a chronic LCMV Cl 13 infection, CD4+ T cells appear to
play a more significant role, as depletion of CD4+ T cells prevents mice from clearing the
virus (Matloubian et al. 1994). One of the major contributions these cells make is the
production of IL-21, which as described above appears to be critical for viral clearance
(Elsaesser et al. 2009; West et al. 2011). In addition, there is evidence that CD4+ T cells also
become exhausted during an LCMV Cl 13 infection. Brooks et al. have demonstrated that
CD4+ T cells begin to lose the ability to make inflammatory cytokines such as IFN-γ and
TNF-α as well as IL-2 as early as day 9 post-infection (Brooks et al. 2005). Moreover, an
increase in the production of the anti-inflammatory cytokine IL-10 by virus-specific CD4+ T
cells was also observed during the chronic LCMV infection (Brooks et al. 2005). There was
however no increase in the number of T regulatory CD4+ T cells observed during the course
of the viral infection (Brooks et al. 2005). Similar to exhausted CD8+ T cells, exhausted CD4+
T cells have also been shown to upregulate the expression of PD-1 (Day, Kaufmann et al.
2006; Kasprowicz, Schulze Zur Wiesch et al. 2008). In addition, recent evidence suggests that
viral persistence actually reprograms the differentiation of CD4+ T cells from the T-helper 1
phenotype to a T-follicular helper cells (Fahey, Wilson et al. 2011).
System
Targeted
Type I
Interferon

Disruption of Cellular
Function
Inhibition of type I IFN
production
Inhibition of DC development

Dendritic
Cells

T cells

Inhibition of DC maturation

Suppression of T cell function
(exhaustion)

Phenotype/Mechanism
LCMV NP
- Inhibition of IRF3
- Inhibition of MDA5 and RIG-I
Inhibition of plasmacytoid DCs
Decrease in the frequency of CD11c+ cells
MHC-I and B7-1/B7-2 upregulation impaired
following PAMP ligation
Loss of IL-12 production
Increased IL-10 synthesis
PD-1↑, LAG-3↑, Tim-3↑,
Blimp-1↑, NFAT↑
IFN-γ↓, TNF-α↓, IL-2↓,
Proliferation↓,
Cytotoxic activity ↓

Table 1. Immunological Effects of Persistent LCMV Cl 13 Infections.
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Fig. 4. Schematic representation of the immune cell phenotypes during a chronic LCMV
infection. Viral load over time is represented by the red line. The functional T cell response
is illustrated using the black line. Alterations in cell surface molecule and cytokine
expression is noted with each cell type.
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4. Perspectives
Chronic viral infections continue to be a tremendous burden on human health. Many
years of research, especially with LCMV Cl 13, has led to a large body of knowledge as to
how these viruses subvert and evade both innate and adaptive immune responses (Figure
4 and Table 1). Although there is still a great deal of research needed, several potential
molecular immunotherapeutic treatment options have been developed through these
studies. First, findings by Brooks et al. and Ejarnes et al. have clearly demonstrated that
the blockade of IL-10 signaling could be used as a potential treatment to restore
functionality to exhausted CD8+ T cells. This has been examined recently and it was
found that CD8+ T cells from HIV positive patients could be restored using an IL-10specific antibody (Brockman, Kwon et al. 2009). Similarly, clinical trials are being
conducted to evaluate a treatment consisting of inhibition of the PD-1/PD-L1 interaction
to recover exhausted CD8+ T cells during HIV infection and certain types of cancer
(Sakthivel, Gereke et al. 2011). Other treatment options have been explored including
multiple therapeutic vaccination strategies such as DNA vaccines (Martins, Lau et al.
1995), recombinant virus vectors (Wherry, Blattman et al. 2005), and lipo-peptide vaccines
(von Herrath, Berger et al. 2000). Finally, the use of IFN-α for the treatment of chronic
virus infections was introduced in 1986 for the treatment of hepatitis C virus infections
(Hoofnagle, Mullen et al. 1986). However, some evidence suggests that therapeutic
vaccination post-infection may not be as effective as hoped because of the
immunosuppressed state of the host caused by the infection (Wherry et al. 2005).
In addition to the molecular therapies, immune cell-based therapeutic approaches have been
developed. Since CD8+ CTLs are principal players for the eradication of viruses, the CD8+ T
cell-based therapy has been implemented (Gottschalk, Bollard et al. 2006; Kapp, Tan et al.
2007). However, the requirement of CD4+ T cells for the maintenance of CTL activity has
prompted the use of combined T cell therapies. Further, owing to the extraordinary ability
of DCs to serve as natural adjuvants, the potential of antigen-mounted, activated DCs for
the treatment of infectious diseases has been confirmed in multiple experimental models
(Inaba, Metlay et al. 1990; Fajardo-Moser, Berzel et al. 2008). If DCs are suppressed by
chronic viral infections for T cell exhaustion or deletion, provision of active, modulatory
DCs presenting viral epitopes could overcome virus-induced suppressive environments and
initiate vigorous anti-viral T cell immunity. The proper use of DC subtypes, DC modulation
methodology and the way to activate intracellular class I MHC antigen presenting pathways
as well as MHC class II pathways need to be considered to maximize the efficacy of DCbased immunocytotherapy.
Collectively, there is a great deal of understanding the mechanisms behind LCMV-induced
immunosuppression (Figure 4 and Table 1) that has had practical applications for serious
chronic human viral infections and have led to clinical trials for therapeutic interventions.
However, many of the underlying causes have yet to be determined and further
investigations are needed. In conjunction with molecular mechanistic studies, the approach
to subvert the immunosuppressive environment caused by chronic viral infections could aid
the development of immune-therapeutic drugs and treatments to combat many viral
diseases.
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1. Introduction
Until 2005, T helper (CD4+) cells were proposed to be a binary system, consisting of TH1 and
TH2 cells (Mosmann TR et al.,1986) , when a third T helper -cell subset, known as TH17
(interleukin-17 (IL-17) expressing cells), was identified (Harrington LE et al., 2005, Park H et
al., 2005). This was followed up by the another independent discovery in three different
laboratories of the differentiation factors cytokines such as interleukin (IL)-6 and
transforming growth factor beta (TGF-β), that simplified in vitro analysis of this T cell subset
to a large extent (Veldhoen M et al., 2006, Bettelli E et al., 2006, Mangan et al., 2006). The
discovery of these unique TH17 cells has opened up exciting new avenues for research into
the etiology and therapeutics of a broad spectrum of human diseases and data on the
biology of these cells have emerged at an astounding pace in just 5 years. The reason for
these cells to receive considerable attention in these recent years is their emerging
involvement as principal mediators of pathogenesis in several autoimmune and chronic
inflammatory disorders. Many reviews of the field have already highlighted the important
role of TH17 cells in the diverse group of human autoimmune and inflammatory diseases
(Tesmer et al., 2008, Sallusto and Lanzavecchia 2009, Torrado and Cooper 2010, Kimura and
Kishimoto 2011, Cosmi et al., 2011).
With regards to cancer, the involvement of TH17 cells in tumour immunology has raised
their status as a target for cancer therapy. However based on the reported evidence on the
potential anti-tumourigenic and pro-tumourigenic activities of TH17 cells, their role as
friends or foes, respectively is still under debate; could be because of a few studies have
focused on primary TH17 cells in the human tumour microenvironment (Wilke et al., 2011).
The link between cancer development and inflammation is now widely accepted and cancer
patients have local and systemic changes in inflammatory parameters (Chechlinska, et al.,
2010). Tumours frequently display the characteristics of chronically inflamed tissue,
including immune cell infiltration and an activated stroma (Kanwar et al., 2008, Mantovani
et al., 2008). Indeed inflammation has been proposed as the seventh trait of cancer by
supplementing Hanahan and Weinberg’s model that identifies six hallmarks of cancer
(Mantovani 2009). This chapter focuses on the role of TH17 cells in cancer by understanding
its links with chronic inflammation.
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2. Association of cancer with inflammation
Inflammation is the first line of defence against various extracellular stimuli (microbes,
trauma, chemicals, heat or any other phenomenon) and can be acute or chronic. Acute or
physiological inflammation is when body cells respond to external stimuli for short periods
of time. Normal inflammation, for example, inflammation associated with acute infections,
injury, wound healing is usually self-limiting; however, dysregulation of any of the
involved factors leads to abnormalities. If the stimulus sustains for longer time, it results in a
pathological state known as chronic or pathological inflammation as seen in autoimmune
and chronic inflammatory diseases such as atherosclerosis, multiple sclerosis, rheumatoid
arthritis, allergic inflammation of the lung leading to asthma (Kanwar et al., 2001a, Kanwar
2005, Kanwar et al., 2008, Kanwar et al., 2009, Barreiro et al., 2010). Chronic inflammation is
also the case during tumour progression in cancer. The patients with chronic inflammatory
conditions have a greatly increased risk of cancer in the affected organs. Also chronic
inflammation resulting from viral or bacterial infections can often lead to or hasten the
development of malignancy (Coussens and Werb 2002, Kanwar et al., 2011). Table 1
summarizes the chronic inflammatory conditions associated with cancer.

Inflammatory Condition
AIDS
Asbestosis, silicosis
Barrett’s oesophagus
Bronchitis
Chronic cholecystitis
Chronic pancreatitis, hereditary pancreatitis
Coeliac disease
Gingivitis
Helicobacter pylori infection
Hepatitis B or C
Inflammatory bowel disease, Crohn’s disease,
chronic ulcerative colitis
Lichen sclerosus
Mononucleosis
Obesity related inflammation
Opisthorchis, Cholangitis
Osteomyelitis
Pelvic inflammatory disease, chronic cervicitis
Prostate inflammatory atrophy
Rheumatoid arthritis
Shistosomiasis, bladder inflammation
Sialadenitis
Sjögren syndrome, Hashimoto’s thyroiditis
Skin inflammation

Associated Cancer(s)
Non-Hodgkin’s lymphoma, squamous
cellcarcinomas, Kaposi’s sarcoma
Mesothelioma, lung carcinoma
Oesophageal carcinoma
Lung carcinoma
Gall bladder cancer
Pancreatic carcinoma
Lymphoma
Oral squamous cell carcinoma
Gastric cancer
Hepatocellular carcinoma
Colorectal carcinoma
Vulvar squamous cell carcinoma
B-cell non-Hodgkin’s lymphoma, Burkitts
lymphoma,
Liver cancer
Cholangiosarcoma, colon carcinoma
Sarcoma
Ovarian carcinoma, cervical/anal carcinoma
Prostate cancer
Lymphoma
Bladder carcinoma
Salivary gland carcinoma
MALT lymphoma
Melanoma

Modified from Coussens and Werb, 2002, Conro y et al., 2010

Table 1. Chronic inflammatory conditions and infections associated with cancer.
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When the control of cell proliferation, growth and cell death (apoptosis) is lost, we obtain a
clone of cells known as benign tumour. By growing its own blood supply (angiogenesis), the
tumour feeds itself, grows indefinitely and spreads (metastasizes) in the body thereby leads
to malignant cancer. Tumour cells are known to produce various pro inflammatory
cytokines such as IL-1β, IL-6, IL-23 and tumour necrosis factor (TNF)-αand chemokines that
attract inflammatory leukocytes which include neutrophils, dendritic cells, macrophages,
eosinophils, mast cells and lymphocytes (Coussens and Werb 2002, Kanwar et al., 2008,).
These cells further produce growth factors, various cytokines, chemokines, cytotoxic
mediators like reactive oxygen species, matrix metalloproteinases (MMPs), membraneperforating agents and soluble mediators of cell killing such as TNF-α, interleukins and
interferons (Wahl et al., 1998, Kuper et al., 2000, Coussens and Werb 2002, Kanwar et al.,
2008). The recruitment of dendritic cells capture antigen and stimulate anti-tumour
immunity by T lymphocyte activation which kill cancer cells via cell mediated cytotoxicity
(Kanwar et al., 1999). According to the immune surveillance theory, tumours arise only if
cancer cells are able to escape immune surveillance, yet sometimes a robust immune
response might result in a favourable effect that might be due to CD8+ cytotoxic T cells
which have the capacity to kill tumour cells (Kanwar et al., 2001b) CD4+ T cell responses are
also important as they help recruiting CD8+ cytotoxic T cell and generate an inflammatory
response that chains the function of CTLs activity (Kanwar et al., 2003). The growth factors
asnd cytokines released by inflammatory cells can also have pro-tumour actions. They can
lead to proliferation, survival and migration of the tumour by promoting angiogenesis and
lymphanogenesis, remodelling extracellular matrix to facilitate invasion, coating tumour
cells to make available receptors for spreading cells via lymphatics and capillaries, and
evading host mechanisms (Coussens and Werb 2002, Rigo et al., 2010). In this context
tumour-associated macrophages (TAMs) have a significant role. After migration the
monocytes, recruited largely by monocyte chemotactic protein (MCP) chemokine become
the significant component of inflammatory infiltrates as TAMs in neoplastic tissues, and has
a dual role in neoplasms. TAMs may kill neoplastic cells following activation by IL-2,
interferon and IL-12 or potentiate neoplastic progression through the production of a
number of potent angiogenic and lymphangiogenic growth factors, cytokines and proteases,
all of which are mediators for tumour growth (Brigati et al., 2002, Tsung et al., 2002). Further
TAMs and tumour cells also produce IL-10, which effectively blunts the anti-tumour
response by cytotoxic T cells, and prevent maturation of anti-tumour dendritic cells in situ
leading to immunosuppression and immune evasion (Coffelt et al., 2009). Increasing
evidences have suggested that many types of cancer are closely associated with
inflammation (Table 1). Thus, inflammation is a process used by immune cells to eliminate
cancer and by cancer cells to promote tumour progression and metastasis.

3. CD4+ T cell subsets as essential regulators of immune responses and
inflammatory diseases
Immune system consists of innate and adaptive immunity. Adaptive immunity is mediated
by T and B cells. T helper cells/CD4+ cells are the key actors in establishing an immune
response. Naive CD4+ T cells differentiate into different types of effector cells depending
upon the combination of cytokines in milieu, antigen and the antigen presenting cell (APC).
There are four types known so far (Figure 1) and include TH1, TH2, T- regulatory (Treg) and
TH17. TH1 cells, induced by IL-12, express TH1 specific Transcription factors (T-bet) and
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produce IFN-γ as their signature cytokine and evoke cell-mediated immunity and
phagocyte-dependent inflammation. Vigorous pro-inflammatory activities of TH1 cells has
been seen to cause tissue damage and elicit unwanted TH1-dominated responses in the
pathogenesis of organ-specific autoimmune/inflammatory disorders, Crohn's disease,
sarcoidosis, acute kidney allograft rejection, and some unexplained recurrent abortions
(Romagnani, 2000).

Fig. 1. CD4+ T- Cell differentiation: Naive CD4+ T cells differentiate into different effector
cells under the influence of the pool of cytokines present in the surroundings. There are four
known types of effector TH cells which have different functions based on the expression of
unique transcription factors and characteristic cytokines.
TH2 cells are induced by IL-4, express GATA 3 and produce IL-4, IL-5, IL-9, IL-10 and IL-13.
These are associated with the humoral immunity and resistance against extracellular forms
of pathogens. T-regulatory (Treg) cells, characterized by expression of FoxP3
(forkhead/winged helix transcription factor), produce TGF-β (transforming growth factorβ1). These distinct regulatory T cell subsets suppress adaptive T cell responses, have antiinflammatory role and are involved in maintaining tolerance to self components (prevent
autoimmunity).
TH17 cells, a newly defined lineage of CD4+ cells, are not only distinct from other TH cells in
their gene expression and regulation, but also in terms of their biological function (Dong
2008) TH17 cells are characterized in particular through the production of IL-17 and IL-17F,
and have functions in autoimmune diseases, inflammation and host defence against
infectious pathogens. Recently accumulating evidence suggests that TH cells possess
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functional ‘plasticity’ (Bettelli et al., 2006, Yang et al., 2008a, Crome et al., 2010a) i.e. they can
be converted into other types of TH cells under in vitro as well as in vivo conditions. This
property seems to be certainly beneficial to mount different and varied responses for
combating immunological insults given at short notices.
TH17 cells: a new lineage of effector TH cells Discovery: The presence of TH17 cells as a
specific lineage was recognized when it was demonstrated that lipopeptides from the
spirochete Borrelia burgdorferi triggered the increased levels of IL-17A mRNA in T cells to
produce IL-17 (member of IL-17 family composed of 6 cytokines, IL-17A-F), TNF-α and GMCSF while these cells were negative for IFN-γ or IL-4, revealing a novel cytokine phenotype
distinct from TH1 or TH2. (Infante-Duarte et al., 2002). This was the first report to establish
the link between bacterial infection and a new effector T cell phenotype later to become
TH17 while foretelling the description of a factor later identified as critical to TH17
development: IL-6 (Weaver et al., 2007) . Further hint came when, Aggarwal et al. 2003, who
demonstrated that IL-23 stimulates murine CD4+ T cells to secrete IL-17 following
stimulation of the T- cell receptor (TCR). These crucial findings that IL-23 but not IL-12,
stimulated memory, but not naive, CD4 T cells to produce IL-17A and IL-17F, were
consistent with a unique effector CD4 T cell population similar to that previously reported
by Infante-Duarte and colleagues in 2002. Then the findings that IL-17 secreting CD4+ T
cells arise in the absence of TH1 and TH2 induced transcription factors and cytokines
solidified the lineage separation between TH1/TH2 and TH 17 cells (Harrington et al., 2005;
Park et al., 2005).
Differentiation and transcriptional regulation: Although early studies by Aggarwal and
colleagues in 2003 implicated IL-23 in driving TH17 expression and generation , it was later
on demonstrated that IL-23 receptor (IL-23R) is not expressed on naïve T cells. Instead, IL23, as well as TNF-α, acts as survival signals for TH17 cells. It is apparent now as reviewed
recently (Weaver et al., 2007, Torchinsky and Blander 2010, Kimura and Kishimoto 2011) that
IL-23 is important only for TH17 cells’ expansion, survival and pathogenicity. The key
cytokines required for TH17 differentiation, surprisingly, are a combination of proinflammatory and anti-inflammatory cytokines; i.e, IL-6 and TGF-β respectively (Veldhoen
M et al., 2006, Mangan et al., 2006, Betteli et al., 2006). The studies by Betteli and colleagues
identified TGF-β as a critical factor for TH17 commitment while IL-6 acted to deviate TGF-βdriven development of Foxp3-expressing Tregs toward TH17 (Betteli et al., 2006).
Further attempts were made to delineate the precise signalling mechanisms through which
IL-6 and TGF-β cooperate to induce TH17 differentiation. Studies have shown that the key
transcription factors in determining the differentiation of the TH17 lineage are retinoidrelated orphan receptor γt (RORγt) and RORα which can be induced by the combination of
IL-6 and TGF-β (Ivanov et al., 2006, Yang et al., 2008b). RORt was shown to be specifically
expressed by mouse and human TH17 cells (Ivanov et al., 2006, Wilson et al., 2007). Further a
central role for IL-6-induced STAT3 activation was made evident. Although IL-6 activates
both STAT3 and STAT1, it has been demonstrated that STAT3 activation is maintained
while STAT1 activation is suppressed in TH17 cells (Kimura et al., 2007). Interferon
regulatory factor (IRF) 4 and T-bet are other players in the scene of transcriptional
regulation, which act as positive and negative regulators of TH17commitment, respectively
(Brüstle et al., 2007, Rangachari et al., 2006). Further Aryl hydrocarbon receptor (Ahr) was
shown to be induced under TH17-polarizing conditions such as in the presence of TGF-β
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plus IL-6, and promotes TH17 cell development through inhibiting STAT1 and STAT5
activation. More recently, an AP-1 transcription factor, BATF was shown to also play a role
in TH17 differentiation. BATF-/- mice had a defect specifically in differentiation of TH17
cells, and were resistant to autoimmune encephalomyelitis (Schraml et al., 2009). IL-1
(Chung et al., 2009) and IL-21 (Korn et al., 2007) have also been shown to be required for
their differentiation. And certain studies have shown that IL-10 released by Treg cells and
IL-2 inhibit TH17 cell development (Weaver et al., 2007). - Apart from IL-17 as its major
cytokine, TH17 cells also release IL-21 and IL-22 (Wei et al., 2007, Dong 2008). As IL-21 is
required for TH17 cells’ differentiation as well as is produced by them, it may be acting as a
positive feedback loop to amplify the production of these cells (Torchinsky and Blander
2010). TH17 cells also express CCR6, CXCR4, CD49 integrins and CD161 (Kryczek, et al.,
2009). Crome et al., 2010b established a novel method to isolate in vivo differentiated TH17
cells from peripheral blood by sorting CD161+CCR4+CCR6+CXCR3-CD4+T cells. These
authors also suggested low expression of granzyme A and B as another distinguishing
feature of TH17 cells. TH17 cells also express IL-23R at high levels. There exists also a
negative regulatory system for TH17 cell differentiation and IL-27 was shown to important
role in curbing TH17 responses by limiting development of TH17 effectors (Batten et al.,2006,
Stumhofer et al., 2006). Thus, various cytokines and transcription factors can either enhance
or inhibit TH17 differentiation (Figure 2). Very recently, Martinez et al. in 2010 suggested that
Smad2 positively regulates the generation of TH17 cells in vivo and in vitro (Figure 3).

Fig. 2. Activators and inhibitors of TH17 differentiation: The figure below shows the different
activators and inhibitors which promote or inhibit the differentiation of TH17 cells.
Cytokine production: The TH17 lineage was originally defined by the production of hallmark
cytokines interleukin-17 (also known as IL-17A) and IL-17F, members of IL-17 family
(Aggarwal et al., in 2003) as homodimers or heterdimers (Liang et al., 2007). Later on studies
have shown that TH17cells are also characterized by the production of IL-10 family cytokine,
IL-22 (Liang et al., 2006). IL-21, besides acting in concert with TGF-β to promote TH17
differentiation, is also produced by TH17 cells ( Korn et al. ,2007). TH17 cells are also known
to produce certain cytokines that are expressed by other T helper cell lineages, including
TNF-α and lymphotoxin-β, and the TH17 subset can be characterized by expression of
chemokine receptor CCR6 and the CCR6 ligand, CCL20 (Hirota et al., 2007, Torchinsky and
Blander 2010). A subset of TH17 cells is reported to co-expresses IFN- in humans where as
many as half of all the IL-17+ cells also express IFN-. It is not yet clear if these cells
represent a stable phenotype or a transitional phase, undergoing a switch from TH17 to TH17
or vice versa (reviewed by Tesmer et al., 2008) (Figure 3).
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Fig. 3. TH17 differentiation and activation of immune cells for immune responses,
inflammation, anti-cancer activity and hematopoiesis.
Biological activities/functions: The important roles of IL-17 in host defence against many
extracellular and intracellular pathogens have already been established (reviewed by
Torchinsky and Blander 2010). IL-17A, F released by TH17 cells, is involved in the
recruitment, activation and migration of neutrophils which help the body to fight against
infection with various bacterial and fungal species (Yang et al., 2008c). Non-immune cells are
major targets for the effector functions of TH17 cells. Specifically, cytokines produced by
TH17 cells act on cells such as fibroblasts and keratinocytes (Chrome et al., 2010) and thereby
contribute to immunity in barrier tissues such as the skin and gut. TH17 cells have also been
involved with tissue repair functions through their production of the cytokine IL-22 along
with IL-10 (Dong C 2008). Further the anti-infective and anti-inflammatory roles of IL-22 are
associated with its functions in maintaining the integrity of epithelial barriers (Torchinsky
and Blander 2010). More interestingly, it was shown that TGF-β and IL-6 from antigen
presenting dendritic cells, that recognized apoptotic cells carrying TLR ligands, were able to
drive differentiation of na¨ve CD4+ T cells to the TH17 lineage (Torchinsky et al., 2009). Thus
TH17 cells may be uniquely suited to serve in host response against pathogens causing
significant apoptosis and tissue damage (Figure 3).
There are effector molecules as discussed above (cytokines, chemokines and integrin α3 )
associated with TH 17 cells that act as pro-inflammatory mediators of inflammation and
upregulate the expression of adhesion molecules thereby mediating the migration of
circulating mixed leukocytes, such as monocytes, neutrophils, T cells and natural killer (NK)
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cells. The infiltrated leukocytes further augment the ongoing inflammation, indirectly by
secreting an elaborated number of chemokines and cytokines, including IL-1, IL-6, TNF-α,
monocyte chemoattractant protein-1(MCP-1), keratinocyte-derived chemokine (KC), IFN-γ,
IL-17, and IL-23 (Coussens and Werb 2002, Kryczek et al, 2009a, Barreiro et al., 2010),. When
these inflammatory signals are altered or misprocessed, the inflammation can become
chronic, causing extensive tissue damage. To combat chronic inflammation in autoimmune
diseases, novel therapeutic strategies targeting TH17 cells and their effector molecules thus
represent opportunities for therapeutic intervention.

4. Association of TH17 cells with chronic inflammation
Earlier, TH1 phenotype was associated with inflammation and autoimmunity and now the
TH17 subset has also been described as pro-inflammatory to play a role in autoimunity and
chronic inflammation. The findings that IFN- and IFN- receptor-deficient mice and mice
lacking IL-12p35 and other molecules involved in TH1 differentiation were not protected
from experimental autoimmune encephalomyelitis (EAE), but rather developed more severe
disease have challenged the concept that autoimmunity is a TH1 driven disease process
(Gran B et al., 2002, Torchinsky and Blander 2010). The suggestion about another subset of T
cells, distinct from the TH1 lineage that might be required for the induction of EAE and other
organ-specific autoimmune diseases has recently established role and importance of TH17
cells in the pathogenesis of organ-specific autoimmune inflammation based on animal
studies and clinical findings. The topic on the broad implications of TH17 cells in the
pathogenesis of number of immune-mediated diseases such as psoriasis, rheumatoid
arthritis, multiple sclerosis, inflammatory bowel disease, and asthma is beyond the scope of
this chapter, but readers are referred to excellent recent reviews (Tesmer et al., 2008, Dong C
2008, Torchinsky and Blander 2010, Cosmi et al., 2011) (Figure 1).
Inflammation and pathogenesis induced by TH17 cells is a result of the pro-inflammatory
cytokines, chemokines and chemokine receptors these cells produce and express,
respectively. Recently, TH17 polarized cells have been shown to be associated with cancers.
Cancer and inflammation are now considered to be inextricably linked. Inflammatory
mediators and cellular effectors are important constituents of the local environment of
tumours. Many cancers arise from the sites of infection, chronic irritation and inflammation
as shown in Table 1, the inflammatory conditions are present before a malignant change
occurs. To understand the kinetics and targets of inflammation in a discussion of TH17 cells
and cancer, the relationship between TH1-derived IFN, TH17 cells and antigen-presenting
cells (APCs) in humans was recently studied (Kryczek et al., 2008a). These authors
demonstrated in a cutting edge study that IFN could rapidly induce elevated B7-H1
expression on APCs and stimulate their production of IL-1 and IL-23. B7-H1 signaling
resulted in abrogation of the TH1-polarizing capacity of APC, whereas IL-1 and IL-23
directed them toward a memory TH17-expanding phenotype. These findings thus suggest
that in the course of inflammation, that the acute TH1-mediated response is attenuated by
IFN-induced B7-H1 on APCs and is subsequently evolved toward TH17-mediated chronic
inflammation by APC derived IL-1 and IL-23. This study in addition to challenging the
dogma that IFN suppresses TH17 and enhances TH1 development, also strengthens the
notion that TH17 kinetics depends strongly on the context of the ongoing immune reactions
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and the constituents of the cytokine milieu, both of which are influenced by disease
progression (Figure 3).

5. TH 17 cells in cancer
Various studies have been carried out in the recent years with rapid progress on different
cancer types to investigate the association of cancer and TH17 cells. It has been seen that,
TH17 cells, might either promote tumour growth or regulate antitumour responses. This
may be due to the irregular conflicting data based on the studies in humans versus those in
mice and contradictory data from experiments in immunocompetent versus
immunodeficient mice (Wilke et al., 2011). There is, however, a strikingly high frequency of
tumour-infiltrating TH17 cells in patients with diverse cancer types. These cells when
examined in cancer patients, the findings reveal that human tumour-associated TH17 cells
express minimal levels of human leukocyte antigen (HLA)-DR, CD25 and granzyme B,
suggesting that they are not a ‘conventional’ effector cell population (Wilke et al., 2011). On
examining the associated mechanisms and clinical significance of TH17 cells in 201 ovarian
cancer patients, it was found that TH17 exhibited a polyfunctional effector T-cell phenotype,
were positively associated with effector cells, and were negatively associated with tumourinfiltrating Treg cells (Kryczek et al., 2009a). The study authors further reveal that for
homing molecules, tumour-associated TH17 highly express chemokine receptors CXCR4
and CCR6, c-type lectin receptor CD161 and the CD49 integrin isoforms c, d and e, while
CCR2, CCR5 and CCR7 are not present on these cells (Figure 3).
Several biological activities of TH17 cells are directly or indirectly linked to human tumour
pathogenesis. Tumour-associated TH17 cells have the ability to influence the tumour
immune response through the action of their cytokines products in cancer patients which
reportedly include high levels of pro inflammatory granulocyte-macrophage colony
stimulating factor (GM-CSF), TNF-α, IL-2 and IFN, but negligible levels of antiinflammatory IL-10 . This phenotype was observed in six types of human cancers which
include ovarian, colon, liver, skin, pancreatic and renal (Kryczek et al., 2009a). 50% of TH17
cells, in patients with hepatocellular carcinoma (HCC) produced IFN-IFNγ, a typical TH1type cytokine (Zhang et al., 2009, Kryczek et al., 2009, Wilke et al., 2011). Further, on in vitro
expansion, the TH17cells from tumour-infiltrating lymphocyte populations in melanoma,
breast and colon cancers secrete elevated amounts of IL-8 and TNF-α, but no IL-2 (Su et al.,
2010). Since this profile has been seen previously in TH17 cells isolated from healthy donors
(Liu and Rohowsky-Kochan 2008) and patients with autoimmune diseases (Kryczek et al.,
2008b), it may indicate a possible difference in the phenotypes of freshly isolated TH17cells
and those expanded or induced in vitro from tumour-associated populations (Figure 3).
Earlier information reviewed from both experimental animal systems and human cancer
patients suggested that IL-17 and IL-23 are generally favourable to the growth of tumours
thus overshadowing their roles in the generation of T-cell anti-tumour immunity (Tesmer et
al., 2008).
Still the role of IL-17 producing TH17 cells in cancer is elusive as different immunopathological
implications of these cells have been observed in different malignancies. Analysis of tumourderived naive and memory CD4+ T cells revealed that IL-17 producing T cells are in memory
phase as they are positive for CD45RO, but negative for CD45RA, CD62L, and CCR7
(Miyahara et al., 2008). These authors also indicated that tumour cells may secrete key
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cytokines required for the expansion of TH17 cells. Further Su et al., 2010 demonstrated
elevated CD4+ TH17 cell populations in the tumour-infiltrating lymphocytes (TILs) and
suggested development of tumour-infiltrating TH17 cells may be a general feature in cancer
patients, when they extended their studies from ovarian cancers to melanoma, breast and
colon cancers. Their study further demonstrated that tumour cells and tumour-derived
fibroblasts, mediate the recruitment of TH17 cells by secreting chemokines RANTES (regulated
upon activation, normal T cell expressed and secreted) and MCP-1 in the tumour
microenvironment. The tumour microenvironments produce a pro-inflammatory cytokine
milieu and provide cell–cell contact engagement that facilitates the generation and expansion
of TH17 cells. They also showed that inflammatory TLR and nucleotide oligomerization
binding domain (Nod2) 2 signalling promote the attraction and generation of TH17 cells and
that this was induced by tumour cells and tumour-derived fibroblasts.

6. Dynamic interaction between Treg and TH17 cells
Levels of both Treg and TH17 cells increase synchronically following tumour development
and are inversely associated. TGF-β promotes Treg development and both TGF-β plus IL-6
are required for TH17 differentiation (Veldhoen M et al., 2006, Mangan et al., 2006, Betteli et
al., 2006). Although, both the cytokines needed for TH17 cell development have been seen to
be present in high levels in tumours (Zhou 2005), yet the levels of Treg cells and other T
subsets are more than TH17 cells in both mouse and human tumours (Kryczek et al., 2007).
So there must be something that prevents differentiation of TH17 cells. An interesting study
by Kryczek and colleagues in 2009 from ovarian cancer patients, raised concerns on the roles
of IL-6 an TGF-β, where it has been reported that inhibition of IL‑1β, but not IL‑6 or TGF-β,
decreased TH17 cell induction by myeloid APCs isolated from patients, and the levels of
IL‑17 and numbers of TH17 cells did not correlate with the levels of IL‑6 and TGF-β in these
patients’ samples. These observations hinted a crucial role of only IL-1β, but not of IL-6 or
TGF-β, for TH17 cell development in the ovarian cancer microenvironment. Similar support
for a crucial role of IL-1β in promoting TH17 cell development has been reported in mouse
studies (Chung et al., 2009, Gullen et al., 2010).
According to few studies, IL-10 released by Treg cells negatively regulates differentiation of
TH17 cells and IL-2, a growth factor for most T cells promote FoxP3 expression in TH17 cells
and inhibit cellular differentiation to TH17 cells (Wilson et al., 2007). Retinoic acid has been
found to enhance TGF-β signalling and decrease IL-6 signalling, thus, it might also be
affecting the balance between TH17 and Treg cells. Apart from this, it has also been seen that
mouse peripheral mature Treg can be converted to TH17 cells favoured by inflammation and
IL-6 (‘plasticity’) (Yang et al., 2008a). The role of TGF-β in the differentiation of both induced
Treg cells as well as TH17 cells, along with the documented interactions between RORα and
FoxP3 that influence the two subsets, suggest a system that balances inflammation with
tolerance (Figure 3).

7. Evidences for the negative and positive roles of TH17 in anti-tumour
Immunity
Though reports have addressed the presence of TH17 cells in experimental and human
tumours but they lack regarding the clear indication about either a pro-tumoural or anti-
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tumoural activity of these cells (Bronte 2008).There are various biological functions of TH17
cells and their effector molecules as mentioned earlier in the chapter that could be on the
basis of experimental and clinical data, suggest TH17 cells might either be positively or
negatively co-related with cancer.
Negative role of TH17 cells in anti-cancer
IL-17 produced by TH17 cells is an angiogenic factor (Numasaki et al., 2003) which stimulates
the migration and cord formation of vascular endothelial cells in vitro and elicits vessel
formation in vivo which in turn promotes tumour growth and metastasis through de novo
carcinogenesis and neovascularisation via STAT3 signalling. Another cytokine, IL-23
required for TH17 activity has been identified as a cancer-associated cytokine because it
promotes tumour incidence and growth (Langowski et al., 2006). It has been seen that TH17
cells produce negligible levels of HLA- DR, CD 25, granzyme B, PD1 and FoxP3, all of which
are involved in effector functions suggesting that they do not contribute to immune
suppression in the tumour environment. Thus, as TH17 cells produce pro-inflammatory
cytokines and have been found to accumulate in tumour microenvironment and as
inflammation is linked to cancer development and progression, it is reasonable to predict a
positive relation between these cells and cancer progression. Also, the data from
experiments on ovarian cancer suggest that TH17 cells through TNF-α are involved in the
development or progression of cancer in mice and humans(Charles et al., 2009).
Further TH17 cells might increase their own frequency in the tumour by both direct and
indirect mechanisms (Zou and Restifo 2010). The induction of TH17 cells in the human
tumour microenvironment through IL-1β production by the myeloid APCs may in turn
promote dendritic cell trafficking into tumour-draining lymph nodes and the tumour
environment by producing CCL20 (Kryczek et al., 2009a). Further as CCR6+ TH17 cells are
known to efficiently migrate towards CCL20 (Kryczek et al., 2008b, Kryczek et al., 2009a),
and CCL20 can then lead to the recruitment of dendritic cells to the tumour-draining lymph
nodes and tumour itself in a CCR6-dependent manner (Martin-Orozco et al., 2009).
Compared with corresponding non-tumour regions, the levels of TH17 cells were found to
be significantly increased in tumours of HCC patients. Most of these intratumoural TH17
cells exhibited an effector memory phenotype with increased expression of CCR4 and CCR6.
Furthermore, the intratumoural cell density of TH17 correlated with poor survival in HCC
patients (Zhang et al., 2009). A study from Kuang and colleagues in 2010, has demonstrated
predominantly enriched levels of IL-17-producing cells in peritumoural stroma of murine
HCC tissues, where their levels correlated with monocyte/macrophage density. The level of
murine hepatoma-infiltrating CD4+ IL- 17+ cells as well as the tumour growth was reduced
significantly when monocyte/macrophage inflammation in liver was inhibited via
treatment with a Kupffer cell toxicant (gadolinium chloride).
Similar to humans, healthy mice has limited populations of TH17 cells but these cells
expanded in the blood, bone marrow and spleens but not in the tumour draining lymph
nodes and largest populations were seen in tumour itself of mice with the aggressive B16
melanoma, fibrosarcoma and advanced head and neck cancers, The number of CD4+IL-17+
T cells gradually increased in the tumour microenvironment during tumour development
but interestingly, the number of these cells remained limited during tumour development in
the tumour draining lymph nodes, including advanced tumour stages. (Kryczek et al.,
2007).On the other hand in nasopharyngeal carcinoma, data from human samples
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demonstrated no correlation of TH17 cells with patient clinicopathological characteristics or
survival outcomes (Zhang et al., 2010). Studies with patient samples from lung
adenocarcinoma or squamous cell carcinoma revealed that malignant pleural effusion from
these patients was chemotactic for TH17 cells, and this activity was partially abrogated by
CCL20 and/or CCL22 blockade (Ye et al., 2010). Interestingly, higher infiltration of TH17
cells in malignant pleural effusion predicted improved patient survival.
Positive role of TH17 cells in anti-tumour immunity
Both human and mouse tumours study data suggest several lines of evidence about the
protective role of TH17 cells with the induction of protective anti-tumour immune
response.TH17 cells have been seen to positively co-relate with effector immune cells like
IFNγ+ effector T cells, cytotoxic CD8+ T cells and natural killer (NK) cells in the tumour
microenvironment which might be to produce an anti- tumour response against cancer cells
to kill them by promoting cell mediated cytotoxicity (Kryczek et al., 2009a). Various
experimental studies have shown that IL-17 overexpression or exogenous TH17 cell
induction lead to decreased tumour growth, for example; Muranski and colleagues in 2008,
through a first functional study showed that TH17-polarized CD4+ T cells (following
treatment with TGF-β and IL-6), induced potent tumour eradication of large established
melanoma in mice. The study provides a support for a clinical trial involving the adoptive
transfer of TH17-polarized, tumour-specific CD4+ T cells to patients with cancer. A year
later, another interesting functional study, revealed for the first time that TH17-polarized
CD8+ T cells induce potent tumour eradication in mice, and provided again support for a
clinical trial involving the adoptive transfer of TH17-polarized, tumour-specific CD8+ T cells
to cancer patients (Hinrichs et al., 2009). Once in vivo, TH17-polarized CD8+ T cells might be
converted to an IFN-producing phenotype, induced tumour regression and persisted in the
host longer than non-polarized cells. tumourIL-17 deficient mice (IL-17A knockout
(IL-17A -/-) have accelerated tumour growth and more lung metastasis than wild-type mice
(Kryczek et al., 2009b, Martin-Orozco et al., 2009, Wei et al., 2010). Transgenic expression of
human or murine IL-17 in tumour cells suppresses or slows tumour growth and increases
tumour-specific cytotoxic responses (Hirahara et al., 2001, Benchetrit et al., 2002). However,
contrasting results were shown by Wang et al., 2009 who have reported that transferred
tumours of B16 and bladder carcinoma MC49 grew more slowly in IL-17-/- mice.
In prostate cancer patients, a significant inverse correlation was seen between TH17 cell
differentiation and tumour progression (Sfanos et al., 2008). In addition to these evidences, it
is known that IL-17 released by TH17 cells promote dendritic cell maturation which might
allow for better tumour antigen presentation and thereby leading to a stronger T cell
response. Furthermore, direct mechanistic and functional evidence that TH17 cells mediate
antitumour immunity by promoting dendritic cell trafficking to tumour-draining lymph
nodes, and to the tumour itself has also been provided (Martin-Orozco et al., 2009).
tumourtumourMore recently, CTLA4 (cytotoxic T lymphocyte antigen 4) blockade was
shown to increase TH17 cells in patients with metastatic melanoma and IL-17 levels in
tumour-associated ascites positively predicted patient survival (von Euw et al., 2009). To
summarize the above data, there is strong evidence that TH17 cells can have protective roles
in tumour immunity but the exact nature of TH17 cells in anti-tumour immunity remains to
be explored.
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8. Conclusions
Rapid and large advances in understanding the development, regulation and function of
these cells have been made since TH17 cells are originally identified as a third lineage of
effector T helper cells in 2005. The study of TH17 cells has been one of the fast-moving and
exciting subject areas in immunology. This has been particularly true in the context of a
diverse group of immune-mediated chronic inflammatory diseases and autoimmunity,
where the pathogenic role of TH17 cells has been well documented. With regards to
cancer, TH17 cells are found to be present in the tumour microenvironment though not as
a predominant T cell subset within the tumour. Based on the evidence provided by both
human and clinical studies data, TH17 cells and TH17-associated cytokines/effector
molecules have been shown to have both pro-tumorigenic and anti-tumorigenic functions.
On one hand it seems that the pro-inflammatory TH17 cells might engineer the
microenvironment around tumours, and contribute to the proliferation, migration and
survival of cancer cells. On the other hand, it is possible that inflammatory cells and
molecules play roles to initiate and maintain protective anti-tumour immunity as seen in
the case of infectious diseases (Punj et al., 2003). The IL-17 dependent pro-tumorigenic or
anti-tumorigenic activity might be due to inherent technical limitations for example
source and dose of exogenous versus endogenous IL‑17, in each of the studies (Zou and
Restifo 2010). Further, based on the results from recent murine model studies, employing
TH17-polarized T cells for cancer therapy may appear to be to be a promising approach for
translational research. It is also important to study futher the specific nature of
inflammatory response and the tissue context, so that the positive or negative effects of
TH17 cells on tumour immunopathology can be determined. Equally important to
understand is i) how the effector functions of TH17cells are regulated?, ii) how do the
regulators of TH17-cell differentiation work? iii), do TH17 play same role in different types
and stages of cancer?, and iv) how Treg cells can be suppressed in chronic inflammatory or
large tumour burdens to increase the TH17 cells and later activation and proliferation of
cytotoxic T cells to clear tumour cells? The answers will, help in designing future novel
therapeutic vaccine approaches; specifically targeting inflammatory TH17 cells for cancer
therapy.

9. Abbreviations
CD
IL
IFN
TNF
TGF
MMP
APC
FoxP3
MAPK
TRAF6
TLR

Cluster of Differentiation
Interleukin
Interferon
Tumour Necrosis Factor
Tumour Growth Factor
Matrix Metalloproteinase
Antigen Presenting Cells
Forkhead Box P3
Mitogen-Activated Protein Kinases
Tumour Necrosis Factor Receptor-Associated Factor-6
Toll-like Receptors
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1. Introduction
Chronic Lymphocytic Leukemia (CLL) is a chronic lymphoproliferative disorder of the B
lymphocytes. Small lymphocytic lymphoma (SLL) is considered to be the same disease in a
non-leukemic form. CLL remains as an incurable tumour and clinical features have very
variable presentation, course, and outcome. The progressive accumulation of monoclonal B
lymphocytes leads to leukocytosis, lymphadenopathy, hepatosplenomegaly and marrow
failure, and is sometimes associated with autoimmune manifestations.
It has been suggested that CLL cells are defective in apoptosis, which leads to the
accumulation of malignant B cells. Furthermore, patients with proliferation rates greater
than 0.35% per day have been found to have a more aggressive disease18,19. Proliferation of
CLL cells is most prominent in proliferative centers that include specific areas in lymph
nodes and bone marow20,21. Numerous CD4 T cells and dendritic cells are in close contact
with CLL B cells 22, and micro environmental interactions like BM stromal cells are able to
extend the survival of CLL upon direct contact21. Thus, the CLL population may originate
from a clone with few or no V- domain mutations, or from a more mature clone whose Vdomains have undergone the hypermutation process. This creates two separate pools of B
cells, both of which originate from antigen-stimulated B lymphocytes. Additionally, IGHV
unmutated CLL B cells expressing polyreactive antibodies whereas most IGHV mutated
CLL´s did not. However, reversion of the IGHV mutated sequences to germline
counterparts restored the polyreactivity (Herve et al 2005). Despite these features, the
biological etiology of the divergent natural histories of IgVH unmutated vs mutated CLL
and the origin of this type of leukemia/lymphoma remains unknown. For this reason we
review the immunologic aspects that can help to understand this complex disease based in
the findings that suggest that both unmutated and mutated subgroups of patients originally
derive from autoreactive clones.
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2. Diagnosis
The diagnosis of CLL requires the presence of at least 5000 B lymphocytes/L in the
peripheral blood (Hallek, et al 2008). CLL/SLL can be identified by the immunophenotype
CD5+, CD10–, CD19+, CD20+, dim expression of surface immunoglobulin, CD23+, CD43
+/–, and cyclin D1– (Matutes, et al 2007). The absence of cyclin D1 is critical in
distinguishing CLL/SLL from MCL. Bone marrow involvement is characteristically more
than 30% of the nucleated cells in the aspirate are lymphoid.
Prognostic Markers and Genomic Aberrations
A favorable prognosis in CLL/SLL is associated with the presence of a mutated
immunoglobulin heavy chain variable region, and low CD38 and zeta-chain–associated
protein kinase 70 protein expression(Damle et al 1999;Kröber et al 2002;Hamblin et al 1999;
Tobbin et al 2002; Crespo et al 2003). Chromosomal aberrations in CLL include del 6q, del
11q, del 13q, trisomy 12, and del 17p (Döhner et al 2000). Importantly, specific genomic
aberrations have been associated with disease characteristics such better survival for
patients with 12q trisomy and 13q deletion, poor survival and massive lymphadenopathy in
11q deletion and resistance to therapy in the group of patients with 17p deletion and p53
abnormalities (Döhrner et al 2000; Döhrner et al 1995; Döhrner et al 1997;Krober et al 2006).
In addition, two miRNA (miR-15a and miR-16-1) were recently identified to be located in
the critical region of the 13q14 deletion and their absence in CLL appears to be a major factor
in preventing apoptosis and progression through the cell cycle (Aqeilan et al 2010; Cimmino
et al 2005; Callin et al 2004; Mertens et al 2006).
Pathophysiology and cell of origin/normal counterpart of CLL
Different from other types of malignancies derived from mature B cells, the pathogenesis of
B-CLL/SLL is much less understood. Notwithstanding extensive searching it is not known
whether there is an equivalent normal cell in which the CLL arise. However, several cell
types have been suggested as giving rise to chronic lymphocytic leukemia included
memory, transitional, B1 and marginal zone B cells (Chiorazzi and Ferrarini 2011; Griffin et
al 2011). In addition, it is not certain at what stage in lymphocyte maturation the CLL cell
arises, since roughly equal numbers seem to come from pre-germinal center B lymphocytes
(unmutated group) and post-germinal center B lymphocytes (mutated group). However, the
comparison of CLL gene expression profiles with those of purified normal B cell
subpopulations indicates that the common CLL gene expression profile is more related to
memory B cells than to those derived from naïve B cells, CD5+ B cells, or germinal center
centroblasts and centrocytes (Klein et al 2001; Rosenwald et al 2001, Klein and Dalla-Favera
2005). Interestingly, unmutated and mutated chronic lymphocytic leukemias derive from
self reactive B cell precursors despite expressing different antibody reactivity (Herve et al
2005). This similar expression profile also suggest that the consequences or even the
mechanism of transformation may be similar, irrespective of IGHV mutations status. This
too suggests that rather than having a cellular origin or cellular subtype, CLL is originated
by a coordinated normal immunologic tolerance mechanism to destroy self-reactive B cells
and to avoid autoimmunity during their process of differentiation. This point of view is
supported by the fact that some CLL mutated and unmutated cases derive from self-reactive
B cells (Herve et al 2005) had evidence of multiple, related rearranged heavy and light chain
immunoglobulin genes (Volkheimer et al 2007; Hadzidimitriou et al 2009, Stamatopoulos et
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al 1996); some express more than one functional Ig heavy chain (Rassenti et al 1997), some
had been anergized (Mockridge et al 2007; Muzio et al 2008), edited (Hadzidimitriou et al
2009, Stamatopoulos et al 1996), switched (Cerutti et al 2002) and/or had progressive
immunoglobulin gene mutation (Volkheimer et al 2007; Roudier et al 1990; Ruzickova et al
2002).
Hypothesis: Autoimmunity as origin of CLL
The basic hypothesis of the origin of autoimmune disease depends of the emergence of a
clone or a small number of clones of T and B lymphocytes capable of damaging interaction
with normal cells of organ or tissue involved. Each clone is initiated from a cell which has
developed an immune receptor adequately reactive with an accessible self antigen as a
result of a V/D/J gene recombination in bone marrow (unmutated) or during somatic
mutations in germinal centers (mutated). Importantly, this newly self-reactive cell
(“forbidden clone”) is anomalously resistant to inactivation by central and peripheral
tolerance check points (Burnet 1972). Similar to an autoimmune disease, some
lymphoproliferative diseases (marginal zone lymphomas and chronic lymphocytic
leukemia) depends of the emergence of a clone capable of interact with an (auto) antigen
and with other normal cells and an specific microenvironment to proliferate and survive. In
a parallel way, newly malignant B cells are anomalously resistant to apoptosis and
proliferate as result of acquisition of genetic damage during V/D/J gene recombination,
somatic mutations, class switching and receptor edition/revision. Importantly, with the
exception of class switching, the other mechanisms to increase the diversity of B cell
receptors might induce both self-reactivity and/or DNA damage.
B cell development and autoimmunity
The current model of the pathogenesis of CLL suggest that stimulation by (self) antigens
provides a pro-survival and possibly pro-proliferative advantage for CLL (precursor) cells,
most likely leading initially to oligoclonal and subsequently monoclonal selection of
malignant cells (Mertens et al 2011)
In humans, B cells develop from progenitors within the bone marrow (Fig1). The stages of B
cell ontogeny from pro-B to pre-B to early B to mature B cells are marked by phenotypic
changes, the most important of which is expression of the BCR for antigen on the cell surface
at the early B cell stage of development (van Lochem et al 2004; Fuda et al 2009) . During the
course of ontogenesis, B cells mature in the bone marrow according to the evolution of the
Ig chain synthesis. Starting with the rearrangement of the V/D/J genes for the heavy chain
at the pre-B stage, the recombination process continues through the VJ gene rearrangements
for kappa light chain or for the lambda light chain at the immature stage. Thus, the resulting
receptor (BCR) comprised of randomly selected heavy and light chains have an
unpredictable specificity that could include ability to bind “self”. However, there are
tolerance check points at every stage of B cell activation and maturation (table 1 and 2). This
tolerance mechanisms in bone marrow include receptor editing, clonal deletion, clonal
anergy and differentiation to B1 cells (Goodnow et al 2005; Radic et al 1993; Tiegs et al 1993;
Nemazee et al 2000; Luning Prak et al 2011) Notably, current evidence suggest that anergy,
receptor edition and differentiation to B1 B cells could be implicated in the generation of
CLL B cells (Herve et al 2005; Chu et al 2010; Mockridge et al 2007; Hadzidimitriou et al
2009, Stamatopoulos et al 1996; Ghia et al 2008a; Rassenti & Kipps 1997; Murray et al 2008;
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Griffin et al 2011 ). Additionally , hematopoietic stem cells sorted from a CLL patient´s bone
marrow produce CLL like disease when transplanted into immunosuppresed mice
(Kikushige et al 2011). Importantly, autoreactive B cells may suffer receptor editing and
anergy in bone marrow. At the same, recent evidence shows that L chain receptor editing
occurs not only in bone marrow with a pre-B/immature B cell phenotype but also in
immature/transitional splenic B cells. Nevertheless, editing at the H chain locus appears to
occur exclusively in bone marrow cells with pro-B phenotype (Nakajima et al 2009).
Repertoire analyses of antibodies cloned from B cells derived from bone marrow and
peripheral blood of healthy donors provide evidence for both a central tolerance check point
in the bone marrow and a second peripheral checkpoint, as evidenced by a decrease in the
frequency of autoreactive antibodies from 75% in bone marrow to 20% in the circulating
naïve compartment (Yurasov, et al. 2005). Other tolerance mechanisms and peripheral check
points include memory development check points (Tsuiji et al 2006) CD5+ expression
(Morikawa et al 1993; Gary-Gouy et al 2002; Hillion et al 2005; Hippen et al 2000, Gary-Gouy
et al 2002b, Dallou et al 2008), germinal centre exclusion (Cappione et al 2005; Pugh-Bernard
et al 2001), receptor edition/revision (Luning Prack et al 2011), antibody feedback (Ravetch
& Bolland 2001), anti-idiotypic network (Jerne 1974; Jerne 1984; Forni et al 1980) and all
contribute to maintain tolerance and avoid autoimmune diseases.
The contribution of this mechanism in the development of CLL remain unknown, however,
Ghia et al describe that CLL expressing IGHV3-21/IGVL3-21 most likely were derived from
B cells that had experienced somatic mutation and germinal center maturation in an
apparent antigen driven immune response previous to undergoing Ig receptor editing and
after germinal-center leukemogenic selection (Ghia et al 2008b). This suggest that peripheral
tolerance mechanism also contribute to the shape of self reactive CLL B cells generated and
selected after somatic hypermutation. Other mechanisms as germinal centre exclusion,
defects in antibody feedback and anti-idiotypic network in lymphoproliferative disorders
remain unsolved, however some conjectures about their role have been proposed (GarcíaMuñoz 2009a; García-Muñoz et al 2009b).
The fact that unmutated and mutated chronic lymphocytic leukemias derive from self
reactive B cell precursors despite expressing different antibody reactivity (Herve et al 2005)
suggest that this B cells escape from tolerance mechanisms. Even more Chiorazzi and
Ferrarini suggest that CLL derives from competent B lymphocytes selected for clonal
expansion and eventual transformation by multiple encounters and responses to
(auto)antigen(s) (Chiorazzi and Ferrarini 2003). This two characteristics of CLL B cells guide
us to think that CLL is the product of the selective pressure of tolerance check points in an
auto-reactive B cell.
Development of Unmutated CLL B cells
Tumors displaying unmutated V genes have a shorter median survival, in one study of 99
months vs 293 months in the mutated cases (Hamblin et al 1999). Here, a cut-off of >98%
homology to donor germline gene has been used to define unmutated tumor V genes to
allow for a low degree of polymorphic allelic variation. There is an association between
unfavorable cytogenetic aberrations (del 17p and del 11q) and unmutated CLL, although
13q- is more frequent in mutated CLL. However, there are discrepancies with many cases
having some high-risk and other low-risk molecular features and more than 50% of IgVH
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unmutated cases have no unfavorable cytogenetics (Krober et al 2006). Prominently
unmutated CLL B cells are self reactive or polyreactive (Herve et al 2005) and seem that they
are resistant to several tolerance mechanism.
Are unmutated CLL B cells invulnerable to anergy?
Low BCR signaling induced by weak reactivity to self antigens induce B cells to enter a
tolerized but alive state referred to as anergy (Gauld et al 2006; Getahun et al 2009) . In most
cases, anergic B cells are characterized by chronic low level BCR signaling and exhibit
reduced surface IgM levels but can express high levels of IgD (Getahun et al 2009; Goodnow
et al 1998; Dolmetsh et al 1997). Interestingly, anergy depends on the degree of BCR
occupancy and require constant transduction of a BCR signal (Goodnow et al 1989; Benshop
et al 2001;Gauld et al 2005). Although it is clear that stimulation through the BCR occurred
during the natural history of all types of CLL, it is quite peculiar that unmutated CLL cells
retain the capacity to transmit signals through the BCR via surface IgM (Lanham et al 2003).
The low expression of the BCR is the hallmark of CLL cells and anergic B cells, and appears
to contribute towards producing poorer responses to BCR stimulation. Despite low levels of
surface expressed immunoglobulin, signalling through the B cell receptor is possible. ZAP70 expression has shown to augment signalling via IgM ligation in CLL cells as measured by
phosphorylation of downstream mediators such as Syk, BLNK and PLC and calcium influx
(Chen et al 2005) This increased signalling might lead to enhanced proliferation or survival
of the leukemic cell (Bernal et al 2001). Significantly, a number of studies have shown a
strong association between ZAP-70 expression and unmutated IGHV genes. This findings
could imply that if an immature self-reactive B cell recognize an auto-antigen and also
express ZAP-70 survival and activating signals prevail over anergy. In this case a self
reactive CLL B cell selected by a self-antigen during B cell development in bone marrow
might mature despite they undergo an anergy process and likely to progress to transitional
and mature B cell.
Unmutated CLL cases are more frequently CD38 (66-77%) and ZAP-70 (93%) positive,
exhibit IgM+ and IgD+ surface immunoglobulin, express higher amounts of BCR and
response better to stimulation compared with mutated CLL´s (Wiestner et al 2003, Hamblin
et al 2002; Thumberg et al 2001; Döhner et al 2000; Mockridge et al 2007; Guarini et al 2008).
This characteristics suggest that this unmutated CLL B cells where resistant to anergy and
progress to mature autoreactive naive B cells.
Receptor editing be unsuccessful to avoid self-reactivity and might induce polyreactive
BCR in unmutated CLL B cells
Immature B cells expressing self-reactive IgM antibodies may undergo repeated rounds of
light chain rearrangement to lessen the self specificity of the antibody, a process termed
receptor editing (Nemazee et al 2000; Luning Prak et al 2011). Evidence of receptor editing
in CLL is provided by the fact that a number of CLL´s have multiple light chain
rearrangements (Hadzidimitriou et al 2009). B cell receptor of CLL B cells react with
recurrent self antigens in vitro including IgG, thyroglobulin, DNA, actin, cardiolipin and
others as well as microbial antigens and epitopes exposed on cell surface as a result of
apoptosis and also could be stimulated by stroma-derived antigens (Sthoeger et al 1989;
Dighiero et al 1991; Chiorazzi et al 2005; Lanemo Myhrinder et al 2008). Sustained or
repetitive BCR signaling promotes survival in CLL cells (Petlickovsky et al 2005; Bernal et al
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2001). Notably, unmutated CLL B cells are self reactive or polyreactive (Herve et al 2005).
Interestingly, 79.3% of unmutated CLL antibodies are polyreactive (Herve et al 2005), and
reactivity with a particular form of apoptotic cells is a common feature of this subset (Chu et
al 2010). Even more, recently Rozcova et al revealed that Toll like receptor 9 (TLR-9) agonists
are a potent stimulus from CLL B cells and induce proliferation, expression of CD38 and
secretion of cytokines (Rozcova et al 2010). Outstandingly, TLR-9 recognition of selfmolecules (nucleic acids in apoptotic cells) of the host, which are not easily distinguishable
from those of no-self (infectious organisms) has the potential to provoke autoimmune
diseases. Intriguingly, the unmutated CLL subset expresses antibodies with long heavy and
light chain CDR3 (Herve 2005) and some cases of unmutated CLL with 100% of IGHV
identity have multiple light chain rearrangements (Hadzidimitriou et al TS25 2009),
associated with receptor edition. This suggest that receptor editing mechanisms could be not
working well in this subset, even more is possible that increase polyreactivity (Luning Prak
et al 2011; Binder et al 2010) and promote survival of self-reactive (Sandel et al 1999) CLL B
cells. Consequently, BCRs that react with diverse epitopes may be more prone to sustained
signaling. As a result, some unmutated CLL B cells expressing multireactive BCR have a
more aggressive course than CLLs expressing less reactive BCRs (Binder et al 2010).
Are unmutated CLL B cells insensitive to CD5 action?
Induction of CD5 by autoantigen might be a mechanism by which the production of
autoantibodies is avoided and also maintains tolerance in anergic B cells (Berland et al 2002;
Hippen et al 2000 ). Recently, a very interesting observation was made that many CLL
leukemia antibodies recognize non-muscle myosin heavy chain IIA exposed apoptotic cells
(MEACs) and that natural antibodies from human serum also react with MEACs. In this
study 15 of 16 MEAC-reactive CLL mAbs carried unmutated IGVH genes (Chu et al 2010).
Several mechanisms are involved in the tolerance associated with expression of CD5.
Likewise, CD5 expression prevents B lymphocytes from uncontrolled self reactivity
increasing the BCR signalling threshold51, and is associated with reexpresion of RAG,
receptor edition/revision, and lack of responsiveness to BAFF in some cells outside bone
marrow and germinal centres (Lee et al 2009; Hippen et al 2000, Hillion et al 2005). Along
this line, the fact that anergic autoreactive B cells may express CD5+ and that
immunoglobulin secreted by unmutated B-CLL cells is often autoreactive and react with a
variety of autoantigens (including Fc portion of IgG, DNA, histones, cardiolipin,
cytoskeletal proteins and insulin) support the notion that unmutated self-reactive B CLL
cells are under check to avoid pathogenic autoimmunity (Broker et al 1988; Caligaris-Cappio
et al 1996; Morbach et al 2006). We speculate that the expression of ZAP-70 and CD38 could
encourage the stimulation of unmutated CLL B cells and overcome the inhibition induced
by CD5. In addition, CD5 does not inhibit properly the BCR mediating signalling in
leukemic B cells and in some cases provide viability signals or/and promote CLL B cell
survival (Perez-Chacon et al 2007; Perez-Chacon 2007b; Gary-Gouy et al 2007; Gary-Gouy et
al 2002; Gary-Gouy et al 2002).
Are unmutated CLL B cells transformed human B1 cells?
Similarities between normal human B1 cells and malignant chronic lymphocytic leukemia
(CLL) cells, include that both are CD20+CD27+CD43+CD70-; most normal B1 cells express
CD5, as do malignant CLL cells; and, both express relatively nonmutated IGHV. In addition,
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normal human B1 cells are ZAP-70+ like unmutated CLL cells. As a final point, in respect to
pathophysiology, Griffin et al propose that the chronically activated phenotype of normal
B1 cells may predispose to malignant transformation (Griffin et al 2011).
Are unmutated CLL naïve self-reactive B cells efficiently excluded by germinal centres?
In order to prevent autoimmunity, censoring mechanisms, including anergy and
sequestration into the marginal zone, ultimately forbid the participation of mature
autoreactive B cells in productive germinal centres reactions, thereby precluding their
expansion into the long-lived IgG memory and plasma cell compartments. Importantly,
most self reactive and polyreactive IgG antibodies originate from non self-reactive B cells
that acquired reactivity by somatic hypermutation (Tiller et al 2007). Significantly, somatic
hypermutation does not appear to occur uniformly among CLL IGHV genes(Chiorazzi et al
2005; Fais et al 1998; Tobin et al 2002; Ghia et al 2005) and might suggest the effect of
germinal centre exclusion and tolerance mechanisms to maintain the self-reactive BCR in a
germ line state and avoid the participation of unmutated CLL cases in germinal centres
reactions.
Development of Mutated CLL B cells
Fifty percent of CLL patients have undergone somatic hypermutation in IGHV, and these
patients have a more indolent clinical course and longer survival than those without somatic
hipermutation (Hamblin et al 1999; Damle et al 1999). The majority of cases of mutated CLL
fail to signal via IgM in vitro (Lanham et al 2003; Chen et al 2002). Interestingly, CLL B cells
that express only IgD+ are linked to mutated IGHV genes, negative or low CD38 expression,
and 50% of mutated CLL cases unable to signal via IgM were able to signal via IgD
(Stevenson et al 2004). Muzio et al, showed that CLL B cells (typically IGH-mutated cases)
that do not respond to BCR ligation show activation cellular pathways that suggest anergy
(Muzio et al 2008). Essentially, mutated CLL cases derive from B cells with self-reactive
receptors that were anergized, edited or regulated to avoid autoimmunity. This is supported
by the fact that when mutated non autoreactive immunoglobulin sequences of mutated CLL
cases were reverted to their germline counterparts, they encoded polyreactive and
autoreactive antibodies (Herve 2005). Despite somatic hypermutation had been proposed as
a mechanism to change original BCR self reactivity (germ line) towards some non-self BCR
(Murray et al 2008), this is an eccentric mode to loss self reactivity because, self reactive
naive B cells are efficiently excluded from germinal centres (Tsuji et al 2006; Cappione A 3rd
et al 2005; Pugh-Bernard et al 2001) and if this check point is bypassed B cells progress to
plasmatic cells that produce auto-antibodies. Still, a significant fraction of self-reactive BCR
fail to be edited or trigger deletion in primary lymphoid tissues, either because the selfantigen are bound with only low avidity or because they are not sufficiently abundant in
primary lymphoid organs. For receptors with intermediate avidity for self antigens, the risk
they pose for autoimmunity may not overshadow their potential use in fighting infection. B
cells with receptors that fall into this zone undergo a conditional type of clonal deletion that
is extrinsically regulated through competition with B cells bearing less self reactive BCR
(Cyster et al 1994; Lanemo Myhrinder et al 2008). This also can explain that unmutated CLL
cases and mutated CLL cases express different antibody repertoires and different VH genes
(Fais et al 1988; Johnson et al 1997). Current data support that CLL cells are in active (auto)
antigen driven receptor editing, presumably by keeping away from autoreactivity
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associated with preferential autoimmune linked IGHV gene utilization in CLL patients like
IGHV3-21, IGHV4-34, IGKV1-17 (Foreman et al 2007; Hadzidimitruiou et al 2009) and also
IGHV5-51 and IGHV1-69 in unmutated IgVH genes (Chapal et al 2000; Vanura et al 2008).
Interestingly, highly polyreactive antibodies are expressed frequently by unmutated CLL,
but only rarely by mutated cases, supporting the view that the receptor editing mechanism
is significantly active to try to elude autoimmunity in CLL.
In mutated CLL cases quite a lot of cellular strategies are used to regulate self-reactive
receptors at different points during B cell differentiation.

1. The receptor is edited to one that is less self reactive by V(D)J recombination
(Hadzidimitriou et al 2009; Rassenti et al 1997 Ghia et al 2008b; Kalinina et al 2011).
2. Regulation by BCR downregulation and anergy (Muzio et al 2008).
3. Induction of inhibitory receptors as CD5 by self-reactive BCR (Hippen et al 2000;
Morikawa et al 1993; Dallou et al 2008; Hillion et al 2005).
Table 1. BCR tolerance mechanisms in central lymphoid organs (bone marrow) include
receptor edition, anergy and induction of inhibitory receptors as CD5.
Regulation of self reactive receptor in follicles
Each of the checkpoints described above deal with self-reactive receptor generated by
V(D)J recombination in the primary lymphoid organs; however, self-reactive BCRs are
also generated in a second wave of receptor-gene-diversification through somatic
hypermutation in germinal centre follicles of peripheral lymphoid tissues (Shiono et al
2003; Radic et al 1994; Ray et al 1996). Despite somatic hypermutation could produce
modifications in BCR to ablate self-reactivity (Murray et al 2008) also might produce new
self-reactive BCR. In addition somatic hypermutation poses a particular severe threat of
autoimmunity for the reason that increase the affinity of antibodies for self-antigens, the
follicular pathway of B cell differentiation generates long lived plasma and memory cells
and numerous apoptotic cells be present in germinal centres with self components that are
trapped and displayed as immune complexes on follicular dendritic cells. For these
reasons the immune system contain a number of mechanisms to elude the maturation of
self-reactive B cells that encourage an autoimmune disease. Self-reactivity of mutated CLL
cases may derive from immature self-reactive B cells that suffer somatic hypermutation or
by non-self reactive B cells that acquire self-reactive BCR during somatic hypermutation
in germinal centres. In humans two types of memory B cells have been described: IgM+
memory B cells and class-switched memory B cells (Agematsu et al 1997; Klein et al 1998;
Tangye et al 1998). Transition from naive B cells into circulating IgM+ memory B cells is
accompanied by efficient counter selection against self reactive naive B cells before the
onset of somatic hypermutation and that self reactive IgM+ memory B cells present in the
circulation of healthy humans gain self-reactivity as a result of somatic hypermutation
(Tsuji et al 2006).
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The increase in self-reactivity during transition between mature naive and IgG+ memory
B cells might be due to selective advantage for pre-existing self-reactive cells, or selection
for cells with self reactive antibodies produced by somatic hypermutation. (Tiller et al
2007) This mechanisms could contribute to generate the IgG+ CLL cases (Ghiotto F, et al
2004).
1. Germinal centre exclusion (Tsuji et al 2006; Cappione A 3rd et al 2005; Pugh-Bernard et al
2001).
2. The receptor is modified to one that is less self reactive by BCR hypermutation (Murray
et al 2008, Tiller et al 2007).
3. Receptor edition/revision (Hadzidimitriou et al 2009; Kalinina et al 2011; Rochas et al
2007)
4. CD5 expression (Hillion et al 2005).
6. Absence of T cell help (Shokat et al 1995)
7. Competition for follicular niches (Cyster et al 1994)
Table 2. Tolerance mechanisms in peripheral lymphoid organs.
Tolerance induced by absence of T-cell help:
A substantial portion of the activated B cells migrate to germinal centers where they
undergo the process of somatic hypermutation. These B cells first remove the BCR from
their surface, then undergo several rounds of division, and finally re-express mutated
immunoglobulin receptors. The cells then undergo a negative selection process similar to
that of transitional B cells. The antigen is provided from antigen-antibody complexes on
follicular dendritic cells. Survival requires the receptor to be of high enough affinity to outcompete the already circulating antibody and allow B cell uptake and processing of antigen
For display peptides to primed helper T cells, which have also moved into the germinal
centers (Kearneay et al 1994). If the B cell receives T cell-help it survives and is stimulated to
undergo another round of expansion and differentiation. If T cell help is not received, the B
cell can become anergized or die by apoptosis (Shokat, et al 1995).
We suggest that in CLL with mutated Ig genes, the proliferating B cells is likely to have
traversed a germinal center and acquire “de novo self-reactivity” originated in the process of
somatic hypermutation mechanism or by receptor editon revision. After this “de novo
autoreactivity” a normal CD5- B cell can theoretically be transformed into a “de novo
autoreactive memory B cell” that express CD5+ (increase the threshold for BCR activation),
suffer receptor revision (change light chains to evade autoimmunity), down regulate surface
Ig (to avoid activation), and remain under check by germinal center exclusion (to diminish
the chance to progress in the maturation and become plasma cells that produce
autoantibodies). Finally, all this tolerance mechanism converts this B CD5- B cell into an
“anergic-edited-CD5+CD27+ memory B cell” excluded from germinal centres. These “de
novo autoreactive” memory B cells could retain a process of “self-renewal”, a specificity that
changes (receptor editing-revision) and/or that can not be activated because this “new
malignant cell” is an “anergic cell” excluded from germinal centres. This speculation could
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explain why mutated IGVH CLL susbsets (“anergic cells”) have an indolent course related
to the absence of BCR signalling activation.
IGVH gene usage in CLL is highly selective, and often associated with autoantibody
reactivity (Oscier et al 1987). The fact that almost 30 % of CLL patients share BCRs with
restricted, quasi-identical immunoglobulins sequences should aid the understanding of the
functional interplay between CLL cells and the microenvironment. On the one hand,
unmutated IGVH CLL subsets recognizes apoptotic cells in bone marrow and spleen and
express a functionally competent BCR, as shown by the fact that most of it can be stimulated
following Ig ligation in vitro. On the other hand, CLL mutated that has acquired “de novo”
autoreactivity induced by somatic hypermutation recognizes apoptotic cells in germinal
centres; however they become anergic and are unresponsive throughout BCR stimulation. In
a CLL mutated subset the “memory-anergic” B cell returns to bone marrow in the same way
that normal memory B cells.
Other immunologic alterations that theoretically might predispose the lost of CLL clone
control: Impaired immunologic synapses
CD4 and CD8 T cells of patients with CLL show impaired immunological synapse formation
with antigen presenting cells (APC)(Ramsay et al 2008). This dysfunction is in part induced
by the CLL B cells. This impaired immunological synapse within T cells and APC could
contribute to the failure to mount an effective immune response in patients with CLL.
Moreover, it may also add other immunological abnormalities like hipogammaglobulinemia
(impaired T cell – B cell interactions), autoimmunity (impaired regulatory T cell control),
and second tumours (diminished immunosurveillance mediate by NK and CD8 T cells).
Interestingly, lenalidomide, an immunomodulatory drug, could repair this synapses with an
enhancement of immune cell function. This effect is clinically observed during treatment of
CLL patients with this agent because lenalidomide probably induces a strong activation of
the immune system complicated by swelling of involved lymph nodes and fever named
tumour flare reaction (Chanan-Khan et al 2006; Aue et al 2009)
Antibody mediated immunoregulation:
The antigen-antibody complexes are also likely to be responsible for the phenomenon
known as original antigenic sin, in which memory B cells, generated during a prior exposure
to a cross-reacting antigen, present or down-regulate the response to these unique new
determinants on the antigen70. Memory B cells seem to have an advantage for rapid
activation and this produces antibodies that feed back to inhibit the priming of naïve B cells
possessing receptors that are specific to unique determinants of the second immunogen.
This feedback mechanism is most likely mediated through antigen-antibody complexes that
interact with FcRIIb on the naïve B cells and inhibit signal transduction through their IgM
receptors (Ravetch et al 2001). In patients with hipogammaglobulinemia this feedback
mechanism is impaired and might contribute to expansion of autoreactive B cells (GarcíaMuñoz 2009b) , and in patients with CLL it may add an additional risk to uncontrolled
proliferation of CLL clones.
Anti-idiotypic B cell regulation: In 1974 Jerne proposed that antibody production could be
regulated by other antibodies that recognized unique idiotypic determinants in the V
regions of the first antibody. He postulated that an increase in the production of the first
antibody could negatively regulate the production of anti-idiotypic antibodies, and vice
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versa. Because of the interconnected pathways in such a network, perturbation of one
segment would be dampened by the presence of others segments and thus the original
steady state would be buffered (Jerne 1984; Jerne 1970; Forni et al 1980).
Patients with CLL have an increased proportion of autoimmune haemolytic anemia (AIHA)
and idiopatic autoimmune thrombocytopenia (ITP) and infections. It is probable that the
idiotypic network is disrupted in CLL patients and that this could lead to an increased risk
of autoimmunity on one hand and immunodeficiency on the other. Treatment with
intravenous immunoglobulins (IVIg) could in theory restore idiotypic network and antigenantibody-complexes feedback in CLL B cells. Remarkably, patients with AIHA treated with
IVIg experiment a reduction of the size of lymph nodes and spleen (Diehl et al 1998). This
suggests that immune-complexes feedback and idiotypic network could contribute
indirectly in the control of CLL.
MYD88 Mutation
Interestingly, mutations in MYD88 and KLHL6 genes have been reported recently in
patients with mutated CLL patients (Puente et al 2011). Significantly, similar to CLL patients,
patients with MYD88-deficiency do not secrete autoantibodies (Isnardi et al 2008). We
speculate that if mutations in MYD88 gene were acquired during germinal center reaction, is
possible that self-reactive B cells cannot progress to plasmatic cells but retain some features
or memory B cells. Even more, TLR-9 acts via MYD88 and might induce proliferation of CLL
B cells. However, mutations in MYD88 might disturb the function of this TLR-9 and
contribute to the biology and better prognosis of mutated CLL cases.
IGHV gene usage in CLL is highly selective, and often associated with autoantibody
reactivity. The fact that almost 30 % of CLL patients share BCRs with restricted, quasiidentical immunoglobulins sequences should aid to the understanding of the functional
interplay between CLL cells and the microenvironment. On the one hand, unmutated IGHV
CLL subsets recognizes apoptotic cells in bone marrow and spleen and express a
functionally competent BCR, as shown by the fact that most of it can be stimulated
following Ig ligation in vitro. On the other hand, CLL mutated that has acquired “de novo”
autoreactivity (¿mutations in MYD88?) induced by somatic hypermutation recognizes
apoptotic cells in germinal centres; however they become anergic and are unresponsive
throughout BCR stimulation. In a CLL mutated subset the “memory-anergic” B cell returns
to bone marrow in the same way that normal memory B cells.

3. Conclusion
Chronic lymphocytic leukemia can be separated into cases that harbour somatic mutation in
their IGVH genes, or cases without somatic mutations. IGVH gene usage in CLL is highly
selective, and often associated with autoantibody reactivity. Despite the fact that the cell
surface markers and gene expression of CLL cells suggest that both subsets originate from a
precursor cell of the same developmental stage, these findings could be only the result of
several immunologic mechanisms that try to destroy or avoid the persistence of self-reactive
CLL B cells. CLL is characterized by multiple immune deficiencies and autoimmune
phenomena associated with persistent tolerance mechanism trying to control self-reactive
CLL B cells growth.
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B-cell development occurs initially in the bone marrow and subsequently in lymphoid organs. In bone
marrow, hematopoietic progenitor cells (HSC) differentiate into the earliest identifiable cell type
committed to the B-cell lineage, the pro-B cell. The pro-B cell undergoes a rearrangement of its
immunoglobulin (Ig) heavy chain genes and is called a pre-B cell. Subsequent rearrangement of the
light chain enables the cell to express surface IgM and the cell becomes an immature transitional B
lymphocyte. These cells leave the bone marrow and are called naïve B cells. They are arrested in the G0
phase of the cell cycle. These naïve B cells enter the lymphoid tissue, where they are exposed to antigenpresenting cells, become activated and differentiate into plasma cells or memory B cells. Through
activation by an antigen, B cells differentiate into centroblasts, resulting in Ig isotype switching and
somatic mutations in the variable region of the Ig with the generation of high-affinity antibodies.
Centroblasts then progress to the centrocyte stage and re-express surface Ig. The centrocytes with highaffinity antibodies differentiate into either memory B cells or plasmablasts, which subsequently move to
the bone marrow and terminally differentiate into plasma cells.

Fig. 1. Normal B cell development.
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Unmutate CLL B-cell development occurs initially in the bone marrow and subsequently in lymphoid
organs. In bone marrow, hematopoietic progenitor cells (HSC) differentiate into the pro-B cell that use
IGHV genes related with autoimmunity. The pro-B cell undergoes a rearrangement of its
immunoglobulin (Ig) heavy chain genes and is called a pre-B cell. Subsequent rearrangement of the
light chain enables the cell to express surface self reactive BCR that fail to be corrected by several
rounds of receptor edition. This self-reactive B cells acquire Zap-70 or other alterations that induce
increased BCR activation. This is the way in which this self-reactive CLL B cells pass up tolerance
mechanisms as anergy and inhibition exerted by CD5. These cells leave the bone marrow as unmutated
polyreactive CLL B cells. These unmutated polyreactive CLL B cells enter in the lymphoid tissue, where
they are exposed to antigen-presenting cells and self-antigens, however, they cannot be converted into
plasma cells or memory B cells with mutations because they are efficiently excluded by germinal
centers.

Fig. 2. Hypothesis about generation of unmutated B cells (García-Muñoz et al. Ann Hematol.
Accepted).
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Mutated CLL B-cell development occurs initially in the bone marrow and subsequently in lymphoid
organs. In bone marrow, hematopoietic progenitor cells (HSC) differentiate into the pro-B cell that use
IGHV genes related with autoimmunity. The pro-B cell undergoes a rearrangement of its
immunoglobulin (Ig) heavy chain genes and is called a pre-B cell. Subsequent rearrangement of the
light chain enables the cell to express surface self reactive BCR that fail to be corrected by several
rounds of receptor edition. This self-reactive B cells enter in germinal centres and undergo somatic
hypermutation in order to negate their autoreactivity. This is the way in which this self-reactive CLL B
cells pass up tolerance mechanisms as germinal centre exclusion, however, fortunately they suffer some
mutations to reverse their self reactivity and avoid autoimmune diseases as SLE. These cells leave the
germinal center as mutated CLL B cells memory like cells.

Fig. 3. “Impaired Germinal Centre exclusion model for development of mutated CLL cases
wiht VH4-34.
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Mutated CLL B-cell development occurs initially in the bone marrow and subsequently in lymphoid
organs. In bone marrow, hematopoietic progenitor cells (HSC) differentiate into the pro-B cell that use
IGHV genes related with autoimmunity. The pro-B cell undergoes a rearrangement of its
immunoglobulin (Ig) heavy chain genes and is called a pre-B cell. Subsequent rearrangement of the
light chain enables the cell to express surface self reactive BCR that succeed to be corrected by several
rounds of receptor edition. This ex-self-reactive B cells acquire CD5 or other alterations that induce
lesser BCR activation. This is the way in which this ex-self-reactive CLL B cells suffer tolerance
mechanisms as receptor edition, anergy and inhibition exerted by CD5. These cells leave the bone
marrow as unmutated normal naïve B cells. These naïve ex-self reactive B cells enter in germinal centres
and suffer somatic hypermutation (SHM) and acquire a new self-reactive BCR, however, again
tolerance mechanisms as receptor edition/revision and CD5 expression make this cells in an anergic
memory ex-self-reactive B cells. Importantly, reversion of the IGHV mutated sequences to germline
counterparts restored the polyreactivity and self-reactivity.

Fig. 4. Mutated CLL B cells generated by somatic hypermutation (García Muñoz et al. Ann
Hematol. Accepted).
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1. Introduction
1.1 What are pattern recognition receptors?
The group of the pattern recognition receptors (PRRs) includes families of Toll-like receptors
(TLRs), NOD-like receptors (NLRs), C-type lectin receptors (CLRs) and RIG-I-like receptors
(RLRs). The summary of the most modern conceptual data about members of these families
and about their structure and functions can be obtained from the recent comprehensive
reviews (Elinav et al., 2011; Kawai and Akira, 2011; Osorio and Reis E Sousa, 2011; Loo and
Gale, 2011), and the schemes of their signaling are presented in Figures 1-2.

Fig. 1. The signaling of the Toll-like receptor pathway. TLR1, TLR2, TLR4, TLR5, TLR6, and
TLR10 are usually located on the cell surface whilst TLR3, TLR7, TLR8 and TLR9 are settled
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on the ER membrane (in the resting state) or on the endosomal/lysosomal membrane (after
ligand stimulation and trafficking). According to the known data about their structure
(Hashimoto et al., 1988), TLRs belong to type I transmembrane glycoproteins and contain
three major domains (Matsushima et al., 2007). The ectodomain is oriented towards the
extracellular space or cytoplasm (depending on receptor localization) and contains multiple
(16-28) leucine-rich repeats (LRRs) that harbor 24–29 amino acids and may contain two
types of motifs: typical (T) motifs (LxxLxLxxNxLxxLxxxxF/LxxLxx) and bacterial (S) motifs
(LxxLxLxxNxLxxLPx(x)LPxx) (Bell et al., 2003; Matsushima et al., 2007). LRR modules fold
into the parallel β-sheets that bend into a concave surface, forming one or two distinct
horseshoe structures determining the unique horseshoe shape of TLRs (Matsushima et al.,
2007). LRR hydrophobic residues are packed within the interior of ectodomain structure,
forming a ligand-binding hydrophobic pocket (Bell et al., 2003, 2006; Kim et al., 2007; Liu et
al., 2008). In addition, C-terminal LRRs may control the receptor dimerization and the signal
transmission (Takada et al., 2008). The single-spanning transmembrane domain is
homologous to IL-1R analog and anchors the receptor in the correct orientation on cell
membrane (Huyton et al., 2007; Medzhitov et al., 1997). Third, the cytoplasmic TLR domain
(toll/interleukin-1 receptor domain, TIR domain) is usually composed of approximately 150
amino acid residues (Jin and Lee, 2008) and dimerizes after the ligand-ectodomain
interaction (TLR ligands are presented in Table 1) and respective alterations in the receptor
conformation, triggering the recruitment of the adaptor proteins (MyD88, TIRAP/MAL,
TRIF, TRAM, SARM) to initiate the specific signaling pathway of the immune response
stimulation (Jin and Lee, 2008; O’Neill and Bowie, 2007). It is important that all TLRs form
hetero- or homodimers, and this feature may facilitate the dimerization of the cytoplasmic
domain. All adaptors indicated above contain TIR domains, and interactions between such
domains of receptor and adaptor are key for the successful signaling (Palsson-McDermott
and O’Neill, 2007). The process of TLR signaling is mediated by a number of other adaptor
proteins and, finally, leads to activation of NF-κB (Yamamoto et al., 2004), MAPK
(Yamamoto et al., 2004), JNK (Takeuchi and Akira, 2001), IRF1, IRF3, IRF5, IRF7 and IRF8
(Honda and Taniguchi, 2006) that move into the nucleus and directly or indirectly control
the transcriptional activity of the genes encoding various proinflammatory cytokines (IL-1,
IL-2, IL-6, IL-8, IL-10, IL-12, IL-13, IL-23, IL-27, MIP-1, MCP-1, RANTES, SOCS, IP-10, GMCSF, TNF-α, IFN-α, IFN-β, IFN-γ and IFN-inducible proteins (Chang, 2010; Wong et al.,
2011; Zhu and Mohan, 2010).
Member of TLR family
TLR1 (form heterodimers
with TLR2)

TLR2

Exogenous ligand
Triacylated lipopeptides
Lipoarabinomannan
Soluble factors of Neisseria
meningitidis cell wall
OspA protein of Borrelia burgdorferi
Lipoprotein
Peptidoglycan
Di- and triacylated lipopeptides
Lipoteichoic acid
Zymosan
Lipoarabinomannan
Outer-membrane porins of
N.gonorrhoeae and S.dysenteriae

Endogenous ligand
β-defensin 3

HSP22
HSP60
HSP70
HSP72
gp96
HMGB1
β-defensin 3
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TLR3
TLR4

TLR5
TLR6 (form heterodimers
with TLR2)
TLR7
TLR8
TLR9
TLR10 (may form
heterodimers with TLR1
and TLR2)

OspA protein of Borrelia burgdorferi
Phenol-soluble modulin of
Staphylococcus epidermidis
Cell membrane glycolipids of
Trypanosoma cruzi
Hemagglutinin protein of wild-type
measles virus
Envelope proteins of HSV-1 and
CMV
Atypical LPS of L.interrogans and
P.gingivalis
dsRNA
Polyinosine-polycytidylic acid
Lipopolysaccharide
Glucuronoxylomannan
RSV fusion protein
MMTV and MMLV
Taxol

Flagellin
Diacylated lipoprotein
Peptidoglycan
Zymosan
Imidazoquinolines
ssRNA
ssRNA
Bacterial and viral CpG DNA
Hemozoin
Unknown
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Surfactant proteins A and D
Eosinophil-derived neurotoxin
Antiphospholipid antibodies
Serum amyloid A
Biglycan
Versican
Hyaluronic acid fragments
mRNA
HMGB1
Tenascin-C
HSP60
HSP70
gp96
Mrp8 and Mrp14
Neutrophil elastase
Antiphospholipid antibodies
Lactoferrin
Surfactant proteins A and D
β-defensin-2
Biglycan
Low-molecular-weight
oligosaccharide fragments of
hyaluronan
Fibrinogen
Fibronectin
Heparansulfate
Oxidized LDL
Saturated fatty acids

Antiphospholipid antibodies
ssRNA
ssRNA
Antiphospholipid antibodies
IgG-chromatin complexes
Unknown

Table 1. Ligands of TLRs. Abbreviations: TLR – Toll-like receptor, HSP – heat shock protein,
gp – glycoprotein, HSV – herpes simplex virus, CMV – cytomegalovirus, LPS –
lipopolysaccharide, dsRNA – double-stranded RNA, HMGB1 - high mobility group box 1,
RSV – respiratory syncytial virus, MMTV – mouse mammary tumor virus, MMLV –
Moloney murine leukemia virus, Mrp – myeloid related protein.
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Fig. 2. The signaling of the NOD-like receptor pathway. NLRs usually have three-domain
structure (Chen et al., 2009). First, the C-terminal domain, contains multiple leucine-rich
repeats (LRRs), directly recognizing exogenous and endogenous ligands (Kumar et al.,
2009). The second, central, nucleotide-binding oligomerization domain (NOD) has intrinsic
ATPase activity and is responsible for the self-oligomerization and the formation of a
complex after the ligand binding for the activation and recruitment of downstream signaling
proteins (Kumar et al., 2009). These two domains are common for all known NLRs (Chen et
al., 2009). Third, variable, the N-terminal protein-protein interaction domain, may represent
a caspase recruitment domain (CARD), death effector domain (DED), pyrin domain (PYD),
acidic transactivating domain, or baculovirus inhibitor of apoptosis protein repeat domain
(BIR domain) (Kanneganti et al., 2007). The most investigated of NLRs are NOD1/CARD4
and NOD2/CARD15. Both NOD1/CARD4 and NOD2/CARD15 recognize the components
of bacteria cell wall: ligands of NOD1/CARD4 are γ-D-glutamyl-m-diaminopimelic acid (iEDAP) and its synthetic derivatives (particularly having hydrophobic acyl residues)
(Chamaillard et al., 2003; Girardin et al., 2003), and the ligand of NOD2/CARD15 is
muramyl dipeptide (MDP) (Girardin et al., 2003). These compounds are the components of
peptidoglycan (PGN). They can enter the cytosol through the pores formed as a result of
bacterial toxin exposure (Ratner et al., 2007), via action of the pathogen secretion systems
(Ratner et al., 2007), by endocytosis (Marina-Garcia et al., 2008) or by work of transporters
(Ismair et al., 2006), and they can be released in the cytosol of infected cells during a
bacterial cell division or from lysosomes where PGN of phagocytosed bacteria is degraded
(Shaw et al., 2010). Until the ligand binding, LRR-containing C-terminal domain of
NOD1/CARD4 and NOD2/CARD15 prevents the activation of the central domain (NOD)
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and its further oligomerization (Faustin et al., 2007); ligand binding causes the
conformational alterations in the C-terminal region that, in turn, lead to self-oligomerization
of the central domain and to the further activation of N-terminal domain (CARD) that
recruits and activates specific adaptor proteins, initiating NOD signaling pathways. Such
initiation results in the activation of various transcription factors and, consequently, in the
production of proinflammatory mediators (Inohara et al., 1999; Ogura et al., 2001).
Although CLRs and RLRs are investigated relatively less than TLRs and NLRs, it is known
that they recognize bacterial, viral, fungal, protozoan, and helminth PAMPs as TLRs and
NLRs (Table 2), initiating an immune response against them through their specific signaling
pathways (as their structure is not so clear as in the case with signaling pathways of TLRs
and NLRs, it will be precisely depicted only in the following years). It is crucially important
to note that in many steps signaling pathways of all classes of PRRs may intersect, making
possible the crosstalk between them.

Receptor
MRC1 (CD206, CLEC13D, mannose
receptor)
CD207 (CLEC4K, langerin)
CD209 (CLEC4L, DC-SIGN)
CLEC7A (Dectin-1)
CLEC6A (CLEC4N, Dectin-2)
CLEC4E (Mincle)
CLEC4A (DCIR)
CLEC4C (BDCA-2, CD303)
RIG-I
MDA5

Ligand
High mannose, fucose
Mannose, fucose, N-acetyl-glucosamine, βglucan
High mannose, fucose
β-1, 3 glucans
High mannose, α-mannans
α-mannose, glycolipids, SAP130
Mannose, fucose
Mannose, fucose
Nucleic acids of many viruses
Nucleic acids of many viruses

Table 2. The ligands of CLRs and RLRs.
The receptors constituting families of PRRs are united by two general features. Firstly,
they directly recognize common antigen determinants of virtually all classes of pathogens
(so-called pathogen-associated molecular patterns, or simply PAMPs) and initiate
immune response against them via specific intracellular signaling pathways. Secondly,
they recognize endogenous ligands (since they are usually released during cell stress, they
are called damage-associated molecular patterns, DAMPs), and, consequently, PRRmediated immune response can be activated without influence of infectious agents.
Therefore, PRRs may also initiate the development of aseptic inflammation caused by
physical factors such as mechanical pressure, thermal damage, ionizing and non-ionizing
radiation, or chemical factors (for instance, acidic damage, alkaline damage, exposure to
chemical war gases, croton oil or turpentine, exposure to allergens, liberation of toxic
substances during tumor disintegration, aseptic necrosis, internal bleeding, haemolysis,
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autoimmune processes etc.). It may promote the further progression of inflammation or,
on the contrary, prevent the hazardous infectious complications (the combination of these
two effects may also be true). The final outcome of PRR working is an enhanced
production of the many proinflammatory cytokines participating in a plenty of immune
system processes. Expression of PRRs on different levels (transcriptomic or proteomic)
was detected in a lot of cells and organs, so it gave an evidence that these receptors
control many elements of the complex machinery of human immune system: they allow
epithelium and endothelium to defend against infectious agents on their own, they
mediate the activation of adaptive immune response by antigen-presenting cells and Thelpers, they stimulate expression of cell adhesion molecules for leukocyte rolling and for
other processes of inflammation development, and, finally, they contribute to
phagocytosis efficacy (Chang, 2010). As a consequence of all written above, pattern
recognition receptors play the key role in realization of innate and adaptive immune
response. In addition, many PRRs have a number of other vital functions apart from
participation in the immune response realization: they may regulate various aspects of
cell proliferation, survival, apoptosis, autophagy, reactive oxygen species generation,
pyroptosis, angiogenesis and, consequently, of tissue remodeling and repair (Brown et al.,
2007; Fukata et al., 2006; Kim et al., 2007; Rakoff-Nahoum and Medzhitov, 2008).
The fundamental character and diversity of PRR functions have led to amazingly rapid
research in this field, and such investigations are very perspective for medicine as immune
system plays a key role in vast majority if not all human diseases, and the process of
discovering new aspects of the immune system functioning is rapidly ongoing. There is a
plethora of papers analyzing the significance of PRRs in various diseases. One of the most
actively exploring fields in PRR biology is their role in cancer aetiopathogenesis. Not
surprisingly, it is (as well as tumor immunology in general) a hot spot in cancer biology as
well.
1.2 The position of pattern recognition receptors in cancer biology
Since PRRs mediate immune response inducing by many immunoadjuvants (Okamoto and
Sato, 2003; Seya, 2003), and many of them regulate immune response against potentially
carcinogenic infectious agents (Helicobacter pylori, EBV, HPV, HHV-8/KSHV, CMV,
Mycobacterium tuberculosis, Streptococcus pneumoniae, enteropathogenic Escherichia coli,
Shigella flexneri, Salmonella typhimurium, Borrelia burgdorferi, Chlamydia pneumoniae, Chlamydia
trachomatis, Chlamydia psittaci, Campylobacter jejuni, Candida spp., Schistosoma mansoni,
Paracoccidioides brasiliensis, Histoplasma capsulatum etc.), it seems to be possible to stimulate
anti-tumor immunity through their enhanced activation. This hypothesis, originally
developed for the TLRs, should be also true for the all PRRs as well (Killeen and Wang,
2006; Tsan, 2006). According to this suggestion, a reinforced PRR activation may protect
from infectious agents and prevent, inhibit, or block carcinogenesis whilst disrupted
functioning of these PRRs may allow infectious agents or tumor cells to avoid recognition by
immune system and, consequently, not to be eliminated. At the same time, such PRR
activation may promote carcinogenesis, creating a proinflammatory microenvironment (via
action of respective cytokines) that is favorable for the tumor progression and
chemoresistance development (Chen, 2007). It may also result in immunosuppression
caused by chronic inflammation (Tsan, 2006). Chronic inflammation may promote the
development of cervical, endometrial, ovarian, breast, prostate, testicular, nasopharyngeal,
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lung, esophageal, gastric, colorectal, liver, pancreatic, gallbladder, kidney, bladder,
lymphatic malignancies, and feasibly several other cancer types (Kinlen, 2004; Okamoto and
Sato, 2003). In this case, on the contrary, lower PRR activity should minimize the effects of
chronic inflammation such as enhancement of cancer initiation and promotion/progression
and, consequently, decrease the probability of tumor development. So, the situation
resembles a double-edged sword. The ideal variant, possibly, is the «golden mean» - the
balance between low and high PRR activity. This hypothesis, developed for PRRs, may also
be successfully projected on PRR intracellular signaling pathways – if their elements are
overexpressed/constantly activated, it may lead to similar consequences as enhanced PRR
activation. On the other hand, if the members of PRR pathways are
underexpressed/inactivated/unable to do their work at the right time in the right place, it
may result in the same effects that arise after decreased PRR activity, and the analogical
«golden mean» in functioning of all genes encoding proteins constituting PRR signaling
pathways will be the optimal variant.
1.3 Structural genomic variation and its relevance to cancer
The novel approaches in healthcare move towards the model of “personalized medicine”.
Advances in the healthcare service grow annually as well as their social relevance.
Diagnostic tests and target therapy have become a part of our life. However, in spite of the
neoteric improvements of the screening and treatment modalities, the prognosis of patients
with many diseases including cancer remains poor. Thus, modern molecular biology and
medicine are concerned on the developing of more and more new genomic markers that
possess predictive, therapeutic, or prognostic significance. Several markers may evaluate
predisposition of any person to one or another disease with a certain degree of accuracy
based on the results of a simple blood test. The widespread application of these tests can
reveal the risk groups in populations, and thereafter, the complex of preventive measures
among the risk group subjects may be conducted. Moreover, above-mentioned genomic
markers can be identified in the perinatal period, so the choice between “include” or “not to
include” in the risk group on their basis can be made maximally early, and, consequently,
the preventive measures can have the greatest efficacy. As a result, the integrative systems
of predictive genomic markers, defined once, will allow to create the programs of cancer
prevention based on them and will permit next generations to be informed and forewarned
about their risks and predispositions to certain diseases.
Thereby, the discovery and development of predictive, therapeutic, or prognostic markers is
the primary problem of biomedicine at the present time. However, the critical barrier for
progress in this field is that it is not always easy to find an effective genomic marker that is
exactly associated with a particular disease. One of the most widespread and important
markers is the type of genomic markers called single nucleotide polymorphisms (SNPs).
They represent a variation in the DNA sequence, when a single nucleotide differs between
members of a biological species or paired chromosomes in an individual. The finishing of
Human Genome Project and the widespread distribution of genotyping technologies have
led to the enormous number of studies devoted to the association of the inherited gene
polymorphisms with various diseases. The SNPs may result in amino acid substitutions
altering protein function or splicing, and they can also change structure of enhancer
sequences during splicing (Lamba et al., 2003) or affect mRNA stability (Tierney and
Medcalf, 2001). SNPs may also alter transcription factor binding motifs, changing the
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efficacy of enhancer or repressor elements (Thomas et al., 2006), and they can alter the
structure of translation initiation codons that may lead to the downregulation of wild-type
transcript (Zysow et al., 1995). Gene polymorphisms located in the leucine-rich repeats
constituting ectodomain of PRRs may affect the ability of receptor to bind pathogens they
normally recognize (Bell et al., 2003), SNPs in the transmembrane domain can lead to the
defects of the intracellular receptor transport that do not allow to locate a receptor on the
membrane (Johnson et al., 2007), and, finally, the polymorphisms in the internal domain
may result in the altered interaction with the adaptor proteins or in the disrupted
dimerization. So, inherited SNPs of the genes encoding PRRs may alter PRR expression and
activity, modulating cancer risk and, possibly, influencing on various features of the cancer
progression. The same statement should be true for the genes encoding proteins of PRR
signaling pathways.
On the basis of the fundamental and epidemiological studies, it is possible to specify the two
fundamental mechanisms for the modulation of cancer risk by the polymorphisms of the
genes encoding PRRs and proteins of PRR pathways. The first of them is the impairment of
the immune response to the certain pathogens (it can be bacteria, viruses, fungi, protozoan,
and helminths) that increase the risk of the potentially carcinogenic infection and promote
its development along with further chronic persistence. The second mechanism is an
increase of production of proinflammatory cytokines after the binding of the ligand
(exogenous or endogenous) that create a condition of carcinogenic chronic inflammation.

2. How to connect structural genomic variation in pattern recognition
receptors and cancer?
2.1 Relevant malignancies: the first dimension of investigation
There is a variety of cancer types that can be associated with the inherited alterations in the
genes encoding PRRs and proteins of PRR signaling pathways:










Oral cancer (the alteration of the immune response to Candida spp. and other infectious
agents colonizing oral cavity);
Esophageal cancer (the variation of immune response to pathogens infecting
esophagus);
Gastric cancer (on the basis of modulation of the immune response to Helicobacter pylori,
EBV and other infectious agents potentially causing this disease);
Cancer of the small bowel (the modulation of the immune response to Campylobacter
jejuni);
Colorectal cancer (the alteration of the immune response to many infectious agents
inhabiting colon and rectum);
Liver cancer (the variation of the immune response to HBV, HCV, Helicobacter hepaticus,
or liver flukes);
Gallbladder cancer (the modulation of the immune response to infectious agents
finding in bile);
Pancreatic cancer (the alteration of the immune response to the pathogens inhabiting
the pancreas);
Endometrial cancer (the modification of the immune response to several kinds of
infectious agents colonizing endometrium);
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Cervical cancer (the alteration of the immune response to HPV and some infectious
agents colonizing cervix);
Ovarian cancer (the variation of immune response to Chlamydia trachomatis);
breast cancer (the modulation of the immune response to some viruses infecting breast
including HPV and EBV)
Prostate cancer (the variation of the immune response to Propionibacterium acnes and
other uncertain pathogens finding in prostate tissue);
Testicular cancer (the modification of the immune response to EBV);
Kidney cancer (the variation of the immune response to bacteria and viruses infecting
kidneys);
Bladder cancer (the modulation of the immune response to certain viruses or
Schistosoma spp.);
Nasopharyngeal carcinoma (the alteration of the immune response to EBV);
Lung cancer (the variation of the immune response to Mycobacterium tuberculosis,
Streptococcus pneumoniae, Chlamydia pneumoniae, and, possibly, to other infectious agents
causing chronic inflammatory lung diseases);
Lymphoma (the modification of the immune response to EBV and many other
infectious agents such as Borrelia burgdorferi or Helicobacter pylori);
Kaposi sarcoma (the variation of the immune response to HHV-8/KSHV-infection);
Brain tumors (the alteration of the immune response to CMV and other viruses).

2.2 Selection of valuable polymorphisms: the second dimension of investigation
It is important to remember that there are two main components determining the
importance of the SNP in the programs of cancer prevention based on genomic risk markers:
the value of odds ratio (OR) between cases and controls (as in the whole population as in
subgroups) and the prevalence of the polymorphism in population, and they both may vary
in different geographic regions. It is desirable to develop not the one general program, but a
number of the individual programs for the different countries/populations/environmental
conditions. At the moment, it is possible only to recommend a list of polymorphisms for the
further investigation since only small number of studies with perfect design was carried out.
The list of relevant polymorphisms that can be admitted as the most perspective for the
further oncogenomic investigations may be created according to the following rules:
Gene polymorphism may be included into the short list for the further oncogenomic studies if:








The SNP leads to the substantial functional consequences on the molecular level (for
instance, it strongly affects transcription, splicing, translation, stability and transport of
pre-mRNA, mRNA, non-coding RNA or protein encoding by the gene, or it noticeably
influences signaling of synthesized protein);
It is associated with risk of cancer in the population studies;
It has any functional consequences on the molecular level and it is strongly (threshold
OR value may be individual for each cancer type) associated with condition that
significantly increases risk of cancer.
The gene polymorphism can be also included into the extended list if:
It is characterized by more subtle functional alterations in the gene that, however, still result
in qualitative or quantitative alterations of the encoding protein (or non-coding RNA);
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It is associated only with condition that substantially increases risk of cancer but not
with risk of cancer.

One question may immediately arise: how to distinguish «substantial» and «more subtle»
functional changes on the molecular level? It seems to be difficult to answer only on the
basis of general principles of molecular biology since for one gene even the smallest
alteration in its structure may lead to critical consequences, for another one converse
statement can be true, and the effect also greatly depends on the position of the
polymorphism. Therefore, an assessment of power of functional alteration should be
individual for each gene, and although conclusions obtained in various investigations may
differ, these discrepancies would not distort the general picture: if the polymorphism has
«serious» functional consequences according to the results of one research, it definitely
should be added into the short list until these conclusions will not be subverted. In any case,
the general value of creation of such short and extended lists of the prescriptive
polymorphisms seems to overcome difficulties related to these complications. It is important
that many polymorphisms can be simply in the linkage disequilibrium with truly functional
variants, and fundamental investigations are needed to determine are they only markers of
association or indeed causal variants. All polymorphisms that are only in the linkage
disequilibrium with functional ones should be excluded from both lists.
In concordance with this conception, the following SNPs of the genes encoding PRRs and
proteins of PRR signaling pathways may be accepted as the most valuable for the further
oncogenomic investigations on the basis of the analysis of relevant published literature
(Table 3):

Gene
TLR1-TLR6-TLR10 gene
cluster:
TLR2
TLR4
TLR9
TIRAP/MAL
MyD88
IRAK1
TRAF3
TRAF6
TOLLIP
IRF3
IRF5
NOD1
NOD2
MRC1
CD209
CLEC7A
RIG-I

Polymorphism
rs10008492, rs4833103, rs5743815, rs11466657
rs3804100, rs4696480, -196 - -174 del (Delta22), GT-microsatellite
polymorphism
rs4986790, rs4986791, rs16906079, rs11536891, rs7873784, rs1927911,
rs10759932, rs10116253, rs11536889, rs11536858
rs5743836, rs352140
rs8177400, rs8177399, rs8177374, rs7932766
rs1319438, rs199396
rs1059703, rs3027898, rs10127175
rs7143468, rs12147254, rs11160707
rs331455, rs331457
rs5743867
rs7251
rs2004640, rs2280714, rs10954213, 5 bp indel (CGGGG) polymorphism
rs2075820, ND(1)+32656
rs2066842, rs2066844, rs2066845, rs2006847
rs1926736, rs2478577, rs2437257, rs691005
rs2287886, rs735239, rs735240, rs4804803
rs16910526
rs36055726, rs11795404, rs10813831

Table 3. The short list of polymorphisms of the genes encoding PRRs and proteins of their
signaling pathways promising for the further oncogenomic studies.
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The following polymorphisms of the genes encoding PRRs and proteins of PRR signaling
pathways may be added into the extended list for the further oncogenomic investigations
(Table 4):
Gene
TLR1-TLR6-TLR10
gene cluster:
TLR2
TLR3
TLR4
TLR5
TLR7
TLR8
TLR9
TIRAP/MAL
MyD88
IRAK1
IRAK3
IRAK4
TRAF1
TRAF2
TRAF6
TOLLIP
IRF1
IRF3
IRF5
IRF7
IRF8
NOD1
NOD2

MRC1
CD209
RIG-I
MAVS/VISA/IPS-1

Polymorphism
rs4833095, rs5743551, rs5743618, rs4129009
rs5743704, rs62323857, rs1219178642
rs5743305, rs3775291, rs121434431, rs5743316
rs1927914, rs2149356
rs5744168
rs179008
rs3764880, rs2407992
rs352139, rs187084, rs41308230, rs5743844
rs7932976, rs595209, rs8177375
rs156265, rs7744
rs1059702, rs7061789, rs2239673, rs763737, rs3027907, rs5945174
rs1732886, rs1732888, rs10506481, rs1624395, rs1370128
rs1461567, rs4251513, rs425155
rs6920220, rs10818488, rs3761847, rs7021206
rs7852970
rs540386
rs5743854
rs11242115, rs839, rs9282763
rs2304204, rs2304206
rs4728142, rs41298401, rs13242262, rs10488631, rs729302, rs3807306
rs1131665
rs17824933
rs72551113, rs72551107, rs6958571, rs2907749, rs2907748, rs2075822,
rs2075819, rs2075818
rs104895493, rs104895476, rs104895475, rs104895474, rs104895473,
rs104895472, rs104895462, rs104895461, rs104895460, rs104895438,
rs5743291, rs5743260, rs2076756, rs2066843, Pro371Thr, Ala794Pro,
Gln908His
rs692527, rs2477664, rs691005, rs2253120, rs2477637
rs735240
rs3824456, rs669260
rs11905552, rs17857295, rs2326369, rs7269320

Table 4. The extended list of the polymorphisms of the genes encoding PRRs and proteins of
their signaling pathways promising for the further oncogenomic studies.
2.3 How to organize the study: the third dimension of investigation
The drawing-up of a rigorous study protocol is the crucial moment in the molecular
epidemiology, and in some cases the complexity of the research is considerable. Even if

94

Recent Advances in Immunology to Target Cancer, Inflammation and Infections

the investigation has a valuable aim, sufficient funding and is carried out in an excellent
laboratory, errors in the study design may lead to the misrepresentation of the research
results and, hence, to the reduction of their usefulness. All moments that can distort the
study accuracy should be taken into account, and certain, the most relevant of them, are
discussed below. Obviously, the methods of the sample collection, DNA extraction, and
PCR conduction should be reliable enough. Modern methods such as automated DNA
extraction, real-time PCR, and pyrosequencing should be used, although traditional
methods such as allele-specific PCR with visualization in the agarose gel can be exploited
as well, and their application definitely will be continued for the next decade. Anyway,
automated methods should be of choice compared to methods where a subjective factor is
substantial and can influence the results. The improvement of existing technologies and
the development of new ones may elevate the accuracy of DNA extraction and PCR,
leading to increase of validity of the results and, consequently, to the further progress in
the field.
Other important aspects of the study design also should be considered. To differentiate the
impact of the chronic inflammatory conditions from the contribution of the other
mechanisms in the association of the polymorphisms of the genes encoding PRRs and
proteins of PRR signaling pathways with cancer risk, the stratification of cases and controls
by infectious agent status and chronic inflammation status should be mandatory in the
further studies devoted to this problem. The sample size should be sufficient, and it
depends on the frequency of target polymorphism – if it is high, sample size can be less than
in the studies where target SNP frequency is low. There is also a lack of studies investigating
functional consequences of the polymorphisms of the genes encoding PRRs and proteins of
PRR pathways on molecular level (for instance, alterations in the promoter activity, in the
gene expression on the transcriptomic and proteomic levels, in stability or/and localization
of the non-coding RNA, pre-mRNA, mRNA and protein inside the cell, in protein structure
and functions, etc.). It is important since many polymorphisms can be simply in linkage
disequilibrium with the other, truly functional variants, and thus such fundamental studies
are necessary to clarify their role (are they only markers of association or indeed causal
variants?). In addition, in certain populations replication studies should be conducted to
prove results that were obtained in prime investigations, particularly if the sample size was
not large.
There are certain disparities in different population studies investigating the association of
the polymorphisms of the genes encoding PRRs and proteins of their signaling pathways
with various aspects of cancer development. General reasons for these discrepancies may
include confounding host, bacterial, or environmental factors in different ethnicities
modulating the penetrance of the variant allele and affecting risk of condition increasing
cancer risk (such as autoimmune diseases, precancerous gastric lesions, tuberculosis,
recurrent pneumonia etc.), different bacterial impact in aetiology of such conditions in
different populations (that will be reflected in different features of PRR-mediated immune
response because of specific PRR-ligand interaction), differences in the sample size, in
age/gender/BMI/ethnicity/TNM stage/other clinicopathological characteristics between
the study samples, in the prevalence of infectious agent (e.g. HP or EBV) in case and control
groups, differences in diagnostics, stratification, genotyping methods, and chance. In
addition, certain studies in which negative results were obtained could never been
published (so-called file drawer effect) that may create a significant bias and distort a
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picture that we can observe at the moment. Unfortunately, although some genome-wide
association studies (GWAS) relevant to the discussing problem were performed, it is usually
not possible to compare them with the non-GWAS on the same cancer type since there are
no non-GWAS investigating association of the same SNPs with similar malignancies. It may
be feasible in future when the number of studies devoted to this issue will be enough for
correct comparative analysis.

3. Hot spots in the field
The most intriguing moments in the problem of the association of inherited structural
variation in the genes encoding PRRs and proteins of PRR signaling pathways with features
of cancer development are:








Are SNPs in the genes encoding PRRs or proteins of PRR signaling pathways associated
with the features of cancer progression or only with cancer risk? Existing studies have
shown controversial results, and the results of most of them allow to suggest that there
is no or weak correlation between such polymorphisms and peculiarities of cancer
progression.
Are the polymorphisms of the genes encoding CLRs, RLRs, or specific proteins of
their signaling pathways associated with risk or progression of cancer? If yes,
would be appropriate to include them in the list of polymorphisms using in
programs of cancer risk determination and further cancer prevention? As it was
shown above, there are some premises to think that these SNPs may be associated
with cancer risk. Further fundamental and population studies are necessary to
answer this question.
Do the polymorphisms of genes encoding PRRs or proteins of PRR signaling pathways
(particularly TLRs and TLR pathway) correlate with altered prostate cancer risk or
progression? Despite there are some fundamental mechanisms allowing to hypothesize
that TLR gene polymorphisms may play a role in prostate cancer aetiology, and a
number of comprehensive projects on large samples in various countries was
conducted, the reliable associations of these SNPs with prostate cancer risk or with
features of prostate cancer progression were not detected, and results vary in different
populations.
Are the polymorphisms of the genes of PRR signaling pathways associated with cancer
risk or progression to the same extent as polymorphisms of the genes encoding PRRs? It
is logical that if SNP of gene encoding specific PRR is associated with risk or
progression features of certain malignancies, polymorphisms in the genes encoding
specific signaling molecules constituting pathways of this receptor should correlate
with similar neoplasms, if they have substantial functional consequences on the
molecular level. In contrast to the polymorphisms of the genes encoding TLRs, whose
association with solid tumors is a subject of investigation in a lot of genetic association
studies, the polymorphisms of the genes encoding proteins of TLR pathway are
investigated mostly in relation to leukemia and lymphoma, and their association with
epithelial tumors is discovered very poorly. SNPs affecting functional parts of TLR
pathway central elements (MyD88, TRIF/TICAM1, TIRP/TRAM/TICAM2,
TIRAP/MAL, IRAKs, TRAF3, TRAF6, TAK1, TAB1, TAB2, PKR, IRF3, IRF7) should be
the most significant for the oncogenomic studies analyzing this problem.
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How the polymorphisms of the genes encoding PRRs and proteins of PRR signaling
pathways interact with each other in relation to determination of cancer risk and
progression? Particularly, how SNPs of positive and negative regulators of PRR activity
(especially, miRNA) influence on cancer risk or progression if they are inherited
together? Answers to these questions remain elusive at present time, and should be
obtained from the fundamental and population studies in the future.
Which the SNPs of the genes encoding PRRs and proteins of PRR pathways have
independent significance, and which are just in the linkage disequilibrium? Knowledge
of it may help in listing of the polymorphisms useful in the programs of cancer risk
determination and further prevention.
Which SNPs of the genes encoding PRRs and proteins of PRR pathways should be
included in such list? Which of them have universal effect for each cancer type, and
which influence on risk or/and progression of one cancer type but have no effect in
relation to another malignancy? Differences in the association of the same SNP with
different malignancies should be explained by features of specific PAMP-PRR
interaction (probably, certain characteristics of ligand binding), or, possibly, on
peculiarities of DAMP-PRR interaction. List of SNPs prescriptive for the further
oncogenomic investigations may be created according to the conception suggested
above.
How SNPs of the genes encoding PRRs and proteins of PRR pathways affect cancer risk
or progression in different populations and their subgroups? How this information may
be adjusted for application in the creation of the programs of cancer risk determination
and further prevention? Only large, comprehensive, well-designed population studies
may give answer to these questions.
Do the polymorphisms of the genes encoding PRRs and proteins of PRR pathways
influence on cancer risk only through increase of risk of chronic inflammatory
conditions, or they can affect it also through other mechanisms? How this information
may be used in the programs of cancer risk determination and further prevention? To
answer these questions, control group in population studies should include not only
healthy controls, but also controls with the chronic inflammatory conditions
predisposing to investigating cancer type.
Which infectious agents recognizing by various PRRs are carcinogenic, and which are
not? It may help to define the cancer types associated with the SNPs of the genes
encoding specific PRRs and proteins constituting PRR signaling pathways.
Fundamental studies devoted to the investigation of infectious agent-PRR interactions,
to the investigation of carcinogenicity of known infectious agents and to the discovery
of new, possibly carcinogenic, infectious agents, should answer this question.

No doubt, the determination of the role of SNPs in genes encoding PRRs and proteins of
PRR signaling pathways in fields of tumor immunology and molecular epidemiology of
cancer may open new pages in the cancer biology and cancer prevention.
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1. Introduction
The central nervous system (CNS) consists of a series of complex structures which comprise
cellular elements with basic communication functions and elaboration of information as part
of their role in the process of biological adaptation and maintenance of homeostasis [Hickey
WF, 2001].
1.1 Mayor components of the CNS
The major components of the CNS; neurons and neurites, microglias, astrocytes, ependymal
cells and oligodendrocytes, establish all an important interrelationship, vital to the brain
maintenance homeostasis. Ependymal cells lay around layers of astrocytes, which in turn
envelop neurons, neurites and vascular elements. In addition, the normal CNS parenchyma
contains blood vessels and resident macrophages. Glial cells, as they possess no
conventional synaptic contacts, differ from neurons mainly establishing a rich
interrelationship with other CNS components. The neuroglia, brain interstitial element, is
recognized as including three groups of glial cells: 1) macroglias, such as astrocytes and
oligodendrocytes,2) microglia and 3) ependymal cells.
Regarding glial function, the astrocytes are involved in glutamate uptake, repair and
transport, and are part of the blood brain barrier (BBB). Studies conducted by Reese and
Karnowosky [1967] indicate that the astrocyte end-feet provide little resistance to molecule
movement, and that the blockage of their passage into the brain occurs at the endothelialcell-lining blood vessels. In this case, endothelial cells forming for brain vascular
endothelium, play an important role in the communication between the CNS and the
periphery, this latter understood as intravascular space.
Oligodendrocytes are the myelin producing cells within the CNS and are potentially highly
vulnerable to immune mediated damage, since they share together with the myelin sheath
many molecules with affinities to elicit specific T and B cell responses, which lead to their
destruction. Oligodendrocytes do not express class I or II MHC molecules, but a wide
profile of cytokine receptors, both pro-inflammatory and regulatory which have been found
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on this cell-type, suggesting their innate and adaptative ability to participate in immune
response.
Microglial cells, the most interesting and enigmatic CNS type cells, play a role in
phagocytosis and inflammatory response in the CNS. Under normal conditions these cells
seem to be in a resting state, becoming a very active macrophage during the disease, and
constituting the major effector cell in immune-mediated damage in the CNS. An explosive
activity in the field of microglia cell-research conducted in the past 15 to 20 years has led to
the identification of microglia as a highly efficient accessory and effector cell of the immune
system. Microglia expresses class II MHC antigen upon activation Perry & Gordon, 1997 in
the absence of a T cell response, which suggests that major histocompatibility complex
(MHC) antigen expression may represent a marker of activation and/or a state of
immunological competence. Microglia are also major producers of a large number of
proinflammatory cytokines with well-known effects on T cells Perry & Gordon, 1997. All
the previous information supports a wide glial involvement in brain internal homeostasis
maintenance that plays a major role in the regulatory function of barrier systems.
1.2 Brain neurovascular unit
The blood-brain barrier (BBB) system, located between the intravascular space and the brain
tissue, constitutes a phenomenon of selective permeability and reduced exchange of
products between the blood and the nervous system. It is a characteristic of brain capillaries
and is regulated by the cells that form the neurovascular unit (NVU) Becher et al, 2006;
Nathanson & Chun, 1990; Seyfert & Faultish, 2003 and the dynamics of cerebrospinal fluid
(CSF) flow Becher et al, 2006; Seyfert & Faultish, 2003. NVU refers to the dynamic
exchange among the cellular elements forming these barriers in the brain; there is a regional
specialized interface between the neural tissue and the blood Neutwelt et al, 2008.
The NVU is formed by: 1) The CSF-blood barrier, site of immunological communication
between the CSF and intravascular space, which favours antigenic recognition and
lymphocyte activation at this level Bigio, 1995; Nathanson & Chun, 1990a; Redzic et al,
2005; 2) The meningeal barrier, that is, the aracnoid membrane, bordering the duramater,
where the CSF drains to the dural venous sinuses, the olfactory nerve and the carotid
sheathsNag S. 2003; 3) the BBB, constituted by the brain vascular endothelium, regulates
the entrance of molecules and supply of nutrients to the brain, as well as preserving the
ionic homeostasis in the brain environment Petty & Lo, 2002; 4) the blood-nerve barrier,
which surrounds the axon tangles and includes the endothelial membrane of the endoneural
capillary and the perinerium Hemmer, 2004; 5) the blood–retinal barrier, formed by the
retinal endothelial capillary and the retinal tissue, like BBB; 6) the blood-labyrinth barrier,
which has as anatomical reference the endolymph-blood and endolymph-perilymph
barriers.These capillaries are lined with endothelial cells that are joined by tight junctions
and physiologically form the blood–labyrinth barrier that is essential for sensitive auditory
function; and 7) the blood-spinal cord barrier - with a greater permeability than the BBB which communicates with the periphery through the nerve roots plexus Haukins  Davis ,
2005.
For centuries, the BBB, the lack of conventional lymphatic drainage and low response to
aloantigens inoculated in the CNS, were arguments to consider this compartment as a
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privileged site. Nevertheless, today it is well known, that there is no such privilege, but
rather the main differences of the immune response in the brain, regarding the periphery,
are in the kinetics and the degree of regulation of the different stages of the immune
response at this level, which will take place under the functional control of the immune
response and influence of cellular mediators acting in a regulated quantitative and
temporally balanced sequenceFisher  Gage, 1993.
In normal conditions, neurons are unable to interact with T-cells, via MHC expression
antigens, however, neurons possess unique antigenic proteins, which are normally
sequestered by the BBB from the circulating immune system, making the CNS vulnerable
to immune-mediated damage. On the other hand, there is increasing evidence on the
ability of astrocytes to act as accessory cells of the immune system, as a facultative
phagocyte able to interact with lymphocytes, since astrocytes express class II MHC
antigens, essential molecules for antigen presentation to T helper cells. Astrocytes are also
able to synthesize cytokines like interleukin 1, interferon  and tumor necrosis factor,
among others. During inflammation, the mechanism of selective transport displayed by
endothelial cells (EC) is disrupted and endothelial tight junctions display altered
permeability with subsequent edema within and around neighboring astrocytes. Evidence
of the immunological role of microglia in demyelinating diseases like Multiple Sclerosis,
as well as evidences of their putative role as a major effector-cell of immune mediated cell
damage at this level has been well established.
1.3 Astrocytes as dynamic regulators of neuronal functional activity
One of the main functions of astrocytes is the uptake of neurotransmitters released from
nerve terminals. But astrocytes can also release neuroactive agents, including transmitters,
eicosanoids, steroids, neuropeptides and growth factors [Anderson  Swanson, 2000]. The
regulation and mechanism (or mechanisms) of astrocyte-mediated release of neuroactive
compounds are for most agents poorly defined. Release of glutamate appears to be the
primary mechanism by which astrocytes modulate synaptic transmission [Kang, 1998].
In addition, astrocytes might serve neurons not so much as servants but as parents – both
literally, as a developmental source of new neurons, and figuratively, as the regulators and
judges of neuronal behaviour and activities. Simply stated, astrocytes command neurons
what to do, besides keeping their environment clean. Interactions among astrocytes,
neurons and endothelial cells define the gliovascular unit.
BBB is a diffusion barrier that regulates the exchange of molecules between the two tissues.
The primary seal of the blood–brain barrier is formed by endothelial tight junctions.
Astrocytes enwrap the vasculature with a large number of endfeet covering the vessel wall,
although their role in BBB is poorly defined, they do not have a barrier function in the
mammalian brain [del Zoppo  Hallenbeck, 2000]. Several factors released by astrocytes
might be important for the induction and maintenance of the blood–brain barrier, as
manifested by the appearance of endothelial tight junctions in cells ensheathed by astrocytic
endfeet. Several investigators have studied this issue and have identified agents released by
astrocytes, including transforming growth factor-a (TGFa) and glial-derived neurotrophic
factor (GDNF), that support the formation of tight junctions in cultured endothelial cells
[Abbott, 2002].
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In general, the interactions between the barriers conforming the neurovascular unit,
constitute the base of pathological events involved in neurological diseases, with
inflammatory, neurodegenerative or autoimmune components as in MS, neuromyelitis
optica (NMO), posterior uveitis, CNS vasculitis, cerebral ischemia, Alzheimer´s disease,
among others Brown, 2001 and at the same time they derive from transduction signals,
disruption and assembling of the BBB in pathological conditions Friese  Fugger, 2005. As
an extension of surveys on neuroaxonal loss and inflammatory demyelination in MS, this
chapter focuses on the involvement of immune factors in axonal and neuronal
neurodegeneration and summarizes concepts on immune-mediated axoneuronal
dysfunction and highlights the potential pathways amenable to therapeutic interventions.
This chapter will focus on the physiopathology of Multiple Sclerosis with special emphasis
on glial pathology, information on viral diseases and their relationship in its
physiopathology, as well as on current therapeutic aspects.

2. Multiple Sclerosis
2.1 Heterogeneity in Multiple Sclerosis
Multiple Sclerosis (MS) is a primary inflammatory demyelinating autoimmune disease
affecting the CNS and the peripheral nervous system (PNS). Recent results suggest a
degenerative and hemodynamic profile in this disease, which arises from the evidence of
early axonal damage Kira, 2007; Porras-Betancourt et al, 2007 and stenotic changes in the
extracranial vessels that modify the NVU Rose  Carlson, 2007.
MS is included among the 50 neurological autoimmune diseases that affect approximately
75 x106 persons in the world Lucchinetti et al, 2000, it is more frequent in women between
20 and 40 years of age and it constitutes the major cause of neurological disability in young
adults Martinez et al, 2005; Martinez-Yélamo et al, 1998.
Neuropathology of MS shows periventricular vascular impairment and leukocyte
infiltration directed toward the myelin sheath and axon Babbe et al, 2000; Forman et al,
2006; Jiang & Chess, 2006; Komek, 2003; Neumann et al, 2002. Inflammation leading to
progressive focal tissue damage and early axonal damage in MS could explain the current
paradox concerning the temporal sequence of events that mediate axoneuronal damage in
this disease, as well as the influence of immunomodulating therapy on the rate of relapses
Coles et al, 2006; Pittock et al, 2004, the persistence of oligoclonal response in the CSF and
response against neurofilament proteins observed previous to demyelination. These are
features that support the primary degenerating character of the disease.
MS is a prototype of neurodegenerative disease affecting primarily the axons and myelin in
the CNS and the PNS. In spite of the fact that it is a disease which was described more than
a century ago, the mechanism triggering the immunological reaction against myelin
antigens remains unknown. Loss of myelin is accompanied by an impairment of nerve
conduction leading to varied symptoms observed in this disease, that follow the formation
of demyelinating plaques present in different parts of the brain and spinal cord.
It has been suggested that MS occurs as a consequence of an inflammatory response induced
by the interaction of immune, environmental and genetic factors, which lead to
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demyelination, oligodendrocyte death, gliosis, axonal damage and neurodegeneration. In
this sense, three aspects are of interest in the neuropathological approach of the disease:
heterogeneity, viral or immune-environmental hypothesis and the axoneuronal
degeneration that occurs in early stages of the disease.
MS displays a great heterogeneity that manifests itself not only in the immunogenetic
pattern and the clinical forms of presentation, but also in the neuropathology, diagnosis and
therapeutic response. Different authors have referred to these aspects Bielekova et al, 2005;
Lim et al, 2005 that could be defined as a) clinical neuropathological heterogeneity and b)
heterogeneity related to the interpretation of neurobiological findings with respect to the
diagnosis and clinical course of the disease.
Heterogeneity due to the influence of genetic and immuno-environmental factors in MS
The influence of genetic and immune-environmental factors in MS ranges from the
geographic north-south distribution gradient of the disease, with a higher prevalence in
developed countries, to the hygienic hypothesis Cabre et al, 2005.
From a genetical point of view, MS displays a dominant poligenic character, with an
incidence 20 to 50 times higher in first-degree relatives as compared with the general
population and more than 100 genes reported. Mirsattari et al, 2001. Nevertheless, the
highest individual genetic susceptibility is linked to MHC genes, with a distinctiveness for
HLA DR 15* aplotypes in those exhibiting a more benign course, and HLA DR4 for those
with a progressive form of the disease. Also, studies in monozygotic twins show a
concordance of 25% and for dizygotic twins of less than 5%Hillert, 2006; Lisak, 2006;
Wingerchuck & Kantarci, 2007.
Other genes reported in MS include transcription genes of MHC class II, complement
system, cytokines such as IL 17 e IL 17R, IL 1R, TNFp75R, GFAP, TNF, TNF, TNFR, beta
linfotoxin, adhesion molecules (CD11a, CD18, CD49, 7-Integrin, transcripts for T-cells (TCR
), NK cells, B cells and proteases involved in antigen processing Camerona, 2009; Gandhi ,
2008. The other hypothesis has strong supporters, due to the autoimmune character of the
disease and the inflammatory and excitotoxic axonal degenerative reaction underlying the
demyelinating process.
Clinical heterogeneity and neuropathology in MS
Clinical heterogeneity of MS is a consequence of the brain and spinal cord regions where
plaques are located and the relapse rate - the latter is a very important element in the
progression of the disease. From a clinical point of view, MS displays 4 clinical forms of
presentation:1) relapsing-remitting MS, characterized by episodic exacerbations
(relapses)followed by partial or complete recovery in approximately one month, and
periods of clinical stability (remission); 2) primary progressive MS that displays a chronic
progressive course, with no relapses; 3) secondary progressive MS characterized by relapses
that progress in time, with less exacerbations, more incomplete recovery and irreversible
disability; and 4) benign MS, which does not display a secondary progressive phase, or does
not accumulate a significant disability until several decades after the onset of the disease 
Fox et al, 2006; Lee et al, 2007; McDonald et al, 2001.
In all cases, MS clinical forms overlap, along with the neuropathological patterns described
for the disease Luchinetti, 2007. In RR-MS an inflammatory pattern prevails, while in the
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progressive form a degenerative pattern prevails.Changes in the disability scale also
correspond to clinical findings and imaginological changes in MRI studies. Although other
factors are involved in the heterogeneous and multiorgan character of MS, all converge with
the clinical picture to characterize the disease´s behavior individually.
Clinical and diagnostic heterogeneity
This aspect refers to the heterogeneity the disease management introduces in the
interpretation of neurobiological variables, that allow the establishment of criteria from a
prognostic point of view of the clinical course of MS, specifically for the immunological
evaluation of CSF and MRI studies Chabas, 2010; Villar, 2005.
The persistence of an oligoclonal response in the CSF of MS patients indicates the presence
of a chronic inflammatory process with confirmatory value in this disease. CSF oligoclonal
banding is an immunological feature not only of MS, but also of other neuroinflammatory
diseases, including neuromyelitis optica.
The oligoclonal pattern that prevails in the CSF of MS patients is the presence of oligoclonal
bands in CSF, but not in serum Andersson, 1994, Correales, 2004, Falip, 2001. It is
suspected that autoantibodies can exacerbate inflammation and neurodegeneration in
patients with MS, but which antigens intrathecal oligoclonal IgG recognize and how the
autoimmune response is induced are still unknown Meinl, 2008.
Heterogeneity is also associated with specific oligoclonal patterns in specific clinical forms.
Thus, in the majority of cases, with primary progressive MS, a pattern of CSF and serum
oligoclonal bands with additional bands in CSF is also found. On the other hand, oligoclonal
bands directed to myelin lipids have been detected in RR-MS, secondarily progressive MS,
but not in primary progressive MS Camerona, 2009, Villar, 2005.
The presence of oligoclonal bands in the CSF has been considered a prognostic tool for the
clinical management of these patients. Heterogeneity has also been introduced in the
concordance of CSF analysis and the results of the MRI studies. According to Barkhof's
criteria, different lesión patterns have been reported in patients positive or negative for CSF
oligoclonal bands Sospedra, 2009. A lower frequency of infratentorial lesions have been
reported in the MRIs of MS patients who are negative for oligoclonal bands and a higher
frequency of juxtacortical lesions in patients with CSF oligoclonal bands. These associations
are important in order to acquire a better comprehension and management of these patients
based on the topography of the MRI lesions and their relation with the immunological
response in the CSF Sospedra & Martin, 2009.
2.2 Multiple Sclerosis pathology
2.2.1 Pathogenic mechanisms inducing Multiple Sclerosis
The oligoclonality and specificity of autoreactive T-cells suggest that myelin protein
peptides are the activating antigens predominating in MS, whose essential attributes allow
them to bind the T-cell receptor related with the structure of the lateral chain of the variable
region of MHC Ag. Actually, it has been stated that the degeneration of the T-cell receptor´s
ligand specificity is a main mechanism through which infectious agents can cause MS Lee
et al, 2007; Levin et al, 2010.
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Among the pathogenic viruses in humans, those which induce persistent infection are
relevant in MS as the triggering element of the autoimmune process that damages myelin.
Herpes virus is of particular interest due to its neurotrophism, ubiquitous nature and
tendency to produce latent recurrent infection. In general, there are 3 mechanisms through
which viral agents can induce MS: a) molecular mimicry, b) “bystander” activation, and c)
recognition of cryptic antigens Lu et al, 2011; Levin et al, 2010.
a.

Molecular mimicry

Considering the viral agents involved in the pathogenesis of MS, 83% of the patients show
high titers of IgG antibodies for Epstein Barr´s virus Barnett, 2006; Wingerchuck, 2006. The
molecular mimicry hypothesis is based on the structural similarity between myelin basic
protein (MBP) peptide and Epstein Barr virus peptide, followed by the activation of
autoreactive T-cells for myelin and the subsequent loss of the axon´s myelin Haahr &
Hollsberg, 2006; Maghzi et al, 2010].
b.

Bystander activation

Autoreactive T-cells are also activated by unspecific inflammatory events. These events can
depend on the specific recognition of exposed self-antigens due to tissue damage induced
by viruses, by the autoreactive immunocompetent cell´s receptor or by independent
recognition of viral antigens via autoreactive T/B cell´s receptor. In this case, 3 mechanisms
have been proposed: activation by superantigens, action of pro-inflammatory cytokines
derived from viral persistence and activation by Toll- like receptors Fujinami et al, 2006;
McCoy et al, 2006.
Activation by superantigens
This mechanism involves the exposure to superantigens (superAgs), toxins derived from
viral agent induced relapses. This was demonstrated in the EAE model by interaction with
specific T-cell clones for MBP expressing the V TCR chain Torkildsen et al, 2006.
Superantigens, are active mitogens, mostly all small basic proteins (20-30 kD), that induce a
response by binding to the MHC Ags´ lateral part, which is not the usual location. Binding
does not take place through the polymorphic trimolecular complex or binding Ag site, but
laterally, at a specific sequence coded by genes of the V TCR chain. After MHC-II and TCR
bind, aggregation of the receptor and cellular activation follows. Contrary to what
conventionally occurs, superAgs are not processed by the antigen-presenting cells, nor are
they presented in the restricted MHC self-antigens context Fujinami et al, 2006; McCoy et
al, 2006.
Viral persistence and activation mediated by inflammatory cytokines
As a consequence of persistent viral infection, virus infected antigen-presenting cells (APC),
present viral peptides to T CD4+and CD8+ cells together in the context of MHC class
antigens. The activation of these cells induces the production of INF and the differentiation
of T-cells via IL-12. T CD4 effector - cells secrete more INF and IL-12 that stimulates the Tcells differentiation to effectors, secreting more mediators like INF and TNF. Activated
macrophages also, secrete TNF, nitric oxide and other reactive oxygen species that damage
the infected cells and other bystander non-infected cells, to be phagocytized by
macrophages and dendritic cells who process and present self-antigens to T CD4 and CD8
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autoreactive cells, destroying the tissue´s infected self-cells via perforins, among other
mechanisms [Lassmann, 2011]. The resulting cellular detritus are captured and processed by
APC and presented to autoreactive CD8-T lymphocytes who display an autoimmune
reaction. In this manner, the pro-inflammatory cytokines and chemokines secreted during
the infection mediate the damage, becoming activators of the T CD8 cells specific for viral
antigen and autoreactive inductors of the autoimmune process [Pender: 2011]. In this case
the activation and differentiation of T CD8 cells occurs in an unspecific way Becher et al ,
2007; Haahr & Hollsberg, 2006.
On the other hand, the CNS antiviral polyspecific immune response in MS, has become a
potential tool to evidence chronic autoimmune response in these patients Cohrs, 2007. This
hypothesis has been supported by the reports showing that more than 80% of people with
MS display humoral intrathecal response against neurotrophic viruses (herpes simplex,
measles, rubella and varicela zoster, among others). The combined response against these
neurotrophic viruses in the CNS of MS patients, was coined by Reiber et al as MRZ reaction,
and many others groups have disagreed on the diagnostic value of this detection from CSF
analysis in more than 90% of MS patients Colleen et al, 2006; Correales, 2004; Jarius, 2008,
Jarius et al, 2009; Luchinetti, 2007, since a similar frequency of this autoimmune chronic
reaction was observed in other neurological diseases Jarius, 2008; Jarius et al, 2009. The
MRZ reaction has also been reported in NMO patients, although in a lower frequency than
in MS, and it has been useful to establish a differential diagnosis between both
demyelinating diseases Jarius, 2008. Other MRZ reaction results were reported in tropical
regions with variations regarding the previous reports Robinson et al, 2001; Robinson et al,
2007. In this case, a lower response to rubella virus was observed in the CNS in a smaller
series of patients regarding varicela zoster and measles virus. The later showed a
neurotrophic virus response similar to those reported by Reiber et al in German MS persons
[Reiber et al, 1998].
We could think that a reliable interpretation of these last findings probably comes from
different epidemiological factors in the two countries, or that a previous contact with this
neurotrophic virus could be necessary for a detectable intrathecal polyspecific MRZ
antibody response, either by immunization or native infection. In this case, as rubella is a
mild disease, it may be under-reported, even in areas where reporting has been mandatory
for years. As it has been previously stated Cooper & Alford, 2001, antibodies to rubella in
people under 35 years of age is as low as 30% in tropical countries like Trinidad or Panama,
compared with more than 80% in Europe or the USA Cooper & Alford, 2001; thus, the
results found in Cuban patients could be comparable for our region without the influence of
any additional factor.
Activation by Toll- like receptors
Although the role of innate – immunity involves native protection and maintenance of
homeostasis, in some cirscumstances, it could result in a destructive autoimmunity via toll –
like receptor (TLR), or unspecific mechanisms due to the action of lysozime, lactoferrin,
oxidative stress or the recognition of molecular structures expressed in non – infected cells
with an inhibitory effect on the immune response (NK cells, complement proteins and
family receptors of type C lectins, among others [Frischer; 2009]. The TLR is expressed in a
wide range of immune and non-immune cells like microglias, oligodendrocytes and
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astrocytes, which act as centinels, a) by recognition of a conserved molecular pattern
associated with pathogens or b) generating pro-inflammatory signals that influence the
adaptative immune response [Chauhan & Marriott, 2007].
It is believed that this mechanism initiates the lesion, previously preceded by peripheral
activation. The LPS binding TLR4 increase cytokine expression and oxygen reactive species
inducing peripheral autoreactive T cell activation and where an inappropriate TLR signal
can contribute to MS development [Kielian; 2005]. In this way, the increased expresion of
TLR on dendritic cells inhibit the immunosupresor effect of regulatory T cells CD4+/CD25+
on autoreactive T cells vía IL 6, causing loss of peripheral tolerance. The increase of
exacerbations around viral infections in MS supports this hypothesis.
Cryptic Antigens
Cryptic or sequestered antigens are exposed as a consequence of myelin loss, induce an
antibody response against them, causing reactive changes within the neuron cellular body
and axon, blocking the interaction of oligodendrocyte precursors with the axon and
consequently promoting remyelination and axonal repair Devries, 2006; Magliozzi et al,
2010.
2.2.2 Mechanism involving the axoneuronal degeneration in MS
The investigation of neurodegeneration in MS has received the highest priority in the last
few years, establishing a multifactorial process involving myelin loss, immune-mediated
histotoxicity, decreased trophic support, mitochondrial damage, metabolic-energetic
changes, and altered signalling Ghafourifar, 2008; Klawiter & Cross, 2007; Lindberg et al,
2008; Sobel, 1998.
It is commonly accepted that the initial activation of the T cell system takes place in the
systemic immune compartment outside the CNS, where T lymphocytes encounter a specific
autoantigen presented in the context of MHC class II molecules Neumann et al, 2002 and
the simultaneous delivery of additional co-stimulatory signals, such as B7-1 (CD80) and B7-2
(CD86), on the cell surface of antigen presenting cells. Such autoreactive T cells may reside
quiescently at this level, until an external trigger - most likely a viral infection- renders these
cells active to develop their auto aggressive potential.
The degree of neurological impairment seems to be determined by the extent of axonal loss,
which is proposed to be the final step in the pathogenesis of the MS lesions. However, so far
it remains unclear: (a) whether axonal injury is the result of an active destructive process
targeting the axon; (b) if it occurs as a result of increased vulnerability of demyelinated
axons or as part of a bystander effect; or (c) if axonal degeneration takes place as a
physiological response to permanent demyelination inhibiting the extrinsic trophic signal to
axons Luchinetti. 2007.
Pathogenic events involved in axoneuronal degeneration
Two main pathogenic events must be considered as the cause of axoneuronal damage
leading to irreversible discapacity in MS: a) damage of the myelin oligodendrocytic unit and
b) the axoneuronal neurodegeneration process.
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Damage of the myelin oligodendrocytic unit
Indirect effect of T cells can also mediate damage to the myelin-oligodendrocytic unit.
Autoreactive T lymphocytes activated from the periphery get into the CNS by degradation
of the brain vascular endothelial cells. Th1 lymphocytes expressing adhesion molecules such
as VLA-4 y LFA-1, release cytokines and metalloproteinases MMP2/9 that acting at the BBB
level, induce an increase of its permeability. The later, linked with a higher integrin
expression (V-CAM /I-CAM) induced by INF and TNF, facilitate the migration of
activated T cells into the CNS. Once in the CNS, these activated T-cells release cytokines –
such as INF- which induces activation and differentiation of others autoreactive T cells
resting in the Tho state, to transform into effector cells, activating microglias, resident
macrophages in the CNS and T cells, thus contributing to the damage. Recently it has also
been postulated that T cell regulators can transform into Th-17 effector cells, contributing to
a major lesional effect on the myelin-oligodendrocytic unit Ishizu , 2010. Figure 2 shows
the mechanisms related with the indirect effect of T lymphocytes and microglia in the
damage of the myelin-oligodendrocyte unit.

Fig. 1. Pathogenic mechanism, involving damage of the myelin oligodendrocytic unit.
Microglia interfere the oligodendrocyte repopulation and mediate their toxicity and death
with the main intervention of cytokine like IFN and TNFα.
Microglia also cause a toxic effect on oligodendrocytes and neurons via extracellular
glutamate and nitric oxide secretion, while T cells induce direct oligodendrocyte damage,
via perforine. INF- activated macrophages are also induced to secrete cytokines such as IL12 and IL 17 that induce Th1 cells to secrete more INF. INF then induces the expression of
Fas molecules on the oligodendrocyte surface promoting a Fas-Fas ligand interaction,
followed by oligodendrocyte apoptotic death, Fig 1. Thus, the microglia, main mediator of
glial –neuron interaction becomes a binding point between the innate and adaptative
immune systems. In acute inflammation, microglia act as antigen presenting cells (APC),
and contribute to antibody clearance and elimination of myelin detritus after clinical relapse.
However, during the chronic phase of a pathological condition like MS, this cell type
contributes to irreversible damage. Glial-derived INF, also interferes with the vitality,
recruitment and function of OPC, interfering with complete remyelination at lesion sites.
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Fig. 2. Indirect T cell effect, on the myelin-oligodendrocytic unit in MS. Microglia also,
causes a toxic effect on oligodendrocytes and neurons via extracellular glutamate and nitric
oxide secretion. Th1: T-helper-1 cells.
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Fig. 3.Axonal damage mediated by mechanisms independent of active inflammation in MS.
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On the other hand, damage to the myelin-oligodendrocytic unit occurs as a consecuence of
an increased vulnerability of demyelinated axons to immune attack, a reduced trophic
support, since myelination provides an extrinsic trophic signal to axons. Fig 3 shows the
mechanisms leading to axonal damage independent from active inflammation: loss of
trophic factors and ionic and energetic unbalance, Fig 3.
Neuronal damage in MS results from two insults: on one side mediated by microglia, via IL
1beta, TNF, IL 6 and NO, all neurotoxic to neurons which are functionally compromised
by hypoxic damage, and on the other side due to an excess of extracellular glutamate,
oligodendrocyte toxicity, and axonal loss. Gene transcripts for TNF and IL 6 with an impact
on the pathophysiology of MS have been identified in the margins and center of the active
lesions, but not in the inactive lesions Jack et al, 2007].
Axoneuronal degeneration in MS
Loss of trophic support in MS pathophysiology: Reduced inflammation occurring during
the course of chronic demyelination suggests the existence of mechanisms not related to
active inflammation as being responsible of continuous axonal loss and progressive and
irreversible inability. It has been acknowledged that this is due to the loss of trophic support
derived from oligodendrocyte damage, which is necessary for axonal survival independent
from compact myelin (Fig 4).
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Fig. 4. Mechanism involved in the axoneuronal degeneration process. Neuroaxonal loss
represents the major pathophysiological element correlating with clinical disability. The
figure summarizes the mechanisms causing demyelination and axoneuronal degeneration in
MS and their combined contribution to disease progression and irreversible inability.
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Ionic unbalance in MS pathophysiology: Ionic unbalance –as a result of compensatory
changes to restore nervous conduction following demyelination- can induce long term
axonal degeneration. Therefore, the redistribution of Na channels on demyelinated axons
restores the action potential, neuronal function and increases Na and ATP influx, via the
Na/K ATPase pump to maintain the ionic gradient, which is necessary for
neurotransmission. Both processes are highly energy consuming, leading to energetic
unbalance, altered axonal ion concentrations and subsequent neurodegeneration (Fig4).
Antibodies to Cytoskeletal Proteins: Neurofilaments are a group of cytoskeletal proteins
expressed in neuronal cells and axons. Neurodegenerative disorders like Alzheimer’s
disease and Parkinson’s disease are characterized by accumulation of NF proteins leading to
abnormalities in axonal transport and an impending neuronal loss [Amor et al, 2010;
Arumugam et al, 2008]. Antibodies to axonal cytoskeletal proteins may be markers of axonal
damage, as well as important contributors to neurodegeneration and clinical disability in
MS. CSF levels of antibodies against the NFL correlate with disease duration, clinical
disability, IgG index, and the degree of cerebral atrophy measured by MRI [Bartos et al,
2007; Eikelenbom, 2003]. Although elevated levels of NFL-specific antibodies are present in
sera of patients with PP-MS, these antibodies are also increased in sera of patients with other
neurological diseases [Bartos et al, 2007; Huizinga, 2008].
Although there is no confirmed evidence to establish that antineurofilament antibodies
themselves contribute to mayor neuroaxonal damage, experimental models provide
supportive evidence [Amor et al, 2010]. Immunization of mice with NFL triggers the
development of a CNS disease characterized by axonal damage, paralysis, and spasticity
[Huizinga et al, 2008]. Furthermore, microinjections of anti-kinesin or anti-dynein antibodies
cause impairment of the anterograde and retrograde NF transport in cultured neurons
[Theiss et al, 2005] and induce the formation of long and branched mitochondrial structures
redistributed to the nuclear periphery. These intracellular changes are associated with
altered calcium homeostasis, apoptosis, and neurodegeneration [Arumugam et al, 2009].
Antibodies to neurofilaments and possibly to other cytoskeletal proteins are produced
during tissue damage in MS. Experimental data support that these antibodies may gain
access to their intracellular target and cause changes in axonal transport, mitochondrial
distribution and calcium homeostasis, and thus contribute to apoptosis and
neurodegeneration [Vishkina & Kalman, 2008].
Criteria based on evidence regarding the role of Ab-mediated autoreactivity to
neurofilament proteins in MS has been controversial Silber et al, 2002; Bartos et al, 2007;
Bartos el al, 2007a; Bejartmar & Trapp, 2003; Semra et al, 2002; Eikelenboom et al, 2003.
Bartos et al for example, detected increased intrathecal IgG and IgM antibodies against the
medium subunit of neurofilaments (NFM) in patients with all subtypes of MS Bartos et al,
2007; Bartos et al, 2007a while Silber et al [2002 maintained the relevance of autoantibody
to NFL in CSF as progression markers in MS. Unexpectedly, anti-NFM antibody levels
appeared to be higher in the serum than in CSF, possibly related to NF antigen leakage from
the CNS to the peripheral blood, or to the higher concentration of plasma cells in the blood.
Alternatively, anti-NFM antibodies may be triggered by exogenous antigens and molecular
mimicry in the peripheral blood Bartos et al, 2007; Bartos et al, 2007a; Bejartmar et al, 2003;
Eikelenboom et al, 2003; Semra et al, 2002; Silber et al, 2002.
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Besides these considerations, the evaluation of axonal markers from CSF analysis, have
shown different results; some experiences considering these biomarkers promissory for
monitoring progression andor relapsing rate in MS. So, a study in patients published by
Eikelenboom et al, reported a significant correlation between intrathecal production of
NFLP antibody in CSF and cortical atrophy and more recently a significant relationship
between NFLP antibody index and relapsing rate was observed in patients bearing MS
Eikelenboom et al 2003; Robinson, 2010. Fig 5 shows a study conducted in a group of 26
Cuban MS patients with different clinical forms of the disease. The evaluation of Ab
reactivity to NFLP in CSF was significantly correlated with the relapsing rate, denoting an
association between both clinical and biological parameters. These results are interesting
since they show another aspect of the idiotipic response in MS, and its possible insertion not
only from the view point of the pathogenic mechanism of the disease, but also as a useful
clinical tool, at least to predict or monitor treatment response.
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Fig. 5. Statistical analysis between AINFLP and relapsing rate in MS patients showed a
significant correlationship between both parameters. * Spearman´s correlation test, p0.05.
AINFLP: Antibody index to neurofilament light protein. AINFLP: NFLP CSF/NFLP Serum /
IgG CSF/IgG serum.
2.3 Autoimmunity contributing to glial pathology in MS
Neurodegeneration in MS occurs in response to a multifactorial process involving loss of
myelin protection by immune-mediated histotoxicity, decreased trophic support,
mitochondrial damage, metabolic changes and altered signaling Ghafourifar et al, 2008;
Lindberg et al, 2008. Nevertheless, different neuronal targets have been identified as
causing neuronal dysfunction, following a humoral immune mechanism in MS which can be
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classified as neuronal surface molecules, intracellular enzymes, signaling molecules and
chaperones, nuclear antigens and cytoskeletal protein among others (Vyshkina & Kalman,
2008|. On the other hand, it has been suggested that microglial responses are tailored in
regional and insult-specific manners [Carson et al, 2007]. The most recognizable role of
microglia in brain defense is as a scavenger of cellular debris by phagocytosis, as occurs in
the event of infection, inflammation, trauma, ischemia, and neuronal death [Kraft & Harry,
2011]. However, it is well known that, not only do microglia dynamically survey the CNS to
clear damaged cellular debris, but they are also capable of initiating a rapid and specific
response to subtle changes in the microenvironment. Different types of neuronal pathology
and other activating stimuli clearly elicit differing responses from brain-resident microglia
[Colton & Wilcock, 2010; Rivest, 2009], evidencing the autoimmune process that leads to
brain damage as occurs in MS.
B cells and autoimmunity in MS
B cells are involved in multiple immune pathways including the presentation of antigenic
determinants and the expression of costimulatory signals for T lymphocytes,
immunoglobulin production, secretion of cytokines, and recruitment of T cells into the CNS.
The B-cell lineage is represented by B lymphocytes (CD19þ, CD138), plasma blasts (CD19þ,
D138þ), and plasma cells (CD19_, CD138þ; all detectable in CNS and CSF. In MS most of
these cells express memory phenotypes, CD27þ positive. A relevant contribution of humoral
autoimmunity in myelin loss has been proposed in demyelinating diseases with a
prominent intervention of complement molecules and Ab itself [Lucchinetti et al, 2000;
Serafini et al, 2010]. Thus, immunological and molecular results have repeatedly been
reported by differents groups in this field, all of them directed towards the characterization
of the cellular arm of autoimmunity.
Mechanisms leading to autoimmune B-cell activation may be initiated by CD4 T helper type
2 (TH2) lymphocytes and their soluble inflammatory products (eg. interleukins 4, 5 and 13)
followed by an antigen-specific expansion of clones either in the peripheral circulation or in
the damaged CNS tissue, where intracellular proteins are released. As it was expressed
earlier in this chapter, bystander activation describes a non-antigen-specific activation of T
or B cells usually mediated by soluble inflammatory products of nearby immune cells, while
the humoral immune system appears to be more successful in breaking anti-neuronal
tolerance than the cellular system, and has greater pathogenic significance supporting the
involvement of the humoral immune response in MS-related neurodegeneration [Huizinga
et al, 2008].
From a molecular view point, data also support the involvement of B lymphocytes and their
products in MS. Intrathecal production of immunoglobulins with an oligoclonal
electrophoretic distribution pattern is a hallmark of the disease. Clonally expanded
autoreactive B cells in the CSF and CNS have increased VH mutation rates concentrated in
the complementarity determining regions. VH sequences expressed in plaques are absent in
the peripheral blood Owens et al, 2001. B-cell heavy and light chain editing, a mechanism
to prevent autoimmunity by the replacement of elements in rearranged immunoglobulin
genes after the re-expression of recombination activating genes —RAG1/RAG2, is
inefficient in MS, a fact which is suggested by the detection of autoreactive B cells with
unsuccessfully edited receptors in the CSF Lambracht-Washington et al, 2007; O’Connor et
al, 2007 These observations suggest that CNS antigen-specific and clonally expanded B cells
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present in CNS and CSF of MS patients exhibit complex molecular characteristics and
intraclonal diversity.
Neuroaxonal targets of humoral autoimmunity in MS and EAE have been identified in the
CNS during the process of demyelination. Immunoglobulins produced by activated B cells
in the CNS and CSF target numerous self-antigens including components of CNS myelin
such as myelin basic protein, proteolipid protein, myelin-associated glycoprotein, and
myelin oligodendrocyte glycoprotein Dutta & Trapp, 2007. A great number of papers
discuss the involvement of myelin-specific antibodies in the development of demyelination
and disease progression and although not uniformly, the use of some of these antibodies as
biomarkers is accepted as a support to the diagnosis or to monitor disease activity and
course Amor et al, 2007; Lutterotti et al, 2007
Anti-Neuronal Antibodies in MS
Antibodies to a variety of intracellular molecules including enzymes, signaling molecules,
HSPs, and nuclear proteins are detected in MS and other inflammatory and neurological
disorders. The production of these antibodies may be related to bystander immune
activation and epitope spreading during tissue injury, as was referred before, although their
pathogenic significance remains uncertain in some cases.
Antibodies Targeting Neuronal Cell-Surface Molecules: Neuronal cell-surface antigen
molecules in the surface membrane of myelinated axons are normally hidden from the
immune system, and only become exposed after demyelination becoming antigenic and
inducing the production of neuron-specific antibodies. IgG and IgM antibodies binding to
the surface of a neuronal cell line were found in 70% of sera from patients with secondary
progressive (SP)-MS and in 25% of sera from patients with relapsing-remitting (RR)-MS
Kraft & Harry, 2011 . This finding may indicate the spreading of autoimmunity to
neuronal antigens as a consequence of CNS expansion and tissue damage.
Axolemma-enriched fractions: Antibodies to axolemma-enriched fractions (AEF) of the CNS
are also present in CSF and sera of MS patients, [Zaffaroni, 2003].From in vitro assays, there
is evidences that these antibodies damage neurites and prevent neuronal outgrowth. The
production of anti-axolemma and anti-myelin IgGs appears to be independent. Criteria to
consider antiaxolemmal IgG antibodies as markers of axonal damage are based on these
observations [Zaffaroni, 2003].
Neurofascin: One of the targets in antibody-mediated axonal injury is the cell-adhesion
molecule neurofascin. The 186 kDa neuronspecific isoform of neurofascin (NF186) is
involved in the clustering of voltage gated Na channels at Ranvier´s nodes, while the 155
kDa glial-specific isoform (NF155) is required for the proper assembly of paranodal junction,
targeting the interaction sites between myelin and axon. Early in the disease course and
preceding demyelination, changes in the distribution of NF155 have been observed in MS
lesions [Vyshkina1 & Kalman, 2008]. Maier et al [2007] showed that the NF155-levels were
reduced, suggesting that NF155 is subject to protein degradation in the lesions. On the other
hand, studies in sera showed levels significantly higher in patients with chronic progressive
forms of MS compared to other inflammatory neurological diseases. At the same time,
studies in vitro showed that antibodies to neurofascin inhibit axonal conduction and that
NF155-specific antibodies cross-react with NF186-transfected cells at the nodes of Ranvier
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possibly initiating axonal injury and accelerating disease progression [Mathey et al, 2007].
Neurofascin-specific antibodies can also inhibit remyelination by binding to NF155
expressed on the surface of oligodendrocytes. In vivo experiments revealed that antibodies
to neurofascin and complement can selectively target nodes of Ranvier, cause axonal injury,
and trigger disease exacerbation in EAE [Mathey et al, 2007].
Anti ganglioside antibodies: It is well known that gangliosides are glycolipids with sialic
residues in the outer layer of cell membranes, particularly enriched in the membranes of
neurons. Experimental data reveal that antiganglioside antibodies can disrupt the BBB,
create neuromuscular block by binding to neuronal gangliosides at the neuromuscular
junction and inhibit axonal regeneration after peripheral nerve injury in mice [Amor et al,
2010],. Increased levels of anti-GM3 (monosialoganglioside) antibodies can be found in sera
of a great proportion of patients with progressive forms of MS (56.3%) in primary
progressive (PP)-MS and in 42.9% of SP-MS vs 2.9% in RR-MS and 14.6% in OND. Anti-GD2
(disialo-ganglioside)-like IgM autoantibodies were detected in sera of 30% of MS patients,
and a positive correlation of anti-GD2-like IgM reactivity with neurological disability was
observed [Kanda et al, 2000]. The increased prevalence of GD2-specific IgM antibodies in SPMS (47.8%) compared to RR-MS (24.2%) and PP-MS (26.7%), also suggests the involvement
of these antibodies in inflammation-induced neurodegeneration [Marconi et al, 2006]. It
should be emphasized; that it is not clear whether anti-ganglioside antibodies can cause or
result from axonal damage, and whether they may definitely function as putative markers
of neurodegeneration in MS.
In general, these data suggest that antibodies specific to neuronal cell-surface molecules are
produced during demyelination, and that they may themselves contribute to glial pathology
or axonal injury in MS. These antibodies can activate complement and exert cytotoxicity,
provide binding sites for the Fc receptors on macrophages and microglial cells, interrupt
axon–myelin interaction, inhibit axonal conduction and outgrowth, disrupt the BBB, and
alter oligodendrocyte functioning. Correlation of the antibody titers with the severity of
disability offers an opportunity of using these neuronal cell-surface antibodies as
biomarkers.
Antibodies to Intracellular Molecules: Arrestins, glutamate decarboxylase and nuclear
antigens
MS patients show a high prevalence of autoreactivity to intracellular antigens such as
neuron-specific enolase (metabolic enzyme), b-arrestin and retinal arrestin among others.
So, antibody reaction to arrestins, a family of multifunctional, intracellular proteins that
regulate signal transduction and the activity of G-protein-coupled receptors, has been
reported in MS; while b-arrestin-1 enhances the expression of antiapoptotic Bcl2 that may
control the development of both MS and EAE. Anti-b-arrestin-specific antibodies and
antibodies to retinal arrestin can be found in sera of patients with MS. Gorczyca et al, 2004.
B-Arrestin-1-knockout mice are more resistant, and b-arrestin-1 transgenic mice are more
susceptible to EAE Frederick & Miller, 2007; Shi et al, 2007.
Immunity to glutamate decarboxylase (GAD), an enzyme that converts glutamate into the
inhibitory neurotransmitter aminobutyric acid (GABA), can also be detected in MS. GAD is
expressed in various cell types including neurons, and its activity is reduced in sera of MS
patients. Serum anti- GAD65 antibodies are present in 10% of MS patients Hermitte et al,
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2000. Anti-GAD antibodies have also been associated with systemic autoimmune disorders,
such as type 1 diabetes, although without a clear understanding of the pathogenic
significance Taplin & Barker, 2008. Elevated antinuclear antibodies (ANA) in sera of MS
patients have been reported at varying frequencies (2.5–81%) depending on the
methodological approaches Ferreira et al, 2005; Roussel et al, 2000. In contrast, the ANA
titers are low (between 1:40 and 1:100) in sera of MS patients, who also often have lowaffinity IgG antibodies to multiple other nuclear and cytoplasmic epitopes.  Ferreira et al,
2005; Roussel et al, 2000; Lu & Kalman, 1999. These data suggest that detection of ANA and
related antibodies in MS may result from a nonspecific immune activation.
Furthermore, these observations support that B cells may contribute directly or indirectly to
MS development. Removal of immunoglobulins from the peripheral blood by
plasmapheresis appears to be beneficial in the subgroup of patients with type II lesions
[Keegan et al, 2005] and depletion of CD20 B cells by rituximab results in a significant
reduction in the number of enhancing MRI lesions. The latter intervention, however,does
not exert its beneficial effects by directly affecting the immunoglobulin pool, but by
depleting memory B cells and altering antigen presentation, T-cell activation, or T-cell
recruitment into the CNS [Hauser et al, 2008].
Autoimmunity and Glutamate-Mediated Neurotoxicity
Glutamate is a neurotransmitter released by neurons into the synaptic space where it binds
to its postsynaptic receptors. Elevated levels of extracellular glutamate can lead to the death
of neurons, astrocytes and oligodendrocytes Matute et al, 2006. Excitotoxic tissue damage
mediated by glutamate has been described in a number of neurologic diseases (eg stroke,
traumatic injury, neurodegeneration) including MS Vercellino et al, 2007.
Glial cells and neurons express various types of glutamate excitatory amino-acid
transporters (EAAT1–EAAT5). The reuptake of glutamate appears to be impaired in MS due
to the downregulation of EAAT1 and EAAT2 molecules in white matter and cortical
lesionsVercellino et al, 2007. Glutamate levels in the CSF are higher during relapses than
remissions, and correlate with disease severity Sarchielli et al, 2003.) These observations
suggest that inflammation upsets the balance of glutamate release and re-uptake, and the
excessive glutamate may escalate tissue injury in MS.
Glutamate toxicity may be further enhanced by altered receptor expression and
signaling.Two main subtypes of glutamate receptors have been identified: ionotropic,
coupled directly to membrane ion channels; and metabotropic, coupled to G proteins. The
ionotropic receptors are divided into three subtypes based on their selective agonists: Nmethyl-D-aspartate (NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA),
and kainate Lipton & Rosenberg, 1994. An elevated expression of subunit 1 of AMPA
receptor (GluR1) on oligodendrocytes at the borders of active plaques, and subunit 3 of
AMPA receptor (GluR3) and metabotropic glutamate receptors (mGluR) on reactive
astrocytes in MS lesions have also been reported. Activated microglia and macrophages are
immunopositive for NMDA receptor subunit 1 (NR1) in plaques and may also play a role in
Ca-dependent injury of oligodendrocytes and neurons. NMDA receptor antagonists,
memantine, amantadine, and MK-801 reduce neurological deficits in EAE, and the blockade
of AMPA receptors by antagonists, also ameliorate clinical signs of EAE. Bolton & Paul,
1997; Smith et al, 2000; Stys & Lipton, 2007; Wallstrom 1996.
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Antibodies targeting glutamate receptors may have agonist or antagonist effects. Agonists
usually cause excitotoxicity and complement-mediated cell death Groom et al, 2003. AntiGluR3 antibodies are implicated in epilepsy syndromes but not in MS. In summary, these
observations suggest that glutamate homeostasis is being upset in inflammatory lesions of
MS, where the concentration of glutamate is increased, at least in part, due to a decreased reuptake. In addition, anti-glutamate receptor antibodies are associated with inflammatory
and neurodegenerative disorders, like MS, often correlating with clinical improvement.
Induction of Central Nervous System Autoimmunity by Th17 lymphocyte in MS
T-helper cells classically divide into two functional subsets including: Th1 and T-helper-2
(Th2); each one with a distinct activity of transcription factor and pattern of cytokinesecretion phenotype [Mosmann et al, 1986.]. Th1 cells produce IFN-γ, TNF-β and
interleukin-10 (IL-10), and mediate cellular immune responses against tumor cells,
intracellular viruses and bacteria via macrophages and cytotoxic T-cell activation. In
addition, Th1 cells drive cell-mediated response leading to tissue damage and drive
humoral immune responses to Ig2a subclasses. Innate immune cells, through STAT6 signals,
secrete IL-4 that induces the transformation of nave CD4+ T cells into Th2 cells, leading to
the expression of transcription factor GATA3. This cascade of events in turn results in the
production of IL-4, IL-5, IL-13, IL-21 and IL-31, important for host defense against helminths
and contribute to the pathogenesis of asthma and allergy [Monteleone et al, 2008; Steinman,
2007; Wilson et al, 2009]. Other T-cell subsets that co-express CD4 and CD25 are Th3 cells, or
regulatory T (TREG) cells, which regulate both Th1 and Th2 cell function, and maintain
homeostasis of the immune system [Vojdani & Lambert, 2011]. TREG cells can develop from
thymic CD4+ T-cell precursors in the presence of IL-2 and TGF- β, which are termed natural
TREG cells. TREG cells produce low levels of IL-2 and IFN-γ, but produce high levels of IL10, IL-35 and TGF-β, suppressing immune responses to self-antigens and preventing
autoimmune disease by two different immunoregulatory immunosuppressive or
antiinflammatory cytokines, IL-10 and TGF-β , Fig 6.
More recently, a specific T-cell subset, termed Th17 cell, that secretes a cytokine called IL-17,
has been identified. This cell develops from nave CD4+ T cells in response to IL-6, IL-23,
TGF-β and IL-1β. IL-6 and IL-23 activate STAT3, which increases the expression of RORγt
and RORγ transcription factors, promoting the expression of IL-17A, IL-17F, IL-21 and IL-22.
These cells, important for host defense against extracellular bacteria, are also involved in
mediating autoimmune diseases [Chung & Dong, 2009; Stockinger & Veldhoen, 2007. The
immunopathogenic activities of Th17 cell in inflammation and autoimmunity has been
linked to a growing list of cancers, autoimmune and inflammatory diseases such as
rheumatoid arthritis, systemic lupus erythematosus, multiple sclerosis, asthma, psoriasis,
systemic sclerosis, chronic inflammatory bowel disease and allograft rejection [Chung &
Dong, 2009; McGeachy et al, 2009; Steinman, 2007].
Th1 and Th2 effector molecules antagonize the development of Th17 cells, which are
responsible for destructive tissue pathology in autoimmune diseases including
neuroinflammation; whereas, nave CD4 cells in the presence of IL-12 and transcription
factors, such as T-bet and STAT4, become Th1 cells, which express IL-12R and produce IFNγ. Nave CD4 cells in the presence of IL-4, GATA-3 and STAT6 become Th2 cells, which
produce IL-4. Finally, naive CD4 cells in the presence of TGF-β, IL-23 and transcription
factor RORγt become IL-17-producing Th17 cells [Batten et al, 2006; Cheung et al, 2008].
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As it was previously mentioned, the pathogenic contribution of Th1, Th2 and Th17
lymphocytes to autoimmune disorders has been reported both in systemic and in
neurological diseases Zheng et al; 2007. IL-17-producing T-helper cells play an important
role in the induction of neuroimmune diseases, like MS and its animal model called
experimental autoimmune encephalomyelitis (EAE) [Iwakura & Ishigame, 2006.]. This
observation is based on the detection of IL-17 levels in both the plaques and cerebrospinal
fluid of MS patients [Ishizu et al, 2005].
It has been established that IL-17 is a proinflammatory cytokine that stimulates epithelial,
fibroblast and endothelial cells to produce other inflammatory chemokines and cytokines,
including macrophage inflammatory protein (MIP)-2, monocyte chemoattractant protein
(MCP-1), granulocyte-colony stimulating factor (G-CSF) and IL-6 and synergizes with IL-1β
and TNF-α, to induce more chemokine expression [Vojdani & Lambert, 2011].
Also, microglia is known either as antigen presenting cells and effector cells and is involved
in inflammatory demyelination of the CNS. It was shown that treatment of microglia with
IL-17 upregulated microglia production of IL-6, MIP-2, nitric oxide, neurotrophic factors
and adhesion molecules. In a similar way IL-1β and IL-23 may induce microglial IL-17
production, contributing to neuroimmune pathology in MS [Kawanokuchi et al, 2008]. An
additional support to this hypothesis came from the experience in mice injected with
specific antibodies against IL-17, which resulted in inhibition of chemokine expression,
whereas overexpression of IL-17 in lung epithelia resulted in chemokine production and
leukocyte infiltration [Vojdani & Lambert, 2011].
In MS, the location and distribution of CNS lesions under the influence of genetic
susceptibility is determinant for clinical outcome and disease course and suggests that T-cell
immune response specificity influences the sites of inflammation. A recent study published
by Stromnes et al in 2008, demonstrated that T-cells specific to MBP epitopes generate two
different populations of helper cells, Th17 and Th1 [Stromnes et al, 2008]. Notably, the Th17
to Th1 ratio of infiltrating T-cells determines that inflammation in the brain parenchyma
occurs when the ratio of Th17 to Th1 cells is much greater than one, triggering a
disproportionate increase of IL-17 in the brain that results in inflammation, Fig.6. At the
same time, these results indicate that Th17, Th1 and their ratio, are main mechanisms
regulating cell infiltration into the brain parenchyma.
Stromnes´ group also considered that a differential regulation of inflammation in the brain
with a Th17:Th1 ratio >1, and in the spinal cord with a Th17: Th1 ratio <1, indicates that Th1
cells play a significant pathologic role in spinal cord autoimmunity [Stromnes et al, 2008]. It
was concluded that IL-17 produced by Th17 cells is the major regulator of CNS
autoimmunity. So, IL-17, deemed as the most pathogenic cytokine in inflammatory
neuroimmune and autoimmune disorders, induces the activation of matrix
metalloproteinase-3 (MMP-3) and recruits neutrophils to the site of inflammation, which
also activates MMPs, proteases and gelatinases, contributing to BBB breakdown and a
further enhancement of neutrophil recruitment. This increase in protease activity, which
attracts a significant number of monocytes and macrophages to the inflammatory sites, with
a subsequent citokine secretion and glial activation, reinforces the eventual myelin and
axonal damage [Tester et al, 2007]. Thus, it is possible to consider that under CNS
inflammatory conditions, microglia, which act as antigen presenting cells, produce IL-1β
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and IL-23 and act in an autocrine manner, via IL-17 expression in microglia and IL-17induced activation of MMP-3, contributing to neuroimmune pathology in MS.

Fig. 6. The role of Th17 lymphocytes in the pathogenesis of inflammatory and
neuroimmunological disorders. Environmental factors’ induction of inflammatory response,
production of cytokines and increase in the number of Th17 positive cells in circulation.
Expression of IL-17 and IL-22 receptors on blood-brain barrier endothelial cells result in the
binding of Th17 cells to BBB tight junctions. This disrupts the tight junctions, and the Th17
cells then transmigrate across the BBB, setting the stage for the killing of neurons by the
release of granzyme B. CAM protocols may be used to block the inflammatory cascade
induced by infection. CAM: Complementary alternative medicine, BBB; blood brain barrier.
Taken from: The Role of Th17 in Neuroimmune Disorders: Target for CAM Therapy. Part II.
In Hindawi Publishing Corporation Evidence-Based Complementary and Alternative
Medicine, Volume 1-7, 2011.
Induction of BBB Disruption and Neuroinflammation mediated by IL 17 in MS
The BBB is composed of two layers: the microvascular endothelial cells and the glia limitans
formed by glial foot processes [Maes et al 2007]. The perivascular space between the
endothelial cells and astrocytes is populated by macrophages, which behave like immature
dendritic cells [Vojdani & Lambert, 2011]; thus factors able to open the epithelial barrier will
destroy both the BBB and neural tissue [Maes et al 2007; Maes et al, 2008].
Since microglia play a significant role in MS, to further strengthen the role of IL-17 in CNS
inflammation, microglia were treated with IL-17. Treatment with IL-17 upregulated the
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microglial production of IL-6, MIP-2, nitric oxide, adhesion molecules and neurotrophic
factors [Kawanokuchi et al, 2008]. Since it is known that IL-17 can be secreted by microglia
in response to IL-1β or IL-23, these results strongly suggest that the cells co-expressing IL-17,
IL-22 and granzyme B through the action of IL-17 and IL-22, play a significant role in the
induction and breach in the BBB and its permeabilization to circulating CD4+ lymphocytes
and soluble molecules resulting in CNS inflammation [Vojdani & Lambert, 2011]. The role of
Th17 lymphocytes in the pathogenesis of inflammatory and neuroimmunological disorders
is shown in Figure 6. This role of Th17 cells and the IL-17 produced by them in
neuroinflammation could make these novel CD4 cells a suitable target for treatment in
demyelinating diseases like MS.
Therapies towards BBB repair and the inhibition of lymphocyte transmigration can reduce
neuro-inflammation, and at the same time, could be relevant since resident microglia and
astrocytes, play an important role in the initiation and progression of immune responses
induced by pathogen invasion or their antigens [Chauhan and Marriott ; 2007]. So, infections
associated with high levels of inflammatory cytokines including IL-1β, IL-6, TNF-α and IL-17
in the CNS may result in neurological dysfunction. In this case, microglia and astrocytes via
TLR and nucleotide-binding domain promote the recruitment and antigen-specific
activation of infiltrating leukocytes [Rock et al.; 2004; Kielian; 2005].
Accumulated evidence has shown that substance P (SP), the most abundant tachykinin in
the brain, also plays an important role in the inflammatory immune responses at peripheral
sites [Vojdani & Lambert, 2011]. Neuropeptide SP, with its high affinity receptor NK-1R is
expressed on microglia and can also modulate the function of myeloid cells, such as
dendritic cells and macrophages via a high affinity receptor called neurokinin-1 (NK-1). SP
with NK- 1R activate the transcription factor NF-κB, which facilitates the production of key
proinflammatory cytokines such as TNF-α, IL-6 and IL-17, and also reduce the production of
immunoregulatory cytokines (TGF-β, IL-10) by macrophages; thereby further exacerbating
inflammation [Vojdani & Lambert, 2011]. The mechanism of bacterial antigens inducing the
neuronal SP production and it´s binding to SP receptors, result in cytokine production and
brain inflammation. Furthermore, products, such as SP receptor antagonists for the
inhibition of NF-κB, or minocycline, α-Lipoic acid, resveratrol [Aebischer & Kato; 2007;
Lampl et al, 2007] or quercetin [Sternberg et al, 2008], which are known to be effective in the
repair of BBB damaged by infections, may represent important new therapeutic strategies to
combat potentially disabling consequences of inflammation within the brain.
2.4 Current perspective on treatment in MS
Further evidence to support the importance of neurodegeneration in MS is obtained from
clinical data showing only a partial success of the available disease-modifying drugs
(interferons, Glatiramer Acetate, monoclonal antibodies to antigenic determinants expressed
on T lymphocytes, among others), which impede activation and migration of inflammatory
cells via the BBB, but have no direct effect on the degenerative processes in the CNS. Antel
& Miron, 2008; Bergamaschi et al, 2006; De Jager , 2007; Miron et al, 2008; WeinstockGuttman, 2006.
The research community has clarified the underlying biology of MS and shown great
promises for developing an improved therapy. Areas of research that hold promise in the
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near future include: 1) the development of drugs that block the movement of myelinattacking T cells from the bloodstream into the brain, 2) engineering drugs that specifically
inhibit the damaging T cells or antibodies, 3) finding approaches that promote
remyelination (myelin ro treatment in MS repair), which may allow individuals to regain
function and 4) studies of MRI, immune, and genetic variables that improve our ability to
predict the disease course, and tailor or engineer therapy to individuals with MS.
Trials of stem cell transplantation, with the goal of repopulating oligodendrocytes, are
underway in people with MS. Remyelination may also be promoted by blocking leucine rich
repeat and Ig domain-containing, Nogo Receptor-interacting protein 1 (LINGO-1), a protein
on the surface of neurons that inhibits differentiation of precursor oligodendrocytes into
mature cells. Antibody blockade of LINGO-1 has shown promise in an animal model of MS
[Loeb, 2007]. Neurotrophins are protein factors produced by CNS cells that support
neuronal growth, survival and differentiation [Azoulayet al, 2008]. In MS, secretion of the
neurotrophin brain-derived neurotrophic factor is low and dysregulated [Mi et al, 2009] and
BDNF is therefore also being considered as a therapeutic target. Current MS therapeutics are
moderately effective for modifying disease during its relapsing-remitting phase. There are a
number of oral and parenteral agents that target developing inflammation, and several are
likely to be approved for treatment of RRMS within the next few years. These therapies will
likely more effectively control RRMS but will also carry greater known and, as yet,
unknown safety risks. These risks and benefits will have to be weighed carefully against the
efficacy and proven safety of the IFNs and Glatiramer acetate. Furthermore, none of the
anti-inflammatory therapies currently in late stage of development are likely to benefit
patients with SPMS and PPMS. Development of effective neuroprotective and
neurorestorative therapies are needed in order to benefit patients with progressive MS.

3. Conclusion
Since MS shows a great heterogeneity, the influence of multiple etiopathogenic factors could
be considered as the main cause of this behavioral pattern. Nevertheless the well established
hypothesis on the aetiology and pathogenic mechanisms described for this disease are not
enough, at least to explain the wide clinical variations in response to treatment. From this
view point, it is true that serious contributions have been achieved, but more protocols must
be conducted for a major understanding of MS pathology, as well as for a more effective
response to treatment.
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1. Introduction
Various brain injuries in humans such as neurotrauma,stroke, infection, febrile convulsions
and status epilepticus are associated with the acute occurrence of seizures and an increased
risk of developing epilepsy, Experimental studies in rodents have shown that these events
induce a chronic decreased seizure threshold or the development of spontaneous seizures,
supporting the notion, that central nervous system (CNS) injury can lead to lasting
hyperexcitability. These injuries trigger inflammatory processes in the brain, which are
rapidly ensuing and long-lasting, raising the possibility that inflammatory mediators may
contribute to the development of epileptogenesis, and the consequent precipitation of
spontaneous seizures.
On the other hand a pathogenic role of immunity in epilepsies has long been suggested
based on observations of the efficacy of immune-modulating treatments and, more recently,
by the finding of inflammation markers including autoantibodies in individuals with a
number of epileptic disorders. Clinical and experimental data suggest that both innate and
adaptive immunity may be involved in epilepsy. Innate immunity represents an immediate,
nonspecific host response against pathogens via activation of resident brain immune cells
and inflammatory mediators. These are thought to contribute to seizures and
epileptogenesis. Adaptive immunity employs activation of antigen specific B and T
lymphocytes or antibodies in the context of viral infections and autoimmune disorders.
*
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This review focused first on the description of the interaction between the immune system
and CNS peculiar aspects and relevance for the pathogenesis of immune–mediated diseases
of the CNS, second, we offer an overview of the experimental evidence in experimental
models of seizures to discuss how inflammation modulates epilepsy, and whether
inflammation is always detrimental to cell survival. Such research has also sought to
determine how inflammatory mechanisms might be harnessed to develop therapies for
epilepsy and third we describe causal clinical evidences of various forms of human epilepsy
in which CNS inflammation and markers of adaptive immunity have been described, also
we describe some of the treatments used in pharmacoresistan epilepsy with probable
autoimmune origin.

2. Overview of the immune system
The natural defences presented by an individual to any external agent are included in the
immune system; this is generally divided into innate and adaptive immunity. Innate
immunity is the first response presented against insult, that is triggered by physical,
chemical or bacteriological damage, the latter is the most familiar and easier to reproduce by
introducing systemic lipopolysaccharide or LPS, which is the substance that covers the outer
membrane of Gram (-)bacteria (Condie, 1955; Rivest , 2000). For its study, innate immunity
is divided into the afferent arm, which identifies or perceives to insult, and the efferent arm,
which is how the infection is eradicated (Tracey, 2009). Several studies have shown that
depending on the agent causing the damage, pathway, organ and even insult cells triggers a
series of molecules for defence of the individual and the communication between immune
system cells can lead to out both by direct contact between cells or by the involvement of
soluble factors known as cytokines. This will differentiate the humoral components of the
afferent arm (LBP, CD14, collectins, properdin, C3b, pentraxins) and efferent (cytokines,
antimicrobial peptides, lysozyme, BPI, complement, lactoferrin, acute phase reactants) and
cellular components of the afferent arm (TLRs, dectina-1, CD14, formyl peptide receptor or
FMLP, NOD1, NOD2) and efferent (antimicrobial peptides, proteases, lipases, glycosidases,
cell adhesion molecules, H2O2, hydroxyl radical, oxygen halides, nitric oxide, peroxynitrite,
etc.) (Beutler, 2004; Vezzani, 2005).
Until recently, adaptive immunity was considered a type of immune response independent
of the innate immune response; now it is known that both responses are intertwined, so the
participation of dendritic cells, monocytes, macrophages, B lymphocytes and T, specialized
molecules of immune histocompatibility, complex class I and II (MHC I and II) that are
present during the innate response, are the beginning of the adaptive response (Iwasaki,
2010). In this type of response antigen recognition is carried by the specific antigenpresenting cells (APCs) and antigen receptors. In the adaptive immune response; it is
identified two ways: the conventional adaptive immunity in jawed vertebrates and
unconventional characteristic of jawless vertebrates.
The first is mediated by immunoglobulins (Ig) and T cell receptors (TCRs) (Fig 1). Lowaffinity IgM antibodies circulate in the blood prior to encountering pathogens, however,
high-affinity IgG and IgA antibodies are required to inactivate toxins, neutralize viruses,
and promote the clearance of microorganisms (Li, 2004). Prior to antigen exposure, the
initial generation of a diverse antibody repertoire is achieved early in B-lymphocyte
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development by the successful rearrangement of the V, D, and J gene. This recombination
process depends on the recognition of recombination signal sequences (RSSs), which flank
the segmental elements and create extensive variation in the receptor structure at
junctional (joining) interfaces. V(D)J rearrangement form of somatic recombination occurs
in the progenitors of B and T cells and is mediated by recombination-activating gene 1
(RAG1) and RAG2, which function in a lymphocyte- and site-specific recombinase
complex and are supported by ubiquitous DNA repair factors (Fig 1A)(Gellert, 2002). The
Immunoglobulins function first as membrane-bound receptors on B cells and their
precursor cells, and they are selected for both antigen-binding specificity and affinity. A
change in RNA splicing converts the membrane-bound receptor to a soluble product and
is associated with the differentiation from receptor-expressing B cells to immunoglobulinsecreting plasma cells. A second wave of antibody diversification occurs through somatic
hypermutation (SHM) (Fig. 1B) and/or gene conversion (GC) of the V region to generate
high-affinity antigen binding sites (MacLennan, 1994). SHM is the predominant
mechanism in mice and humans, whereas GC occurs in chickens and some other species
(Weill and Reynaud 1996). In the same centroblast B cell, the heavy-chain V regions
encoding the antigen binding sites are rearranged down the chromosome through class
switch recombination (CSR) so that they can be expressed with one of the constant (C)
region genes to carry out many different effector functions and be distributed throughout
the body (Fig. 1C). Activation-induced cytidine deaminase (AID) mediates SHM, gene
conversion and class-switch recombination (CSR).
The TCR is a clonotypic, membrane-bound receptor that binds peptide-MHC (pMHC).
Similar to immunoglobulins, both classes of TCRs (αβ TCRs and γδ TCRs) are heterodimers
in which a D segment is a rearranging component of one unit of the receptor heterodimer.
The function of αβ TCRs relies on the polymorphic MHC class I and class II molecules
expressed by antigen-presenting cells. By contrast, γδ TCRs function independently of MHC
class I and class II molecules and it has been proposed that a forerunner of the rearranging
antigen-binding receptors might have been a γδ TCR-like receptor (--12--). Genetically, TCRs
are rearranged into  and -chains from a selection of 176 variable (V), diversity (D), joining
(J), and constant (C) genes on chromosomes 7 and 14. Random recombination of these genes
generates only 5–10% of the potential diversity within the TCR repertoire; exonucleolytic
activity, random N nucleotide additions at the V(D)J junctions (Cabaniols, 2001) and 
chain pairing contribute the remainder (Fig 1). Theoretical TCR diversity in humans has
been placed in the region of 1015 - 1020 unique structures (Davis, 1988; Lieber 1991; Shortman,
1990), with direct in vivo estimates greater than 2.5X107 unique structures (Arstila, 1999).
Structurally, TCR - and -chains fold to expose six highly flexible complementary
determining region (CDR) loops that can contact the pMHC binding face. The germlineencoded CDR1 and CDR2 loops, from the TRAV and TRBV genes, participate heavily in
MHC contacts and occasionally peptide contacts. The variable CDR3 loops, which span the
V(D)J joints, are key to TCR diversity and participate heavily in peptide contacts. TCRs dock
with pMHC complexes in a roughly diagonal fashion, such that the CDR3 loops are placed
over the peptide N-terminus and the CDR3 loops lie over the peptide C-terminus (Miles,
2010).
In unconventional adaptive immunity, the specific response to antigens of bacteria and
blood cells is similar to cellular immunity and identified lymphocyte-like cells in organs
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and tissues (Alder, 2005). On the other hand humoral mediators are somatically derived
variants of leucine-rich repeats or LRRs, termed variable lymphocyte receptors (VLRs),
which are as efficient as V (D) J process. The mechanism of VLRs assembly seems to be
driven by a copy choice mechanism of recombination that is based on sequence
similarities of individual LRR segments rather than by specific recombination elements
(Han, 2008; Nagawa, 2007).
Although immunoglobulins, TCRs, and VLRs are structurally unrelated and somatic
variations generated through unrelated mechanisms, these molecules develop clonal
specificity through somatic recombination, show evidence of specific cell lineage
compartmentalization in receptor expression and can share common features in the
recipient's immune regulation (Litman, 2010).

3. Immunology of the nervous system
The CNS has developed strategies to limit the entry of immune elements as well as to
limit the emergence of immune activation with the tissue itself. Immune privilege in the
CNS is partially dependent on the blood–brain barrier (BBB), which is designed to limit
the entry of solutes and ions into the CNS(Carson et al.,2006). Exclusion from, and
selective entry of compounds into the CNS takes place in the capillary venules. In contrast
,cell migration takes place at the post-capillary venules, where cell migration is controlled
by adhesion molecules, cytokines and chemokines, and their receptors (Fig.2)(Owens et
al., 2008). Not only the physical properties of the BBB, but also potentially damaging
immune responses as such are regulated by the suppressive environment within the CNS.
Both astrocytes and microglia play a major role in this regulation, while neurons are
assumed to play a largely passive role being only the victims of immune responses.
Microglia invade the brain early in development and take on a resting ‘protective’ role as
sentinels, scattered uniformly throughout the CNS and forming a network of potential
effectors cells. In contrast to peripheral macrophages that are highly effective at inciting
pro-inflammatory responses, microglia take on an opposing role, limiting inflammation.
This role is extended also to astrocytes, the first cells that CNS-infiltrating immune cells
encounter. Astrocytes suppress T helper 1 (Th1) and T helper 2 (Th2) cell activation, the
proliferation and effector functions of activated T cells, and possess a wide variety of
molecular mechanisms to induce apoptosis in activated T cells. Contrary to the idea that
neurons only play a passive role, many of their products (i.e. neuropeptides and
transmitters), as well as the neuronal membrane proteins CD22, CD47, CD200, CX3CL1
(fractalkine), intercellular adhesion molecule (ICAM), neural cell adhesion molecule
(NCAM), semaphorins and C-type lectins all regulate inflammation (Tian, 2009). In
addition, neurons express low levels of major histocompatibility complex (MHC)
molecules and actively promote T-cell apoptosis via the Fas–Fas ligand pathway (CD95–
CD95L). Neuronal expression of the cannabinoid (CB1) receptor is also implicated in
suppressing inflammation. CB1 knockout mice more readily develop experimental
autoimmune encephalomyelitis (EAE), the autoimmune model of multiple sclerosis (MS).
Neurons also favour the differentiation of T-regulatory cells, by providing a local
microenvironment dominated by transforming growth factor–b1 (TGF-b1). Damaged
neurons, however, are less able to maintain this protective shield, allowing further
insults.
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Fig 1. Conventional adaptative immune response in jawed vertebrates. A haematopoietic
progenitor cell gives rise to distinct B and T cell lineages. During the development of Ig and
TCR different recombination processes are involved. A) V(D)J recombination. In this process,
RSSs (dark and white triangles) direct the RAG1–RAG2 recombinase complex to individual
gene segments (dark and white boxes). The recombinase introduces two double-strand DNA
breaks with blunt signal ends and hairpin-sealed coding ends. In the subsequent joining phase,
TdT a template-independent DNA polymerase, adds random nucleotides to the junction of the
gene elements, thereby increasing repertoire diversity dramatically; the RSSs are joined
without further end processing and form excision circles. The key factors that facilitate each
diversification step are NHEJ factors. Once functional DNA rearrangements occur, TCR
sequences are unaltered. B) Somatic hypermutation is initiated by AID, which deaminates
individual cytidines within the V(D)J exon of the immunoglobulin gene, leading to U:G
mismatches (asterisk). Subsequent error-prone repair results in individual point mutations
(white dot in the gene and white bar in the immunoglobulin molecules), and B cells with
higher affinity for the original antigen are selected. C) Class-switch recombination. The AID
creates U:G mismatches in the highly repetitive S regions (dark and white ovals) that are
upstream of the exons encoding the constant regions of different isotypes. Error-prone repair
leads to the generation of double-strand DNA breaks, excision of the intervening DNA
(containing the Cμ exons) and joining of the remains of the S regions. The recombined,
somatically mutated V(D)J region is then associated with Cγ, instead of Cμ. ( Modified from
Litman, 2010). B and T cell lineages. Immunoglobulin heavy and light chain: IgH and IgL; T
cell receptor α and  chain: TCRα and TCRβ. A) V(D)J recombination. Variable, diversity,
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joining genes: V(D)J; Recombination signal sequences: RSSs; Recombination activating gene 1
and 2: RAG1 and RAG2; Terminal deoxynucleotidyl transferase: TdT; Non-homologous endjoining: NHEJ. B) Somatic hypermutation. Activation-induced cytidine deaminase: AID. C)
Class-switch recombination. Switch (S); Constant region for the Igμ isotype (Cμ) and a single
representative downstream Cγ exon within the IgH locus.

4. Innate and adaptive responses in epilepsy
Despite the immune-privileged environment, it is clear that both innate and adaptive
inflammatory responses do occur in the CNS. Activation of the innate immune system is a
crucial first line of defense, to opsonize and clear apoptotic cells. Furthermore, innate
immune responses recruit cells of the adaptive immune system by secreting various
cytokines and chemokines that induce adhesion molecules on the BBB, and by inducing the
expression of costimulatory molecules on microglia. Through conserved pattern-recognition
receptors (PRRs), local CNS cells may be triggered to develop innate responses. Among
these receptors are Toll-like receptors (TLRs), which bind highly conserved structural motifs
either from pathogens (pathogen-associated molecular patterns, or PAMPs) or from
damaged or stressed tissues (danger-associated molecular patterns, or DAMPs). Thus, not
only invading micro-organisms, but also endogenous signals can switch on innate responses
in the CNS. Some DAMPs, including heat shock proteins, uric acid, chromatin, adenosine
and ATP, high mobility group box chromosomal protein 1 (HMGB-1), galectins and
thioredoxin have adjuvant and pro-inflammatory activity. TLRs can be widely up-regulated
during neurological disorders in varying patterns on microglia, astrocytes, oligodendrocytes
and neurons (Bsibsi, 2002). When activated, TLRs are generally assumed to promote the
production of pro-inflammatory cytokines, evoking a damaging environment that may
contribute to neuronal damage. In vitro, Ab activates microglia through TLRs (Jackson et al.,
2006, Okun et al., 2009;Letiembre et al.,2009). TLRs also aid the uptake of Ab and other
aggregated proteins, thereby promoting their clearance from the CNS. Although in this
manner, TLRs may seem to play a beneficial role in epilepsy it is currently unclear whether
cellular activation by TLRs in another way may also contribute to epileptogenesis (Ravizza
et al., 2011 ) . Therefore, rather than only playing a pathogenic role, several TLRs also play a
role in repair during neurodegenerative disorders, under non-infectious conditions,
suggesting that activation of at least some TLRs can also be used as a therapeutic strategy in
CNS disorders(van Noort, 2007)
4.1 Experimental evidence
Due to advances in both structural and functional neuroimaging, as well as opportunities to
perform invasive investigations of the human brain in an epilepsy surgery setting, an
increasing amount of research on focal epilepsy is now utilizing patients and tissue obtained
from patients. Nevertheless, parallel studies on patients and well validated equivalent
animal models remain indispensable to circumvent difficulties in clinical research resulting
from ethical limitations, cost, inadequate sampling, and absence of appropriate controls. The
reliability of animal models in analysing epileptogenic mechanisms and testing the efficacy
of antiepileptic drugs (AEDs) depends on how faithfully the epileptic phenomenology
mimics both the clinical and EEG features of human seizures. Moreover, since human
epilepsies are defined as pathological conditions characterized by the recurrence of epileptic
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Fig. 2. T cell migration through the BBB in epilepsy. T-cell can enter the brain parenchyma
by extravasation across the blood–brain barrier nonfenestrated endothelium and basal
lamina. Antigen-presenting cells such as dendritic cells and macrophages are found in the
subarachnoid space, in the perivascular space, and in the choroid plexus, whereas microglia
are located in brain parenchyma; at these locations, these cells may encounter circulating
CNS-borne antigens. The abnormal permeation across the barrier results in further, and
perhaps distal, disruption of tight junctions, this time mediated by release of inflammatory
mediators by both extravasated blood cells and activated microglia. Frank cellular
immunoagression occurs if and when histocompatibility mechanisms are activated and
antibody-mediated reactions occur. IL, interleukin; TNF, tumor necrosis factor; IFN,
interferon; CSF, colony-stimulating factor; MHC, major histocompatibility complex, modify
by Mix et al (2007) and Oby and Janigro (2006).
seizures only animals presenting with recurrent seizures can be defined as animal models
of epilepsy. The acute experimental procedures designed to induce seizures, such as the
injection of convulsant drugs, maximal electroshock etc., should therefore be referred to
as animal models of seizures and not epilepsies unless they also induce a permanent
epileptogenic. In this way the models have been described as acute experimental seizure
models, in which seizures are induced by electrical stimulation, topical convulsants that
block inhibition (e.g., penicillin, bicuculline, picrotoxina, pentylenetetrazol, strychnine), or
topical convulsants that enhance excitation (e.g., carbachol, kainic acid). Chronic models
of focal epilepsy can be induced with freeze lesions, partially isolated cortical slabs,
metals (e.g., alumina, cobalt, tungstic acid, ferric chloride), kindling, tetanus toxin, antiGM1 ganglioside antibodies, hippocampal sclerosis (kainic acid, pilocarpine, self-

142

Recent Advances in Immunology to Target Cancer, Inflammation and Infections

sustained status epilepticus), or focal dysplasia (neonatal freeze, prenatal radiation,
MAM) (Engel, 2004).
Some of these epilepsy models in rodents trigger a prominent inflammatory response in
brain regions recruited in the onset and propagation of epileptic activity; depending on the
severity of the seizures, the inflammatory activity is affected in different ways (Minami,
1990;1991; Gahring, 1991;Jankowsky &Patterson, 2001; Kubera,2001; Oprica,2003;
Turrin,2004). In models of temporal lobe epilepsy, the seizures produce changes in the
function of the peripheral immune system. The thymus, for example, displays reduced
weight, probably due to elevated corticosterone plasma levels during kainate-induced
seizure; this steroid is induced during some kinds of stress or after a pathogenic infection.
An increase in metabolic activity of splenocytes at the cellular level may be connected to
enhanced phagocytic activity of macrophages (Kubera et al., 2001). The inflammatory
response occurs during the 3 days following seizures. Although IL-1β, TNF-α, and IL-6 are
expressed at very low levels in normal brain, their messenger RNA (mRNA) and protein
levels are rapidly (≤30 min) increased after the induction of seizures, declining to basal
levels within 48–72 h from the onset of seizures. However, IL-1β is still up regulated in the
brain 60 days after status epilepticus in rats with spontaneous seizures (Plata et al., 2000).
The increase in interleukin (IL)-1β, IL-6 and TNF-α in microglia and astrocytes is followed
by a cascade of downstream inflammatory events which may recruit cells of the adaptive
immune system ( Vezzani and Granata, 2005).
The kindled model exhibited a significant up-regulation of IL-1 β, IL-1RI, TNF-α and TGF-β1
mRNAs in several limbic brain regions. The overall profile of mRNA changes shows
specificity of transcriptional modulation induced by amygdala kindling. The data support a
role for cytokines and NPY in the adaptive mechanisms associated with generalized seizure
activity (Gahring, 1997). Cytokine production is also induced in brain by audiogenic
seizures(Lee, 2008). Production of proinflammatory molecules (a cytokine induced portfolio
of genes that are established mediators of inflammation (Dinarello, 2000) is typically
accompanied by the concomitant synthesis of anti-inflammatory mediators and binding
proteins apt to modulate the inflammatory response, thus avoiding the occurrence of
deleterious induction of genes that mediate inflammatory effects. In this respect, up
regulation of IL-1–receptor antagonist (Ra), a naturally occurring antagonist of IL-1β, has
been described after acute seizures, status epilepticus, and in kindling (Gasque ,1997; Gorter,
2006;Avignone ,2008). However, IL-1Ra and IL-1β are induced by seizures and IL-1Ra is
produced with a delayed time course, differing from classic inflammatory reactions in
which IL-1Ra is produced at 100- to 1,000-fold excess and concomitant with IL-1β
production. Thus the brain is less effective than the periphery in inducing a crucial
mechanism for rapidly terminating the actions of a sustained increase in endogenous IL-1β.
Cytokine receptors in the CNS are expressed by neurons, microglia, and astrocytes.
However, it is primarily microglia activation that has morphologic changes related to the
seizures and inflammation; this is a complex process that includes changes in
pharmacological and electrophysiological properties, migration, proliferation, and release of
a variety of mediators. In the context of status epilepticus induced by kainate, microglia are
activated within the same time course that is observed for neuronal degeneration
(Hosokawa, 2003; Xiong,2003).
The immune response changes during all three phases of epileptogenesis. The genes related
to immune response are induced during both acute and latent phases of epileptogenesis but
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also during the chronic phase (in CA3). Although the immune response was greater one
week after status epilepticus, the levels of secreted phosphoprotein 1 (Spp1 or osteopontin),
a glycoprotein that promotes macrophage migration, Hg2a (or CD74; H-2 class II
histocompatibility antigen), proteasomes (Psmb9, macropain), toll-like receptor 4 (Tlr4), and
tumor necrosis factor (Gorter,2006), also, the prostaglandin synthesis, illustrated by Cox-2
induction, was activated in the acute and chronic phases but not in the latent period,
indicating that this process is related to the occurrence of seizure activity. Activation of
prostaglandin receptors could increase intracellular calcium and subsequent glutamate
release, which would increase excitability in the surrounding networks (Bezzi et al., 1998;
Rozovsk et al.,1994)
An important component of the immune response is activation of the complement pathway.
Although complement factors might invade the brain via a leaky BBB, part of the increased
expression is likely to originate from activated glial cells (Ravizza et al., 2006;Vezzani, 2008).
The complement system may be useful for eliminating aggregated and toxic proteins.
However, overactivation of the complement system can also have damaging effects through
the activation of microglia and proinflammatory cytokines. Interestingly, sequential infusion
of individual proteins of the membrane attack pathway into the hippocampus of freely
moving rats induces seizures as well as cytotoxicity (Ravizza et al., 2006).
The complement cascade is activated by three pathways: the classical, the alternative, and
the lectin pathway; the lectin pathway leads to the formation of the C5b-C9 membrane
attack protein complex (MAC). Complement activation in the CNS is increasingly
recognized to be associated with exacerbation and progression of tissue injury in different
degenerative and inflammatory diseases. Interestingly, sequential infusion of individual
proteins of the membrane attack pathway (C5b6, C7, C8, and C9) into the hippocampus of
awake, freely moving rats induces both behavioral and electrographic seizures as well as
cytotoxicity, suggesting a role for the complement system in epileptogenesis. Rozowski and
colleagues (1994) showed increased C1q and C4 mRNA in rat pyramidal neurons after
systemic injection of convulsant doses of kainic acid in neuronal layers of limbic areas that
are vulnerable to kainic acid-induced neurodegeneration (Vezzani, 2008); moreover,
clusterin and C1q immunoreactivities were observed in both neurons and astrocytes, while
increased immunoreactivities (as observed in vivo after seizures) were demonstrated
following prolonged exposure of primary cultures of hippocampal neurons to glutamate.
Additionally, with sequential infusion into the rat hippocampus the individual proteins of
the MAC induced both behavioral and electrographic seizures as well as cytotoxicity
(Ravizza et al, 2006).
In addition, there is prominent activation of the complement cascade during the
epileptogenesis phase in the experimental model and in sclerotic hippocampi from a rat
model of TLE and human TLE (Aronica et al., 2007). Interestingly, the expression of CD59, a
complement inhibitor of the MAC, was increased in microglia, but only modestly in
neurons, suggesting that in this cell population complement activation may be poorly
controlled (Rozovsky et al., 1994). These findings are corroborated by clinical evidence
showing that both IL-1β and IL-1 receptor type I (RI), NFkB and complex are overexpressed
in lesional brain tissue of patients with diverse types of pharmacoresistant epilepsy (Sheng
et al., 1994, Crespel et al., 2002)
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4.2 Clinical evidence
From a clinical standpoint, a role of inflammation in the pathophysiology of human epilepsy
is still hypothetical, although this possibility is supported by abundant evidence. The first
insight into a role for inflammation in epilepsy originated from the demonstrated
antiepileptic activity of select, powerful anti-inflammatory drugs, including steroids.
Moreover, several reports showed increased markers of inflammation in serum, CSF, and
brain resident cells in patients with epilepsy. For example, epileptic patients who have
recently experienced tonic–clonic seizures display a proinflammatory profile of cytokines in
plasma and CSF, consisting of higher IL-6 levels and a lower IL-1Ra–to–IL-1α ratio. Because
the IL-6 concentration is much higher in CSF than in plasma (Pacifici et al., 1995; Peltola et
al., ,1998) and the contribution of peripheral blood mononuclear cells (PBMCs) to increased
plasma levels of cytokines is still unclear (Sheng et al., 1994), the most likely origin of CSF
cytokines appears to be the brain. In the same way, Sinha et al. (2008) analyzed cytokine
levels in patients with partial epilepsy, status epilepticus and some epilepsy syndromes.
Compared to controls, the patient group showed detectable levels of the following cytokines
in serum: IL-6, TNF-, IL-2, IL-4, IFN- and IL-1. Serial analysis during the seizure-free
period revealed a decrease in cytokine levels: TNF- (25% to 12.5%), IFN- (12.5%to 0%), IL1 (25% to 0) and IL-2 (6.2% to 6.2%), IL-4 (18.8% to 0%) and IL-6 (18.8% to 6.2%). On the
other hand, increased post-ictal serum cytokine levels were found in patients with several
epilepsy syndromes. However, data collected using tissue of patients with TLE show that
specific inflammatory pathways are chronically activated during epileptogenesis and that
they persist in chronic epileptic tissue, suggesting that they may contribute to the
etiopathogenesis of some types of epilepsy, such as TLE (Ravizza et al., 2008).
4.3 Temporal lobe epilepsy (TLE)
Temporal lobe epilepsy refers to both lesional and nonlesional epilepsies characterized by
focal seizures arising from either the neocortex or the mesial temporal structures. One of
these syndromes is TLE, associated with hippocampal sclerosis (HS), a histopathologic
condition characterized by neuronal loss and gliosis, predominantly affecting the CA1
region and the dentate gyrus. Increased IL-1α expression in microglia-like cells (Aronica et
al., 2007), TLE with hippocampal sclerosis, and astroglial, microglial, and neuronal (5/8
cases) expression of C1q, C3c, and C3d were observed, particularly within regions where
neuronal cell loss occurs (Crespel et al., 2002). Bauer et al (2009) showed that patients with
well-characterized TLE led to immediate and long lasting posictal increase in systemic IL-6
levels; however this rise of IL-6 was lacking in patients with hippocampal sclerosis. The
authors in accord with Meador et al.,(2004) suggest the cerebral lateralization of immune
functions. On the other hand, there was expression of proinflammatory molecules in
neurons and glia in brain tissue obtained from patients surgically treated for drug-resistant
epilepsies (Crespel et al., 2002; Maldonado et al., 2003). In particular, the genes involved in
the biological process of immunity and host defense are highly overrepresented in HS TLE
patients; the functional gene classes most affected are chemokines and neuropeptides (De
Simoni et al.,2000; van Gassen et al., 2008). Evaluation of immunological parameters applied
to different groups of epileptogenic focus localization has shown that the increase of CD8+
lymphocytes is limited to temporal and lateralized patients. Patients with extratemporal
localization of focus, as well as psychogenic cases, show normal levels of immunological
lymphocyte markers (Lorigados-Pedre., 2004). Thus, upregulation of these chemokines in
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the human TLE hippocampus may contribute not only to neuropathology, but also to
epileptogenesis. Early up regulation of chemokines, for instance, after viral infection, may
represent a common pathway linking the various predisposing factors in the etiology of
TLE, such as trauma, febrile seizures, meningitis, encephalitis, and tumors.) These data
show that specific inflammatory pathways are chronically activated during epileptogenesis
and that they persist in chronic epileptic tissue, suggesting that they may contribute to the
etiopathogenesis of TLE (van Gassen et al, 2008)
4.4 Rasmussen’s encephalitis
Rasmussen's encephalitis serves as a prototype of inflammatory epilepsy. The autoimmune
nature of this condition was suspected after the discovery of autoantibodies against the
glutamate receptor GluR3, one of the AMPA (α-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid) subunits. Subsequently, anti-GluR3 antibodies were detected in
other epilepsy syndromes, including early-onset noninflammatory focal epilepsy and
catastrophic infantile epilepsy (Mantegazza et al., 2002). There is no effective medical
treatment for Rasmussen's encephalitis, except perhaps steroids, which can be useful when
given early in the course of the disease (Robitaille, 1991). Functional hemispherectomy has
been the main procedure used to stop progression of the disease; in this way, the tissue
could be examined and the progression of an inflammatory process confirmed. Pardo et al.
(2004) describe the effect of disease duration on the burden of pathology. The greatest
intensity of inflammation and microglial proliferation with nodule formation are generally
seen in early states (Fig.3), followed by a decrease in the later stages. The intensity of
inflammation, as represented by accumulation of T cells and microglial proliferation (Fig.3),
has been reported to bear an inverse correlation with disease duration (Bauer et al., 2002;
2007). Different stages of inflammation may coexist in the same patient with a multifocal
distribution, which is consistent with an ongoing and progressive immune-mediated
process (Gahring et al., 2001;Neumann et al., 2002). CD8+ T cells are located in close
opposition to degenerating neurons and may contribute to neuronal cell death via secretion
of granzyme B, a strong activator of caspase-mediated apoptosis (He et al., 1998; Bien et al.,
2002; 2005). Activated CD4+ T cells may also prime B cells to produce autoantibodies. The
resulting autoantibodies may destroy neurons, either directly by excessive stimulation of
receptor-mediated ion channels or indirectly by binding complement factors and leading to
the formation of the MAC (Bien et al., 2002;2007) which can induce neuronal loss and
seizures (Xiong et al., 2003). Epileptic activity may induce inflammatory mediators in
microglia, astrocytes, neurons, and endothelial cells and may alter the properties and
permeability of the BBB, thus facilitating the entry of components of the adaptive immune
system and molecules usually excluded from the brain parenchyma. These phenomena may
consolidate and perpetuate inflammatory reactions in the brain of an affected individual
and exacerbate brain damage, thus contributing to brain atrophy. It is still unknown which
mechanism ultimately leads to the autoimmune process: viral infection (Xiong et al., 2003),
head trauma, or even seizures per se; knowledge of the factors that precipitate the disease
can enable prevention of the future development of chronic epilepsy. These recent findings
recall attention to the possibility that a viral antigen may act as the initiating event in the
complex pathogenetic mechanism leading to brain damage in RE. A cytotoxic T-cell
response is in fact compatible with a viral infection, and a viral infection could explain the
peculiar hemispheric distribution with centrifugal expansion observed in RE. Previous
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studies failed to conclusively link a specific virus to RE, but this of course does not rule out
the possible role of an unknown virus.

Fig. 3. Photomicrographs of activated microglia (HLA-Dr positive cells, green), A) nodules
of microglia in Rasmussen syndrome, B) cortical dysplasia. Cytotoxic T lymphocytes (CD8
+, green) in dysplasia and TLE in (F). Coexpression in capillary of P-glycoprotein (green)
and Cox-2 (red) in D and E in Rasmussen syndrome. (scale bar 20 µm D-F)
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4.5 West syndrome (WS)
WS is an age-related epileptic encephalopathy with onset in the first year of life, featuring
clustered spasms and hypsarrhythmia. It may occur in previously healthy children
(cryptogenic WS) but more frequently is a symptom of different congenital or acquired
diseases (symptomatic WS). Regardless of the etiology, WS patients benefit most from
steroid treatment. Steroid efficacy, together with the possibility of spasm disappearance
after viral infections (Hattori, 2001), has long been considered an index for an inflammatory
or immune-mediated pathogenesis. A recent report (You et al., 2009). of increased serum
levels of IL-2, TNF-α, and IFN-α in both cryptogenic and symptomatic WS reinforce this
hypothesis. These cytokines are produced by monocytes and lymphocytes, and TNF-α is
also produced by brain glial cells; all three have effects that may contribute to seizures and
neuronal cell damage (Brunson et al., 1991). The presence of proinflammatory molecules in
both cryptogenic and symptomatic WS patients suggests that cytokine changes are likely to
be related to epilepsy rather than to the underlying etiology. However, symptomatic
patients displayed a greater elevation of IL-2 levels, which varied depending on the
underlying disorder (Prasad et al., 1996). If the extent of the inflammatory reaction depends
also on the underlying disease, this could partly explain the different efficacies of steroid
treatment in selected etiologic subgroups of symptomatic WS patients. For example,
treatment with steroids and adrenocorticotropic hormone ACTH prevents patients with SW
from developing Lenox-Gastau (Klein & Livingston, 1950). However, the mechanism
underlying the anticonvulsant action of corticosteroids or ACTH remains elusive.
Observations from animal models suggest that ACTH acts to repress infantile spasms by
suppressing the level of endogenous corticotrophin releasing hormone (CRH) because stress
receptors are located in areas of the brain known to be involved in seizure generation (Klein,
1950). It is postulated that the stimulation of synthesis of glucocorticoids that interact with
CNS steroid receptors, which then influence voltage-dependent calcium channels,
stimulates neurosteroid synthesis in glia and neurons that modulate GABAA receptors,
down-regulating CRH, which has pro-convulsant activity in the immature brain, and
immunomodulation (Joels, 1991)
4.6 Febrile seizures (FS)
FS are the most common cause of seizures in children, affecting 2 to 5% of children. The
threshold to febrile seizures is dependent on body temperature, but the threshold varies
with individuals and according to age and maturation (Millichap, 1959). A genetic
susceptibility to inflammation may influence the threshold convulsive temperature.
Seventeen to 30% of febrile seizure patients have a family history of febrile seizures
(Millichap, 1959). A biallelic polymorphism in the promoter region of IL-1 at β the -511
position that can increase IL-1β production occurs more frequently in patients with
prolonged febrile convulsions (Virta et al., 2002; Kanemoto et al., 2003). In experimental
animals, intraventricular injection of IL-1β reduce the seizure threshold in 14-day old mice
subjected to hyperthermia, while IL-1receptor knock-out mice have higher seizure
thresholds, supporting the role of proinflammatory cytokines in triggering febrile seizures
(Dubé et al., 2005)
Viruses are being increasingly implicated as causative agents of febrile seizures.
Neurotropic viruses, such as the herpesviruses and influenza A, are commonly associated
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with febrile seizures in the United States and Asia (Hall et al., 1994; Chiu et al., 2001). Fever
induced by viral infection is regulated by components of the immune response, particularly
proinflammatory cytokines. Proinflammatory cytokines are higher in influenza-associated
febrile seizures, further suggesting a causative role for cytokines in the pathogenesis of
febrile seizures.

5. Anti-inflammatory treatments in epilepsy
Nearly 30% of epilepsy patients are refractory to conventional anti-epileptic drugs, and
many alternative treatments have been tried to control epilepsy.(Prasad et al 1996).
Immunotherapy, such as corticosteroids and ACTH, has been used to treat epilepsy since
ACTH was first reported to have beneficial effects in the treatment of infantile spasms in
1950 (Klein, 1950 & Livingston,1950). For example there is no effective medical treatment for
Rasmussen's encephalitis, except perhaps steroids,which can be useful when given early in
the course of the disease(Bahi-Buisson et al., 2007), A long term follow-up of 11 Rasmussen's
encephalitis patients who received steroids showed that 45% of patients had significant
improvement of motor function and reduction of seizure frequency with disappearance of
epilepsia partialis continua, while 55% patients had no benefit from steroid therapy and
ultimately underwent hemispherotomy. Two initial responders to steroid treatment
experienced progressive recurrence of seizures one to four years after the discontinuation of
steroids and received a hemispherotomy. ACTH is a well-known effective treatment for
infantile spasms that not only results in seizure control, but also improves both behavior
and background EEG (Low, 1958). Meta-analysis reveals that ACTH is probably effective
for short-term treatment of infantile spasms and leads to resolution of hypsarrhythmia
(Mackay et al., 2004). Time to response is usually two weeks. Oral steroids can render 30 to
40% of patients seizure-free (Baram et al., 1996; Hrachovy et al., 1983). Further, early use of
steroids is more effective; patients treated within one month of spasm onset had a better
outcome than those treated after more than one month (Lombroso et al., 1983). The
mechanism behind the anticonvulsant action of corticosteroids or ACTH remains elusive.
Possibilities include (1) stimulation of glucocorticoid synthesis that interacts with CNS
steroid receptors, which then influences voltage-dependent calcium channels; (2)
stimulation of neurosteroid synthesis in glia and neurons that modulate GABAA receptors;
(3) down-regulation of corticotrophin releasing hormone (CRH) that has proconvulsant
activity in the immature brain; or (4) immunomodulation (Hrachovy et al.,1994; Baram et al.,
1998; Reddy et al., 2000; Joëls, 2001).
On the other hand, various classes of specific anti-inflammatory drugs have been studied
using models of status epilepticus or in kindling. The outcome measures were affected
differently by inhibition of specific inflammatory pathways depending on the experimental
model and the treatment schedule. For example non steroidal anti-inflammatory drugs
(NSAIDs) NSAIDs act as inhibitors of constitutive COX-1 and inducible COX-2 enzymes.
COX-2 selective inhibitors, such as celecoxib, parecoxib and SC58236, have been used to
interfere with status epilepticus-induced epileptogenesis that was provoked either by
electrical stimulation or systemic injection of pilocarpine in rats. These effects were observed
under celecoxib treatment, thus a direct anticonvulsant action of this drug cannot be
excluded.
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Experimental
(I)

Animal models or
Mechanism
Seizure type
Methanolic extract of PTZ-induced seizures Inhibits inflammation
Asparagus pubescens
and seizures
Drug/treatment

References
Nwafor et
al., 2003

Experimental(I) Aqueous and
ethanolic extract of
Solanum nigrum

Picrotoxin,
pentylenetetrazole,
and electroshocks
induced seizures

Immunomodulatory
activity

Experimental(I) Pralnacasan or
VX-765

Kainic acid induced
seizures

Interleukina converting Vezzani et
al., 2010
enzyme/caspase 1
inhibitors and IL-1beta
receptor antagonists

Experimental(I) Naringin

kainic acid-induced
status epilepticus in
rats

Golechha et
Attenuated the
TNF-α and
al, 2011
malondialdehyde levels.

Experimental(I) Dexamethasone

Lithium and
pilocarpine induced
status epilepticus

IL-1 type 1 receptor
Marchi et al,
2009
antagonist and
reduction in the number
of circulating T-cells
(CD3+)

Experimental(I) Naringin, a
bioflavanoid

kainic acid (KA)induced seizures

Antioxidant and antiinflammatory activity.

Golechha et
al., 2011

Experimental(I) SC-58236, Celecoxib

electrically induced
SE, Rat model of
pharmacoresistant
epilepsy
Electroconvulsive
shock

Selective inhibition of
cyclooxygenase-2

Holtman et
al., 2010,
Schlichtiger
et al, 2010
SomeraMolina et al.,
2009;
Chrzaszcz et
al., 2010

Resistant partial
epilepsy

ICE/caspase-1
blockade

Clinical trials
gov.
Özkara Ç and
Vigevano,
2011
Marchi et al.,
2011

Experimental(I) Minozac

Suppression of
proinflammatory
cytokine

Phase II/III

VX-765

In use

ACTH, prednisolone, Several epileptic
and prednisone
syndromes

Antiinflammatory
effects

In use

Dexamethasone,
methylprednisolone
and hydrocortisone

West, Landau-Kleffner
or Lennox-Gastaut
syndromes and
Rasmussen
encephalitis

Antiinflammatory
effects and
improvement
of BBB integrity

In use

Vigabatrin /and
ACTH

Infantile spasms

Interfere with the
cellular immune
response

Table 1. Immunotherapy treatments in epilepsy

Jain et al,
2011., Ravi et
al., 2009

Ibrahim et
al., 2010
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Daily celecoxib treatment, starting 24 h post-status epilepticus for 42 days, resulted in
reduction in the number and frequency of video-monitored spontaneous seizures (Jung,
2006). Other COX-2 inhibitors including nimesulide and rofecoxib, nonselective COX
inhibitors such as paracetamol, naproxen, ibuprofen,mefenamic acid and indomethacin, and
one selective COX-1 inhibitor SC560, have been tested in the kindling model of
epileptogenesis, induced either by repetitive PTZ injections or by electrical stimulation. A
significant delay in stage 5 seizure acquisition (i.e. delay in kindling development) was
shown in NSAIDs-treated animals, with the exception of ibuprofen, which was found to be
ineffective (Tanaka et al., 2009).
Three classical immunosuppressant agents have been used, namely cyclosporine A, FK-506
also known as Tacrolimus, and rapamycin. Their mechanisms of action include inhibition of
T lymphocyte activation, although rapamycin alters multiple cellular functions by inhibiting
mTOR kinase. Daily systemic injection of cyclosporine A or FK-506 during electrical
amygdala kindling prevented the acquisition of stage 5 seizures in rats (Moia et al., 1994 ).
Similar effects of FK-506 were shown in PTZ mkindling in mice(Singh, 2003). However, after
drug withdrawal, stimulated animals showed stage 5 seizures, indicating that the
treatments failed to inhibit epileptogenesis while providing anticonvulsant effects (Moia et
al., 1994). Opposite effects were reported by Suzuki et al. (2001), showing acceleration of
PTZ kindling in rats treated with FK-506. The pretreatment with VID-82925" kinase inhibitor
molecule in 4-AP induced seizures model which revealed antiepileptogenic effect and it
significantly suppressed the manifestation of epileptiform activity and was also effective
against ictogenesis during the stable phase of focus (Gajda et al., 2011). Overall, these data
indicate that the efficacy of immunosuppressant in kindling epileptogenesis is still
controversial and requires further investigation, possibly using similar treatment protocols
in the same kindling models. More consistent data are obtained in models of status
epilepticus-induced epileptogenesis where T-cells do not appear to play a major role. Future
studies are needed to target specific molecules involved in some of the pathways of the
inflammatory process and to reduce adverse effects.

6. Concluding remarks
Accumulating evidence suggests that inflammatory and immune reactions may play an
important role in promoting increased neuronal excitability, decreasing seizure threshold
and is likely to be involved in the molecular, structural and synaptic changes characterizing
epileptogenesis. Also, brain inflammation may contribute to the intractability of seizures
and comorbidity in chronic epilepsy patients. Histologic analysis of the human brain from
individuals with epilepsy of various etiologies strongly suggests the existence of a chronic
inflammatory state in the brain almost invariably associated with neuronal loss, reactive
gliosis, and activation of microglia. This observation, together with reports that antiinflammatory drugs have anticonvulsant efficacy in some cases of drug-refractory
epilepsies, suggests the possibility that chronic inflammation in the brain may be implicated
in the etiopathogenesis of seizures and the associated long-term events. This hypothesis is
supported by functional studies in experimental models of seizures, showing that some
proinflammatory molecules exacerbate seizures, decrease the threshold for inducing
convulsions, or cause seizures, per se.
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Anti-inflammatory therapy may be particularly helpful when given during the latency
period shortly after the initial neurologic insult, but prior to the onset of epilepsy, before
permanent changes can occur in the neuronal aggregates that promote hyperexcitability and
seizure spread. It is necessary to confirm with laboratory tests in serum and blood–
cerebrospinal fluid to know the immune response of the epilepsy patient to give
pharmacological therapy when the immune response is exacerbated. The causative role of
inflammation in the pathogenesis of chronic intractable epilepsy needs to be established and
requires further investigation from both the clinical and basic sciences. Pharmacological
experiments in animal models suggest that antiepileptogenic effects might be achieved by
interfering with specific pro-inflammatory pathways post-injury, although further studies
are required to characterize the best targets and protocols for successful pharmacological
intervention with limited side-effects.
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1. Introduction

Neuromyelitis optica (NMO) is an inflammatory disorder restricted to the spinal cord and
optic nerves. Contrary to multiple sclerosis (MS), relapses of NMO are often strikingly severe
and most NMO patients present stepwise neurological impairments. NMO treatments are
aimed to prevent the relapses with the administration of various promising
immunosuppressive drugs. However, relapse treatment is still a tricky problem. Since the
largely used steroid treatment usually fails to control severe attacks, specific add-on treatments
have to be considered in order to limit the stepwise increase of residual impairment. Given
that a strong humoral response characterizes NMO physiology, one might assume plasma
exchange (PLEX) to be particularly well adapted in severe NMO relapses.
This chapter will analyze the relevant data of PLEX in the setting of NMO spectrum disorder.
We will first outline the physiological grounds leading to the rationale of the PLEX treatment
and the technical aspects of the procedure. Then we will assess the clinical results obtained in
each type of attacks. Finally we will try to build an original concept linking the clinical results
and the timing of PLEX onset with the dynamic of the inflammation inside the lesions.

2. Physiopathology of NMO
The physiopathology of demyelinating disorders is complex and may grossly be divided in
two distinct parts: a cellular response implying lymphocytes, macrophages and
granulocytes in NMO; and a humoral response involving many circulating components
including antibodies, complement and cytokines which will be extravasated into the
inflammatory sites where they will participate to the inflammatory cascade of events
leading to the local lesion. We will briefly review the main physiopathological aspects of
NMO and focus on the humoral response, which is especially suitable to be eliminated by
PLEX upstream to the lesion.
2.1 Physiopathology of NMO lesions
2.1.1 Pathology
A characteristic pathological pattern has been described in NMO (Lucchinetti et al., 2002).
Lesions are infiltrated by neutrophils and eosinophils and wall capillaries are hyalinized. A
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vasculocentric pattern of activated complement and immunoglobulin of IgG and IgM types
is observed that mirrors the normal expression of AQP4. AQP4 expression is definitely
reduced in normal appearing white matter and lost throughout the lesions. These
modifications are the hallmark of NMO and could occur alone or associated with a wide
range of lesions from mild demyelination to large necrosis. This pattern of lesion was
classified in the pattern II of the Lassmann’s classification of the inflammatory lesions
(Lucchinetti et al., 2000, 2002).
Contrary to MS, T cells are rare in NMO lesions and probably had no major effect on the
formation of the lesions (Saadoun et al., 2011). However T cells are probably involved
upstream in physiopathological cascade in the earlier phases of the disease where a complex
interplay leads to antigen sensitization and possibly in the initial opening of the blood-brain
barrier (BBB) (Pohl et al., 2011).
2.1.2 Specific antibodies and their epitopes
The NMO-IgG antibody is an IgG1 directed against a surface epitope of the protein
aquaporin-4 (AQP4) (Lennon et al., 2005). This antibody is detected with tissue-based
immunofluorescence assays with a sensitivity and specificity for clinically defined NMO of
more than respectively 60% and 90%. NMO-IgM theoretically coexits with NMO-IgG in
about 10% of cases but significance is poorly known (Jarius et al., 2010a). Clinically
diagnosed NMO patients share common clinical and evolutional characteristics according to
the NMO-IgG status. Beyond the surrogate marker value of NMO-IgG, this marker is now
used as a major diagnostic criterion (Wingerchuk et al., 2006) and delineates the NMO
spectrum disorders that gather in a same entity both typical NMO and unusual or truncated
clinical forms (Wingerchuk et al., 2007).
Astrocytes closely interact with endothelial cells to maintain the CNS BBB. These cells
express AQP4 in the apical domain of the membrane feet expansions situated close to the
surrounded blood vessels. They are generally found as single tetramers, closely arranged in
orthogonal arrays. This transmembrane protein is critically involved in the homeostasis of
the water in the brain and interfaces with blood vessels, especially in the clearance of free
water. Loss of perivascular AQP4 in the basal state results in cellular swelling, ostensibly
due to a failure to eliminate water generated from cellular metabolism (Amiry-Moghaddam
et al., 2003). Thus in NMO, since the interaction of NMO-IgG and AQP4 leads to a functional
knock-out phenotype of AQP4, edema develops as a result of functional impairment of
AQP4 although BBB is expected to be still intact, which may explain the paradoxical lack of
gadolinium enhancement in most NMO lesions. Apart from water homeostasis, the removal
of AQP4 from astrocytes membrane is associated with an impaired homeostasis of
glutamate via the loss of function of EAAT2, a major glutamate transporter associated with
AQP4 in a macromolecular complex (Hinson et al., 2008). The disruption of glutamate
homeostasis initiates an excitotoxic mechanism damaging oligodendrocytes and ultimately
leading to demyelination (Marignier et al., 2010).
Virtually all the CNS astrocytes express AQP4, however some regions are enriched in AQP4.
Those regions are the spinal cord gray matter, the posterior optic nerve, the floor of the
fourth ventricle and the circum ventricular organs especially the area postrema, explaining
the restriction of the sites of lesion characterizing NMO (Pittock et al., 2006a). Interestingly
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circumventricular organs are also the only sites of the CNS expressing fenestrated capillaries
favoring local passive diffusion of circulating antibodies.
2.1.3 NMO-IgG and complement as key factors
Clinical activity may correlate with the underlying NMO-IgG titres. NMO-IgG detection is a
strong predictor of recurrence after an initial spinal or optic attack (Jarius et al., 2008, 2010b;
Weinshenker, et al 2006). In few patients, NMO-IgG was high during flares and became
negative during the stabilized disease following treatment, and in contrary, an initially
seronegative patient became positive during a further attack (Weinstock-Guttman et al.,
2008). In the seminal work of Takahashi et al. (2007), NMO-IgG levels were positively
correlated with both clinical severity (i.e. blindness) and radiological severity. Moreover a
strong positive correlation was obtained between the NMO-IgG titres at the nadir of
exacerbations and the spinal cord lesion length on MRI (Takahashi et al., 2007). In contrast,
low NMO-IgG titres were observed during remission induced by immunosuppressive
maintenance therapy (Jarius et al., 2008).
In vitro, the binding of NMO-IgG to the extracellular domain of AQP4 reversibly downregulates its plasma expression. In the presence of active complement, this binding leads to
strong complement activation and rapid cell destruction. NMO serum IgM is not AQP4specific and abundant IgM deposits in the NMO lesions may have passively diffused after
the BBB disruption by the seminal focal complement activation initiated by NMO-IgG
(Hinson et al., 2007).
In an animal model of EAE with passive transfer of NMO-IgG, the transfer exacerbated EAE
signs and the typical pathological characteristics were reproduced in treated rats (Kinoshita
et al., 2009; Bradl et al., 2009). Direct injection of NMO-IgG in rat brains could reproduce the
pathology but only when complement is coinjected (Saadoun et al., 2010)
The NMO-IgG ability to lesion AQP4-transfected cells in the presence of complement was
assessed with serum drawn from patients with mild and severe attacks. The percentage of
cells lesioned by complement was strongly higher in presence of sera from patients with
severe attacks, although lesion induced by sera from patients with mild attacks did not
differ from negative controls or MS patients (Hinson et al., 2009). Thus the severity of the
disease may be partly determined by intrinsic NMO-IgG characteristics to activate the
complement.
2.2 Proof of concept of PLEX in NMO
As we already described, NMO lesions are associated with a strong IgG, IgM and
complement deposition, typical of the pattern II in Lassmann’s classification. The NMO-IgG
is involved in a complement-dependant toxicity against the astrocytes. All of these
components -IgG, IgM, and complement- are targeted by plasma exchanges. By means of 5
exchanges, all the exchanged molecules will drop to less than 20% of their initial level. By
this way, antibodies and complement, which are the core of the pattern II lesions, are
excluded from the circulating pool and cannot migrate anymore to the lesions.
Although PLEX has long been used in various demyelinating disorders (Keegan et al., 2002),
there is some clue that the pattern is a key determinant of PLEX efficiency. In a retrospective
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study, Keegan et al. (2005) reported that all the patients suffering from demyelinating
disorders and improved by PLEX had a biopsy proven pattern II lesion. None of the patients
with any other kind of lesion improved. However all these patients were MS without NMOIgG and none were NMO (Keegan et al., 2005; Kale et al., 2009).
All the aforementioned findings stress that circulating NMO-IgG and complements are the
two main actors of the NMO pathogeny and why clearing them from blood with PLEX
should be appropriate for special benefits.

3. Plasma exchange procédure
3.1 Principles and goals
Basically, the goal of PLEX (or plasmapheresis) is to remove a given volume of patient’s
plasma containing harmful targeted substances and to reinfuse an artificial plasma
substitute in its place -the plasma exchange (Brecher, 2002).
3.2 Technique
PLEX are carried on in a nephrology or a resuscitation ward. Two high flow rate accesses
are mandatory: an input line from patient to device (‘artery’) and a return line from device
to patient (‘vein’). In continuous filtration, two needles are placed in both arms or groins in
order to drawn out the blood of the body through an extracorporeal line connected to one
needle, then blood is processed and reinfused continuously through the other needle. In
case of discontinuous filtration, the separation and remixing are done in small batches
through a single venous access in the groin where in and out cycles may alternate.
Anticoagulation (citrate or heparin) is added to the blood pre-plasma filter to prevent from
clotting. The removed blood is processed (apheresis procedure) in a cell separator that
continuously separates plasma from cellular components (consisting of red and white blood
cells and platelets) either by a centrifugation ring with permanent in and out flow, or by
filtration through a porous membrane. Small molecules like cytokines as well as large
molecules, such as albumin and immunoglobulin, are easily extruded from the blood
compartment with a reported sieving coefficient >0.95 at a blood flow rate of 100 mL/min.
The cleared cellular components are then combined with the replacement fluid (donor
plasma or artificial albumin mixed with a saline solution) and returned to the patient
through the needle in the other arm. A PLEX session is usually performed in 2 to 6 hours,
depending on patient’s height, weight, viscosity of the blood and technical parameters.
3.3 Kinetics of the target exchanged components.
All the targeted components are distributed in the interstitium (extra-vascular
compartment) by variable part. Large molecular weight compounds equilibrate slowly
between the vascular space and the interstitium. Calculations of the rate of removal are
simplified to first order kinetics. The relation curve of the achieved concentration of a
plasma component C after a unique exchange of a given plasma volume V is an
exponential inverse: C =C0.e-Y. The whole plasma volume can be approximated in an
adult with the following formula:
Estimated plasma volume (liters)= 0.07 x weight (kg) x (1-hematocrit).
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The larger volume of plasma exchanged during each session clears a larger amount
targeted circulating component. An exchange of one body plasma volume leads to the
immediate clearance of 50% of the circulating component. A 1.3 body mass volume
exchange that removes about 72% of C is generally agreed. Beyond, the volume to process
increases massively for too little gain. However, according to the distribution of C in the
interstitium, the achievement of the clearance of C will necessitate the use of multiple
PLEX sessions separated by the time necessary for the equilibration of C concentration
between interstitium and vascular spaces. The number and frequency of sessions should
be evaluated according to the biological characteristics of the components to remove
(synthesis level, vascular distribution, diffusion ability). An empirically driven number of
4 to 6 sessions is usually scheduled. The durability of the immunomodulatory effect after
PLEX is difficult to assess and will depend on the turnover rate of the targeted humoral
components. Concomitant intensive immunosuppressive therapy (i.e. steroids,
mitoxantrone, mycophenolate mofetil, rituximab) will be required to sustain the obtained
depletive effect.
3.4 Risks and side effects
PLEX are contraindicated in case of ongoing infectious disease, precarious hemodynamics
and active hemorrhage (heparin). Immediate side effects are related to the extracorporeal
line: hemodynamic instability, vaso-vagal syndrome, numbness or tingling, venous
puncture hazards with excessive local bleeding, septicemia or allergy. Since blood
coagulation factors are all depleted by PLEX, hemostasis is affected in variable ways: first, a
hypocoagulation state is immediately achieved by the global depletion of all the coagulation
factors for half a day; at day 2, short life pro-coagulant factors are regained but
antithrombin-III synthesis is delayed leading to a hypercoagulable state until day 3.
Preventive anticoagulation with heparin is always required since the high risk of
thrombosis. Persistently low fibrinogen levels have been described with the concomitant use
of high dosage steroid infusion. In summary PLEX are generally well tolerated and now
commonly and safely used.

4. PLEX in severe attacks
Various regimens of high doses of intravenous methylprednisolone are used in first line of
treatment ranging from 3 g infused in 3 days, to 10 g in 5 to 10 days, depending on authors.
There is no evidence in favor of one regimen or another and efficacy assessment has never
been addressed. Moreover, even if steroids reduce the inflammatory cellular response by
triggering apoptosis of lymphocytes, they are clearly not sufficient because poor outcomes
are still a common issue even when steroid treatment is given immediately after onset. We
wish to develop here the evidence for the effectiveness of PLEX that we have been largely
using as an add-on therapy for more than 10 years.
Of note, steroids were always used to treat relapse. When used the same day as PLEX
procedure, steroids were infused at the end of each PLEX session. However
methylprednisolone pharmacokinetics is characterized by a short half-life and PLEX
demonstrated to have no effect on steroids biodisponibility (Assogba et al., 1988; Stigelman
et al, 1984).
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4.1 Spinal attacks
PLEX proved to be efficient in central demyelinating diseases in a randomized shamcontrolled study (Weinshenker et al., 1999, 2001). Keegan et al. (2002) reviewed the clinical
data from 59 patients who received PLEX for inflammatory demyelinating diseases,
including 10 NMO and 6 acute transverse myelitis (ATM) cases. A moderate or marked
improvement was obtained in half of NMO and ATM patient groups. The late final outcome
at one year was more or less obtained during the first month after treatment in both groups,
without regard to success or failure of treatment (Keegan et al., 2002; Brunot et al., 2011). A
small number of case reports and few small studies were reported with variable issues.
Judging improvement is even more complex due to the subjective classification of
improvement in mild/moderate/marked instead of a quantified clinical exam (Brunot et al.,
2011; Keegan et al., 2002; Munemoto et al., 2011; Llufriu et al., 2009). Moreover the natural
history of single spinal relapse in NMO has never been addressed, so any improvement bias
after PLEX is inappreciable in the absence of a control group. Finally, most authors used
PLEX as a rescue treatment given late after the onset. For example PLEX was delayed from
onset by a mean of 3330 days in Brunot et al. (2011) and a median of 30 days 6 to 90 days
in Llufiru et al. (2009).
Although a synergistic effect of steroids and PLEX was long expected due to their
complementary action, none of these studies compared PLEX-treated attacks with
conventional steroid treatment given alone with add-on PLEX-treated attacks.
We previously refined these results in a study of outcome after severe spinal attacks
associated with NMO spectrum disorders (Bonnan et al., 2009a). We included 96 spinal
attacks from 43 patients, divided in two groups: 1) a steroid-only group designed from
historical patients treated with steroids alone; 2) an active group treated both with PLEX
and steroids. Steroid infusion was started immediately after patient admission. PLEX
decision was raised at the same time and started as soon as possible during the two days
later. As a major difference with other groups, PLEX was never initiated as a delayed rescue
treatment after a standard steroid treatment failure. Since PLEX therapy is mainly expected
to minimize residual impairment, we used the ΔEDSS (calculated as the difference between
residual and basal EDSS) as the main outcome.
If we except 5 PLEX delayed due to difficult medevac reasons, PLEX were initiated by a
mean of 5.4 ± 3.1 days after attack onset with a median of 4 sessions.
There was no significant difference between the PLEX-treated and steroid-only groups for
basal and acute EDSS (3.9 ± 2.9 vs 4.2 ± 2.9, and 7.9 ± 1.0 vs 8.0 ± 1.4; p=NS), however
residual EDSS (5.1 ± 2.4 vs 6.8 ± 1.9, p<0.01) and mean ΔEDSS (1.2 ± 1.6 vs 2.6 ± 2.4, p<0.01)
were significantly lower in the PLEX-treated group than in the steroid-only group.
Basal EDSS dramatically influenced therapy outcome as shown in Table 1. During the first
attack, although acute EDSS were similar in both groups (7.6 ± 1.2 vs 7.1 ± 1.5, p=NS),
ΔEDSS and residual EDSS were dramatically reduced in the PLEX-treated group (2.1 ± 1.9
vs 5.8 ± 2.0, p<0.01) given that acute EDSS was similar in this sub-group. In the two other
sub-groups of basal impairment (EDSS 1.0 to 5.5 and EDSS ≥6.0), residual EDSS and ΔEDSS
tended to be lower in PLEX-treated attacks but no statistical signification could be obtained
due to the small size of these groups.
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Basal EDSS
null

St
St+PLEX (n=7)
(n=17)
Basal
0
0
Acute
7.1±1.5
7.6±1.2
Residual 5.9±1.9)
2.1±1.9
ΔEDSS 5.9±1.9
2.1±1.9
EDSS

p
0.99
0.52
<.01
<.01

Basal EDSS
1.0 to 5.5
St+PLEX
St
(n=26) (n=13)
3.9±0.8 3.9±1.6
7.6±1.3 7.6±1.1
5.8±1.6 5.1±1.1
2.0±1.5 1.2±1.6

p
0.59
0.67
0.21
0.10

Basal EDSS
≥ 6.0
St+PLEX
St
(n=9)
(n=24)
7.4±1.0 7.1±0.8
8.9±0.9 8.6±0.6
8.5±1.1 7.6±1.0
1.1±0.8 0.5±0.8
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p
0.52
0.24
0.05
0.11

Table 1. Disability measured as EDSS during spinal attacks stratified with basal impairment.
St: steroid-only treated group; St+PLEX: steroid and PLEX-treated group. Values are given
as mean±SD (from Bonnan et al., 2009a).
The classical Lazarus effect, defined as a very short-term dramatic improvement
(Weinshenker et al., 2000), was rather unusual in our group but our study was not designed
to analyse short-term improvement. The patients who experienced this effect have all
received a very early treatment (less than 2 days). In Magana et al. (2011), patients who
exhibited functional improvement did so within a median of 4 days (third PLEX), although
a minority (6%) exhibited a delayed response (more than 2 months).
Minor side effects occurred in 24% of PLEX treated attacks and resulted in PLEX
interruption once (84-year-old patient with pulmonary embolism).
In summary, PLEX-treated patients achieved a significantly better outcome after a spinal
attack, especially if PLEX was given during the first attack. The exact effect of PLEX in
previously impaired patients should be validated in a larger multicentric cohort. As PLEX
proved to be a promising treatment in spinal attacks, it would now be unethical to design a
study with a sham-treated control group.
Predictors of good outcome were studied in a large group of PLEX including 26 NMO
patients (Bonnan et al., 2009a). The only good outcome predictor was normal or brisk
reflexes in acute phase (Magana et al., 2011). Surprisingly a short PLEX delay was associated
with a good outcome in a first study (Keegan et al., 2002) but had no effect in a second
study, although one should remind that median PLEX delay (23 days) was delayed in this
later compared to our group. The same PLEX response rate was obtained irrespective of
NMO-IgG serostatus in our cohort and in the Mayo Clinic cohort (Magana et al., 2011).
As a practical consequence, faced with a patient suffering from a severe relapse, the
knowledge of NMO-IgG status should not be required to start PLEX as soon as possible,
since PLEX was found efficient in NMO-IgG negative patients.
4.2 Optic attacks
Visual impairment in NMO is very severe. We previously showed that an immediate
unilateral blindness occurred in a third of patients after the first optic neuritis (ON), and
generally two attacks are sufficient to cause a definitive loss of vision (Merle et al., 2007).
Few PLEX were undertaken after ON and a quick dramatic recovery is usual as we also
observed (Bonnan et al., 2009b; unpublished results). Depending authors, PLEX were used
immediately (Bonnan et al., 2009b) or as a delayed add-on therapy (Schilling et al., 2006;
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Watanabe et al., 2007a; Trebst et al., 2009; Yoshida et al., 2010). After pooling severe ON
patients (acute visual acuity<1/10°) from available studies (Schilling et al., 2006; Ruprecht et
al., 2004; Trebst et al., 2009) with ours (Bonnan et al., 2009b and unpublished results), data
were gathered for 39 eyes. PLEX were given in median of 19 days in patients who recovered
a visual acuity more than 1/10° (considered here as a treatment success) but 41 days in
treatment failure. A clear effect of PLEX delay was observed since success rate was 8/8
(100%) during the first 11 days, than 4/7 (57%) from days 12 to 22, and 7/13 (53%) from
days 23 to 73. Moreover, even when patients recovered, averaged residual VA tended to be
lower in delayed PLEX patients (Figure 1).
Interestingly, the spontaneous recovery (>1/10°) after severe ON treated by steroids alone
was about 40% in our cohort (from Merle et al., 2007), which is very close to the recovery
obtained in the two last groups of late PLEX. In conclusion, strong clues support that PLEX
change the outcome of severe ON only when they are given early, however broader studies
are still lacking to confirm this hypothesis.
VA

Days

Fig. 1. Metanalysis of residual Visual Acuity as a function of PLEX delay (days) in severe
ON attacks (acute VA<1/10°). See text.
4.3 Brain attacks
Apart from optico-spinal attacks, severe brain attacks are described in NMO, especially
involving hypothalamus and medulla. Those lesions are usually severe and associated with
blindness, central endocrine disorders or quadriplegia with respiratory failure. Brain lesions
are common but are mostly asymptomatic (Pittock et al., 2006b). However symptomatic
lesions involving supratentorial white matter are exceptional and extensive (Pittock et al.,
2006b). Even if a favourable outcome after PLEX has been reported in a few severe cases
(Viegas et al., 2009; Watanabe et al., 2009ab), comparative data are still lacking.
Posterior reversible encephalopathy syndrome (PRES) is an encephalopathy with
consciousness and visual disturbances with rapidly reversible changes on MRI consistent
with vasogenic edema. PRES are triggered by blood pressure instability or fluid stresses
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due to various causes. It seems to occur more often than coincidental in NMO patients: 5
out of 70 consecutive NMO-IgG patients evaluated at Mayo Clinic (Magana et al., 2009); 2
out of 5 in Hadassah Medical School, Israel (Eichel et al., 2008). Authors proposed that the
auto-immune mediated disruption of the AQP4 water channel function may predisposes
to PRES at comparable levels of acute illness (Magana et al., 2009). PLEX was involved as
a trigger in one case with a good final outcome. In few cases, PLEX were implemented as
curative treatment with an overall good outcome (Eichel et al., 2008; Magana et al.,
2009).

5. Timing of PLEX: evolving to a key concept
Besides knowing PLEX are effective and safe, the central question remains: is PLEX
necessary as-soon-as and as-often-as possible? Prospective, randomised, multi-centre
clinical trials would be required to definitively answer the question. For most authors, to
date PLEX are considered as an add-on rescue treatment after steroid failure. The European
recommendation from EFNS is to start with an early steroid course no matter the severity
(Sellner et al., 2010). Early escalation with PLEX is only recommended after a failure of a
second course of steroids, that is to say that PLEX initiation may be postponed for more than
a week. As we demonstrated before, PLEX efficiency is depends on the timing of initiation,
ranging from immediate dramatic improvement (the Lazarus effect) to no effect according to
whether they are given early or very late. We propose to regress to the dynamic of the
inflammatory NMO lesions to explain why PLEX efficiency is strongly dependant of the
timing of their onset.
5.1 Evidence for reversible dysfunction preceding irreversible tissue loss.
As we described above, the lesion is the consequence of a cascade of reversible events,
susceptible to an external action. One could abruptly divide this cascade in two main
points: a direct toxic action upon astrocytes and a bystander effect on oligodendrocytes and
axons. Astrocyte dysfunction is initiated by the binding of NMO-IgG to the extracellular
domain of AQP4 on the foot of the astrocyte membrane. In vitro, this binding reversibly
down-regulates AQP4 plasma expression. The presence of fresh complement leads to a
strong complement activation and a rapid cell destruction. IgG titres strongly correlates
with the cytotoxic effect (Kalluri et al., 2010). By the other way, the removal of AQP4 from
astrocytes membrane, due to internalization or cell death, impairs the clearance of free
glutamate due to the dysfunction of the transporter EAAT2. The glutamate progressively
accumulates and initiates an excito-toxic mechanism upon oligodendrocytes, ultimately
leading to demyelination (Marignier et al., 2010).
The time sequence of these events was studied in lesions induced by direct mouse brain
injection with NMO-IgG and complement (Saadoun et al., 2010). Loss of AQP4 and GFAP,
and myelin breakdown were evident 7h following the injection. The inflammatory cells
infiltration became evident later. Within 12h, axonal injury became prominent. By day 7,
axonal loss and dying neurons were evident. Finally, one could suppose that a very early
intervention targeting astrocytes dysfunction may prevent the progression to the bystander
effect.
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5.2 Evidence supporting an early treatment
The influence of treatment delay upon outcome has been addressed in a single study of first
ON receiving steroid treatments (Nakamura et al., 2010). The outcomes were both visual
acuity and the width of the retinal fibers layer evaluated with optic tomography (OCT).
Patients were divided into two groups: one group with a good visual outcome, including a
high residual visual acuity and high RFL; and a second group with a poor visual outcome in
terms of low acuity and low RFL. Very interestingly, the two groups were similar in all the
parameters except one: patients with a good outcome received steroids with a lower mean
delay after ON onset, by a mean of 1.8±1.1 days compared to 7.8±3.8 in patients with a poor
outcome. This study is the first proof that a delayed infusion of steroids is associated with a
poorer outcome. A similar effect of treatment delay, although unknown, should be expected
in spinal attacks. Even if no proof is yet available after a PLEX treatment, these clues could
be gathered that early PLEX would improve the prognosis (see above).
In spinal attacks treated with PLEX, early initiation of treatment was one out of the
predictors of good outcome (Keegan et al., 2002). In a larger study encompassing attacks
from various demyelinating disorders, success rates were stratified by delay: improvement
occurred in 83% when given before day 15, but fell to 43 after 2 months (Llufriu et al., 2009).
Moreover the dramatically very short-term improvement, called Lazarus effect
(Weinshenker et al., 2000), is sometimes observed after severe attacks receiving a very early
treatment with PLEX and steroids. However, this earliness responsibility on the Lazarus
effect remains elusive since no study is available on this rather unusual effect.
5.3 Lesion stages and PLEX action: ‘time is cord and eyes’
In the light of the available data, we postulate a link between the staging of NMO lesion and
the PLEX effect upon clinical and radiological outcome (Figure 2).
Stage 1 (first hours): acute attack provokes for hours an astrocyte dysfunction (by NMOIgG binding on AQP4 leading to internalization) mainly expressed by an edema. This purely
edematous lesion could be immediately reversible by the clearance of NMO-IgG preventing
the loss of astrocytes and the excitotoxic cascade. Clinical and radiological recovery after
PLEX is dramatic and explains the Lazarus effect. Stage 2 (days): the loss of EAAT2 induces
an excitotoxic effect of glutamate on oligodendrocytes leading progressively to
demyelination and axonal loss. Astrocytes loss initiates a self-sustained excitotoxic process
henceforth independent from NMO-IgG persistence. Even if the extraction of NMO-IgG and
complement by PLEX ends the astrocytes aggression. A variable amount of them has been
already lost and excitotoxic effects upon oligodendrocytes are evident. Variable amount of
tissue is lost as visible on MRI and recovery is incomplete. Stage 3 (weeks): atrocytes,
oligodendrocytes and axonal loss is prominent, engulfed in large areas of necrosis. PLEX is
almost useless. Neural tissue remains cavitated or atrophic on MRI and no recovery will be
expected.
We propose to reconsider PLEX as a major part of the treatment of severe NMO attacks and
suggest that PLEX could be given systematically in severe relapses of NMO, extended
transverse myelitis or bilateral severe ON resistant to steroids. Moreover, when given they
should be started as soon as possible with steroids.
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Fig. 2. Putative PLEX effect depending of the three main stages of the lesion.

6. PLEX as preventive treatment
Since NMO-IgG positivity is both predictive of attacks and severity, achieving a low
concentration of plasmatic antibodies remains a goal to achieve. Besides
immunosuppressive drugs, PLEX have been used to achieve a sustained depletion of NMOIgG and complement. Favourable cases have been reported but studies are lacking
(Miyamoto et al., 2009). Miyamoto et al. (2009) proposed to use PLEX as preventive
treatment as an add-on therapy after immunosuppressive drugs failure.

7. Preventive treatments and future avenues
The natural history of NMO leads all the patients to a deep impairment in a stepwise
fashion without progressive phase. In our study, 5 years after the onset, 70% of patients
suffered from a unilateral loss of vision and almost half of them from a bilateral loss of
vision (Merle et al., 2007). After 8 years, half of the patients had suffered from a severe
myelitis and become chair-bound (Cabrera-Gomez et al., 2009). The mortality rate was very
high before immunosuppressive drugs but dropped since they are largely used (Cabre et al.,
2009). The exact role of recurring PLEX along the remaining attacks to tune the outcome to a
low impairment has not yet been addressed but remains most probable considering this
striking epidemiological change of mortality in French West Indies.
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7.1 Immunosuppressive maintenance
Contrary to MS, cumulative evidence accumulates that interferon beta had no effect on
activity rate and worsens some patients, especially in lupus-associated NMO (Uzawa et al.,
2010). When IFN is compared to immunosuppressive drugs, a dramatic reduction of
annualized relapse rate (ARR) is obtained (Papeix et al., 2007). Rituximab and
mycophenolate mofetil were well tolerated and dramatically reduced ARR (Jacob et al.,
2008; Jacob et al., 2009). A favorable action of mitoxantrone was reported in few cases
(Weinstock-Guttman et al., 2006). In a group of 32 patients treated with mitoxantrone in our
centre, a dramatic drop in ARR was obtained from a mean rate of 1.8 to 0.3 and sustained
over 5 years (Cabre, personal communication). The choice in one these three drugs should
mostly be driven by safety concerns since no comparative study or recommendation is
readily available. Low dose steroids were reported to be effective in a few patients, however
these data needs further studies with more patients. Various others treatments
(cyclophosphamide, azathioprine, venous immuno-globulins) have been used in isolated
cases where no general conclusion could be drawn upon ARR action. However
cyclophosphamide is commonly used to treat lupus in overlapping cases of NMO (Polgar et
al., 2011).
7.2 New strategies for the future
Since the lesion severity mostly depends on the initial and definitive depth of the loss of
AQP4 and astrocytes, future treatments strategies may be directed upon AQP4 preservation.
Small molecules or monoclonal antibodies could be used to prevent NMO-IgG binding to
AQP4 and to block the physiopathological cascade upstream (Verkman et al., 2011; Yu et al.,
2011). Another strategy may deplete pathogenic antibodies by apheresis using dedicated
immunoadsorption systems as previously described in myasthenia gravis (Zisimopoulou et
al., 2008) and in various extra neurological disorders. However the value of this technique is
less clear in disorders like MS (De Andres et al., 2000; Moldenhauer et al., 2005) where
pathology is broader than a specific antibody. No experience is yet available in the NMO
setting. Lymphocytapheresis was successfully described in isolated cases of resistant attacks
(Aguilera et al., 1984, Nozaki et al., 2006). A complementary approach may target the
complement system with newly developed anti-complement recombinant antibodies at
various levels, with preliminary promising results (Saadoun et al., 2010). Such future
treatments may be aimed at preventing or curing the attacks. During attacks,
neuroprotective treatments could be used to prevent the oligodendrocytes loss induced by
the excitotoxic action of glutamate.
Animal models gave clues to dynamic mechanisms evolving over time and appear suitable
to address the effect of those various early therapeutic interventions directed to halt or
prevent ongoing lesions (Saadoun et al., 2010).

8. Conclusion
PLEX, in synergy with steroids, could be a major treatment of relapses, aimed at preventing
cumulative disability. PLEX is a safe and efficient add-on therapy in NMO. Since PLEX
proved to be effective regardless of NMO-IgG status, NMO-IgG status should not be
required to initiate PLEX. These preliminary results suggest that PLEX may modify the
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short prognostic of NMO relapses. Immunosuppressive drugs are necessary to prevent
further relapses but no recommendation is yet available.
Animal models have confirmed that mechanisms leading to lesion evolve over hours and
days. Those models should be able to confirm that early therapeutic intervention directed to
halt the ongoing lesions should be even more dramatic in an early narrow therapeutic
window.
The next steps should be to concentrate upon large multicentric therapeutic trials in order to
validate the therapeutic procedure. However we are aware that good trials against placebo
could be difficult to accept since this is an extremely devastating disease. The take-away
messages are: undertaking PLEX in severe relapses and the importance of starting treatment
as soon as possible.
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1. Introduction
B lymphocytes represent a major component of the immune system and their best
understood effector functions are antibody production, presentation of antigens to T cells
and the modulation of immune responses via cytokine production. Although most of these
functions serve to amplify immune responses, B cells have also been demonstrated to
downregulate inflammatory reactions and induce tolerance. As such, regulatory B (Breg)
cells have been implicated in various inflammatory conditions. There is evidence for Breg
cell deficiencies in human autoimmune diseases and various adoptive transfer experiments
in mouse models of autoimmune and allergic conditions indicate that Breg cells are capable
of suppressing disease development. In this review we endeavour to give an overview of
the current knowledge about regulatory B cell immunobiology and their implications in
autoimmune and allergic disorders.

2. Regulatory B cells
B cells with regulatory capacity have become the focus of intense investigations in recent
years. However, the general concept that B cells might have the ability to induce tolerance,
was introduced already in the 1970s by Katz et al., who demonstrated that depletion of B
cells from splenocytes abolished their ability to inhibit an inflammatory reaction in a
delayed type hypersensitivity (DTH) model (Katz, Parker et al. 1974; Mauri and Ehrenstein
2008). More than 20 years later, Janeway and co-workers were the first to demonstrate a role
of B cells in protection from autoimmunity, showing that B cell-deficient mice failed to
undergo spontaneous remission from experimental autoimmune encephalomyelitis (EAE)
(Wolf, Dittel et al. 1996). The term ‘regulatory B cells’ was introduced shortly afterwards, by
Mizoguchi and Bhan, who identified an IL-10 producing B cell subset in gut-associated
lymphoid tissues (GALT) with upregulated CD1d expression, which suppressed
progression of intestinal inflammation by downregulating inflammatory cascades
(Mizoguchi, Mizoguchi et al. 2002). Breg cells are now considered a key regulatory cell type
*
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capable of suppressing effector functions of various target cells including T cells, dendritic
cells (DC) and macrophages, and can even convert effector T cells into regulatory T cells
(Tian, Zekzer et al. 2001; Matsushita, Horikawa et al. 2010; Ronet, Hauyon-La Torre et al.
2010; Wong, Puaux et al. 2010).
2.1 Breg cell populations in mice and humans
Although the existence of a regulatory subset of B cells is generally accepted, there is still some
controversy concerning their origin and relationship to other B cell populations (Vitale, Mion
et al. 2010). In mice, B cells are classified according to their developmental origin, into B1 and
B2 cells. B1 lymphocytes are considered an innate type of lymphocytes and appear early in life.
They produce antibodies with a limited diversity to common pathogens and can respond
quickly and independently of T cells. B2 lymphocytes on the other hand are further
subdivided into marginal zone (MZ) and follicular B cells in the spleen and circulating B cells
in the peripheral blood, each with very specific characteristics and functions (Hardy and
Hayakawa 2001). Regulatory B cells or their precursors seem to be able to arise from different
subpopulations of both B1 and B2 cells. As shown in Table 1, several Breg cell populations
with varying surface phenotypes have been identified in various mouse model systems as well
as in different human disease conditions. Some regulatory B cell populations have also been
shown to be induced in diverse disease settings and in response to many different exogenous
and endogenous stimuli. Toll-like receptor (TLR) signalling via TLR-2, 4 and 9 as well as B cell
receptor (BCR) signalling and co-stimulation mediated by CD40, CD80/CD86 or B-cell
activating factor (BAFF) has been demonstrated to induce B cells with suppressive activity
(Fillatreau, Sweenie et al. 2002; Mauri, Gray et al. 2003; Blair, Chavez-Rueda et al. 2009; Kala,
Rhodes et al. 2010; Lampropoulou, Calderon-Gomez et al. 2010; Yang, Sun et al. 2010). One
prominent type of ‘natural’ B cells with regulatory capacity has been isolated from naive
mouse spleens and termed B10 cells by reason of their IL-10-dependent suppressive function.
Phenotypically these B cells seem to be predominantly CD1dhiCD5+, thus they share surface
markers with CD5+ B1 cells (CD21hiCD23+IgMhiCD1dhiCd93int), MZ B cells
and
transitional
2
(T2)-MZ
precursor
B
cells
(CD1dhiCD21hiCD23loIgMhi)
(CD1dhiCD21hiCD23hiIgMhi), but do not exclusively belong to one of these B cell
subpopulations (Yanaba, Bouaziz et al. 2008). The human equivalent to mouse B10 cells has
been identified recently as a small population within peripheral blood CD24hiCD27+B cells
(Iwata, Matsushita et al. 2011). In analogy to regulatory-type T cells, which can been
subdivided into Treg, Tr1 and Th3 according to their expression of FoxP3, IL-10 and
transforming growth factor (TGF)-β, respectively, it has been proposed to classify human
regulatory B cells into ‘Breg’, Br1 (B10) and Br3 (Noh and Lee 2011).
Because of the variety of Breg cell populations and inducing factors, several models have
been proposed that try to explain their origin and development. The first model put forward
by Mizoguchi et al. states that distinct Breg cell populations are generated from already
existing B cell subsets depending on distinct activation processes (Mizoguchi and Bhan
2006). According to this hypothesis, innate type regulatory B cells are generated from MZ B
cells in the spleen upon stimulation with inflammatory signals such as lipopolysaccharides
(LPS) or CpG via toll-like receptors (TLR). On the other hand, acquired type regulatory B
cells develop from follicular B cells following activation with CD40 ligand and/or B cell
receptor (BCR) ligation with self-antigen. A second model proposed by Lampropoulou et al.
states that B cells acquire suppressive function due to a hierarchical process of stepwise B
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organ of
origin
(Yanaba, Bouaziz et al. 2008) spleen
(Carter, Vasconcellos et al.
2011)
spleen
(Evans, Chavez-Rueda et al.
2007)
(Gray, Miles et al. 2007)
spleen
(Nakashima, Hamaguchi et
perial. 2010)
toneum
(Amu, Saunders et al. 2010)
(Mizoguchi, Mizoguchi et al. spleen
2002)
(Wilson, Taylor et al. 2010) mes. LN

species

phenotype

initial identification

mouse

B10

mouse

T2 MZ

mouse

MZ

mouse

B1

mouse

CD1dhi

mouse

CD23+

sheep

CD21+
B2

(Booth, Griebel et al. 2009)

human

immature
trans B

(Blair, Norena et al. 2010)

human

‘B10 (Br1)’

human
human
human

CD1dhi
‘Br3’
‘Breg’

(Iwata, Matsushita et al.
2011)
(Correale, Farez et al. 2008)
(Lotz, Ranheim et al. 1994)
(Noh, Choi et al. 2010)

major effector
function
IL-10

disease condition
CHS

IL-10

arthritis

IL-10

CIA

IL-10

CHS

IL-10

AAI, IBD
anaphylaxis

?

AAI, EAE

Peyer's
patches

IL-10

healthy

blood

IL-10
CD80/
CD86

SLE

blood

IL-10

blood
blood

IL-10
TGF-β
FoxP3

healthy and
autoimmune
CLL
healthy

Table 1. B cell populations with regulatory phenotypes in different species. B cell
populations with regulatory capacity have been identified in various different experimental
settings or disease conditions in mice, humans and sheep. CHS: contact hypersensitivity, T2MZ: transitional 2 marginal zone, CIA: collagen induced arthritis, AAI: allergic airway inflammation, IBD: inflammatory bowel disease, mes.LN: mesenteric lymphnodes, EAE:
experimental autoimmune encephalomyelitis, SLE: systemic lupus erythematosus, CLL:
chronic lymphocytic leukemia.
cell activation, with TLR ligands initiating the process and BCR and CD40 engagement
serving to further reinforce this differentiation. According to this model, all activated B cells
have the capacity to become regulatory B cells after activation (Lampropoulou, CalderonGomez et al. 2010). A third model, based on shared phenotypic markers between most
described IL-10 producing B cell populations, claims that all different B cell populations
contain distinct Breg cell precursors, which mature to IL-10 producing cells upon activation
(DiLillo, Matsushita et al. 2010). Taken together, currently available information suggests,
that in addition to distinct ‘natural’ Breg cell populations arising from specific Breg cell
progenitors, members of many B cells subsets are potentially able to acquire suppressive
functions as a negative feedback mechanism in response to activation.
2.2 Immunological effector functions of regulatory B cells
Regulatory B cells employ a variety of mechanisms to modulate immune responses and
target many different immune cell types, such as dendritic cells (DC) (Matsushita, Horikawa
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et al. 2010), macrophages (Wong, Puaux et al. 2010) as well as both T helper 1 (Th1) and Th2
cells (Tian, Zekzer et al. 2001; Ronet, Hauyon-La Torre et al. 2010). Their most prominent
effector function is the production of the potent immunosupressive cytokine IL-10, however
different subsets also produce TGF-β (Fig. 1) or suppress target cells via cell contactdependent mechanisms (Fig. 2).
2.2.1 Release of cytokines
As depicted in figure 1, many Breg cell functions have been demonstrated to be mediated by
the release of immunosuppressive cytokines. IL-10 is the hallmark cytokine of regulatory B
cells. It has been shown to be essential for the Breg cell suppressive functions in many
autoimmune models. Accordingly, the protective function of Breg cells in collagen induced
arthritis (CIA), experimental autoimmune encephalomyelitis (EAE), non-obese diabetes
(NOD) and inflammatory bowel disease (IBD) is abrogated if B cells are deficient in IL-10
production (Fillatreau, Sweenie et al. 2002; Dalwadi, Wei et al. 2003; Mauri, Gray et al. 2003;
Hussain and Delovitch 2007; Booth, Griebel et al. 2009). B cell derived IL-10 efficiently
suppresses proliferation and inflammatory cytokine production of T cells (Fillatreau,
Sweenie et al. 2002; Mauri, Gray et al. 2003) and can also induce forkhead box P3 (FoxP3)
positive regulatory T cells (Gray, Miles et al. 2007; Blair, Chavez-Rueda et al. 2009). Some of
these effects might be indirect and due to the effects of IL-10 on innate cell types, as IL-10 is
well known to inhibit antigen presentation and pro-inflammatory cytokine production by
DC, monocytes and macrophages (Moore, de Waal Malefyt et al. 2001).

Fig. 1. Suppressive functions of Breg cells mediated by the release of cytokines. Breg cells
secrete immunosuppressive cytokines causing downregulation of antigen presenting cell
(APC) function, inhibition of T effector cell function and induction of regulatory T cells.
Breg: regulatory B cells, Teff/reg: effector/regulatory T cells, APC: antigen presenting cells.
IL-10, TGF-β is the second immunosuppressive cytokine found to be secreted by some Breg
cell populations to downregulate inflammatory immune responses (Tian, Zekzer et al. 2001;
Parekh, Prasad et al. 2003). Similar to IL-10, TGF-β suppresses inflammatory cytokine
production by T cells and inhibits the function of antigen presenting cells (APC). In
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addition, TGF-β induces apoptosis in target effector cells and acts as a negative regulator of
mucosal immune responses (Takenoshita, Fukushima et al. 2002).
Interestingly, although not generally considered suppressive, IL-12 production by B cells
has also been demonstrated to have immunomodulatory capacity in a T cell receptor (TCR)α
knockout mouse model of Th2-mediated colitis. In this model, IL-10 mediated induction of
IL-12 secreting B cells is involved in protection from colitis, as IL-12p35-deficient double
knockout mice as well as mice treated with anti-IL-12p40 antibodies developed a more
severe colitis compared to control mice (Sugimoto, Ogawa et al. 2007).
2.2.2 Cell contact-dependent suppressive mechanisms
Independent of cytokine secretion, several B cell surface molecules have been implicated
in the suppressive functions of regulatory B cells (Fig. 2). CD1d is not only a major
phenotypic marker highly expressed on many Breg cell populations, it has also been
suggested to have an active role in Breg cell-mediated suppression. CD1d is a major
histocompatibility complex (MHC) class I-like molecule and is responsible for the
presentation of lipid antigens to Natural Killer T (NKT) cells (Chiu, Park et al. 2002; Borg,
Wun et al. 2007). Mizoguchi et al. showed that upregulation of CD1d on B cells is
associated with B cell-mediated protection against intestinal mucosal inflammation
(Mizoguchi, Mizoguchi et al. 2002).

Fig. 2. Suppressive functions of Breg cells mediated by cell contact-dependent mechanisms.
Breg cells express several cell surface molecules that cause inhibition of T effector cell
function, induction of target cell apoptosis and induction of regulatory T cells. Breg:
regulatory B cells, Teff/reg: effector/regulatory T cells, TCR: T cell receptor, PD-1:
programmed death-1, PD-L1: programmed death-ligand1, FasL: Fas-Ligand, CTLA-4:
cytotoxic T-lymphocyte protein 4, CD40L: CD40-Ligand.
As NKT cells had earlier been shown to be protective in mouse models of diabetes (Lehuen,
Lantz et al. 1998) and colitis (Saubermann, Beck et al. 2000), it was feasible to assume that
the activation of NKT cells was the underlying mechanism of protection in these models.
However, as the TCRα knockout mice used in the studies by Mizoguchi et al., do not have
NKT cells, the protective effect in this experimental setting has to be mediated by another
CD1d responsive cell type. Amu et al. later confirmed a CD1dhigh Breg cell-dependent, but
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NKT cell-independent mechanism of protection in a model of worm mediated protection
from allergic airway inflammation (Amu, Saunders et al. 2010). Another group reported,
that CD1d expression on APC and splenic MZ B cells was necessary for efficient generation
of regulatory T cells in CD1d-reactive NKT cell-dependent tolerance in immune privileged
sites such as the eye (Sonoda and Stein-Streilein 2002).
As described earlier, CD40-CD40L interaction seems to play an important role in the
differentiation of regulatory B cells. In addition, there are reports indicating that CD40
signalling on target cells might also be involved in the suppressive mechanisms of B cells.
Upon activation, B cells express CD40L on their surface (Wykes, Poudrier et al. 1998) and
CD40-CD40L interaction has been shown to mediate suppression of colonic inflammation by
inhibition of T cells (Bhan, Mizoguchi et al. 2000). Other costimulatory molecules involved
in cell contact-dependent suppressive functions of B cells, are the B7 costimulatory receptors
CD80 and CD86. Interaction of B7 surface receptors with their inhibitory ligands cytotoxic
T-lymphocyte protein 4 (CTLA-4) or CD28 on target cells is crucial in regulating T cell
activation and peripheral tolerance (Fife and Bluestone 2008). Expression of B7 molecules
has been shown to be essential for recovery from EAE due to B cell-mediated generation and
recruitment of regulatory T cells (Mann, Maresz et al. 2007) as well as for the suppression of
colonic inflammation through inhibition of effector T cell proliferation (Bhan, Mizoguchi et
al. 2000).
Moreover, evidence exists that Breg cells upregulate surface molecules like Fas ligand (FasL)
and programmed death-ligand 1 (PDL-1), which upon interaction with their receptors can
directly induce apoptosis in target cells. Lundy and Fox demonstrated that in a mouse
model of rheumatoid arthritis, splenic CD5+ B cells express high levels of FasL and that
induced T cell apoptosis indeed was due to FasL-mediated direct killing by B cells (Lundy
and Fox 2009). In EAE, Bodhankar et al. showed that the well established protective effect of
estrogen is mediated by B cells. The treatment, besides increasing the percentage of IL-10producing regulatory B cells, also induced upregulation of PD-L1 expression on B cells
(Bodhankar, Wang et al. 2011). Furthermore, in murine experimental stroke, PD-L1 and PDL2 expressing B cells were found to be protective due to their capacity to inhibit the
activation of inflammatory T cells, macrophages and microglial cells through upregulation
of PD-1 expression (Ren, Akiyoshi et al. 2011).

3. Regulatory B cells in autoimmune diseases
In homeostasis as well as during acute immune responses a delicate balance between
activating and suppressing subsets of immune cells has to be maintained. Disrupting this
balance often leads to immunodeficiencies or autoimmune diseases. In particular, the
balanced ratio between effector and regulatory T cells has been demonstrated to be of
crucial importance in maintaining immune homeostasis, and the role of Treg cells has been
well established in autoimmune diseases (O'Connor and Anderton 2008; Yang, Tian et al.
2008; Huang and Sattler 2011). Recently, various studies have also found critical roles and
possible clinical relevance of regulatory B cells in both systemic and organ-specific
autoimmune diseases (Lemoine, Morva et al. 2009).
3.1 Regulatory B cells in systemic autoimmune diseases
Systemic autoimmune diseases are defined by their multi-organ involvement. Antibodies
reactive to a wide variety of ubiquitous autoantigens including DNA, cell surface molecules
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as well as intracellular matrix proteins can cause tissue damage in various target organs.
Although the underlying cause leading to systemic autoimmunity remains unclear, several
genetic and environmental factors and immunological mechanisms have been implicated.
3.1.1 Systemic lupus erythematosus
Systemic lupus erythematosus (SLE) is a systemic autoimmune condition often considered
the prototype of autoimmune diseases. It is mainly characterised by the presence of autoantibodies to a variety of self antigens, particularly against nuclear components (Mills
1994). Because of the high production of pathogenic auto-antibodies, B cells are considered a
major contributor to SLE pathogenesis and several therapies targeting B cells in SLE patients
have been introduced (Sabahi and Anolik 2006). In addition however, there is evidence for
the existence of a subset of B cells with regulatory capacity in lupus (Amano, Amano et al.
2003). Furthermore, human SLE patients have been shown to have an increased percentage
of B10 and B10pro cells in peripheral blood (Iwata, Matsushita et al. 2011). However,
regulatory B cells isolated from the peripheral blood of SLE patients might be functionally
impaired, as they appeared to be unresponsive to CD40 stimulation, produced less IL-10
and lacked the capacity to suppress T cells (Blair, Norena et al. 2010).
Interesting insights into a possible dual role of B cells in lupus were obtained from CD19
deficient lupus-prone mice (NZB/W mice). Although, auto-antibody accumulation was
significantly delayed in these mice, nephritis appeared earlier and survival was reduced
compared to wild type NZB/W mice. Adoptive transfer of wild type CD1dhiCD5+ splenic B
cells containing IL-10 producing regulatory B cells into CD19 deficient recipients
significantly prolonged survival (Watanabe, Ishiura et al. 2010). Adoptive transfer of in vitro
anti-CD40 stimulated T2 B cells into lupus-prone mice also improved renal disease and
survival by an IL-10-dependent mechanism. This effect was explained by the suppression of
Th1 responses and the induction of IL-10 producing and regulatory T cells. Direct in vivo
administration of anti-CD40 also reversed established lupus disease (Blair, Chavez-Rueda et
al. 2009). A possible role for innate immune signalling in the pathogenesis of SLE has been
suggested previously (Lenert, Goeken et al. 2003) and TLR-9 signalling in marginal zone B
cells has been demonstrated to induce higher IL-10 production in lupus-prone mice
compared to controls. These high levels of B cell derived IL-10 inhibits the production of IL12 by macrophages and DC and consequently can modulate T cell mediated inflammatory
responses (Lenert, Brummel et al. 2005).
3.1.2 Rheumatoid arthritis
Rheumatoid arthritis (RA) is a common T cell-dependent chronic inflammatory disease
characterised by synovial proliferation and excessive pro-inflammatory cytokine
production, resulting in cartilage and bone destruction (Firestein 2003). Data available on
Breg cells in human rheumatoid arthritis are limited, however similar to lupus patients, an
increased percentage of B10 and B10pro cells in the peripheral blood of rheumatoid arthritis
patients has been observed, indicating that regulatory B cells might play a role in this
autoimmune condition too (Iwata, Matsushita et al. 2011). To date, the majority of the
experimental data available on arthritis, has been obtained from the murine model of
collagen-induced arthritis (CIA), which mimics the immunopathogenesis of human
rheumatoid arthritis (Trentham, Townes et al. 1977). Using this model, adoptive transfer of
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IL-10 producing B cells has been demonstrated by different groups to prevent the
development of arthritis as well as to ameliorate already established disease (Mauri, Gray et
al. 2003; Evans, Chavez-Rueda et al. 2007; Gray, Miles et al. 2007).
Mauri and co-workers were the first to show that adoptive transfer of in vitro anti-CD40
activated splenic B cells prevented the development of arthritis. The B cells used in these
experiments were shown to produce increased amounts of IL-10 and inhibited Th1
differentiation (Mauri, Gray et al. 2003). Work by Evans et al. demonstrated that the
number of endogenous IL-10 producing MZ and their precursors T2 MZP B cells were
increased during the remission phase of arthritis and that adoptive transfer of T2 MZP to
CIA mice prevented disease progression and alleviated established disease. Again, the
underlying mechanism seemed to be the reduction of a Th1 type immune response in the
presence of immunosuppressive cytokines, rather than cell contact-dependent
mechanisms (Evans, Chavez-Rueda et al. 2007). Gray et al. induced IL-10 producing
regulatory B cells in the spleen of CIA mice by administration of apoptotic thymocytes.
Regulatory B cells induced in this manner in vivo as well as upon passive transfer after in
vitro induction, were effective in protecting mice from autoimmune joint inflammation
(Gray, Miles et al. 2007).
3.2 Regulatory B cells in organ-specific autoimmune diseases
In contrast to systemic autoimmune diseases, organ-specific autoimmune conditions are
characterised by cell- and auto-antibody-mediated immune responses directed specifically
against antigens which are only localised in a particular organ such as the pancreatic islets
in type I diabetes or the central nervous system in multiple sclerosis.
3.2.1 Inflammatory bowel disease
Inflammatory Bowel Disease (IBD) refers to a group of conditions characterised by
inflammation in the intestinal tract, with Crohn’s disease (CD) and ulcerative colitis (UC)
accounting for the majority of cases. While in CD chronic inflammation is mainly mediated
by the Th1 pathway, UC is also associated with the presence of auto-antibodies, leading to
the initial assumption that B cells might play a role in disease initiation (Mizoguchi,
Mizoguchi et al. 1996; Bhan, Mizoguchi et al. 1999).
Studies in various mouse models of IBD demonstrating the protective roles of B cells, were
among the earliest publications to document the existence and relevance of regulatory B
cells. Mizoguchi et al. used a mouse model deficient in TCRα that spontaneously develops
UC-like chronic colitis and demonstrated that B cells were not required to initiate disease at
all, but could actually suppress colitis (Mizoguchi, Mizoguchi et al. 1997). These B cells were
later shown to appear during chronic intestinal inflammation, exhibit upregulated CD1d
expression and release IL-10 (Mizoguchi, Mizoguchi et al. 2002). Furthermore, adoptive
transfer experiments confirmed a protective role of B cells via mechanisms like IL-10
production and induction of regulatory T cells (Bhan, Mizoguchi et al. 2000; Mizoguchi,
Mizoguchi et al. 2002; Wei, Velazquez et al. 2005). Several additional studies performed by
different groups using various mouse models have confirmed that B cells can regulate UClike intestinal inflammation (Gerth, Lin et al. 2004; Hokama, Mizoguchi et al. 2004; Su, Guo
et al. 2004; Sugimoto, Ogawa et al. 2007) as well as Crohn’s disease-like conditions (Dalwadi,
Wei et al. 2003; Wei, Velazquez et al. 2005; Ostanin, Pavlick et al. 2006).
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Interestingly, B cells producing IL-12 in an IL-10-dependent manner, have also been
demonstrated to be protective in a mouse model of UC-like Th2-mediated colitis (Sugimoto,
Ogawa et al. 2007). In Crohn’s disease-like Th1-mediated colitis, IL-12 was initially
considered to be pathogenic, however a recent report suggests that IL-23 sharing the
common subunit p40 (p19/p40) rather than IL-12 (p35/p40) is pro-inflammatory and the
one to mediate disease (Cua, Sherlock et al. 2003; Yen, Cheung et al. 2006). Importantly, both
IL-12 subunits p35 and p40 have been demonstrated to be crucial in B cell mediated
attenuation of colitis (Sugimoto, Ogawa et al. 2007). However, it needs to be noted that a
possible contribution of another potent suppressive cytokine sharing the p35 subunit,
namely IL-35, has not been taken into account (Collison, Workman et al. 2007; Niedbala, Wei
et al. 2007).
3.2.2 Multiple sclerosis
Multiple sclerosis (MS) is considered a T cell-mediated autoimmune condition that results in
inflammatory lesions, demyelination and axonal damage in the central nervous system
(CNS). A mouse model mimicking human MS, experimental autoimmune
encephalomyelitis (EAE) has been used widely to investigate the underlying immunological
mechanisms and the components of the immune system involved in disease pathogenesis
(Baxter 2007). Similar to other autoimmune diseases, clonal expansion of B cells and the
production of auto-antibodies, indicate that B cells contribute to the pathogenesis of MS
(Colombo, Dono et al. 2000; Fraussen, Vrolix et al. 2009). However, the effects of anti-CD20mediated B cell depletion in the EAE model depend crucially on timing, as treatment shortly
after disease onset reduced disease severity, while depletion prior to disease induction or at
the peak of disease did not change the disease course or even led to disease exacerbation
(Matsushita, Yanaba et al. 2008). Exacerbation of disease indicates a protective role of B cells
and Wolf et al. were one of the first groups to show that there might indeed be an additional
protective function of B cells in EAE. They demonstrated that although the incidence and
severity of disease was comparable between mice genetically deficient in mature B cells and
wild type control mice, B cell deficient mice failed to undergo spontaneous recovery and
developed chronic disease instead (Wolf, Dittel et al. 1996).
Several recent studies confirm these findings showing in addition that IL-10 producing B
cells are responsible for this protective effect (Fillatreau, Sweenie et al. 2002; Matsushita,
Fujimoto et al. 2006; Lampropoulou, Hoehlig et al. 2008). Furthermore, adoptive transfer
experiments revealed a possible therapeutic potential of isolated regulatory B cells in EAE
(Mann, Maresz et al. 2007; Matsushita, Yanaba et al. 2008; Rafei, Hsieh et al. 2009; Kala,
Rhodes et al. 2010). Considering the extensive use of MS treatments that are dependent on B
cell depletion, it seems crucial to define this dual role of B cells in the progression of disease.
Lee-Chang et al. demonstrated that homeostasis of the B cell subsets is altered during the
preclinical and acute phases of EAE, where the percentage of B cells with regulatory
phenotype are significantly reduced (Lee-Chang, Lefranc et al. 2011), indicating again that
timing is an important consideration when targeting B cells during therapy. It was also
shown that B cell depletion reduced the frequency of regulatory T cells, and increased the
pro-inflammatory polarising capacity of the remaining myeloid APC (Weber, Prod'homme
et al. 2010).
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Interestingly, in human MS patients, peripheral blood B cells produced less IL-10 in
response to TLR-9 as well as CD40 and BCR stimulation compared to healthy controls
(Duddy, Niino et al. 2007; Hirotani, Niino et al. 2010). This might indicate that Breg cells in
human MS patients are functionally impaired, or simply exhausted due to chronic proinflammatory stimulation, and thereby are implicated in disease development.
3.2.3 Type 1 diabetes
Type 1 diabetes (T1D) and the spontaneous disease that develops in the corresponding
mouse model (non-obese diabetic (NOD) mouse), is characterised by autoimmune
destruction of the insulin-producing pancreatic β cells. Attack on β cells is primarily
mediated by T cells (Anderson and Bluestone 2005), however B cells and humoral immunity
also play a role, especially in disease initiation (Silveira and Grey 2006; Xiu, Wong et al.
2008). Despite the pathogenic role of B cells in disease initiation, B cells activated in vitro can
maintain tolerance and transfer protection from disease in NOD mice (Tian, Zekzer et al.
2001; Hussain and Delovitch 2007). Transfusion of BCR-stimulated B cells reduced the
incidence and delayed the onset of disease, when given repeatedly starting at a young age
before disease onset. Disease protection was dependent on IL-10 and correlated with the
polarisation of T cells towards a Th2 phenotype (Hussain and Delovitch 2007). In a different
experimental setting, transfer of in vitro LPS-stimulated B cells protected NOD mice from
spontaneous diabetes. As these B cells were shown to express FasL and secrete TGF-β, this
effect was attributed to the triggering of apoptosis in Th1 cells and/or the inhibition of APC
activity (Tian, Zekzer et al. 2001).

4. Regulatory B cells in allergic diseases
The vast majority of studies on regulatory B cells has been focused on autoimmunity
models. However, recent studies indicate that Breg cells may also be instrumental in
reducing T-helper 2 (Th2) skewed immune diseases, such as allergies. Allergies are
dysregulated immune responses towards normally harmless allergens that result in an
expansion of polarised Th2 cells, elevated immunoglobulin E (IgE) production and
eosinophilia (Kay 2000). Common allergic diseases include allergic asthma, rhinitis, atopic
dermatitis, and food allergies. Allergic asthma is characterised by reversible airway
obstruction and airway remodelling upon exposure to inhaled aeroallergens such as house
dust mite (HDM), grass pollen, or pet dander. In allergic rhinitis (hay fever), allergen
exposure leads to irritation and inflammation of the nasal airways, whereas atopic
dermatitis is an inflammatory, chronically relapsing, non-contagious and pruritic skin
disorder. In food allergies, exposure to food products such as peanuts, fruits or milk may
lead to allergic symptoms including gastrointestinal and respiratory distress, or lifethreatening anaphylactic responses (Kay 2000).
Traditionally, B cells have been known for their capacity to produce antibodies, thereby
contributing to humoral immunity and clearance of pathogens. During allergic disorders, B
cells are driven to preferentially class-switch to IgE isotypes in the presence of local IL-4 and
this forms a central element in the acute inflammatory responses to allergens. Allergenspecific IgE binds to Fc-receptors (FcR) on mast cells and basophils and subsequent
exposure to the same allergen leads to degranulation and inflammation. So far, reports
evaluating B cell function other than Ig(E) production in allergies are limited. Nevertheless,
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a few reports suggest that in allergic inflammation, like in autoimmunity, B cells can have a
regulatory role (Hussaarts, van der Vlugt et al. 2011). For example, B cells isolated from
OVA tolerant mice were able to dampen acute allergic airway inflammation via the TGF-β
induced conversion of CD4+CD25-T cells into functionally suppressive CD4+CD25+FoxP3+ T
regulatory cells (Singh, Carson et al. 2008). In addition, B cells were also shown to control
experimental cockroach allergen-induced inflammation by the induction of FasL-mediated
apoptosis of CD4+ T cells. In mice lacking B1a B cells, it was demonstrated that in particular
the CD5+ B1a B cell population was important for protective CD4+ T cell apoptosis (Lundy,
Berlin et al. 2005). Furthermore, two reports have studied the presence of human IL-10 or
TGF-β producing B cells in non-IgE mediated food allergy. In response to the milk antigen,
casein, the frequency of IL-10 or TGF-β producing CD5+ peripheral blood B cells increased
in healthy donors whereas the frequency declined in allergic donors (Noh, Choi et al. 2010;
Lee, Noh et al. 2011). In addition, our group observed less IL-10 producing B cells in
response to LPS in house dust mite allergic asthma patients compared to healthy controls
(Mlejnek and van der Vlugt 2012). These findings support the notion that Breg cells may
form an important regulatory arm of the immune system and seem to be dysfunctional in
allergic disorders.

5. Implications of pathogen-induced Breg cells in autoimmunity and allergy
The onset of hyperinflammatory disorders such as allergies and autoimmunities seems to be
partly genetic, as the risk for developing disease increases when a parent or a sibling is
affected (Mariani 2004; von Mutius 2009). However, the steep increase in the incidence of
hyperinflammatory disorders over the last few decades in the Western world has suggested
that environmental factors may also have a major impact. Fast changes in lifestyle, housing,
improved hygiene and vaccinations in industrialised countries have resulted in reduced
microbial exposure during early childhood (Wills-Karp, Santeliz et al. 2001; Yazdanbakhsh,
Kremsner et al. 2002), which may allow for uncontrolled inflammatory responses against
either innocuous or self-antigens later in life. In support of this ‘hygiene’ hypothesis, several
epidemiological studies have pointed towards a reversed relationship between
hyperinflammatory disorders and microbial exposure, such as bacterial, viral and helminth
infections.
5.1 Hyperinflammatory disorders and the ‘hygiene hypothesis’
Parasites are regarded to be master manipulators of the host immune system. A negative
correlation between the rates of parasitic infections in developing countries and the
prevalence of allergic symptoms and atopic sensitisation in children has been highlighted in
a number of studies in different geographical areas (Flohr, Quinnell et al. 2009). Strikingly,
long-term anti-helminth treatment resulted in increased atopic reactivity to house dust mite,
supporting a direct link between helminth exposure and protection against allergic diseases
(Lynch, Hagel et al. 1993; van den Biggelaar, Rodrigues et al. 2004). In addition, helminth
infected MS patients showed better clinical disease outcome compared to control MS
patients (Correale, Farez et al. 2008). A relationship between helminth infections and
protection against hyperinflammatory disorders has also been established in various mouse
models for food allergy (Nagler-Anderson 2006), asthma (Smits, Hammad et al. 2007; Amu,
Saunders et al. 2010), T1D (Zaccone, Fehervari et al. 2003; Liu, Sundar et al. 2009), CIA
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(Osada, Shimizu et al. 2009) and EAE (La Flamme, Ruddenklau et al. 2003; Wilson, Taylor et
al. 2010). Furthermore, different cross-sectional studies show that children living in farming
environments are protected from childhood asthma and atopy and this correlation has been
attributed to contact with livestock (Ege, Frei et al. 2007) and hay and the consumption of
raw cow’s milk (Douwes, Cheng et al. 2008; Loss, Apprich et al. 2011). In farming
environments, both outdoor and indoor microbial exposure are higher and more diverse
compared to nonfarming environments (von Mutius, Braun-Fahrlander et al. 2000; Ege,
Mayer et al. 2011). More detailed analysis of the dust composition showed that a lower risk
of asthma was associated with Gram-negative bacteria and fungi of the Eurotium and
Penicillium species (Ege, Frei et al. 2007; Ege, Mayer et al. 2011). Inhalation is a main route of
exposure to pathogens, but ingestion of orofecal microbes (Matricardi, Rosmini et al. 1997)
or colonization of certain probiotic bacteria stimulating the gut associated lymphoid tissue
(GALT) may also help to avoid allergic responses or certain autoimmune conditions. A
direct association between the composition of the gastrointestinal microbiome and the risk
of developing allergies has been described in several studies, suggesting that Lactobacilli and
Bifidobacterium bifidum have a protective effect (Bjorksten, Sepp et al. 2001; Johansson,
Sjogren et al. 2011). Also in line with this data, changes in faecal microbiota were detected in
autoimmune patients suffering from Crohn’s disease and ulcerative colitis (Manichanh,
Rigottier-Gois et al. 2006; Frank, St Amand et al. 2007).
Altogether these findings indicate that microbial exposure during early life seems to be
important to prevent hyperinflammatory conditions. Various studies have indicated that the
development of the regulatory arm of the immune system is instrumental for this protection,
and so far have highlighted a role for Treg cells (Wohlfert and Belkaid 2008). However, there
is a growing amount of evidence showing a protective role for Breg cells induced by
infectious agents.
5.2 Pathogen-induced Breg cells are protective in autoimmune and allergic conditions
One of the first observations that helminths, such as Schisostoma mansoni, could induce
suppressive B cells was made in μMT mice, which lack mature B cells. These mice show
increased S.mansoni-induced tissue pathology compared to infected wild-type mice
(Jankovic, Cheever et al. 1998). Subsequent studies with S. mansoni demonstrated that B
cells isolated from helminth-infected mice could play a protective role in allergy, as
transfer of B cells protected recipient mice against systemic fatal anaphylaxis or OVAinduced airway inflammation via the production of IL-10 (Mangan, Fallon et al. 2004;
Mangan, van Rooijen et al. 2006; Amu, Saunders et al. 2010). Interestingly, these
regulatory mechanisms were only active during the chronic phase of infection (Smits,
Hammad et al. 2007). Similar results were obtained in Heligosomoides polygyrus-infected
mice, where CD19+CD5-CD23hi B cells isolated from mesenteric lymph nodes of
chronically infected mice were able to suppress Derp1-induced airway inflammation,
although independently of IL-10 (Wilson, Taylor et al. 2010). Interestingly, S. mansoniinduced Breg cells also incurred protection against allergic airway inflammation via the
induction of regulatory T cells (Amu, Saunders et al. 2010). However, Breg-induced
immune regulation was only partially dependent on Treg cell induction as we could
demonstrate in conditional FoxP3 knockout mice (van der Vlugt and Labuda 2012). In
addition, B cell induced FasL-mediated apoptosis of CD4+ T cells appeared to be another
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mechanism used by Breg cells to control inflammation during schistosome infections
(Lundy and Boros 2002). Helminth-induced Breg cells also ameliorated symptoms of
several autoimmune diseases. Adoptive transfer of B cells isolated from H. polygyrus
infected mice, dramatically reduced EAE severity in uninfected recipients (Wilson, Taylor
et al. 2010) and B cells from helminth infected MS patients suppressed T cell activation in
vitro (Correale, Farez et al. 2008). The production of B cell IL-10 and the induction of Treg
cells were important in the reduction of inflammation. Treg cell induction was further
shown to be dependent on expression of B7 costimulatory molecules, as B7 deficient B
cells failed to efficiently recruit Treg cells into the CNS and mediate recovery from EAE
clinical disease (Mann, Maresz et al. 2007). In addition to helminthic infection, bacterial
exposure may also enhance the activity of Breg cells. For example, TLR signaling on B
cells is required for the recovery from EAE. Interestingly, although both TLR-4 (LPS) and
TLR-9 (CpG) signaling induced IL-10 expression in B cells, only LPS stimulation via TLR2/4 was capable of inducing recovery from EAE (Lampropoulou, Hoehlig et al. 2008).
Furthermore, tissue damage as a result of invading pathogens may induce apoptosis and
can influence the development of Breg cells. Injection of apoptotic cells into mice has been
shown to induce Breg cells and reduce inflammatory processes in a collagen-induced
arthritis model (Gray, Miles et al. 2007). Overall, there is a strong case for the capacity of
various pathogens to induce functional Breg cells that are protective against
inflammation-driven pathology.

6. Possible therapeutic applications targeting Breg cells in autoimmune and
allergic disorders
Several studies have highlighted the relevance of Breg cells in downmodulating
inflammation in autoimmune and allergic disorders. In addition to the direct effects via
cytokine production, Breg cells also function indirectly via the induction or recruitment of
regulatory T cells and therefore may have promising therapeutic potential. However, the
mechanism underlying the formation of regulatory B cells and their implications in existing
therapies must be fully understood, before these pathways can be exploited for therapeutic
purposes.
6.1 Pathogen-driven pathways for the induction and expansion of Breg cells
As demonstrated in figure 3, Breg cells can be induced by bacterial or parasitic infections.
Therefore, the identification of the secreted or excreted pathogenic compound(s) driving
Breg cell induction provides useful information for the development of therapeutic
interventions. Indeed, the fact that live schistosome worms could induce IL-10 producing
Breg cells from splenic B cells in an in vitro culture system, suggests that helminth antigens
have a direct effect on B cells (Amu, Saunders et al. 2010). Helminth-related TLR ligands
may be a likely candidate responsible for helminth-induced Breg cell formation, given the
implication of certain TLR ligands in the induction of Breg cells in autoimmune models (as
discussed above). Notably, lacto-N-fucopentaose-III (LNFPIII), a sugar found on soluble egg
antigens (SEA) interacts with TLR-4 and stimulates splenic B cells to produce IL-10
(Velupillai and Harn 1994). Likewise, microfilarial extracts from Leishmania major, and Brugia
malayi, which both bind to TLR-4, can induce IL-10 production by B cells (Palanivel, Posey et
al. 1996). Furthermore, lyso-phosphatidylserine, a lipid derived from S. mansoni worms
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ligated TLR-2 on human monocyte-derived DC and promoted Treg cell activity (van der
Kleij, Latz et al. 2002). Although it is unclear whether this TLR-2 ligating molecule has an
effect on the formation of Breg cells, SEA stimulation of human B cells did result in TLR-2
mediated elevated IL-10 production (Correale and Farez 2009).
Bacterial infections such as Helicobacter felis induced IL-10 producing B cells via TLR-2
signalling and were also able to suppress Helicobacter-induced pathology via the induction
of IL-10 producing T cells (Sayi, Kohler et al. 2011). Other bacterial structures, such as CpG
oligonucleotides (ODN) binding to TLR-9, are also well known to be strong inducers of B
cell IL-10 production (Barr, Brown et al. 2007; Bouaziz, Calbo et al. 2010). Interestingly,
administration of CpG ODN to mice potently inhibited acute and established asthma,
allergic rhinitis and conjunctivitis (Fonseca and Kline 2009). Additionally, human clinical
trials with CpG ODN conjugated with ragweed antigen revealed that ragweed allergy
subjects developed a shift in immune response from Th2 towards a dominant Th1 profile
(Simons, Shikishima et al. 2004) and a decrease in clinical allergy symptoms two years after
treatment (Tulic, Fiset et al. 2004). Although the role of IL-10 producing B cells was not
studied in those clinical trials, a recent study in mice clearly showed that
immunosuppressive IL-10 producing follicular B cells appeared after CpG treatment. These
Breg cells were responsible for the reduction in late phase experimental allergic
conjunctivitis (Miyazaki, Kuo et al. 2009), suggesting that the administration of CpG can also
form an important therapeutic approach to induce Breg cell activity.
6.2 Induction and expansion of Breg cells by chemical drugs used in medical
treatment
Clonal expansion of B cells and the production of auto-antibodies indicate that B cells
contribute to the pathogenesis of several autoimmune diseases. Accordingly, B cell
depletion therapy using Rituximab (anti-CD20) has shown promising effects in clinical trials
(Bar-Or, Calabresi et al. 2008; Hauser, Waubant et al. 2008). However, possible implications
for regulatory B cells in the treatment of human autoimmune diseases have been indicated
by recent studies investigating the immunological mechanisms of drugs already used for
medical treatment of human patients (Fig. 3). A very recent report shows that an antibody
acting as an IL-6R antagonist (Tocilizumab), which has recently been introduced as therapy
for rheumatoid arthritis, causes regulatory CD25+ B cells to increase their TGF-β expression
and alter their activation status, indicating that the beneficial effects of Tocilizumab are due
to an induction or expansion of regulatory B cells (Snir, Kessel et al. 2011).
Beneficial effects of several drugs used in the treatment of multiple sclerosis also seem to be
mediated by regulatory B cells. Glatiramer acetate (GA) is a drug safely used in MS patients,
and it has been demonstrated that the beneficial effects of GA were abrogated in B celldeficient mice. Furthermore, adoptive transfer of B cells from GA-treated mice inhibited the
proliferation of autoreactive T cells as well as the development of Th1 and Th17 cells, but
promoted IL-10 production in recipient mice (Kala, Rhodes et al. 2010; Begum-Haque,
Christy et al. 2011). Estrogen, a hormone drug with well established therapeutic effects on
MS, was shown to depend on B cells as well. In EAE, estrogen-mediated protection from
disease was associated with a general increase in the percentage of IL-10-producing
regulatory B cells as well as an upregulation of PD-L1 expression on B cells, possibly leading
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Fig. 3. Pathways for the induction and expansion of Breg cells. Different secreted or excreted
(non)pathogenic compounds of bacteria, parasites or their eggs can drive Breg cell
induction. These compounds have been shown to bind to TLR and thereby induce Breg cell
development. Additionally, Breg cell promoting activities were found in several registered
drug-based treatments for autoimmune diseases. As a consequence, Breg cells start to
produce anti-inflammatory cytokines IL-10 and TGF-β, inhibit Teff cell proliferation and
induce Treg cells. PAMPs: pathogen associated molecular patterns, TLR: Toll-like receptor,
Breg: regulatory B cells, Teff/reg: effector/regulatory T cells, LNFPIII: lacto-Nfucopentaose-III, SEA: soluble egg antigens.
to direct target cell apoptosis (Bodhankar, Wang et al. 2011). As previous studies on B cells
from human MS patients have demonstrated a defective IL-10 producing capacity (Duddy,
Niino et al. 2007; Hirotani, Niino et al. 2010), upregulation of IL-10 production by B cells
might be of importance in disease resolution in MS patients undergoing treatment. Indeed, a
study on human patients treated with IFN-β demonstrated that their B cells showed a lower
proliferative response in vitro than B cells from untreated patients. In vitro IFN-β treatment
of B cells shifted their cytokine profile and induced IL-10 secretion (Ramgolam, Sha et al.
2011).

7. Concluding remarks
The underlying mechanisms leading to inflammatory conditions such as autoimmune
diseases and allergies are diverse and far from being fully understood. However, it has
become obvious that a balance between effector and regulatory functions of different
subsets of immune cells is crucially important in the maintenance of a healthy steady-state
situation.
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Fig. 4. Regulatory B cells in homeostasis and disease. Under normal conditions regulatory B
cells control T effector cell activation and proliferation in response to harmless self antigens
and allergens, and induce and activate regulatory T cells. If Breg cell mediated control fails,
effector T cells can proliferate and activate antibody producing B cells as well as innate
immune cell types causing tissue damage. Beff/reg: effector/regulatory B cells, Teff/reg:
effector/regulatory T cells, Tnaive: naive T cells, DC: dendritic cells, M: macrophages, G:
granulocytes.
Regulatory B cells are an exciting new player on the regulatory side of this constant struggle
for balance. As depicted in figure 4, in the healthy immune system Breg cells help to control
effector cell activation, by releasing immunosuppressive cytokines and inducing target cell
apoptosis. The broad target cell range of their cytokines allows them to inhibit proinflammatory functions of both innate immune cells, such as DC and macrophages as well
as cells of the adaptive immune system, such as effector T cells of both the Th1 and Th2
lineage. On the other hand they also amplify the regulatory arm of immune responses by
inducing regulatory T cells. Impaired regulatory capacity of Breg cells might play a role in
the development of inflammatory diseases. Uncontrolled effector T and B cell activation can
ultimately lead to inflammation and tissue damage in various target organs.
Correspondingly, several treatments demonstrated to be beneficial in autoimmune and
allergic diseases seem to affect the immune system at the level of B cells by amplifying their
regulatory capacity. Currently much effort is put into therapies aiming to induce regulatory
T cells. However, targeting regulatory B cells instead holds the added benefit of indirectly
affecting all target cell types of Breg cells, including regulatory T cells, making it a more
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efficient approach. Therefore, further research is needed to increase our understanding of
Breg cell biology in health and disease, as targeting Breg cells for therapeutic applications
holds great promise for the future treatment of autoimmune and allergic inflammatory
conditions.
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1. Introduction
The mammalian CNS relies upon the ancient, innate immune system, to provide defence
against attack by pathogens (virus, bacteria, fungi and parasites) and the clearance of both
neurotoxic proteins and apoptotic cells. The main function(s) of the CNS innate immune
system can be summarised as the detection of “non self”(pathogens) and “ altered self “
(neurotoxic proteins and apoptotic cells), with their subsequent clearance, designed to
facilitate tissue repair and rapid return to normal function. The failure to express an
effective protective response to detect and remove a pathogen (non –self) prolongs the
innate immune response and this is associated with autoimmunity, chronic inflammatory
diseases (Multiple sclerosis) and neuro degeneration (Alzheimer’s and Prion disease)
(Hauwel et al., 2005 Griffiths et al., 2009). The failure to detect and clear apoptotic cells
results in their accumulation and subsequent release of neurotoxic proteins and enzymes,
contributing to excessive tissue damage (Griffiths et al., 2009).

2. The blood brain barrier and immuno privilege
Insects, have a brain lymph barrier, whereas, the vertebrate blood brain barrier (BBB)
evolved 50-100 million years before the appearance of the adaptive immune system (Abbot
1995; Lowenstein 2002). For this reason, the CNS immune response against pathogens relies
upon the ancient and highly conserved innate immune system that first appeared in limited
form in the Agnatha, 500 million years ago and almost 100 million years before the
emergence of the systemic adaptive immune system in bony fish. (Lowenstein 2002). The
vertebrate type BBB, was therefore present, long before the adaptive immune system and
this barrier provide some immunoregulatory control of the CNS response to pathogens
(Abbot 1995; Lowenstein 2002).
Other protective physical barriers, are the choroid plexus between the systemic circulation
and ventricular CSF (cerebro spinal fluid) and the specialized, ciliated ependymal (glia)
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layer, that lines ventricles containing the CSF(Martino et al., 2001). Both these epithelial
layers express highly conserved receptors that are able to detect pathogens in the CSF and
regulate intra CSF inflammation (McMenamin., 1999; Laflamme and Rivest 2001; Canova et
al., 2006; Rivest 2009).
The presence of a BBB composed of endothelial cells linked by tight junctions and
surrounded by astrocyte foot processes (Pachter et al., 2003) contributed to the development
of homeostatic systems to preserve CNS electrolyte and hydrostatic pressure gradients
(Abott 1995). To some extent, this also prevented infiltration into the brain by systemic cells
(lymphocytes, myeloid related cells) of the more recent adaptive immune system and
provided some evidence of immuno regulatory function. Once the vertebrate BBB had
developed, the brain relied upon the resident glia and neurons (also perivascular cells and
choroid plexus) to deliver the CNS immune response against pathogen invasion
(Lowenstein 2002).
To reflect this function, the resident glial cells have been termed” amateur ”innate immune
cells, in contrast with the” professional” innate immune system cells such as macrophages,
dendritic cells and natural killer cells (Hauwel et al., 2005).

3. The CNS innate immune response involves detection of “ non self” and
clearance of dangerous pathogens, neurotoxic proteins and apoptotic cells
The cells responsible for delivering the CNS innate immune response are microglia,
astrocytes, endothelial cells, ependymal cells and to a lesser extent neurons (Rivest 2009). Of
great importance, is the capacity of these cells to discriminate between” non –self”defined
by pathogens and “altered self “ (apoptotic cells and dangerous proteins)from “self “ (host
cells) (Takeuchi et al., 2010; Elward and Gasque 2003). This discrimination relies upon the
expression by microglia and the other glia of ancient, highly conserved, pattern recognition
receptors PRR (TLR, RLR, NRL) that are localized upon the cell membrane, within
endosomes and also released in soluble form (Jane way 1992; Kawai and Akira 2010).
PRR, are able to detect unique, pathogen associated molecular patterns or PAMPs as
represented by bacterial cell wall constituents, such as lipopolysaccharide (LPS). (Medzithov
and Janeway 200). This property of the PRR is important for the danger theory as proposed
by Matzinger; that while the immune system distinguishes between “self “and “non –self”,
it also must discriminate dangerous from non -dangerous signals (Matzinger 1994).
Endogenous molecules such as S-100 proteins (Foell et al., 2007) and high mobility box
group I (HMBG1) (Bianchi 2007; Castiglioni et al., 2011) are released during non -apoptotic
cell injury and initiate host tissue inflammation: they are regarded as either “alarmins” or
”danger signals “and are identified by the PRR of the innate immune system, because they
express, damage associated molecular patterns or DAMPs (Klune et al., 2008; Biannchi
2007).
Apoptotic cells express a range of “altered self “molecules on their surface, so called apoptotic
cell associated molecular patterns or ACAMPs (Elward and Gasque 2003; Gregory and Devitt
2004; Griffiths et al., 2009). The detection of “ altered self” by PRR as defined by DAMPS and
ACAMPs, results in the activation of signalling pathways composed of intra cellular adaptor
proteins regulating the expression of pro inflammatory cytokines such as the interferons
(INFinterleukins(IL) and tumour necrosis factor (TNF (Griffiths et al 2009).
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Scavenger receptors (SR), Mannose macrophage receptor (MMR), CD14, CD36, CD91(2
macroglobulin or LRP low density lipoprotein receptor) and phosphatidylserine recepotor
(PRS) are present on the host cell membrane or intracellular endosomes. These receptors are
multifunctional because they detect PAMPS, ACAMPs and DAMPs to initiate engulfment
and phagocytosis of pathogens or apoptotic cells (Stahl and Ezekowitz., 1998. Fadok et al.,
2000 and b, Hanayama et al., 2002; Gregory and Devitt 2004; Mukhopadhyay et al., 2004.)
The resident cells of the CNS express two of the three complement pathways(CP) the
classical and alternative, but not the lectin activated pathway (Gasque P et al., 2000; Morgan
and Gasque 1996). The first complement component, C1q, functions as a PRR, a property
shared with a wide range of other C lectins including, mannan binding protein (MBL) and
the pentraxins; all these molecules are able to function as both opsonins and PRR capable of
detecting PAMPS and ACAMPs. (Tenner AJ 1999; Lu et al., 2002; Thielens et al 2002; Ogden
et al., 2005).
After binding to either an apoptotic cell (by detecting ACAMPS) or bacteria (through
PAMPS), the opsonins provide a signal on a phagocytic cell that enhances phagcoytosis,
either through activation of the complement C pathway or facilitating binding to a PRR such
as the 2 integrin, CR3/CR4, receptors (Ehlers et al., 2000; Gasque et al 2000; Gasque 2004).
Phagocytosis of opsonized pathogens, neurotoxic proteins and apoptotic cells by microglia
and macrophages will promote a reduction in local inflammation (non -phlogistic response)
stimulating the recruitment of stem cells from a distance niche and assisting tissue repair
(Griffiths et al., 2009).

4. Regulatory pathways prevent an uncontrolled innate immune response;
the Neuro immuno-regulatory molecules (NIRegs)
The uncontrolled activation of the innate immune response results in the production of
neurotoxic factors and unregulated inflammatory cytokine release. These two factors
contribute to any indiscriminate bystander damage and the amplification of underlying
disease state. For this reason, the innate immune response must be regulated in order to
prevent bystander neuron loss and an uncontrolled inflammatory response. There is now
evidence of a group of neuro immuno regulatory (NIRegs) molecules, that by analogy are
similar to T reg lymphocytes (Griffiths al., 2007; Hoarau et al., 2011). These T cells are
responsible for regulating /controlling the innate immune response and for shaping the
resident cells towards a protective phenotype. Several NIRegs, CD47 and CD 200, are
capable of acting as “don’t eat me “signals allowing host cells to evade detection and
phagocytosis by microglia and macrophages (Elward and Gasque 2003; Barclay et al.,
2002; Brown and Frazier., 2001; Hoek et al., 2000). The Siglecs, a family of lectins, also
detect cells expressing “don’t eat me” signals in the form of sialic acid containing
molecules (Crocker and Varki 2005). Pathogens do not generally express sialic acid
residues and the absence of sialic acids provides a “ non -self “ signal, sometimes referred
to as an “eat me signal “and this is detected by lectins, including Siglecs, and complement
proteins.
The CP is also strictly regulated by a series of complement regulatory proteins CRP (FH,
CD55, CD46) preventing inappropriate activation and host destruction (Elward et al., 2005;
Griffiths et al., 2009; Zipfel et al., 2009). Furthermore, components of the CP including C3a,
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are also capable of recruiting stem cells into areas of tissue damage and increasing growth
factor expression, both facilitating tissue repair (Griffiths et al., 2010).

5. Toll like receptors (TLRs) are PRR with multiple roles in infection including
pathogen detection and inflammatory response
The TLR are an ancient, highly conserved family of PRR, which belong to the type-1 trans
membrane receptors. They are characterized by a cytosolic C-terminal signalling domain –
Toll/interleukin -1receptor (TIR) required for intracellular signal transduction and terminal
LRR(leucine rich repeats) domain that mediates the recognition of PAMPs (Kawai and Akira
2010). This family of PRR are vital for the detection of PAMPs, including cell wall
lipoproteins and nucleic acids, derived from bacteria, viruses, parasites and fungi (Iwaski
and Medhitov 2010).
TLR 4, or heterodimers TLR2-TLR1, TLR2-TLR6 and TLR5 (but notTLR3) binds to a ligand
such as a PAMP or DAMP, the complex is internailized within the endosome and this
triggers intracellular transduction pathways by recruiting the TIR interaction domain that
forms multimers with, a number of adaptor proteins such as myeloid differentiation
primary response protein, My D88, My D88 adaptor like (Mal, also TIR domain containing
adaptor protein, TIRAP), TIR domain containing adaptor inducing IFN–(TRIF) and TRIF –
related adaptor molecule TRAM. Activation of TLR by PAMPS recruits one of the above
adaptor molecules and activates the My D 88 dependent pathway with NF- kB activation.
An alternative signalling pathway following TLR binding to a ligand involves the activation
of the TRIF –dependent pathway, with the induction of the type I interferon (anti -virus)
response, with the expression of IFNand inflammatory cytokines (Netea et al., 2004
Creagh and O Neill 2006).
Mice deficient in the individual TRL negative regulatory proteins, such as zinc finger
proteins, autophagy related molecules and ubiquitin are unable to regulate the
inflammatory response subsequent to TLR ligand binding. This uncontrolled inflammatory
response results in multi organ inflammation such as, chronic inflammatory bowel disease
and auto immune arthritis. Conversly, MyD 88 deficiency reduces inflammation (Kwai and
Akira 2010 for detailed discussion).
A detailed review of the intra cellular signalling pathways linked to TLR activation by viral
nucleic acids, bacterial lipo proteins and other ligands, with subsequent inflammatory
cytokine synthesis is outside the scope of this review, but see Takeuchi and Akira 2007;
Iwaski and Medhitov 2010; Kawai and Akira 2010)
5.1 TLR act in combination with other PRRs and not always alone
Interestingly, TLR2, forms hetero dimers with TLR-1 and this combination is able to detect
Gram negative bacteria, whereas the heterodimer TLR-2-TLR-6 combination recognizes
Gram positive organisms. Further cooperation between TLR -4 and the SR co -receptors,
CD14 and CD36, together with the C lectin receptor, dendritic cell –specific intercellular
molecule -3 grabbing non –integrin (DC –SIGN), detects glucuronoxylmannans found on the
cell wall of fungi (Kumar et al 2010).
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5.2 TLR distribution in the CNS
Ten functional TLRs have been identified in humans, of these, nine are conserved in both
humans and mice. In the human and mouse CNS, TLR 3, , TLR 7 and TLR 8 are located on
the cell surface of neurons (Bisibi et al., 2002; Prehaud et al., 2005; Jackson et al., 2006),
microglia (Alexopoulou et al., 2001; Olson et al., 2004; Jack 2005), astrocytes (Bsibi et al.,
2001; Bisibi et al 2006 Farina et al., 2005; Rivieccio et al., 2006; Carpentier et al., 2007)
ependyma and oligodendrocytes (Bsibi 2002). TLR 7 and 8 on microglia (Olson et al., 2004),
astrocytes (Buchiet al., 2008) neurons (Ma et al., 2006), TLR 9 on microglia (Mc Kimme et al.,
2006). Cells of the meninges, choroid plexus and circum ventricular organs are all exposed
to the systemic circulation and express TLR 2 and TLR 4 (Lafalamme and Rivest 2001;
Bowman et al., 2003; Laflamme et al., 2003;) see table1
TLR, 3 TLR7, TLR8 and TLR 9 are distributed within intracellular organelles, endoplasmic
reticulum, lysosomes and endolysosomes so they are strategically placed to detect intra
cytoplasmic viral nucleic acids, both RNA and DNA (Griffin 2003; Kumar et al., 2011).
Conversly, TLR2, TLR5 and TLR 6, are present on the cell surface and detect various
bacterial components (Kumar et al., 2011; Iwasaki and Medzhitov 2010)
TLRs11-13 have been described in neurons, astrocytes, ependymal and endothelial
cells(Mishra er al., 2008). see table 1
5.3 TLRs; Innate immune response to bacterial infection
TLRs are expressed by glial and choroid plexus cells following bacterial infection (Bowman
et al., 2003 Carpentier et al., 2008). TLR- 4 forms a complex with MD2 on the host cell surface
and they provide the main Lipopolysaccharide (LPS), binding site. Further interaction
between LPS binding protein with CD14, a glycophosphatidylinositol protein (GPI) with
leucine repeat protein, delivers LPS to the TLR4-MD2 complex, this is internalized into
endosomes and through the My88 protein intracellular signalling pathway eventually
results in cytokine expression. TLR4 also detects virus envelope proteins and Streptococcus
pneumoniae pneumolysin (Kwai and Akira 2010. Akira and Uematas., 2006).
TLR2, is able to detect a wide range of bacterial wall PAMPS, including peptidoglycan,
Mycobacteria (lipoarabinomannan mycobcateria), fungal (zymosan), haemagluttin on
influenza virus, together with mucin molecules from Trypanosoma cruzei. The glucans are a
main constituent of the fungal cell wall and in association with dectins -1(a C type –
lectin)are detected by the TLR2 receptor and internalized to produce a protective
inflammatory response (Netea et al., 2004). TLR2 is not able to detect viral nucleic acids.
TLR5 and TLR9 detect a different range of bacterial constituents; TLR5 recognizes the
flagellin protein expressed by flagellated bacteria, whereas TLR9, detects bacterial and viral
DNA, especially CpG DNA motifs, that are rarely found in mammalian cells (Kawai and
Akira 2010). (see table 1). TRL 11, recognizes bacteria found in the genitourinary tract as
well as a profilin, a molecule expressed by Toxoplasmosis gondii (Yarovinsky et al., 2005), and
also neurocysticercosis (Mishra er al 2008).
5.4 TLR; virus detection and the anti virus response
TLR3 detects double stranded (ds) RNA formed during replication of RNAand DNA viruses
(Alexopoulou et al., 2001; Wang T et al., 2004; Daffis et al., 2008) the viral nucleic acid binds
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to N and C terminal sites on the TLR3 ectodomain activating the TRIF and NF- kB
dependent pathways to produce an interferon type 1 anti- virus (IFN type -1) response (Paul
et al., 2007)
Conversly, TLR7 and TLR 9 detect single stranded viral (ss)RNA and DNA respectively, and
signal through the adaptor protein (MyD88) to initiate intracellular signalling by activating
transcription factors NF-kB and the interferon regulatory factors (IRFs).
IRFs are translocated to the host cell nucleus where they regulate inflammatory cytokine
synthesis and stimulate IFN type I interferon synthesis(IFNexpression) resulting in a
protective response in adjacent cells, uninfected with a virus (Katze et al., 2002; Paul et al
2007). IFNbinds to the IFN surface receptor (IFNAR) on an uninfected host cell leading to
the activation of Janus kinases (JAK) with phosphorylation of transcription factors Signal
Transducer and Activation of Signal (STAT1 and STAT2). These two proteins enter the host
nucleus to drive the expression of IFN stimulated genes (ISGs)to intiate the anti virus host
response.
Many of the emerging RNA viruses responsible for encephalitis express viral proteins that
inhibit the host’s innate anti -virus response by inhibiting specific steps in the pathway for
IFN  synthesis, namely the ISGs and several anti -virus proteins blocking the hosts anti
virus response (Type 1 interferon) (Griffin 2003; Paul et al., 2007) Examples of viruses and
their individual proteins that block the host’s IFN expression include, West Nile Fever
(Envelope protein E), Influenza (Non Structual protein -1), Ebola (VP 24, VP35) Rabies
(Rabies virus phosphoprotein), Enterovirus (structural protein 3C).
5.5 TLR detection of DAMPs in the absence of infection promotes inflammation
Necrotic cells release a range of endogenous proteins such as, heat shock proteins (HSP), S 100, High mobility group box 1 Interleukin (HMGB1), ATP and mitochondrial proteins that
are all regarded as DAMPS, because they can initiate an inflammatory response. (Roth et al.,
2003; Lotze et al 2005; Krysko et al., 2010).
Several PRR including TLR-3, TLR-7 and TLR-9 function as sensors of tissue necrosis
(Cavassani et al., 2008; Marshak- Rothstein and Rifkin 2007). Chromatin –DNA and
ribonucleoprotein complexes all of which contain “self”nucleotides that activate the
intracellular PRRs, TLR 7and TLR 9, resulting in an autoimmune disease(Tian et al 2010).
Self nucleic acids are usually unable to activate the innate immune system, but after
degradation by serum nucleases they are detected by TLRs in endolysosomes resulting in
a further inflammatory response (Cavassani et al., 2008) In Systemic lupus erythematosus
SLE, (a chronic inflammatory multi-organ disease charachterized by antibody production
against self antigens such as DNA). On this basis SLE is regarded as a typical autoimmune
disease because serum auto antibodies bind to “ self” nucleic acids and are internalized by
FcR IIIa receptors on DC. These complexes are detected by TLR7 and 9, leading to
interferon type I response and persistent autoimmune inflammation (Marshak- Rothstein
and Rifkin 2007).
HMBG1 is an important DAMP, because it can bind to self DNA and pathogens. The
receptor for activated glycation endproducts (RAGE) is also a PRR, and binds with HMBG1
to form a complex. This is delivered to endosomes containing TLR9, activating both DC and
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B lymphocytes, with an up regulation of inflammatory cytokines (Tian et al., 2007). The
regulation of HMGBI is clearly an important factor contributing to reducing DAMP initiated
inflammation. One regulator of this interaction is Thrombomodulin (CD141); it is expressed
by microglia and has been shown to bind to HMBG before it can form a complex with
RAGE, to prevent this complex being detected by TLR and promoting an inflammatory
response. (Abeyama et al 2005).
Heat shock proteins (HSP) and S-100, are important DAMPs and also interact with TLR 2-4
/CD91 and the RAGE receptor. This complex also signals through the NF-kB pathway to
activate proinflammatory cytokine expression (Foell et al., 2007; Yu et al., 2006). The
regulation of DAMP initiated inflammation is not well understood; however two
macrophage (and possibly microglial) related lectins, MINCL and Clec9A, both bind to
ribonucleoproteins, SAP 130, released by necrotic cells preventing DAMPS binding to TLR,
with a down regulation of cytokine expression (Sancho et al 2009).

6. Non-TLR PRRs in pathogen detection
6.1 RIG like receptor; RIG -1 and MDA5 receptors detect intracellular viral nucleic
acids and initiate interferon synthesis
Retinoic acid inducible agent -1 and melanoma differentiation associated gene 5 (MDA5) are
both RIG-1 –like receptors (RLRs) , are helicases and signal through the adaptor molecule
IPS-1 (Yoneyama et al., 2004; Kato et al 2006; Kwaki and Akiar 2010). They are expressed by
microglia and astrocytes, and are located in the cytosol (Miranada et al., 2009). RLRs detect
mainly virus RNA, both short and long ds and ss RNA (. Fur et al., 2008; Yoshida et al.,
2007) RIG-1 detects short double stranded RNA; negative sense single strand, Influenza A
and Ebola viruses and positive sense single strand RNA, Japanese encephalitis and Hepatitis
C (Yoneyama et al., 2004; Fuijita et al 2007., Mohamadzadeh et al., 2007) whereas, MDA-5
detects cytoplasmic positive sense RNA, for example Poliovirus. (Griffin 2003; Kato et al
2008)
6.2 RiG-1 and MDA-5 anti virus response
RIG-1 and MDA-5 contain caspase recruitment domains (CARDS) essential for down stream
signalling and an intermediate DEeD/H-box RNA Helicase domain, essential for ligand
binding and recognition. (Parisien et al., 2003) The interaction between the RIG-1 and MDA5 with nucleic acid from a pathogen activates the CARD containing adaptor (IPS-1) known
as Cardif, MAVS and VISA, resulting in the up regulation of interleukins and a range of anti
-virus proteins (Kumar et al 2010: Kato 2006) promoting the IFN type I response, capable of
inhibiting viral replication(Paul et al 2007). See table 1.
6.3 ND LR receptors; roles in the innate response against infection
The NDLR (nucleotide –binding domain leucine rich repeat) are a group of highly
conserved proteins found in diverse species, including sea urchins and humans. They
(twenty two have been identified in humans and thirty four in mice) are a family of
intracellular cytoplasmic PRR that represent sensors for detecting Gram negative and Gram
positive bacteria, mycobacteria and DAMPs (Karaparakis et al 2007: ; Ting et al., 2010;
Kumar et al., 2011).
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These receptors are characterized by an N -terminal effector domain caspase recruitment
domain (CARD), a centrally located nucleoside binding domain NACHT (or NOD) domain
for nucleotide binding and a C terminal of leucine rich (LRR) mediating PAMP ligand
recognition, e. g peptioglycan and flagellin in the bacterial cell wall (Sterka and Marriott
2006: Kaparakis et al., 2007 Proell et al 2008).
The actual process wherby an NLR detects either a PAMP or DAMP, is not understood.
However, the C terminal LRR region recognizes PAMPS, but the crucial step in NLR
activation is the oligomerization of NACHT domain and this permits binding to a series of
intracellular adaptor proteins and eventually the intiation of IFN synthesis as the
inflammatory response. (Proel2008)Further information about potential homo and
heterotypical interactions between NLR s is needed to determine whether or not different
combinations of NLRS demonstrate functional differences. Mutations in the genes encoding
individual NLR have been linked to several chronic inflammatory disorders (such as
Crohn’s disease and asthma) underlying the potential importance of NLR in human disease
(Tinget al 2010).
The expression of the NLR in the CNS is not clearly defined, although NOD 2 is expressed
by monocytes, microglia and astrocytes (Chauhan et al; 2009)
NOD1 and 2 are cytosol proteins, they are able to detect major components of bacteria cell
walls, g –D glutamyl –meso –diaminopimelic acid (iE- DAP) present in numerous organisms
including Listeria Bacillus subtilis, Shigella Flexneri, Campylobacter jejuni and, Helicobacter
pylori; NOD-2 detects murmayl dipepetide from Salmonella Typhimurium, Mycobacteria
tuberculosis, Listeria monocytogenes, Saphylococcus aureus and Neiseeria menigitidis
(Sterka et al., 2006) Kumar et al 2011). Uncontrolled NOD-2 activation can, however, result
in demyelinization, representing the detrimental effects of unregulated activation of the
innate immune system against pathogen invasion. (Proell et al., 2008).
NLR3, is a key component of NLR- 3 inflammosome (NLR 3, ASC and procaspase -1)
because it is able to detect a wide range of PAMPs including viruses (adeno and
influenzaviruses), bacteria (Staphylococcus aureus) and fungi (Candida albicans) (Osawa et
al., 2010) and various DAMPs (HSP and BCL-2)(Schroder 2010). Of interest, is the
association between a mutation in the nucleotide –binding oligomerization domain gene
2(NOD2) and Crohn’s disease, an inflammatory bowel disease (Rehaume et al; ., 2010; Ting
et al., 2010).
The explanation for the role of NOD2 in some forms of bowel inflammation (Crohn’s
disease) provides several insights into the more general immuno regulatory roles for NOD 2. Firstly, as an activator of the transcription factor NF-kB, to increase cytokine synthesis, or
as a negative regulator of the host TLR response to pathogens, thirdly, a capacity to increase
host defence by up regulating the expression of small molecular weight (18-45 amino acids)
molecules called the defensins in Paneth cells. The defensins assist with the intracellular
lysis of phagocytosed bacteria, therfore regulating the severity of inflammation in the
intestine wall (Rehaume et al., 2010).
The precise mechanism by which intra cellular sensing of PAMPs, such as bacterial
peptidoglycan derived molecules, meso –diaminopimelic acid and muramyl dipeptide is
carried out is as yet, not known (Ting et al 2010). Once a PAMP or DAMP is detected by the
NLR this activates the inflammasome pathway (a complex composed of NLR, the adaptor
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ASC (apoptotic speck-containing protein) with a CARD and procaspase -1 increasing the
expression of proinflammatory cytokines IL-and IL-18. (Royet et al., 2007; Hoarau et al.,
2011).
The involvement of NLR in virus infection requires the mitochondrial located anti virus
signalling protein, MAVS (also Cardif, IPS-1, VISA), that is responsible for type I interferon
response. An NLR protein family member, NLRX1, regulates the interferon type 1 response
by inhibiting the interaction between RIG-1 and MAVS, whereas NOD 2, also inhibits RNA
virus production through its interaction with the anti- viral protein, 2-5 oligodenylate
synthase type 2 (OAS2) (Ting et al 2010). see table 1.

7. Scavenger Receptors (SR) detect pathogens, apoptotic cells and
endogenous proteins; vital components of the innate immune response
7.1 CD14, CD36 and SCARB
CD14 is expressed by microglia and is both a membrane anchored
glycophosphatidylinositol protein (GPI) and soluble PRR. It has a co-operative interaction
with TLR- 4 to facilitate bacterial LPS detection and it interacts with apoptotic lymphocytes,
via the intercellular adhesion molecule(ICAM-3) to facilitate their phagocytosis (Gregory
2000). Clearance of apoptotic cells by CD14, depends upon detection of ACAMPS and this is
also an anti -inflammatory response, reducing tissue damage, because the soluble form
CD14 switches off activated T cells (Pender 2001).
7.2 Scavenger receptors class A (SRAI, SRABI/II) and class B, CD36
The best characterised SR is CD36, a multifunctional receptor, expressed by microglia and
astrocytes (Husemann etal., 2002). It is able to bind to phosphatidyl (PS) and oxidized low
density lipoprotein, both present on apoptotic cells (as ACAMPs) as well as neurotoxic
proteins such as A4 (Ren et al., 1995; Coraci et al., 2002). Macrophage, CD36, co-operates
with the vitronectin receptor v3 (CD51/CD61) to increase phagocytosis, because this
complex recognizes the protein thrombospondin (TSP) located on the surface of apoptotic
cells. (Lamy et al 2007: Fadok et al., 1998).
A further receptor, Scavenger receptor B, SCARB (Lysosomal integral membrane protein II
or CD36b like-2) is expressed by many different tissues and has also been identified as a
receptor for the enterovirus EV71and coxsackie virus A16, although only EV71 is
responsible for encephalitis. SCARB is expressed in most tissues, so it not possible to explain
the neurotophic effect of EV71 as the result of this virus binding this new receptor.
(Yamayoshi et al, 2009).
7.3 CD91; a multi functional PRR
The 2 macroglobulin LRP receptor-related or the lipoprotein low density lipoprotein
receptor (CD91) is expressed by microglia and neurons (Marzolo et al., 2000), and functions
as an entry receptor for both bacteria and viruses. HIV-1 utilizes CD91 as a docking receptor
to enter the CNS via endocytosis; the toxin of the bacterium Pseudomonas is taken up by
CD91 (Herz et al., 2001). Despite this evidence, the contribution made by this SR in
defending against neuro infection is not yet clarified; CD91 is also able to bind toA4
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amyloid and apoptotic cells (Marzolo et al., 2000). As the result of apoptosis, calreticulin, a
soluble protein located on the endoplasmic reticulum migrates to the cell surface and
becomes a potentially important ligand for phagocyte receptors, including mannan binding
lectin (MBL), the first complement proteinC1q and the CD91 complex. (Ogden et al., 2001;
Gardai et al., 2005)
7.4 TREM -2; a new scavenger receptor
Triggering receptor expressed by myeloid cells (TREM-2) and is an SR expressed on
monocyte derived dendritic cells, osteoclasts and microglia (Takahashiet al., 2007). The
TREM-2 receptor is expressed by microglia in conjunction with the receptor DAP-12 that
shares many features with Draper, an ancient phagocytic receptor found in Drosphila. The
microglial, DAP-12 receptor and Draper, both contain ITAM (immuno receptor tyrosine
based activation motifs) and stimulation of this signalling pathway increases microglial
phagocytosis and pro inflammatory cytokine expression. (Linnaetz et al., 2010). In vitro,
microglia expressing TREM -2 demonstrated increased phagocytosis of membrane
fragments from apoptotic neurons. This effect was also reproduced in experimental
autoimmune encephalomyelitis(EAE)following the intravenous administration of TREM-2
in bone marrow precursor cells and was accompanied by a down regulation of tumour
necrosis factor (TNF). A loss of function mutation in both TREM-2 and Draper proteins are
associated with a chronic neurodegenerative disease, Nasu-Hakola, characterized by the
failure to clear neurotoxic proteins, representing a contributory factor in this form of early
onset dementia (Colonna M et al., 2003). The TREM -2 mediated apoptotic response was
inhibited by inflammatory signals activating the ITIM (immuno receptor tyrosine based
inhibitory motifs) leading to the recruitment src homology 2 (SH) domains of syk protein
kinases, preventing phagocytosis and down regulating both the microglial inflammatory
and anti -pathogen responses.
7.5 Lectins as PRR in the innate immune response to infection and injury
The lectins are a range of carbohydrate binding proteins and glycoproteins, either homo
or hetero oligomers of non -covalently bound, polypeptide units and carbohydrate
recognition domains (CRD) that bind to a sugar molecule in a Ca 2+ dependent manner
(Cambi et al., 2005). One important role for the lectins is to establish tolerance between
bacteria living inside the host through molecular mimicry. Bacteria display surface lectin
molecules similar to those present on host cells so bacterial lectins are detected as ” self “
by the host immune system, allowing them to remain in the gut with mutual benefit to
both host and bacteria.
The innate immune response also includes the C- type lectins (acting as PRRs) to detect
PAMPS (Endo et al., 2006; Geijten beek et al., 2009). The most important families of lectins
are the Pentraxins (extracellular), the Macrophage mannose receptor (MMR) located on the
endoplasmic reticulum)(Stahl and Ezowitz 1998), the non classical C-type lectins, dectins
1and 2, expressed by microglia (Brown G et al., 2006) Siglecs (cell membrane)(Crocker and
Varki, 2001) and the newly identified C –type lectin member 4E (Clec4) (Sancho et al., 2009).
The galectins, expressed by cerebral blood vessels, are an increasingly important family of
lectins, functioning as a PRR to detect both intracranial l PAMPs and DAMPs (Sato et al.,
2009; Vasa, 2009).
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7.6 MMR and DC-SIGN are PRR for “non self”, complex carbohydrates
Glia, express trans membrane C- type lectins (Burundi et al., 1999) namely MMR (microglia,
astrocytes and peri vascular cells) (Linehan et al., 1999) and DC- SIGN receptor that
recognizes “self “intercellular adhesion glycoproteins ICAM. (van Kooyk et al., 2003). The
DC-SIGN receptor is expressed by peri vascular cells and a population of dendritic cells,
both associated with cerebral blood vessels (Mukhtar et al., 2002; Schwartz et al., 2002;
Greter., 2005). MMR and DC- SIGN function as PRRs binding to and internalising viruses by
endocytosis, promoting their degradation and antigen presentation to T cells in association
with MHC (Stahl et al 1998; van Kooyk et al., 2003).
Both, MMR and DC-SIGN, also recognize “non self” molecules containing a high mannose
content (functioning as PAMPs), as found on enveloped viruses. Both MMR and DC-SIGN
receptors provide a pathway for a virus to enter the CNS (le Cabec et al., 2005) and this is
the case for Dengue (Miller et al 2008), HIV, Ebola and Marburg (both ss RNA Filo viruses),
West Nile Fever virus (WNFV), Influenza A, all target MMR (Upham et al 2010.). Whereas,
WNV and Ebola virus target the DC- SIGN receptor (Alvarez et al., 2002; Schwartz et al.,
2002; Mohameazah et al., 2007)
7.7 Pentraxins
The pentraxins are highly conserved proteins with a cyclic multimeric structure and include
the acute phase reactant C protein (CRP) and serum amyloid protein (SAP). Microglia and
neurons express CRP and SAP, both of which are capable of opsonising apoptotic cells with
subsequent binding to the collectin, C1q, the first C pathway protein to stimulate
phagocytosis. (Elward and Gasque 2003; Nauta et al 2003). CRP recognizes apoptotic cells
through binding to phosphorylcholine found in oxidized lipids which are regarded as
ACAMPs (Chang et al., 2002). Pentraxins, as opsonins, also initiate phagocytosis of
apoptotic cells as they are capable of binding directly to microglial Ig (FcR) receptors and
C1q (Chang et al 2002: Nauta et al., 2003) Despite this evidence, the contribution of the
pentraxins to the removal of apoptotic cells from the CNS in neurodegenerative and
inflammatory disease is yet to be defined.
7.8 Galectins are lectins and PRR with multiple roles
Most galectins are non – glycosylated, soluble proteins, distributed in most mammalian
tissues, including the innate and adaptive immune systems (Sato et al., 2010: Vasta 2010).
Glactins(previously known as S- type lectins) are expressed by cerebral vessel wall
endothelium (Joubert et al., 1998). They are also examples of PRR capable of binding to
viruses, bacteria (Streptococcus pneumonia, Neisseria meningitides, Haemophilus influenza and
fungi Candida albicans, the protozoan Trypanosoma cruzi and parasite Toxoplasmosis gondii.
Glactins are able to prevent Nipah virus entry in to endothelial cells by preventing virus
fusion with ephrin B2 and B3 receptors on endothelial cell surface (Lo et al., 2010; Garner et
al., 2010) However, this protective function of glactein is exploited by the HIV -1 virus,
because it binds to glactin -1 and enters host cells. Organs that represent reservoirs for HIV1 infection express abundant glactin –1 on their cell surface, confirming glactins are “ non
self” detecting PRR. (Sato 2009).
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7.9 Defense collagens or collectins (MBL and SPA)
These are soluble molecules expressed by the liver, lungs and astrocytes (Kuraya et al.,
2003; Wagner et al 2003)and include mannose binding lectin (MBL) and Lung surfactant
protein A (SPA). Both these collectins are capable of recognizing carbohydrate patterns
containing large numbers of mannose and fucose molecules characterized as PAMPs, and
found in the cell wall of bacteria and viruses (non self), but not expressed by mammalian
cells (Tenner AJ 1999; Elward Gasque 2003). The globular carboxyl C terminal of the
defence collagen acts as PRR recognizes PAMPs and potentially ACAMPs, whereas the N
-terminal domain links defence collagen to a receptor on phagocytic cells e. g microglia.
MBL binds to Ebola and Marburg envelope gylco proteins, preventing these viruses
gaining “subversive “entry to the host cell through the DC –SIGN receptor (Ji et al 2005).
SPA and MBL are capable of binding to apoptotic cells and neutrophils, functioning as a
bridging molecules, between the apoptotic cell and the phagocyte receptor CD91
(Vandivier et al., 2002).
7.10 Siglecs detect sialic residues as markers of “self”
Siglecs (sialic acid –binding immunoglobulin like lectins) are a subgroup of the Ig super
family, type 1 membrane proteins with an amino terminal V –set immunoglobulin domain;
they represent a family of receptors that detect sialylated glycoproteins and glycolipids
(Crocker and Varki 2001 Crocker etal., 2007). Two group of Siglecs can be identified; Siglecs
common to mammals Siglec -1(sialoahesin, CD169) (Delputte et al., 2011), Siglec 2 (CD22),
myelin associated siglec 4 and those Siglecs related to the CD33 family including siglec -10,
11 and 16 (Lock et al., 2009 Mott et al., 2004). Most siglecs, are present on haemopoietic
tissue however, sialoadhesin is expressed only on macrophages as a specific adhesion
molecule, whereas siglec -11 is expressed by microglia (Angata et al., 2002). The CD33
family of siglecs are expressed on most mammalian cells, with each siglec having a unique
specificity for a sialylated ligands (sialic acid), so there is room for overlapping functions
within the family of Siglec receptors (Cao and Crocker 2010). Their main function is the
detection of “self “ indicated by sialic acid residues and the suppression of inappropriate
microglial directed host cell phagocytosis.
7.11 Complement system provides first line defence against pathogens PAMPS,
DAMPs and ACAMPs
The C system is an extremely ancient component of the innate immune system. It is thought
to have evolved 300 million years ago, as part of the coagulation protein pathway. The
complement system comprises of three pathways, the classical, alternative and lectin
activated pathways. (Sjoberg et al., 2008; Gasque 2004; Gasque et al., 2000)
The first component of the classical C pathway, C1q, has a multimeric structure, that
represents a PRR and is expressed by astrocytes and neurons (Gasque et al., 2000). C1q is
able to detect a variety of pathogens, apoptotic cells and neurotoxic misfolded proteins
(mutant Prions, fibrillary amyloid), antigen –antibody complexes and DNA (Nauata et al
2002; Korb et al., 1997). The identity of the C1q receptor is not well defined, but candidates
include, CD93, expressed by microglia or C1qRp (Dean et al 2000 Webster et al., 2002. ;
Elward and Gasque 2003).
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The activation of the classical C pathway generates two anaphylotoxins (C3a, C5a)
responsible for recruiting inflammatory cells into areas of tissue injury, as welll as opsonins
(iC3b and C3) and the cytolytic membrane activation complex (MAC). With regards to
pathogens such as bacteria and fungi, the opsonins (C3b and iC3b) coat the pathogen
making it a more attractive target for microglia expressing the 2 integrin (CR3
/CR4)receptors (Akiyma and Mc Geer 1990: Ehlers 2000; Reichart et al., 2003). Apoptotic
cells contain activated DNA and this enables C1q to directly bind to apoptotic cells,
activating the classical C pathway with the generation of opsonins C3b and iC3b, again
providing targets for phagocytosis by CR3 and CR4 to reduce host cell damage (Mevorach
et al., 1998; Korb et al., 1997). There is also evidence that the Ficolins (lectins) bind to
ACAMPs expressed by apoptotic cells, activate complement and generate the opsonin C3,
facilitating phagocytosis (Matsushita., 2010)

8. Neurodegeneration; The detection and clearance of Pathogen protein
associated molecular patterns (PPAMPS) and innate immune system
activation
Neurodegeneration produces neuronal loss and is characterized by intra and extra
neuronal accumulation of dangerous(neurotoxic) intrinsic proteins (fibrillary amyloid,
mutant prions, synuclein, mutant tau) classified as PPAMPs(pathogen protein
associated molecular patterns) regarded as a sub type of DAMPS. PPAMPs are detected
by a range of PRRs with resulting proinflammatory cytokine expression (Wyss-Coray and
Mucke 2002). During chronic CNS inflammation, the accumulation of endogenous protein
aggregates is perceived by the innate immune system as “stranger” or “danger” signals
(DAMPs). In AD, it has been suggested that a variety of glial related PRR (CD14, TLR,
CD36, CD91) with opsonins(C 1q, iC3b, C3) derived from C activation contribute to the
removal of A4amyloid fibrils ( Coraci et al., 2002: Elkhoury et al., 2003; Fassbender et al.,
2004; Alarcon et al 2005: Tahara et al., 2006; Landreth et al., 2009)The SR, CD36, facilitates
the assembly of a heteromeric complex composed of CD36, TLR4 and TLR6 following
binding to A 4 (Stewart et al., 2010).
Aβ fibrils can activate microglia and astrocytes through TLR4 (together with CD14 and MD2
in microglia), leading to the activation of downstream inflammatory response genes (Reed Geaghan et al., 2009; Walter et al., 2007; Chen et al., 2006: Lehnardt et al., 2003, Bamberger et
al., 2003). This explanation is consistent with mice carrying a nonfunctional TLR4 crossed
with a mouse model of AD (APP/PS1 double transgenic mice) having a lower level of
inflammatory cytokines than wild type animals (Walter et al., 2007; Jin et al., 2008). A TLR4
polymorphism was shown to be associated with protection against late-onset AD in an
Italian population, suggesting that theTLR4–mediated innate immune inflammation could
influence AD pathology (Minorettiet al., 2006). TLR2 also may be a sensor for fibrillar Aβ
(Chen K et al., 2006; Jana et al 2008). Blocking TLR2 signaling with antibody or by
knockdown of the receptor gene in vitro suggested that TLR2 stimulation by Aβ promotes
neurotoxic inflammation. However, mice lacking TLR2 crossed with APP/PS1 transgenic
AD mice were reported to show a delay in Aβ deposition and improved behavior on
memory tests (Richard et al., 2008) These apparently contradictory functions of TLR could
be due to differences in the cell types as well as signaling pathways that are engaged by the
amyloid peptides and/or fibrils. (Tahara et al., 2006)
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NOD-like receptors (NLRs) are also involved in A-induced inflammatory response. In AD,
Aβ oligomers and fibrils induce lysosomal damage and trigger NALP3, a member of the
NLR family that is expressed in microglia (Halle et al., 2008) NALPs activate downstream
signaling proteins, such as ASC and this will lead to caspase 1 activation and increased
processing of proinflammatory mediators like IL-1β and IL-18.
Fibrillary amyloid and aggregated forms of mutant prion protein are opsonized by
complement components (C1q, C3) to promote clearance by macrophages and microglia
CR3/CR4(Tenner 2001: Kovacs et al., 2004). In AD as the result of C1q binding to fibrillary
Aβ4, the C pathway is activated increasing C3 and C5 as part of the protective response
promoting clearance of the amyloid plaque (Mc Geer et al., 1989; Jian et al., 1994;
Eikelenboom et al., 2002); inhibition of the complement cascade increased amyloid plaque
burden (Wyss Coray and Mucke., 2002). However, in the context of acute inflammation,
microglia and astrocytes express complement and it is plausible C activation on myelin/
neuronal debris contributes to secondary brain injury. The formation of the MAC and nonspecific binding to host cells would cause bystander damage.
In Huntington’s disease the expression of C1q, C3, iC3b and C4 is increased on microglia
and astrocytes, C activation is also present in experimental models of ischaemia (van Beek et
al., 2000; van Beek et al., 2001: Singhrao et al., 1999). Interestingly, administration of a C1q
inhibitor C1-INH, resulted in neuron protection after experimental ischaemia, but its
protective effect was interpreted as independent of C1q activation of the complement
pathway (De Simoni et al., 2004).
A further sensing system for Aβ, is provided by RAGE (receptor for advanced glycation
endproducts ) a PRR and trans membrane receptor of the immunoglobulin super family
RAGE is expressed on the surface of microglia, astrocytes, vascular endothelial cells, and
particularly on neurons (Fang F et al 2010). Several reports suggest that Aβ peptide as well as
Aβ oligomers bind to RAGE and contributing to the activation of microglia and the production
of proinflammatory mediator (Yan et al., 2006). RAGE is also suggested to play an important
role in the clearance of Aβ4 and to be involved in cellular processing and signaling (Origlia et
al, 2008; Takuma et al 2009). The role of the SRs, CD36, CD14 and particularly CD91, in AD is
ambiguous; studies indicate that CD91 has the capacity to influence both the production and
the clearance of Aβ. CD91 is a receptor for APP, apoE, and α2M, which all have been
genetically linked to AD (. Bu, 2006). Clearance of Aβ complexed to these ligands could
contribute to a reduction in amyloid plaque burden (Herz et al., 2001).
8.1 Phagocytosis of apoptotic cells (altered self) reduces local inflammation (the non
phlogistic response)
Apoptotic cells result from the consquences of infection, ischaemic infarction and
neurodegeneration; they express a range of apoptotic cell associated molecular patterns or
ACAMPs on their surface. In general phagocytosis of apoptotic cells reduces local tissue
inflammation, as the so called “non pholgistic response”, providing some degree of local
immunoregulation. (Chan et al., 2001: Chang et al., 2001; Magus et al., 2002; Griffith set al.,
2009. The result of clearing apoptotic cells reduces local inflammation (non phlogistic
response) and this is in contrast to the increase inflammatory response, following attempted
clearance of pathogens (phlogistic response). The clearance of apoptotic cells by CD14 is
anti-inflammatory (non phlogistic) as it binds to and switches off T cells (Gold1991), releases
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the anti-inflammatory cytokines TGFβ and prostaglandin E2, together with growth factors
such as Vascular endothelial growth factor (VEGF), all reducing local inflammation and
promoting tissue repair (Griffiths., 2009 et al, Golpon HA et al., 2004, Huynh et al., 2002,
Voll R et al., 1997)
ACAMPs include nucleic acids and sugars, the best characterized ACAMPs are,
phosphatidyl serine (PS) and calreticulin (Fadok et al., 2000: Hoffman et al 2001; Gardai et
al., 2005; Gardai et al., 2006).
Glia and macrophages express PRRs that recognize ACAMPS, including the PS receptor
(PSR), CD14 (in conjunction with ICAM), LRP, CD36, the soluble bridging molecules milk fat gobulin (MFG -EGF 8), growth arrest –specific gene 6, and TREM-2 (Prieto et al., 1999,
Gregory 2000; Hanayama et al., 2002; Leonardi –Essman et al., 2005 Gardaiet al., 2006).
Thrombospondin, a protein expressed by glia, acts as a bridging molecule between an as yet
undefined ligand on the apoptotic cell and CD36, to promote phagocytic clearance (Lamy et
al., 2007). PS on apoptotic cells and IgM both bind to C1q to activate C pathway and opsonin
(C3b iC3b) synthesis, to provide targets for CR3 and CR4 (Kim et al., 2002).
Animals deficient in C1q accumulate apoptotic cells, resulting in glomerulonephritis and an
(SLE)- like disease, because the accumulated DNA and RNA both function as DAMPs and
trigger autoimmune inflammation (Botto et al 1998). Activated microglial and Kolmer cells
in the choroid plexus (Singhrao et al., 1999) express C3R /CR4 and both detect C1q, C3b,
C3b as well as MBL, underlining the importance of glia for removing apoptotic cells
opsonised with C from the CSF (Mevorach et al., 1998; Reichart et al., 2003). The lectins,
Ficolins and MBL, are capable of interacting with ACAMPs such as calcireticulin, to initiate
clearance of apoptotic cells (Ogden et al., 2001).
Phagocytes involved in apoptotic cell clearance also express, the T cell immunoglobulin
domain mucin domain protein 4 receptor (TIM4) and the TAM receptors (Tyro2, Axland
Mer) which bind to Gas 6 both are expressed by neurons (Lemke and Rothlin 2008). These
receptors regulate the effects of TLR mediated response by inducing the expression of
Suppressor of Cytokine Signalling proteins (SOCS 1 and 3), a family of intracellular
inducible proteins, that inhibit cytokine synthesis. (Baker et al., 2009).
8.2 Neuroimmunoregulatory molecules (NIRegs) regulate the innate immune response
and prevents inappropriate activation
One basic property of the NIRegs is their expression by host cells, but neither by pathogens
nor by apoptotic cells. NIRegs interact with either macrophages or microglia to provide
immuno regulation, promoting a reduction in the severity of inflammation and facilitating
tissue repair (Hoarau et al., 2011).
Examples of NIRegs, include CD200 and CD47; these two molecules both represent “don’t
eat me” signals cells, to prevent un warranted phagocytosis, whereas the Siglecs detect sialic
acid (a “don’t eat me” signal) on host cells resulting in immuno regulation and inhibition of
microglial activation. CRProteins modulate complement activation whereas, the the
CD24/siglec 10 pathway inhibits DAMPs initiated inflammatory response (Chen et al.,
2009). see table 2, for a summary of the current NIreg s.
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8.3 Complement regulatory proteins (CRP) as NIRegs
To avoid self-destruction, host cells employ a range of regulatory molecules, including the
CRP, which inhibit assembly of either the C3-cleaving enzymes or the formation of the
membrane attack complex (MAC) on host cell surface. As pathogens lack these inhibitors,
activation of the complement cascade can proceed and results in lysis or phagocytosis of
microbial intruders. (Zipfle and Skerka 2009). However, animals deficient in CRP are also
likely to experience severe inflammation, because unregulated activation of the C system
will generate C3a and C5a, both anaphylatoxins(chemotaxis of macrophages and
neutrophils) with uncontrolled activation of MAC.
Similarly, as “self” cells progress to “altered self” (apoptotic cells), there is a downregulation of complement inhibitors (including CRP) at the cell surface including a low sialic
acid content and the loss of the CRP, FH(Crocker and Verki 2001). The loss of CRP based
membrane inhibitors, such as CD46, can lead to moderate and limited opsinonisation of
apoptotic cells with the complement proteins (C3b, iC3b) with the promotion of
phagocytosis by CR3/CR4. (Elward et al., 2005)
The soluble C1 inhibitor (C1-INH), C4b-binding protein (C4bp), factor H (fH), factor I (fI), S
protein (Sp) and clusterin are all CRP, expressed by glia and neurons (Gasque 2004). C4bp is
an important NIReg, because it is able to inhibit the DAMP effect of DNA released from
necrotic cells and has been detected upon amyloid plaques in AD, potentially limiting C
activation (Torouw et al., 2007; Torouw et al., 2005).
The other CRP are expressed on the cell membrane and include two trans membrane
proteins CR1, membrane cofactor protein (MCP, CD46) and two GPI-anchored proteins,
Decay Accelerating Factor (DAF, CD55) and CD59 (see comprehensive review Zipel and
Skerka., 2009). Moreover, since CD55 is a ligand for CD97 on macrophages it is tantalizing to
speculate that CD55-CD97 interactions could play an important role regulating phagocytosis
(Hamann et al., 1996).
FH, CD55 and CD59, fulfill the criteria for an NIReg given that they are broadly expressed
and extremely important in the control of complement activation on self-cells. Neurons also
express NIRegs in the form of the CRP, Factor H. This CRP is able to reduce axonal
degeneration (self injury) in a MOG induced EAE model, as the result of inhibiting C
pathway activation. (Griffiths et al., 2009)
8.4 Siglecs are an emerging NIReg
The Siglecs, are expressed by monocytes, microglia and macrophages; they have a
potentially important immuno regulatory function in the CNS (Linnartz et al., 2010) The
absence of sialic acid expression on micro-organsims or apoptotic cells is detected by siglecs
as a signal of “missing self “and this promotes phagocytosis (Crocker and Virki 2001). To
emphasize the importance of sialic acid residues as a signal of “self”, over twenty,
pathogens have evolved the capacity to synthesize or capture sialic acids, providing
molecular mimics of host (“self “) and thus avoiding detection by their host (Jones et al.,
2003). This possibility is supported by evidence showing Group B Streptocci with siaylated
surface molecules bind to neutrophils expressing siglec 9, with reduction in their killing
response aiding the survival of bacteria (CaoCrocker 2010).
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The CD33 related sub-family of Siglecs (includes human Siglec 10, Siglec 11, Siglec 16) and
the CD22 related Siglecs, both signal through cytosolic ITIM (immuno receptor tyrosine
based inhibitory motifs) that provide inhibitory regulation of receptor pathways (Crocker
and Varki 2003; Lemke and Rothlin 2008). This association strengths the potential NIReg
regulatory role for both CD33 and CD22 siglecs on the basis of their capacity to detect
sialylated glycans (-2, 6 2, 3 and 2, 8 linked sialic acids) representing markers of” self
“on host cells.
The interaction between CD22 and B cells results in a phosphorylation of ITIMS with the
recruitment of the Src homology 2 domain –containing protein tyrosine phophatases(SHP-1
and SHP-2 proteins) with a down regulation of inflammatory signalling. (Crocker 2007).
Cortical neurons express high levels of CD 22 and on ligation with microglial CD45 it
reduced LPS induced microglial expression of TNF–acting as a negative regulator of
microglial cytokine release (Mott et al., 2004). Siglec 11, expressing microglia have a reduced
neurotoxic capacity and fail to phagocytose apoptotic material in micro glial- neuron co
culture experiments. (Wang et al., 2010: Toguchi et al 2009).
CD33 related Siglecs inhibit cell proliferation, negatively regulate TLR, increase apoptosis
and reduce IFN production, again through ITIM signalling pathways (Cao and Crocker
2010). The absence of sialic acid in the cell wall of a pathogen will prevent the interaction
with CD22, CD33, resulting in the failure to promote an ITIM related inhibitory response
with an increased host “ protective “ inflammatory response (Crocker 2010). The presence of
sialic acid residues defines host cell as “self” and initiates an inhibitory signal to down
regulate any inflammatory response and prevent inappropriate phagocytosis of host cells. A
further immunoregulatory role for Siglecs is their inhibitory response to TLR signalling
activated by DAMPs.
8.5 CD24/siglec 10; an NIReg pathway that regulates DAMPS and reduces tissue
injury
The successful resolution of pathogen invasion of the CNS requires the detection of PAMPs
and also DAMPs released by tissue injury. HMBG, S100 and HSP are all examples of a
DAMPand released from cells after injury. The innate immune system can be activated by
DAMPs as a consequence of being detected by a RAGE and TLRs and triggering the TLR –
MyD88 –NFkB pathway (Liu et al., 2009). Of interest, is the relatively low level
inflammatory response elicted by DAMPs, raising the possibility that DAMPS are capable of
regulating the inflammatory response.
One pathway, capable of imunoregulating DAMPS involves, CD24, a heat stable antigen
and GPI anchored protein, that binds to HMBG, reducing the pro inflammatory properties
of this DAMP. Two lines of evidence support the regulatory role of CD24; individuals with
polymorphisms of CD24 appear to at risk of developing so called autoimune disease
involving inflammation and when T cells are introduced into CD24 deficient mice, they
undergo rapid proliferation. Furthermore CD24, is expressed in the developing CNS and by
stem cells; although not fully characterized, it is known to regulate cell proliferation and
neuritic outgrowth (Kleene et al., 2001: Shewan et al., 1996).
CD24 detect s DAMPs, but not PAMPS and the CD24- DAMP complex binds to the Siglec
10, which has an ITIM motif and recruits SHP-1 SHP-2 and SHIP complexes. The presence of
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Siglec 10- SHIP-1 compex inhibits the DAMP-TLR /NLR based activation of the NF-kB
pathway, reducing DAMP activated inflammatory cytokine expression. PAMP activation of
the TLR –MyD88 –Nf-kB pathway remains intact and inflammatory cytokines are
synthesised. This proposed pathway, based upon CD24 binding to DAMPS, but not PAMPS,
allows the host to regulate endogenous protein activation of inflammation following
infection and neuro degeneration, adding a further protective pathway to reduce the
severity of tissue injury.
Mice deficient in the human homologue of siglec 10 have an increased proinflammatory
response to pathogens (Chen et al., 2009). Further evidence, that the CD24/siglec 10
interaction presents an NIReg pathway is the inhibition of the inflammatory response
initiated by the DAMPS, HSP 70 and HSP90 (Liu et al., 2009). The CD24 /Siglec 10 pathway
represent an NIReg pathway capable of regulating endogenous DAMPs released during
injury, neurodegeneration and infection. (Liu et al 2009; Hoarau et al., 20011)
8.6 CD200-200R an NIReg pathway for evasion of phagocytosis
CD200, is a well defined member of the NIRegs family it is expressed by reactive astrocytes;
its counter receptor, C200R is expressed by microglia and perivascular macrophages
(Barclay et al., 2002; Broderick et al., 2002 Lyons et al., 2007). The interaction between CD200
and CD200R results in down regulation of microglial phagcocytosis, preventing “self” attack
(Barclay et al., 2002: Hoek et al., 2000). CD200 is a 41-47kD surface molecule and a member
of the immunoglobulin Ig supergene family, characterized by two IgSF domains (Barclay et
al., 2002; Wright et al., 2001). It is a highly conserved and found in invertebrates and
vertebrates; like many of the glycoproteins containing this molecular arrangement they are
involved with regulation of the immune system.
In the brain CD200, is expressed by microglia, cerebellar and retinal neurons, together with
vascular endothelium. (Broderick et al., 2002). The counter receptor to CD200, CD200R, also
contains two IgSF domains and is expressed by myeloid cells and brain microglia (Koning et
al., 2009; Koning et al., 2007). In CD200 deficient mice, the number of activated microglia
and macrophages were more numerous after an experimental lesion, as compared to wild
type animals, providing evidence that the CD200/CD200R interaction is related to
regulation of microglial activation and regulation of local inflammation (Hoek et al., 2000).
This interpretation is supported by experiments in CD200 -/-mice inoculated with myelin
oligodendrocyte glycoprotein MOG peptide to induce EAE. In these experiments the
severity of the EAE was increased owing to the loss of CD200 regulation of microglial
activity (Hoeket al., 2000). The contribution made by the CD200 (astrocytes)-CD200R
(microglia) interaction on microglia in MS and AD remains to be established, although
evidence for a dysregulation of CD200-CD200R pathway as a contributory factor to increase
the severity of inflammation in MS has been proposed (Koning et al., 2009).
8.7 CD47-C172 an NIReg pathway as a marker of “ self” or “don’t eat me”.
CD47, is expressed by astrocytes, neurons, macrophages and endothelium. The interaction
between CD47 with the counter receptor CD172a, down regulates microglial activity,
complement activation and cytokine expression, overall reducing the severity of the
inflammatory response (deVries et al., 2002 Reinholdet al., 1995)
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CD47 has five trans membrane regions with alternatively spliced isoforms of CD47 having a
tissue specific expression, form 2 is present in bone marrow, whereas form 4 is highly
expressed in brain (Reinhold et al., 1995). CD47, has two counter receptors; CD172a is
expressed by myeloid cells, microglia and neurons a plasma membrane protein with three
Ig domains in its extracellular component (Brown et al., 2001) and thrombospondin TSP
(Lamy et al., 2007).
The interaction between CD47 with CD172a, recruits tyrosine phosphotases SHP-1 and SHP2, with down regulation of macrophage phagocytosis, complement activation and cytokine
synthesis including (Vernon –Wilson et al 2001: Brown et al., 2001: Oldenborg et al., 2001:
Seiffertet al., 2001. The protective activity of CD47 could also be extended to its beneficial
role in supporting neural development and promoting clearance of amyloid fibrils, albeit by
mechanisms that remain ill-characterized (Bamberger et al., 2003).
The interaction between CD47 and CD172a has been shown to reduce neutrophil migration
across endothelium and blocking CD47 induced expression of inflammatory cytokines by
dendritic cells. CD47 is capable of inducing apoptosis in both T cells and cells deficient in
CD47 i. e. loss of “self” identity, these cells are subsequently cleared rapidly from the
systemic circulation by the spleen. (Oldenborg et al., 2001). The interaction between CD47
and thrombospondin promotes apoptosis of activated T cells, therefore, reducing
inflammation by terminating T cell activation (Lamy et al., 2007: Sarati et al., 2008).
Hence, CD47, represents an important “don’t eat me signal”, preventing inappropriate
phagocytosis of host cells (Elward and Gasque 2003). Apoptotic cells rapidly loose CD47,
reducing its ability to bind and phosphorylate CD172a to recruit inhibitory signals and
increasing their clearance through phagocytosis. The presence of CD47 on neurons and T
cells is capable of promoting apoptosis through the CD95/Fas and caspase independent
pathways (Manna et al., 2005). In MS, CD47, but not CD172a expression, is reduced at the
edge of a chronic plaque, contributing to the loss of immuno regulation of microglia in this
chronic inflammatory disease(Koning et al 2009).
The finding that viable cells are readily ingested if ‘don’t eat me signals’ are disrupted raises
the intriguing possibility that recognition and removal by phagocytosis is a default process
that is actively prevented by inhibitory ligands on viable cells. Whether or not the CD47CD172a pathway is capable of regulating microglial activity in disease remains to be
determined. (Hoarau et al., 2011)

9. Emerging NIRegs; semaphorins and suppressor of cytokine signalling
proteins (SOCS)
9.1 Semaphorins and microglia represent a potential pathway to regulate the host
inflammatory response
The semaphorins are a diverse group of highly conserved trans membrane and extra cellular
proteins with an extra cellular, 500 amino acid cysteine rich, semaphorine domains.
Semaphorins bind to a diverse range of receptors; in the brain, plexins and neuropilins
whereas in the immune system, the C -type lectin, CD72 is expressed mainly by T cells, but
also on DC and macrophages. The functional importance of the semaphorins was initially
directed towards control of axon growth, but it is now apparent these molecules are
important immuno regulators in the CNS (Takegahara et al., 2005).
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The interaction between Sema 4D (originally CD100), a trans membrane semaphorine, and
the immune system CD72 results in an increased expression of cytokines by B cells, because
Sema 4D turns off the inhibitory ITIM associated pathway (Suzuki et al., 2008). In the CNS
microglia are activated by Sema 4D binding to plexin B1, rather than the CD72 molecule that
is also expressed by microglia (Okuno et al; 2009)
Interestingly, plexin B1 and Sema 4D deficient mice are resistant to EAE induced by MOG
derived peptide, because of the failure to generate MOG –specific T cells, emphasising the
importance of functional Sema 4D for T cell activation and differentiation within the CNS
(Takegahara et al., 2005). Antibodies raised against Sema 4D reduced inflammation during
EAE, this was explained as the result of blocking T cells expressing Sema 4D interacting
with microglial plexin to promote expression of pro inflammatory cytokines (Okuno et al.,
2009).
In contrast to the other NIReg pathways, Sema 4D, increases the host inflammatory
response by upregulating the level of cytokine expression and microglial activation. The
regulation provided by Sema4D ensures the host inflammatory response is approporiate to
counter the effects of pathogens and neurtoxic proteins. Conversly inhibition of the SEMA
4D-plexin pathway represents a potential new target to suppress and regulate neuro
inflammation.
9.2 Suppressor of cytokine signalling proteins (SOCS)
SOCS, are a family of eight intracellular, cytokine inducible proteins, expressed by CNS cells
(microglia, astrocytes and neurons) that inhibit IFN signalling in CNS cells (Baker etal.,
2010). Through activation of STAT transcription factors the C terminal of the SOCS binds to
and inhibits phosphorylated tyrosine residues on Janus kinases (JAK), in addition the of the
N terminus contains a kinase inhibitory region, and this also inhibits INF synthesis and
blocks the NF-kB pathway. In the brain, SOCS1 and 3 are induced by a variety of
inflammatory cytokines including INFand LPS. Overall, SOCS 1and 3 are examples of
NIRegs because they block the JAK/STAT pathway regulating glial and neuron
inflammatory cytokine synthesis.
SOCS1 and SOCS3 have potentially important clinical applications. Administration of SOCS-1
to experimental animals prevents EAE by inhibiting JAK-2 mediated phosphorylation
reducing the expression of inflammatory cytokines IL-2, IL -5 and TNF raising the possibility
that SOCS-1 is a potential therapeutic agent to treat inflammatory mediated demyelination
(Baker et al 2010)Furthermore, the level of SOCS 3 exppressed by T cells in relapsed MS was
less than in remission and this correlated with STAT levels, such that reduced SOCS allowed
STAT to rise increasing inflammatory cytokine levels and increasing the likelihood of relapse.
(Baker et al 2009 for review of clinical studies involving SOCS)
9.3 Loss of immuno surveillance, NIRegs and CNS neoplasia
Glioblastoma (GBM), is the most common primary brain tumour in adults, it is highly
aggressive and infiltrates throughout the brain. These tumours have developed the capacity
to escape immune surveillance by suppressing the host anti -glioma response. Failure to
promote an anti glioma response is associated with an accumulation of immunosuppressive,
CD4-Fox P3+ regulatory T cells, both within and surrounding the tumour (Sonabend et al.,
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2008). Glioma stem cells and macrophages are also capable of inducing immuno supression
in host microglia, because they express the anti -inflammatory cytokines TGF-1 MIC1macrophage inhibitory factor and also inhibit microglial phagocytosis (Wu et al., 2010;
Hussain et al., 2006). A pivotal role in this apparent loss of anti- glioma response is the
inhibition of the JAK/STAT signalling pathway in glioma cells with resulting cell
proliferation, inhibition of both host cell inflammatory response and tumour immuno
surveillance (Brantley et al., 2008). The inhibition of STAT signalling pathway in GBM is
thought to result from an over expression of the NIReg, SOCS -1that inhibits STAT and
function as an immuno-modulatory molecule by blocking IFNβ and CD40, with the down
regulation of both MHC I and II expression in GBM. However, the function role of the other
SOCS proteins (SCOCS- 3) in GBM remains to be clarified; in vitro SOCS -3 increases the IL10 mediated anti-inflammatory response and radio resistance, but therapeutic inhibition of
STATalso promotes microglial recognition of glioma cells (Baker et al., 2009).
Glioma cells express a limited range of TLR and application of various ligands including
LPS and Poly I; C did not have any therapeutic effect, probably due to the failure to
stimulate intra tumour Antigen Presenting Cells. (Grauner et al., 2008. However, the
injection of the TLR9 ligand, CpG, an oligonucleotide, resulted in effective anti glioma
response with inhibition of local Tregs, together with an T effector cell mediated anti glioma respons. TLR9 is not present in host cells surrounding the glioma, providing an
explanation for the apparent failure of host cell to produce an effective T cell response
(Grauner et al., 2008). The intra tumour injection of ligands such as CpG to selectively
stimulate host expression of TLR is of potential therapeutic importance.
One further protective strategy employed by gliomas to evade imuno surveillance is the
expression of C regulator proteins. Activation of C pathway is potentially able to lyse
tumour cells, but several glioma cells lines have been shown to express complement
regulators CD59, CD55, CD46 and FH on their cell surface, preventing C attack and
generation of lytic MAC(Maenpaa A et al., 1996, Junnikkala S et al., 2000). One possible
therapeutic route is infact, the use of surface CD46, this Creg is very similar to the
adenovirus receptors (adenovirus serotype 3) and provides a target to deliver an adenovirus
containing anti- glioma therapy. (Ulasov et al 2006)
Outside the CNS, squamous cell carcinoma of the skin, leukaemias and myeloma cells up
regulate surface expression of the NIReg, CD200, and this inhibits local immune detection
promoting metastatic potential. After spreading to local lymph nodes, metastatic tumour
cells that are CD200+ interact with local CD200R+ myeloid drived cells such as
macrophages and potentially microglia, enhancing their survival, conversely loss of CD200
reduces metastatic tumour survival. The expression of CD200 is a property of the primary
tumour and this expression did not vary according the type of tissue infiltrated by
metastatic tumour (Stumpova et al., 2010).

10. Conclusion
The host inflammatory reaction is required to counter the detrimental effects of pathogen
invasion (encephalitis and meningitis) and the accumulation of amyloid, mutant prions
(neurodegenerative disease). One consequence of the host’s protective inflammatory
reaction is an inevitable amount of associated tissue injury. The detrimental effects of tissue
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injury have to be to be balanced against the, consequences of not removing a pathogen (or
clearing neurotoxic proteins), usually this leads to peristent inflammation preventing any
tissue repair. This balance between protective and destructive consquences is the so called
“double edged sword”effect, that accompanies brain inflammation (Wyss- Coray and
Mucke 2002). The role of the NIRegs is to modulate the level of the protective inflammatory
response, in order to provide the “appropriate amount “ of inflammation to allow the
efficent clearance of pathogens and neurotoxic proteins from the brain.
The immune response against “non self” (pathogens, neurotoxic protiens) must be critically
regulated in order to provide conditions of tissue repair without excessive destruction of “self
“or host cells. Self (host) must be distinguish from “ non –self “as defined by, pathogens
PAMPs, apoptotic cells ACAMPs and “danger proteins” (HMGB1, HSP and S100) classified as
(DAMPs). Non self (PAMPS, DAMPS), is detected by a range of intracellular and trans
membrane PRR (TLR, RIG, NDLR,) whereas the scavenger receptors CD14, CD36, C lectins
and TREM-2 provide a clerance pathway for apoptotic cells and neurotoxic proteins.
Activation of the complement pathway by pathogens and neurotoxic proteins (Fibrillary
Amyloid and mutant prion protein) results in MAC formation and anaphylotoxins C3a and
C5a, all promoting inflammation and tissue destruction. The C pathway also assists the SR
clear apoptotic cells through opsonins C3 and C4 localization on the surface of apoptotic cells.
To prevent excessive host tissue destruction, (NIRegs) must control the proinflammatory
response and efficiently clear apoptotic cells (non-phlogistic response), before they are able to
release neurotoxic enzymes to increase host tissue destruction. NIRegs, provide cell surface
signals (CD200, CD47, sialic acid, CD46,) to identify “self “ and through interaction with
counter receptors (CD200R, CD172a, FH, Siglecs, CD24 –Siglec,) utilizing ITAM /ITIM
pathways, inhibit microglial activation and phagocytosis of host cells. The C pathway is
regulated by a series of CRP also regarded as NIRegs, because they reduce C activation and
excessive host tissue destruction. The inhibiton of CRPs on tumour cells could provide a
mechanism to increase host anti -tumour cell lysis as well as providing receptors for the
delivery of viruses carrying anti glioma reagents. One emerging pathway controls, microglial
activation as the result of T cells expressing Sema 4D; inhibiton of this pathway resulted in a
down regulation of the severity of inflammation in MOG induced EAE. Similarly, the
contribution made by the SOCS family of intracellular proteins to regulating the innate
immune response in a diverse range of neuroinflammatory conditions requires clarification.
The therapeutic benefit of NIRegs is apparent, but to date, there is only limited evidence for
their influence in clinical examples of neuro-degneration and neuro-inflammation. CD200CD200R, CD47 and SOCS have been detected in MS tissue providing evidence for dys
regulation of the host inflammatory response. There is some experimental evidence to show
PAMPS and DAMPs can be distinguished by the host and DAMP initiated inflammation is
regulated by the emerging NIReg, CD24/Siglec, pathway. The cellular localization and
functional importance for each of the NIRegs is summarised in table 2.
It is highly likely the NIRegs provide a range of potentially important therapeutic reagents
that selectively regulate the host immune response and promote tissue repair in a variety of
brain infections (viral and bacterial), neurodegerative diseases and neoplasia. The
opportunity presented by the NIRegs as the means to selectively regulate the CNS immune
response to a wide range of pathogens and neurotoxic proteins should be exploited as a
matter of some importance.
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Pattern
Recognition
Receptor
PRR
TLR2

TLR3

TLR4

TLR 5
TLR7
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Ligand detected

PRR and CNS cell Function
expression

Host Innate immune
response

Bacterial cell wall
peptidoglycan
Zymosan (Fungi)
Haemagluttin
(Measles virus)

Microglia
Astrocytes

Microglia increased pro
inflammatory cytokines
Phagocytosis

ds RNA

Choroid plexus

Neurons
microglia
astrocytes
oligodendroglia

Bacteria
Microglia,
Lipopolysacahride astrocytes
LPS
ependyma
Choroid plexus
Flagellin, bacterial
Macrophage
protein
ssRNA
Microglia,
astrocytes
ependyma,
neurons

TLR8

ssRNA

Neurons

TLR9

CpG DNA

Microglia,
astrocytes

Form hetero dimres
with TLR-1 to detect
Gram neg ative
bacteria
Co operates with
Dectin -1to detect
fungi
West Nile Virus
Detect necrosis and
danger signals
(HMGB, HSP)
Cooperates with
CD36, CD14 and DCSIGN to detect fungi
and Streptococcus
pneumonia

Influenza A
Detect necrosis and
“danger signal
“HMGB, HSP
RNA viruses

Detect necrosis and
“danger signals”
HMBG-1

Microglial IFNTNF
IL-6
Systemic cytokines and
BBB receptor
Microglia and astrocyte
inflammatory cytokines
phagocytosis of
apoptotic cells

Astrocytes increased
TNF IFN MCP-1

Astrocytes increased
TNF IFN,
MCP-1
Microglia express TNF
IL-12, NO

HMBG-1 /RAGE
detected by TLR-9
Detects Toxoplasmosis Inflammatory cytokines
Neurocysticerosis

TLR11

Profilin, bacterial
protein

Genitourinary
Neurons

RIG-1

Short dsRNA

Microglia,
astrocytes

Japanese encephalitis
virus
Influenza A, Ebola
virus

MDA-5

Long dsRNA

NOD like

Bacterial cell wall

Microglia
astrocytes

?Nipah virus, polio
Microglia express IFN
virus,
Listeria bacillius Shigella

Astrocytes express IFN,
IL-6, IL-8 RANTES
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Receptors
NOD-1 and
NOD-2
NLR -3
(NLP-3)

?Microglia,
astrocytes

Bacterial cell wall
peptidglycan

? in CNS

peptidoglycan
and virus proteins

Flexneri
Helicobacter pylori
Mycobacterium
tuberculosis
Bacteria
Viruses
Crohn’s disease

Inflammasome(NLR
ASC, procaspase -1) is
engaged to produce
inflammatory cytokines

Table 1. Shows the individual ligands detected by TLR and Non- TLR (R LR MDA and
NLR), Pattern Recognition Receptors PRR in the CNS. The cellular distribution of each of
these receptors in the CNS is provided together with their contribution to host CNS innate
immune system in response to pathogens(PAMPS and danger signals (DAMPS).
Neuroimmuoregulatory NIReg(NIReg)
receptor/ligand

Cell –cell
interaction

Mechanism of
immune
regulation

Human disease

CD200
Astrocyte
CD47
Astrocyte
Endothelium neuron

Astrocyte –
microglia
Astrocyte –
microglia

Reduce
phagocytosis
Reduce
phagocytosis and
cytokine
expression
Reduce C
activation

Alzheimer’s (AD)
Multiple sclerosis (MS)
Multiple sclerosis

Complement regulators
FH, CD46, CD55, CD59
C4bp

CD200R
microglia
CD172a
myeloid cells
microglia
Sialic acid
Complement
proteins

CD46 (MCP)
CD55(DAF)
Siglecs
CD33 family
Siglec 10
Siglec 11

CD24 -Siglec 10 pathway

Suppressor of cytokine
synthesis
SOCS1 SOCS3

Astrocytes
Microglia

Inhibits complement
regulation of glioma
lysis

Neurons
Sialic acid
Detect absence of
sialic acids
” non self”

NK cells
Microglia

Reduces
inflammation
ITIM pathway

DAMPs

microglia
stem cells

Binds with SHP 1, this complex
inhibits DAMPS
activation of NFkB

HMGB-1

Inhibits IFN and IL
cytokine
Microglia
stimulation of
astrocytes
cytokine expression neurons

Neurodegenerative
disease
AD
Huntington’s disease

Bacterial infection;
bacteria mimic sialic
acids to become “ self “
Reduces DAMP
associated
inflammation
Polymorphisms in
CD24 associated with
autoimmune disease

Blocks JAK/STAT Glioblastoma SOCS
cytokine pathway increased
SOCS reduced in
relapsed MS
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Thrombomodulin CD141 HMBG1/ DAMPS

Microglia

Semaphorin
SEMA4

T cell with
microglia

CD72 on T cells
Plexin B1 on
microglia
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Blocks HMBG
binding to RAGE
and TLR
activation
Blocks ITIM
Sema4D deficiency
increases cytokine reduced EAE severity
expression

Table 2. The potential of NIRegs and their cellular localization, ligands and mechanism
whereby they produce immuno regulation. In the final column there is information relating
to their contribution to infection, neurodegeneration and neuro inflammation as well as
neoplasia, in the human CNS.
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1. Introduction
A major distinguishing feature of the vertebrate nervous system is the formation of myelin
sheaths. The myelin sheath has two main functions. First, it electrically insulates the axon
thereby enabling saltatory conduction and highly increasing conduction velocity. This also
strongly reduces energy consumption since restoration of ion gradients occurs only at the
nodes of Ranvier (i.e. at less than 1 % of the axonal surface). Second, the myelin sheath is
important for trophic support and protection of the axon (Nave, 2010).
Oligodendrocytes (OLG) are the myelinating cells of the central nervous system (CNS). In
contrast to Schwann cells, the myelinating cells of the peripheral nervous system (PNS),
OLG form multiple extensions. Each of these extensions forms a myelin sheath after
contacting an axon. Due to the synthesis and maintenance of multiple myelin sheaths OLG
are highly metabolic active and thus produce large amounts of reactive oxygen species.
Moreover, they contain a large amount of iron, which can cause free radical formation.
Accordingly, OLG are highly vulnerable to lipid peroxidation and DNA damage due to
oxidative stress. It is therefore not surprising that OLG cell death as well as myelin
degradation (demyelination) are features of many acute and chronic diseases of the CNS,
e.g. trauma, ischemia, spinal cord injury, Alzheimer’s Disease and even schizophrenia
(McTigue & Tripathi, 2008; Bradl & Lassmann, 2010). Ultimately demyelination results in
axonal degeneration and decline of neuronal functions.
Demyelination or dysmyelination (impaired myelin synthesis) are the defining feature of
CNS white matter diseases (leukodystrophies). Primary and secondary leukodystrophies
can be distinguished. Whereas in primary leukodystrophies, myelin and OLG are directly
affected, in secondary leukodystrophies the function of other cells, e.g. astrocytes, is
perturbed resulting indirectly in OLG cell death and demyelination. Examples for primary
leukodystrophies are Pelizaeus-Merzbacher disease (PMD) and spastic paraplegia type 2
(SPG2), which are characterized by dysmyelination in the CNS (Inoue, 2005), as well as
globoid cell leukodystrophy (Krabbe’s disease) and metachromatic leukodystrophy. These
diseases are caused by impaired degradation of the major myelin lipids galactosylceramide
(GalCer) and sulfatide, respectively, and are characterized by progressive demyelination
and mental retardation (Wenger et al., 2000; Gieselmann, 2003). The best example for an
inherited secondary leukodystrophy is Alexander disease, which is caused by mutation of
the astrocytic intermediate filament protein GFAP (Johnson, 2004).
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The most common demyelinating diseases are multiple sclerosis (MS) and neuromyelitis
optica (NMO), which are both characterized by an autoimmune attack of the immune
system on the CNS. Whereas it is generally accepted that, in MS, OLG are the primary target
of the immune attack, it has been recently discovered that aquaporin 4, localized in
astrocytes, is the primary target in NMO (Roemer et al., 2007; Parratt & Prineas, 2010). The
resulting dysfunction and death of astrocytes then causes demyelination and OLG death.
After demyelination the function of the affected area is restored by remyelination, the
intrinsic repair mechanism after demyelination. Remyelination of demyelinated axons in the
CNS occurs when OLG progenitor cells (OPC) proliferate, migrate to the site of damage,
locally differentiate into mature OLG and finally produce new myelin sheaths that are
wrapped around the naked axon (C. Zhao et al., 2005). Therefore remyelination largely
resembles the developmental myelination process and accordingly knowledge of all steps
relevant for developmental OLG differentiation and myelination is essential for potential
therapies based on tissue regeneration (Franklin & ffrench-Constant, 2008).
Here I will review main aspects of myelin formation in the CNS starting with the synthesis
and transport of myelin components and the morphological differentiation of OLG, which
culminates in the formation of multiple myelin sheaths. I will then discuss intrinsic and
extrinsic factors that regulate OLG differentiation. Finally, I will address specific aspects of
remyelination and will draw attention to differences between developmental myelination
and remyelination, e.g. due to changes in the CNS microenvironment.

2. Differentiation of oligodendrocytes
Most aspects of OLG biology have been studied in rodents and in rodent-derived cells.
These studies have revealed that the differentiation of OLG is a highly regulated process, in
which several stages can be distinguished. During embryonal development neural stem cells
in the ventral ventricular zone of the CNS (and later also in more dorsal areas) develop into
OPC. These cells are characterized by the expression of the ganglioside A2B5, the
chondroitin sulfate proteoglycan NG2 and the platelet-derived growth factor receptor α
(PDGFRα; Nishiyama et al., 1999). OPC proliferate and migrate throughout the CNS to their
final destination. Around birth the OPC start to differentiate and extend multiple processes.
Those branches that do not find an axon retract and OPC that cannot make axonal contact
undergo apoptotic cell death. When a process makes contact with an axon, the cell
synthesizes myelin components and vast amounts of membrane, which is wrapped several
times around the axon. After extrusion of the cytoplasm the formation of the compact
myelin sheath is completed (Baumann & Pham-Dinh, 2001; Bradl & Lassmann, 2009). These
stages are characterized by the sequential expression of cellular marker molecules.
Concomitantly, OPC-specific marker molecules are lost (see Fig. 1).
2.1 Myelin structure and composition
The myelin sheath is not homogeneous. The compact myelin, which is important for the
electrical insulation of the axon, can be distinguished from several regions of non-compact
myelin (Sherman & Brophy, 2005). These include the adaxonal and abaxonal plasma
membranes, which face the axon and the extracellular matrix (ECM), respectively, the radial
component, important for energy and metabolite transport within the myelin sheath, and
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the paranodal loops. These are the main contact sites between myelin and axon and are
especially relevant for the functionality as well as structural integrity of the nodes of Ranvier
(Tait et al. 2000).

Fig. 1. Schematic representation of OLG developmental stages. Indicated are stages of OLG
differentiation ultimately resulting in myelin sheath formation (black) as well as proteins
and lipids specific for these developmental stages (adapted from Maier et al., 2005).
To fulfil its function of electrical insulation, the myelin sheath is highly enriched in lipids,
which comprise approx. 70 % of its dry weight. The most abundant myelin lipids are
cholesterol and the glycosphingolipids GalCer and its sulfated form sulfatide. Cholesterol
is essential for myelin formation (Saher et al. 2005) while GalCer and sulfatide are
important for the correct formation of the paranodal loops (Dupree et al., 1998; Marcus et
al. 2006). The major myelin proteins are proteolipid protein (PLP), its derivative DM20
and myelin basic protein (MBP), which comprise together approx. 80 % of the total myelin
proteins (Brunner et al. 1989: Griffiths et al., 1998). PLP/DM20 and MBP are localized in
the compact internodal myelin and are required for the compaction of the myelin sheath.
Important non-compact myelin proteins are, e.g., 2’3’-cyclic nucleotide 3’phosphodiesterase (CNP), localized throughout the non-compact myelin, myelinassociated glycoprotein (MAG) in the adaxonal membrane, myelin/oligodendrocyte
glycoprotein (MOG) in the abaxonal membrane and the 155 kDa isoform of neurofascin
(NF155) in the paranodal loops (Brunner et al., 1989; Schachner & Bartsch, 2000; Tait et al.,
2000). For a comprehensive description of myelin composition see, e.g., Baumann &
Pham-Dinh, 2001; Aggarwal et al., 2011.
2.2 Synthesis and transport of myelin components
Each OLG myelinates all contacted axons simultaneously and completes the initial
wrapping of axons within 12 to 18 hours (Watkins et al., 2008). To achieve this task OLG
have to synthesize tremendous amounts of myelin in a very short time (Pfeiffer et al., 1993).
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Accordingly, synthesis and transport of myelin components must be highly coordinated in
time and space. Moreover, since the composition of the myelin membrane and the
membrane of the OLG soma differ significantly, myelin components must be sorted prior to
their transport to the myelin sheath. Three main steps required for this polarized transport
can be distinguished: i) the sorting of proteins and lipids destined for the different plasma
membrane domains, ii) the directed transport towards the different plasma membrane
domains along the cytoskeleton and finally iii) the specific targeting to and incorporation
into the correct membrane domain. Since these aspects are relevant for the understanding of
OLG differentiation, here I will discuss briefly some features of the synthesis and transport
of myelin proteins and consequences of incorrect protein synthesis and/or transport,
focussing on the major proteins PLP and MBP. Due to space limitations I will not address
the directed transport and targeting to the myelin sheath (see, e.g., Krämer et al., 2001,
Anitei & Pfeiffer, 2006; Maier et al., 2008)
The exact routes by which transmembrane proteins are transported to the myelin sheath are
not well understood and distinct transport pathways towards the myelin sheath have been
discussed (Krämer et al., 2001; Anitei & Pfeiffer, 2006; Maier et al., 2008). In general,
transmembrane proteins, such as PLP, are synthesized at the endoplasmic reticulum and
transported via the Golgi apparatus to the plasma membrane. For PLP there is good
evidence that the newly synthesized protein is first transported to the plasma membrane of
the cell soma. From there it is internalized and stored in late endosomes before it is finally
transported by a transcytotic pathway to the myelin sheath (Trajkovic et al., 2006; Feldmann
et al., 2011). Surprisingly, although PLP deletion results in neuronal degeneration, it has
only minor effects on myelin formation (Garbern et al. 2002). In contrast, overexpression of
PLP causes its accumulation in late endosomes and/or lysosomes together with cholesterol
and results in missorting of several membrane markers indicating that major trafficking
pathways are affected thereby ultimately interfering with myelination and OLG viability
(Simons et al., 2002). Indeed, most cases of PMD are caused by PLP gene duplication
resulting in a massive overexpression of PLP demonstrating the relevance of these findings
for human disease. In addition, missense mutations in PLP can result in PMD or SPG2 due
to the accumulation of PLP in the ER resulting in an unfolded protein response and finally
in OLG cell death (Krämer-Albers et al., 2006).
MBP is a multi-functional protein and several isoforms of MBP have been described (Boggs,
2006). In contrast to PLP, MBP is a cytoplasmic protein and is therefore synthesized at free
ribosomes in the cytoplasm. Myelin-specific MBP isoforms mediate myelin compaction by
interconnecting the cytoplasmic leaflets of the myelin membrane. Accordingly, MBP must
have strong adhesive properties. To preclude these adhesive properties taking effect in the
cell soma, the MBP messenger RNA (mRNA) is transported into the OLG processes where
the protein is synthesized and directly associates with the myelin membrane. To prevent
premature MBP protein synthesis the MBP mRNA is incorporated into granules which are
transported along microtubules into the OLG branches (Barbarese et al., 1995). This
incorporation is mediated by the mRNA binding factor hnRNP A2, which is highly
expressed during OLG differentiation (Maggipinto et al., 2004). The importance of correct
MBP expression for myelination is demonstrated by the finding that MBP absence causes
dysmyelination. This is exemplified by the severe reduction of compact myelin in the so
called shiverer mouse due to partial MBP deletion (Roach at al., 1985).
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2.3 Morphological differentiation: role of the cytoskeleton
An intact cytoskeleton is essential for all aspects of OLG biology. Both actin filaments and
microtubules are essential for the coordinated transport of myelin components to the myelin
sheath and the actin cytoskeleton is important for OPC migration. Of particular interest is
the role of the cytoskeleton during the morphological differentiation of the OLG.
Each of the multiple branches of the OLG forms a myelin sheath upon axonal contact. One
OLG can thus myelinate up to 40 different axons (Pfeiffer et al., 1993). Outgrowth of cellular
processes is therefore a fundamental property of OLG and both microtubules and actin
filaments are essential to coordinate the morphological changes accompanied with OLG
differentiation (Richter-Landsberg, 2008; Bauer et al., 2009). In general, microtubules are
especially important for process outgrowth and stabilization whereas actin filaments are
more important for the formation of the lamellipodium that initiates the formation of the
myelin sheath.
Both depolymerization and stabilization of microtubules perturb the formation of myelinlike membrane sheets in vitro indicating that microtubule turnover is required for correct
myelination (Benjamins & Nedelkoska, 1994). Nevertheless, a stable microtubular
cytoskeleton is required to promote outgrowth and maintenance of cellular processes
during OLG differentiation. Indeed, acetylated tubulin, indicative for stable microtubules is
present in OLG branches. Moreover, microtubules can be stabilized by associated proteins
such as MAP2c and tau (Richter-Landsberg & Gorath, 1999). Tau, in particular, has been
implicated in stabilization of microtubules in OLG branches. Whereas OPC express tau
isoforms with three microtubule binding domains, differentiating OLG predominantly
express tau isoforms containing four microtubule binding domains, which may promote
microtubule stability. Moreover, phosphorylation of tau is decreased during OLG
differentiation, thereby promoting interaction of tau with microtubules and microtubule
stabilization (Richter-Landsberg, 2008). In addition to stabilizing proteins, microtubules are
modulated by proteins that promote their disassembly. One prominent protein that
mediates microtubule disassembly is stathmin. Accordingly, stathmin expression is
downregulated during OLG differentiation (Liu et al., 2003).
Similar to microtubules actin filaments are important for outgrowth and stabilization of
OLG extensions. The actin cytoskeleton has been especially implicated in the formation of
the lamellipodium, which initiates the enwrapment of the axon. Important regulators of
actin cytoskeleton dynamics are proteins of the Rho family of GTPases (Ridley, 2006).
Indeed, several members of this family, namely RhoA, Rac and Cdc42 have been implicated
in OLG process outgrowth and myelination (Liang et al., 2004, Thurnherr et al., 2007,
Rajasekharan et al., 2009). Activation of both Rac and Cdc42 promotes myelination, whereas
activation of RhoA inhibits OLG differentiation. An important downstream effector of Rho
GTPases that has been implicated in OLG process outgrowth and myelination is the
neuronal Wiskott Aldrich Syndrome Protein (nWASP) (Bacon et al. 2007). Activation of
nWASP, e.g. by Cdc42, can activate the Arp2/3 complex, which acts as a nucleating factor
for actin filament polymerization thereby promoting the formation of the actin network
required for lamellipodium formation (Ridley, 2006).
Not surprisingly, several myelin components are interacting with the cytoskeleton thereby
facilitating the coordination of the myelination process. Of particular relevance are the
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cytoplasmic myelin proteins CNP and MBP (Dyer & Benjamins, 1989). CNP can interact
with both actin filaments and microtubules and acts as a microtubule assembly protein (De
Angelis et al., 1996; Lee et al., 2005). Consequently, CNP is essential for OLG arborization
and membrane expansion during myelination. Although cytoplasmic, CNP is anchored to
the plasma membrane by isoprenylation and inhibition of CNP isoprenylation perturbs
arborization and OLG differentiation (Lee et al., 2005; Smolders et al., 2010). Similar to CNP,
MBP can interact with both actin filaments and microtubules and is important for
cytoskeleton integrity in OLG. Dephosphorylated MBP, which is predominantly localized in
myelin, stabilizes microtubules and enhances microtubule polymerization (Galiano et al.,
2006). Moreover, dephosphorylated MBP can act as membrane anchoring protein for actin
filaments (Boggs, 2006).

3. Regulation of oligodendrocyte differentiation
OLG differentiation is a highly regulated multistep process. Here I will discuss intrinsic and
extrinsic factors that regulate OLG differentiation and myelination. Although the
understanding of the interplay between the intrinsic and extrinsic factors that orchestrate
OLG myelination is far from complete, I will also address how these factors can initiate and
modulate signaling pathways implicated in OLG differentiation.
3.1 Intrinsic factors
In culture, OPC synthesize myelin components and form myelin-like membrane sheets in
absence of CNS-derived factors suggesting that differentiation into mature OLG is an
intrinsic property of these cells. Differentiation is predominantly regulated on the level of
gene transcription and protein translation and much progress has been made in the
characterization of these intrinsic factors for OLG differentiation. However, it is still far from
understood how the function of these intrinsic factors is coordinated to mediate OLG
differentiation.
On the level of gene transcription promoting and repressing transcription factors of OLG
differentiation have been identified. Transcription factors that promote differentiation of
OPC into mature OLG are, e.g., Olig1, Olig2 and Nkx2.2 and Sox10 (Liu & Casaccia, 2010;
Miron et al., 2011). Especially relevant for the initiation of OLG differentiation is the
concomitant expression of Olig2 and Nkx2.2 (Zhou et al., 2001). Most transcription factors
that promote differentiation are, however, expressed in all stages of OLG development
indicating that their presence is not sufficient to induce OLG differentiation. Indeed, several
transcription factors that are expressed in OPC, such as Hes5, Id2, Id4, Sox5 and Sox6,
strongly inhibit OLG differentiation (Liu & Casaccia, 2010; Miron et al., 2011). Blocking the
expression of these inhibitory factors is essential to promote OLG differentiation and there is
increasing evidence that this is achieved by epigenetic mechanisms.
In principle, epigenetic inhibition of gene expression can be achieved by two major
mechanisms: i) repression of transcription by DNA or histone modification and ii)
inhibition of protein translation by microRNAs (miRNAs). Both mechanisms are
operational during OLG differentiation. The predominant modification of histones
relevant for OLG differentiation is deacetylation, which inhibits gene transcription.
Indeed, activity of histone deacetylases is essential for OPC generation and their
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development into mature OLG. Histone deacetylases can, e.g., bind to the promoter
region of OLG differentiation repressors such as Hes5 and Id4 thereby preventing their
expression and thus promoting OLG differentiation (Liu & Cassacia, 2010; Copray et al.,
2011). In addition, expression of other proteins can be regulated by histone deacetylation.
Thus, the expression of stathmin is repressed by this mechanism during OLG
differentiation (Liu et al., 2003) thereby promoting microtubule polymerization and
stabilization of the outgrowing OLG branches.
MiRNAs are small non-coding RNAs of approximately 23 nucleotides that are processed
from larger precursor RNAs by the RNaseIII enzymes Dicer and Drosha. By binding to the
3’ untranslated region of mRNAs one miRNA can inhibit the translation of multiple mRNAs
(Bartel, 2004). Expression of Dicer increases during OLG differentiation and conditional
knockout of Dicer in OLG results in dys- or demyelination depending on the stage of Dicer
repression (Dugas et al., 2010; X. Zhao et al., 2010). In these studies miR219 and miR338
have been identified as important regulators of OLG differentiation. Both miR219 and
miR338 can directly suppress the inhibiting transcription factors Sox6 and Hes5 thereby
promoting OLG differentiation (Dugas et al., 2010; X. Zhao et al., 2010). An additional target
of miR219 is the PDGFRα, (Dugas et al., 2010), which, although important for OPC
proliferation and migration, inhibits OLG differentiation (see next section).
3.2 Extrinsic factors
Although in vitro OLG can form myelin-like membranes in the absence of axons, there is
ample evidence that in vivo myelination is coordinated by the presence of axons.
However, in contrast to the PNS, where axonal expression of neuregulin-1 type III
determines the myelination by Schwann cells (Taveggia et al., 2005), no master regulator
for myelination in the CNS has been identified. It is more likely that several factors act
together to initiate and promote myelination in the CNS. In general, signals modulating
OLG differentiation can be divided into two classes: long-range signals such as growth
factors and short-range signals such as ECM and cell adhesion molecules (see Table 1 for
important factors regulating OLG behavior). Since the differentiation into a myelinating
phenotype is an intrinsic property of OLG while myelination of the axon has to be tightly
controlled, it is perhaps not surprising that many axonal factors inhibit OLG
differentiation. Here I will address some of the exogenous factors that modulate
myelination and subsequently discuss how these signals may be integrated to result in the
induction and modulation of myelin formation.
3.2.1 Modulation of oligodendrocyte differentiation by neurons
During embryonic development neurons prevent premature differentiation of OPC. For this
purpose they express inhibitory proteins at the axonal surface, e.g. the polysialylated form
of the neural cell adhesion molecule (PSA-NCAM), which is a general inhibitor of cell
adhesion (Charles et al., 2000). In addition, neurons express molecules that can directly
inhibit OLG differentiation. Examples are Jagged and the Leucine-rich repeats and Ig
domain-containing, neurite outgrowth inhibitor (Nogo) receptor-interacting protein-1
(LINGO-1). Jagged is the axonal ligand of the Notch receptor in the OLG membrane and
activation of the Notch signaling pathway interferes with OLG development (S. Wang et al.,
1998). LINGO-1 is part of the Nogo-66 receptor complex in the axonal membrane and
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interaction of this receptor complex with OLG proteins such as Nogo-A and MAG can
inhibit axonal growth. Conversely, inactivation of LINGO-1 promotes myelination
suggesting that LINGO-1 is a key inhibitor of OLG differentiation (Mi et al., 2005). Since
LINGO-1 is also expressed by OLG, homophilic LINGO-1 interactions may also interfere
with OLG development.
An important factor for the induction of OLG differentiation is the electrical activity of
neurons (Demerens et al., 1996) most likely by the release of adenosine which may activate
purinergic receptors at the OLG surface (Stevens et al., 2002). Very recently it has been
shown that also the neurotransmitter glutamate, released at the synapse upon action
potentials, can promote OLG differentiation (Wake et al., 2011).
It is likely that in vivo the direct contact of an OLG extension with the axon is important to
initiate OLG myelination. The best candidate for an axonal molecule required to induce
myelination is the ECM molecule laminin-2, since laminin-2 deficiency causes myelination
defects in mice and humans (Chun et al., 2003; Colognato et al., 2005). In addition,
neuregulin-1 promotes OLG differentiation (Z. Wang et al., 2007). Other molecules that
may be involved in the interaction between OLG and axon and thus promote OLG
maturation are gangliosides, which can bind to MAG at the OLG cell surface (Yang et al.,
1996).
3.2.2 Modulation of oligodendrocyte differentiation by astrocytes
The intimate relationship of OLG with astrocytes is demonstrated by the formation of gap
junctions between these cell types (Orthmann-Murphy et al., 2008). In addition to the direct
exchange of molecules via these cell-cell interaction sites, astrocytes modulate OLG function
by the release of growth factors and by the deposition of ECM molecules.
Astrocytes are the primary source of growth factors in the CNS (Moore et al., 2011).
Among these are, e.g., PDGF-AA and fibroblast growth factor-2 (FGF-2), which mediate
proliferation and migration of OPC (Milner et al., 1997; Baron et al., 2000). PDGF-AA is
also important for OLG survival in presence of laminin-2 (Baron et al., 2003). However,
both PDGF-AA and FGF-2 inhibit OLG differentiation at least in vitro (Noble et al., 1988;
Bansal & Pfeiffer, 1994). Moreover, astrocytes inhibit OLG maturation during CNS
development by secretion of bone morphogenetic proteins (BMP), which are strong
suppressors of OLG differentiation (See et al., 2004). Besides these inhibitory factors,
however, several factors secreted by astrocytes promote OLG differentiation and
myelination. Prominent examples are insulin-like growth factor-1 (IGF-1), leukemia
inhibitory factor (LIF) and ciliary neurotrophic factor (CNTF) (McMorris et al., 1986;
Stankoff et al., 2002). Interestingly, electrical activity of axons causes the release of LIF
from astrocytes (Ishibashi et al., 2005), providing a link between neuronal and astrocytic
modulation of myelination. Moreover, astrocytes affect OLG function by synthesizing
ECM-molecules, such as fibronectin and tenascin C (Price & Hines, 1985; Götz et al., 1997).
Fibronectin promotes proliferation and migration of OPC (Milner et al., 1996; Baron et al.,
2002), which is important during embryonal development. However, fibronectin impairs
morphological differentiation of OLG in vitro (Buttery & ffrench-Constant, 1999; Maier et
al., 2005). Similarly, tenascin C inhibits process outgrowth and myelin membrane
formation of OLG (Czopka et al., 2009).
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Factor

Predominant
source

Effect on OLG

Soluble Factors
Adenosine
Glutamate

neurons
neurons

PDGF-AA

astrocytes

FGF-2

astrocytes

IGF-1
CNTF
LIF
BMP

astrocytes
astrocytes
astrocytes
astrocytes

promotes differentiation
promotes differentiation
promotes migration and proliferation; inhibits
differentiation
promotes migration and proliferation; inhibits
differentiation
promotes differentiation
promotes differentiation
promotes differentiation
inhibits differentiation

Membrane
proteins
LINGO-1
Jagged
PSA-NCAM
Neuregulin-1

neurons
neurons
neurons
neurons

inhibits differentiation
inhibits differentiation
inhibits interaction with axon
promotes myelination

ECM molecules
Laminin-2

neurons

Fibronectin

astrocytes

Tenascin C

astrocytes

promotes differentiation
promotes migration and proliferation; inhibits
differentiation
inhibits migration and differentiation

neurons

promotes differentiation

Other factors
Electrical
activity
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Table 1. Neuronal and astrocytic factors that regulate OLG behaviour and differentiation
3.2.3 Modulation of oligodendrocyte signaling pathways by extrinsic factors
It is obviously essential that the signals supplied by these extrinsic factors are integrated at
the OLG cell surface, followed by signal transduction into the cell and modulation of
signaling pathways resulting in OLG differentiation. Here I will focus on two main aspects
that are important to coordinate signaling pathways in the developing OLG. First, the
interaction of ECM molecules, in particular laminin-2 and fibronectin, with receptors on the
OLG cell surface and the modulation of these interactions by growth factors. Second, the
multiple roles of the Src-family non-receptor tyrosine kinase Fyn in OLG maturation.
ECM molecules such as laminin-2 and fibronectin interact predominantly with integrin
receptors in the plasma membrane. Integrins are heterodimeric proteins consisting of one αand one β-subunit. OLG express a limited number of integrins, namely αvβ1-, αvβ3-and
αvβ5-integrins, which bind to ECM-molecules containing an RGD-motif such as fibronectin
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and vitronectin, and α6β1-integrin, which can bind to laminin-2. Proliferation and migration
of OPC, stimulated by PDGF, are mediated by activation of αvβ1 and αvβ3-integrins,
implicating RGD-containing ECM-molecules in these processes (Milner et al., 1996; Baron et
al., 2002). The importance of α6β1 integrin for myelination was indicated by applying
antagonists of the β1-subunit, which inhibit myelination in vitro and in vivo (Buttery and
ffrench-Constant, 1999; Relvas et al., 2001). However, the OLG-specific knockout of the β1subunit does not cause demyelination (Benninger et al., 2006) indicating that another
laminin-2 receptor is present in the OLG membrane. Indeed, dystroglycan has been
identified as a receptor for laminin-2, which is required for myelination (Colognato et al.,
2007). The β1-subunit in OLG is, however, important for cell survival in vivo (Benninger et
al., 2006). Interestingly, in presence of laminin-2 the PDGFRα dissociates from αv-containing
integrins and instead interacts with α6β1-integrin causing a change in signaling from cell
proliferation to cell survival (Baron et al., 2003). Similarly, laminin-2 causes the interaction of
the neuregulin receptor erbB2 with α6β1-integrin. This causes a switch in neuregulin
signaling from cell proliferation towards cell survival and differentiation (Colognato et al.,
2004). These examples show how integrins coordinate short range (ECM-mediated) and
long range (growth factors, cytokines) signals, which are both required to regulate cell
behaviour.
Although it is still far from understood how the signals received at the plasma membrane
are further processed to promote OLG differentiation, several signaling pathways have
been identified. For example, binding of laminin-2 to α6β1-integrin promotes OLG
differentiation and myelination by the activation of integrin-linked kinase (Chun et al.,
2003). Moreover, activated α6β1 integrin binds to the Src family kinase Fyn and this
interaction is important for the modulation of the PDGF and neuregulin signaling
pathways described above and thus for OLG survival and differentiation (Colognato et
al., 2004). Indeed, Fyn has been identified as a key regulator of OLG differentiation. The
relevance of Fyn for myelination is exemplified by the finding that the OLG-specific
knockout of Fyn results in hypomyelination in vivo (Biffiger et al., 2000). Fyn has been
implicated in various aspects of OLG biology ranging from migration to myelination.
Importantly, Fyn kinase activity is activated by interaction with cell adhesion molecules
such as NCAM120 and contactin in the OLG membrane which may interact with axonal
proteins thereby initiating myelination (Krämer et al, 1999). Moreover, Fyn can act as a
bridge between integrins or other membrane receptors and the cytoskeleton and,
depending on the developmental stage of the OLG and the corresponding expression of
potential interaction partners, Fyn may bind to different proteins thereby explaining its
diverse roles in OLG differentiation. In OPC, binding of PDGF to its receptor PDGFRα
results in recruitment of Fyn and modulation of the actin cytoskeleton thereby increasing
OPC migration (Miyamoto et al., 2008). Later in OLG development, integrin signaling via
Fyn promotes morphological differentiation by activating Rac and Cdc42 and inactivating
RhoA, again implicating modulation of the actin cytoskeleton in this process (Liang et al.,
2004). Interestingly, LINGO-1 suppresses OLG differentiation and myelination by
inactivation of Fyn kinase thereby activating RhoA signaling pathways (Mi et al., 2005).
Besides modulating the actin cytoskeleton, Fyn can also affect the microtubular network
via binding to tau thereby stabilizing microtubules and thus promoting process
outgrowth and OLG differentiation (Klein et al., 2002).
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4. Remyelination
Remyelination as the natural regenerative mechanism after a demyelinating insult is the
basis of the functional recovery of the affected neurons (Bruce et al., 2010). Since mature
OLG are incapable to myelinate nude axons (Crang et al., 1998; Watkins et al., 2008),
remyelination requires the de novo differentiation of OPC. Importantly, OPC, characterized
by the expression of NG2 and PDGFRα, are present throughout the adult CNS (Polito and
Reynolds, 2006) and remyelination is usually very effective after transient demyelination.
However, the new myelin sheaths are frequently shorter and thinner than the original
sheaths thus giving rise to so-called shadow plaques (Franklin and ffrench-Constant, 2008).
Moreover, in chronic diseases, such as MS, remyelination is often incomplete and ultimately
fails in most patients resulting in increased neurodegeneration and progressive disease. A
main goal for the treatment of chronic demyelinating diseases is therefore to increase the
remyelination of the affected axons and thus at least partially restore axonal function.
Two main strategies are followed to improve remyelination: promotion of the endogenous
remyelinating capacity and transplantation of exogenous stem cells or progenitor cells. Cell
transplantation studies are predominantly performed in animals suffering from
dysmyelination, such as the shiverer mouse, or by chemically induced demyelination to
ensure that the observed myelination is due to the transplanted cells. In such studies it has
been shown that several cell types are able to (re)myelinate CNS axons, such as neural stem
cells, Schwann cell precursor cells, olfactory ensheathing cells and OPC (J. Yang et al., 2009).
Of these, fetal OPC, possibly derived from induced stem cells, are probably suited best for
CNS remyelination (Franklin, 2002; Tepavcevic & Blakemore, 2005). One problem in
studying the potential of exogenous OPC to differentiate and (re)myelinate axons after
transplantation is that endogenous OPC inhibit the migration and survival of transplanted
OPC (O'Leary and Blakemore, 1997). Accordingly, endogenous OPCs have to be eliminated,
e.g. by X-ray treatment (Hinks et al., 2001), which may cause conditions that differ from
those in most demyelinating diseases. Several other obstacles in cell transplantation are: i)
finding a cell source that is abundant enough to repopulate the CNS without causing ethical
problems, ii) the delivery of the cells to the CNS and iii) their migration through the CNS to
the demyelinated areas.
Irrespective of these considerations, the most useful strategy depends predominantly on the
disease one wants to treat. Thus in primary inherited leukodystrophies, such as PMD, the
most useful therapy would be the transplantation of allogeneic OPC. In contrast, in MS
endogenous OPC are present in and around chronic demyelinated lesions indicating that
the environment that these OPC encounter is not permissive for differentiation (Wolswijk,
1998). It is therefore unlikely that transplanted cells will be able to sufficiently migrate and
differentiate under these conditions. Irrespective of the cellular source it is therefore
essential to modulate the environment resulting in conditions that are permissive for
remyelination.
4.1 Inhibitors of remyelination in the diseased CNS
Although remyelination does occur in MS and can be very efficient in a subset of MS
patients even after a long disease course (Patrikios et al., 2006; Patani et al., 2007),
remyelination eventually fails in most patients. Two obvious potential reasons for
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remyelination failure are axonal loss or depletion of the endogenous OPC pool. Although
such a scenario cannot be excluded in some cases, it is unlikely to be the predominant
reason for remyelination failure since in most lesions axons are still preserved and OPC are
present in or around the lesion site, often in close proximity of a demyelinated axon. This
strongly suggests that inhibitory factors are present in the lesion area that impair OLG
differentiation and remyelination. Indeed, in MS a block of OLG differentiation in chronic
lesions has been observed (Kuhlmann et al., 2008). This impaired remyelination is
characterized by the accumulation of OPC that remain in an undifferentiated stage resulting
in a failure to generate myelinating OLG (Goldschmidt et al., 2009). In general, diseasedependent and disease-independent factors can be distinguished that may affect
remyelination and in this section I will summarize several of these factors.
The demyelinated axons themselves may repress the interaction with OLG branches and
thus their remyelination by the expression of inhibitory cell adhesion molecules. Nude
axons in chronic MS-lesions re-express PSA-NCAM, which inhibits OLG differentiation
during development (Charles et al., 2000, 2002). Similarly, there is good evidence that
expression of LINGO-1 in the lesion area inhibits efficient remyelination (Mi et al., 2007).
Moreover, OPC functions may be changed in demyelinating diseases. It has, e.g., been
shown that stathmin levels are increased in MS patients, which may contribute to reduced
OLG differentiation and remyelination failure in MS lesions (Liu et al., 2005).
Several changes in the environment surrounding the recruited OPC may contribute to the
inhibition of cell differentiation. Most relevant in the context of demyelinating diseases is
that myelin components strongly inhibit OLG differentiation and (re-)myelination, which is
at least partially due to inactivation of Fyn kinase activity (Kotter et al., 2006; Baer et al,
2009). Accordingly, it is essential that the myelin debris that is present in the lesion due to
the demyelination process is efficiently removed to allow OPC differentiation and thus
remyelination to proceed. Clearance of myelin debris is mediated predominantly by
activated microglia, the resident immune cells of the CNS, and macrophages that have
entered the CNS parenchyma from the periphery (Neumann et al., 2009). However, it
should be kept in mind that microglia can act as antigen presenting cells after ingestion of
myelin debris and thus may activate myelin-specific T-cells that have entered the CNS.
Moreover, reactive microglia can produce proinflammatory cytokines and reactive oxygen
species. Therefore activated microglia may actually enhance the demyelination process
(Lassmann & van Horssen, 2011).
In addition to activation of microglia, demyelination results in the activation of astrocytes.
Depending on the signals that these astrocytes receive, their activation can be beneficial or
detrimental for the remyelination process (Williams et al., 2007). Activated astrocytes secrete
growth factors and ECM molecules, e.g. PDGF-AA, FGF-2 and fibonectin, which promote
proliferation of OPC and their recruitment to the lesion area. Other factors secreted by
astrocytes can promote differentiation of these OPC to mature OLG (see section 3.2.2).
However, some of these astrocyte-derived factors can have opposing effects. The chemokine
CXCL1, e.g., can stimulate OPC proliferation but also acts as a stop signal for OPC
migration (Tsai et al., 2002; Filipovic & Zecevic, 2008). Since in MS, astrocytes surrounding
chronic lesions can secrete CXCL1 they may therefore repress the recruitment of OPC to the
lesion site (Omari et al., 2006). Moreover, the persistent presence of fibronectin and other
ECM molecules, e.g. chondroitin sulfates and hyaluronic acid, can impair OLG
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differentiation and may, together with astrocyte proliferation, result in the formation of a
glial scar thus impairing the remyelination process (Kotter et al., 2011; Miron et al., 2011).
This is particularly the case in chronic demyelination when repair mechanisms have failed.
In this respect, it has been speculated that the formation of a glial scar is the consequence
rather than the cause of remyelination failure (Franklin & Kotter, 2008).
The major disease-independent factor that impedes remyelination is age. In general,
regenerative mechanisms are less efficient in old animals compared to young animals and
this has also been observed for remyelination. This age-related effect is predominantly due
to impaired recruitment of the OPC to the lesion area and a delay in their subsequent
differentiation to myelinating OLG (Sim et al., 2002). There may be several reasons for this
effect. First, OPC themselves may be less efficient in migration and differentiation. Indeed,
the response to growth factors differs in adult OPC compared neonatal OPC possibly
delaying the recruitment of OPC into lesion areas (Lin et al., 2009; Cui et al., 2010).
Furthermore, histone deacetylates are less active in OPC of adult animals. This can impair
the repression of inhibitory transcription factors, which is required for OLG differentiation
(Shen et al., 2008) and thus result in a delay of OLG differentiation. It should, however, be
mentioned that adult OPC are highly efficient in myelination of nude axons when
transplanted into the CNS of shiverer mice indicating that the intrinsic myelinating capacity
of adult OPC is not reduced compared to neonatal OPC provided they are in an
environment that is permissive for myelination (Windrem et al., 2004). It is therefore more
likely that age-related changes in the CNS environment result in a delay of OLG
differentiation. One likely cause for impaired OLG differentiation in demyelinating diseases
is that adult microglia and macrophages are less efficiently recruited to the lesion area
resulting in a delayed clearing of myelin debris (Neumann et al., 2009). Accordingly, the
prolonged presence of myelin in the lesion prevents OLG differentiation and may even close
the therapeutic window in which remyelination can proceed (Kotter et al., 2011).
4.2 Initiation and promotion of remyelination
Although present throughout the CNS, adult OPC do not differentiate spontaneously into
myelinating OLG implying that they are in a quiescent stage. Accordingly, OPC have to be
activated by extrinsic factors, which are most likely derived from activated microglia and
astrocytes, as these cells are highly sensitive to injury-induced environmental changes.
Similar to developmental myelination, several stages of OPC activation can be distinguished
during remyelination, starting with OPC proliferation and migration to the lesion site
followed by cell differentiation (Franklin & ffrench-Constant, 2008).
Major progress in the elucidation of the requirements for remyelination has been done in
MS and animal models of MS. In MS, the immune system attacks the OLG resulting in
demyelination and neurodegeneration and virtually all components of the innate and
adaptive immune system have been implicated in the demyelination and/or
neurodegeneration in MS lesions (Gandhi et al., 2009; Kasper & Shoemaker, 2010).
Interestingly and perhaps paradoxically, there is increasing evidence that inflammation is
also important for remyelination. First, remyelination is abundant in immunologically active
MS lesions whereas it is rarely observed in chronic, immunologically less active lesions
(Goldschmidt et al., 2009). Second, genome studies of remyelination have revealed that proinflammatory cytokines are important for OLG regeneration. Indeed, the pro-inflammatory
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cytokine tumor necrosis factor (TNF) is important for remyelination after cuprizone-induced
demyelination (Arnett et al., 2001, 2003). Third, as mentioned above, activated microglia and
macrophages are required to clear the myelin debris from the lesion area, which is a
prerequisite for remyelination. Interestingly, clearing of myelin debris by microglia can be
enhanced by infiltrating myelin-specific T cells (Nielsen et al., 2009). Fourth, T cells and
microglia can promote OLG proliferation and differentiation by producing neurotrophic
factors such as brain derived neurotrophic factor (BDNF; Hohlfeld et al. 2006; Neumann et
al., 2009). Indeed, T cells are required for efficient remyelination (Bieber et al., 2003).
Although inflammation can promote remyelination and the immune response might
therefore be beneficial for neuroregeneration in MS, MS is predominantly an
inflammatory disease (Lassmann & van Horssen, 2011). Maintaining an acute
inflammatory milieu in order to improve remyelination may therefore be harmful to the
patient. Nevertheless, immunomodulation may be a promising immediate approach to
promote remyelination. Indeed, glatiramer acetate and FTY720 (fingolimod), two
compounds that are approved for MS therapy, may promote remyelination. Glatiramer
acetate, a polypeptide resembling MBP, alters the T cell response in MS from a proinflammatory Th1 to an anti-inflammatory Th2 phenotype. Interestingly, these glatiramer
acetate-specific Th2 cells produce IGF-1 and BDNF and promote oligodendrogenesis and
myelin repair in chemically induced demyelination (Skihar et al., 2009). The sphingosine1-phosphate analogue FTY720 is used predominantly to inhibit the egress of T cells from
secondary lymphoid organs. In addition, FTY720 can promote OLG differentiation (Miron
et al., 2010) and as FTY720 can enter the CNS parenchyma it may thus directly promote
remyelination.
Another direct approach to promote remyelination might be the injection of adult stem cells.
Indeed, intracerebal or intraventricular injection of stem cells results in effective myelination
in various models of demyelination. However, due to the multiple focal lesions in MS a
systemic application is probably required. It is therefore promising that intravenous
administration of adult neural and bone-marrow derived stem cells can enhance
remyelination and ameliorate symptoms in experimental autoimmune encephalomyelitis
(EAE), the animal model of MS (Pluchino et al., 2003; J. Yang et al., 2009). However, there is
some evidence that this effect is predominantly due to the immunomodulatory function of
stem cells (Pluchino et al., 2005) and it is still a matter of debate whether stem cells can
indeed translocate into the CNS parenchyma and directly myelinate demyelinated axons
(Franklin and ffrench-Constant, 2008; Franklin & Kotter, 2008).
Since OPC are present in chronic MS lesions but fail to differentiate the most relevant
approach to improve remyelination will be to change the environment within the lesion
from inhibitory to permissive for myelination. This would largely increase the therapeutic
window in which remyelination can occur and thus would be expected to protect axons
from further degeneration. Also in this field some promising results have been obtained.
Of particular interest is the observation that the inhibitory effect of myelin components on
OLG differentiation due to inactivation of Fyn can be antagonized by pharmacological
inhibition of the RhoA signaling pathway (Baer et al., 2009). Moreover, suppression of the
OLG differentiation inhibitor LINGO-1 by a specific antagonist stimulates OLG
differentiation and promotes remyelination and axonal integrity in EAE (Mi et al., 2007,
2009).
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5. Conclusion
OLG differentiation and myelination are extremely complex and highly regulated processes
and disturbance of myelination is associated with various CNS diseases. Understanding of
OLG differentiation is essential to establish neuroprotective therapies that are based on
remyelination. Of particular relevance to develop such therapies is a profound knowledge of
the intrinsic and extrinsic factors that coordinate myelination. The role of astrocytes and
microglia are of special interest in view of their ambiguous role in neurodegenerative
diseases. Here the challenge will be to minimize their role in neurodegeneration and
maximize their role in neuroprotection and regeneration. A promising approach may
therefore be to modulate astrocytes in such a way that the release of pro-myelinating factors
is increased whereas the release of molecules detrimental for myelination is reduced.
Concerning microglia it will be important to promote their capacity to efficiently clear the
myelin debris in the lesions while at the same time minimizing their harmful effects since
the presence of myelin debris is arguable the most important inhibitory factor for
remyelination.
Much progress has been made to improve remyelination in model systems. Nevertheless
currently no therapy directly aimed at improving remyelination exists and it is therefore
now the question how this knowledge can be translated into therapeutic approaches. The
most effective approach to achieve remyelination therapy will certainly depend on the
diseases to treat. The first diseases, in which it is realistic to directly improve remyelination
with cell-based therapies, will most likely be leukodystrophies, such as PMD. For chronic
MS it is less likely that cell transplantation is a realistic treatment option. Here the
promotion of the endogenous remyelination capacity is more promising, which will largely
depend on the generation of a permissive environment for OLG differentiation. The
progress that has been made in the last decade makes one cautiously optimistic that
therapies based on remyelination are becoming a feasible scenario for the treatment of MSpatients.
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1. Introduction
Demographic evolution represents a challenge for public health. Global population,
especially in the developed countries is aging. The proportion of the population above 60
years has increased from 8% in 1950 to 10% in 2000 and is expected to reach 21% by 2050.
Older people suffer from more frequent and more severe community-acquired and
nosocomial infections than younger people. The clinical presentation is often atypical
making diagnostic more difficult. “Latent” intracellular pathogens such as viruses
(Herpesviridae) or Mycobacteriae are more prone to reactivate while opportunistic
infections (such as Candida) manifest at increased rates (Ongradi & Kovesdi, 2010). Older
individuals suffer from reactivation of mycobacterium tuberculosis that counts for 15
percent of all geriatric pulmonary infections. There is also an age-related decline in the
magnitude of the responses to vaccination. Low-level chronic inflammation, a process
referred to as “inflamm-aging”, is commonly observed in older people. It results in both
decreased immunity to exogenous antigens and increased autoreactivity. It is well
documented that a significant fraction of older people are positive for low affinity
autoantibodies without clinical significance. Rheumatoid factors are present in up to 5% of
young healthy individuals, a proportion that increases up to five times in older persons.
Similarly, the prevalence of antinuclear antibodies is higher in healthy individuals over 70
years of age compared to healthy young adults (Grolleau-Julius et al., 2010). Furthermore,
older persons are more susceptible to develop cancer, probably because of accumulation of
cell damages and reduced “immunosurveillance”(Malaguarnera et al., 2010; Fulop et al.,
2010).
There is clear evidence of an age-related decline in effectiveness of the immune system in
humans; it is common to most if not all vertebrates and to some invertebrates. For example,
drosophilae display pro-inflammatory status with increasing age and have reduced capacity
to produce antimicrobial peptides in response to infection. There is also substantial body of
evidence reporting immunosenescence in wild birds (decline of T- and B-cell functions and
altered innate immune responses) and mice (thymic atrophy and reduced recent thymic
emigrants) (Shanley et al., 2009). Immunosenescence is characterized by the deleterious
“filling” of the immunological space with memory and effector cells as a consequence of
exposure to a variety of antigens. The continuous attrition caused by clinical and subclinical
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infections as well as the continuous exposure to other types of antigens (food, allergens) is
likely to be responsible for the chronic activation of the immune system and inflammation.
Immunosenescence process along with morbidity and mortality will be accelerated in those
subjects who are exposed to an extra-burden of antigenic load. The phenomenology of HIV+
patients after several years of infection shows striking similarities (regarding T cell subset
rearrangement, T cell clonal expansion, and telomere shortening) with that observed in the
context of aging. It is tempting to speculate that chronic infections with other microorganisms could also lead to this process (De Martinis et al., 2005).
Many studies have tried to collect immune data in older people to establish reliable
“biomarkers of aging”. However, the literature is full of confusing and conflicting data. There
are many difficulties in interpreting immunogerontological observations. The major concern is
the way “young” and “old” populations are defined in these studies. On one hand, restricting
selection to only “healthy” older people might introduce a bias and not be representative of
the general population. On the other hand, comorbidities that are encountered in the geriatric
population will certainly affect many parameters of the immune responses. Some studies try to
restrict inclusion criteria to better characterize age-associated alterations of immunity such as
the SENIEUR protocol (Wikby, 2008; Chen et al., 2009; Ligthart et al., 1984). Unfortunately, it
does not represent our geriatric population (only 10% of older people meet the criteria) (Chen
et al., 2009). OCTO study was less restrictive for inclusion criteria, admitted 400 octogenarians
that were not institutionalized, had no or only mild cognitive dysfunction and were not on
drug regimen that might have influenced the immune system. This study predicts the same
immune risk profile (IRP) of subsequent 2 year-mortality than SENIEUR protocols
characterized by high level of CD8 T cells, inversion of the CD4+/CD8+ T cell ratio, poor
mitogen stimulated lymphoproliferative responses and loss of CD28 costimulatory molecule
(table 1).

Immune Risk Phenotype (IRP)
-

Low levels of B cells
Inversion of the CD4+/CD8+ ratio
Poor mitogen stimulated lymphoproliferative response
Increased levels of CD8+ CD28- CD57+ T cells
Positive serology for Cytomegalovirus

Table 1. The “immune risk phenotype”.
Finally, the NONA study did not exclude individuals because of compromised health to place
immune risk phenotype in a broader context of health and cognitive dysfunctioning. It
confirmed the OCTO study and demonstrated that the immune risk phenotype concept could
be generalized to a sample of nonagenarians not specifically selected for good health at
baseline (Pawelec et al., 2005; Wikby, 2008). Both studies demonstrated that aging is associated
with low-grade inflammation and that inflammatory markers like increase of IL-6, C-reactive
protein (CRP) and decrease of albumin are significant predictors of mortality in very old
humans independently of disease and comorbidity (Wikby, 2008). The new HEXA study
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examined the IRP profile in hexagenarians and shows the same characteristics than in the very
old. The study has now to examine the impact of the IRP on morbidity and mortality in this
age group (Wills et al., 2011).
Herein, we will first review the major changes in adaptive immune responses observed in
the geriatric population. We will then focus on what is known about innate immune
responses in this age group. Finally, we will discuss the links between the specific clinical
context of aging and alterations of immune responses.

2. Adaptative immune responses: thymic involution, T cell exhaustion and
persistent infections
2.1 Thymic involution
The thymus is the site of T cells differentiation and maturation and is often referred to as the
“immunologic clock” of aging. Age-associated thymic involution is a well-recognized factor
associated with immunosenescence, and in particular with reduced vaccine efficacy. The
thymus undergoes a progressive involution and the output of new cells falls significantly.
Thymic functions already start decreasing after one year of life but the process becomes
significant after 40 years of age. The expansion of perivascular space (adipocytes, peripheral
lymphocytes, stroma) with age is such that thymic epithelial space represents less than 10%
of the total thymic tissue by 70 years of age. When extrapolated, data suggest that the
thymus would cease to produce new T cells by 105 years of age (Boren & Gershwin, 2004;
Ongradi & Kovesdi, 2010; Gruver et al., 2007). There might be a benefit for the organism to
reduce cell proliferation within the thymus, once a T-cell repertoire is established, so that
energy can be devoted to other physiological processes (Shanley et al., 2009). Both intrinsic
and extrinsic factors are thought to be involved in this process (Boren & Gershwin, 2004).
Thymic epithelial cells produce a number of factors that can be thymosuppressive
(Interleukin (IL)-6, LIF, OSM) or thymostimulatory (interleukin (IL)-7, Keratinocyte growth
factor, Thymic stromal lymphopoïetin, growth hormone, leptin). Thymic atrophy is
mediated by upregulation of thymosuppressive and decrease of thymostimulatory
cytokines such as IL-7. This cytokine plays an important role for thymus function
maintenance; it promotes thymopoiesis by maintaining anti-apoptotic protein Bcl-2 and
inducing V-DJ recombination (Ongradi & Kovesdi, 2010; Gruver et al., 2007). Extrathymic
factors including zinc, thymulin, cathepsin L, melatonin, thyroid hormone, growth hormone
also contribute to thymus function. Stressful events, such as infections, septic shock,
malnutrition, pregnancy, chemotherapy or irradiation have been associated with reversible
thymic involution. Exogenous administration of leptin prevents this stress-induced thymic
involution in mice, suggesting possible therapeutic intervention in aged humans
(McElhaney & Effros, 2009; Boren & Gershwin, 2004; Gruver et al., 2007; Gruver et al., 2009;
Hick et al., 2006). However, it is unclear whether age-associated and stress-induced thymic
involutions result from the same mechanisms (McElhaney & Effros, 2009; Boren &
Gershwin, 2004; Gruver et al., 2007). “Thymic rejuvenation” techniques have been sought
for many years. Keratinocyte growth factor, IL-7 and ghrelin are interesting candidates
(McElhaney & Effros, 2009; Aspinall et al., 2007). Keratinocyte growth factor enhances IL-7
production in the thymus, promoting development and maintenance of T cells following
vaccination. IL-7 treatment has been shown to increase thymic output and number of central
memory T cells and improve the antibody response to influenza vaccination in aged rhesus
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macaques (McElhaney & Effros, 2009). Intrathymic infection with IL-10-expressing
adenovirus can prevent thymocyte apoptosis induced by sepsis in mice (Ongradi &
Kovesdi, 2010; Gruver et al., 2007).
Thymic involution causes a continuous drop in the output of recent thymic emigrants while
homeostatic mechanisms attempt to maintain constant peripheral T cell numbers. Consistent
with greater proliferative history, naïve T cells from elderly have less T cell receptor excision
circle (TREC) numbers and shorter telomere length (see below) (Ferrando-Martinez et al.,
2011). However, the total number of T cells shows very little decline with advancing age,
except in the very old. Furthermore, the proportion of naïve and memory T cells is well
maintained up to the age of 65 years. It has been postulated that the majority of naïve T cells
in the adult are generated by cell division of existing T cells, rather than thymic export. The
repertoire of naïve CD4 T cells is also very well maintained up to the age of 65 years. It then
dramatically dwindles and is found to be severely contracted and undistinguishable from
the repertoire of memory T cells at 75-80 years of age. The same phenomenon is shown for
naïve CD8 T cells. IL-7 plays an essential role in controlling homeostatic proliferation of
naïve CD4+ and CD8+ T cells (Ferrando-Martinez et al., 2011; Arnold et al., 2011; Naylor et
al., 2005; Kilpatrick et al., 2008).

Table 2. Main lymphocyte subsets.
2.2 T lymphocytes
Memory and naïve human T cells are distinguished by their expression of members of the
CD45 family surface antigens. CD45RA antigen is expressed primarily on naïve T
lymphocytes and CD45RO is present on the cell surface of memory T lymphocytes (Figure
1). With normal aging, the slow turnover and long lifespan of naïve T cells are preserved but
thymus output diminishes gradually and ultimately becomes insufficient to replace naïve T
cells lost from the periphery. Conversely, cumulative chronic exposure to pathogens and
environmental antigens promotes the accumulation of memory cells and eventually a state
of “exhaustion”. This phenomenon is associated with increased complication risk following
viral illnesses such as influenza, respiratory syncytial virus and reactivation of herpes
viruses (McElhaney & Effros, 2009; Desai et al., 2010).
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In aged mice, formation of “immunological synapse” between CD4 T cells antigen
presenting cells is hindered. This has been related to altered cholesterol/phospholipid ratio
in lymphocyte membranes, leading to impaired T cell receptor (TCR)-dependent
recruitment of signal molecules to the immunological synapse. In humans, alteration in the
cholesterol/phospholipid ratio of lymphocyte membranes has also been documented and is
associated with reduced proliferation rate (Arnold et al., 2011; Huber et al., 1991; Stulnig et
al., 1995). With age, human and murine T cells tend to secrete less IL-2, an observation
linked to important alterations in the proximal TCR signalling pathway (Boren & Gershwin,
2004; Fulop et al., 2007; Chakravarti & Abraham, 1999). Peripheral blood lymphocytes from
aged individuals also display decreased NFAT expression, a key transcription factor
implicated in IL-2 gene activation (Rink et al., 1998; Mysliwska et al., 1998; Wikby et al.,
1994; Desai et al., 2010; DiPenta et al., 2007). However, when only “healthy older” people are
considered (SENIEUR protocol), production of IL-2 was not different from that observed in
younger individuals (Chen et al., 2009).
CD8+ T cells

Naive T cells:
CD45RA+
CCR7+
CD28+
CD27+

Central Memory T cells:
CD45RACCR7+
CD28+
CD27+

Effector Memory T cells:
CD45RACCR7CD28CD27+

Effector Memory RA+ T cells:
CD45RA+
CCR7CD28CD27-

CD4+ T cells

Naive T cells:
CD45RA+
CCR7+
CD28+
CD27+

Central Memory T cells:
CD45RACCR7+
CD28+
CD27+

Effector Memory T cells: Effector Memory RA+ T cells:
CD45RACD45RA+
CCR7CCR7CD28+
CD28CD27CD27-

Fig. 1. Phenotype of different lymphocytes T cells subsets.
CD4 T lymphocytes from aged mice display decreased CD40L expression. In humans,
CD40L expression is also reduced on peripheral blood CD4 T cells upon anti-CD3
stimulation in old people compared to younger individuals (Fernandez-Gutierrez et al.,
1999). As this molecule is critical for B-T cell interactions, it could participate to the
alteration of humoral responses observed in the old population. The function of “follicular
helper T cells” in older people should be revisited in the light of the recent advances in the
field (Ongradi & Kovesdi, 2010; Gruver et al., 2007; Crotty, 2011).
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2.2.1 Naïve T cells
Naïve T cells from young and old adults differ significantly. Compared to young adults,
40% of human naïve CD8+ CD28+ T cells of older people do not express CD62L and CCR7,
two receptors implicated in the migration to peripheral lymphoid tissues (Ongradi &
Kovesdi, 2010; Aspinall et al., 2007). In humans, naïve CD8 T cells seem to be more
susceptible to death receptor-mediated apoptosis and are more affected by age-related
changes than the CD4+ T cell pool (Gupta & Gollapudi, 2006; Gupta & Gollapudi, 2008).
CD45RA+CD28+CD8+ T cells from older people produce larger amounts of interferon
(IFN) upon polyclonal stimulation than those from young persons (Pfister & Savino,
2008).
As mentioned earlier, IL-7 plays an essential role in controlling homeostatic proliferation of
naïve CD4+ and CD8+ T cells and supports the survival of naïve CD8+ T cells. IL-7 acts in
conjunction with T cell receptor signals from contact with self-MHC/peptide that sustain
the expression of anti-apoptotic molecules. However, this extended lifespan of naïve T cells
could be associated with prolonged exposure to unfavourable environmental factors which
cause DNA damage and contribute to decreased function in old age (Arnold et al., 2011).
2.2.2 Memory T cells
The three protocols (SENIEUR, OCTO and NONA) compared immune risk phenotype in
older people with different state of comorbidities. Aging is associated with an increase of
memory cells, a decrease of naïve T cells and a loss of CD28 molecules. Chronic
cytomegalovirus (CMV) infection has been proposed as the main stimulus driving the in
vivo process of “replicative senescence” (see section 4.3). CMV is associated with clonal
expansion of CD8 T cells, increased numbers of CD8+ CD28- T cells, largely terminally
differentiated effector memory T cells expressing CD45RA CCR7- (effector memory T cells,
“EMRA”) and inverted CD4:CD8 ratio (McElhaney & Effros, 2009; Pawelec &
Derhovanessian, 2011; Pawelec et al., 2005; Derhovanessian et al., 2010). This will be further
developed in this chapter.
Much effort has been dedicated to characterize cellular markers of immunosenescence.
While T cell receptor repertoire contraction is a characteristic of the aging immune system,
there is increasing evidence that clonal T cells of older persons may express a variety of
receptors normally found on natural killer (NK) cells such as CD16, CD56, CD57, CD94,
CD161, NKG2D and KIR family. NK receptors expression can have profound impact on
immunity. Whereas, NK receptors diversity defines functional subsets of NK cells that
contribute to normal innate antigen-independent responses, it is proposed that NK receptors
expression on T cells from aged individuals is an adaptive mechanism of immunological
diversity in the midst of a contracting T cell receptor repertoire. Studies with in vitro
replicative senescence systems indicate stable NK receptors expression on T cells follows the
loss of CD28 (Abedin et al., 2005; Alonso-Arias et al., 2011; Rajasekaran et al., 2010).
Expression of CD57 is also found on T lymphocytes, where it is currently considered as a
marker for “replicative senescence” (also termed “clonal exhaustion”) i.e., a high
susceptibility to activation-induced cell death and the inability to undergo new cell-division
cycles despite preserved ability to secrete cytokines upon encounter with their cognate
antigen. The phenotypes associated with replicative senescent CD8+ T lymphocytes are not
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well defined but are generally attributed to lack of CD28 or expression of CD57.
CD8+CD57+ T lymphocytes have high cytotoxic effector potential including perforin,
granzymes and granulysin. At the messenger and protein levels, CD8+CD57+T
lymphocytes express more adhesion molecules and fewer chemokine receptors (CCR7 and
CXCR4) than CD8+CD57– T lymphocytes but preferentially express CX3CR1. The lower
expression level of genes involved in cell-cycle regulation supports the limited proliferation
capacities of CD8+CD57+ T lymphocytes, even in response to polyclonal or cytokine
stimulation (Focosi et al., 2010).
As detailed below, these CD8+CD57+T lymphocytes are commonly found in individuals
with chronic immune activation and increase in frequency with age (from absence in
newborns to 15–20% of circulating CD8 T cells), but the percentage of CD8+CD57+ cells
increases in a series of clinical conditions whose common denominator is functional
immune alteration, including HIV and CMV infections, common variable
immunodeficiency, hematological cancers and autoimmune diseases (Pawelec &
Derhovanessian, 2011; Focosi et al., 2010). OCTO, NONA and SENIEUR protocols conclude
that the number of cells in the CD57+CD28-, CD45RACD27- and CD57+CD56+CD8+ T cells
subsets in older people were independent of the individual’s health status (disease
interfering with immunity were excluded) (Nilsson et al., 2003). In older humans, CD4 T
cells also express more NKG2D molecules and are associated with replicative senescence.
NKG2D+ CD4+ T cells are mostly CD28- CD4+ T cells and also present cytotoxic properties
(Alonso-Arias et al., 2011). These senescent cells resulting from permanent immune
activation are potent producers of proinflammatory cytokines and have shorter telomeres
than NKG2D- CD4+ T cells (Ongradi & Kovesdi, 2010; Gruver et al., 2007). Immune
phenotype of T cells is correlated with individual “fitness” in individuals over 78 years.
Unimpaired aged individuals display T cells expressing inhibitory NK receptors (CD158a,
CD158e and NKG2a) and functionally impaired aged individuals display T cells expressing
stimulatory NK receptors (CD56, CD16, NKG2D) (Vallejo et al., 2011).
It has been shown that high proportions of CD8+ CD25+ memory T cells are associated with
healthy aging and are rare or absent in older people with latent CMV infection. The
presence of CD8+CD25+ T cells is associated with the maintenance of intact humoral
responses. They produce IL-2 and IL-4, assist B memory generation, induce MHC II
upregulation on B cells, and promote antibody isotype switching to IgG1 and IgE. These T
cells coexpress CD4 molecule and present a highly diverse TCR repertoire and longer
telomere compared to the CD8+ CD25- subset (Herndler-Brandstetter et al., 2005).
Aged individuals (more than 65 years) have an increase in peripheral blood regulatory T
cells expression. The increase of this population seems to be linked to the healthy state of
elderly people. The in vitro function of this population is not altered with age (Ongradi &
Kovesdi, 2010; Gruver et al., 2007; Gregg et al., 2005).
T cells represent a minor population of human peripheral lymphocytes (1-10%). They play
a role in antiviral and antitumoral immunosurveillance. They produce high levels of
cytokines, mainly TNF and IFN. With increasing age, the absolute number of T cells and
their proliferation rate is reduced while they express more TNF. Inversely, they present no
change in IFN expression and cytolytic activity with age (Argentati et al., 2002).
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2.3 B lymphocytes and humoral responses
B cells also present alterations with increasing age. Decreased IL-7 production provokes a
reduced ability to support B cell expansion by bone marrow stromal cells (Ongradi &
Kovesdi, 2010). Bone marrow contains pluripotent stem cells that mature into bone tissue
and cells that form peripheral blood cells, which further develop in specialized secondary
compartments into functional immune cells. The stroma matrix of the bone marrow
compartment is composed of accessory cells such as megakaryocytes, osteoblasts,
osteoclasts, adipocytes, chondrocytes, myoblasts and fibroblasts. The hematopoietic
compartment decreases with increasing age and is replaced by adipose tissue. Surprisingly,
increased number of bone marrow resident macrophages is observed with age but these
cells have decreased ability to secrete TNF. Both TNF and IL-1 are essential to promote
secretion of other cytokines critical to stromal integrity, such as IL-6, IL-11, M-CSF or GMCSF. There is no clear evidence that hematopoietic cells number (CD34+) decreases with
age. Hematopoietic cells give rise into common lymphoid progenitors like pro-B cells. There
are discrepancies about the evolution of pro-B cells with age. Conversely, pre-B cells
decrease markedly with age (Gruver et al., 2007).
The proportion and numbers of total B cells (CD19+) decrease with age. Data on specific B
cell subsets is less clear. Naïve B cells are defined as IgG- IgA- IgD+ CD27- whereas memory
B cell population is very heterogeneous, comprising three subtypes (Figure2): “IgM
memory” cells (that are IgD+ IgM+ CD27+, important against bacterial infections), “classical
switched memory” (IgG+/IgA+ CD27+) and “double negative” B cells (IgG+/IgA+, IgDCD27- B cells). This later group could emerge independently from T cell help.
B lymphocytes:

Naive B cells:
CD19+
CD10CD21++
CD20+
IgGIgAIgMIgD+
CD27+

Unswitched or IgM+
memory B cells:
CD19+
CD10CD20+
CD21+
IgGIgAIgM+
IgD+
CD27+

Classical or switched
memory B cells:
CD19+
CD10CD20+
CD21+
IgG+
IgA+
IgMIgDCD27+

Atypical or double negative
memory B cells:
CD19+
CD10CD21low
CD20+
IgG+
IgA+
IgDCD27-

Plasma cells:
CD19+
CD20CD21IgG+/IgA+/IgMCD27+

Fig. 2. Phenotype of different B lymphocyte cells subsets.
Proportion of naïve B cells decreases with age. Several reports indicate that the proportion
and number of CD27+ (memory) B cells increase but other reports show the opposite (Bulati
et al., 2011; Colonna-Romano et al., 2009). The discrepancy probably reflects differences in
the subsets definition and study protocols. Naïve B cells exhibit a reduced susceptibility to
apoptosis in aged individuals (Chong et al., 2005). B cells produce large amounts of
proinflammatory cytokines upon CD40 and IL-4 activation and so could play a role in the
generation or in the maintenance of the inflammatory environment of the older people
(Buffa et al., 2011). The “IgM memory” subset decreases with age. Other reports indicate a
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decrease of “switched memory” B cells. Finally the proportion of “double negative” B cells
seems to increase with age (Ademokun et al., 2010; Bulati et al., 2011; Colonna-Romano et
al., 2003; Colonna-Romano et al., 2009; Chong et al., 2005). This “double negative”
population in aged individuals presents reduced expression of CD40, HLA-DR and CD80
and shorter telomeres. These cells are also present in patients with systemic lupus
erythematosus (Colonna-Romano et al., 2009). There is a significant increase of anergic,
“exhausted” memory cells with CD27 downregulation (CD27-) in older people. In
centenarians, naïve B cells (IgD+ CD27-) are more abundant whereas exhausted memory
cells (IgD- CD27-) do not show the increase previously demonstrated in healthy older
people. Authors conclude that the reservoir of naïve B cells might be one factor of
“successfully aging” (Ongradi & Kovesdi, 2010; Fernandez-Gutierrez et al., 1999).
B cells progenitors undergo maturation and differentiation in secondary lymphoid tissue,
such as spleen and lymph nodes. Spleen arteries are surrounded by T lymphocytes in the
periarteriolar lymphoid sheath. Primary lymphoid follicules containing B cells are adjacent
to the periarteriolar lymphoid sheath. Other cell types such as T cells, dendritic cells and
macrophages make up the marginal zone. This constitutes the white pulp. Age-associated
architectural changes have been documented. Spleen from aged humans demonstrates a
decrease in arterial vessels and an increase in stromal cells over lymphocytes. Total splenic
weight increases with age due to fibroblastic infiltration (Gruver et al., 2007).
The germinal centre reaction is essential for the generation of high affinity antibody in
response to infectious agents. This process is accomplished by two distinct mechanisms:
class switch recombination, which enables B cells to change antibody isotype, and somatic
hypermutation, the process of introducing mutations into the B cell receptor to increase
antigen affinity. Data indicate that there is no change in the fundamental mechanisms of
somatic hypermutation with age in man but an impaired ability of class switch
recombination has been described in aged mice (Ademokun et al., 2010).
There is also a collapse in B cell receptor repertoire diversity with age and an expansion of
monoclonal cells. The incidence of “monoclonal gammopathy of undefined significance”
(MGUS) has been shown to increase with age. Sensitive assays reveal that as many as 50% of
old mice and 20% of elderly humans have serum monoclonal immunoglobulin. As half of
serum monoclonal immunoglobulins reacts with autoantigens, it appears that cells
producing monoclonal immunoglobulins are drawn preferentially from the population of
“B1 cells” that expand with age in both humans and mice (Weksler & Szabo, 2000). These
CD5+CD20+ cells are produced during fetal live and are T-independent (in contrast to CD5CD20+ “B2 cells” that are produced post-natally and are T-dependent). In humans,
approximately 1% of old subjects with serum monoclonal immunoglobulin develop
multiple myeloma each year, derived probably from plasma cell clonal expansions. Chronic
lymphocytic leukemia, another lymphoid malignancy that occurs late in life, may arise from
malignant transformation of the large B-cell clonal expansions. Chronic lymphocytic
leukemia is frequently associated with T-cell abnormalities, including an inversion of the
normal CD4 to CD8 T cell ratio, expansions of large granular lymphocytes, and clonal
expansions of CD4 and CD8 T cells. These T-cell clonal expansions may represent a
clonotypic response to transformed B cells or their secreted immunoglobulins. This
hypothesis is supported by the finding that T cells from myeloma patients can be activated
by monoclonal Ig fragments (Ademokun et al., 2010; Bulati et al., 2011; Colonna-Romano et
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al., 2003; Weksler & Szabo, 2000). However, in humans, despite the reduced number of B
cells and the defects in class-switching, serum IgG, IgA are increased with age; IgD levels
decrease with age but IgE and IgM remain unchanged or are decreased. IgG1 and IgG3 (in
men) subtypes are also increased with age (Ademokun et al., 2010; Bulati et al., 2011;
Colonna-Romano et al., 2003).
The quality of the humoral response also declines with age, characterized by lower antibody
responses and decreased production of high affinity antibodies. B cells from aged
individuals can be directly activated by cytokine but are weakly activated by anti-CD3
activated PBMCs. This result suggests that poor B cell responses is a consequence of
inadequate help from T cells (Ongradi & Kovesdi, 2010; Fernandez-Gutierrez et al., 1999). In
mice, aged CD4+ T cells provide poor assistance in germinal centres and promote lowaffinity antibody production. Furthermore, overproduction of Th2 cytokines could augment
B cell-mediated autoimmune disorders by enhancing the production of autoreactive
antibodies. The percentage of naïve follicular B cells declines whereas subsets of antigenexperienced mature B cells with longer life span increase including poly/self reactive
subtypes. These cells may be reactivated due to age-associated reduced tolerance or loss of
tissue integrity leading to the exposure of neo-self antigens that results in aberrant
autoimmune response (Ongradi & Kovesdi, 2010). Taken together, these data indicate that
in older people, B cell repertoire diversity is limited while there is an increase of polyspecific
and auto-antibodies.

3. Innate immune responses and aging.
3.1 Monocytes and dendritic cells subsets, neutrophils
Monocytes represent about 5-10% of peripheral blood leukocytes in humans. They originate
from a myeloid precursor in the bone marrow, circulate in the blood and spleen then enter
tissues. Monocytes represent circulating precursors for tissue macrophages and dendritic
cells. The differential expression of CD14 (part of the receptor for LPS) and CD16 (also
known as FcRIII) are commonly used to define two major subsets (Figure 3): “classical”
CD14++ CD16- cells, representing 95% of monocytes in healthy individuals and the “nonclassical” CD14+ CD16+ comprising the remaining fraction. This later population is
considered to represent activated cells that have undergone CD16 upregulation and CD14
downregulation and have been implicated in the pathogenesis of atherosclerosis. In healthy
older volunteers, there is a shift of “classical” to “non-classical” monocytes. While
“classical” monocytes express CCR2, “non-classical” monocytes preferentially express
CX3CR1. Expression intensity of CXCR3 tends to decrease with age (Seidler et al., 2010;
Sadeghi et al., 1999).
Dendritic cells (DCs) play a key role in the immune system since they orchestrate initiation,
amplification and suppression of immune responses. In particular, maturation of DCs is
crucial for the initiation of immunity. In fact, immature DCs are extremely efficient in
capturing and processing antigens, but their unique ability to potently activate naïve T
lymphocytes is acquired after maturation. This process is accompanied by the up-regulation
of major histocompatibility complex molecules and the increased expression of membrane
molecules that interact with T lymphocytes to enhance cell activation and adhesion.
Furthermore, DC maturation leads to the release of high levels of cytokines that are
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Main subsets of blood innate immune cells
Granulocytes :
Neutrophils
Eosinophils
Basophils
Monocytes :
« Classical » monocytes :
CD16- CD14++
Inflammatory monocytes :
CD16++ CD14+
CD16++ CD14Dendritic cells :
Plasmacytoid DC
CD123+ CD11cMyeloid DC
CD123- CD11c+

Table 3. Blood innate immune cells.

Fig. 3. Major subsets of monocytes.
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responsible for the regulation and polarization of both innate and acquired immune
responses (Ciaramella et al., 2011; Agrawal et al., 2007a). DCs are heterogeneous and are
subdivided into two major categories: those that are present in peripheral blood (myeloid
and plasmacytoid DCs) and those that are present in tissue/organs (Langerhans cells,
interstitial and interdigitating DCs) (Agrawal et al., 2007b). Myeloid DCs express CD11c+
and low level of CD123 and can be subdivided into CD16+ (40-80%), CD1b/c+ (20-50%) and
BDCA3+ (2-3%) subpopulations (Figure 4). Plasmacytoid DCs express low level of CD11c,
high level of CD123, BDCA2 and BDCA4 and are specialized for production of type I IFNs
in the context of viral infections (MacDonald et al., 2002; Dzionek et al., 2000).
Dendritic cells:
Plasmacytoid DC :

TLR7/TLR9
IFNα
IFNβ
CD123+
BDCA2+
BDCA4+

Myeloid DC :
TLR1 to 8

CD11c+

IL12
TNFα
IL-6
IL-1
IL-10

TLR1 to 8

CD11c+
BDCA1+

CD16+

TLR1 to 8

CD11c+
BDCA3+

Fig. 4. Major subsets of dendritic cells.
In vitro monocyte-derived DCs, cultured with GM-CSF+IL-4, are closely related to
interstitial or myeloid DCs (Agrawal et al., 2007b). Several studies used these in vitro
cultured cells to assess the phenotype and functions of DCs in aged populations. Monocytederived DCs present no clear differences of costimulatory or activatory molecules (HLA-DR,
CD80, CD86, CD40, CD83) except for CD25 and ICAM after lipopolysaccharide stimulation
in healthy older individuals compared to younger (Agrawal et al., 2007b; Ciaramella et al.,
2011; Agrawal et al., 2007a). Monocyte-derived DCs of older people are less efficient for
micropinocytosis and phagocytosis of apoptotic cells and are impaired for migration
(Agrawal et al., 2007b).
Several reports indicate that there are no significant differences in numbers of circulating
myeloid and plasmacytoid DCs between older people and young subjects and that the
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expression of costimulatory molecules (CD86 and HLA DR) is similar (Agrawal et al., 2007a;
Agrawal et al., 2007b; Pietschmann et al., 2000). In contrast, another study showed that
numbers of myeloid DCs progressively declined with age while proportion of plasmacytoid
DCs was unaffected. Peripheral blood DCs from healthy old subjects expressed CD86 and
CD83, two markers of activation, on a higher percentage of cells, in comparison to young
subjects. Maturation with lipopolysaccharide was unaffected with age (Della et al., 2007).
Other studies showed reduced numbers of plasmacytoid DCs but not of myeloid DCs in
healthy aged blood donors. Absolute numbers of circulating myeloid DCs is affected by
declining health status (Perez-Cabezas et al., 2007; Panda et al., 2010; Shodell & Siegal, 2002;
Jing et al., 2009). The use of Ficoll-enriched cells versus whole blood, differences in sample
sizes, age groups, health status, genetic factors and subset definitions may contribute to the
inconsistent findings with age in these studies. Taken together these data suggest that many
factors, in addition to age itself, probably influence absolute/relative numbers or activation
status of circulating DCs in geriatric populations.
Neutrophils are key players for early responses to bacterial infections. They rapidly produce
reactive oxygen and nitrogen species when pathogens are encountered and produce many
pro-inflammatory mediators. Several studies have shown alterations of neutrophil functions
with age. Data remain conflicting in the literature concerning their number and phagocytic
functions. One suggested alteration is their propensity to undergo apoptosis because of
augmented cell oxidative load and perturbation of anti-apoptotic/proapoptotic mechanisms
(Tortorella et al., 2006). Several reports indicate reduced chemotaxis (Fulop et al., 2004),
phagocytosis and production of superoxide anion. Negative feedback mechanisms could
also be perturbated (Fulop et al., 2004; Wessels et al., 2010). In contrast, centenarians do not
present neutrophil defects compare to old people for adherence, chemotaxis, superanion
production (Wessels et al., 2010; Alonso-Fernandez et al., 2008); (Crighton & Puppione,
2006).
3.2 Toll-like receptors
Toll-like receptors (TLR) are expressed on a variety of cells including macrophages,
monocytes, natural killer cells, DCs, B and T lymphocytes. To date, 10 TLR are functional in
humans. Pathogen associated molecular patterns serving as TLR ligands include
lipopolysaccharide (LPS) on gram (-) bacteria (TLR4), diacetylated (TLR2/6) and
triacetylated (TLR1/2) lipopeptides, peptidoglycan (TLR2), bacterial flagellin (TLR5),
nucleic acid and double-stranded RNA (TLR3), single stranded RNA (TLR7 and TLR8) and
unmethylated CpG oligodeoxynucleotides (TLR9). Recognition of microbial components by
TLR initiates MYD88 and TRIF-dependent signal transduction pathways that culminate in
both the elaboration of proinflammatory cytokine responses (via NFB-dependent
pathways) and the upregulation of type I IFNs and IFN-dependent genes. TLR-dependent
activation of antigen presenting cells is a crucial step not only for the innate response but
also for the ensuing initiation of the adaptive immune response. Inherited defects in TLR
signaling are associated with a greater susceptibility to bacterial (especially Streptococcus
pneumonia) and mycobacterial infection (Figure 5). Furthermore, TLR ligands as
immunogens or adjuvants play an important role in mediating immune response to several
human vaccines (Shaw et al., 2011; van Duin & Shaw, 2007).
Several studies in humans and mice have shown that TLR expression and functions tend to
decline with age (van Duin & Shaw, 2007). Human monocytes from aged individuals

282

Recent Advances in Immunology to Target Cancer, Inflammation and Infections

present lower surface TLR1 expression than their younger counterparts (van Duin et al.,
2007). These studies revealed an age-associated reduction in TNF and IL-6 after
stimulation of the TLR1/2 heterodimer. Similar observations were also noted for TLR7induced IL-6 production. There is a significant decrease in TLR-induced upregulation of
CD80 in older compared to young for all TLR ligands (van Duin & Shaw, 2007; Shaw et al.,
2011). Myeloid DCs show decreased expression of TLR1, TLR3 and plasmacytoid DCs a
decrease of TLR7 and TLR9 in older people compared to young individuals (Panda et al.,
2010; Jing et al., 2009). DCs from older donors had diminished late phase responses such as
the induction of transcription factors STAT1 and IRF7 and lower expression of IRF1,
TLR1/2
TLR2/6
TLR5

TLR4

Cellular membrane

endosome
endosome

TLR7
TLR9

MyD88

TRIF

IRF5

IRF3

NFkB
MyD88

TLR3

Type I interferon

Proinflammatory
cytokines

IRF7

Type I interferon

Fig. 5. Toll like receptor signaling.
suggesting a defective positive feedback regulation of type I IFN expression. Responses to
TLR ligands may also be influenced by single nucleotide polymorphism within TLR genes.
Authors report decreased IFN, IL-6, IL-8 and TNF in influenza virus-stimulated or HSV2-stimulated plasmacytoid DCs from older compared to younger individuals (Shaw et al.,
2011; Jing et al., 2009). IFN production may be restored by zinc supplementation (Rink et
al., 1998). Stimulated myeloid DCs and plasmacytoid DCs with different TLR ligands show
a reduced expression of TNF, IL-6, IL-12p40 and IFN in healthy older people but an
increased of the basal levels of this cytokine in older people (Panda et al., 2010). This
decrease in TLR-induced cytokine production was strongly associated with the inability to
mount protective antibody responses to the trivalent inactivated influenza vaccine currently
recommended (Panda et al., 2010). LPS-stimulated monocytes from old people were
reported to express less IL-12/23p40 levels in comparison to monocytes from young
individuals (Della et al., 2007). However, their capacity to produce either bioactive IL-12 or
IL-23 has not been addressed.
In contrast, analysis of monocyte-derived DCs from aged individuals revealed higher
production of TNF, IL-6 and IL-18 in response to LPS- and ssRNA but no difference in IL-
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12p40/p70 (Ciaramella et al., 2011). There was no reduction of TLR4 expression with age but
it was associated with decreased of phosphor-inositol 3(PI3) kinase, a negative regulator of
TLR signalling. It manifested by decreased AKT phosphorylation and increased p38
mitogen activated protein kinase activation. They also present an increased expression of
phosphatase and tensin homolog (PTEN), a negative regulator of PI3 kinase signalling
pathway (Shaw et al., 2011; Agrawal et al., 2007a; Agrawal et al., 2007b).
Aging is generally associated with increased basal production of inflammatory cytokines
but results of studies are often contradictory, depending on study designs and age groups
(Beharka et al., 2001). Most studies report augmented plasma/serum levels of IL-6 and
TNF with increasing age, even in “selected” SENIEUR elderly over 85 years of age (Krabbe
et al., 2004; Della et al., 2007). An elevated circulating IL-6 level is a strong predictor of
thromboembolic complications while elevated TNF levels are correlated with frailty
(Krabbe et al., 2004). Another study shows that high basal IL-6 had a better predictive value
for mortality than TNF and that both cytokines were associated with classical risk factor
like smoking, physical inactivity and body mass index (Bruunsgaard et al., 2003). A study
confirmed increased serum IL-6, TGF and s-ICAM in the older people but IL-6 increased
also with poor health status (comparing SENIEUR, OCTO and NONA elderly) (Forsey et al.,
2003; Mysliwska et al., 1998). Serum IP-10 and CXCL9 levels have also been reported with
increasing age, in contrast to IL-10 and IL-12p40. These chemokines display strong
chemoattractant activity for Th1 lymphocytes and have been involved in the pathogenesis of
autoimmune disorders, such as Grave’s disease or Crohn’s disease, and in metabolic
disorders, such as diabetes mellitus or atherosclerosis (Shurin et al., 2007). A recent study
confirms that “impaired” (poor functional status) older people express higher basal levels of
IFN, IL-12p70, IL-6 and TNF while “unimpaired” older people express higher basal levels
of IL-5 and IL-13 when compared to each other (Vallejo et al., 2011).
High basal production of pro-inflammatory cytokines is generally associated with poor
capacity to respond to TLR stimulation (Bruunsgaard et al., 1999a). Indeed, several studies
indicate that reduced responsiveness to LPS stimulation (lower TNF, IL-1, IL-6, IL-10 and
IL-1Ra production by whole blood cells) from 85-year olds is significantly associated with a
worse survival and more risk factors like history of malignancies, chronic illness and
elevated CRP levels (van den Biggelaar et al., 2004). Some whole blood studies however
suggest that TNF and IL-6 production upon TLR stimulation is increased in aged
individuals, in particular for SENIEUR population under 85 years. This population probably
does not display chronic low-grade inflammation (Gabriel et al., 2002). Zinc plasma levels
could also represent an important factor to consider (Mariani et al., 2006).
IL-1 and TNF are the earliest mediators of the acute phase response. Both cytokines induce
a strong wave of cytokines including IL-6 and chemokines. In the course of S. Pneumoniae
infection, inflammatory cytokines levels tend to persist for longer periods in older patients
in contrast to younger ones (Bruunsgaard et al., 1999b). This observation could be related to
increased pro-inflammatory environment in aged individuals but also to reduced clearing of
the bacteria. It should also be interpreted in the light of possible alterations of renal function
in the older people.
Taken together, low-grade chronic inflammation (“inflamm-aging”) seems to be a cardinal
feature of advanced “healthy” aging. The magnitude of this process at a given age is
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strongly influenced by multiple factors, including metabolic disorders and nutritional
status. Indeed, poor health status and frailty will be associated with more intense
inflammatory markers but poor responses to stimulation.

Fig. 6. Changes in immune responses observed in aged individuals.

4. Linking the characteristics of immune responses in the geriatric
population to the clinical status.
“Normal” aging is determined genetically. At the cellular level, increased lifetime is
associated with replicative-dependent shortening of chromosomal ends, also known as
telomeres. In immune cells, this process is linked to immunosenescence. While this
phenomenon is the normal destiny of dividing cells, it also reflects the global history of the
organism. Here, we will discuss how the different immune parameters of the older people
can be linked to the clinical characteristics encountered in the geriatric population.
4.1 Shortening of telomere length, genetic factors and hormonal changes
Telomeres consist of simple tandem DNA repeats (10-20kb) that do not encode for any gene
products. The main function of telomeres is to cap the chromosome ends. Telomere capping
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is necessary to distinguish the chromosome ends from DNA breaks within the genome.
DNA breaks within the genome lead to cell cycle arrest and DNA repair or to induction of
apoptosis when the damage is too severe. In contrast to DNA breaks, chromosome ends do
not provoke DNA damage responses (Ongradi & Kovesdi, 2010; Jiang et al., 2007).
Telomeres are regarded as the molecular clock of aging, including that of the immune
system, especially for lymphocytes. Telomere shortening is due to the end replication
problem of DNA polymerase at each round of cell division and to diminished activity of
telomerase that fails to add telomere repeat sequence to the end of chromosomes.
Telomerase is active during embryogenesis but is suppressed postnataly in most somatic
tissues. In adult humans, telomerase stays only active in germ cells, certain stem cells and
progenitor compartment. Telomerase reactivation occurs in activated lymphocytes and
human cancer cells (Jiang et al., 2007; Ongradi & Kovesdi, 2010). Regulation of the
telomerase activity is complex and is limited by expression of the catalytic subunit hTERT.
Many transcription factors act as activators (including c-Myc, SP1, USF1/2, Ets, HIF-1,
hALP) or repressors (p53, AP1, Mad1, Wilm’s tumor 1, Smad3,...). Oestrogens activate c-myc
thereby influencing telomerase activity. Indeed, women present longer telomeres than men.
Cortisol inhibits telomerase activity in CD4 and CD8 T cells, suggesting a mechanism by
which stress can negatively affect immune response (Andrews et al., 2010;
Balasubramanyam et al., 2007). Chronic psychological stress in caregivers of Alzheimer’s
patients or chronically ill children is associated with telomere loss in peripheral blood
lymphocytes, possibly explained by increased cortisol levels. Another study shows reduced
telomerase activity related to neuroendocrine and psychosocial data indicative of greater
stress (cortisol, epinephrine, norepinephrine) in women but they failed to show an
association between telomere shortening and negative mood or education (Andrews et al.,
2010; Jiang et al., 2007; Epel et al., 2006). In humans, telomeres shorten by 50-100 base pairs
with each cell division. Most human tissues and organs show significant telomere
shortening during aging, including peripheral blood mononuclear cells (PBMCs), isolated
lymphocytes, kidney epithelium, vascular endothelial cells, hepatocytes, intestinal and lung
epithelial cells, muscle but not for brain. Telomere length in PBMCs also correlated inversely
with the mortality rate in 60-75 year olds. Individuals with short telomeres have a 3.18-fold
higher mortality rates from heart diseases and 8.54-fold higher mortality rates from
infectious diseases compared to those with relatively long telomeres but it is not a
significant prognostic factor for survival above 85 years. In addition to telomere shortening
with aging, accelerated shortening observed in PBMCs occurs in various human diseases
such as myelodysplasic syndrome (Jiang et al., 2007; Andrews et al., 2010; Ohyashiki et al.,
1999), atherosclerosis and hypertension (Jiang et al., 2007; Andrews et al., 2010; Benetos et
al., 2004), coronary artery disease, human immunodeficiency virus, rheumatoid arthritis
(Jiang et al., 2007; Andrews et al., 2010; Steer et al., 2007) systemic lupus erythematosus,
cognitive decline,... (Jiang et al., 2007; Andrews et al., 2010). Alzheimer patients present
reduced telomere length in PBMCs compared to control. There was also a significant
correlation between T cell telomere length and MMSE score, CD28 expression and an
inverse correlation between serum TNF production and telomere shortening in T cells
(Panossian et al., 2003). Telomere shortening is also correlated with duration of type 1 and
type 2 diabetes and systolic blood pressure but not with diabetes complications (Astrup et
al., 2010; Sampson et al., 2006). Another study confirms the negative correlation between
cardiovascular risk factor or coronary heart disease and telomere length (Spyridopoulos et
al., 2009; Brouilette et al., 2007). This study also shows that treatment with statins in patients
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with high risk on the basis of telomere length results in substantial benefit effect (Brouilette
et al., 2007). Oxidative stress is believed to be a major factor of accelerated aging, possible
due to an increased pace of telomere shortening resulting from DNA damages observed
upon smoking, obesity or cardiovascular diseases (Andrews et al., 2010; Balasubramanyam
et al., 2007). The incidence of cancer sharply increases with aging. Telomere shortening
appears to have a dual role in cancer formation. It was originally proposed that telomere
shortening limits the lifespan of human cells thus acting as a tumor suppressor mechanism.
The majority of human cancers exhibit very short telomeres, much shorter than the
surrounding non-transformed tissue. However, more than 90% of human cancers show a
strong reactivation of telomerase (Jiang et al., 2007).
Early studies showed that human somatic cells have a finite number of replicative cycles.
The term “replicative senescence” is used to describe the stage at which telomeres are
shortened to a critical length such that a proliferative response can no longer be elicited.
One of the approaches to prevent or delay the generation of senescent CD8+ T cells is
based on the well-documented link between telomere shortening and overall replicative
potential and function of T lymphocytes. Although telomerase is capable of elongating
telomeres and is upregulated in concert with T cell activation, the activity of this enzyme
is completely turned off in CD8+ T cells that are chronically stimulated in cell culture.
One suggested way to improve age-dependent decline of immune function would be to
elicit strong cellular immunity by compounds that favour telomerase activity (McElhaney
& Effros, 2009).
Other “genetic” factors have also been implicated in the process of immunosenescence. For
example, IL-6 gene may be involved in the genetic regulation of longevity. IL-6 VNTR D/D
genotypes were associated with increased levels in the blood and brain from Alzheimer’s
disease patients and IL6 VNTR allele B could be detrimental for reaching extreme longevity
(Capurso et al., 2007; Krabbe et al., 2004). It was also reported that -1082 IL-10 promoter
polymorphism was increased in male centenarians as compared to younger men and this
genotype was associated with increased production of IL-10 (Krabbe et al., 2004).
Age is also characterized by hormone changes. It seems that oestrogens can have powerful
immunomodulating effects, albeit mainly during stress. In vitro studies have shown that
oestrogens deficiency leads to reduced IL-2 expression (Ku et al., 2009). Oestrogens seem to
have important effects on B cells. A study shows that the percentage of conventional B cells
(B-2, CD5- CD20+ cells) is significantly lower in late post menopause while B-1 cells (CD5+
CD20+) remain unchanged. It suggests that oestrogens may be involved in maintaining
peripheral B-2 cell pool in women. Even if oestrogens seem to influence B cells, hormone
replacement therapy does not influence the production of antinuclear antibodies or anti-IL-1
antibodies observed with aging (Kamada et al., 2001). Circulating oestradiol in late
postmenopausal women without hormonal replacement therapy is positively correlated to
CRP and serum level of IL-6 but the association for IL-6 was not significant anymore after
adjustement for other clinical factors. Testosterone levels were also positively correlated
with C-reactive protein, TNF and IL-6 even after adjustement for confounders (Maggio et
al., 2011).
Dehydroepiandrosterone (DHEA) has been considered for immunorestoration because
serum levels dramatically decrease with age in both sexes. No DHEA-specific receptor has
been identified in human T lymphocyte and it exerts probably its action indirectly via
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downstream conversion to other steroids, in particular sex steroid. Furthermore, DHEA
exerts also anti-glucocorticoid action. In vitro, it increases IL-2 production, NK cell activity.
Conversely, in vivo, it decreases circulating IL-6 levels. However, no consistent in vivo data
on immune effect of DHEA supplementation in healthy older humans has been reported.
Conversely, it shows a beneficial effect for patients treated in the context of systemic lupus
erythematosus (Fulop et al., 2007; Arlt & Hewison, 2004). Other studies show that DHEA
negatively correlates with basal IL-6 seric levels in older people but this relation is more
complex in younger people. DHEA added in culture of PBMCs inhibits IL-6 secretion
(Straub et al., 1998; James et al., 1997).
4.2 Comorbidities and medications
The main confounding factor that might impact on immune functions of the geriatric patient
is the occurrence of multiple morbidities. These pathologies have potential direct effect on
immune cells but the influence of pharmaceutical treatments should also be kept in mind.
Recent research has attempted to identify risk factors for mortality and functional decline in
older persons. A 7-year community based cohort study shows that 5% of “high functioning”
aged individuals display three or four markers of inflammation (IL-6, cholesterol, albumin,
CRP). This was associated with a more than 6-fold increased risk of 3-year mortality and a
more than 3-fold risk of 7-year mortality independently of other measures of health status
(Reuben et al., 2002). This indicates that innate immune parameters are strongly linked to
clinical status.
4.2.1 Cardiovascular diseases and associated metabolic disorder
Atherosclerotic plaques contain smooth muscle cells, activated T lymphocytes and
monocyte-derived macrophages. Several epidemiological studies have linked systemic lowgrade inflammation in older populations to the prevalence and prognosis of cardiovascular
disease. High IL-1 serum levels were associated with congestive heart failure, angina and
dyslipidemia. High TNF serum levels have been correlated with dyslipidemia and a higher
prevalence of cardiovascular disease in 80 year olds and with high blood pressure, insulin
resistance and common carotid intima media thickness in healthy middle-aged men. IL-6
acts as a marker of subclinical cardiovascular disease in older people and is a predictor of
mortality related to cardiovascular disease (Krabbe et al., 2004). TNF directly causes
upregulation of cellular adhesion molecules at the surface of endothelial cells and causes
insulin resistance. IL-6 induces procoagulant changes by increasing fibrinogen, tissue factor,
factor VIII, von Willebrand factor and platelets. Moreover, both TNF and IL-6 favour
dyslipidemia (Bruunsgaard et al., 2003).
TLRs are expressed throughout the body and are mainly found on professional innate
immune cells, including macrophages, dendritic cells and mast cells but also on nonprofessional immune cells such as endothelial cells and smooth muscle cells. All these cells
are present in the atherosclerotic lesion and contribute to the inflammatory response. The
expression of several TLRs is increased in atherosclerotic lesions. TLR4 is also increased on
circulating monocytes from patients with coronary artery disease compared to controls.
Several epidemiologic studies have reported elevated risk of atherosclerosis associated with
a large number of infections (Chlamydia pneumonia, Helicobacter pylori, cytomegalovirus
(CMV), Epstein-Barr virus (EBV), human immunodeficiency virus (HIV), herpes simplex
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virus (HSV) 1 and 2, Hepatitis virus A and B, influenza A virus). Studies have shown that
vaccination above the age of 65 decreased the risk of acute coronary syndrome (Nichol et al.,
2003; Lundberg & Hansson, 2010). The precise mechanism whereby pathogens are able to
accelerate atherosclerosis is unclear but TLRs are probably involved in detection and
initiation of a subsequent inflammatory response. TLRs also recognise endogenous ligands
that are released during necrotic cell death or are derived from the degradation of
extracellular matrix (Heat shock protein, oxidative Low density lipoprotein, endogenous
mRNA, fibrinogens,...). While TLR signalling pathways activate the genes encoding IL-1
and IL-18, these mediators require a second signal resulting in cleavage of the pro-form to
release the active molecules. This is regulated by a cytosolic protein complex (the
“inflammasome”) that leads to caspase-1 activation (Lundberg & Hansson, 2010). Various
molecules can activate the inflammasome: ATP, crystalline structures (explaining the role of
inflammasome in gout and pseudogout), aluminium salts (used as adjuvants), amyloid-B
(playing important role in Alzheimer disease), fibers (silicosis, asbestosis) or the M2 channel
from the influenza virus. Cholesterol crystals also directly activate the inflammasome, a
process that is implicated in the pathogenesis of atherosclerosis (Duewell et al., 2010;
McIntire et al., 2009). It would therefore be of interest to look at inflammasome
activation/regulation in the context of aging. Other signalling pathways, such as those
linked to the endoplasmic reticulum (ER) stress also participate to inflammation in the
context of metabolic disorders (Hotamisligil, 2010). Whether perturbations in ER stress
pathways could also contribute to age-related inflammation should also be further
investigated (Naidoo, 2009).
Pravastatin, a 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors or statin, has
been recognize to have beneficial effects on atherosclerosis. Statins have pleiotropic effects,
notably on immune system and dendritic cells. It has been shown that patients treated with
pravastatin show decreased expression of CD86 on monocyte-derived dendritic cells, a
reduced level of IFNα and IL-1 after four weeks of treatment and an increase of IL-10 and
TGF in mixed lymphocyte reactions. It also reduces plasma levels of inflammation markers
(IL-6, TNF, CRP) and soluble CD40L without apparent link with the degree of lipid
lowering achieved (Li et al., 2009; Schonbeck & Libby, 2004). Fenofibrate and simvastatine in
type 2 diabetic patients with mixed dyslipidemia and in patients with hypercholesterolemia
or impaired fasting glucose, reduce expression of TNF, IL-, IL-6 and MCP-1 by LPSstimulated monocytes. Both treatments significantly reduce high-sensitivity CRP levels
(Krysiak et al., 2011b; Krysiak et al., 2011a) but there are conflicting results (Coen et al.,
2010). Statin and aspirin decrease serum levels of IL-1 and C-reactive protein in
hypercholesterolemic patients (Ferroni et al., 2003). Valsartan in hypertension patients also
reduces the secretion of IL-1 by LPS-stimulated PBMCs. Angiotensin II is identified as the
main mediator of vascular complications of hypertension. It stimulates the expression of
vascular cell adhesion molecule-1 and induces IL-1 and MCP-1 production by vascular
smooth cells (Li et al., 2005; Ferro et al., 2000).
Type 2 Diabetes mellitus is a serious chronic disease that is very prevalent in the developed
world. Several studies have shown that IL-6 and IL-1 levels are independent predictors of
type 2 diabetes development. The role of TNF is more controversial, some studies show a
relationship between TNF and insulin resistance but this might be restricted to obese type
2 diabetic subjects. Higher serum IL-8 levels have also been found in diabetic patients
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(DiPenta et al., 2007). Production of IL-6, IL-8, IL-1 upon LPS stimulation could also be
influenced by glucose concentrations and insulin levels but in vitro results on PBMCs do not
take into account the contribution of skeletal muscles, fibroblasts and vascular endothelial
cells (Beitland et al., 2009).
Chronic heart failure is a major epidemiological burden in the industrialized world.
Approximately 2% of the adult population is diagnosed with moderate or severe left
ventricular systolic dysfunction with an incidence rate of 10 per 1000 population over the
age of 65. Chronic inflammation interacting with increased oxidative stress, cytokine
production, proteolytic matrix degradation and autoimmunity is implicated in heart failure
pathophysiology by increasing cardiac injury, fibrosis and dysfunction. There are several
sources of systemic inflammation in cardiac heart failure (TNF, IL-1, IL-6, IL-18, MCP-1)
due to release from leukocytes and blood platelets as well as the lungs, liver, endothelium
and the failing heart itself. These cytokines are capable of modulating cardiovascular
performance in an autocrine, paracrine or endocrine fashion. Inflammatory cytokines may
enhance the expression of adhesion molecules and inflammatory chemokines in endothelial
cells which in turn may further increase the inflammatory response within the vessel wall,
representing a pathogenic loop leading to inappropriate endothelial activation in heart
failure. TNF superfamily ligands may directly induce endothelial cell apoptosis (Picano et
al., 2010). Aged patients with heart failure present higher IL-6 serum levels in the acute but
also the recovery phase of cardiac failure compare to healthy aged controls (Vo et al., 2011).
In summary, these “metabolic disorders” are associated with chronic inflammation that
contributes to the pathogenesis. Hence, “inflamm-aging” processes are likely to contribute
to the development of these pathologies. Conversely, the increased prevalence of these
diseases in the geriatric populations will affect innate immune parameters accordingly and
favour the maintenance of low-grade inflammation.
4.2.2 The “Frailty” syndrome
Frailty has been defined as an age-related decline in lean body mass, decreased muscle
strength, endurance, balance and walking performance, low activity, weight loss
accompanied by a high risk of disability, incident falls, hospitalisation and mortality. Plasma
levels of TNF were strongly associated with impendent death independently of dementia
and cardiovascular disease in centenarians. It supports the hypothesis that TNF has
specific biological effects and is a marker of the frailty syndrome in the oldest. Systemic lowgrade inflammation has been associated with decreased muscle mass as well as the
development of functional disability in older population. TNF might directly contribute to
sarcopenia. Indeed, in vitro experiments indicate that TNF disrupts the differentiation
process and promotes catabolism in muscle cells. It is also responsible for increased basal
energy expenditure, anorexia, loss of muscle and bone mass in vivo and has been associated
with cachexia in chronic inflammatory disorders such as rheumatoid arthritis, AIDS and
cancer. His role in septic shock is well known. The potential role of IL-6 in sarcopenia is less
clear. Age-related sarcopenia is partly reversed by exercise. Muscle contractions induce IL-6
production and release into the blood stream and it has been suggested that muscle-derived
IL-6 contributes to the beneficial metabolic effect of exercise (Krabbe et al., 2004). Along the
same line, another study shows that fatigue resistance and grip work correlate positively
with IL-6 in older male participant. In contrast, the same group shows that older nursing
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home residents present a worse fatigue resistance and grip work related to high levels of IL6, Heat shock protein 70 and TNF (Bautmans et al., 2007; Bautmans et al., 2008). High
levels of IL-6, C-reactive protein and TNF predict an increased incidence of mobility
limitation during a 30-month follow-up period in well functioning older people (Penninx et
al., 2004).
4.2.3 Neurodegenerative disorders and depression
Cognitive impairment is an important problem with age. Epidemiological studies show an
increasing body of evidence on the deleterious association between chronic peripheral
cytokine elevation found in aged subjects and cognitive functions. Several studies show an
association between serum levels of TNF, IL-1 and Alzheimer disease. In contrast, IL-6
seems to be associated with vascular dementia (Krabbe et al., 2004; Ravaglia et al., 2007).
Studies have suggested that inflamm-aging can be a prodrome for Alzheimer’s disease.
Alzheimer’s disease is connected with a dysregulation in the metabolism of beta amyloid
precursor protein with a consequent transient overproduction or a decreased degradation of
-amyloid in the brain. IFN and other pro-inflammatory cytokines interact with processing
and production of -amyloid peptides. Neopterin, a blood compound produced by
monocyte-derived macrophages upon stimulation with IFN is increased in Alzheimer’s
disease patients compared to age-matched controls. 70% of these patients are seropositive
for cytomegalovirus and it correlates with neopterin and C-reactive protein concentrations.
It was suggested that elevated neopterin may be a vestigial result of serum immunity to
cytomegalovirus (Giunta et al., 2008). IL-1, IL-6 and TNF have been clearly involved in the
local inflammatory process around amyloid plaques, might be cytotoxic when chronically
produced and might stimulate the production of -amyloid peptides (Krabbe et al., 2004;
Ravaglia et al., 2007). As for atherosclerosis, inflammasome activation seems to be
implicated in Alzheimer’s disease. Amyloid  oligomers can disturb the function of K+
channels and decrease intracellular K+ concentration leading to activation of NALP-1 then
caspase-1, production of IL-1 and IL-18, and cellular apoptosis through pyroptosis. Fibrillar
amyloid  can also lead to the activation of NALP3 and lead to the same phenomenon (Cook
et al., 2010). Plasma levels of IL-1 and TNF are higher in patients with vascular dementia
and late onset Alzheimer’s disease when compared to control and after adjustment for
confounding variables. IL-6 was only increased in patients with vascular dementia (Krabbe
et al., 2004; Ravaglia et al., 2007) but not in Alzheimer’s patients (Zuliani et al., 2007).
Alzheimer’s patients present a decrease of CD8+T lymphocytes, a slight increase of CD4+ T
lymphocytes and CD19+ B lymphocytes compared to age-matched controls (Giunta et al.,
2008). Once again, there is a strong link between this irreversible neurodegenerative process
and general chronic inflammation.
Depression is also a cardinal feature of the geriatric population. Comorbidities, such as
cardiovascular diseases, atherosclerosis, diabetes, osteoporosis, dementia, cancer or frailty
can precipitate depressive states that are further enhanced by poor socioeconomic outcomes.
Depression is a risk factor for low resistance to infection and insufficient response to
vaccine. The pathogenesis and severity of depression are connected to chronic stress.
Chronic diseases, stressfull life events, personal loss, decline in self concepts of efficacy may
contribute to this process. Depression in older people is associated with increased exposure
to cytomegalovirus in the past and a pro-inflammatory profile demonstrated by elevated
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TNF, IL-6, IFN, C-reactive protein and deficiency of suppressive IL-10+cells. These
changes negatively affect humoral and innate responses in depressed patients (Penninx et
al., 2003; Bouhuys et al., 2004; Trzonkowski et al., 2004; Irwin & Miller, 2007). IL-6 and TNF
have the capacity to exert direct effects on the central nervous system by stimulating the
hypothalamic-pituitary axis activity and the release of corticotrophin-releasing factor. These
direct effects may lead to behavioural and neurochemical changes that may induce
depression (Penninx et al., 2003). Depression has been associated with a decreased number
of lymphocytes and NK and altered functions, which can be modulated by antidepressant
treatment (Bouhuys et al., 2004; Irwin & Miller, 2007). Antidepressant therapy decreases
LPS-induced IL-1 and IL-6 in whole blood from depressed patients. IL-1 has been shown
to up-regulate hippocampus expression of serotonin transporters and proinflammatory
cytokines might play a causative role in the depression-related activation of hypothalamicpituitary-adrenal system (Himmerich et al., 2010).
4.2.4 Osteoporosis
Postmenopausal osteoporosis is a progressive disorder characterized by a decreased bone
mass and increased susceptibility to fractures. It affects one out of three women after
menopause (Breuil et al., 2010). Oestrogen deficiency leads to an uncoupling between
activity of bone resorbing cells (osteoclasts) and bone forming cells (osteoblasts) responsible
for accelerated bone loss. The concept of osteoimmunology recently emerged from
increasing evidence of intimate links between bone tissue and the immune system. Indeed,
recent studies have suggested that the increase in bone resorption induced by oestrogen
deficiency is at least partly mediated by increased paracrine production of bone resorbing
cytokines (Breuil et al., 2010). Multiple soluble mediators of immune cell function, including
cytokines, chemokines and growth factors also regulate osteoblast and osteoclast activity.
This is particularly true in pathological conditions such as rheumatoid arthritis and
inflammatory bowel disease (Breuil et al., 2010). IL-1 is one of the most potent stimulators of
bone resorption and IL-6 appears to be a potent osteotrophic factor that may play an
important role in diseases characterized by increased bone resorption. Oestrogens inhibit IL6 gene expression (Zheng et al., 1997; De Martinis et al., 2006). TNF and IL-1 enhance bone
resorption by stimulating development of osteoclast progenitors and increasing the activity
of mature cells. IFN inhibits the process of IL-1 stimulated bone resorption. Some studies
do not find any differences in the serum levels of IL-1, IL-1 and IL-6 between osteoporotic
and normal women. In contrast, Il-1, IL-6, TNF are significantly higher in whole blood
after polyclonal activation in osteoporotic women than controls and negative correlation is
found between lumbar bone mineral density and IL-1, IL-6 or TNF levels (De Martinis et
al., 2005; Zheng et al., 1997). A study performed on osteoporotic women and controls
without oestrogen or vitamin D deficiencies shows that osteoporotic women present a
decrease in circulating B cells, decreased basal secretion of IFN by CD4+ T lymphocytes, a
decreased in memory CD4+ T cells expressing RANK+ and CD28+ (Breuil et al., 2010). The
TNF-family RANK-L and its receptor RANK are key regulator and essential for the
development and activation of osteoclasts. RANK-L is expressed in osteoblasts and can be
upregulated by bone resorbing factors such as glucocorticoids, 1,25(OH)2D3, IL-1, IL-6, IL17, TNF, PGE2, parathyroid hormone. RANK-L is produced by activated T cells and can
directly induce osteoclastogenesis.
Several factors can inhibit RANK-l such as
osteoprotegerin, IFN, IL-12 and IL-18 (De Martinis et al., 2006).
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Biphosphonates are currently widely used for the prevention and treatment of osteoporosis
as well skeletal metastasis. It has been recently demonstrated that biphosphonates lead to
the expansion and activation of T cells, these effects may represent potential novel antitumor mechanisms. Another study indicates that low dose zoledronate in vitro reduces
TNF production by monocytes, inhibits upregulation of typical maturation markers and
NFB activation in dendritic cells (CD83, CD86, CD40) (Wolf et al., 2006).
4.3 Chronic infections and immune “exhaustion”?
One of the hallmarks of the “immune risk phenotype” (see table 1) in the OCTA/NONA
subjects is the accumulation of terminally-differentiated CD8 T cells, (lacking CD27 and
CD28) leading to inversion of the CD4:CD8 ratio. An important fraction of these cells are
specific for cytomegalovirus (CMV) antigens. These effector memory T cells contain large
amount of cytotoxic effector molecules like granzyme and perforin and progressively
acquire inhibitory receptors such as KLRG1, CD57 and PD-1 (Pawelec & Derhovanessian,
2011). Similarly, CMV-specific CD4 T cells are highly differentiated, have shorter telomeres
and decreased telomerase induction after stimulation. These cells are thought to become
dysfunctional and “exhausted” in old individuals (Hadrup et al., 2006). However, these cells
are still capable of rapidly producing cytokines upon in vitro stimulation and display
effector functions (Ouyang et al., 2003). Interestingly, a study performed on individuals
genetically enriched for longevity, with a 30% decreased mortality risk, possess immune
signatures different from those of the general population. Even if they are CMVseropositive, they fail to show the CMV-(and age-) associated alterations of immune
parameters that CMV-seropositive general population does show (Derhovanessian et al.,
2010). As previously mentioned, it has been reported that IL-4 producing T cells with a
CD25+ memory phenotype accumulate in a subgroup of healthy elderly people who have
an intact humoral immune response after influenza vaccination. These apparently beneficial
CD8+ CD25+ T cells are rare or even absent in older persons with latent CMV infection
(Herndler-Brandstetter et al., 2005).
Could there be a direct link between this CMV-dependent immune signature and other
parameters of immunosenescence? Conceptually, accumulation of these memory oligoclonal
cells with age would occupy the “immunological space” and limit homeostatic proliferation
of naïve T cells and response to new antigens. It has also been suggested that CMV infection
could participate to the inflamm-aging process (Trzonkowski, 2003). Whether accumulation
of CMV-specific T cells with age is actually detrimental remains to be established (Wills,
2011). Analysis of several recent cohorts does not support a relationship between CMV
status, mortality or inflammatory markers (Wills 2011). Another recent study found a
gradual increase in CMV antibody titers with deteriorating functional status in aged
individuals (Moro-Garcia et al., 2011). CMV infection is also associated with atherosclerosis
and the risk for heart diseases (Stranberg TE 2009). In longitudinal studies of CMVseropositive patients, antibody levels have been reported to correlate inversely with survival
in individuals with stable cardiovascular diseases, cardiovascular risk factors and in older
women in their 70’s. Furthermore, telomere shortening of CD8 CD28- T cells correlates with
cardiac dysfunction in CMV+ patients with coronary heart diseases (Spyridopoulos et al.,
2009).
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In addition to these unresolved issues related to the association of CMV infection and
disease states, the causality links are still unclear. Indeed, if CMV infection were directly
implicated in age-dependent deterioration of immune functions and cardiovascular
diseases, it would be highly beneficial to consider CMV eradication in the general
population through vaccination (Pawelec, 2011).
4.4 How living habits and nutrition status impact on immune functions
Malnutrition is associated with a decrease in immunity and an increase in susceptibility to
many infectious diseases, notably due to an inability to meet the energy demands associated
with the immune response. Interventions on nutrition could have a large impact on immune
functions (Ongradi & Kovesdi, 2010).
It seems that caloric restriction is the only known method to prolong median as well as
maximal lifespan in all tested animals, from invertebrates to rodents and non-human
primates. It is able to attenuate the natural shift from naive to memory phenotype T cells
and maintain a higher number of naive T cells in aged animals. The increase of
proinflammatory cytokines such as IL-6, TNF and IFN can be reversed by caloric
restriction. Caloric restriction is known to inhibit mTOR and thereby promoting autophagy
mechanisms. It allows recycling of the cellular components to gain new building blocks for
critical proteins by degrading momentarily unneeded proteins and even organelles (Arnold
et al., 2011).
The dietary intake of essential macro and micronutrients is usually inadequate in the elderly
and several factors contribute to this deficiency: poor socioeconomic status may lead to a
greater consumption of inexpensive foods poor in micronutrients. Nutrient deficiency is
exacerbated by loss of appetite, lack of teeth, intestinal malabsorption and decreased energy
requirement. Many micronutrients contribute directly or indirectly to the biological activity
of some antioxidant enzymes, to the efficiency of immune response and to the maintenance
of metabolic functions (Mocchegiani et al., 2011).
Vitamin A contributes to the maintenance of epithelium integrity in the respiratory and
gastrointestinal tracts. Pyridoxins, folic acid, vitamin E have been suggested to influence
lymphocyte functions. Antioxidant vitamin supplements have been shown to enhance
antibody titers upon influenza vaccination and to reduce incidence of infection over a 2-year
study period (Lesourd, 2006).
Lipids are also important actors in immune system. High-density lipoprotein (HDL) has
anti-inflammatory and anti-oxidative effects and influence proximal T cell signalling.
Conjugated linoleic acid has been shown to have anticarcinogenic, antiatherogenic and
antidiabetic properties correlating with increased lymphocyte proliferation and decreased
proinflammatory cytokine secretion. The most important effect is a decrease of risk and
severity of cardiovascular diseases originating from atherosclerosis, a chronic inflammatory
condition. Living habits can serve as anti-aging process: aerobic exercise, weight loss and
smoking cessation can raise HDL levels and physical activity tends to lower IL-6 and Creactive protein serum levels (Fulop et al., 2007; Ongradi & Kovesdi, 2010).
The potential role for vitamin D and its active metabolite 1,25(OH)2vitD in modulating the
immune response was first appreciated 25 years ago with three important discoveries: The
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ability of 1,25(OH)2vit D to inhibit T cell proliferation, the ability of disease-activated
macrophages to produce 1,25 (OH)2vitD and the presence of vitamin D receptor in activated
human inflammatory cells. 1,25(OH)2vitD suppresses proliferation and immunoglobulin
production and delays the differentiation of B cell precursors into plasma cells. It shifts the
balance to a Th2 cell phenotype and increased CD4/CD25 regulatory T cells. It inhibits Th17
development and appears beneficial for autoimmunity diseases. In innate immunity,
vitamin D enhances activation of TLRs. It promotes innate immune responses to TLR
activation by Mycobacterium tuberculosis. 1,25(OH)2vit D increases cathelicidin, a
antimicrobial peptide after activation of TLR1/2 but inhibits the maturation of monocytederived dendritic cells (Bikle, 2009; Hewison, 2010; Schwalfenberg, 2011). By increasing
cathelicidin, vitamin D supplementation improves the outcome of many diseases: it reduced
dental caries and Helicobacter pylori infections. Vitamin D insufficiency is associated with
Crohn’s disease, pour outcome in severe pneumonia and urinary tract infections
(Schwalfenberg, 2011). Vitamin D improves physical barrier by stimulating gap junctions
genes, adherent genes and tight junction genes (Schwalfenberg, 2011). In contrast, a study
failed to show influence of a short-term calcium and vitamin D treatment in healthy post
menopausal woman on IL-6, TNF and C-reactive protein serum levels (Gannage-Yared et
al., 2003).
Vitamin C is an essential watersoluble nutrient, which primarily exerts its effect on host
defence mechanisms and immune homeostasis, by being the most important physiological
antioxidant. It has been implicated as having a preventative and therapeutic role in a variety
of diseases including scurvy, viral infections and common cold, cancer and atherosclerosis.
A study shows that in vitro, vitamin C inhibits IL-6 and TNF production by monocytes
after LPS stimulation and an inhibition of IL-2 production by lymphocytes after PMA
ionomycin (Hartel et al., 2004).
Zinc is one of the most relevant nutritional factors in aging because it affects immune
responses, metabolic harmony and antioxidant activity. The human body contains 2-3 g zinc
most of which is bound to proteins. Plasma pool, which is required for the distribution of
zinc represents less than one percent of the total body content. A multitude of factors is
likely to influence zinc intake: malnutrition, socioeconomic factors, decreased intestinal
absorption and medications like diuretics. The recommended daily allowance for zinc in
adult in the United States is 11mg/day for men and 8 mg/day for women. In human, the
most prominent example of the effect of zinc deficiency on the immune system is
acrodermatitis enteropathica, a rare autosomal recessive inheritable disease that causes
thymic atrophy and a high susceptibility to bacterial, fungal and viral infections. It is caused
by zinc-specific malabsorption. The intracellular concentration of free zinc is regulated by
three mechanisms: one is transport through the plasma membrane; another involves storage
in zincosomes and finally zinc binding to metallothionein. Metallothioneins are a group of
low molecular weight metal binding proteins with high affinity for zinc. It distributes
intracellular zinc and has a protective role in transient and acute stress-like conditions.
Elevated IL-6 levels observed in aged individual are also associated with increased and
persistent metallothioneins expression in peripheral mononuclear cells, leading to an
increased sequestration of zinc and immune impairment. Notably, centenarians display low
levels of metallothioneins coupled with satisfactory zinc ion availability. In vitro studies
show that many parameters are affected by zinc: caspases, reactive oxygen species
production, NFB and iNOS activity, superoxide dismutase, catalase, gluthatione
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peroxidase, telomere length, several cytokines and chemokines expression. The most
prominent effect of zinc deficiency is a decline in T cell function, the shift of a Th1 toward
Th2 responses. Effect of zinc on cytokine levels is concentration-dependent: it stimulates
cytokine production in monocytes in response to lipopolysaccharide with moderated
supplementation but higher concentrations can have an antagonistic effect. With regard to
older people, inconsistent data exist on the beneficial effect of zinc supplementation upon
the immune efficiency due to different doses and duration of treatment. The most important
parameter affected by physiological dose (10-25 mg/day from 1 to 3 months) is the innate
immunity represented by the natural killer cell cytotoxicity. Zinc treatment at the dose of
15mg a day for 1 month in older people and old infected patients restores thymic endocrine
activity, lymphocyte mitogen proliferative response, CD4+ T cell number, peripheral
immune efficiency and DNA repair. At clinical level, significant reduction of relapsing
infections occurs in these patients (Mocchegiani et al., 2011; Haase & Rink, 2009;
Mocchegiani, 2010). In hospitalized geriatric patients, poor zinc status has been associated
with higher proportion of congestive cardiopathy, respiratory infections, gastrointestinal
diseases and depression (Pepersack et al., 2001).
Protein energy malnutrition is common in elderly population. It is present in 2-4% of homeliving self-sufficient older subjects and in more than 50% of institutionalized older subjects.
During stress, the body reacts with acute phase responses associated with proinflammatory
cytokine release from monocytes-macrophages. The cytokines induce the use of nutritional
reserves which is particularly harmful in the older people for several reasons: 1) body
reserves are already decreased in older individuals who exhibit osteoporosis and often
sarcopenia 2) acute phase responses are long lasting in older people, so that more body
reserves are used ; 3) nutritional reserves are never fully replaced in older individuals
during recovery, since protein anabolism is decreased; 4) each acute phase response in the
older people can therefore leads to lower nutritional reserves, mainly muscle protein
reserves which can increase frailty (Lesourd, 2006).
In light of these observations, it is clear that addressing the specific nutritional requirements
in advancing age could modulate immune functions. Whey proteins are a mixture of
globular proteins isolated from milk. It is left when milk coagulates and contains everything
that is soluble in milk. It has been shown that older people receiving whey proteins, in
comparison to soy proteins, present greater antibody responses against four serotypes of S.
pneumoniae (Freeman et al., 2010). Along the same line, Enprocal, a recently formulated
supplementary food has been designed to meet the nutritional needs of frail older people.
The ingredients of Enprocal are dairy-based proteins (Whey protein concentrate, skim milk
powder, whole milk powder), vitamins and minerals (calcium, zinc, vitamins C, D, B and
A), vegetable oils and inulin. An in vitro study suggested that Enprocal displays some
immunomodulatory properties on immune cells (Kanwar & Kanwar, 2009). Lactoferrine has
also important immune modulator protein. It belongs to the transferrin family and bind two
irons ions reversibly. It is synthesized by glandular epithelia and found in milk, tears, bile,
respiratory and gastrointestinal secretions. Protein antigens and bacteria within the
digestive systems act as stimulating agents in the process. It has pleiotropic effects:
bactericidal, anti-fungal and anti-viral effects, anti-oxidant activity, it reduces the production
of proinflammatory cytokines, inhibits tumour growth by inhibiting angiogenesis,
promoting apoptosis and finally, it promotes bone growth (Pierce et al., 2009).
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Exercise has also been shown to have influence on immunological parameter. Studies have
found that mitogen- or influenza- induced lymphocyte proliferation was increased, the
number of natural killer cells was greater, antibody IgM and IgG response to influenza
vaccine two weeks post immunization was greater in active old people. Greater levels of
physical activity in terms of walking speed was also associated with lower serum levels of
several inflammatory markers such as IL-6, TNF, and C-reactive protein. In contrast,
intervention trials involving frail older people were not promising suggesting that immune
alterations in the frail state cannot be reversed (Senchina & Kohut, 2007). A study performed
on older men shows that older people with long-term training present reduce levels of IL-6,
IL-1ra, IL-10, sTNFRI but an increase of MCP-1 compared to sedentary older people. It was
associated with increases of DHEA and IGF-1 levels (Gonzalo-Calvo et al., 2011). Another
study shows also that exercise reduces inflammatory monocytes in hypercholesterolemic
patients (Coen et al., 2010).
In summary, many different dietary factors are able to influence innate and adaptive
immune parameters. It is very difficult from in vitro studies to draw hypothesis on how
deficiency/supplementation of specific factors impact on the organism. However, clinical
studies indicate that these factors should be taken into account and might be beneficial for
healthy aging as a whole.
4.5 Erosion of epithelial barriers: susceptibility to infections and potential impact on
chronic inflammatory status
Epithelial cells represent the first protective barrier towards invading pathogens. Aging is
associated with alteration of these barriers, including the skin, lung, stomach, intestine and
urinary tract. Bacteriemic pneumococcal pneumonia in persons older than 70 is associated
with a death rate greater than 50 percent. It appears that oropharyngeal colonization with
gram-negative bacilli plays an important predisposition role. With age, in the lung, there is a
reduced function of the mucociliary tract, a reduced local immunity (T cells and reduced
secreted immunoglobulin), and reduced cough reflex. All these factors but also deglutition
trouble, reduced production of gastric acid secretion, antibiotics or antiacid treatment,
favour the apparition of pneumonia in older people (Cretel et al., 2010; Yoshikawa, 1981).
Older people also present more urinary infections than young people. Urinary tract
infection has an incidence of 5-35% in men and 15-50% in women. Poor emptying of the
urinary bladder because of reduced muscle tonicity, prostatic hypertrophy, reduced
oestrogen and increased pH level that lead to increased bacterial adherence, previous
genitorurinary instrumentation and perineal contamination from fecal incontinence are
possible reasons for the high incidence (Yoshikawa, 1981; Cretel et al., 2010).
Skin and soft tissue infection is a common complication in aged patients. Even minor
trauma to the skin might result in serious skin and soft tissue infections because of skin
changes (thinning of epidermis and subcutaneous tissues, decreased glandular secretions
and atherosclerosis, pressure injuries). Skin also presents modifications of immune cells
such as a decrease of Langerhan’s cells (Cretel et al., 2010; Desai et al., 2010; Grewe, 2001;
Yoshikawa, 1981).
Older patients are also at higher risk for bacterial meningitis (pneumococci, gram negative
bacilli and listeria monocytogenes) and bacterial arthritis (Yoshikawa, 1981).

Innate Immune Responses in the Geriatric Population

297

Gram-negative bacterial infections occur more frequently in patients older than 60 years.
Intra-abdominal sepsis is of special importance to the older people. Complications like
perforation, wound infection, abscess formation and pneumonia are more common in the
older people following appendectomies. The risk of diverticulitis rapidly increases with
aging and cholelithiasis is another disease of the aged.
With age, the capacity of the gastrointestinal tract to protect individuals from pathogens is
lowered because of reduced gastric pH leading to pneumonia and malabsorption,
mechanical trouble like diverticulitis and alteration of the mucosal immune system (Cretel et
al., 2010). The mucosal immune system consists of an integrated network of tissues,
lymphoid and mucous membrane-associated cells and innate effectors and acquired
molecules. The IgA isotype is key players in mucosal immunity and seems to function in
synergy with innate immune system. Mucosal inductive sites include the Peyer’s patches;
gut associated lymphoreticular tissues (GALT), waldeyer’s ring of tonsil and adenoid. The
mammalian lower intestine contains up to 1012 bacteria per gram of intestine. The normal
microbiota is essential to maintain appropriate homeostatic conditions providing energy in
the form of short chain fatty acids and nutrients and protection against colonization by
pathogenic bacteriae. It also plays a role in maturation of the host immune system including
intestinal secretory soluble IgA and intraepithelial lymphocyte development. There is some
evidence in mice that there are alterations of the mucosal immune system with age. Reduced
levels and quality of soluble IgA and alterations of mucosal dendritic cells functions have
been reported. Qualitative change in the composition of the microbiota has also been
reported (fewer total anaerobes bacteroides and bifidobacterium and higher levels of
enterobacteriacea and endotoxin-producing, gram-negative bacteria like fusobacteria,
clostridia, eubacteria species). As a direct result of these age-related changes in the
microbiota, the quality of the secretary IgA response can be altered, although the absolute
amount of these antibodies is generally unchanged (Fujihashi & Kiyono, 2009). Nonpathogenic bacteriae in the intestine play important role for protecting host from pathogens.
It has been suggested that limited TLR stimulation will contribute to the physiological, lowlevel inflammation in healthy intestine. In contrast, true pathogens induce a rapid and more
aggressive response that is initiated by microbial danger signals and tissue damage. It is
now known that the innate and adaptive immune activation by the microbiota prevents
other inflammatory responses and induces cytoprotective responses of the intestine
epithelium that are critical for intestinal homeostasis. This is achieved by low expression of
pattern recognition receptors on intestinal epithelial cells and limited gene activation via
NF-B. It promotes epithelial integrity through production of cytoprotective molecules such
as heat shock proteins. Low-grade bowel inflammation is frequently present in the older
population and may account for elevated systemic C-reactive protein and faecal
calprotectin. Blood intestinal perfusions and oxygenation are also altered in the aged
population. It is possible that the combination of a normally harmless bacterial signal, tissue
injury and nutritional deficiency may trigger pathogenic inflammatory response. In the
intestinal environment, a loss of barrier integrity may result in heightened exposure to
exogenous components derived from the non-pathogenic intestinal microbiota and a
breakdown in tolerance mechanisms. Impaired clearance of apoptotic cells by intestinal
dendritic cells may lead to the accumulation of necrotic cells that release autoantigens such
as nucleic acids, uric acid and the induction of an inflammatory dendritic cells phenotype.
This might lead to autoimmune response and abnormal immune response to commensals.
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Taken together, it seems that both endogenous signals (cell senescence and cumulative cell
damage) and exogenous non-self signals (bacteria translocation through a leaky gut) may
both contribute to chronic inflammation (Schiffrin et al., 2010).

5. Immunosenescence and cancer
Epidemiological studies indicate that about 55% of tumours are detected after the age of 65.
The most frequent sites in men over 65 are represented by lung, colon, rectum, prostate and
bladder; in women by breast, lung, colon-rectum, bladder and pancreas as well as nonHodgkin lymphoma. The association between age and cancer can be explained by a
multitude of factors, including a more prolonged exposure to carcinogens in older
individuals and an increasingly favourable milieu for the induction of neoplasm in
senescent cells. The immune system counteracts tumour cell growth through different ways:

Malnutrition
(zinc, vitamin D, proteins,… deficiency)

Oxydative stress
(reactive oxygen
species, oxidative low
density lipoprotein,…)

Atherosclerosis

Ischemia

Innate immunity
Comorbidities
(arterial hypertension, diabetes,
depression, medication, stress,…

Immunosenescence,
Telomeres length

Adaptive immunity

Pathogens Cytomegalovirus
(Epstein Barr virus, Influenza,…)

Genetic susceptibility

pathogens

Barrier erosions and inefficacy

Age
Meno/andropause

Fig. 7. External factors leading to immunosenescence.
1) protection of the host from virus-induced tumours by eliminating or suppressing viral
infections 2) suitable eradication of pathogens and rapid resolution of inflammation thereby
preventing the establishment of an inflammatory environment favourable to tumorigenesis
3) specific identification and elimination of tumour cells on the basis of their expression of
tumour-specific antigens or molecules induced by cellular stress (a process known as
“immunosurveillance”). Hence, reduction of T cell function and cellular immunity as seen in
the older people could favour carcinoma development. In older people suffering from
different types of cancer, there was a reduced number of CD3 T cells, CD4 T helper cells and
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natural killer cells in peripheral blood compared to healthy older people (Malaguarnera et
al., 2010; Fulop et al., 2010; Motta et al., 2003). “Inflamm-aging” processes could favour
tumour development. For example, IL-1 plays a role in tumorigenesis (and promotes
angiogenesis and chemoresistance). TNF plays an important role in the initiation of
tumour by stimulation the production of nitric oxide and reactive oxygen species which can
lead to DNA damage. Enhanced TNF levels are associated with increased risk of multiple
myeloma, hepatocellular carcinoma, bladder, gastric and breast cancer. It also correlates
with poor prognosis of haematological malignancies. The paracrine secretion of IL-6 acts as
a growth factor for multiple myeloma, non-Hodgkin lymphoma, bladder, colorectal and
renal cell carcinoma (Malaguarnera et al., 2010; Fulop et al., 2010).
Accumulation of memory CD8 T cells might also participate to cancer development. One of
the most intriguing evidences about the role of CD57+ T lymphocytes in cancer comes from
the fact that metastasis-free regional lymph nodes draining different human epithelial
tumors present a reduction in almost all immune cells, except CD57+ lymphocytes (Kanwar
& Kanwar, 2009). CD8+CD28–CD57+ T lymphocyte clones may be the result of persistent
stimulation by tumor-associated antigens, combined with a reduced cellular death rate
secondary to reduced expression of the apoptosis-related molecule CD95. A long-lived
population of CD8+CD57+CD28– perforin+ T lymphocyte clones has been reported in the
peripheral blood of patients with multiple myeloma. Despite being more commonly found
in patients with progressive and advanced-stage disease, this population was associated
with superior survival. In patients with relapsed/refractory multiple myeloma treated with
thalidomide, multivariate analysis showed that inferior survival was associated with low
pretreatment bone marrow CD57+ cells and overall, CD8+CD57+T lymphocytes account for
up to 25% of the marrow T cell population. Such CD8+CD57+ T lymphocytes have been
shown to suppress T cell functions in multiple myeloma (Focosi et al., 2010).
CD57+ lymphocytes in the lymph nodes of B-chronic lymphoid leukemia patients have
abnormal orthogonal light-scattering signals and an abnormal density of CD57+ receptors in
comparison with their peripheral blood CD57+lymphocytes or the CD57+ lymphocytes in
the peripheral blood, bone marrow, and tonsils of hematological normal donors. It has been
reported that these patients with neutropenia have higher numbers of peripheral blood
CD8+CD57+ T lymphocytes than the non-neutropenic ones. An elevated frequency of
CD4+CD57+ T cells was correlated with more advanced disease. The role of the
CD4+perforin+ T cell population is at present uncertain. However, this potentially cytotoxic
T cell population could contribute to enhancing survival of the B-chronic lymphoid
leukemia cells through production of IL-4 and to the immunodeficient state seen frequently
in patients with this tumor, independent of drug treatment. (Focosi et al., 2010).
Finally, few reports analyzed the impact of immunosenescence on the complications of
patients with cancer. Neutropenia is a complication of patients treated by chemotherapy and
responsible of infection called febrile neutropenia. In older patients, pyrexia can be absent
and little is known about the consequence of neutrophil defect and other immune defects on
the increased rate of infections in old cancer patients. It is well known that CSFs enhance
bone marrow production and is used to counteract neutropenia. CSFs have proven to be
beneficial in old people but they still suffer from increased infection rates compared to
younger adults. Finally, the factors influencing immunity (such as malnutrition, alteration of
intestinal barriers, depression...) can also negatively influence the outcome of cancer in
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geriatric patients. So, it will be important to reconsider guidelines and management of old
patients suffering from cancer (Crighton & Puppione, 2006).

6. Immunosenescence and autoimmunity
“Inflamm-aging” results in both decreased immunity to exogenous antigens and increased
autoreactivity. It is well documented that a significant fraction of older people has low
affinity autoantibodies in their serum and the prevalence of autoantibodies associated with
autoimmune disease increases with age without clinical significance. Rheumatoid factors are
present in up to 5% of young healthy individuals and increase up to five times in older
persons such as antinuclear antibodies. A number of hypotheses have been proposed to
explain the relationship between aging and the development of autoimmunity: reduced
thymic output has been postulated to induce compensatory autoproliferation of T cells
which can lead to premature T cell senescence and contribute to autoimmunity; alteration in
apoptosis in T cells, expansion of exhausted CD4 and CD8 T cells that have lost the
expression of CD28 are associated with autoimmune disease like rheumatoid arthritis,
reactivation of self-reactive memory B cells, a shift from Th1 to Th2 cytokine profile that
enhances the production of autoreactive antibodies, elevated levels of circulating
inflammatory cytokines such as IL-6, TNF and C-reactive protein is related to age-related
diseases such as coronary heart disease and stroke, diabetes mellitus, Alzheimer’s disease,
lupus, Sjogren’s syndrome and rheumatoid arthritis (Grolleau-Julius et al., 2010).

7. Immunosenescence and vaccination
Influenza is the fifth leading cause of death in the developed world after 50 years of age. As
such, this group is the major target of vaccination campaigns. While influenza vaccination
has 70-90% efficacy in healthy adult in western countries, the success rate falls to 17-53% in
older people when determined as specific immune responses. Nevertheless, vaccination
campaigns in aged individuals result in 25% reduction of morbidity, 50% of pneumopathies,
20% of hospital care and 70% of mortality (Ongradi & Kovesdi, 2010; Gruver et al., 2007;
Bouree, 2003; Nichol et al., 2003). Both humoral and cell-mediated influenza specific
responses are lower than in young adults. Upon in vitro restimulation, peripheral blood
mononuclear cells exhibit a decrease in the proportion of IFN+ T cells. Mortality is
associated with coexistent bacterial infection in one third of case, which could be a
consequence of altered innate immune responses (Ongradi & Kovesdi, 2010; Gruver et al.,
2007; Bouree, 2003). In older people, low plasma level of DHEA, decreased TNF in whole
blood after lipopolysaccharide stimulation and increased IL-10 production in whole blood
after PHA stimulation is correlated with lower antibody response to influenza vaccination.
The increase of IL-10 is likely to inhibit the maturation of antigen presenting cells, together
with decreased TNF production, hampering their migration to draining lymph node,
compromising the subsequent induction of the specific immune response. Furthermore, IL10 can induce antigen-specific CD4 T cells anergy. Thus, it is intriguing that the possession
of an anti-inflammatory genotype (high IL-10 and low TNF production) is increased
significantly in centenarians. It is tempting to speculate that the presence of “high IL-10/low
TNF” could be favorable in protecting against age-related diseases, particularly
neurodegenerative diseases, but conversely it could hamper the immune response to
infections and vaccine (Corsini et al., 2006). As said before, studies show a correlation
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between the cytomegalovirus seropositive status and non responsiveness to influenza
vaccine. They show that majority of volunteers fulfilling the criteria of SENIEUR protocol
belonged to responders generating protective titers of antibodies against antigens of the
influenza vaccine. Proinflammatory status such as elevated serum IL-6, TNF was also
associated with non-responders. The increase of anti-inflammatory cytokines in nonresponders may be seen as a compensation for the inflammatory activity of IL-6 and TNF.
The coexistence of high levels of IL-6 and anti-CMV IgG suggested to the authors that
chronic infection may be one of the causes of the proinflammatory status in the nonresponding group, shrinking the capacity of immune system (Trzonkowski et al., 2003).
Decreased TLR responsiveness of dendritic cell subsets is also associated with the inability
to mount protective antibody responses to the trivalent inactivated influenza vaccine
currently recommended (Panda et al., 2010).
Infection caused by Streptococcus pneumonia account for 25-35% of bacterial pneumonia
resulting in hospitalization, morbidities and mortality in the older people. The current
pneumococcal polysaccharide vaccine is recommended for all individuals above 65 years of
age and those between 18-65 years of age at risk. The data for efficacy in older people are not
as persuasive. Antibodies levels are lower in the older people and in those with chronic
disease, except for healthy older adults after the age of 75 (modified SENIEUR protocol)
(Chen et al., 2009; Bouree, 2003). Antibody concentrations were found to be similar for six
out of seven serotypes for streptococcus pneumonia after vaccination of older and young
subjects while opsonization titers were significantly higher in six out of seven serotypes in
the younger population. Antibody potency, as measured by the ratio of opsonization titer to
antibody concentration was found to be significantly higher for the younger subjects for all
serotypes. Effectiveness of antibodies seems to be reduced in the older adult population
(Schenkein et al., 2008). Tetanus, diphtheria and pertussis vaccination coverage are low,
persons aged of more than 60 years frequently do not have protective antibody. It is the
same problem for hepatitis B virus vaccine (Chen et al., 2009; Bouree, 2003).
Widely used adjuvant formulations such as those containing alum are poorly effective in
older people compared with young subjects (Fulop et al., 2007). Alteration of TLR function
in older adults is particularly relevant in view of the increased development and use of TLR
agonist in vaccine. Influenza vaccine formulation in clinical trials employs the TLR5 agonist
flagellin that would not require yearly reformulation and administration. CpG-containing
oligonucleotides are used as TLR9-dependent vaccine adjuvants in the 7-valent
pneumococcal conjugate vaccine and significantly enhanced the proportion of vaccine
responders amongst HIV-infected adults. MPL, a derivative of lipid A from
lipopolysaccharide is already used as an adjuvant in vaccines against human papillomavirus
(Cervarix) (Shaw et al., 2011).

8. Conclusion
The first obvious conclusion is that immunosenescence is a complex phenomenon, which
does not only reflect the action of time on immune cells. As discussed herein, many other
factors, such as genetics, infection history, nutritional status, co-morbidities, socio-economic
factors are likely to contribute to this process and its clinical impact. Geriatric medicine has
to take into account all these specific characteristics to provide better care to this age group.
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Data from literature and our ongoing study tend to suggest that “inflammaging” appears
not only with age but is associated with indicators of frailty and the occurrence of
comorbidities. Frail geriatric individuals express higher seric levels of TNF and IL-6. This
persistent chronic inflammation could directly participate to dampened innate immune
responses upon stimulation. Indeed, ex vivo whole blood response to molecules like LPS
tends to be reduced in older people. In intensive care units, old people with high basal levels
of TNF and IL-6 show increased severity of sepsis after community-acquired pneumonia
(Mira et al., 2008). Intriguingly, increased IL-6 levels in the course of community acquiredpneumonia, is also associated with more severe sepsis. This might reflect the fact that ex vivo
blood experiments do not take into account cytokine production by stromal cells such as
endothelial cells, adipocytes or muscle cells. Moreover, circulating cytokine levels are also
influenced by kidney function that is generally altered in the course of sepsis (Gomez CMH,
2000). Finally, it is possible that in the earlier phase of infections, old people are less efficient
to control infection, leading to increased late inflammatory response.
Epidemiological associations do not always reflect causality. It is possible to link altered
immunological parameters with frailty and comorbidities (fig 3). Should we conclude that
dampened immune responses and exacerbated inflammation contribute to the fragility of
the organism or that specific pathologies lead to immunosenescence? It is likely that both
hypothesis are valid and reinforce each other. It has important implications in terms of
therapeutic interventions. Should we treat or prevent chlamydia, CMV or H. pylori that
could be responsible for local inflammation within atherosclerotic plaques (Rosenfeld &
Campbell, 2011)? Would treatment of metabolic disorders reduce “inflammaging”
processes? Should we try to “rejuvenate” the immune system through cytokine or hormonal
replacement (Dorshkind et al., 2009)? Is the CMV-associated immune phenotype responsible
for increased mortality rate or is it possible that frail individuals undergo more frequent
reactivation of CMV, leading to the skewing of the memory response? To answer these
crucial questions, clear immunological and biological parameters will have to be used is
well-defined populations to overcome the weight of confounding factors.
Finally, to improve geriatric health, it seems clear that one should take into account several
features of older people. We cannot imagine improving vaccinal responses without correcting
nutritional status, frailty, controlling comorbidities and evaluate the impact of drug treatments.
So even in this specific field, geriatric medicine requires multidisciplinary approach.

Fig. 8. Potential interplays between immune function and extrinsic factors.
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1. Introduction
The immunological interaction between mother and fetus during pregnancy causes the fetal
immune system to avoid excessive and destructive immunological reactions. This particular
physiologic situation coexists with an immature immune system, which makes the infant
very vulnerable for infections and susceptible to the development of immune system related
disorders. At birth, the immune system of the infant is particularly characterized by a not
fully developed non-specific immune system. In addition, a suppressed capacity of antigenspecific T cells, a deletion of activated T cells, and the presence of high amounts of
regulatory T cells (Treg) hamper proper immune responsiveness. During the first months of
life the antigen-specific immune response has to be developed in parallel to the maintenance
of immune tolerance against compounds commonly found in the environment of mother
and infant. There is evidence that disturbances of these complex developmental processes
will have impact on the function of the immune system during lifetime causing
immunological disorders such as allergy and autoimmunity.
Human milk contains several immunological active compounds which protect the infant
from infection. Many of them such as antibodies are individually adapted to the maternal
environment which is similar to the environment of the infant thus providing individual
protection to the infant. Apart from this protection activated immediately after birth, human
milk modulates also the described developmental processes. Although the mechanisms of
this modulation are not fully understood there is evidence that human milk can transfer
“immunological memory of the mother” to the infant. This concept of the role of human
milk underlines the importance of quality of nutrition during first months of life for total
development of the immune system. Individual human milk analyses will provide insight in
components that are important modulators. Immunologic active peptides, long chain
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polyunsaturated fatty acids, several glycolipids and non-digestible oligosaccharides have
already been identified as such modulators. The interaction of these active components with
different parts of the immune system is very complex allowing a graduate and balanced
development of the immune system.
One problem of studies in animals and humans is the fact that no single biomarker exists
which describes completely the developmental status of the immune system. Although the
question which biomarkers are of relevance is still a matter of intensive research there is
evidence that many “classical” biomarkers are not useful. Many of these “classical”
biomarkers are only sensitive in case the immune system is out of balance but not during a
normal development. Consequently, research to identify relevant biomarkers characterizing
healthy development is strongly required. There are many questions still open. However,
first results are promising indicating that the quality of nutrition early in life might support
development of the immune system for lifetime. Acceptance of such a concept might
provide opportunities for new ways of primary prevention of immune related diseases later
in life.
This chapter will summarise the newest and some specific insights of the mechanisms and
impact of nutrition on the development of the immune system early in life.

2. Influences prior life
The nutritional status in early life has an important influence on human immune
development, for example, a positive association is clearly observed between birth weight
and antibody response to certain vaccines later in life (McDade, Beck et al. 2001). The
precise relationship however between nutritional exposures during critical periods of
development and later immune function warrants further investigation. The early
postnatal environment is a vital determinant of adult health. An environmental exposure,
like nutritional modulation of the evolving intestine during early infancy makes an
impact on the development and function. A concept like this (as illustrated in Figure 1)
will provide opportunities for primary prevention from immune related diseases later in
life.
In order to understand the impact of nutrition on immune development early in life it is of
key importance to know which steps in immune development are subjective to change and
depend on specific nutrition. During embryogenesis, stem cells start to differentiate into
specific progenitor stem cells, creating a pool of more specific and less totipotent stem cells.
Hematopoietic stem cells (HSC) are the progenitor cells for our whole immune system
(Figure 2). Identification of the first HSC is still difficult, because these regions don’t contain
many HSC and unique markers are lacking (Medvinsky, Rybtsov et al. 2011). After these
few first HSC have colonized the human fetal liver, these cells expand and will relocate
under influence of adhesion molecules and chemo-attractants to thymus, spleen and bone
marrow (Mazo, Massberg et al. 2011). The bone marrow will start to produce immune cells
from the hematopoietic lineage at four to five months of gestation in human pregnancy.
Upon stimulation with ‘early acting cytokines’ a HSC will proliferate and differentiate into a
myeloid or a lymphoid precursor cell depending on their surroundings (Grassinger,
Haylock et al. 2010).
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Early life: Setting the immune balance for life
Disease

‐9 months Birth

±36 months

Immune Programming

Health

Allergy
Obesity
Coronary Heart Disease
Diabetes
Autoimmunity

Healthy Life

Fig. 1. Disturbances of immune developmental processes will have impact on the function of
the immune system during life causing immunological disorders such as allergic disorders
and autoimmunity. Although there are many questions still open first results are promising
indicating that feeding early in life might support the development of the immune system
for lifetime.

Fig. 2. Hematopoiesis/ immune cell development; From the hematopoetic stem cell the
different immune cells develop, including; CMP, common myeloid precursor; CLP, common
lymphoid precursor; DC, dendritic cell; NKT, natural killer T cell; NK, natural killer cell;
Treg, regulatory T cell; CD8+, cytotoxic T cell; CD4+ Th, T helper cell.
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2.1 Lymph node formation
Recent investigation showed that during lymph node development retinyl hydrogenase
(RALDH) 2 is one of the enzymes essential in initial cross talk between different cell types
(van de Pavert and Mebius 2010). RALDH-2 converts retinaldehyde to retinoic acid (RA). In
absence of this enzyme proper lymphoid follicles are not developed. Retinoic acid is the
active form of vitamin A and is important during embryogenesis, when axial patterning and
organ formation take place (Campo-Paysaa, Marletaz et al. 2008). RA is involved in nerve
development and expression of RALDH is found in nerve fibers near the lymph node
anlagen, where RA can influence stromal cells to produce specific chemokines. Because RA
is produced and used for different developmental processes, other factors should be present
to direct lymph node development. One of these factors is CXC chemokine ligand 13
(CXCL13) produced by lymph node surrounding stromal cells. After a small cluster of preT- and -B cells is formed, more cells are attracted to this specific site for example via CC
chemokine receptor (CCR) 7 and CC chemokine ligand (CCL) 19 and CCL21. When there
are enough cells in the cluster, differentiation into lymph nodes occurs. Lymph nodes in the
intestine are essential for priming of the whole immune system; therefore detailed
development of the intestinal tract and intestinal immune tissues are described in Box 1.
Peyers patches (PP) are the local small intestinal lymph nodes and mesenteric lymph nodes
(MLN) are the collecting lymph nodes for small and large intestine. In essence these lymph
structures develop very similar but there are some differences. For the development of PP
the CD11c+ cells are required. In addition there are differences in essential transcription
factors which are necessary to develop lymph nodes or PP, like interleukin (IL) 7 and RANK
(Chappaz, Gartner et al. 2010). Using mice deficient for IL7 or Kit or both they showed that
IL7 is important for lymph node anlagen but not for PP development whereas both Kit and
Il7 are important for MLN anlagen (Chappaz, Gartner et al. 2010). But growth factors
needed for lymph node development still remain poorly understood. The influence of
vitamin A on the development of lymphoid structures is already a strong indication that
nutritional components are of key importance at the base of infant’s immune system.
A human embryo consists two weeks after fertilisation of three layers, called ectoderm, endoderm
and mesoderm. Ectoderm forms the nervous system and the exterior, endoderm forms among
others the gastrointestinal tract and the mesoderm forms for example connective tissue and the
cells of the immune system. In the fourth week of embryogenesis the flat tissue folds lateral and
folds from head to toe, via which the endoderm is enclosed by the ectoderm and a foregut, midgut
and a hindgut are being formed, surrounded by mesoderm. At the end of the fourth week the liver
is also beginning to form. From one of the pouches in the forgut, thymus will be formed, between
3rd and fourth month during pregnancy.
The loop of the midgut remains in contact with the yolk sac via the vitalline duct. In the same
period that the definitive duodenum is formed, the midgut elongates and the hindgut becomes
enlarged. When these changes in the pre-intestinal tract occur, the midgut migrates to the umbilical
cord and returns in the embryo before the 4th month. During retraction the gut rotates to its final
position. Throughout the whole gut enlargement of the surface is initiated via formation of crypts,
villi and microvilli. The villi and microvilli start to develop after 9 to 10 weeks and at a later stage
the colon loses it’s villi. After birth the intestine needs approximately one week to organize it’s
lymph nodes with specific T- and B-cell regions and six months to acquire a tight epithelial barrier.

Box 1.
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Fig. 3. Immune cell plasticity; Upon antigen encounter and T cell activation, naïve CD4+ T
cells mature into several subsets. Several factors including cytokines, as described above
determine the type of immune response, including Th1, Th2, Th17 and regulatory T cells.
For example Th1 cell differentiation Interleukin (IL)12 and interferon gamma (IFNγ) is
needed (blue arrow indicates stimulation). These cytokines help up regulate specific
transcription factors like Tbet and Signal transducer and activator of transcription 4 (Stat4).
These transcription factors activate certain genes to produce other cytokines like, IL2, LTα
and IFNγ. When these cytokines are produced they help inhibit the differentiation of other
Th-cells (red arrows indicate inhibition).
2.2 Immune cell development
The fetal common lymphoid progenitor cells (CLP) differ from the adult CLPs. The fetal
CLPs have the ability not only to differentiate into all lymphoid cell types but also into
macrophages. It is currently not known whether adult CLP are restricted to the division in
myeloid and lymphoid progenitors or whether it is a gradual loss in lineage commitment
(Chi, Bell et al. 2009). Via complex processes involving, a positive and negative selection, a
lineage specific development in the thymus occurs. Only naïve T cells, intermediately
recognizing the Major Histocompatibility Complex (MHC)-self-peptide and expressing CD4
or CD8, are allowed to migrate to their target organ (Singer, Adoro et al. 2008). CD4+ T cells
form a subset of T cells called T helper (Th) cells and these cell types help to activate the B
cells and CD8+ T cells. Th cells need binding of CD4 and CD28 to become activated Th cells
and dependent on a specific set of cytokines, CD4+ T cells mature into different kinds of
effector T cells, memory T cells or regulatory T (Treg) cells [Box 2]. Many factors are
important for the development of both B and T cells, IL7 is of uttermost importance for both
lymphocyte lineages (Kang, Der, et al. 2004). Recently it was shown that IL7 helps establish
B cells, producing IgM, in the marginal zone of the spleen (Willems, Li, et al. 2011). Directly

320

Recent Advances in Immunology to Target Cancer, Inflammation and Infections

after birth maternal IL7 increases T cell production in the thymus and supports survival of T
cells in other lymphoid structures in offspring, underlines the importance of IL7 during
lymphogenesis (Aspinall, Prentice, et al. 2011).
The thymus is critically sensitive to malnutrition, with protein nutrition deficiency causing
atrophy of the thymus (Savino and Dardenne 2010). This suggests that the thymus is a
putative target for early-life programming effects. Most immune defence mechanisms are
impaired in malnutrition, even in moderate nutritional deficiency. Protein-energy
malnutrition is accompanied by deficiencies of micronutrients such as vitamin A, vitamin E,
vitamin B6, vitamin C, folate, zinc, iron, copper, and selenium. Rapid proliferating T cells
are especially affected by the lack of essential nutrients. Severe and chronic malnutrition
may even lead to thymus atrophy affecting the basis of our immune system. The potential of
adding certain nutrients, like vitamin C, D, or E, at levels above recommended dietary
allowances (RDA) to the diet may improve immune function, is subject to increasing
research.
Naïve CD4+ T cells are activated upon encountering an antigen presenting cell expressing MHC
class II and the co-stimulatory signal CD28. They mature into effector, memory- of Treg dependent
on which cytokines are produced by their APC. Already in 1986 two subsets were discovered by
Mosmann and Cofmann (Zhu and Paul 2008) and now many more are well characterized. For Th1
Tbet and Signal transducer and Activator of transcription (Stat)1 are the initiating transcription
factors , producing IFNγ, then Stat4 is amplifying the Th1 response. Th2 differentiation is activated
by IL4, which induces Stat6. Stat6 in turn will activate the transcription factor Gata3. For Th17
RORγt is crucial, it is induced by transforming growth factor (TGF) β with IL6, then Stat3 and IRF4
are expressed. The transcription factors Foxp3 and Stat5 are needed, but without RA Tregs aren’t
formed. After the infection is cleared most cells die by apoptosis and some cells become memory
cells to establish a faster response upon another infection (Zhu and Paul 2008; Zhu, Yamane et al.
2011).

Box 2.
The B cell lineage develops from HSC at the same sites as T cell development occurs. A
major difference in lymphocyte development is that B cell development starts earlier,
already in the pre-aorta gonad mesonephros region, which is also the most potent site for B
cell development in the fetus (Dorshkind and Montecino-Rodriguez 2007). The HSC that
migrate into the bone marrow are post natal responsible for B cell production. When B cells
are activated they start to produce immunoglobulins, soluble and cell surface products to
neutralize pathogens. Follicular B2 cells respond to microbial infections, they will present
processed bacterial peptide to their CD4+ T cell partner. Because of this interaction B cells
will undergo isotype switching and mature into plasma cells secreting antibodies to clear
the infection. Some of these mature cells become memory B cells in peripheral lymphoid
organs. Marginal B cells respond to bacterial polysaccharides without T cell stimulation.
Recently it has been found that regulatory B cells can negatively influence the immune
response via IL10 and transforming growth factor (TGF)β secretion (Vaughan, Roghanian et
al. 2010). There are T cell independent B cell activators as mentioned above, but there is also
T cell dependent B cell activation. Th1 type of CD4+ T cells are capable of helping B cells
redirect to IgG2a in mice and IgG2 in humans. Th2 type of environment can induce
switching towards IgE and IgG1 in mice and IgE and IgG4 in humans. At first the B cells
will start with producing IgM and IgD. Upon stimulation they can switch towards an IgA,

Development of the Immune System Early Nutrition and Consequences for Later Life

321

IgE or IgG, depending on their surroundings and seem to be influenced by dietary
components as discussed later. Neonatal B cells are capable of switching to IgG1 and IgG3
during the first 2 years of life, but the switch to IgG2 and IgG3 is inadequate during this
period. To compensate the lack of protection in fetus and newborn, microbe-specific
maternal IgG antibodies move across the placental barrier to provide some vital protection.
During the last trimester of pregnancy IgGs are transferred intrauterine to the infant,
because new-borns memory T cells capable of generating IgG and isotype switching aren’t
present yet. IgG1 and IgG4 are most effectively transported across the placenta compared to
IgG3 and IgG2. Transfer of maternal antigen-specific IgG regulates the development of
allergic airway inflammation early in life in a neonatal Fc region (FcRn)-dependent manner
(Nakata, Kobayashi et al. 2010). This active transfer of IgGs from mother to child starts at
week 17 and continues until birth. Moreover, just before birth, IgG levels of prenatal infants
are even higher than levels present in the mother. The transfer and amount of pathogen
specific IgGs is dependent on vaccinations and diseases the mother acquired during life.
Many factors influence the IgG transportation processes which are described in a review by
(Chucri, Monteiro et al. 2010). IgA IgD, IgM are the only known antibodies acquired after
birth via breast feeding, covering the lack time during increasing antibody productions of
infant’s immune system itself. When the infant can produce the different B-cell antibodies,
the activation, isotype switching and survival of B cells is for example under influence of B –
cell activating factor (BAFF), TGFß1, IL-6, -7 and -10 produced by PP stromal cells (Finke,
2009). Not much is known about the involvement of Ig free light chains (IgfLC) in humoral
immune response early in life. However the release of antigen specific IgfLC by Bcells/plasma cells like for example IgE may have implications for the health status of the
newborn (Redegeld Nat Med 2003, Schouten JACI 2010). Furthermore compromised
immune status may result in enhanced production and secretion of IgfLC at the cost of other
immunoglobulins (van Esch CEA 2010).
Whereas T and B cell lineage experienced an in dept research into their origin, the origin
and differentiation of dendritic cells (DC) is in its initial phase. One problem is to define
specific precursor DC types (Liu and Nussenzweig 2010). Microbial exposure is one of the
key developing factors for DCs (Plantinga, van Maren et al. 2011). The lamina propria (LP)
contains mostly fractalkine positive DCs which sample the gut lumen with protrusions
across the epithelial barrier, and are able to induce a Th17 response. Furthermore, in
addition to the non-migrating DC population in PP there is a majority of DCs which will
migrate to specific sites after encountering an antigen. For example the intestinal LP derived
CD103+ DC subtype will migrate towards the MLN and is known for its capability to elicit a
regulatory response, in the presence of RA and TGFβ. However if other factors are present a
Th1 of a Th2 response can be induced. The activated T cell in the MLNs will migrate to the
site of inflammation for instance in the intestine to initiate a proper immune response
(Figure 4). Intestinal development is already influenced during pregnancy by the amniotic
fluid as intestinal epithelial cells of the fetus can react to components in the amniotic fluid
by different receptor expression (Drozdowski, Clandinin et al. 2010). So during gestation the
gut can readily react to its micro-environment, but still much is unknown about the
influence of maternal status on infantile gut development.
An increasing number of studies have identified interesting links between early nutrition,
epigenetic processes and disease development later life (Boehm and Moro 2008). As the
plasticity of growing and developing tissues shapes, the base of the responses to later
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Fig. 4. Intestinal structure and development is already influenced during pregnancy and
reacts to its micro-environment. The complex structure includes a variety of cross talk
between different cells including epithelial cells, dendritic cells and lymphocytes. The
lamina propria contains mostly dendritic cells which sample the lumen with protrusions
across the epithelial barrier; in addition, the CD103+ DC subtype will migrate towards the
mesenteric lymph nodes (MLN), after which the activated T cell in the MLNs will migrate
back to the site of inflammation to initiate a proper immune response.
challenges is established, therefore the exposures during early life may be critical. Folate
deficiency during pregnancy is associated with increased risk for aberrant reprogramming
of DNA methylation inducing neural tube defects. Dietary folate intake can restore these
deficiencies and neural tube defects. Folate is however not the only determinant of DNA
methylation. Other methyl donor nutrients like betaine, vitamins B2, B6 and B12, and
methionine, and choline, can also change DNA methylation status and therefore have an
impact on development early in life (Niculescu and Lupu 2010).
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3. Postnatal immune development in the gut
After birth a newborn changes from a sterile environment of the uterus into a world of
constant challenges. In the first months of life newborns are more dependent on their innate
immunity and immunoglobulins derived from the mother as described before. IgG is
already acquired intrauterine but IgM and IgA are ingested via human milk to have an early
defence against pathogens. Triggering the innate immunity repeatedly to microbial
challenges after birth helps establishing a normal Th1 response postnatal. But the immune
response is still less adequate compared to the adult response, possibly due to a general
lower number of immune cells present. To build up an effective and balanced immune
system interaction with germs and bacteria is needed (van't Land, Schijf et al. 2011). It is
important that the immune balance is restored properly because a deregulation early in life
could trigger an adverse reaction leading to an allergic reaction. The gut is the main
processing site of food and, here immune tolerance against new food particles is established.
But an improper chemical barrier and weak mucosal barrier integrity will complicate
acquiring immune tolerance. There are some factors positively influencing development of
the gut and immune system during pregnancy and after birth, of which only few of them
will be discussed in detail below.
3.1 Influence of vitamins during and after pregnancy
Vitamin A has been recognized for its importance in lymphoid structure formation during
embryogenesis. Sources of vitamin A are carrots, liver, sweet potatoes and butter. For
example vitamin A supplementation before, during and after pregnancy using restricted
dosages, results in long term positive effects on lung function which could be measured nine
to thirteen years later.(Checkley, West et al. 2010). Shortly after the recognition of vitamin A
essence during pregnancy, the teratogenic effect of excess vitamin A was shown.
Malformations of the central nervous system, the eye and the thymus were found due to
excessive use of vitamin A (Gutierrez-Mazariegos, Theodosiou et al. 2011). The teratogenic
danger of vitamin A can also be induced via extra prolonged ingestion of this vitamin
because it is stored in fat cells in the liver. It was already mentioned that RA could increase
the progression from HSC into myeloid cell lineage. When RA is lacking from the diet CD4+
and CD8+ T cells and IgA+ B cells aren’t found in the LP of the intestine, whereas CD4+ T
cells were still present in lung tissue (Iwata 2009). Recently it was shown that stromal cells
and DCs in the MLN induce high levels of RALDH expression postnatally, dependent on
vitamin A and not on toll like receptor (TLR) signalling (Molenaar, Knippenberg et al. 2011).
They compared MLN with other lymph nodes at different postnatal weeks and found an
increased expression of RALDH only in the MLN residing DC, almost exclusively in
CD103+ MHC-II+ CD11c+ DC cells. Vitamin A deficiency reduces this RALDH expression
significantly. In addition, RA skews DC towards tolerance induction via instruction of
Foxp3 Treg in the mother during pregnancy and in the infant just after birth (Coombes,
Siddiqui et al. 2007; Duriancik, Lackey et al. 2010). Also vitamin A is necessary for the
intestinal homing properties of activated T cells, Treg and certain B cells. In vitro it was
shown that naïve CD4+ cells induce gut homing receptors when they are activated by CD3
and CD28 together with RA, this combination simultaneously down regulates skin homing
receptors (Iwata 2009). In vitro DC from the gut associated lymphoid tissue could also
induce activated IgA secreting B cells more effectively when RA was present in the medium,
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however the intracellular mechanism needs to be determined (Mora and von Andrian 2009).
Not only RA is important for IgA secreting B cells, IL5 is essential for IgA production and
TGFβ increases IgA secretion in vitro. There is also a positive feedback loop, IL6 stimulates
IgA induction by DC and IL6 is induced by RA. Synergistic effect on IgA induction could be
obtained by the aforementioned cytokines and therefore immune protection of the infant
could be achieved (Mora and von Andrian 2009; Duriancik, Lackey et al. 2010). This
indicates that also during early infancy the level of vitamin A is of importance for proper
immune functioning, which may have profound consequences later in life.
An additional vitamin of interest for immune development is vitamin D. Worldwide there is
no consensus on the healthy levels of vitamin D intake before and during pregnancy.
Already during the first trimester of pregnancy vitamin D could be of importance for the
development of the fetus. The 25-hydroxy vitamin D-1α-hydrolase CYP27B1), which
converts vitamin D into its more active metabolite 1,25 (OH)2D, can be detected in the
placenta. There is some speculation about vitamin D deficiency and reduced fertility, this
fertility problem may be caused by a reduced down regulation of the Th1 response by high
levels of vitamin D as well as circumstantial evidence pointing at a relation between
gestational diabetes and preeclampsia in correlation to circulating vitamin D levels (Dror
and Allen 2010). In addition, vitamin D is important for the clearance of certain infections
(Hoyer-Hansen, Nordbrandt et al. 2010).
Vitamin D is linked to monocyte activation via activation of TLR2 and TLR1(Lagishetty, Liu
et al. 2011). Recently it was shown that IL4 and IFNγ are involved in the regulation of
vitamin D expression (Edfeldt, Liu et al. 2010). IL4 promotes expression of CYP24A1, which
down regulates active vitamin D, and IFNγ positively influences the expression of CYP24B1
in monocytes. Then it is suggested that vitamin D could skew the balance between Th1 and
Th2 towards a Th2 phenotype directly or indirectly via monocyte activation, which however
may be much more complex in vivo (Adams and Hewison 2008). Low vitamin D levels
during pregnancy are suggested to be related in the development of food allergy (Nwaru,
Ahonen et al. 2010). It was recently shown that active vitamin D can suppress DC
maturation and inhibit T cell proliferation. Mature DC have high levels of vitamin D
converting enzymes, suggesting that upon Vitamin D addition, mature DC can inhibit the
development of immature DC. Suppression of DC maturation could then via vitamin D
promote tolerance. Research with vitamin D receptor (VDR) and CYP27B1 knockout mice
showed abnormal lymph node development due to the presence of more mature DC and
increased DC trafficking (Hewison 2011).
There is still debate about the healthy amount of vitamin D intake during pregnancy (West,
Videky et al. 2010). Indeed some studies show that vitamin D intake is associated with
diminished wheeze, asthma and eczema in offspring (West, Videky et al. 2010). For vitamin
D it is clear that lymphocytes are influenced, but to what extent this affects function later in
life remains to be established. Increasing evidence from observational studies in infants at
older ages, indicate that vitamin D insufficiency and deficiency might increase the risk of
chronic diseases such as type 1 diabetes and multiple sclerosis. However, clear randomized
trials on this association need to be conducted to confirm these findings. In the last decades,
observations accumulate that vitamin D deficiency leads to more often and more serious
respiratory infections than in individuals with sufficient vitamin D plasma levels. This
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illustrates the importance of the nutritional status early in life, to set the proper immune
balance (Karatekin, Kaya et al. 2009).
3.2 Human milk
It is well established that breastfeeding reduces the incidence of gastrointestinal and nonenteric infections in infants, due to its antimicrobial activity against several viruses, bacteria,
and protozoa (Chirico, Marzollo et al. 2008). In addition, it was shown that infants, breastfed
for more than 4 months experienced significant reduced incidences of respiratory tract
infection requiring hospitalization, as compared to infants who were not breastfed
(Bachrach, Schwarz et al. 2003). Moreover, other studies showed that breastfeeding provides
protection against urinary tract infections and otitis media and it reduces the development
of inflammatory conditions like allergy (Fiocchi, Martelli et al. 2003), Crohn’s disease and
ulcerative colitis (Hanson 2007). This, moreover, emphasizes the diversity of activity and
active components present in human breast milk. Although it is clear that allergy
development is influenced by breast milk as well as atopy related disorders, still some
controversy exists regarding the beneficial length of breastfeeding (van Odijk, Kull et al.
2003). These protective effects of human breast milk seem to persist at least during the first
decade of life.
Fortunately prenatally the infant is supplied with maternal immunoglobulins, for the first
protection against infections. It takes at least one year before an infant can produce about
60% of its IgG levels on its own. After birth the child can be supplied with essential IgG, IgM
and IgA via human milk. For example, IgA is necessary as the first line of defence against
microorganisms. This immunoglobulin also controls commensal (also called beneficial)
bacteria all without activation of an inflammatory response. Because infants do not have an
optimized Treg response and no memory cells, B cells cannot be directed to produce the
right amount of Ig antibodies quickly as a first defence. IgM helps to eliminate the pathogen
before IgGs are produced. As earlier mentioned IgM is normally produced by naive B cells
before isotype switching occurs. The B cell response needs time after birth to be fully
functional, so acquiring this component via human milk strengthens the first line of defence.
Not only antibodies are factors present in human milk, other immune modulating
components are present, including cytokines, non digestible oligosaccharides and poly
unsaturated fatty acids (PUFA), which are discussed in more detail below.
3.3 Cytokines
TGFβ and IL10 are held responsible for the induction of oral tolerance in the intestine (du
Pre and Samsom 2010). They educate the immune system locally not to respond to harmless
antigens. In human milk TGFβ2 is the predominant isoform of the three existing
mammalian isoforms. Addition of TGFβ2 to infant formula, can skew the Th2 allergic
effector response towards Th1 in rat pups exposed to β-lactoglobulin, a cow’s milk allergy
protein (Penttila 2009). Not TGFβ2 but TGFβ1 is the major player to establish immune
tolerance to food in the adult system. To guarantee the uptake of TGFβ, TGFβ receptors are
abundantly expressed in the neonatal intestine, even the soluble TGFβ2 receptor is present
in breast milk. But in addition it was found that TGFβ is not essential for tolerance induction
when milk born-IgG antigen immune complexes are present (Verhasselt, Milcent et al. 2008).
Moreover it is known that high levels of TGFβ together with RA skew the immune system
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towards a regulatory suppressive function, a low dose of TGFβ combined with IL6 or IL21
or IL23 will result in inflammatory Th17 activation instead of Treg upregulation (Konkel
and Chen 2011). Recently Hering et al (2009) showed that in vitro TGFβ probably helps
forming the intestinal epithelial barrier via exerting its effect on the reinforcement between
the epithelial cells (van't Land, Meijer et al. 2002; Hering and Schulzke 2009). The production
of IgA is also positively influenced by TGFβ (Cazac and Roes 2000; Borsutzky, Cazac et al.
2004). This indicates that the immune modulating components have their function alone, but
this needs to be further investigated in combination.
3.4 Nondigestible oligosaccharides
There are different types of soluble dietary fibres e.g. (hemi)cellulose, lignin, β-glucans,
pectins, gums, inulin and oligofructose. In addition different non-digestible oligosaccharides
with specific properties are obtained or manufactured from natural sources (Calder, KraussEtschmann et al. 2006). Human milk contains approximately 7-12 g/L oligosaccharides
(Hoppu, Kalliomaki et al. 2001). At least 130 different oligosaccharides have been isolated
from human milk and the two main categories are neutral and acidic oligosaccharides (LaraVilloslada, Olivares et al. 2007; Greer, Sicherer et al. 2008). These oligosaccharides are nondigestible carbohydrates that have many different properties and are believed to act on the
microbiota in the gut (Host, Koletzko et al. 1999; Halken, Hansen et al. 2000; Hill, Murch et
al. 2007; Niggemann and Beyer 2007). Due to physicochemical properties of non-digestible
carbohydrates the absorption of minerals and fecal consistency improves. Some of these
have specific properties and can be used as prebiotics as a dietary supplement. Prebiotics are
defined as “a selectively fermented ingredient that allows specific changes, both in the
composition and/or activity in the gastrointestinal microflora that confers benefits upon
host wellbeing and health” (Host and Halken 2004). Prebiotics enhance defense mechanisms
of the host by stimulation of growth of Bifidobacteria and Lactobacilli. As the intestinal
microbiota plays a critical role in the establishment and maintenance of healthy immune
responses, the delayed colonisation of the infant gut with commensal bacteria are suggested
to be a risk factor for the development of immune mediated chronic disorders such as
allergic and autoimmune diseases. Short-chain fatty acids, released by these bacteria upon
fermentation of prebiotics, are essential nutrients for intestinal epithelial cells and support
gut function (Gibson and Roberfroid 1995; Nakhla, Fu et al. 1999; Boehm and Stahl 2007). In
vivo and in vitro studies have shown beneficial effects of prebiotics on the innate as well as
the adaptive immune system (Boehm, Fanaro et al. 2003). Short-chain galactooligosaccharides (scGOS), long-chain fructo-oligosaccharides (lcFOS) and pectin-derived
acidic oligosaccharides (pAOS) are some examples of non-digestible oligosaccharides that
mimic the functionality and molecular size distribution of human milk oligosaccharides.
The effects of scGOS and lcFOS (9:1)(Immunofortis®) have been studied in a murine
vaccination model (Vos, Haarman et al. 2006), in an allergic asthma model (Vos, van Esch et
al. 2007) and a cow’s milk allergy model (Schouten, van Esch et al. 2009). The response to
vaccination of mice fed the scGOS/lcFOS diet was significant enhanced, as well as the fecal
Bifidobacteria and Lactobacilli proportions. pAOS enhanced the murine vaccination
response and the combination (scGOS/lcFOS/pAOS) was even more effective (Vos,
Haarman et al. 2007). To stimulate the entire microbiota a great variation in the
oligosaccharide structures will exert this effect, as human milk oligosaccharides comprise of
many different oligosaccharides. The pAOS are not only another group of oligosaccharides,

Development of the Immune System Early Nutrition and Consequences for Later Life

327

they act very specifically to their acidity. Based on this they are able to interact with surfaces
and might prevent the adhesion of pathogens on the intestinal epithelium. In infants pAOS
showed no difference in stool characteristics, pH, growth, crying, vomiting and
regurgitation patterns as compared to control formula. In addition pAOS alone did not
affect intestinal microecology (Fanaro, Jelinek et al. 2005). Furthermore, systemic Th1
dependent immune responses were enhanced using the prebiotics without inducing
autoimmunity, as Th1 is low in newborn infants. In addition, in a murine model for cow’s
milk allergy dietary intervention with scGOS/lcFOS showed significant decrease of the
allergic response and increased specific IgG2a levels (Meyer 2004; Schouten, van Esch et al.
2009).
Recently it was found in mice that dietary intervention with scGOS/lcFOS/pAOS reduces
the development of an acute allergic response upon antigen challenge, although specific
immunoglobulins levels remain high. Ex vivo depletion of CD25+ Treg abrogated the
diminished acute allergic response, combined with adoptive transfer studies, imply crucial
involvement of antigen specific CD25+ Treg cells in the suppression of the allergic effector
response (Schouten, van Esch et al. 2010; van't Land, Schijf et al. 2010; Schouten, van Esch et
al. 2011). Furthermore, clinical trials have been performed with the scGOS/lcFOS mixture in
children at high risk for allergies. A reduction in the incidence of atopic dermatitis (AD)
(Moro, Arslanoglu et al. 2006) and the incidence of allergic manifestations during the first 6
months of life (Arslanoglu, Moro et al. 2007) was observed, furthermore this reduction
lasted at least until 2 years of age (Arslanoglu, Moro et al. 2008).
Recently, it was also shown, in a multicenter trial, that the scGOS/lcFOS/pAOS mixture
could reduce the incidence of AD in healthy not at risk children (Gruber, van Stuijvenberg et
al.). In another clinical study, using the scGOS/lcFOS mixture, fecal secretory IgA was
increased in healthy infants (Bakker-Zierikzee, Tol et al. 2006). Also in healthy infants there
is cumulative evidence that prebiotic mixtures might beneficially affect the host in both Th1
as well as Th2 prone settings as it might prevent food allergy (Th2) and enhances the
vaccination response (Th1). Although it is believed that prebiotics exert their effect via
stimulation of growth of selective bacterial species that beneficially improve host health,
there is debate about this mechanism and there are potentially microbiota-independent
mechanisms as well (Boehm, Fanaro et al. 2003; Vos, M'Rabet et al. 2007). As it was shown
that epithelial cells can transport scGOS, lcFOS and pAOS across from apical to the
basolateral side (Eiwegger, Stahl et al. 2010), this illustrates that besides a prebiotic immune
modulating effect the oligosaccharides also come in direct contact with immune cells
themselves, making it possible to act directly on the immune cells.
3.5 Poly unsaturated fatty acids
Omega-3 and omega-6 poly unsaturated fatty acids (PUFA) are essential for humans and
have to be provided via the diet especially found in seafood. PUFA are incorporated into the
cellular membrane and are eicosanoid precursors hereby affecting the immune response. In
this regard in particular n-3 long chain (LC)-PUFA eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) are regarded to be anti-inflammatory while n-6 LCPUFA, like
linoleic and arachidonic acid, are able to boost inflammatory responses. Arachidonic acid,
for example can be converted into 2 series prostaglandins, these are able to increase IL4 and
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decrease IFNγ, and 4 series of leukotrines, which are able to induce endothelial permeability
and production of inflammatory cytokines (Moreno 2009).
In westernized countries the n-3 fatty acid ingestion is no longer favoured over n-6 PUFA
which may have implications for immune homeostasis. It has been stated that the original
diet of the human race had an n-6 : n-3 ratio of approximately 1:1 and that this has changed
over the past decades to a ratio of at least 15:1 (Simopoulos 2008). This shift is suggested to
be explanatory for the increased incidence of cardiovascular diseases, chronic inflammatory
diseases, obesity and also allergic diseases. Therefore pre-clinical as well as clinical trials are
performed in order to investigate this hypothesis. It has been reviewed that n-3 LCPUFA
intake reduces the incidence of allergic disorders, e.g. AD, less sensitization to egg in the
clinical trials (Blumer, Pfefferle et al. 2007). Two studies by Dunstan et al. show reduced
sensitization to egg and less AD in offspring when pregnant woman were supplemented
with fish oil, which contains EPA and DHA (Dunstan, Mori et al. 2003; Dunstan, Roper et al.
2004). They found a positive influence of n-3 LCPUFA on TGFβ mRNA levels in maternal
peripheral blood and cord blood. This could imply a regulatory function of n-3 LCPUFA,
but mRNA still needs to be processed towards an active component. Recently, it was shown
that maternal n-3 LCPUFA intake decreased the risk of food allergy and IgE-associated
eczema in children at risk for allergy (Furuhjelm, Warstedt et al. 2009). This shift in the
decrease of allergy can be explained since n-3 LCPUFA is incorporated in the membrane of
immune cells at the cost of n-6 LCPUFA as arachidonic acid, skewing towards a less
inflammatory cytokine surrounding. In contrast, in a clinical study by Almqvist et al.,
(Almqvist, Garden et al. 2007) it is shown that supplementation of n-3 PUFA, starting at a
maximum of six months of age, did not prevent children with a family history of asthma
from developing atopy, eczema nor asthma at the age of 5 years. Hence discrepancy on
effects of n-3 PUFA in prevention of allergic disease exists. There are also discrepancies
between studies in the preparation of fish oil, influencing EPA and DHA content (Prescott
and Calder 2004). Of concern is the dosage in human studies, this is often much lower than
used in animal studies, which makes it difficult to extrapolate the outcome and could
explain differences observed. However interventions using dietary factors like LCPUFAs are
under-explored and that there is a need for additional research. One of the strategies that are
proposed is the use of selected LCPUFA in the formula feeding of young children at high
risk for allergies (Vanderhoof 2008). Another strategy could be to supplement a novel
LCPUFA during pregnancy; LCPUFA maybe has its largest positive effect on an infant
health status when primary immune responses are still developing. In addition novel
synthetic LCPUFA may reveal to be potent in the reduction of the allergic burden (Prescott
and Calder 2004).

4. Consequences later in life conclusion
During the different phases of life, several nutritional factors influence our immune system
and immune responsiveness in collaboration with endogenous immune modulating
mediators like humoral factors, lipids and oligosaccharides. A vast amount of literature is
available on the role that nutrients and human milk (as reviewed in this article), have on the
development of the immune system; a lot less is known about the exact requirements in the
phases thereafter, in toddlers, during adolescence, and in the later stages of life. Moreover,
as no single biomarker exists able to determine a proper functioning immune system, it is
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almost impossible to describe completely the developmental status of the immune system
and the important influences of nutrition. Although it is clear that each phase in life puts
specific requirements on nutrition, no clear statement can be made based on literature as to
what the exact dietary requirements are in order to fully support the immune system during
these stages in life. But food as a beneficial dietary component is currently under very active
scientific investigation, so more information about nutrition will be available soon.
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1. Introduction
Mineral fibers and particles are finding growing applications in industry and thus entering
into the human environment. The utility of using such products for various purposes is
promising but detailed information related to immune safety is needed. Immunotoxic effects
may be displayed as immunosuppression, immunostimulation, hypersensitivity and
autoimmunity. Humans may be exposed to fibers and particles from a variety of sources,
including occupational settings, ambient air, consumer products, drinking water and food.
This chapter is dedicated to the effect of inhalation exposure to asbestos, rock wool, glass
wool, ceramic fibers and nickel oxide particles on the immune system.
Findings of in vitro studies, in vivo animal experiments and molecular epidemiological
studies conducted during the period of several years are summarized. In vitro studies
comprised studies on alveolar macrophages and alveolar epithelial type II cells. Refractory
ceramic fibers, asbestos and stone wool fibers were tested in vitro. In vivo testing involved
both inhalation and intratracheal instillation studies using amosite, wollastonite, rock wool
and glass fibers. Moreover, three population based studies in workers occupationally
exposed to asbestos, rock wool and glass fibers were performed.
Finally, options and pitfalls to the use of immune assays as sensitive biomarkers of possible
immunotoxic effects are discussed. Since, in human studies, specimens from living people
used to examine the effects of particles and fibers on the immune response are typically
limited to minimally invasive (whole blood, plasma or serum by venipuncture, sputum) or
moderately invasive techniques (bronchoalveolar lavage or nasal lavage), human blood
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leukocytes are the most appropriate specimens for in vitro cellular assays. Macrophages and
lymphocytes are appropriate models for examining the effects of xenobiotics on cell
functions. Serum cytokines, chemokines or soluble adhesion molecules have potential to
contribute to the panel of biomarkers used to assess immunotoxicity.
1.1 Immunotoxicology
Immune dysregulation resulting from inhalation, skin exposure or ingestion of chemicals
in the workplace and general environment is an important health problem in
industrialized an industrializing societies (National Research Council, 1992).
Immunotoxicity is an important aspect of the safety evaluation of drugs and chemicals
(Descotes, 2005). It has been generally accepted that all new chemicals require safety
evaluation before marketing and sale. This is a difficult task due to the large number of
chemicals directly consumed by man, such as drugs and food additives, and those that are
widely used such as pesticides, household chemicals, and industrial products (De Rosa et
al., 2002; IPCS/WHO, 1999).
Immunotoxicity refers to any adverse effect on the structure or function of innate and
adaptive immunity. It can be divided into immunosuppression, immunostimulation,
hypersensitivity and autoimmunity (Duramad & Holland, 2011; Descotes, 2005; Fig. 1). The
outcome of immunotoxicity is influenced by the dose of the immunotoxicant as well as
mechanism of action of exposure to other agents, such as bacteria, viruses, parasites, or
chemicals normally harmless. Direct immunotoxic effects of xenobiotics including particles
and fibers can lead to the suppression or stimulation of immune response.
Immunosuppression can result in increased occurrence of infectious diseases or and
neoplasias, in particular lymphomas, as shown in both transplant and cancer patients
treated with potent immunosuppressive drugs (Descotes, 2000; Vial & Descotes, 1996).
Immunosuppression caused by chemicals, may make the course of infections more severe,
atypical and or likely to relapse. The target organ systems affected could be the respiratory,
gastrointestinal tracts, CNS or the skin (Descotes, 2005). Flu-like reactions, autoimmune
diseases and hypersensitivity reactions to unrelated allergens are among the adverse effects
related to immunostimulation (Descotes, 2005). Hypersensitivity reactions are the most
frequently detected immunotoxic effects of chemicals. They include immune-mediated
('allergic') and non immune-mediated ('pseudoallergic') reactions. Particles and mineral
fibers are recognized causes of hypersensitivy reactions provoked mostly within respiratory
tract and skin (D'Amato et al., 2005; Di Giampaolo et al., 2011). A large number of drugs and
an increasing number of environmental agents can result in the appearance of a number of
autoantibodies or even autoimmune diseases. Systemic lupus erythematosus, scleroderma
or dermal vasculitis have been associated with exposure to a variety of chemical agents
(Hess, 2002; Van Loveren et al., 2001).
1.2 Models and methods in immunotoxicology
The immune system is a complex network comprised of several cell types (i.e., lymphocytes,
macrophages, granulocytes, and natural killer cells) whose diversity of functions includes
maintaining homeostasis and health (Luster et al., 1989). Scientists use immunocompetent
cells as models for studying the toxic mechanisms of xenobiotics at the cellular and
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Fig. 1. Strategy for immunotoxicity testing in particle and fiber toxicology. Options for in
vitro, in vivo and population studies.
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molecular levels. In general, biological effects of xenobiotics (including particles and fibers)
depend on several factors, e.g., chemical composition and physico-chemical properties such
as solubility, chemical reactivity, size, length:width ratio, persistence in the organism,
surface properties, dose, duration of exposure, the ability of a material to interact with body
proteins etc. Host factors such as underlying health status, individual susceptibility to
xenobiotics, metabolism, age, nutrition status, life style (smoking, etc.), presence of immune
disease (asthma, allergic rhinitis, immunosuppression etc.) and other factors are also
important determinants of immunotoxicity.
Increasing evidence that the immune system is a frequent target of xenobiotics following
chronic, subchronic, or acute exposure underlines the need for development of models and
immune assays suitable for use in screening potential immunotoxic compounds. For hazard
assessment of xenobiotics, in vitro studies, experimental studies in laboratory animals, as
well as epidemiological studies may provide necessary information (Fig. 1). Recently,
several review papers have been published on design and methods used in
immunotoxicological studies (Dietert & Holsapple, 2007; Lankveld et al., 2010; Oostingh et
al., 2011). Haley published best practice guidelines for routine pathology evaluation of the
immune system (Haley et al., 2005). Study methods of immunotoxicology have been
reviewed and guidance documents developed by United States and European regulatory
agencies (Committee for Proprietary Medicinal Products, 2000; Food and Drug
Administration, 2004; Gopinath, 1996; ICICIS 1998; Kuper et al., 2002; Schuurman et al.,
1994). In addition, harmonization of immunotoxicity guidelines in the ICH (International
Conference on Harmonisation) process has been discussed by Ruehl-Fehlert (2005). One of
the first steps in planning and conducting immunotoxicity studies is the identification and
characterization of fibers/particles of interest. Secondly, attention must be paid to choosing
proper in vitro immune cell models, sensitive animal models or occupationally or
environmentally exposed human populations to assess the effect of xenobiotics on the
immune system. Furthermore the selection of suitable immune assays as sensitive
biomarkers of immunotoxic effect is also important.
In vitro assessment of immunotoxicity
In vitro testing has several advantages over in vivo animal testing. Among others, 3R
requirements - reduction, refinement, and replacement of animal experiments are fulfilled,
detailed mechanistic understanding of target immune cell/molecule is a clear benefit to
consider and costs are lower. Most assays that are currently used to analyze immunotoxicity
were originally designed for diagnostic purposes to examine hereditary or acquired immune
disease in humans. Subsequently, these methods have been adapted for analysis of
immunotoxicity of xenobiotics. In vitro assays may reflect specific functions of the immune
system (cytokine production, cell proliferation, cytotoxic T-cell activity, natural killer cell
activity, antibody production, and dendritic cell maturation). To avoid inter-species
extrapolation, assays should preferably use human primary cells. They reproduce the
response of normal cells of normal individuals. However, the use of primary cells is not
always feasible (e.g., in the case of primary lung epithelial cells). As an alternative, the use of
animal primary cells or human cell lines (transformed or tumor cells with unrestrained
proliferative capacity) is applicable to first line screening of immunomodulatory effects.
Furthermore, whole blood has the advantage of comprising multiple cell types in their
natural proportion and environment (Lankveld et al., 2010).
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In vivo models in experimental animals
In investigating potential effects of compounds on the immune system in experimental
animals, a tiered approach is recommended. Studies aimed on the identification of histologic
changes in the lymphoid organs and functional immune alterations in laboratory animals
are useful for detecting probable immunotoxicants and may play an important role as a first
indicator of direct immunotoxicity, i.e. immunosuppression (De Jong & Van Loveren, 2007).
First tier, general toxicity studies may include parameters for detection of relatively gross
toxic effects on the immune system. Hematology, tissue cellularity and the assessment of
cellular subsets of T- and B-leukocytes by flow cytometry as non-functional assay are
common initial tests. Some authors consider such bioeffects as insensitive indicators of
immunotoxicity.
Second tier consists of studies of immune function. Phagocytic activity and determination of
Natural Killer (NK) cell activity may be used in evaluation of direct immunotoxicity. In
animal models, there is no limitation to obtain cell suspensions from lung tissue or
bronchoalveolar lavage to look at function of pulmonary cells affected by particles and
fibers. Several other possibilities are presented by thymus, bone marrow or spleen tissues
for in vitro stimulation of lymphocytes by potential mitogens. These methods may indicate
effects of xenobiotics on the functionality of splenic cell populations. Concanavalin A (Con
A) and phytohemagglutinin (PHA) activate T-cells, while lipopolysaccharide (LPS) activates
primarily B-cell populations. In addition, serum can be obtained for determination of serum
immunoglobulins or proinflamatory cytokines and chemokines. Comparison of treated and
control groups may give a first indication of possible direct immunotoxic effects (De Jong &
Van Loveren, 2007).
Population-based studies
Biological endpoints used in molecular epidemiology are called biomarkers. Several
definitions of biomarkers as tools used in human or animal studies to assess exposure and
disease risks have been published (Benford et al., 2000). Bottrill defined biomarkers as
“parameters which can be evaluated quantitatively, semi-quantitatively or qualitatively
and which provide information on exposure to a xenobiotic or on the actual or potential
effects of that exposure in an individual or in a group” (Bottrill, 1998). There is a high
degree of complexity of the immune system and an enormous variety of responses and
mechanisms involved in immunotoxic injury. Therefore it is a challenge to identify a key
parameter to develop as a biomarker. The inclusion of several immune endpoints
applicable to man is thus essential. Specimens from living people to examine the effects of
particles and fibers on the immune response are typically limited to minimally invasive
(whole blood, plasma or serum by venipuncture, sputum) or moderately invasive
techniques (bronchoalveolar or nasal lavage). In vitro cellular assays are typically based on
human blood leukocytes. In particular, macrophages and lymphocytes are appropriate
models for examining the effects of various agents on cell maturation and function. The
expression of gene products can be used as markers of differentiation, the identification
and availability of specific growth promoting factors (e.g., interleukins), and their
potential to undergo terminal differentiation resulting in production of soluble mediators
(e.g., monokines, lymphokines, or antibodies) or indicating effector function (e.g., tumor
target cell killing) (Luster et al., 1989).
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1.3 Immunotoxicity studies of mineral fibers
The adverse effects that arise from exposure to asbestos have stimulated the development of
substitute materials, man-made mineral fibers. However, little is known about the health
effects of these fibers. The potentially harmful effects of all types of respirable fibers are at
present one of the most important fields of interest in industrial toxicology. The production,
sale and use of asbestos are no longer permitted in Europe. Some of the properties of
asbestos (e.g. as an insulation material) can be substituted by alternative man-made fibers.
In view of the importance of the possible biological effects of fibers we have conducted in
vitro, animal and a molecular epidemiology studies to examine the relationship between
relevant biomarkers and exposure to asbestos, mineral wool and glass fibers. We have
measured a range of biomarkers of exposure, effects and individual susceptibility. In this
chapter, biomarkers of immunotoxicity will be presented.
1.3.1 Asbestos
Asbestos has long been recognized as a cause of both benign and malignant lung disease
(interstitial and pleural fibrosis, lung cancer and mesothelioma). Asbestos refers to a group
of naturally occurring mineral fibers with a ≥ 3:1 length to diameter ratio. These fibers once
inhaled and displaced by various means to lung tissues, can cause a spectrum of diseases
including cancer and disorders related to inflammation and fibrosis (American Thoracic
Society, 2004; Mossman et al., 1996). Mechanisms of asbestos-induced carcinogenesis are
thought to be multiple, including generation of reactive oxygen (ROS) and nitrogen species
(RNS), alteration of mitochondrial function, physical disturbance of cell cycle progression,
and activation of several signal transduction pathways (Jaurand, 1997; Nymark et al., 2008).
Asbestos fibers having iron (or even chrysotile) and producing ROS/RNS can cause DNA
damage to nearby cells, and fibers are sometimes directly inserted into the cells and injure
chromosomes, while retained fibers may adsorb other carcinogens on their surface (known
asbestos bodies) (Toyokuni, 2009a, 2009b).
The extrapulmonary consequences of asbestos exposure were discussed in BundersonSchelvan et al., (2011). Authors used several hundred epidemiological, in vivo and in vitro
studies and finally they supported a strong association between asbestos exposure and
peritoneal neoplasm. On the other hand, the correlations between asbestos exposure and
immune-related disease were less conclusive and effects of asbestos exposure to the GIT
(gastrointestinal tract) appeared to be minimal. Immunomodulatory effects of asbestos have
been well established in patients with asbestosis and mesothelioma (American Thoracic
Society, 2004; Corsini et al., 1994; Mascagni et al., 2003; Rosenthal et al., 1999) however there
is limited information on effects in individuals with minimal evidence for asbestos related
lung disease or exposure only. Our study offered an opportunity to assess biomarkers which
may represent individual susceptibility to and/or early evidence for asbestos related health
effects.
1.3.2 Man made fibers
Rock wool, glass fibers and ceramic fibers
The evidence for adverse health effects following exposure to asbestos has prompted a
drastic reduction in the use of asbestos, resulting in the increased use of substitutes
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composed of both naturally occurring and synthetic materials which are thought to have
lower toxicity. Man-made mineral fibers include glass fibers (used in glass wool and
continuous glass filament), rock (stone)/slag wool and refractory ceramic fibers. Rock
(stone) wool, slag wool and glass wool are used extensively in thermal and acoustic
insulation, typically in buildings, vehicles and appliances. Refractory ceramic fibers are
designed for high-temperature applications, mainly in industrial settings. Continuous glass
filament is used primarily in reinforced composite materials for the insulation, electronics
and construction industries (IARC, 2002; National Toxicology Program, 2009). Man-made
vitreous fibers have some physical similarities to asbestos, in particular, their fibrous
character which gives them the same aerodynamic properties and leads to their deposition
throughout the respiratory tract. Unlike amphibole asbestos, however, they are synthetic
and amorphous, and generally have a lower biopersistence in lung tissues. Also, unlike
serpentine asbestos, they tend to break transversely rather than cleaving along the fiber axis
(IARC, 2002).
Data on respiratory cancer of man-made mineral (MMMFs) and vitreous fibers (MMVFs)
are not consistent. Statistically significant increases in respiratory cancer mortality were
observed among glass wool-exposed workers in unadjusted analyses in the United States
(Marsh et al., 2001), European (Boffetta et al., 1997), and Canadian cohorts (Shannon et al.,
2005). Excesses of lung cancer incidence were observed among the European workers
(Boffetta et al., 1997) and Canadian workers (Shannon et al., 2005), but not among French
workers (Moulin et al., 1986). Marsh et al., (2001) concluded that the US cohort study of
man-made vitreous fiber workers has not provided consistent evidence of a relationship
between man-made vitreous fiber exposure and mortality from malignant or non-malignant
respiratory disease. Gillissen et al. (2006) stated that MMMFs or MMVFs including glass
wool, rock wool, slag wool, glass filaments, microfibers, refractory ceramic fibers are
bioactive under certain experimental conditions. Although it has been shown that MMMFs
may cause malignancies when injected intraperitoneally in high quantities in rodents,
inhalation trials and human studies have not shown such effects. The amorphous structure
of synthetic vitreous fibers facilitates designing fibers with low biopersistence. In 2001,
IARC reclassified these fibers from Category 2b to Category 3 (with RCF and special
purpose fibers remaining in 2b) based on epidemiological data and the animal studies
database indicating that there is little if any health risk associated with the use of SVFs of
low biopersistence (Bernstein, 2007).
Occupational or environmental exposures to many inhaled particles and bers have been
linked with immunotoxicity. First of all, silica and silicates have been associated with the
development of lung inammation, interstitial brosis, bronchitis, small airway disease,
emphysema, and vascular diseases as well as immunologic reactions (Song & Tang, 2011).
Recent studies showed that Th1 and Th2 cytokines may be involved in silicosis and
regulatory T-cells (Treg cells) have crucial role in modulation of immune homeostasis by
regulating Th1/Th2 polarization. Studies in animals provided knowledge that depletion of
Tregs may attenuate the progress of silica-induced lung fibrosis and enhance Th1 response
and decelerate Th1/Th2 balance toward a Th2 phenotype in silica-induced lung fibrosis (Liu
et al., 2010). Exposure to diesel exhaust particles (Inoue & Takano, 2011), coal dust (Ates et
al., 2011), soil dust (Schenker et al., 2009), beryllium (Martin et al., 2011; Mikulski et al., 2011;
Sood, 2009), heavy metal fumes (Montero et al., 2010) can evoke new or facilitate existing
immune-mediated pulmonary inflammation.
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1.3.3 NiO nanoparticles
Nickel and nickel compounds are widely used in industry. In occupational settings,
exposure to nickel and nickel compounds occurs primarily during nickel refining,
electroplating, and welding. In addition to nickel, workers in metal mining and processing
are exposed to diesel emissions, oil mists, blasting agents and also to various other
substances prevalent in the mine or industry (Lightfoot et al., 2010). Some of them, such as
silica (Costantini et al., 2011; Huaux, 2007), radon (Chauhan et al., 2011) or arsenic (Burchiel
at al. 2009) are known to be potent immunotoxic agents thus implicating possible synergistic
effects on the immune response. The most common airborne exposures to nickel in the
workplace are to insoluble nickel species, such as metallic nickel, nickel sulfide, and nickel
oxides from dusts and fumes. The chemical and physical properties of nickel and nickel
compounds strongly influence their bioavailability and toxicity. The lung and the skin are
the principal routes of entry and target organs of occupational exposure. The most serious
adverse health effects due to occupational exposure to nickel and its compounds are lung
fibrosis and lung cancer, nickel is also hematotoxic, hepatotoxic and nephrotoxic. Allergic
skin reactions are relatively common in individuals who are exposed to nickel (BrüskeHohlfeld, 2009; Das & Buchner, 2007; Panizza, 2011; Zhao, 2009).
Recently, nickel nanoparticles are increasingly used in modern industries such as catalysts,
sensors and electronic applications (Ahamed, 2011). Due to known toxic effects of “bulk”
nickel products, caution in industrial applications of new nickel nanoproducts is important.
Several in vivo studies in rats demonstrated that nickel oxide nanoparticles (NiO NP) have
inflammatory effects in lungs by transient increase in cytokine expression (IL-1alpha, IL1beta in lung and monocyte chemotactic protein-1 in bronchoalveolar lavage fluid) and
persistent increase in CC chemokine (macrophage inflammatory protein-1alpha in lung and
bronchoalveolar lavage fluid - BALF) (Morimoto et al., 2010). Cytokine-induced neutrophil
chemoattractant-1 (CINC-1), CINC-2 alpha, beta, and CINC-3 were involved in the
persistent pulmonary inflammation by NiO NP (Nishi et al., 2009) but NiO NP did not
induce the gene expression of MMP-2 and TIMP-2 mRNA in rat lungs (Morimoto et al.,
2011). In vitro assessment of the toxic effect of nickel nanoparticles in human lung epithelial
A549 cells showed reduced mitochondrial function, induction of the leakage of lactate
dehydrogenase (LDH) and induction of oxidative stress in dose and time-dependent
manner (Ahamed, 2011).
Other airborne and engineered nanoparticles in addition to nickel, such as carbon nanotubes
(He et al., 2011), titanium dioxide (Morimoto et al., 2011), cobalt - Co3O4 (Cho et al., 2011a) or
quantum dots (Jacobsen et al., 2009) has been reported to induce lung inflammation. Anoher
example is ZnO nanoparticles (ZnO NP) discovered to induce eosinophilia, proliferation of
airway epithelial cells, goblet cell hyperplasia, and pulmonary fibrosis. Fibrosis was associated
with increased myofibroblast accumulation and transforming growth factor-beta positivity.
Serum IgE levels were up-regulated by ZnO NP along with the eosinophilia whilst serum IgA
levels were down-regulated by ZnO NP (Cho et al., 2011b).
1.4 Hazard assessment of mineral fibers and particles
Humans may be exposed to fibrous particles from a variety of sources, including
occupational settings, ambient air, consumer products, drinking water and food (De Vuyst
et al., 1995). Potential effects of airborne fibers in humans can only occur after a complex
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process of inhalation, deposition, elimination, retention and translocation. The biological
effects of inhaled fibers are highly dependent on dose (fiber exposure concentration numbers of long fibers), fiber size (diameter/length), (Donaldson & Tran, 2004; Kohyama et
al., 1997; Yamato et al., 1998), durability of material in the organism (biopersistence)
(Mossman et al., (2011), duration of exposure, chemical composition and properties,
solubility, chemical reactivity, surface properties of the material, ability of a material to
interact with body proteins etc. Host factors such as efficiency of defense mechanisms of the
respiratory tract between the initial deposition and the ultimate contact of the fibers with the
target cell, individual susceptibility to xenobiotics, metabolism, age, nutrition status, life
style (smoking), presence of immune disease (asthma, allergic rhinitis, immunosuppression
etc.) and other factors influence the development of immunotoxicity.

2. In vitro studies on lung cells
The lung consists of more than 40 different cell types; each type has its special function,
localization and morphology. From the toxicological point of view, the most important cell
types being alveolar macrophages (AM - free living cells, whose function is to phagocyte the
inhaled particles and maintain the alveoli clean and sterile) and alveolar epithelial type II
cells (TII - localized on the inner surface of lung alveoli and which play an important role in
tissue renewal). For this reason we focused on these cell types, isolated them from rats and
maintained them in cell culture (Hoet et al., 1994; Richards et al., 1987). After 20 h cultivation
the cells were exposed to different dose (1, 5, 10 μg.ml-1) of mineral fibers and the cultivation
was prolonged for another 20 h period when the experiment was terminated and the
analyses were done.
2.1 Lectin histochemistry
Bandeiraea simplicifolia agglutinin (BSA) and Maclura pomifera agglutinin (MPA) are able to
bind to the terminal N-acetyl-α-galactosaminyl or α-D-galactose/galactosamine residues
in the membranes of AM and TII cells which makes them suitable for detection of cell
membrane injuries (Tatrai et al., 1994). Control cells showed regular, linear staining with
BSA or MPA. Stone wool at the concentration 5 μg.ml-1 caused moderate injury to
membranes of AM and incomplete phagocytosis in a small fraction of AM. Alveolar
epithelial type II cells did not develop detectable membrane damage at any tested fiber
dose. Refractory ceramic fibers (RCF) evoked changes in both cell types only at the
highest dose: the membranes were not continuous and reduplicated. Wollastonite caused
a decreased reaction in the membranes only at the highest dose. After exposure to the
lowest dose of crocidolite the membranes of both cell types were fragmented irregularly
and frustrated phagocytosis could be found in AM (Tátrai et al., 2004; 2006a; 2006b).
2.2 Effect of mineral fibers on cells using TEM
The control cells and those exposed to fibers at a dose of 1 μg.ml-1 were examined. TII cells
did not show any alterations after RCF or stone wool exposure. AM cells phagocyted RCF
fibers without injuries of cell organelles, intact organelles remained also after exposure to
stone wool. In both cell types crocidolite evoked severe damage in the organelles and
necrobiosis of whole cells (Tátrai et al., 2004; 2006a; 2006b).
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2.3 Immunological studies
Production of proinflammatory peptides MCP-1 and MIP-1α was assayed in growth media
after termination of cell cultivation. Exposure to wollastonite did not change production of
MCP-1 and MIP-1α in TII cells, but in AM the production was significantly enhanced: MCP1 at the concentration 10 μg.ml-1, MIP-1α at the concentration 5 μg.ml-1. The results after
exposure to stone wool were different: in TII cells the production of MCP-1 was enhanced at
all concentrations, MIP-1α at doses of 5 and 10 μg.ml-1; in AM the production of both
cytokines was statistically significantly enhanced after doses of 5 and 10 μg.ml-1. Crocidolite
evoked statistically significant dose dependent enhancement of the production of MCP-1 in
AM, for MIP-1α and both cytokines in TII at doses of 5 and 10 μg.ml-1 in all cases (Tátrai et
al., 2004; 2006a; 2006b). Comparing the results from different fibers on 2 various primary cell
types the following differences are clearly seen: crocidolite (asbestos) evoked the greatest
changes, both morphologically and functionally. Effects of wollastonite were seen more
significant comparing to stone wool. AM cells are more sensitive to the fibers exposure than
TII cells.

3. Animal model
3.1 Intratracheal instillation studies in rat model
Four types of fibers: asbestos and three types of ASMF fibers (asbestos substitute mineral
fibers): wollastonite, rock wool and glass fibers were intratracheally instilled at 2 doses (2
mg or 8 mg of fibers) to Fisher 344 rats. Dose of 2 mg was suspended in 0.2 ml of saline
solution per animal or control group with 0.2 ml saline only. A dose of 8 mg was divided
and instilled 4 times (weekly 2 mg/0.2 ml saline solution). The assays were performed 4 or
16 weeks after last instillation of the fibers. After sacrifice, markers of immune response and
hematology were analyzed. Immunotoxic effects were examined using a panel of immune
and hematological assays. Phenotypic analysis of leukocytes (T-lymphocytes, activated Tcells, B-lymphocytes, NK-cells, T-helpers, T-cytotoxic cells) and expression of adhesion
molecules (CD11b, CD54) were performed by flow cytometry. Immune functions were
evaluated by proliferative activity of T and B-lymphocytes in vitro stimulated with mitogens
and antigen and phagocytic activity of leukocytes.
Our findings demonstrate the immunomodulatory effect of mineral fibers in the rat animal
model 4 and 16 weeks after intratracheal exposure to amosite, wollastonite, rock wool and
glass fibers. Significant changes were observed in total white blood cell count and
percentages neutrophils in all fiber-treated, especially high-dosed, animals after 4 weeks of
exposure. The percentage of lymphocytes was altered in rock wool fiber-treated especially
in high-dosed animals after 4 weeks of exposure (Table 3.1-1).
Analysis of lymphocyte subsets showed significantly increased percentage of Tlymphocytes, mainly cytotoxic cells and decreased percentage of B-lymphocytes in
peripheral blood of animals exposed to amosite. Rats exposed to wollastonite had increased
percentage of T-helper cells. Exposure to mineral fibers decreased expression of adhesion
molecule CD54 (ICAM-1) on granulocytes (amosite, glass fibers) and monocytes (rockwool).
Suppressed expression of adhesion molecules CD11b was found on granulocytes
(wollastonite, glass fibers) and monocytes (glass fibers) (data not shown).
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Amosite

Wolastonite

*

*

Rock wool
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Glass Fibers

4 weeks, 2mg
White blood cells (109/l)

4 weeks, 8mg
16 weeks, 2mg
16 weeks, 8mg

↑*
*

*

4 weeks, 2mg
Neutrophils
(%)

4 weeks, 8mg
16 weeks, 2mg

↑*

↑*

↑*

↑*

↑*

16 weeks, 8mg
4 weeks, 2mg
Lymphocytes
(%)

4 weeks, 8mg

*

16 weeks, 2mg
16 weeks, 8mg

* p<0.05; **p<0.01; ***p<0.001;  - decrease ↑ - increase in comparison with relevant control;

Table 3.1-1. White blood cell (WBC) count and differential WBC in Fisher 344 rats
administered with 2 mg or 8 mg of amosite, wollastonite, rock wool or glass fibers.
Although amosite seems to be most potent suppressor of T- and B-lymphocyte proliferation,
especially in high-dosed animals, wollastonite and rock wool also interfered with
lymphocyte proliferation and suppressed the response of T-lymphocytes. The opposite
stimulative effect on proliferative capacity of B-cells was found in animals exposed to glass
fibers (Table 3.1-2). Phagocytic activity was dramatically affected by exposure to rock wool
and glass fibers. A highly significant dose-dependent suppression was found in neutrophils
and monocytes. Rats exposed to wollastonite fibers also had decreased phagocytic activity
of peripheral blood phagocytes 4 weeks after instillation of either dose. Surprisingly, the
phagocytic activity of animals exposed to amosite was affected only in high dosed rats
(Table 3.1-2).
In conclusion, animal exposure to mineral fibers leads to alterations in systemic immune
response. Immune dysregulation consisted of changes of the main lymphocyte subsets.
Moreover, the function of immunocompetent cells that are responsible for the specific
immune response (T- and B-lymphocytes) and phagocytic cells was impaired. Our results
correspond with the hypothesis of Hurbánková (1994), who observed that the phagocytic
activity of granulocytes and monocytes is altered in asbestos-treated rats up to one year
following treatment, displaying a two-phase progress: an initial increase (phase I) followed
by a decrease below the average values of the control animals (phase II).
3.2 Inhalation studies in rat model
The effects of industrial fibrous dusts on the respiratory system represent a potential
environmental and occupational health hazard for humans. Chronic asbestos exposure can
cause pleural plaques, asbestosis and cancer diseases. These effects stimulated research
activities aiming at the study of the health effects of fibrous substitutes as well as combined
effects with other noxious materials respectively (Boor et al., 2009; Donald & Gardner, 2006;
IARC, 2002; 2004). This study gives information about the dose-response relationships after
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Function of lymphocytes

Amosite
4 weeks, 2mg
4 weeks, 8mg

Proliferative activity of T-lymphocytes

Wolastonite

↑ Con A *
 Con A ***  Con A ***
 PHA **
 PHA ***

 CD3 *
 Con A **
↑ PWM
***

4 weeks, 2mg
Proliferative activity of B-lymphocytes 4 weeks, 8mg

Glass
Fibers

 PHA
**

16 weeks, 2mg
16 weeks, 8mg

Rock
wool

 PWM *

↑ STM *

16 weeks, 2mg
16 weeks, 8mg

 PWM ***

Function of phagocytes
4 weeks, 2mg
Phagocytic activity of neutrophils

*

 ***

 ***

 **

 **

 ***

16 weeks, 2mg

*

*

16 weeks, 8mg

 **

*

4 weeks, 8mg

 ***

4 weeks, 2mg
Phagocytic activity of monocytes

4 weeks, 8mg

 ***

*

 ***

 ***

*

 ***

 ***

16 weeks, 2mg

*

16 weeks, 8mg

 **

*

* p<0.05; **p<0.01; ***p<0.001;  - decrease in comparison with relevant control; ↑ - increase in
comparison with relevant control

Table 3.1-2. Activity of immune cells measured via lymphocyte proliferation test and
phagocytic test in Fisher 344 rats administered with 2 mg or 8 mg of amosite, wollastonite,
rock wool or glass fibers.
inhalation of two concentration levels of amosite asbestos and wollastonite alone or
combined with daily exposure to cigarette smoke together with the basic lung inflammation
and cytotoxic parameters. Male Fisher 344 rats were exposed for 6 months. Animals inhaled
amosite asbestos or wollastonite fibers in a nose-only inhalation device (In-Tox, USA).
Amphibole asbestos - amosite and wollastonite fibers belong to naturally occurring silicate
inorganic fibers. Wollastonite is used as a substitute of asbestos. Dust aerosol was produced
at two dosages: 30 mg/m3 air and 60 mg/m3 air for one hour per exposure. Exposure of
animal groups to dusts proceeded every second day, 5 days per week. Six groups, each of 11
animals were exposed to:


60 mg/m3 amosite fibers for one hour every two days; combined with exposure to
mainstream smoke from three cigarettes daily;
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60 mg/m3 amosite fibers for one hour every two days;
30 mg/m3 amosite fibers for one hour every two days, combined with exposure to
mainstream smoke from three cigarettes daily;
30 mg/m3 amosite fibers for one hour every two days;
exposure to mainstream smoke from three cigarettes daily plus immobilization stress as
for animals exposed to dust;
immobilization stress as for animals exposed to dust.

Cigarette smoke exposure: Standard research cigarettes of the 1R1 type (Tobacco and Health
Research Institute - THRI, Lexington, KY, USA) were used in all experiments. A whole-body
actively ventilated exposure chamber was used, with a cigarette smoke generator and
pumps (THRI, Lexington, KY, USA) allowing all smoker animal groups to breathe at the
same time diluted main-stream tobacco smoke at the target concentration 30 mg of total
particulate matter (TPM)/m3 air for one hour daily (an exposure requiring to burn three
cigarettes).
Length
[m]
< 20
20 – 30
>30

%
5
75
20

Diameter [m]
=1
<1
<3
=3
>3
Length [m]
1 – 10
11 – 30
>30

Diameter
[m]
0.71

%
47
22
21
6
4
%
48
40
12

Tables 3.2-1. and 3.2-2. Length, diameter and percentage of wollastonite fibers (top) and
amosite fibers (bottom).
The aim of our study was to find and compare the combined effect of amosite or wollastonite
(asbestos substitute) with cigarette smoke on the selected immune, inflammatory and cytotoxic
parameters. The rats inhaled two doses: 30 and 60 mg/m3 of amosite (asbestos) and
wollastonite fibers (mineral asbestos substitute) for 1 hour every 2 days and cigarette smoke
from 3 cigarettes/day. They were sacrificed after 6 months exposure.
3.2.1 Combined effect of mineral fibers and tobacco smoke on respiratory tract
Six months after the beginning of the inhalation exposures, the animals were anesthetized
and BAL was performed.
The following BAL parameters were examined:
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Inflammatory response biomarkers
 Total cell count/ml BAL (bronchoalveolar lavage) fluid
 AM count/ml BAL fluid
 Differential cell count (alveolar macrophages - AM, lymphocytes - Ly, granulocytes - Gr)
Cytotoxic parameters
 Phagocytic activity of AM
 Viability of AM
 Lactate dehydrogenase activity (in the cell - free lavage fluid)
 Acid phosphatase activity (in the cell- free lavage fluid and in the BAL cell suspension)
 The cathepsin D activity (in the cell - free lavage fluid and in the BAL suspension)
Methods are described in papers of Hurbánková & Kaiglová (1999) and Černá et al. (2004).
The results were statistically evaluated using Mann-Whitney test.
Fibers alone
Control
N
Total cell count/ml
BALF (103.ml-1)
AM count/ml BALF
(103.ml-1)
Ly %
AM %
PMN %
Immature forms of
AM (%)
Multinucleated cells
(%)

7

Fibers/Tobacco smoke

30
Tobacco smoke + Tobacco smoke +
60
Tobacco
mg/m3 mg/m3 smoke alone fibers 30 mg/m3 fibers 60 mg/m3
7
7
7
7
6
Am  **
Am  **
Am  * Am **
Am  * Am  * Am  *
Am  *
Am  **
Am  *

Am  **
Am  *
Am  *

Am  ***
Am  ***
Am  **
Am  **

Am **

Comparison of exposed group with the control group; *p<0.05, **p<0.01, ***p<0.001; ↑ - increase against
compared group;  - decrease against compared group; abbreviations: Le - leukocytes; AM - alveolar
macrophages; PMN – polymophonuclear leukocytes, BAL - bronchoalveolar lavage

Table 3.2-3. Amosite – inhalation exposure - with/without tobacco smoke; inflammatory
response parameters in BAL.
Increased numbers of bronchoalveolar lavage fluid (BALF) cells after asbestos or other fiberexposure as a result of inflammatory response have been described by numerous authors
(Hurbankova & Kaiglova, 1999; Greim et al., 2001; Morimoto & Tanaka, 2001; Osinubi et al.,
2000). In our study, a significantly increased number of BALF cells after exposure to amosite
in comparison with the control group was observed in the smoker plus 60 mg/m3 fiber
group (by 11.4 %) as well as in the corresponding-dose, non-smoker group (by about 16%).
This increase could be ascribed to the increase of lymphocyte population proportions. These
changes were accompanied by an inverse change in the AM count in BALF, which
significantly decreased in the same group exposed to combined higher dust plus cigarette
smoke. A very similar but shorter exposure only to cigarette smoke has been reported to
lead to a higher (35%) difference of BALF cell counts in comparison with the control values
(Hurbánková et al., 2010; Ishihara et al., 1997; Nelson & Kelsey, 2002). The higher
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Fibers/tobacco smoke

30
60
Tobacco
Control
mg/m3 mg/m3 smoke alone
N
7
7
7
7
Phagocytic activity
Am **
of AM (%)
Woll **
Viability of living
AM
Am *
(%)
LDH
μkat.g prot.-1
ACP
nkat.g prot.-1
ACP
nkat.10-6 cells
Cathepsin D
Utyr.mg prot.-1
Cathepsin D
Am *
Am  **
Woll *
Utyr.10-6 cells
Woll *

Tobacco smoke +
fibers 30 mg/m3
7

Tobacco smoke +
fibers 60 mg/m3
6

Am **

Am *
Am *

Woll *

Am *
Woll *

Woll *

Am  **

Am  **

Comparison of exposed groups with the control group: *p<0.05, **p<0.01, ***p<0.001; ↑ - increase
against compared group,  - decrease against compared group; (1) enzyme activity expressed as µmol
of p-nitrophenol.hour-1 mg protein-1; abbreviations: LDH: lactate dehydrogenase; ACP: acid
phosphatase; Utyr : µg of thyrosine released in an hour time

Table 3.2-4. Amosite and wollastonite - inhalation exposure - with/without tobacco smoke;
cytotoxic parameters in BAL.
proportions of PMN and lymphocytes in the BALF than control values indicate the presence
of inflammation in the lungs at sacrifice. The magnitude of the increase of these parameters
was dose-dependent. AM are the predominant cells present in BALF and changes in their
number or function are important factors determining the lung inflammatory response and
characterizing the pathogenesis of such response. A decrease in macrophage number or
phagocytic capacity may result in the reduction of the clearance of inhaled materials and
thus can lead to an increase of the effective dose of the potentially injurious agent (Aoshiba
et al., 2001; Dziedzic et al., 1993). A significant reduction in the number of AM after
intratracheal instillation of amosite has been observed also in our previous experiments
(Hurbankova & Kaiglova, 1999). Associated with inflammatory changes, a dose-dependent
increase in multinuclear cells (MNC) proportions was found in the BALF as well as in the
lung tissue suspensions. MNC were increased after exposure (separate or in combination) to
tobacco smoke as well as both fiber concentrations but significantly only after higher dose
without smoking. Similarly, immature forms of AM in all exposed groups were increased in
comparison with control (Beňo et al., 2005). Strongly dose dependent decrease of AM
viability (higher dose with and without smoking) as well as phagocytic activity of AM (all
group with smoking) was found in this experiment. That is in accordance with previously
described effect of asbestos (Hurbánková & Kaiglová, 1999).
Increased LDH and ACP activity in extracellular fluids are generally accepted as good
markers of cell or tissue injury and used for evaluation of the cytotoxic effect. We did not
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find significant changes in activities of measured enzymes in our experiment. Cathepsin D
activity was significantly changed after amosite inhalation. These results are in good
accordance with study of Sjörstrand et al. (1989). Wollastonite inhalation confirmed the
lower cytotoxicity in comparison with asbestos. Significant changes were found only by
measurement of cathepsin D activity in BAL cells (increased levels), decreased percentage of
phagocytic activity of AM in “tobacco smoke alone” group and increased levels of ACP in
“tobacco smoke + wollastonite fibers 30mg/m3“group.
Amosite





Inflammatory parameters were mostly changed after 60mg/m3 in combined group
(amosite exposure and tobacco smoke).
Tobacco smoke alone induced changes in inflammatory parameters. It confirms that
smoking alone might play an important role in inflammatory processes.
Smoking alone caused some changes of cytotoxic parameters and intensified the
harmful effect of amosite exposure.
Mild dose dependence between 30mg/m3 and 60mg/m3 in groups without tobacco
smoke was seen.

Wollastonite




No dose dependence of inflammatory parameter changes in this study was recorded in
groups without smoking and very weak in combined exposure groups.
Mild dose dependence of cytotoxic parameters changes in groups without or with
tobacco smoke was observed.
Influence of tobacco smoke on cytotoxic parameters was not explicit.

3.2.2 Combined effect of mineral fibers and tobacco smoke on immune parameters
Cellular immunity was examined by phenotypic analysis of leukocytes (CD3+, MHC II,
CD4+, CD8+, CD161+, B-lymphocytes) and by expression of adhesion molecules (CD11b,
CD54) on leukocytes (Table 3.2-5). Inhalation of high dose of amosite fibrous dust resulted
in a significantly increased percentage of B-lymphocytes and elevated expression of
adhesion molecule CD11b on lymphocytes of peripheral blood in non-smoking rats.
Similarly, inhalation of high dose of wollastonite increased the percentage of Blymphocytes, and this elevation was reinforced with combined exposure to lower dose of
wollastonite and tobacco smoke. Moreover, the combined exposure to wollastonite and
smoking caused a significant, dose-dependent increase of the percentage of cytotoxic cells
and enhanced expression of adhesion molecule CD11b on granulocytes in peripheral blood.
On the other hand, cigarette smoke and higher dose of wollastonite resulted in decrease of
T-cells (CD3+). The stimulative effect of exclusive exposure to smoking on the immune
system was shown as significantly elevated percentage of some lymphocyte subsets (Tcytotoxic, T-helper lymphocytes, B-lymphocytes) and elevated expression of adhesion
molecule CD11b in comparison with non-smoking animals.
Immune function assays included proliferative response of T- and B-lymphocytes and
phagocytic activity of blood leukocytes (Table 3.2-6). The proliferative activity of Tlymphocytes stimulated with CD3 antigen and T-dependent B-cell response in rats exposed
to amosite was significantly decreased. The immunosuppressive effect was more pronounced
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Proportion of lymphocyte
subsets in peripheral blood
CD3+ –
T-lymphocytes (%)
CD3+/MHC II – activated Tlymphocytes (%)
CD4+ –
T-helper lymphocytes (%)
CD8+ –
T-cytotoxic lymphocytes (%)
CD161+Natural killer cells (%)
B-Lymphocytes (%)

60
30
mg/m3 mg/m3

Tobacco
Tobacco smoke +
smoke alone fibers 30 mg/m3
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Tobacco smoke +
fibers 60 mg/m3
Woll  a

↑ **

Am ↑ *
Woll ↑ *

↑*

Woll ↑ *

↑*

Woll ↑ *

Woll ↑ *

Adhesion molecules on
leukocytes
Expression of CD11b on
lymphocytes (%)
Expression of CD11b on
monocytes (%)
Expression of CD11b on
granulocytes (%)
Expression of CD54 on
lymphocytes (%)
Expression of CD54 on
monocytes (%)
Expression of CD54 on
granulocytes (%)

Am ↑ *
↑*
Woll ↑ **

Am ↑ *

Woll ↑ *

Ly – lymphocytes; Mono – monocytes; Gr – granulocytes; */a p<0.05; **/aap<0.01; ***/aaap<0.001; *–
significant level calculated in exposed rats in comparison with control rats without tobacco smoke
exposure; a – significant level calculated in exposed rats in comparison with control rats with tobacco
smoke exposure;  - decrease in comparison with relevant control; ↑ - increase in comparison with
relevant control; Am – amosite; Woll – wollastonite

Table 3.2-5. Cellular immunity of rats treated via inhalation exposure with two doses of
amosite/wollastonite fibers and with/without tobacco smoke.
in low-dosed rats. No effect of exposure to amosite fibers alone on proliferative activity of Bcells stimulated with STM (lipopolysacharide from Salmonella typhimurium) was seen in nonsmoking rats, while a moderate enhancement was recorded in animals exposed to amosite
and tobacco smoke. A marked suppressive effect of amosite on phagocytic activity of
leukocytes was also found. Stimulation of the immune system was observed as increased
phagocytic activity of leukocytes in animals exposed to cigarette smoke. Animals exposed to
wollastonite or cigarette smoke alone caused enhancement of proliferative activity of Tlymphocytes stimulated with concanavalin A. All animals exposed to wollastonite fibers
had suppressed phagocytic activity of monocytes and granulocytes. Moreover, decrease of
phagocytosis was recorded also in combined exposure to wollastonite and cigarette smoke.
In conclusion, inhalation of amosite and wollastonite mineral fibers resulted in marked
changes in specific and non-specific immunity. Moreover, findings indicate mutual

352

Recent Advances in Immunology to Target Cancer, Inflammation and Infections

Function of lymphocytes

60
30
mg/m3 mg/m3

Proliferative activity of Tlymphocytes stimulated with Con A
(cpm)
Proliferative activity of Tlymphocytes stimulated with PHA
(cpm)
Proliferative activity of T-dependent
B-lymphocytes stimulated with
Am ↓ *
PWM (cpm)
Proliferative activity of Blymphocytes stimulated with STM
(cpm)
Proliferative activity of Tlymphocytes stimulated with CD3
Am ↓ *
(cpm)

Woll ↑ *

Tobacco
Tobacco
Tobacco
Smoke + fibers smoke + fibers
smoke alone
30 mg/m3
60 mg/m3
↑*

Am ↓ a

Am ↑ *
Am ↓ *

Function of phagocytes
Phagocytic activity of neutrophils
(%)
Phagocytic activity of monocytes
(%)

Woll ↓ * Am ↓ **
↑*
Woll ↓ *
Am ↓ ** Am ↓ ***
Woll ↓ * Woll ↓ **

Am ↓ a

Am ↓ aaa

Am ↓ aaa
Woll ↓ *

Am ↓ aaa
Woll ↓ *

*/a p<0.05; **/aap<0.01; ***/aaap<0.001; *– significant level calculated in exposed rats in comparison with
control rats without tobacco smoke exposure; a– significant level calculated in exposed rats in
comparison with control rats with tobacco smoke exposure;  - decrease in comparison with relevant
control; ↑ - increase in comparison with relevant control; Woll – wollastonite; Am – amosite; Con Aconcanavalin A; PHA-phytohemmagglutinin; PWM-pokeweed mitogen; STM-lipopolysaccharide from
Salmonella typhimurium; CD3-alloantigen

Table 3.2-6. Proliferative activity of lymphocytes and phagocytic activity in rats treated via
inhalation exposure with two doses of amosite/wollastonite fibers and with/without
tobacco smoke.
interference of mineral fibers and smoking in the modulation of the systemic immune
response during combined exposure.
3.3 Assessment of Immunotoxicity of ceramic fibers and NiO nanoparticles
The aim of the study was the assessment of immune effects of exposure to ceramic fibers
and/or NiO nanoparticles in experimental animals – male Sprague-Dawley rats. Rats were
treated by intratracheal instillation with 1 mg of refractory ceramic fibers and/or 1mg NiO
nanoparticles. Controls were treated with 1 ml physiological saline (1ml per animal). One
and six months after instillation, the animals were killed. The blood samples were taken and
the spleen was aseptically removed and placed into RPMI medium. Panel of immune assays
was performed. The phagocytic activity of blood monocytes and granulocytes was assessed
by ability to ingest bacteria Staphylococcus aureus (Tulinska et. al., 2005). One month after
exposure of animals to ceramic fibers and/or NiO nanoparticles no alterations in phagocytic
activity and respiratory burst was shown. However 6 months after exposure, situation was
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different. Exposure to NiO nanoparticles and combined exposure to ceramic fibers and NiO
nanoparticles caused significantly increased phagocytic activity of granulocytes, as well as
percentage of cells with respiratory burst (Table 3.3-1). NiO nanoparticles and combined
exposure of ceramic fibers and NiO nanoparticles stimulated this important function of
nonspecific immune response.

Function of phagocytes

NiO
Ceramic fibers 1
nanoparticles
month
1 month

Ceramic fibers and NiO
nanoparticles
1 month

NiO
nanoparticles
6 months

Ceramic fibers and NiO
nanoparticles
6 months

↑*

↑ ***

↑*

↑ **

Phagocytic activity of monocyes (%)
Phagocytic activity of granulocytes (%)
% of phagocytic cells with respiratory
burst
Ceramic fibers
6 months
Phagocytic activity of monocyes (%)
Phagocytic activity of granulocytes (%)
% of phagocytic cells with respiratory
burst

* p<0.05, ***p<0.001; ↑ - increase in comparison with relevant control

Table 3.3-1. Phagocytic activity and respiratory burst of peripheral blood cells in male
Sprague-Dawley rats administered with 1 mg refractory ceramic fibers, NiO nanoparticles
and combined exposure to both elements.
Function of T- and B-lymphocytes was studied using lymphoproliferation assay in spleen
cells derived from rats exposed to ceramic fibers and/or NiO nanoparticles. Cells were in
vitro stimulated with mitogens - concanavalin A (Con A), phytohemagglutin (PHA) and
pokeweed (PWM) mitogen. One month after exposure, significant decrease of proliferative
activity of lymphocytes stimulated with all three mitogens was found in animals exposed to
ceramic fibers. To the contrary, 6 months after exposure, significant increase of lymphocyte
proliferation stimulated with phytohemagglutin and pokeweed mitogen was recorded. The
effect of combined exposure to ceramic fibers and NiO nanoparticles on spleen cells was
manifested as significant increase of proliferative activity of T-lymphocytes after stimulation
with Con A. Moreover, significant increase of basal proliferative response of spleen cells
derived from rats 1 month after exposure to NiO nanoparticles alone and combined
exposure to fibers and nanoparticles was seen. (Table 3.3-2).
Immunophenotypic analysis of leukocytes was examined using panel of surface markers:
CD3, CD4, CD8, CD161 and MHC II. Six months after exposure, immunophenotypic
analysis of leukocytes performed by flow cytometry revealed statistically significant
decrease of expression of marker for T-lymphocyte subpopulations (CD4, CD8) in rats
administered with ceramic fibers. On the other hand, increase of expression of CD4 marker
after combined exposure was observed. 6 months after exposure to NiO nanoparticles,
significant increase of expression of molecule MHC II on lymphocytes, monocytes and
granulocytes was shown. Similar effect of combined exposure on expression MHC II on
monocytes and granulocytes was found (Table 3.3-3).
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Ceramic fibers NiO
1 month
nanoparticles
1 month

Function of lymphocytes

Proliferative activity of T-lymphocytes
*
stimulated with Conncanavalin A – Con A (cpm)
Proliferative activity of T- lymphocytes
stimulated with Phytohemmagglutinin - PHA
 ***
(cpm)
Proliferative activity of T-dependent Blymphocytes stimulated with Pokeweed mitogen  *
- PWM (cpm)
Basal proliferative activity (cpm)

Ceramic fibers and
NiO nanoparticles
1 month
↑*

↑ ***

↑ ***

Ceramic fibers NiO
6 months
nanoparticles
6 months

Ceramic fibers and
NiO nanoparticles
6 months

Proliferative activity of T- lymphocytes
stimulated with Con A (cpm)
Proliferative activity of T- lymphocytes
↑*
stimulated with PHA (cpm)
Proliferative activity of T- dependent B↑*
lymphocytes stimulated with PWM (cpm)
Basal proliferative activity of lymphocytes (cpm)
* p<0.05, ***p<0.001; cpm-counts per minutes after 3H incorporation into lymphocytes,  - decrease in
comparison with relevant control; ↑ - increase in comparison with relevant control

Table 3.3-2. Proliferative response of lymphocytes in male Sprague-Dawley rats
administered with 1 mg refractory ceramic fibers, NiO nanoparticles and combined
exposure to both elements.

Proportion of leukocyte subsets in
peripheral blood
CD3+ –
T-lymphocytes (%)
CD4+ –
T-helper lymphocytes (%)
CD8+ –
T-cytotoxic lymphocytes (%)
CD4+/CD8+ lymphocytes (%)
Expression of MHCII marker on
lymphocytes (%)
Expression of MHCII marker on
monocytes (%)
Expression of MHCII marker on
granulocytes (%)

Ceramic fibers 6
months

NiO
nanoparticles
6 months

Ceramic fibers and NiO
nanoparticles
6 months

↑ **

*
*
*
↑*
↑ **

↑*

↑ **

↑ ***

* p<0.05; **p<0.01; ***p<0.001;  - decrease in comparison with relevant control; ↑ - increase in
comparison with relevant control

Table 3.3-3. Proportion of leukocyte subsets in peripheral blood in male Sprague-Dawley
rats administered with 1 mg refractory ceramic fibers, NiO nanoparticles and combined
exposure to both elements.
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Phagocytosis is a major host defense mechanism of the innate immune system. The specific
molecular pathways that direct the process of ingestion depend on the size of the particle
(Hazenbos & Brown, 2006). Several other mechanisms, such as release of inflammatory
mediators, antigen presentation (Garcia-Garcia & Rosales, 2005; Rabinovitch, 1995) and
expression of different membrane receptors (Garcia-Garcia, 2005; Johansson et. al., 1997) are
also involved. It is known that different pulmonary macrophages (airway, alveolar,
interstitial, pleural, intravascular) are an important part of the lung's defenses against
particles deposited by inhalation (Oberdorster, 1994). After phagocytic stimulation,
macrophages release various chemotactic factors for neutrophils and other inflammatory
cells including TNF, neutrophil chemotactic factor and many proinflammatory mediators
such as prostaglandins, leukotrienes, thromboxane. Apart from that, macrophages produce
free radical oxygen and release lysosome enzymes which may cause lung tissue injury.
Published literature, studying influence ceramic and metal nanoparticles in vitro, showed
that ceramic nanoparticles had effect on production of cytokines in monocytes. This effect
resulted to the shift of cytokine balance towards inflammation. Moreover, obtained results
showed that nanoparticles have significant effects on the expression of some TLR molecules,
suggesting that they could affect cell reactivity to infections by altering the expression of
innate receptors. Particularly interesting is the finding that ceramic nanoparticles can
enhance expression of TLR chains important for viral-dependent stimulation (Lucarelli et
al., 2004). Another study (Yagil-Kelmer et al., 2004) compared influence of ceramic particles
on monocytes of peripheral human blood and human monocytes cell line U937. They found
out the higher variability of expression of cytokines of primary human blood monocytes
from donors in compared with cell line. Importantly, studies consistently demonstrated that
smaller, sub-micrometer ceramic particles provoke relative1y larger amounts of the
cytokines IL-l alpha, IL-I beta, IL-8, TNF-alpha and IL-10 when compared to 1.5 um
particles. The variation in the reactivity of different human individuals to particle
stimulation may have highlighted another major contributory factor - genetic capacity of an
individual to express related cytokines with their susceptibility to, and subsequently, the
severity of, a particular disease (Matthews et al., 2000). Nkamgueu et al., (2000) recorded
suppression of phagocytic activity and respiratory burst after in vitro exposure of cells to
ceramic particles. The results of another study indicated that refractory ceramic fibers 6
months after intratracheal instillation significantly changed the majority of examined BAL
parameters. The presence of inflammatory and cytotoxic response in lung may signalize
beginning or developing disease process (Hurbankova et al., 2005).
Observations that nickel oxide-induced changes may contribute to significant
immunodysfunction are known from immunotoxicity studies examining “bulk” nickel
oxide aerosols. 65-day inhalation study in mice showed, that exposure to nickel oxide
resulted in increased numbers of lung-associated lymph nodes (LALN), enhanced numbers
of nucleated cells in lavage samples, increased antibody-forming cells (AFC) in LALN, but
decreased AFC/106 spleen cells and suppressed alveolar macrophage phagocytic activity
(Haley et al., 1990). Significant alterations of humoral immune system and alveolar
macrophages were found also in rats after 4 weeks or 4 months of exposure to nickel oxide
aerosols, respectively (Spiegelberg et al., 1984). Nanoform might have substantial impact on
toxic effects including immunotoxicity. In vitro studies demonstrated that ultrafine NiO
particles showed higher cytotoxicities toward human keratinocyte HaCaT cells and human
lung carcinoma A549 cells in vitro than fine NiO particles (Horie et al., 2009). Transmission
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electron microscope observations revealed uptake of both ultrafine and fine NiO particles
into HaCaT cells. Cellular uptake of NiO nanoparticles (NiO NP) was found to be associated
with the release of Ni2+ ions after 24-48 h (Pietruska et al., 2011). The intracellular Ni2+
release could be an important factor that determines the cytotoxicity of NiO. Pathological
features of different sizes of nickel oxide following intratracheal instillation in rats were
studied by Ogami et al. (2009). Submicrometer nano-nickel oxide was associated with
greater toxicity, as for crystalline silica, than micrometer-sized nickel oxide. Biological
effects of factors of particle size reduction, when dealing with finer particles such as
nanoparticles, were reconfirmed to be important in the evaluation of respirable particle
toxicity.
In vivo studies in experimental animals showed persistent high level of inflammation in
lungs even at low doses of NiO NP. Cho et al. (2010) described chronic
neutrophilic/lymphocytic cytotoxic inflammation in rats 4 weeks after instillation NiO NP
accompanied by increased MIP-2, IFN-γ, and LDH in BALF. The alveolar lipoproteinosis
evident in NiO NP-exposed lungs was reflected in very high protein and LDH levels in the
BALF. Increased levels of neutrophils and macrophages have been observed from 3 days to
3 months after instillation of agglomerated NiO NP suspended in distilled water in Wistar
rats (Nishi et al., 2009; Ogami et al., 2009). Gene expression profiling of the rat lung after
whole-body inhalation exposure to ultrafine NiO particles induced high expression of genes
associated with chemokines, oxidative stress, and matrix metalloproteinase 12 (Mmp12),
suggesting that Uf-NiO particles lead to acute inflammation (Fujita et al., 2009). In vitro
studies conducted to test the possible toxic effects (Ada et al., 2010) bring evidence that one
of the contributing underlying mechanisms is oxidative stress. The levels of intracellular
reactive oxygen species and lipid peroxidation in A549 cells enhanced with increasing
exposure to NiO nanoparticles and growth in gene expressions of HO-1 and SP-D were
observed in A549 cells (Horie et al., 2011).
Our data of suppressed proliferative activity of T-lymphocytes and decreased T-dependent
B-cell response indicate fiber-induced changes in systemic immune response. The
hypothesis that inhaled particles or fibers can exert adverse effects outside of the lung is
supported by several studies. Although, most of findings refer to systemic effect of particles,
similar influence of fibers can be assumed. For example, ultrafine particles were found to
decrease the number of blood PMNs and increase the intracellular oxidation of a fluorescent
dye (DCFD) in blood PMNs (Elder et al., 2004). Diesel exhaust particles and carbon black
particles had significant adjuvant effect on the local immune-mediated inflammatory
response in the draining popliteal lymph node and on the systemic specific IgE response to
model allergen ovalbumin in BALB/c mice (Lovik et al., 2003). The data of van Eeden (van
Eeden et al., 2002) showed the effects of particulate air pollution on bone-marrow
stimulation in animals. Acute exposure to ambient particles accelerates the transit of
polymorphonuclear leukocytes (PMN) through the marrow whereas chronic exposure
expands the size of the bone marrow pool of PMN. A communication between the fiberinduced processes in the pulmonary compartment and peripheral tissues can be mediated
by: 1) leakage of reactive oxygen species and stress-induced cytokines directly into the
peripheral blood, 2) (pre)activation of peripheral blood leukocytes that can result in aberrant
homing and activation of inflammatory cells in distant tissues, and 3) the liberation of
proinflammatory mediators by leukocytes and/or stromal cells present in the pulmonary
tissues (Oudijk et al., 2003).
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4. Molecular epidemiological studies in human population
The possible immunomodulatory effects of mineral fibers, in workers occupationally
exposed to asbestos, rock wool and glass fibers, were examined in the context of a largescale molecular epidemiology study (Ilavska et al., 2005; Tulinska et al., 2004). In addition to
biomarkers of immunotoxicity, biomarkers of genotoxicity (Beňo et al., 2005; Dusinska et al.,
2004; Horská et al., 2006; Topinka et al., 2004; 2006), oxidative damage and antioxidant
defense (Staruchova et al., 2008) were also examined in the same cohorts. The studies
involved workers with at least 5 years’ exposure to asbestos, rock wool and glass fibers,
respectively, at 3 industrial plants in Slovakia. A control group of clerical workers, matched
for sex, age, smoking habits and alcohol use were also studied. All workers underwent
clinical examination, including functional spirometry testing, and radiological examination.
Exposure: Fiber samples were used for asbestos fiber and ASMF identification, fiber
morphology and quantification, using a microscope with phase contrast (Nikon, Japan)
according to the Reference Method for the Determination of Airborne Asbestos Fiber
Concentration at Workplaces by Light Microscopy (Membrane Filter Method), AIA 1979,
London, UK. Exposure assessment had been based on personal and environmental
monitoring.
Subjects and health status: In each plant, 61, 98 and 80 exposed workers and 21, 43 or 36
control clerical subjects, respectively, were recruited. In the case of the asbestos-exposed
subjects, an additional town-control group of 49 people was included. Evidence of
pulmonary fibrosis was found in 42% of the asbestos-exposed workers, while evidence of
pleural fibrosis was found in 24%. The asbestos-exposed cohort had significantly decreased
forced vital capacity of lungs as well as forced expiratory volume per first second.
Immune parameters: Markers of lymphocyte function were found to differ significantly
between fiber-exposed cohorts and corresponding controls. Workers from the former
asbestos cement plant had significantly decreased proliferative capacity of lymphocytes
stimulated by T-cell mitogen PHA. In contrast, the proliferative activity of T-lymphocytes in
subjects from the rock wool and glass fiber factories was stimulated (Table 4). A significant
in vitro stimulatory effect was observed in cultured B-lymphocytes stimulated with PWM
from peripheral blood obtained from the glass fiber workers, while no such effect was found
in workers from the asbestos and rock wool plants in comparison with the corresponding
controls (Table 4). Although no other published data on functional changes of lymphocytes
has been published in rock wool and glass fiber workers, depression of cell mediated
immune response with a clear relationship between defective T-cell function and pulmonary
fibrosis was seen in asbestos-exposed individuals. In vitro studies have clarified that
asbestos fibers inhibit proliferation at an early stage (G0 phase) of the cell cycle of PHAstimulated cells. Besides the evidence for an important role of specific immunity in
chemically induced pulmonary disease, including asbestosis, and published results on the
protective role of T-lymphocytes especially in asbestos-induced pulmonary inflammation,
our data also suggest immunomodulatory effects for two man-made fibers. We propose that
the different patterns of T-cell proliferative activity found in workers exposed to asbestos
versus rock wool and glass fibers may be due to differences in the duration of exposure to
the different fibers as well as differences in the underlying health status of the populations
studied. In contrast to the relatively good clinical status, shorter duration and low level of
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fiber exposure in rock wool and glass fiber workers, the former asbestos cement workers
had historically high levels of exposure to fibrogenic dust and showed clinical evidence of
asbestosis and a high prevalence of low forced vital capacity. It is notable that a biphasic
immune response has been reported with silica exposure. In a rat model two distinct phases
were noted in development of silicosis: in early stages, silica activates both humoral and
cellular immunity; however, in late phases no activated adaptive immune system effects
were observed.
The phagocytic activity of polymorphonuclear leukocytes and monocytes as well as
respiratory bursts of cells did not differ significantly between the exposed and control
groups. Similarly, the results of the natural killer cell assays indicated no significant
differences in cytotoxic activity of NK-cells between exposed and controls in the cohort
exposed to asbestos and rock wool (cytotoxicity assays were not done in the glass fiber
workers). Phenotypic analysis of peripheral blood leukocytes was performed to assess the
proportions of the main lymphocyte subsets. Flow cytometry analysis revealed significantly
decreased expression of markers CD16+56+ (natural killer cells) in exposed workers from the
glass fiber plant in comparison with the corresponding controls (Table 4). No significant
alterations between workers exposed to asbestos, rock wool and glass fibers exposed and
controls have been found in proportion of CD3+, CD4+, CD8+, CD19+ cells in peripheral
blood.
Table 4

Parameters

Asbestos

Rock Glass
wool Fibers

White blood cell count (x109/l)

*

Lymphocytes (%)
Basophils and eosinophils (%)
Neutrophils (%)
Lymphocyte count (x109/l)
Hematology

↑ **

Basophil and eosinophil count (x10 /l)

↑*

9

Neutrophil count (x109/l)
Erythrocyte count (x1012/l)
Hemoglobin (g/l), hematocrit (%)
Mean cell volume (fl)

*

Platelets (x109/l)

Function of lymphocytes

Proliferative activity of T-lymphocytes
stimulated with Concanavalin A – ConA (cpm)

↑*

↑ **

Index Con A

↑ **

↑ **

Proliferative activity of T-lymphocytes
stimulated with Phytohemagglutinin - PHA
(cpm)
Index PHA
Proliferative activity of T-dependent Blymphocytes stimulated with Pokewed mitogen
- PWM (cpm)
Index PWM

↑*
*

↑ **

↑ **
↑*
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Parameters

Asbestos
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Rock Glass
wool Fibers

Proliferative activity of T-lymphocytes
stimulated with CD3 antigen (cpm), Index CD3
Proliferative activity of lymphocytes
stimulated with Tetanus antigen - TET (cpm),
Index TET
Basal proliferative activity of lymphocytes
(cpm)
Function of phagocytes

↑ **

Phagocytic activity of monocytes and
granulocytes (%)
Respiratory burst of granulocytes (%)

Function of NK cells

not
done

Natural killer cell activity (%)
CD3+ – T-lymphocytes (%)
CD3+/HLA DR – activated T-cells (%)

CD4+ - T-helper lymphocytes (%)
Proportion of lymphocyte
CD8+ - T-cytotoxic lymphocytes (%)
subsets in peripheral
blood
CD16+56+ - Natural killer cells (%)

*

CD 19+ - B-lymphocytes (%)
CD25, CD81 – activated T-lymphocytes (%)
Expression of CD62L on lymphocytes (%)

↑ **

Expression of CD62L on granulocytes (%)

↑ ***

Adhesion molecules on
leukocytes

Expression of CD62L on monocytes (%)

↑ ***

Activation markers on
eosinophils

Expression of CD66b on eosinophils (%)

↑ ***

Expression of CD69 on eosinophils (%)

↑ ***

Soluble adhesion
molecules

Immunoglobulins

Expression of adhesion molecules CD11b,
CD11c, CD18, CD49d and CD54 – ICAM on
lymphocytes, granulocytes and monocytes (%)

E-Selectin (ng/ml)

↑ ***

Intercellular Adhesion Molecule - ICAM
(ng/ml)

↑*

Immunoglobulin A – IgA (mg/dl)

↑ **

Immunoglobulin E – IgE (U/ml)

↑ **

Proinflammatory
cytokines

↑ ***
↑*

Immunoglobulin G – IgG (mg/dl)
Immunoglobulin M - IgM (mg/dl)

Complement

↑*

 **

C3 and C4 Components of Complement
(mg/dl)
Interleukin 1 beta – IL1β (pg/ml)
Interleukin 6 – IL6 (pg/ml)

↑ **

Interleukin 8 - IL-8 (pg/ml)

↑ ***

↑ ***

* p<0.05; **p<0.01; ***p<0.001;  - decrease ↑ - increase in comparison with relevant control;

Table 4. Immune parameters measured in population study- humans occupationally
exposed to asbestos and two man-made mineral fibers (rock wool and glass fibers).

↑ ***
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The expression of adhesion molecules on blood leukocytes was analyzed using flow
cytometry. In workers from the former asbestos cement plant, expression of adhesion
molecule CD62L (L-selectin) on monocytes and granulocytes was significantly increased
(Table 4). Increased levels of soluble adhesion molecules ICAM-1 were found in sera from
the cohorts who worked with asbestos and rock wool (Table 4). The chi square test
confirmed a significantly increased proportion of people with high levels of soluble ICAM-1
(>306 ng/ml) not only among the asbestos cohort but also in glass fiber workers (asbestos
p<0.02, glass fibers p<0.03) compared with the controls. Exposure to glass fibers enhanced
the level of soluble E-selectin in workers’ sera (Table 4). Pathologically relevant increases in
the expression and function of adhesion molecules have been observed in humans with such
pulmonary disease/conditions as bronchial hyperreactivity, allergic rhinitis, idiopathic
pulmonary fibrosis or neoplasia.
Analysis of serum levels of proinflammatory cytokines revealed increased serum
concentrations of interleukin 6 (IL-6) in former asbestos workers. Significantly elevated
serum concentrations of IL-8 were found in workers exposed to all three types of fibers,
while no changes in IL-1β were recorded in exposed populations. Inflammatory cytokines
are rapidly induced and expressed early in a disease or injury process. They mediate and
modulate the healing processes but, if overexpressed, may exacerbate the severity of
a disease condition as well as give rise to oxidative stress. Up-regulation of IL-8 secretion
has been found in patients with fibrosing lung disease and, because IL-8 is the main
chemotactic and activation factor for neutrophils, secretion of IL-8 was associated with
neutrophil accumulation in the lower respiratory tract. Since the presence of neutrophils in
BAL fluid is frequently reported in humans with asbestosis changes in levels of
inflammatory cytokines were examined in the context of the present study.
Exposure to asbestos and rock wool was associated with significantly increased levels of
immunoglobulin E. The results of the analysis of expression of markers CD66b and CD69 on
eosinophils are summarized in Table 4, where it can be seen that workers from the former
asbestos cement plant and glass fiber factory had significantly elevated expression of marker
CD66b, while significantly increased expression of CD69 on eosinophils was found only in
asbestos workers. Immunoglobulin E is well known as being involved in the mechanisms of
development of allergic diseases. The observation of significantly increased levels of total
immunoglobulin E in asbestos workers is in agreement with published results of Rosenthal
et al., (1999) who concluded that asbestos appears to produce a hyperresponsive state, with
chronically exposed individuals manifesting an elevation in circulating immunoglobulins
(IgG, IgM, IgE). No data are available on populations occupationally exposed to rock wool
for comparison.

5. Biomarkers
5.1 Proliferative activity of lymphocytes (lymphocyte transformation test)
Lymphocytes are important cells of the adaptive immune response. T-cells are involved in
cell-mediated immunity whereas B-cells are primarily responsible for humoral immunity
(relating to antibodies). The function of T-cells and B-cells is to recognize specific “non-self”
antigens, during a process known as antigen presentation. Our study revealed high
sensitivity of T-lymphocyte response to exposure to mineral fibers. Meanwhile in workers
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exposed to asbestos, significant suppression of proliferative response of T-cells in vitro
stimulated with phytohemagglutinin was found, stimulative effect of rock wool and glass
fibers on activity of T-lymphocytes in peripheral blood of exposed population were
recorded. Our findings indicate that one of the immune targets of mineral fiber exposure
seems to be specific cellular immunity. Proliferative activity of lymphocytes might be a
sensitive indicator of immunomodulatory effects of mineral fibers; however the limitations
of use it as a biomarker of individual susceptibility are interindividual differences.
5.2 Phagocytic activity of leukocytes
Pulmonary macrophages are crucial cells in contact with mineral fibers and nanoparticles
representing the first line of defense in the lung alveoli. Expansion of macrophages in the
lung is a typical characteristic of that type of exposure in both humans and experimental
animals. Total macrophage numbers in the lung may increase by migration of blood
monocytes, local proliferation of the alveolar macrophages or induced generation of
chemotaxins (Rosenthal et al., 1998). Phagocytosis of asbestos fibers has been shown to be
accompanied by the activation of macrophages, which results in the generation of ROS as
well as a variety of chemical mediators and cytokines. These mediators amplify the local
inflammatory reaction. Persistence of asbestos fibers in the lung interstitium or in the subpleural connective tissue may lead to a sustained chronic inflammatory reaction
accompanied by fibrosis and proliferation of epithelial and mesenchymal cells (Branche,
2009). Surprisingly, in contrast to a marked suppressive effect of mineral fibers on the
activity of phagocytes observed in our animal studies, no dramatic influence was found in
worker populations. A statistically significant deterioration of phagocytic activity of
monocytes was observed only among smoking workers exposed to asbestos, in comparison
with exposed non-smokers (Tulinska et al., 2004).
5.3 Percentage of CD16+56+ cells (natural killer cells – NK cells) and cytotoxic activity
of NK cells
Natural killer cells (NK cells) are crucial members of innate immunity responsible for killing
of virus infected cells, overseeing of mutated or other way transformed cells and as a first
defense line toward cancer cells. They kill cells by releasing small cytoplasmic granules of
proteins called perforin and granzyme that cause the target cell to die by apoptosis
(programmed cell death). Several authors have reported increased numbers of circulating
NK cells and their reduced activity in asbestos exposed humans (Froom et al., 2000;
Rosenthal et al., 1999). The results from our study do not confirm these findings. Neither
asbestos cement nor rock wool workers were noted to have significant changes in NK-cell
activity or the percentage of cells with NK phenotype. However, significantly decreased
expression of marker CD16+56 was found in glass fiber-exposed workers in comparison
with controls. Although the effect was not dramatic, this observation suggests that exposed
workers need to be screened preventively for this marker. This finding is surprising because
glass fiber exposure has not as yet been connected with malignant tumors as has asbestos.
Synthetic vitreous fibers (that include insulation glass wool and continuous glass filament)
were reclassified by International Agency for Research on Cancer (IARC) commission from
category 2b (possibly carcinogenic to humans) to category 3 (not classifiable as to their
carcinogenicity to humans) in 2001 (Bernstein, 2007; IARC, 2002). Regardless, that in our study
population no significant differences in cytotoxic activity of natural killer cells were found
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between workers exposed to asbestos and rock wool and corresponding controls (assay in
glass fiber workers not done), the assay is considered an important member of a panel to
assess antitumor immunity in workers exposed to probable, possible or susceptible
carcinogens. We assume that both numbers and activity of NK cells are important in
individual health surveys of workers exposed to mineral fibers.
5.4 The phenotypical analysis of peripheral blood leukocytes
T-lymphocytes, CD3, CD4, CD8, HLA DR markers
Published data suggest that asbestos may affect immunocompetent cells such as CD4+
responder T-cells, CD4+ regulatory T-cells, Th17 T-cells, CD8+ cytotoxic T-cells (CTL) or
dendritic cells (DC). Continuous exposure to chrysotile produces a stronger Treg function,
at least with the capacity to produce soluble functional factors (i.e., IL-10 and TGF-β)
(Kumagai-Takei et al., 2011). Recent research indicates that asbestos is able to act as a
superantigen (Otsuki et al., 2007). The increased expression of T-cell receptor Vβ without a
clonal expansion of T-lymphocytes has been demonstrated after asbestos exposure. This is in
line with our results. We did not detect changes either in absolute or relative number of Tlymphocytes and activated T-lymphocytes in the asbestos exposed workers in comparison
to controls. Previous papers referred changes in Th/Ts ratio as well as decreased relative
and absolute number of circulating T-lymphocytes (Kagan et al., 1977; Tsang et al., 1988).
These parameters were without change also in case of rock wool or glass fiber exposure.
Expression of CD81 and CD25 on activated T-lymphocytes
In spite of inhibition of T-cell proliferation observed in the case of asbestos or stimulation in
case of glass fibers and rock wool we did not find changes in expression of early activation
markers CD81 and CD25 on CD4+ and CD8+ T-cells after PHA stimulation (data not
published). Their spontaneous stimulation was not damaged either. Chronic exposure to all
of three fibers had no effect on these tested parameters. Similar results were recorded by Wu
et al. (2000). The marker CD81 was not expressed on peripheral T-lymphocytes after in vitro
cultivation with chrysotile asbestos. Dysregulation and long-term T-cell activation can lead
to survival of self-recognizing cells, and consecutively to initiation of autoimmune
responses. We assume that synthetic mineral fibers do not impact the human organism in
the same manner as in the case of asbestos. The expression of T-cells activation markers was
not changed after glass fibers and rock wool exposure.
B- lymphocytes, CD19 marker, and immunoglobulins IgG, IgA, IgM, IgE
An increased number of B-cells have been reported in patients with asbestosis, fibrosis or
malignant diseases after asbestos exposure (Gaumer et al., 1981; Ozesmi et al., 1988). We did
not detect this change after asbestos, glass fiber or rock wool exposure. However, among
those with asbestos exposure we confirmed a hyperresponsive B-lymphocytes as seen by
Rosenthal et al., (1999) with increased levels of immunogloulins IgE and IgA. Exposure to
rock wool was also associated with increased IgE levels and in contrast with decreased
levels of IgM. Exposure to glass fibers did not affect these parameters. An elevation in serum
immunoglobulins (IgA, IgG, IgM, IgE) and mucosal (salivary) IgA and the presence of
autoantibodies, antinuclear antibody and rheumatoid factor is one of the most consistent
findings in individuals chronically exposed to asbestos (Doll, 1983). IgE is well known for
being a central regulator in the allergic reactions. The increased level of IgE and a higher
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production of proinflammatory interleukins, IL-6 and IL-8, suggest inflammation with a
shift from Th1 to Th2 immune response. Our findings correspond to other studies which
confirm a shift towards a Th2 mediated immune response in BAL fluid after asbestos
exposure (elevated levels of cytokines IL-1b, Il-4, Il-5, IL-6, Il-13) (Sabo-Attwood et al., 2005;
Shukla et al., 2007).
Activation markers on eosinophils
Eosinophils are known for their participation on allergic reactions. Pulmonary diseases as
asthma or allergic rhinitis are associated with elevated number of circulating eosinophils
(Venarske & deShazo, 2003). The expression of activation markers on eosinophils can
indicate a growing allergic status. Workers from the World Trade Center crash (with high
exposure to asbestos and synthetic mineral fibers) had enormously increased numbers of
eosinophils in BAL fluid but circulating eosinophils were not changed (Rom et al., 2002).
Also in our study, we did not detect increased number of peripheral blood eosinophils after
mineral fibers exposure, but we observed evidence of their activation. The expression of
CD69 and CD66b markers was associated primarily with asbestos exposure, and glass fibers
enhanced only CD66b. Rock wool did not have impact on these parameters.
Expression of adhesion molecules CD11b, CD11c, CD18, CD54, CD62L, and CD49d on
lymphocytes, monocytes and granulocytes
Transendothelial migration of leukocytes into tissues is a multistep process. Leukocytes
express adhesion molecules as mediators. We evaluated the expression of adhesion
molecules CD11b, CD11c, CD18, CD54, CD62L and CD49d on leucocytes and detected the
increased expression of L-selectin (CD62-L) on monocytes and granulocytes in workers
exposed to asbestos. Selectins mediate the rolling of leukocytes on the stimulated
endothelium. Increased numbers of alveolar macrophages in the lower human airways is a
typical finding after asbestos exposure (Rosenthal et al., 1999). Circulating monocytes
transmigrate to tissue in response to chemotactic factors and become tissue macrophages.
The over-expression of CD62L as well as IL-8, a chemotactic factor for neutrophils, may be
an important part of this process.
5.5 The assessment of soluble markers
Complement components C3 and C4
Sabo-Attwood et al., (2005) showed changes in the gene expression of C1 complement
component in a mouse model. The incubation of human plasma with asbestos fibers
induced production of C5a fragment of C5 component of complement (Governa et al., 2000).
We did not detect any changes of C3 and C4 complement components in human serum of
workers exposed to mineral fibers (data not published).
Interleukins IL-1β, IL-6, and IL-8
Asbestosis is accompanied by persistent inflammation and by production of mediators of
inflammation. Certain asbestos substitute fibers, e.g. wollastonite fibers are potential
angiogenic agents that can induce regenerative cytokine (IL-6, IL-8) and angiogenic factor
production (VEGF-A) resulting in the formation of new blood vessels (Carbonari et al.,
2011). Many in vitro studies showed that measurement of interleukin levels is equally
sensitive for testing of cell activation after air-transmitted particles exposure in vitro
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(Mitschik et al., 2008). In connection with asbestosis, there are cytokines, mainly IL-1β, IL6, IL-8, which appear to have a role in pathology of this disease (Mossman & Churg, 1998;
Tsuda et al., 1997). In spite of the fact that IL-1β is a proinflammatory cytokine required
for the synthesis of others cytokines (e.g. IL-8), we did not detect differences in exposed
groups in comparison to controls. Our findings were in accordance to observations of
Simeonova and Luster (Simeonova & Luster et al., 1996) who noted an enhancement of
IL-8 without IL-1β stimuli. IL-6 was previously known as a factor for B-cell
differentiation and immunoglobulin production. The increased level of IL-6 may be
associated with the increased IgE and IgA levels seen in asbestos exposed individuals.
Monitoring of IL-8 in peripheral blood could serve as an early and sensitive marker of
developing pulmonary inflammation in consequence of asbestos, glass fibers and rock
wool exposure. Across all three exposed groups we observed an increase of cytokine IL8. Despite the highly significant (p<0.001) differences in IL-8 between exposed workers
and human control subjects, these interleukin levels were still in normal reference
range.
Soluble adhesion molecules sICAM-1, sVCAM-1 and sE-selectin
The soluble adhesion molecules are products of activated endothelial cells. They are
known for their involvement in processes of inflammation. Ciebiada et al., (2011) declared
that concentrations of sICAM-1 are significantly higher in patients with asthma, and are
dependent on a seriousness of disease. Our observations of increased adhesion molecules
are in agreement with findings of Kristovich who stated that in the context of the
pulmonary microenvironment, TNF-α elaborated by particulate-laden alveolar monocytes
could act upon proximal septal capillary endothelial cells, inducing their expression of
endothelial leukocyte adhesion molecules ICAM-1, vascular cell adhesion molecule
(VCAM -1 and E-selectin (Kristovich et al., 2004). Based on this fact we can speculate that
levels of sICAM-1 corresponded with inflammation of the airways. Levels of sICAM-1
were increased in the asbestos exposed group. This was not surprising because asbestos
fibers are persistent and insoluble in the lungs and are known as causative factor of
inflammation. Although in the case of rock wool was a rather disturbing finding for a
reason of better elimination of these inhaled synthetic mineral fibers from organism.
Usually they have a high solubility and short-term durability in the airways. Among
others, there was a shorter duration and lower concentration of fiber in the case of rock
wool than asbestos exposure. We noted a statistically significantly higher elevation of
sICAM-1 levels in individuals exposed to rock wool compared to the group exposed to
asbestos. Glass fibers were not associated with differences in sICAM-1 levels. Adhesion
molecules seem to be a sensitive indicator of activation of the immune system and
inflammatory response in humans exposed to mineral fibers. Oxidative stress and
production of ROS is an important component of the multiple effects of asbestos on
human airways (Manning et al., 2002; van Helden et al., 2009). ROS modulate receptor
signals and immune responses under physiological conditions, but their overproduction
mediates endothelial damage through growth and migration of inflammatory cells, overexpression of inflammatory cytokines and adhesion molecules such as ICAM-1, VCAM-1,
and E-selectin (Urso et al., 2011). The elevated production of IL-8, sICAM-1 (rock wool
exposure) and sE-selectin (glass fibers exposure) signify immunotoxic effects of synthetic
fibers from the airways and increased production of ROS.
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6. Summary
This chapter addresses the effects of asbestos, man made mineral fibers (rock wool, glass
wool, ceramic fibers) and nickel oxide nanoparticles on the immune system using in vitro
model, animal model and molecular-epidemiological studies. Data from in vitro studies
contained results of experiments on alveolar macrophages (AM) and alveolar epithelial type
II cells (TII). Stone wool, refractory ceramic fibers (RCF), asbestos (crocidolite) and
wollastonite have been tested by lectin histochemistry. Stone wool caused moderate
membrane injury of AM and incomplete phagocytosis in a small fraction of AM. RCF
caused gaps and reduplicated changes in membranes of both cell types (high dose).
Wollastonite caused a decreased reaction in the membranes (high dose). After exposure to
the lowest dose of asbestos (crocidolite), the membranes of both cell types were fragmented
irregularly and frustrated phagocytosis could be found in AM. Analysis using transmission
electron microscopy found severe damage in the organelles and cell death of both cell types
exposed to crocidolite. No alterations were found after RCF or stone wool exposure.
Analysis of proinflammatory peptides showed that exposure to wollastonite did not change
production MCP-1 and MIP-1α in TII cells but in AM the production was significantly
enhanced. Different doses of stone wool enhanced production of both peptides in TII cells
and AM cells. Crocidolite evoked statistically significant dose dependent enhancement of
the production of MCP-1 in AM, for MIP-1α; and both cytokines in TII cells. Comparing the
results from different fibers on 2 various primary cell types the following differences are
clearly seen: crocidolite (asbestos) evoked the greatest changes, both morphologically and
functionally. Increased effects in wollastonite were seen when compared to stone wool. AM
cells are more sensitive to the fiber exposure than TII cells.
Intratracheal instillation studies in rat model
Four types of mineral fibers were administered intratracheally to rats. Four (4w) and 16
weeks (16w) later, immune parameters were examined. Amosite, wollastonite (4w) and
rock wool (16w) significantly decreased number of white blood cells; while opposite effect
of glass fibers was seen (4w). A consistent increase in percentage of neutrophils was
found in animals exposed to all fibers (4w) while decreased percentage of lymphocytes
was observed only in rock wool fiber-treated rats (4w). Analysis of lymphocyte subsets in
amosite exposed rats showed significantly increased percentage of T-lymphocytes (4w,
16w), mainly cytotoxic cells (4w) and decreased percentage of B-lymphocytes (4w). An
increased percentage of T-helper cells was seen in wollastonite group (4w). Exposure to
mineral fibers decreased expression of adhesion molecule CD54 (ICAM-1) on peripheral
blood leukocytes (amosite, glass fibers and rockwool; all 4w) and CD11b (glass fibers,
wollastonite; 4w). Although amosite (4w, 16w) seems to be most potent suppressor of Tand B-lymphocyte proliferation, especially in high-dosed animals, wollastonite (4w) and
rock wool (4w, 16w) also interfered with lymphocyte proliferation and suppressed the
response of T-lymphocytes. The opposite, stimulative, effect on proliferative capacity of Bcells was found in animals exposed to glass fibers (4w). A highly significant dosedependent suppression of phagocytic activity of neutrophils and monocytes was found
mainly in rock wool and glass fiber exposed animals (4w, 16w), but present also in
wollastonite and amosite group (4w).
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Inhalation studies in rat model - combined effect of mineral fibers and tobacco smoke on
inflammatory response and cytotoxicity
In rats administered with amosite, weak dose-dependence was seen in simple exposure to
fibers without smoking but inflammatory parameters were mostly changed in animals with
combined exposure to high dose of fibers and tobacco smoke. In case of wollastonite
exposure, no clear dose-dependence in changes of inflammatory parameters was recorded
in those administered with fibers alone and very weak in combined exposure groups (fibers
and tobacco smoke). Additionally, mild dose dependence of cytotoxic parameters changes
in groups without or with tobacco smoke was observed. Tobacco smoke alone induced
changes predominantly in inflammatory parameters; alterations in cytotoxic parameters
were not explicit.
Combined effect of mineral fibers and tobacco smoke on immune parameters
Inhalation of high dose of both fibers (amosite and wollastonite) resulted in a significantly
increased percentage of B-lymphocytes in peripheral blood of exposed rats. Except the
percentage the B-cells, the combined exposure to wollastonite and smoking caused a
significant, dose-dependent increase of cytotoxic cells, but total T-lympocytes were
decreased. Exposure to amosite and wollastonite increased expression of adhesion molecule
CD11b on peripheral blood leukocytes. The proliferative activity of T-lymphocytes and Tdependent B-cell response in animals exposed to amosite in simple or combined exposure
with smoking was mostly suppressed. The only exception was combined exposure to
amosite fibers and smoking resulting in significant increase of proliferative activity of Bcells. Enhanced proliferative reponse of T-cells was found in animals given high dose of
wollastonite. A marked suppressive effect of amosite and wollastonite on phagocytic
activity of leukocytes was observed. Moreover, decrease of phagocytosis was recorded in
combined exposure to wollastonite and cigarette smoke.
Assessment of immunotoxicity of ceramic fibers and NiO nanoparticles
Immunophenotypic analysis of leukocytes was examined only 6 months after exposure to
fibers and nanoparticles. Analysis revealed statistically significant decreased expression of
marker for T-lymphocyte subpopulations (CD4+, CD8+) in rats administered with ceramic
fibers. On the other hand, increased expression of CD4+ marker after combined exposure
was observed. Exposure to NiO nanoparticles significantly increased expression of MHC II
on leukocytes. A similar effect was found on expression of MHC II with combined exposure.
A significant decrease of proliferative activity of lymphocytes stimulated with all three
mitogens was found in animals exposed to ceramic fibers one month after exposure. To the
contrary, 6 months after exposure, opposite effect was seen. Moreover, significant increase
of basal proliferative response of spleen cells derived from rats was seen 1 month after
exposure to NiO nanoparticles alone and combined exposure to fibers and nanoparticles.
Combined exposure to nickel oxide nanoparticles manifested a significant increase of
proliferative activity of T-lymphocytes after stimulation with Con A. No alterations in
phagocytic activity and respiratory burst were shown one month after exposure of animals
to ceramic fibers and/or NiO nanoparticles. However 6 months after exposure, situation
was different. Exposure to NiO nanoparticles and combined exposure to ceramic fibers and
NiO nanoparticles caused significantly increased phagocytic activity of granulocytes, as well
as percentage of cells with respiratory burst.
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Molecular epidemiological studies in human population
In the context of a large-scale molecular epidemiology study, the possible
immunomodulatory effects of mineral fibers, in workers occupationally exposed to asbestos,
rockwool and glass fibers, were examined. Results of hematological evaluation shown
decreased white blood cell count and increased number of lymphocytes and (common)
eosinophil and basophil count in glass fiber exposed population. Our findings indicate that
exposure to all three types of fibers examined the modulation of immune response to a
different degrees. Suppression of T-cell immunity was found in the workers from a former
asbestos cement plant, while stimulation of T-cell response was observed in rockwool
workers. In addition to an elevated T- lymphocyte response, stimulated T-dependent B-cell
response and basal proliferative activity of lymphocytes was seen in workers from glass
fiber factory. Changes in lymphocyte subpopulation of CD 16+56 (natural killer cells) in
peripheral blood may indicate negative effects of glass fibers on natural cellular immunity.
No significant alterations between workers exposed to asbestos, rock wool and glass fibers
and controls were found in proportion of CD3+, CD4+, CD8+, CD19+ cells in peripheral
blood. Significantly increased serum levels of immunoglobulins IgA (asbestos), IgE
(asbestos, rockwool) and decreased levels of IgM (rockwool) were recorded in people
exposed to fibers. Increased levels of proinflammatory cytokines (IL-6 asbestos; IL-8 all three
fibers), expression of adhesion molecule L-selectin on granulocytes and monocytes
(asbestos), levels of soluble adhesion molecules in sera (ICAM-1 asbestos, rockwool; Eselectin glass fibers), increased levels of immunoglobulin E (asbestos and rockwool) and
elevated expression of activation markers on eosinophils (CD66b asbestos, glass fibers;
CD69 asbestos) may indicate hypersensitivity and an elevated inflammatory status in
workers exposed to mineral fibers.

7. Conclusions
With the increasing commercial needs for substitutes of asbestos fibers, a number of manmade and other naturally occurring mineral fibers will appear as a part of living and
occupational environments. Fibers discussed in this chapter can enter the human body
mainly via the lungs, significance of exposure through digestive tract is less clear. Asbestos
has long been recognized as a cause of both benign and malignant lung disease. Man made
mineral fibers, once inhaled and displaced to lung tissues, can cause respiratory diseases
related to inflammation and fibrosis. Skin diseases have been also reported. In reference to
nanoparticles besides the lung and digestive tract, penetration via the skin also occurs (Fig.
1). Knowledge from air pollution showing increased risk of cardiopulmonary, respiratory,
hypersensitivity disease and cancer requires specific assessments to be performed for newly
produced nanoparticles. The assays currently used to test the safety of materials might be
applicable to identify hazards of nanoparticles. Special attention is needed for nanoparticles
designed for drug delivery or food components.
To optimize risk assessment for immune system toxicity, it is still necessary to increase our
understanding of the underlying immunomodulatory mechanisms which cause negative
effects and the quantitative relationships between the immunological tests conducted in the
laboratory and manifestation of disease in human populations. There is no universal
"consequence of exposure", each type of immunotoxicant should be treated individually
when health risks are expected. As mentioned throughout this chapter, the immune system
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has been identified as a potential target organ for chemicals including particles and fibers.
The immune system plays a critical role in host defense from disease as well as in normal
homeostasis; thus identification of immunotoxic risk is important in the protection of
human, animal and wildlife health. Clear understanding of normal development of cellular
components of the immune system, the means by which they interact, and the known
parameters by which their structure and function can be modified is necessary for designing
investigations into how environmental agents may affect health through the immune
system.
A growth of knowledge in immunology and cell biology connected with an explosion in
methodologic and technologic capabilities is very promising for the science of
immunotoxicology. There are several challenges yet to be solved within the discipline of
immunotoxicology: (1) to improve traditional tests and establish a new tests, which reflect the
variety of potential impacts of immunotoxicity; (2) to identify valid, sensitive human
biomarkers of immunotoxicity; (3) to interpret minor, moderate, or significant immunotoxic
effects in animal models in relation to human risk assessment; (4) better integration of methods
of exposure assessment and immunotoxicological risk assessment, especially for simultaneous
exposure to multiple agents ; (5) to design better human studies to assess the impact on the
immune system in the species of the greatest interest in the context of risk assessment and (6)
the better understanding of the role of genetic predisposition and susceptibility in identifying
sensitive subpopulations to immune-altering agents (Kaminiski et al., 2008). These challenges
are not unique to immunotoxicology, but they are critical, and need to be addressed through
intensive and systematic efforts to improve human immune testing strategies.
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1. Introduction
As a pivotally cellular and molecular arms of circulating innate immune system,
polymorphonuclear cells (PMNs) are the most vital primary mobile phagocytes in the body
of mammals; their appropriate function is very essential to enhance animals’ and humans’
health performance. As the first type of innate immune cells arriving at the site of infection,
neutrophils play a key role in initiating an innate, inflammatory, and specific immune
responses; their importance for protection of organs in the body from pathogens has long
been a crucial concern (Burvenich et al., 1994; Paape et al., 1996; Reeves et al., 2002;
Burvenich et al., 2003; Mehrzad et al., 2004; 2005a; Letiember, et al., 2005; Liu et al., 2005;
Borregaard et al., 2007; Stevens, et al., 2011a; 2011b; Bruhn et al., 2011). The proof of vital
roles of neutrophils is that the neutropenic animals/humans are always highly susceptible
to many pathogens. Clearly, the complex phenomenon of PMN chemotaxis, diapedesis,
phagocytosis, and eventually microbicidal activity each contributes to the ability of PMN to
provide an effective first line defense for the body and organs like udder (Burvenich et al.,
2003; Mehrzad et al., 2000; 2001a; 2001b; 2002a; 2002b; 2004; 2005a; 2007; 2008a; 2008b; 2009;
Mayadas & Cullere, 2005; Borregaard et al., 2008). In this concept many powerful afferent
(sensing) and efferent (effector) arms of the neutrophils inside and outside of the cytoplasm
are involved; the most common arms are enzymes, granules, free radicals or reactive
oxygen species (ROS) and reactive nitrogen species (RNS) and in phagolysosome, into
which microbicidal agents are released, neutrophil extracellular traps (NETs), neutrophils’
membrane receptors like pattern recognition receptors (PRRs), opsonin receptors etc. that
sense, bind and efficiently kill invading microbes, destroy virulence factors, or prevent them
from spreading.
Oscillation and/or impairment of neutrophils’ functions, originating from the bone marrow,
is a peculiar feature during the physiological and environmental stresses; this impairment
might be cumulative upon diapedesis/extravasation of neutrophils (Mehrzad et al., 2001a;
2002a; 2005a, 2004; 2007; 2008a; 2008b; Van Oostveldt et al., 2002a; 2002b; Burvenich et al.,
2003). Generalised PMN impairment can be multifactorial, e.g. due to metabolic
(Suriyasathaporn et al., 1999) and hormonal (Gray et al., 1982; Alexandrova, 2009; Lai &
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Gallo, 2009) changes. The inevitable occurring of general and local immunocompromised
conditions in biologically pivotal organ, mammals’ udder, (Burvenich et al., 1994; Hoeben et
al., 2000a; Burvenich et al., 2003; Mehrzad et al., 2001a; 2004; 2005a; 2008a; 2009) leads to
udder infection and/or inflammation and breast disorders, affecting adult mammals,
especially high yielding dairy cows, thereby causing neonatal infections, critical public
health damage and economic losses to bovine, meat, dairy and food industries and overall
human food chains.
Most researchers see the immunocompromised condition in animals and human as a result
of neutrophils’ dysfunction; this neutrophils’ dysfunctional status can be cumulative upon
neutrophils’ influx into the udder (Mehrzad et al., 2001a; 2004; 2005a; 2008a; 2009). Despite
all progresses and advances in the efferent and afferent branches of molecular aspects of
neutrophils, the molecular basis of neutrophils interactions with other immune and nonimmune cells in the udder is incompletely understood.
This chapter presents the cellular and acellular branches of neutrophils-pathogens
interactions and factors affecting the effectiveness of particularly neutrophils’ efferent arms
of innate molecules in bovine. I chose bovine as a model to update our knowledge and to
incorporate new observations that broaden our understanding of 1) overall neutrophils’
involvement in innate immunity 2) how neutrophils engulf and kill invading pathogens and
3) how some key mechanisms of neutrophil’s oscillatory events occur in bovine model. I
discuss various aspects of bovine neutrophils that are absolutely relevant to their pivotal
roles in an efficient innate immune response against pathogens. Aspects such as cellular and
molecular innate immunity and host-pathogen interactions, biology, biochemistry and
biophysics of bovine neutrophils as well as immunotoxicology, especially environmental
immunotoxins (Mehrzad et al., 2011) and some nutritional immunology (Ibeagha et al.,
2009), applying basic techniques like luminometry and flow cytometry will be schematically
addressed to gain more insight into the static and dynamics branches of circulating and
post-diapedetic neutrophils' functions. Although it is hardly possible in this chapter to
address the breadth of information available on efferent arms of neutrophils in healthy and
diseased animals and humans, our readers are therefore referred to many more recent
detailed references of the many aspects of neutrophils in healthy and diseased hosts and
their impacts on udders’ health and performance as well.

2. Fine structure of neutrophils
As the primary and pivotal cells providing innate host defence against pathogens,
neutrophils are characterized by their multi-lobed or sometimes picnotic dark-bluish stained
nuclei (see figure 1) with the plenty of membrane receptors. The fine structure of bovine
PMN has been exclusively demonstrated in classic studies (Paape et al., 2002; Mehrzad et al.,
2001a; 2005b). The cell is delineated by a plasma membrane that has a number of
functionally important receptors. These include L-selectin and 2-integrin adhesion
molecules associated with the binding of PMN to endothelial cells that are important for
migration into sites of infection (Stevens et al., 2011a; 2011b; Pezeshki et al., 2011).
Membrane receptors for the Fc component of the IgG2 and IgM classes of immunoglobulins
and C3b are necessary for mediating effective phagocytosis of invading microbes (Paape et
al., 1996). Dying or apoptotic PMN express receptors that mark them for quick disposal by
macrophages.
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Fig. 1. Upper: Whole blood smear (left), immature neutrophil (arrow); milk neutrohils after
first step of centrifugation (right), which is almost indistinguishable, with the techniques
established in routine laboratories they can easily be distinguishable. A typical
phagocytosed microbes by milk neutrophils (far right); these engulfed microbes must be
destroyed effectively to limit infection. Lower: Isolated bovine blood neutrohils from
healthy animal (left), which is pure, and postdiapedetic udder (right) neutrohils (B, C and D)
macrophage (A) and lymphocyte (E).
The most prominent characteristic of the PMN is the multilobulated nucleus (see figures 1 and
2). The multilobulated nucleus is important because it allows the PMN to line up its nuclear
lobes in a thin line, permitting rapid migration between endothelial cells. Macrophages on the
other hand have a large horseshoe shaped nucleus that makes migration between endothelial
cells more difficult. Thus, the PMN is the first newly migrated phagocytic cell to arrive at an
infection site. Their surface microvilli are also pivotal for their functionality (see figures 2 and
3). Within the cytoplasm there are isles of glycogen that make up 20% of the cell on a dry
weight basis and numerous bactericidal granules that are used by the cell for bactericidal
activity. Generally, human neutrophils have two predominantly distinct granule populations;
azurophilic (primary) granules which are large and appear as electron dense granules on
electron microscopy, and specific (secondary) granules which are small and appear as light
staining granules on electron microscopy. Azurophilic granules are more abundant in
immature lineage of neutrophils than specific granules (Borregaard et al., 2007). Similarly,
bovine PMN contains azurophilic and specific granules (figure 2). They also contain a third
novel granule that is larger, denser and more numerous than the other two granules. These
granules contain lactoferrin, which is also found in secondary granules, but they do not
contain constituents common to azurophilic granules. Instead, they contain a group of highly
cationic proteins and are the exclusive store of powerful oxygen-independent bactericidal
compounds (Gennaro et al., 1983). The most important antibacterial mechanism derived from
azurophilic granules is the MPO-H2O2-halide system (Heyneman et al., 1990; Heyneman &
Burvenich, 1992; Mehrzad et al., 2001a; 2002a; 2009). MPO in the presence of hydrogen
peroxide (H2O2) and halide ions kills bacteria. The functionality of these ROS producing
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granules might be altered during physiological and pathological conditions of animals, and
should therefore be further investigated.

Fig. 2. Upper panel: upper: Isolated neutrophils from blood (left), in which the presence of
immature neutrophil (arrow) is distinguishable and post-diapedetic neutrophils in lactating
udder (right), in which phagocytosed bacteria (arrows) are visible. Lower: Scanning electron
micrograph of PMN isolated from blood (left) and milk (right). Protruding pseudopods
needed for phagocytosis in PMN, which is distinguishable in blood and post-diapedetic
neutrophils. The blood PMN has higher convulsed cell membrane that forms protruding
pseudopods. This might be due to phagocytosis of milk fat globules and casein miscelles.
Samples were taken from cows suffering from E. coli mastitis. Lower panel: (A) Scanning
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electron micrograph of a neutrohil isolated from post-diapedesis in udder. As a result of the
cell ingesting its membrane material during phagocytosis of milk fat globules and casein
miscelles, the neutrophils lost the protruding pseudopods required for phagocytosis
(×20,000). (B) Scanning electron micrograph of a neutrohil isolated from blood. It has a
highly convoluted cell membrane that forms protruding pseudopods (×15,000). Far right:
Scanning electron micrograph of a PMN isolated from milk with three Staphylococcus
aureus (arrows) are present on the surface of the neutrophil; the bacterium at lower left is
partially engulfed by a pseudopod (×20,000). Lower left, transmission electron micrograph
of bovine neutrophils isolated from blood. The neutrohil, which is limited by the plasma
membrane, contains portions of a multilobed nucleus (N1 to N4), glycogen granules (G),
specific granules (S), azurophilic granules (A), and large electron dense granules (D).
Azurophilic granules are stained more intensely than the specific and large electron dense
granules because the neutrophils were incubated with diaminobenzidine and hydrogen
peroxide. As a result, an electron-dense product, indicative of peroxidatic activity, has
formed in azurophilic granules (×22,000). Lower right, transmission electron micrograph of
bovine neutrophils isolated from lactating udder. Deposition of an electron-dense product
performed on neutrophils, which was not stained, electron dense product corresponds to
areas that are high in peroxidatic activity. These areas represent the azurophilic granules
and periphery (arrows) of phagolysosomes containing a milk fat globule. Nuclear lobes (N1,
N2), azurophilic granules (A), phagolysosome (PI), fat globule (FG) (×25,000). Partially
adapted from (Paape M., Mehrzad j., et al., 2002).

3. Movement of neutrophils from bone marrow to the mammary glands
The issue of life span, mechanomics and biophysics of this dynamically mobile cell,
neutrophil, is very pivotal issue in biomedical research. The neutrophilic PMN leukocytes of
the blood circulation are specialized terminally differenciated with a short life-span. All
blood and immune cells originate from a self-renewing small population of pluripotent stem
cells (CFU-S) that can replicate themselves, or can become committed to a particular
development pathway. Neutrophils are the major class of leukocytes in peripheral blood of
human and domestic animals. The circulation of a healthy human adult contains 4,50010,000 leucocytes/µl with approximately 60% or more being neutrophils (Nathan, 2006). A
healthy adult human produces ~1011 neutrophils each day each of which survives about 6-8
hours in the circulation. Almost similar pattern on leukocyte and neutrophils quantities
existed in bovine leukocyte and neutrophils (see e.g., Mehrzad et al., 2001a; 200ab; 2001c;
2002a; 2004; 2005a and plenty more). These vital circulating innate immune cells,
neutrophils, are formed through the multi-step process of granulopoiesis, from the colonyforming unit of granulocytes (CFU-G) through myeloblasts, promyelocytes, myelocytes,
metamyelocytes, and band cells. Precursor cells undergo substantial morphologic,
biochemical and functional changes during granulocytic maturation. These changes are
associated with significant changes in cell size and nuclear shape, and with the development
of stage-specific proteins essential for phagocytosis and microbial killing (Smit et al., 1996;
Van Merris et al., 2001a; 2001b; 2002; Burvenich et al., 2003; Mehrzad et al., 2001a; 2001c).
The efficiency of PMN against invading pathogens was previously shown to be highly
dependent on the rate of diapedesis into the infection site (Heyneman et al., 1990;
Heyneman & Burvenich, 1992; Mehrzad et al., 2001b; 2004; 2005a; 2005b) and on the ability
of these PMN to generate ROS (Heyneman & Burvenich, 1992) and Mehrzad et al., 2001a;
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Fig. 3. Upper panel: A schematic representation of the major contributing factors such as
some physiological conditions (lactation, parity or age and status of inflammation) to
microbicidal capacity of neutrophils in the blood and mammary gland, and the strong link
of these conditions to some key immunophysiological parameters of innate host defence in
bovine model. This interrelated link happens not only in the blood, but also in the bone
marrow, affecting on the most pivotal efferent branches of neutrophil functions in the
organs and body, thereby contributing to the outcome or severity of infection. Because
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neutrophils are the first cells recruited to the site of infection, their capacity and
functionality make this pivotal cell of the circulating innate immune system as one of the
cornerstones of the induction and shaping of adaptive immunity in body and organs.
Microbicidal activity of neutrophils occurs mainly intracellularly during phagocytosis, with
the contribution of many soluble and insoluble proteins, enzymes and ROS produced both
inside and outside of the neutrophils. Neutrophils are activated by a wide array of
compounds, such as inflammatory mediators, cytokines and ligands for many receptors like
pattern recognition receptors (PRRs) (e.g. via Toll-like receptors or TLRs). The activation
elicits classic neutrophil functions such as chemotaxis, adherence, ingestion and eventually
killing of phagocytosed microbes. Some mediators, cytokines, hormones and metabolites
suppress neutrophils’ functions throughout the body. Like blood PMN, post-diapedetic
PMN functional impairment occurs immediately around parturition; this is coincided with
oscillatory events in the cellular and molecular parts of post-diapedetic PMN like viability
and killing capacity in the udder. These impairments are more pronounced immediately
after parturition and beginning of lactogenesis, which is far more pronounced in older
animals. This diagram is based on the author’s own studies on bovine PMN functions (see
some references appeared in the reference section). The scheme observed in animal model of
innate immune system is a fundamental consideration in human, and many molecular
aspects of this diagram remains to be further studied in the area of innate immunology in
animals and human. Lower panel: Simple scheme of the complex blood-milk barrier
showing enterance of invading microbes, which is almost always ascendingly, via teat canal,
in the udder cisterna. When microbes enter the gland the triger of innate immune cells in the
gland, mainly macrophages and neutrophils, producing veriety of cytokines, chemokins and
plenty more immunogenic molecules, creating cell-cell signaling, activating epithelial and
endothelial cells, thereby resulting in a masive recruitment of neutrophils in the mammary
gland. When real professional phagocytes, neutrophils, reach the site of infection they
capture and ingest microbes by phagocytosis and eventually destroy the pathogenic
microbes with their microbicidal arsenal, mainly ROS and proteases and RNS (reactive
nitrogen species). This final step of first line defence mechanism is the main focus of the
future resaerch in the area of molecular immunobiology.
2001c; 2005a; 2005b; 2009). Although the immature neutrophils expressed already the
membrane adhesion molecule CD (cluster of differentiation) 11b, they were not capable of
rapidly migrating to the infected organs to efficiently ingest and kill the invading
pathogens. The impairment of ROS production was attributed to the absence of membranebound NADPH-oxidase activity, as myeloperoxidase was already present in the rare
azurophilic granules at the promyelocytic stage (Van Merris et al., 2002). Thus, when
maturation is impaired due to an increased proliferation rate, a higher number of immature
neutrophils will appear in the blood circulation. These findings support the hypothesis
postulated by (Heyneman & Burvenich, 1992; Mehrzad et al, 2001a; 2005a; 2005b; 2009)
namely that the presence of myelocytes, metamyelocytes and band cells (shift to the left)
observed during acute inflammation and sepsis may compromise the animals’ resistance by
supplying more cells that are morphologically immature and functionally insufficient. Van
Werven et al. (1997) and Mehrzad et al. (2001a; 2002a; 2004; 2005a; 2007) demonstrated that
the increase of neutrophil functionality was a result of increased enzyme activity per
neutrophil, rather than an increase of the number of neutrophils. Therefore, the enhanced
enzymatic activity in neutrophils after onset of infection/inflammation was believed to be
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induced by granulocyte-moncyte colony-stimulating factors (GM-CSF), reflecting an
increased proliferation and differentiation of bone marrow granulocytes (Heyneman et al.,
1990; Heyneman & Burvenich, 1992; Mehrzad et al., 2001a; 2001b; 2004; 2005a). It has been
postulated that myeloid stem cells leave the bone marrow almost by a pipeline mechanism,
the older cells being released first (Heyneman & Burvenich, et al., 1992). The molecular
mechanisms that control the release of mature PMN from the bone marrow into the
circulating pool and then extravasation are very complex and poorly understood (see
figures 3 and 4).
Neutrophils circulate in the blood until recruited to sites of infection by chemical signals.
This migration begins when neutrophils interact with activated endothelial cells.
Inflammatory cytokines like tumor necrosis factor-α (TNF-α), interleukin-1 (IL-1), and
interferon- (IFN-) produced by activated macrophages at sites of infection activate
endothelial cells and induce expression of receptors like E-selectin (CD62E) and P-selectin
(CD62P) and ligands like Sialyl-Lewis X on glycan-bearing cell adhesion molecule-1
(GlyCAM-1) and P-selectin glycoprotein ligand-1 [PSGL-1]) which interact with neutrophil
receptors like L-selectin (CD62L) (Diez-Fraille et al., 2004; Sohn et al., 2007a; 2007b ; Zarbock
A & Ley, 2008). Selectin-ligand interactions are of low affinity leading to only "rolling" and
slowing of neutrophils on the endothelial cell surface in post capillary venules to enable
stronger associations.

Fig. 4. This figure shows the overall disparities of neutrophils’ diapedesis rate, postdiapedetic neutrophil ROS production capacity and E. coli CFU dynamics in modertate and
severe responders of animal infection model; it is based on the study of the kinetics of
chemiluminescence and intramammary infection/inflammation (Mehrzad et al., 2001b,
2004; 2005a). Moderate responders’ neutrophils are functioning much more appropriately
than severs’. The fast increase in neutrophils’ diapedesis rate and post-diapedetic neutrophil
ROS production capacity during acute infection of mammary gland lags exponential growth
of E. coli in the gland. Compared with severe responders, the fast-strong local response in
moderate responders facilitated recovery of acute infection and inflammation. The bacterial
growth in the lactating udder is exceeded to the neutrophils’ diapedesis and ROS
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production rates in sever responders. This is very important and basic cellular part of innate
immunity of mammary gland. This different response is mainly due to the far stronger preinfection blood and post-daipedetic neutrophils’ functions, especially, ROS production as
well as the neutrophils’ ROS production during the “early phase” of
infection/inflammation. So, the capacity of PMN ROS production (especially intracellular)
and quality of pos-diapedetic neutrophils both before and during early infection, is crucial
for the severity of the diseases, and leads to a faster elimination of pathogens, becuae the
fast-strong local response in moderate responders facilitated recovery of
infection/inflammation.
Besides increased expression of selectins, TNF- α and IL-1 also enhance endothelial cell
expression of vascular cell adhesion moledule-1 (VCAM-1) and intracellular adhesion
molecule-1 (ICAM-1) and ICAM-2, which are ligands for the neutrophil integrins very late
antigen-4 (VLA-4) and leukocyte function antigen-1 (LFA-1 or CD11a/18 or αLβ2) and
macrophage-1 antigen (Mac-1, CD11b/18 or αmβ2), respectively. Interactions of neutrophils
with these molecules results in firm attachment to the endothelium, followed by their
activation, and spreading. Interactions of neutrophil receptors CXCR1 and CXCR2 down a
concentration gradient of their ligand chemokine CXCL8 result in transmigration of
neutrophils between endothelial cell spaces to the infectious site (Paulsson et al., 2010).
Neutrophil LFA-1-endothelial ICAM-1 and CD177-CD31 (platelet endothelial cell adhesion
molecule-1 [PECAM-1]) interactions facilitate this migration (Sachs et al., 2007).
A potential role of adhesion molecules like L-selectin in the release of neutrophils from the
bone marrow is very critical, because L-selectin is highly expressed on mature PMN in the
post-mitotic pool in the bone marrow and in the circulation (Diez-Fraile et al., 2004). The
process of granulopoiesis is strictly controlled by regulatory growth factors, comprising
cytokines and colony-stimulating factors, which have pleiotropic effects on proliferation,
differentiation and functional activation of precursor cells (Burvenich et al., 2003). Using an
optimised cell culture assay for the bovine (Smit et al., 1996; Van Merris et al., 2001a; 2001b),
it was demonstrated that physiological concentrations of -hydroxybutyric acid and
acetoacetic acid induced remarkable suppression on the proliferation of hematopoietic cells
(van Werven et al., 1997; Hoeben et al., 1999). Bovine pregnancy-associated glycoprotein
also reduced the proliferative activity of bovine progenitor cells (Hoeben et al., 1999).
Therefore, the neutrophil circulating pool is largely depending on the proliferative capacity
of the bone marrow. After having exerted their role in immune function, PMN die by
senescence (Mehrzad et al., 2001a; Van Merris et al., 2002; Burvenich et al., 2003). Aged PMN
undergo spontaneous apoptosis in the absence of pro-inflammatory agents prior to their
removal by macrophages (Paape et al., 2002; Burvenich et al., 2003), thus preventing the
release of their cytotoxic content. Inflammation and infection hugely increase the rate of
PMN production, shortening the maturation time, thereby leading to the release of
immature neutrophils in the circulation pool.
Advances in mammary gland immunology of recent decades have provided insights into
the mechanisms responsible for the defense of the mammary gland against infection. PMN
has a pivotal role in the protection of the gland from infections (Paape et al., 2002; Burvenich
et al., 2003; Mehrzad et al., 2001a; 2001b; 2001c; 2002; 2004; 2005a; 2005b; 2009). The life cycle
of the bovine PMN is short. Formed in the bone marrow, PMN require 10 to 14 days to
mature (Bainton et al., 1971; Burvenich et al., 2003). After maturation, PMN may be stored
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for a few additional days. Mature PMN leave the hematopoietic compartment of the bone
marrow and enters the vascular sinus by travelling in migration channels through
endothelial cells. Normally, mature neutrophils circulate in the blood stream briefly (halflife of ~9 hours), then leave the blood stream by diapedesis and enter tissues where they
function as strong phagocytes for 1 to 2 days. In healthy animals, production and
destruction of PMN is tightly regulated, which keeps their number in blood, milk, and tissue
almost constant (Heyneman et al., 1990; Heyneman & Burvenich, 1992; Paape et al., 2002;
Burvenich et al., 2003; Mehrzad et al., 2002a) and this is an essential element of their role in
the first line of immune defense. Continuous influx of PMN is orchestrated by the local
accumulation of chemotactic factors, which may be of endogenous or exogenous origin.
Examples of the former include complement derived factors (e.g., C5a), lipid-derived
mediators (e.g., leukotriene B4, platelet-activating factor or PAF) and tissue-derived
chemokines (in particular IL-8). The dynamic of PMN diapedesis through blood/milk
barrier helps to explain the observed PMN activity fluctuations in milk (Smits et al., 1999;
Mayadas & Cullere 2005; Pezeshki et al., 2011).
Transendothelial/epithelial concentrations of neutrophils is very critical to effectively kill
invading microbes (Li et al., 2002; Mehrzad et al., 2005a; 2005b). The issue of blood and postdiapedetic PMN functions and concentrations in different physiological and pathological
conditions remains the focus of most concern. Although the presence of strong chemotactic
factors in non-inflamed udder is the subject of debate, their presence in inflammatory
environment of udder and milk is indisputable (Manlongat et al., 1998; Rainard, 2002;
Stevens et al., 2011a; 2011b; Pezeshki et al., 2011). Most inflammatory chemoattractants are
only induced and released during acute infection. However, a restricted number of
chemoattractants can be constitutively present in normal plasma at high concentrations, e.g.
Regakine-1 (Struyf et al., 2001). During mastitis, inflammatory chemoattractants simply
guide PMN toward infection foci. Potent bovine PMN chemoattractants include C5a, an
active cleavage product of the C5 in the complement system, various lipopolysaccharides
(LPS), IL-1, IL-2 and IL-8 (Gray et al., 1982). These chemoattractants bind to specific
receptors on the PMN plasma membrane.
When the completely equipped neutrophils reach the site of infection/inflammation, they
with macrophages capture and ingest microbes by phagocytosis and destroy them with
their microbicidal arsenal. Neutrophils engage microorganisms through extracellular
membrane receptors like PRRs, e.g., TLRs, C-type lectins (mannose receptor), scavenger
receptors like CD36, Nod-like receptors (NLRs), and N-formyl Met-Leu-Phe (f- MLP)
receptors (Nathan., 2006; Diez-Fraille et al., 2004; Bellocchio et al., 2004; Sohn et al., 2007a;
2007b ; Zarbock A & Ley, 2008; Rainard, 2002; Stevens et al., 2011a; 2011b). Neutrophils also
bind to pathogens coated with various opsonins like IgG, complement components (e.g.
iC3b), and lectins. Activated neutrophils express the high affinity Fc-receptor, FcR1, which
binds to IgG-Fc of antibody-coated microbes, and β2 integrins on the neutrophil surface can
capture pathogens coated with the iC3b. Bound pathogens are then surrounded by
neutrophil membrane projections and engulfed in the cellular cytoplasm inside a
phagosome. The phagosome fuses with a lysosome to produce a phagolysosome where the
captured pathogens are destroyed.
One of the critically hottest topics in the molecular aspects of inflammation, infection and
sepsis in relation to neutrophils in animals and human would be the cross-talk between C5a
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and neutrophils’ surface receptors, e.g., C5a-C5aR, C5aR-TLR4 interactions. Normally, C5aR
is up-regulated in inflammatory environment (Bruhn et al., 2011; Stevens et al., 2011a;
2011b). There is considerable evidence for the participation of C5aR in the harmful
consequences of experimental infection, sepsis and cancer in human and animals. Therefore,
interception of either C5a or C5aR dramatically improves the exaggerated inflammatory
reactions which can be good direction to treat and remodel tissue injuries and damages.
This evidence would open a new door to the molecular aspects of controlling and treating of
inflammation, infection and sepsis. For example, in vivo blockade of C5aR resulted in greatly
improved survival of animals after sepsis. Similar phenamena could be observed and would
be applied for other key molecules like IL-1-IL-1R interactions as well as TLRs
antagonists/agonists in the inflammatory environment.
Extravasation of activated PMN occurs after their adhesion to the endothelial surface. This is
accomplished by the expression of specific membrane adhesion molecules. The essential role
of the CD11/CD18 family of adhesion molecules in bovine PMN-surface adhesion is welldocumented (Diez-Fraille et al., 2004). These molecules bind to ICAM-1, ICAM-2 and
endothelial leukocyte adhesion molecules (ELAM-1) on the endothelial surface. After
binding to these molecules, PMN leave the circulation and are ready to function at the
infection site. Down-regulated CD11/CD18 in circulating PMN can cause a harder and
slower PMN recruitment into the mammary gland (Burvenich et al., 2003; Diez-Fraille et al.,
2004). Inflammatory environment of the udder induces adherence of circulating PMN to the
endothelium by up-regulation of CD11b/CD18 (Diez-Fraille et al., 2004), of which activity is
crucial to bovine PMN diapedesis across the blood/milk barrier (Smits et al., 2000); in such
an environment, blood PMN number, and effective adhesion, migration, opsonization,
phagocytosis and killing are of crucial importance to the outcome of the infection and the
severity of the disease (Gray et al., 1982; Burvenich et al., 1999; 2003; Mehrzad et al., 2001a;
2001b; 2005a; 2005b; 2009). The impact of fast PMN diapedesis during udder
infection/inflammation on PMN quality and their ROS production capability could cause
dissimilarities between post-diapedetic PMN from inflamed and non-inflamed quarters
(Mehrzad et al., 2001b; 2005a; 2005b; 2009) (see later figures of this chapter). The underlying
cellular and molecular mechanisms of this disparity would be pivotal for further
investigation in the area of animals and human mammary gland immunobiology and
neoplasia.
The source of host and/or pathogen-derived cytokines in udder secretions and their impact
on udder PMN function has been a subject of investigation. There is evidence of cytokines
secretion by mammary macrophages and epithelial cells during both physiological and
pathological conditions of the gland (Boudjellab et al., 1998; Mehrzad et al., 2001b; 2004;
2005a; 2005b; Rainard, 2002; Stevens et al., 2011a; 2011b; Pezeshki et al., 2011). These
cytokines influence PMN function. For example, the IL-8 is involved in the recruitment of
PMN and T lymphocytes into the gland (Barber et al., 1999). Proinflammatory cytokines, like
TNF- , IL-1, and LPS suppress the gene expression of cytochrome P-450 1A1 (cyp1a1), by
activating the transcription nuclear factor B (NF-B) (Notebaert et al., 2005). PMN also play
a crucial role in the recruitment of other leukocytes such as CD4+ T lymphocyte and CD8+ T
lymphocyte to the inflammation sites (Mehrzad et al., 2008a; 2008b). From bone marrow to
the blood stream and the extravasation, the on time PMN influx to the site of inflammation
is important in limiting injury and promoting recovery of severe inflammation (Carey et al.,
1997; Mehrzad et al., 2001b; 2004; 2005a; 2005b).
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4. Location of microbicidal weaponry in circulating and post-diapedetic
neutrophils
Armed with an array of highly microbicidal weapons, such as enzymes that hydrolyze and
destroy proteins, lipids and sugars of pathogens, the weaponry is mainly stored in, at least,
three different kinds of granules in the cytoplasm as well as outside the cytoplasm.
Additionally, neutrophils have powerful systems for generation of large amounts of free
radicals or ROS. Microbial pathogens are taken up into an intracellular compartment, called
phagolysosome, into which microbicidal agents are released. There are also many new
forms of innate effector molecules like neutrophil extracellular traps (NETs), PRRs, opsonin
receptors and plenty more that sense, bind and efficiently kill invading microbes, destroy
virulence factors, or prevent them from spreading.
Following adherence of opsonized bacteria to surface receptors on the PMN, phagocytosis,
respiratory burst and degranulation are triggered. The process of opsonization, though not
essential for phagocytosis, certainly promotes the uptake of bacteria by PMN. The
phagocytosis process is energy-dependent and requires the presence of a functional
cytoskeleton. The cytoskeleton machinery, when sequentially activated following receptor
stimulation, is thought to envelope the microorganism in a “zipper mechanism” (Griffin et
al., 1975). Immunological recognition is mainly accomplished by specific antibodies (IgG2
and IgM) which recognize the bacterium through Fab-regions and bind to PMN via Fcreceptors on the PMN plasma membrane (Paape et al., 1996). There is a synergy between the
Fcγ and C3b receptors activity and neutrophils’ ROS production (Newman & Johnston,
1979).
Neutrophils produce several proteolytic enzymes that degrade and destroy microbes in the
phagolysosome. Two important proteases produced by neutrophils are the serine protease,
elastase, and cathepsin G (Reeves et al., 2002; Mehrzad et al., 2005b). More importantly,
neutrophils also destroy ingested microorganisms with ROS produced by the “phagocyte
oxidase system (phox),” or “NADPH oxidase or NOX,” which reduces molecular oxygen
into ROS in the phagolysosome (Mehrzad et al., 2001a; 2001c; 2005a; Reeves et al., 2002).
NOX pumps electrons from the oxidation of NADPH to NADP in the neutrophil cytosol,
across the phagolysosome membrane via flavocytochrome b558 (the core component of
phox) and onto molecular oxygen (O2) in the phagolysosome reducing it to superoxide
anion (O2.-), and cascade reaction of respiratory burst starts. NOX activity and K+ flux are
important for provision of acidic pH in the phagolysosome for effective killing of engulfed
microbes (Reeves et al., 2002). Normally, during intracellular killing pH of the
phagolysosome (initially neutral) rapidly drops to ~4 within <10 min; this change in pH is
very important for killing of engulfed microbes, because many enzymes and peptides
necessary for microbicidal are activated at acidic pH.
After a complicated cascade of release of biological substances and activation of the
endothelium, neutrophils migrate into the mammary gland and finally also appear in the
fluid of the lactiferous sinus (Burvenich et al., 1994; 2003). Although several antimicrobial
systems exist in the mammary gland (Burvenich et al., 1994; Paape et al., 1996; 2002), but, it
is the massive influx of neutrophils that will resolve the infection through efficiently killing
of the invading bacteria (Mehrzad et al., 2001b; 2005a; 2005b; Burvenich et al., 2003; Paape et
al., 2002). Diapedesis will also affect binding of immunoglobulins to the PMN surface. An
increased expression of Fc receptors and phagocytosis happens after in vitro migration of
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bovine PMN through membranes (Berning et al., 1993; and Worku et al., 1994). After in vivo
migration of PMN into mammary quarters of nulliparous heifers, binding of IgG1 and IgG2
increased while binding of IgM decreased. Binding of IgA remained unchanged. The
greatest change occurred with the binding of IgM. Seventy-six percent of the blood PMN
bound IgM, whereas only 2% of the post-diapedetic PMN bound IgM. Interestingly,
phagocytic activity of PMN increased after in vitro chemotaxis but not after in vivo
chemotaxis of neutrophils. Activation of complement also promotes chemotaxis,
extravasation, phagocytosis and killing capacities. The C3b and iC3b, generated on the
surface of bacteria following antibody union, are recognized respectively by CR1 and CR3
receptors located on the PMN cell membrane. The type of bacteria also affects bovine PMN
bactericidal capacity. For example, slime-producing Staphylococcus aureus hampers the
killing capacity of PMN (Barrio et al., 2000; Mehrzad et al., 2009). The specific interactions
between extracellular matrix proteins of Staphylococcus aureus and ICAM-1 inhibits further
PMN recruitment, boosting anti-inflammatory reactions (Chavakis et al., 2002). This might
be counterproductive for the killing activity of PMN. During migration of PMN into milk in
response to infection increased binding of C3b was observed (DiCarlo et al., 1996). Thus,
PMN are fully armed to confront invading bacteria, resulting in a more rapid ingestion and
elimination of the pathogens. Once complement and immunoglobulins bind to receptors on
the PMN surface, PMN become activated and generate ROS, such as O2.-, H2O2 and halogen
reactive species. This process associated with the respiratory burst is called the “oxygendependent” or “oxidative” killing, and that associated with neutrophil granules is also
called “oxygen-dependent”, but “non-oxidative” killing. Killing classified on the basis of
these criteria has been explicitly addressed (e.g., Root & Cohen, 1981; Babior, 1984;
Spitznagel & Shafer, 1985; Babior, 1994; Reeves et al., 2002; Mehrzad et al., 2001c; 2009;
2011). The pivotal role of ROS in all further events for killing of engulfed microbes by
neutrophils is therefore indisputable.
ROS formed by neutrophils are critical microbicidal agents against infection as evidenced by
individuals afflicted with Chronic Granulomatous Disease (CGD). Patients with CGD have
mutations in key elements of NOX and are profoundly susceptible to bacterial and fungal
infections (Heyworth et al., 2003), though this kind of mutation has not been observed in
bovine. In addition, a number of proteolytic enzymes including elastase, cathepsin G,
myeloperoxidase, gelatinase, and others contained in the azurophilic and specific granules
fuse with the phagolysosome and also contribute to the intracellular killing of microbes and
degradation of its contents.
Intracellular killing of phagocytosed microorganisms is accomplished by following
adherence to the PMN surface, usually, but not necessarily, via specific receptors (Horwitz
et al., 1982). Three different mechanisms are involved for intracellular bacterial destruction:
1) an oxygen-dependent mechanism (production of ROS), 2) a nitrogen dependent
mechanism (RNS especially nitrogen oxide (NO) derived from L-arginine) and 3) an
oxygen-and nitrogen-independent microbicidal mechanism e.g., lyzozyme, lactoferrin,
proteases, pH changes and even neutrophil extracellular traps (NETs). Because of their
essentiality for killing, here my prime focus is the oxygen-dependent microbicidal
mechanisms and how these mechanisms are generated in neutrophils to efficiently destroy
pathogens. Though not predominantly, pathogens are trapped and killed extracellularly,
e.g., NETs, as well. Impaired neutrophil NETs formation would be considered as a novel
innate immune deficiency of animals and human; the NETs are lattices of DNA, histones,
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granule enzymes, and antimicrobial proteins that are released by the PMNs in parallel with
extrusion of nuclear material. It has been found that defect in NETs formation in neutrophils
is substantially rescued by the ROS generation, confirming the broadly essential roles of
ROS in NETs-related killing of pathogen. Similarly, NETs-related killing of pathogens and
NETs formation occurs via pathways involving both ROS and RNS (Allport et al., 2002).
Thus, ROS generation is always the most pivotal and prerequisite for all further events for
efficient killing of invading microbes.
Baldridge and Gerard (1933) first reported that an increase in oxygen consumption by
neutrophils takes place when phagocytosis is triggered. ROS generated by reductionoxidation (redox) reactions, have been recognized as one of the major contributors to the
killing of pathogens. This phenomenon is accompanied by an increase in oxygen
consumption and the hexose monophosphate shunt (HMPS) activity by PMN and has been
termed the “respiratory” burst. The oxygen molecule is central for PMN respiratory burst
activity (Allen et al., 1972; Babior, 1984; 1994; Reeves et al., 2002); its importance in
microbicidal activity of PMN was highlighted by the inefficient PMN bactericidal activity in
anaerobic conditions (Mandell, 1974). One example: for each molecule of O2 consumed 4 O2.ions are generated; roughly 0.5 fmol of O2 is consumed for each bacterium engulfed,
resulting in an intravacuolar O2.- release of about 4 mol.l-1 (Reeves et al., 2002). Though still
remains inconclusive, the application of ozone gass (O3) would be further examined in
domestic animals for treatment of infections such as mastitis, metritis, arthritis, cancer and
increase many cell signaling pathways for tissue remodeling and repair; because it boosts
milk PMN ROS production capacity (Ogata & Nagahata, 2000), cleaning pathogen/damageassociated molecular patterns PAMPs/DAMPs from inflamed site (Lai & Gallo., 2009;
Alexandrova, 2009).
As shown in figure 5, the first step in the cascade of respiratory burst is the formation of O2-,
requiring NOX, of which substrate (NADPH) is generated by HMPS to act as an electron
donor (Rossi and Zatti, 1964; Babior, 1984; Rossi, 1986).
2 O2 + NADPH  2O2.- + NADP+ + H+
Different stimuli (e.g., complement components, immunoglobulin, formyl-methionyl-leucylphenylalanine (fMLP), phorbol myristate acetate (PMA) and bacterial peptides) act via
different specific receptors and thus have various signal transduction mechanisms to
activate the NOX. Extensive research into activation by PMA has followed the identification
of protein kinase-c (PK-C) as its cytosolic receptor (Nishizuka, 1984). PMA is a strong
NADPH-oxidase and PK-C agonist (Tauber, 1987, Karlsson et al., 2000). Particulate stimuli
may also act indirectly via PK-C (Cooke & Hallett, 1985) or via other intermediates such as
arachidonic acid and its metabolites and phospholipase-A2 (Tauber, 1987). The next step is
the formation of H2O2 by dismutation of O2.-, which is mediated by superoxide dismutase
(SOD):
2 O2.- + 2H+  H2O2+ O2
The O2- and H2O2, generated by NADPH-oxidase and SOD, are the precursors of variety of
subsequent powerful ROS. Included among these ROS are a variety of oxidized halogens,
including hypohalite ions or HOX (Thomas & Fishman, 1986; Weiss et al., 1986) and a
variety of chloramines (Thomas et al., 1982) used by PMN as microbicidal agents. These are
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Fig. 5. Upper panel: Diagram depicting the major enzymatic systems responsible for
microbicidal metabolism and oxygenation activities and the relationship of these activities to
photon emission. In the scheme the activities of the cytoplasmic milieu are separated from
those of the phagosome-phagolysosome-extracellular milieu. The superscripted number that
precedes each molecular symbol (e.i., 1for singlet, 2for doublet, and 3for triplet multiplicity)
depicts the equation:2s + 1 = multiplicity (n). The diagram adapted from (Allen et al.,
2000). Lower panel: Brief scheme of ROS production process by neutrophils during
phagocytosis of bacteria. As shown the cell membrane of the neutrophils and bacteria (red).
This is non-specefic phagocytosis of bacteria. The bacteria are engulfed by the neutrophils
and form phagosome and fussion of phagosome to lysosome and then detialed
phagolysosome is highlighted on the scheme. Activation of NADPH-oxidase (NOX) is the
triger of neutrophil ROS production, the most fundametally powerful efferent arms of the
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innate immune system .When bacteria are attached to the cell membrane ROS production
starts and this continues when the pathogen are engulfed. Before engulfment most ROS are
produced extracellularly, but afterwards it is produced intracellularly, both of which are
pivotal for continuation of innate immune response against pathogens. This is a
fundamental concept in the area of ROS-mediated phagocytosis and killing of microbes, in
which NOX and MPO are central in this pathway; this is an interestingly big subjetc in
innate immunophysiology. These ROS can be measured by chemiluminescence (CL) and
this is the main technique that was highlighted in this chapter of the book. To conduct an
assay on one of the pivotal efferent arms of neutrophils microbicidal capacity (light or
photon produced by ROS), the pure neutrophils are activated artificially with phagocytosisdependent (latex beads, bacteria etc.) or non-phagocytosis-dependent (PMA...) methods.
Researchers routinly use photon enhancer like luminol, isoluminol, lucigenin and plenty
more. The metabolites of, e.g., luminol (aminophtalate) is very unstable and can easily and
immediately be oxidized by hydrogen peroxide-MPO-halide system and gain to the
relaxation state and emit light. This light, which is unequivocal representative of PMN ROS
production load, can be easily and precisely quatified by CL assay. The two units, which
luminometer gives, are the ROS production in function of time.
generated by the H2O2-mediated oxidation of halide ions under catalysis by MPO or
eosinophil peroxidase (EPO) and the subsequent oxidation of amines:
H2O2 + X-  HOX + OH- (X = Cl-, Br-, I-)
HOX + R-NH-R  R-NX-R + H2O
Though not as crucial as PMN in infection and inflammation, the activity of compound I of
EPO to react with H2O2 is similar to that of MPO but with substrates like Cl-, however, it is
far higher, yielding more HOX (Arnhold et al., 2001; Mehrzad et al., 2001a, 2005a; 2009;
20011).
Another group of ROS that are produced from O2.- are the hydroxyl radicals (OH°)
generated in a transition metals (Fe or Cu) catalyzed reaction between O2.- and a
hydroxyperoxide (a well-known Haber-Weiss reaction, if R = H):
O2.- + ROOH  RO + OH- + H2O2

(R = H, -C, C(=O))

or in a reaction between previously generated oxidizing radical and another compound:
OH° + RH  R°+ H2O
Eventually, singlet oxygen (1O2) has been found to be produced by neutrophils, and
eosinophils (see e.g., Root & Cohen, 1981; Allen et al., 2000), possibly through a reaction
between hypohalyte and H2O2:
HOX + H2O2  1O2 + X- + H2O
It is evident that the production of large quantities of ROS with a cascade of reactions will
provide an environment that is destructive for any microorganims exposed to it, but it is
also harmful to the nearby tissues. That is to say that ROS represent a “double-aged sword”.
Alternatively, ROS also enhance the activity of natural killer cell, T cell and dendritic cells
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(DCs), neutralization of PAMPs and proinflammatory cytokines (Suthanthiran et al., 1984;
Cemerski et al., 2002; Reth, 2002; Mehrzad et al., 2008a; 2008b; Lai & Gallo, 2009;
Alexandrova, 2009), indicating that PMN ROS may not only damage cells and tissues but
may also accelerate recovery of inflammation. The above reactions are tightly regulated so
that the PMN releases its ROS under appropriate circumstances, depending on the
physiological and pathological conditions of animals. What is not yet clear is whether there
is a transient PMN ROS production change during physiopathological conditions, and if so,
whether this change is or is not beneficial for animals and humans.
Neutrophils are capable of producing a range of ROS following activation of the membrane
bound NOX. It is also generally agreed that ROS boost oxygen-independent microbicidal
activity, like proteases (Reeves et al., 2002; Mehrzad et al., 2004; 2005a; 2009; 20011).
Antimicrobial peptides especially proteases in the udder which is mainly released by
neutrophils (Mehrzad et al., 2005b), will potentially promote angiogenesis, activation of
macrophages, neutralization of PAMPs and pro-inflammatory cytokines, initiation of T-cell
recruitment (Mehrzad et al., 2008a; 2008b) and immature (i)DCs and block of TLRs on iDCs
(Lai & Gallo, 2009). Root and Cohen (1981) have suggested several possible direct sites of
action for ROS, related to their microbicidal activity; these include: 1) unsaturated carbon
bounds that may lead to toxic lipid peroxidation, 2) sulphydryl groups that lead to the
destruction of sulphydryl containing enzymes, 3) amino group and possible peptide bound
breakage and 4) nucleic acids. In vitro studies with O2.- generating systems in neutrophils
such as xanthine oxidase (Rosen & Klebanoff, 1976) suggests that O2.- are far more toxic to
bacteria if they operate in MPO H2O2-halide system (Reeves et al., 2002; Mehrzad et al.,
2001a; 2001b; 2005a; 2009; 2011), which leads to the production of powerful chlorinated
oxidising agents such as ClO- which have a microbicidal effect by halogenating microbial
proteins (see figure 5). Although the microbicidal mechanisms of neutrophils is very hugely
broad and complex, but there are plenty mechanisms by which microbes evade and
overcome the host's phagocytosis and killing mechanisms to succeed infections in the udder,
like avoiding contact with phagocytes and inaccessible to phagocytes, inhibition of
inflammatory responses and phagocyte chemotaxis and engulfment, even survival inside of
phagocytes.

5. Techniques for neutrophils’ ROS quantification versus their quality in the
mammary gland
ROS production capacity of neutrophils is the most powerful efferent arms of the innate
immune systems in blood stream and interstitial fluid for provision of further cascade of
effective innate and adaptive immune responses. Several techniques of PMN ROS
quantification are frequently applied. For example, the cytochrome c reduction test, flow
cytometry method (Salgar et al., 1991), the scopoletine test (Root & Cohen, 1981) and
chemiluminescence (CL) assay (Allen et al., 1972; Hoeben et al., 2000a; Mehrzad et al., 2000;
2001b; 2001c; 2002; 2004; 2005a; 2009; 20011). Also plenty laboratory kits available for precise
neutrophils’ functional tests both for genomics, proteomics and mechanomics related to the
ROS production. The most widely used technique to quantify neutrophils’ ROS production
is CL (Mehrzad et al., 2000; 2001a; 2001b; 2002a; 2002b; 2004; 2005; 2009). As phagocytosisinduced and/or non-induced CL reflects intracellular and extracellular oxidation-reduction
reactions (Mehrzad et al., 2001a; 2005a; 2009), changes might offer some evidence about the
animals’/humans’ susceptibility to infections.
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Whereas many differential leukocyte count methods for blood leukocytes are available,
study on the qualitative role of milk leukocytes in healthy and diseased animals and human
is rare. The milk leukocytes differentiation also appears difficult. In addition, little attention
has been paid to the standardization of particularly sample preparation procedures. To
unequivocally evaluate PMN functional assays (from genomics to proteomics, mechanomics
and metabolomics) appropriate isolation, differentiation and quantification of neutrophils in
original or purified samples are essential. This is more special for neutrophils in noninflammatory environment of milk/udder; not merely because a variety of cells e.g., PMN,
macrophages, lymphocytes and epithelial cells, are existed but because their shapes, size
and population could differ, compared to the blood. Milk sample processing varies from the
use of centrifuged whole milk samples to dilution with a hypotonic buffer (Mehrzad et al.,
2000; 2001a; 2001b; 2001c; 2002a; 2004; 2005a; 2009). Without microscopic confirmation, flow
cytometric identification of milk cells based on forward and side scatter is inconclusive
because phagocytosis of milk components may alter both size and intracellular granularity.
Cellular debris may also interfere with the scatter pattern of normal milk cells. Even for
blood leukocytes, their shapes and population changed significantly during mastitis. All of
these changes could interfere with the assessment of PMN function. Therefore, developing
an isolation, differentiation and enumeration of leukocytes in blood and milk in the
laboratory to better assess PMN function is always critical. Nowadays, the problem of breast
cancer in human is rising substantially, and particularly deep focus on the cellular and
molecular aspects of interstitial fluid of mammary gland is urgently needed.
A functional udder immune system depends on the existence of high quality neutrophils in
the interstitial fluid of mammary gland and/or milk, protecting the gland against invading
pathogens (Burvenich et al., 1994; 2003; Mehrzad et al 2001a; 2001b; 2001c; 2002; 2005a;
2005b; 2009; 2011). Investigation on PMN viability can provide suitable information about
PMN quality and tissue damage. This is more special for milk PMN, which migrate to the
apparently unsuitable environment. PMN life span might be affected by many physiological
and pathological factors in the gland. Many cellular and acellular signaling pathways are
available in blood and mammary tissue for the modulation or inhibition of PMN survival.
Till now, little attention has been paid on the neutrophils viability in the interstitial fluid of
mammary gland/milk. Accordingly, the contribution of neutrophil enzymes (e.g., activity of
NOX, MPO etc.) to the viability is critical (Mayer et al., 1989; Jankowski et al., 2002). This
supports the assumption of the existence of a good correlation between PMN viability and
CL. To obtain a better insight into the effects of (patho)physiology of mammary gland on
non-specific defense mechanisms of the udder, assessment of viability of blood and milk
PMN can be pivotal. Milk PMN viability assessment could also be an index for the detection
of inflammation of the mammary gland.
To overcome any problem and to simplify PMN functional assay, researchers, who wants to
work on this area in animals/human breast physioimmunology, should properly isolate
targeted cells from blood and mammary gland for quantitative and qualitative assays (see
figures 1-2 and 6); there are plenty references in these topics, and some appeared in the
reference list. CL simplifies PMN ROS production measurement, and is a relatively recent
technique. Application of CL technique to study PMN function helps to gain more insight
into first line of immune defense mechanisms and the pathophysiology of physiological and
environmental stresses-related infections and/or inflammations. For CL quantification, we
need viable PMN, a PMN activator (e.g. PMA, fMLP, particles, etc.) and a CL substrate (e.g.,
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Fig. 6. Upper left: Light microscopic image of PMN (middle), a macrophage (A) and a
lymphocyte (B) isolated from non-inflamed lactating udder stained with benzidine
dihydrochloride plus H2O2 and counterstained with hematoxilin-eosin ( 1000). Because
MPO is central to intracellular ROS-associated microbicidal and luminol dependent CL, the
contribution of other cells especially macrophages on CL and MPO activity assays should
also be considered. Bovine milk macrophages has no MPO activity in our assay, and in case
of having mixed cells in the samples their contribution to the CL assay is little. Conversely,
bovine post-diapedetic neutrophils has huge MPO activity, and they are main source of CL
assay of milk cells. Flow cytometric analysis of isolated bovine milk neutrophils gated in the
FS-SS dot plot (upper right). Green fluorescence of PMN labeled with a monoclonal
antibody specific against bovine granulocytes and with a secondary FITC-labeled antibody
(middle left). Red fluorescence of propidium iodide-incubated PMN selectively gated in the
FS-SS dot plot; gate M1 is applied to determine the percentage of dead PMN (for the
quantification of viability/quality of post-diapedetic neutrophils) (middle right). Lower
panel shows correlation between PMA induced luminol-dependent CL (LDCL) of blood
neutrophils (a) and post-diapedetic neutrophils in lactating udder (b) and their effectiveness
towards killing of S. aureus. E: early lactogenesis period; L, M: late and mid lactogenesis
periods, respectively. Partially adapted from (Mehrzad et al., 2001a; 2001c).
luminol, isoluminol, lucigenin etc). Luminol-dependent CL has been described as an
appropriate probe for assessment of blood and milk PMN ROS production (Briheim et al.,
1984). The PMN metabolic pathways responsible for O2-dependent bactericidal activity and
CL assays are depicted schematically in figure 5.
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A flow cytometric technique has also been used to detect ROS production, necrosis,
apoptosis and many immunological assays on bovine blood and interstitial fluid
neutrophils (Mehrzad et al., 2001a; 2001b; 2001c; Dosogne et al., 2002; Vangroenweghe et
al., 2001; Van Oostveldt et al., 2001; 2002a; 2002b Mehrzad et al., 2002; 2004; 2005a; 2009;
2011) applying propidium iodide (PI) exclusion method, Anexi V and JC-1 solution (5,5',6,6'tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide) (Merhzad et al., 2001a;
2001b; 2001c; 2011; Van Oostveldt et al., 2002a; 2002b) (figures 6). Although many
immunological assays can be done with flow cytometry, the assay of neutrophils’ ROS
production with flow cytometry has revealed some challenging results, compared to
luminometry technique; also, with the flow cytometry it is hardly possible to measure the
kinetics and the dynamics of the neutrophil-pathogen interaction ‘during’ neutrophilpathogen interaction.
Methodological studies reveal a very well correlation between PMN viability and CL
activity and killing capacities. Isolated blood and milk PMN can appropriately be
identifiable on FS-SS dot plot (see figures 5, 6). Flow cytometry is an accurate and
reproducible technique for the rapid quantification of PMN apoptosis and necrosis in
physiological and pathological conditions of animals and human (figure 6). This can
effectively facilitate further PMN functional assay, hence boosting insight into the first line
defense mechanism of the host.

6. Lipopolysaccharide, TLR4, TNF- and NO levels in inflammatory
environment of the mammary gland
The compound of the bacterial outer membrane, peptidoglycan monomers and
lipopolysaccharide (LPS) or endotoxins, are unique to all Gram-negative bacterial cell walls.
In the case of Gram negative bacteria, the principal stimulator of the innate immune system
is the LPS; this LPS evokes several functional responses in these short-lived, bone marrow
myeloid-derived cells, neutrophils, to the site of inflammation or infection.
The PRRs are the main sensors of pathogens and danger signals in innate immunity.
Though they are mainly highly expressed by macrophages and DCs of different organs,
neutrophils also highly express these sensor molecules inside and outside their surface. Toll
like receptors/proteins, homologues of the Drosophila protein Toll, are the most studied and
best characterized PPRs, which are responsible for sensing PAMPs and also products of
inflamed tissues, DAMPs. TLRs activation triggers signaling pathways that lead to
activation of transcription factors such as NF-κB and the interferon regulatory factors. This,
in turn, leads to induction of immune and inflammatory genes, including such important
cytokines as TNF-α and type I interferons. The contribution of PRRs to inflammation
induced by microbial infection, tissue damage and cancer are a hot topic in immunology,
immunopathology and immunotherapy. Much evidence points to the role for PRRs and
especially TLRs in immune and inflammatory diseases and increasingly in cancer detection
and therapy (Bellocchio et al., 2004; Simons et al., 2008). For example, cancerous cell lines are
one of the best models to study the biological roles of PRRs in cancer and tumor biology.
Role of neutrophils on those points remained deeply unnoticed. Study also reports how,
e.g., TLR2 expression by endothelia is locally upregulated by the action of activated
neutrophils via an unprecedented mechanism involving cell-cell interaction and NOX,
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emphasizing yet another way in which the primordial innate immune system is remarkably
complex.
The interaction of neutrophils in the sites of inflamed/infections with these key elements of
the PAMPs, LPS, and bind to PRRs is pivotal to overcome pathogen and limit the severity of
infection. The PRRs are present on a variety of defence cells of the body causing them to
synthesise and release a variety of cytokines. Synergistically, the LPS interacts with LPSbinding protein and CD14, which in turn promotes the ability of particularily TLR4 on
neutrophils and macrophages to respond to the LPS with the release of various proinflammatory cytokines and chemokines (Sohn et al., 2007a; 2007b; Rinaldi et al., 2010;
Stevens et al., 2011a ; 2011b). These pro-inflammatory molecules bind on target cells via
specific receptors and initiate inflammation. TLRs have been detected on the surface of
mammalian cells (Beutler, 2002). They are important in the responses of phagocytes to
bacterial, viral, and fungal antigens. TLR2 and TLR4 have candidate genes for resistance to
several diseases as they recognise broad classes of PAMPs, such as peptidoglycans and LPS
(Werling & Jungi, 2003; Bellocchio et al., 2004). Bovine and human neutrophils express
substantial amounts of TLR4 and other TLRs, critical for response to PAMPs/DAMPs (KurtJones et al., 2002 ; Hayashi et al., 2003; Werling. & Jungi, 2003; Rinaldi et al., 2010; Stevens et
al., 2011a ; 2011b). TLR4 activates the inflammatory gene expression through NF-B
(Hayashi et al., 2003). GM-CSF and and G-CSF dramatically up-regulate TLR2 and CD14
expression (Kurt-Jones et al., 2002). Recent in vitro studies have shown that mammary
epithelial cells actively participate in the immunoregulation during inflammation via mainly
cytokine production (Sohn et al., 2007a; 2007b; Rinaldi et al., 2010; Stevens et al., 2011a;
2011b). A MAC-T cell line was utilised to investigate the expression of many innate immune
mRNAs like IL-1 and its subsequent secretion after stimulation with PAMPs showed that
these cells secrete IL-1 in response to LPS. IL-1 also appeared to be an important mediator
for the release of the IL-8 and many other chemokines (Huynh et al., 1991; Boudjellab et al.,
1998; 2000; Pezeshki et al., 2011).
During infection of mammary gland, IL-1, IL-6 and IL-8 (Shuster et al., 1997), plateletactivating factor (PAF), (Pezeshki et al., 2011), prostaglandins (Pezeshki et al., 2011; Shuster
et al., 1997), activated complement C5 (C5a; Shuster et al., 1997; Rinaldi et al., 2010) NO
(Blum et al., 2000), many ROS (Mehrzad et al., 2001; 2004; 2005a) and proteases (Mehrzad et
al., 2005b) are released locally. In milk, an increase in TNF-, a cytokine of particular interest
in the pathogenesis of mastitis, is observed (Blum et al., 2000; Hoeben et al., 2000b; Shuster
et al., 1997). The kinetics of cytokines in the inflammatory environment of udder shows that
the increase in TNF- and IL-1, the mother of proinflammatory cytokines, occurs faster
during inflammation from endotoxins than from E. coli mastitis, though more pronounced
in E. coli infection (Blum et al., 2000; Hoeben et al., 2000b). Absorption of this cytokine from
the udder into the blood circulation is highest during E. coli mastitis. The level of these key
cytokines in milk correlated well with the pyrexia and the severity of the udder infection
(Shuster et al., 1997; Blum et al., 2000; Hoeben et al., 2000b; Pezeshki et al., 2011).
Many of the biological activities of LPS are mediated by TNF-. LPS and cytokines stimulate
the synthesis of NO, which is a vasodilator. Synthesised from L-arginine, this diatomic free
radical, NO, is lipid soluble and easily diffuses through the cell membrane. It is short lived
and usually reacts and degrades fast. The natural form is a gas that reacts with a variety of
innate immune molecules and mediates a large spectrum of immunobiological effects in the
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body. An inducible NO synthase (E.C. 1.14.13.39, iNOS) is expressed by a variety of cells,
especially phagocytes, as a result of triggering with substances of microbial origin such as
LPS and TNF-. In response to invading pathogens and PAMPs like LPS, bovine phagocytes
produce NO (Adler et al., 1995; Stich et al., 1998), functioning as a strong anti-PAMP agent.
When the NO is produced in excessive amounts, it can also induce cytotoxic and apoptosis
in the cells (Moncada et al., 1991; Anggard, 1994)
Several studies on ruminants have shown a relationship between LPS, TNF- and
production of NO. The increase in TNF- is followed by a delayed increase in NOx (NO2 +
NO3) (Blum et al., 2000; Bouchard et al., 1999). The NOx production lasts longer in the udder.
A causal relationship between TNF- and NOx production was observed in studies in which
E. coli LPS was injected intravenously. It seems that severe forms of udder’s inflamed
environment are accompanied by the highest increase in blood stream’s levels of both TNF and NOx; the increase in NOx and TNF- during infection is not inhibited by antibiotics
(Blum et al., 2000), supporting the notion that the release of NOx is PAMP dependent rather
than E. coli. Initially called endothelium derived factor (EDRF), NO causes many other vital
physiological phenomena like vasodilation and subside of inflammation. It is released after
the fever peak, and is involved in this delayed phase of hyperemia.

7. Neutrophil AOAH as a potent protector of mammary gland from pathogens
The contribution of circulating and postdiapedetic neutrophils’ acyloxyacyl hydrolase
(AOAH) to the outcome of infection in animals has recently been highlighted (Dosogne et
al., 1998; Mehrzad et al., 2007). Apart from existence of many bactericidal mechanisms in the
bovine neutrophils (Barrio et al., 2000; Burvenich et al., 2003; Mehrzad et al., 2001a; 2001b;
2001c; 2002; 2004; 2005a; 2005b; 2007; 2008a; 2009), there are many other soluble and
insoluble proteins on the neutrophils in the mammary gland that protect the gland from
invading pathogens. One of them is AOAH molecules. Endotoxins or LPS are released
during bacterial growth and lysis of Gram-negative bacteria have been recognized as
important mediators for the treatment and outcome of coliform mastitis (Pyörälä et al., 1994;
Dosogne et al., 2002; Mehrzad et al., 2007). The role of the absorption of free LPS into the
circulation is controversial (Dosogne et al., 2002; Mehrzad et al., 2004; 2005a; 2007).
Conversely, it is accepted that the amount of released LPS into the mammary gland, its
subsequent detoxification and TNF- production significantly contribute to the outcome of
coliform infection (Blum et al. 2000; Hoeben et al. 2000b; Mehrzad et al., 2007). Severity of E.
coli infection seems to be related to the enhanced release of secondary induced inflammatory
mediators such as TNF- (Blum et al., 2000; Mehrzad et al., 2007), as a result of impaired
LPS detoxification mechanisms in inflamed organ. It has been suggested (Burvenich et al.,
1996; 2003; Paape et al., 1996; 2002) that local CD14 expression alleviates the toxic effects of
LPS in the mammary gland. AOAH, an enzyme hugely produced by bovine neutrophils,
hydrolyses LPS (McDermott et al., 1991; Mehrzad et al., 2007) and alleviate the
inflammation. This neutrophils’ arsenal, AOAH, hydrolyses two acyl chains of the lipid A of
LPS, leading to substantial decreased toxicity of LPS while retaining much of the
immunostimulatory potency of native toxicity of LPS (Munford and Hall, 1986).
Although there are some rare investigation of bovine blood PMN AOAH activity, but
little has been done on post-diapedetic neutrophils’ AOAH activity either during
physiological or pathological conditions. Immediately after parturition, there is a
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decreased blood PMN AOAH activity (Dosogne et al., 1998) that coincides with the
decreased PMN ROS production and number in circulation (Mehrzad et al., 2001b; 2002a;
2004; 2005a). This coincidence could be considered as a risk factor for Gram negative
bacterial infections during especially physiological stress (Mehrzad et al., 2001b; 2004;
2005a). Indeed, intravenous LPS administration to rabbits resulted in a rapid (within 90
min) increase of plasma AOAH activity (Erwin and Munford, 1991). The finding that
PMN AOAH activity is increased upon LPS stimulation may indicate the existence of a
PMN-dependent self-regulatory protection mechanism against endotoxemia and sepsis. It
is suggested that a decreased AOAH activity in post-diapedetic PMN can also contribute
to the outcome of organ failure and even death, as we observed in bovine (Mehrzad et al.,
2007).
Apart from AOAH, bovine neutrophils granules also contain different LPS binding cationic
proteins such as lactoferrin, and a huge variety of cationic antimicrobial proteins (Levy et
al., 1995; Mehrzad et al., 2005b). These proteins do not degrade the LPS molecule, but
binding to LPS results in a decreased LPS bioavailibility and hence may attenuate its toxicity
during Gram-negative bacterial infections. In a recent study, oral lactoferrin administration
attenuated spontaneous TNF- production by peripheral blood cells in human (Zimecki et
al., 1999). Study on this topic would be very interesting for immunobiologists.
Several classes of phagocyte-derived antimicrobial peptides have been purified from
mammalian phagocytes, and it is now clear that next to their production of ROS, bovine
PMN also inactivate microorganisms by exposing them to these antimicrobial peptides and
proteins within the phagolysosomal vacuoles. Bovine PMN granules contain a group of
highly cationic proteins. Beta-defensins, a family represented by 13 cationic, tridisulfidecontaining peptides with 38-42 residues, have potent antibacterial activities against both S.
aureus and E. coli in vitro. Similar molecules have also been isolated from specialized
epithelia. These polypeptides are structured through disulfide bonds of cysteine but can also
be linear and unstructured; they remarkably contribute to host defense against pathogens.
Because many bactericidal peptides like -defensins etc. are stored in the dense granules of
neutrophils, it is likely that they are discharged simultaneously during PMN activation.
Although co-packaged in the dense granules, cathelicidins, but not -defensins, are stored as
inactive propeptides. Following PMN stimulation with PMA, the cathelicidins Bac5 and
Bac7 are cleaved from their respective propeptides and released extracellularly. In contrast,
-defensins exist as fully processed peptides in bovine PMN.
The 46 kDa soluble CD14 (sCD14), which is shedding of membrane CD14 (mCD14) from
phagocyte, is also available in interstitial fluid/milk (Wang et al., 2002; Sohn et al., 2007a;
2007b), and can bind LPS directly and prevent LPS from binding to mCD14, thus preventing
over-secretion of TNF-, thereby silencing the severity of inflammation and clinical
symptoms. This potentially plays a role in neutralizing LPS and controlling the clinical
symptoms associated with acute infection. In vitro incubation of recombinant bovine (rbo)
sCD14 with PMN and LPS prevented LPS induced upregulation of CD18 adhesion receptors
(Wang et al., 2002; Sohn et al., 2007a). Intramammary and systemic use of rbosCD14 may
provide a means of eliminating the potential damaging effects of LPS during acute infection
and sepsis; this approach would also be applicable in human inflammatory and infectious
diseases.
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Furthermore, iron-binding protein, lactoferrin, is small protein synergizes neutrophils’
functions and LPS detoxification. Bovine lactoferrin does far beyond the binding of iron, and
has considerable inhibitory effect on bacterial growth (Bishop et al., 1976). Lysozyme or
muramidase can cleave the mucopeptide layer of most non-encapsulated Gram-positive
bacterial cell walls resulting in cytoplasmic blebbing of the bacterial cell wall, leading to
direct bacterial lysis, especially when the osmolarity of the infected microenvironment is
sufficiently low. Lysozyme has also the capacity to neutralise and strongly interact with E.
coli LPS; another non-oxidative antimicrobial agent in PMN, which directly/indirectly
enhances LPS degradation, is PMN elastase. Elastase, cathepsin G and other granuleproteases degrade the outer membrane protein A of E. coli, which is located on the surface of
the bacteria (Belaaouaj et al., 1998). PMN ROS production synergises activity of all above
mentioned antimicrobial and anti-PAMP compounds. Overall, apart from the role of bovine
PMN granules and enzymes, it is fully accepted that the PMN ROS production plays a
major role in protection of udder from Gram negative bacterial infection (Burvenich et al.,
2003; Mehrzad et al., 2004; 2005a) and detoxification of LPS.

8. Oscillatory events on neutrophils functions
Neutrophil dysfunction in animals and human has been associated with decreased
immunocompetence, resulting in the suppression of host defense mechanisms and increased
susceptibility to many infectious and non-infectious diseases. Nowadays, potential
increasingly environmental stresses and worldwide-food scarcity issues have resulted in
unstoppably intensive feed/food and dairy production. The intensive production system
leads to unstoppable oscillatory events on innate immune systems, especially neutrophils in
bone marrow, blood and udder of high yielding dairy cows, compromising innate defence
system in udder, thereby making animals particularly sensitive to infections. Oscillatory
events on neutrophils occurs in all stages of maturation and functions (see figures 7 and 8),
not only in mature animals but also in neonate, e.g., in bovine (Mehrzad et al., 2001a; 2001c;
2002a; 2008a 2008b; 2008c). Relative magnitude of circulating and post-diapedetic PMN
impairment differed from different physiopathological status of animals and humans. A
dramatic reduction in random migration, iodination and ROS production of blood PMN
were observed during the first week after parturition (Heyneman et al., 1990; Hoeben et al.,
2000a; Mehrzad et al., 2001a; 2001b; 2001c). It was recently discovered that the adhesion
molecule L-selectin is shed from the surface of bovine PMN at parturition (Diez-Frail et al.,
2004). Surface expression of L-selectin remains low for several days following parturition
and could contribute to the reported defect in bovine PMN chemotaxis during the period
immediately following parturition (Berning et al., 1993; Diez-Frail et al., 2004). Regulation of
bovine PMN adhesion molecules during mammary gland infection and possible use of
immunomodulators has recently been studied (Diez-Frail et al., 2004).
Cumulative deficiencies in opsonin levels (IgG1 and conglutinin) were observed in peak of
physiological stress in animals, which closely coincided with impaired PMN oxidationreduction reactions capacity (Detilleux et al., 1994; Burvenich et al., 2003). The proportion of
all cases of infections especially mastitis, metritis, arthritis and laminitis that develop during
period at which the animals encounter with maximal stress status; these period is coincided
with maximal oscillatory events in circulating and post-diapedetic neutrophils (Burvenich et
al., 1994; 2003; Mehrzad et al., 2001a; 2001c; 2002a; 2008b; 2008c).
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Fig. 7. Upper panel: An schematic overview on author’s recent findings (together with
literatures) about changes in neutrophils’ MPO-H2O2-Halide system (solid lines), viability
(dashed lines) and dynamics of neutrophils structure and maturity in healthy and mastitis
dairy cows. Formed in bone marrow, blood neutrophils function and structure changed
after normal extravasation. These changes differed in inflammatory environments. The most
probable reason for these disparities would be the “rate of diapedesis”, which is faster
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during inflammation; pinpointing the aspects of molecular mechanisms of this classically
mechanomical phenomenon of neutrophils in different physiological and pathological
conditions in animals and humans is very interesting topics for further fundamental
research in the area of innate immune system. Lower panel: Diagram illustrating the
oscillatory events on neutrophils and some potential nutritional and environmental
interventions (Ibeagha et al., 2009; Mehrzad et al., 2008c; 2011) in animals and human to
modulate their neutrophils’ ultimate functions. These provocative hypotheses address the
points that during severe infection/inflammation of the udder extracellular production of
ROS by neutrophils may be impaired and could lead to tissue damage in mammary gland.
Normally, ROS for bactericidal activity is produced intracellularly for effective destruction
of microbes with a minimal tissue damage. The hypothesis is based on the study of the
kinetics of chemiluminescence: 1) there is a difference between extracellular and
intracellular ROS production of both blood and post-diapedetic neutrophils during different
stages of lactogenesis, and 2) in blood and milk, extracellular ROS production by
neutrophils is more pronounced in old animals. This may lead to an impaired bactericidal
capacity of resident udder neutrophils and boost tissue damage in aged animals (Mehrzad
et al., 2001a; 2001b; 2002; 2004; 2005a; 2005b) and partially adapted from (Burvenich et al.,
2003). Further, many environmental toxins cause oscillations on neutrophils’ ultimate
functions (Mehrzad et al., 2011); conversely potential nutritional intervention could reverse
the oscillatory events in neutrophils (Ibeagha et al., 2009; Mehrzad et al., 2008c); what
happens on the impacts of nanotubes, nanovectors, nanoneedles, nanoparticles and
nanoadjuvants on this casecade of events can be very interesting to work. Promising
photoredox and antioxidant properties of vitamin C, probionts and deferoxamin with huge
quenching capacity mainly on OH• with much less pronounced on H2O2 and O2•⎯ (Mehrzad
et al., unpublished data), and dietary supplementation with probiotics and peptides
originated from bovine milk augments neutrophils’ functions (Gill et al., 2000; 2001a; 2001b;
Mehrzad et al., 2002b). Reverse results have been observed with aflatoxin B1 (Mehrzad et al.,
2011), Arsenic, Lead (Mehrzad et al., unpublished data) and plenty more with marked
oscillatory effects on neutrophils’ ultimate functions. Both in animals and humans due to
many environmental and physiological stresses influencing on the overall immune system
of the body, switching the oxidant-antioxidant systems on the body from antioxidant status
to prooxidant ones and excessive extracellular ROS will accumulate in the body. To remove
excessive and unwanted ROS, especially OH• in the body some antioxidants like vitamins
C, E, A…, deferoxamin and probionts can be promisingly helpful and here
immunobiologists are strongly encouraged to focus on those novel topics of nutritional and
environmental immunology in animals and humans.
One of the most critically physiological associated stress periods would be periparturient
period and early lactogenesis. Both in milk and blood PMN function is substantially
decreased around parturition (Van Oostveldt et al., 2001; Mehrzad et al., 2001a; 2001c, 2002;
2009; Burvenich et al., 2003). Up till now the underlying mechanisms involved in
periparturient immunosuppression remain unknown. However, metabolites (e.g. hydroxybutyrate) (Suriyasathaporn et al., 1999) and hormones (e.g. growth hormone,
cortisol, pregnancy associated glycoprotein) (Gray et al., 1982; Burvenich et al.,1994;
Suriyasathaporn et al., 1999) have been reported as attributable factors.
There are many reports demonstrating that at least some of hormones and metabolites
contribute to the oscillatory events in PMN function, targeting both the afferent and efferent
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arms of PMN functions (Gray et al., 1982; Burvenich et al., 1994; Suriyasathaporn et al., 1999;
Hoeben et al., 1999; 2000a). As these studies suggest, the link between periparturient
immunosuppression and hormonal and metabolic changes is nevertheless apparent; most of
which directly/indirectly affect PMN functions. Hormonal and metabolic changes such as
glucocorticoids, ketone bodies and pregnancy associated glycoproteins play a causative role
in oscillatory events on key efferent arms of PMN function, ROS production/microbicidal
capacity (Dosogne et al., 1998; Hoeben et al. 2000a). These hormones and metabolites also
inhibit the proliferation of bone marrow cells in vitro (Hoeben et al. 1999; Van Merris, et al.,
2001a; 2001b 2002).
Our understanding of the precise ways in which the complex cascade of ROS production
occurs in blood or milk PMN during physiological and pathological conditions is still in its
infancy. This is especially true for the mechanism of in vivo effect of PMN functions by
hormones and metabolites, especially the metabolomics aspects of neutrophils’ dysfunction.
Based on current understanding of impact of hormones on PMN function, the membrane,
cytosolic and nuclear effects of hormones (e.g. growth hormone, sex hormones, cortisol,
pregnancy associated glycoprotein) and metabolites (-hydroxybutyrate, non-esterified fatty
acid) on blood and post-diapedetic PMN functions are to be more fundamentally
investigated.
Recombinant bovine somatotropin (bST) has been shown to boost cows’ milk production
and compositional performance following experimentally induced E. coli and Streptococcus
uberis infection (Hoeben et al., 1999). Recombinant bST also prevented severe local and
general clinical symptoms in cows suffering from E. coli mastitis, especially in severe
responders. Prolactin, bST, and insulin-like growth factor-I (IGF-I) are thought to be
involved in several immune functions (Elvinger et al., 1991; Hooghe et al., 1993; Kooijman et
al., 1996). The function of bST on PMN can either be directly or indirectly mediated through
IGF-I. Plasma and milk concentrations of IGF-I increase after bST administration (Zhao et
al., 1992). Their concentration differs throughout lactation in milk (Campbell et al., 1991). An
increased number of circulating leukocytes, band neutrophils, and an enhanced PMN
functions in cows treated with bST after stress related to parturition. Also PMN ROS
generation, chemotaxis, random migration, phagocytosis towards IgG-opsonised
microorganisms is boosted by IGF-I and bST (Fu et al., 1991; Wiedermann et al., 1993;
Warwick-Davies et al., 1995; Mehrzad et al., unpublished). The expression of complement
receptors on neutrophils can be upregulated by bST and IGF-I. Increased chemotaxis and
random migration (Wiedermann et al., 1993), increased numbers of circulating neutrophils
(Clark et al., 1993), and increased proliferation of granulocyte and monocyte precursors
(Merchav et al., 1993); in vivo bST administration leads to elevation in blood IGF-I lovel.
Though in vivo might be different from in vitro, many recent studies revealed an increased
PMN ROS production capacity after in vivo administration of bST in healthy animal model;
similar results were observed in vitro (Mehrzad et al., 2002b). Thus, there is ample evidence
that bST and IGF-I can boost neutrophils’ functions. Concentration of some biomolecules
like -lactoglobulin in udder secreta is minimal during maximal stress condition of
lactaogenssi (Caffin et al., 1984); this means that the -lactoglobulin can be a potential
immunomodulator in the mammary gland and good topic to further focus and apply in
human breast and milk physioimmunobiology (Wong et al., 1998; Mehrzad et al., 2000).
Hence the insight into PMN activators and/or inhibitors in milk during physiological and
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pathological conditions is crucial concern for udder’s first line defense mechanism and
neonatal passive immunity in animals and humans.
As explained before, blood and post-diapedetic neutrophils have the potential to produce
substantial amounts of ROS to kill engulfed bacteria (Hoeben et al., 2000a; Mehrzad et al.,
2001a; 2001c; 2002a; 2004; 2005a; 2005b; 2009). ROS production can be measured in resting
(non-stimulated) neutrophils and after stimulation with e.g., PMA, zymosan, bacteria and
latex beads.

Fig. 8. A comparison between blood and post-diapedetic neutrophils chemiluminescence
(CL) profiles of PMA-activated luminol-enhanced neutrophils during different physiological
status of animals. The intra-and-extra-cellular ROS production of neutrophils and the
concept of biphasic versus monophasic CL pattern of neutgrophils are overviewed. The first
peak is the result of mainly initial extracellular reactions and the second peak is mainly a
result of subsequent intracellular reactions of the MPO-H2O2 system. The Y-axes are the
cumulative RLU / s in function of time, and the X-axes are the entire measurement period of
CL. Based on the author’s previous studies, curves are arbitrarily depicted to show how
neutrophils microbicidal capacity changes after diapedesis through blood-milk barrier and
during different physiological status. Oscillatory phenomenon observed in the
postdiapedetic neutrophils specially the monophasic pattern with minimal ROS production
peak. Throughout lactogenesis period of the lactating mammary gland, the kinetics of postdiapedetic PMN CL never exhibited double phase patterns. Further, blood PMN CL kinetics
immediately after parturition gave neither double phase nor high intensity as in later phase
of lactogenesis period. The plateau and shape of the blood and- post-diapedetic neutrophils’
CL curves shows a biphasic pattern of the blood neutrophils CL during minimal stress
condition (like later period of lactogenesis). The intensity of ROS production is lower in
post-diapedetic neutrophils than in blood neutrophils, the plateau and shape of the milkand blood CL curves were similar during maximal physiological and environmental
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stresses. Thus, the oscillatory phenomenon of milk PMN ROS production/microbicidal
capacity during parturition and lactation seems to be directly related to that of the blood
PMN. This animal model of ineffectiveness of the oxygen-dependent intracellular killing
mechanisms of neutrophils during inevitable physiological and environmental stresses is
very interesting topic of efferent arms of neutrophils for further research in animals and
human.
Production of ROS is effective in killing engulfed microbes (Burvenich et al., 1994; 2003;
Reeves et al., 2002; Mehrzad et al;, 2001a; 2001c; 2002a; 2004; 2005a; 2005b; 2009). Also the
most widely used technique to estimate oscillatory events in bovine and human PMN ROS
production is the elegantly simple CL assay (Hoeben et al., 2000a; Mehrzad et al., 2001a;
2001b; 2001c; 2002a; 2004; 2005a; 2009; 2011).
Little comparison has been made between CL of circulating and post-diapedetic neutrophils.
To interpret and assess the responsiveness of PMN to stimulating agents such as PMA, it is
necessary to distinguish between stimulated and non-stimulated PMN. This offers
information about the activity of protein kinase C and NADPH-oxidase, as PMA is a protein
kinase C and NADPH-oxidase agonist (Karlsson et al., 2000; Mehrzad et al., 2001a; 2001b;
2001c; 2002; 2004; 2005a; 2009) in the lactating mammary gland. Ingestion of milk fat
globules and casein micelles affects milk PMN quality (Mehrzad et al., 2001a; 2001b; 2004;
Paape et al., 2002; Burvenich et al., 2003) and subsequent degranulation. No such a problem
in blood stream is existed. Smits et al, (1999) have shown that in vitro
transepithelial/endothelial diapedesis of PMN across mammary gland reduces ROS
production of PMN. It has also been shown that the function of post-diapedetic neutrophils
in udder differs from their blood counterparts (Smits et al., 2000; Mehrzad et al., 2001a;
2001b; 2001c; 2002a; 2009). Some physiological influencing factors such as lactogenesis
(Mehrzad et al., 2001a; 2001c) and ageing (Mehrzad et al., 2002a; 2008b; 2009) are involved in
overall PMN impairment. Some other contributing factors would be -lactoglobulin
(Mehrzad et al., 2000b), of which concentration in milk is minimal during maximal stress
condition like early lactogenesis (Caffin et al., 1984). The PMN function impairment
generally coincides with cow’s susceptibility for environmental infection (van Werven et al.,
1997; Burvenich et al., 1994; Burvenich et al., 2003; Mehrzad et al., 2004; 2005a). Dynamically,
the topic is very important especially for human medicine and further research on this topic
of mammary gland innate defence system is deeply needed.
Apart from the involvement of environmental and nutritional factors in hosts’ PMN
functions and resistance to infection, plenty of many other factors contribute to PMN
oscillatory events and the outcome of infection/inflammation in humans and animals; one
of the key and interestingly dynamic attributing factors would be the effect of genetics on
the quantity and quality of circulating and and post-daipedetic neutrophils (Dietz et al.,
1997; Riollet et al., 2000; Wall et al., 2005; Radwan et al., 2007; Rupp et al., 2007; Bannerman
et al., 2008). Undoubtedly, all of above mentioned factors could become an important
alternative for prophylactic measures of infectious and inflammatory diseases in animals
and humans.
Another future increasingly challenging issue in the area of innate immunotoxicity is the
environmental and artificial nanoparticles (Karathanasis et al., 2009; Sadikot & Rubinstein,
2009; Gonçalves et al., 2010; Paulsson et al., 2010; and plenty more), which can be both friend
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and foe for the innate immune system and cancer development. This can be more special for
the oscillatory events on both afferent and efferent arms of blood and post-diapedetic
neutrophils. Exposures to airborne nanosized particles have been frequently experienced by
animals/humans throughout their evolutionary stages, affecting on, e.g., portals of body’s
entry (respiratory and gastrointestinal tracts and skin). To highlight potential mechanisms of
nanotubes, nanovectors, nanoneedles, nanoparticles and nanoadjuvants and cancer
nanomedicine, researchers should always focus on immune systems especially the issue of
genomics, proteomics and mechanomics aspects of free radicals production of the
phagocytes. Application of those potentially promising idea and hypotheses in relation to
the neutrophils’ oscillatory events versus neutrophils the medicines, eg, topical wound
protectant and antiseptics for the treatment of human/animals blister wounds contaminated
with microbes or to kill abnormal cells in the body would be very challengingly promising.
The challenge is to integrate effectively all information from cellular to molecular events
anthropogenically happening for animals/humans’ health and performance may contribute
to further oscillatory in neutrophils.

9. Conclusions and future perspectives
The issues on animals and humans’ diseases are many; among them is neutrophil function that
has been the researchers’ past, current and future concern. It is clear that appropriate function
of neutrophils in the body of animals and humans is very vital to enhance their health and
performance. The concepts of neutrophil recruitment at the site of microbial invasion and the
interesting phenomenon of nonspecifically engulfing and killing of microbes by neutrophils is
still a complex cascade of many cellular and molecular events; molecularly, afferent (sensing)
and efferent (effector and/or highly intracellular-and-extracellular microbicidal compounds)
weapons of neutrophils are vital in protection of the hosts. Inevitable occurring of general and
local immunocompromised conditions especially on the effector weaponry of neutrophils
leads to countless infectious and non-infectious diseases. Most researchers see the
immunocompromised condition of the organs like udder as a result of neutrophils’
dysfunction in bone marrow, bloodstream and interstitial fluid. This chapter would make the
complex oscillatory events happening in neutrophils a little bit more comprehensible.
Despite intense progress in molecular biology, medicine, nutrition, genetics and
nanomedicine, animals and humans are still susceptible -more than before- to
environmental bacteria; this susceptibility is maximal during stress, of which neutrophils
dysfunction can be one of the most central attributable factors. Immunomodulation is still
far from assured. The long-term and fundamental solution for the oscillatory event on
neutrophils is to strengthen their functions by means of attainable physio-immunological
approaches. This requires a comprehensive study on molecular and cellular aspects of
physio-immunological alterations throughout gestation, lactation and diseases.
One of the focuses of the chapter was a comparative overview of blood and post-diapedetic
neutrophils’ functions. To uncover further evidence on neutrophils’ oscillatory events
during stress conditions the shape of blood and post-diapedetic PMN CL proven one more
reason for high susceptibility of animals/humans to infections. On this topic, many more
questions remain open for future research. Future research is also necessary to pinpoint the
physiopathological influencing factors on post-diapedetic neutrophils’ necrosis and
apoptosis. The hypotheses of contribution of antioxidants like vitamins C, E, A, GHS and
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dynamic of phagolysosomal pH on post-diapedetic neutrophils’ quality and first line
defense during stress condition could be tested in the future research.
It is conclusive that blood PMN had stronger weaponry than that of post diapedetic PMN,
when encountered with pathogens. It is also concluded that the relative magnitude of blood
and post-diapedetic neutrohpils’ oscillation/impairment differ from different
physiopathological status of animals. For example, post-diapedetic PMN quality
impairment is more pronounced in older animals/humans. This impairment coincided with
the impairment of PMN microbicidal capacity in bloodstream; PMN ineffectiveness against
invading pathogens not merely resulted from the quantity of PMN, but, more importantly,
from the quality of PMN, which was identified via PMN CL kinetics and PMN viability. In
healthy animals the lowest post-diapedetic PMN quality is found during stress conditions,
which is more pronounced in older ones, proving one more reason for high susceptibility of
aged animals and humans to infections during environmental and physiological stresses.
The explanations in this chapter aimed to increase the insight into the first line defense
mechanism of organs like mammary gland/breast, could further deepen our understanding
at the complex physiopathology of mammary gland infections, cancers and other stressrelated infectious and non-infectious diseases. It is conceivable, however, more novel
findings and views on these topics remain for future research.
With the existed knowledge, it is clear that stressed animals and humans are relatively
immunosuppressed. This could boost their susceptibility to environmental bacterial
infections. Nowadays, the overstressed animals/humans are more susceptible to
environmental pathogens than before. The main concern now is how to control and enhance
these non-specific aspects of immune system. Clearly, the most appropriate treatment for
infectious and non-infectious diseases is preventive treatment. The chapter clearly
demonstrates that the severity of mammary gland infections is highly related to preinfection neutrophils’ functions, quick recruitment of neutrophils in the gland and their
quality after diapedesis. All of these neutrophils’ functions impaired during stress
conditions. Therefore, preventive measures on animals around stress should be thoroughly
performed. The preventive measures should be aimed at lowering stressful conditions and
ensuring a high standard of nutrition and hygiene. Both in animals and humans zero stress
status must be implemented for the future; this is hardly achievable. The long-term,
environmentally friendly ways and fundamental solution for stress-related infectious
diseases in animals/humans is “to strengthen their first line defense” by means of attainable
physio-immunological approaches. This requires more insight into the first line defense
mechanism, which is absolutely crucial. Perhaps one exciting and environmentally
acceptable approach for infection/inflammation control would be application of
“probionts”. Protection of the organ from pathogens with less/non-pathogen bacteria, then
further research on host-bacteria interactions would be promising.
As addressed, the protruding psuedopodes in blood differs from those of post-diapedetic
neutrophils; it would be worth studying the impact of stress, age and infections on surface
morphology of blood and post-diapedetic neutrophils. To further mimic the first line
defense mechanism similar study should be conducted on “bone marrow-blood-barrier”.
Positive role of transient PMN impairments during parturition and early lactation in
animals and humans should not be ignored as a good event, because this might be
responsible for less damage on biomolecules, cells and tissue during periparturient period,
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potentially providing better passive immunity to neonates from invading pathogens. Study
should also be focused on molecular mechanisms of higher blood and milk neutrophil’s
functions (both efferent and afferent arms) in younger animals and humans.
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1. Introduction
Twenty years ago, Farmer, Packard, and Perelson presented an elegant dynamical model [1]
to study Idiotype Network theory [2-19], in which they showed that every molecular and
cellular binding site (cell receptor) can be modeled by binary bit-strings of length ℓ. In such a
model, an antibody molecule can always recognize an antigen when there is
complementarity between their bit-strings. The coincidence of antigens and lymphocyte
receptors (lock-and-key model) is determined by considering the number of complementary
bits [8,20]. For instance, if a B lymphocyte is represented by a binary string 00010101 (ℓ = 8)
and an antigen is represented by the 11101010 binary string, the immune response is
activated (Fig. 1). The match between bit-strings does not need to be perfect, however; some
bit positions are allowed in which two strings differ. These differences between strings
(mismatches) reflect the degree of affinity between the entities of the immune system in
mammals and determine the quality of the response.

Fig. 1. Pictorial representation of the binding site (cell antigen) by means of a bit-string
frame [6].
In another work, Lagreca et al. (2001) [21] also proposed a dynamic model that was based on
the recognition of shapes or patterns using bit-strings, but used the iterative solution of a
coupled map system that enabled the treatment of high dimensions. In the model created by
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Lagreca et al. (2001), the B cell and the antibody populations are treated as a clone pools
because their receptors are represented by the same bit-strings. Because a bit-string can be
considered as the binary representation of an integer, the model indexes each clone to an
entire σ, and the temporal evolution of the populations is described by the N (σ, t)
concentration. The model also considers a source term that simulates the role played by the
bone marrow, where new bit-strings are presented. The death or depletion of clones occurs
in two ways: 1) by means of natural death (apoptosis), described by the parameter d; and 2)
by means of a general suppression mechanism, described by a Verhulst-like factor [22]. This
factor is widely used in simulations of biological systems, because it limits the maximum
population that can survive in a particular environment [22]. The Lagreca et al. model (2001)
considers this maximum B cell population ( N max ) to be the same for every clone, and the
populations are normalized by the y( , t )  N ( , t ) / N max function.
Thus, considering a discrete temporal evolution, the following coupled map set proposed by
Lagreca et al. [21] allows part of an adaptive immunological system to be simulated:
y( , t  1)  (1  y( , t )).
B


y( , t )
(1  ah )( y( , t )  yF ( , t ))  ah  ( y( i , t )  yF ( i , t )  ,
. m  (1  d )y( , t )  b


ytot (t )
i 1



(1)

where (1  y( , t )) is the Verhulst-like factor; yF (σ,t) describes the antigen population,
characterized by a σ bit-string which, in this case, represents distinct antigenic determinants;
σ represents the perfect complementary shape of σ; and  i are the nearest neighbors of σ
in a B-dimensional hypercube. The term m represents the population of cells produced by
bone marrow; the (1-d) term represents the percentage of the lymphocyte population that
survives a natural cell death (apoptosis); and the other terms describe the clonal
proliferation y(σ,t) that occurs because of interaction with complementary B cells and/or
antigens.
The b parameter is a clonal proliferation constant (typically related to the mean number of
new cells produced by the pre-existing cells), and yTot (t ) is the total population, given by
equation 2:
ytot  t     y  , t   yF  , t  

(2)



The parameter ah is the connectivity factor between a specific bit-string and the specular
image of its neighbors. When ah = 0.0, only a perfect coincidence of complementary shapes
is valid. When ah = 0.5, a bit-string can recognize equally both its own specular image and
the nearest neighbors of its specular image. The temporal evolution of the antigen pool is
defined by equation 3.
y F (σ,t + 1 ) = yF (σ,t)  k

B

yF (σ,t) 
( 1  ah )y( σ ,t) + ah  y( σ i ,t) ,
ytot (t) 
i= 1


(3)
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where k is an antigen removal parameter that represents the interactions with the clonal
populations.
In fact, it is well-known that the soluble antibody population is one of the essential
mechanisms of immunological response regulation [23-25]. However, despite the pioneering
work of Lagreca et al. (2001) in developing a coupled map for studying the behavior of the
mammalian immune system, their model did not consider these populations [1-6], which
makes the model incomplete with respect to the regulation of the immune response by
adaptive mechanisms. This omission opens up the possibility of extending their work by
taking the soluble antibody populations into account. We have performed that work and
present our immunological modeling and simulation findings in this paper.

2. Materials and methods
In this section, we briefly describe the Verhulst approach and provide details of an extension
to the Lagreca et al. (2001) model, which includes an antibody variable to address the
regulation of the structural mechanisms that are mediated by the immunoglobulin
population. This variable was not considered in the simplified model proposed by Lagreca
et al. [21].
2.1 The Verhulst approach
Since the early nineteenth century, studies on population dynamics have been developed to
identify possible nonlinear behaviors. One of the first efforts aimed at predicting biological
population behavior was made by Pierre François Verhulst (1804-1849), a Belgian
mathematician. He proposed a nonlinear model in which the death rate was proportional to
the square of the number of individuals in the population. The model can be expressed by
differential equations [26-30], as follows:
dN
= AN  BN 2
dt

where N is the number of individuals, and A and B are constants related to the growth rate
and the population growth limitation, respectively.
The Verhulst model was used again in 1976, by Robert May [27], to study insect population
dynamics. In his experiments, he replaced the original differential method by what is now
known as the map methodology, in which each value is obtained by its anterior value:
N1 = AN0 – B N02
N2 = AN1 – BN12
Nn+1 = ANn – BNn2
At the limit of saturation, ANmax – BNmax2 = 0, then Nmax = 0 or Nmax = A/B.
Solving

N 2 N
N n+1
N
Nn
máx
= A n B n
and inserting xn =
results in the following:
N máx
N máx
N máx N máx
N máx

426

Recent Advances in Immunology to Target Cancer, Inflammation and Infections

xn+1 = Axn – Bxn2.A/B. Defining the parameter A (birth rate) = r (control parameter), we
obtain:
xn+1=rxn(1– xn) , xn  [0,1]

(4)

In equation (4), known as a logistic map, the values for xn  [0,1] and r are dimensionless and
represent population fractions as a function of each of the n iterations, respectively, while r
is a constant that represents the population growth rate in each new iteration. The term (1–
xn) is known as the Verhulst factor [21,31,32].
The bifurcation diagram of the logistic map is built by the iterative resolution of the logistic
equation, starting with an arbitrary x0 initial value and choosing sequential values for the
parameters r, r  [rmin ,rmax]. The bifurcation diagram of the logistic equation is shown in Fig.
2.

Fig. 2. Classical bifurcation diagram of a logistic map as a function of the parameter r [33].
In Fig. 2, the attractor is a fixed point up to the first bifurcation. For each bifurcation, there
occurs a period of duplication before the system reaches the chaotic phase. However, to
illustrate the dynamics of this simple model, it is important to show that, for r between 0
and 1, the population death rate is not dependent on the initial population. With r between 1
and 3, the population is prone to an attractor of a fixed point type. For r greater than 3.54,
the population wiggles between values of 8, 16, 32, and so on. At approximately r=3.57, the
end of the cascade duplication period occurs and chaos begins. From this value, small
variations in the initial population produce very different results over time, which is the
fundamental characteristic of chaos. For r greater than 4, the populations are outside the
[0,1] interval.
It is possible to demonstrate that the Lagreca et al. (2001) model for clonal populations
reduces to equation 4 when there is no further exposure of the system to the antigens. This
reduction occurs because, under this one condition, the additive term (m) in equation 1,
which represents the bone marrow contribution for the immune repertoire, is very small
when compared with the clonal proliferation parameter (b) [34,35]. A detailed
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demonstration of this assertion is presented in subsection 3 of the section on the model
parameters.
2.2 Simulation model
As in the Lagreca et al. (2001) model [21], our extended Ag-dependent model has molecular
receptors of B cells that are represented by bit-strings with 2B of diversity, where B is the
number of bits in the string. The individual components of the immune system represented
in the extended model are B cells, antibodies, and antigens located at the vertices of
hypercubes of size B. B cells (clones) are characterized by their surface receptors and are
modeled by a binary bit-strings. The epitopes [1,8,17-19], which are portions of an antigen
that can be connected by the B cell receptor (BCR), are also represented by bit-strings. The
antibodies have receptors (paratopes) [1,8,17-19] that are represented by the same bit-string
models as the BCR B cell that produced them. Thus, the new dynamic equations that
describe the behavior of the adaptive immune system, taking into account the inclusion of
antibody populations, are the following:

y ( , t )
y( , t  1)  (1  y( , t ))  m  (1  d ) y ( , t )  b
 a  ,t
ytot (t ) h




   ,


(5)

for a clonal population, with complementary shapes included in the term  ah ( , t ) ,
B

 ah ( , t ) 
(1  ah )( y( , t )  yF ( , t )  y A ( , t ))  ah  ( y( i , t )  yF ( i , t )  y A ( i , t )) .
i 1

The clonal populations can range from the value generated by bone marrow (m) up to its
maximum value (unity) because the Verhulst factor is a limiting factor [21,31,32].
In the model presented in this paper, the yTot (t ) term represents the sum of the components
that belong to an adaptive subset of the immune system, as described in the introduction to
this work. Such elements, when added to antibody populations, are expressed as bit-string
concentrations.
Therefore, the sum of every adaptive component considered by our model is given by
equation (6).

ytot  t     y  , t   yF  , t   y A  , t  


(6)

The temporal evolution of the antigens can be defined by equation (7).
y F ( , t 
 1) yF ( , t )  k

B

yF ( , t ) 
(1  ah )  y( , t )  y A ( , t )  ah   y( i , t )  y A ( i , t )  , (7)
ytot (t ) 
i 1


The antibody population is described by a group of 2B variables, also defined by a Bdimensional hypercube, interacting with the antigen populations of equation (8).
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y  , t  
y A  , t 
 a ( , t ) ,(8)
  1  ah  y F  , t  ah  y F  i , t   k
ytot  t  
ytot  t  h
i 1


 

 

where bA is the antibody proliferation parameter; and k is the parameter related to the
antibodies and antigens that will be removed.
In our model, equation 8, which considers the adaptive interactions that have been
described in the specialized literature, is included. Thus, antibody proliferation is given by
the recognition y A ( , t )  yF ( , t ) [1,8,17-19]. The antibody population is regulated by the
i n t e r s e c t i o n o f y A ( , t )  y( , t ) [ 1 , 8 , 1 7 - 1 9 ] , y A ( , t )  yF ( , t ) [ 1 , 8 , 1 7 - 1 9 ] , a n d
y A ( , t )  y A ( , t ) [19,36]. In all cases, the connectivity between the first two neighbors was

y F ( , t )
y ( , t )
and A
also help to regulate the antigen and antibody
yTOT (t )
yTOT (t )
y( , t )
is the corresponding clonal regulation factor involved
populations, while the term
yTOT (t )
in the formation of immunological memory.
considered. The factors

The role performed by the clonal regulation factor, in addition to helping with the B cell
response regulation, is fundamental to the regulation of the memorization ability and clonal
homeostasis [37-39]. The importance of the effect of the clonal regulation factor over
immune system memory evolution is shown in Fig. 3. Three distinct situations are possible:
1.
2.
3.

antibody populations are included in the model (which corresponds to the model
proposed in this work);
antibody populations are not included in the model (which corresponds to the Lagreca
et al. [21] model);
memory expansion is not limited by the clonal regulation factor (which corresponds to
the results obtained by P. G. Etchegoin [40]).

Fig. 3 illustrates the situation in which growth capacity increases indefinitely, which is when
the clonal regulation factor is suppressed in the modeling phase. This shows that clonal
regulation can be fundamental to the immune system reaching clonal homeostasis.
In the proposed Ag-dependent model, each bit-string is associated with an integer that is
situated in an interval , 0  M  2 B  1 , and each represents a clonal population, antigen,
or antibody located in the B-dimensional hypercube vertex. The neighbors i of a specific
 or  are expressed by the Boolean functions 
(2i  1xor ) or 
(2 i  1xor ) ,
i
i
respectively. The complementary way of obtaining  is obtained by   M   [21].
An example of the way in which the B cell, antibody, or antigen populations are localized in
3-dimensional space is shown in Fig. 4.
For the cubic configuration in Fig. 4, the following algorithm describes how to obtain the
first neighbors and the complementary shape of the B cell population identified by the
integer   4 :
-

For a cubic configuration (B=3), there exists a repertoire containing 2 B  8 integer
numbers arranged in the cube vertex. These integer numbers represent the 8 different B
cell populations;
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Fig. 3. Capacity of immune system memory in three distinct situations.

Fig. 4. Spatial arrangement of a B cell population that is identified by 4 integers. Antigens
and antibodies also are spatially arranged in the same way, in various cubes.
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Each integer number M must be restrained in the interval 0  M  2 B  1 ; thus, each
cube vertex is identified [16];
With this condition, the smallest value of M is equal to 0 and the largest value is equal
to 7. Consequently, the shape space S is equal to {0,1,2,3,4,5,6,7};
To represent the reactions of the lock-and-key type described in the introduction, every
cell population in a cubic configuration needs to be represented by 8 bit-strings;
2

  4   2 i ai  2 0 a0  2 1 a1  2 2 a2  4
i 0

If, for example, a2 = 1 , a1 = 0 and a0 = 0 , then in this case 4 in the decimal base corresponds
to (1 0 0) in the binary base;
-

For the other 7 vertices of the cube:

  0  (000),
 1 (001),
  2  (010),
 3 (011),
  4  (100),

 7 (111);
-

-

For a lock-and-key reaction to occur, there must be another shape  that is complementary
to   4 , i.e.,   M   [16,21]. Then, M  2 B  1 
7 and   4    M    7  4  3 , or
(0 1 1), in a binary base. This complementary shape is, in principle, an antigen population.
However, based on Immune Network Theory, B cells also recognize antibodies and other
complementary lymphocytes [1,8,17-19,36];
Last, search for the first neighbors of the complementary shape   3 . If
(2 i  1xor ) [16,21], then, for B = 3 (i = 1,2,3), we get the following:

i

1 
(2 1  1xor 3) 
2(010),

2 
(2 2  1xor 3) 
0(000),
3 
(2 3  1xor 3) 
4(100).
In this example, a B cell population identified by   4 or (1 0 0) would have recognized an
antigen population that is perfectly complementary and is identified by   3 (0 1 1). The
antigen populations identified as the first neighbors for   3 are 0, 2, and 4 and can be
recognized by the   4 B cell population, depending on the value of the connectivity
parameter ah , which is included both in our proposed model and in the Lagreca et al. model [21].
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Also, for better visualization, we used a 3-dimensional spatial configuration. Similar
constructions for this work were made for B-dimensional spaces. Therefore, equations (5) to
(8) constitute a set of maps that describes the main interactions of the immune system
between the entities that interact through the lock-and-key type of connection, in other
words, adaptive immune system entities that self-recognize. Such an equation set is
iteratively resolved, considering various initial conditions.
2.3 Simulation dynamics

In this section, we present the dynamics of the simulations that were used to reproduce the
proposed experiments in silico, and we evaluate the behavior of the proposed model.
To simulate the behavior of the immune system by means of the proposed mathematical
model, we developed computational applications in the Fortran programming language
(IBM’s Mathematical FORmula TRANslation System). The source code was compiled
with GFortran (GNU Fortran Compiler) on a Linux Operating System platform.
Simulations were performed by a 2 GHz processor, with 4 GB of random-access
memory (RAM).
To establish the relationship between antigen mutation and the memory of the lymphocyte
 E( j 1,
 )( k 1,  ) .
population, we performed 3 in silico experiments with 30 samples E j , k 
The same parameters were used in every E j  E( j  1,  ) experiment to represent identical
individuals. The antigens were identified by the following expression:
Vi E
(i 1, )E
( j 1,  )(
k 1,  ) , where the i, j, and k indexes describe the inoculation
j , k V
order, the experiment, and the sample, respectively. The number  is the number of
inoculations in each experiment,  is the number of experiments, and  is the number of
samples in each experiment.
The antigen injection simulations were performed every 1,000 temporal steps (in
arbitrary units – a.u.), representing the administration of a new antigen dose in a
hypothetical mammal. In the first experiment, we injected 110 different antigen
populations in the sample, in the second, 250, and, in the third, 350. To represent the
mutation within a population of the same antigen, we used 10 different seeds for the
pseudo-random number generator. In the first experiment, a seed was associated with
each sample, and the same set of seeds was used to perform the other experiments. In
this way, to represent the mutation, we considered that inoculated antigens in the same
position belonged to the same species and underwent a mutation for each different
sample. The difference between the samples is in the bit-string variation of the
inoculated antigens, and the difference between the experiments is in the duration of
the time steps. The design of the experiments and the antigen identification used in this
work are shown in Fig. 5.
In the schematic diagram shown in Fig. 5, the antigen (i.e., a virus strain) is identified as
V1E12, which is the mutation of the antigen V1E11 (belonging to an antigen population of
the same species), and the antigen V2E11 is different from the V1E11 antigen (which belongs
to various antigen populations).
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Fig. 5. In each experiment, different lifetimes were considered for individual hypothetical
mammals. The lifetime (“lifespan”) for E1, E2, and E3 is 110000, 250000, and 350000
respectively.
2.4 Model parameters

The following table shows the ranges for the parameters used in our simulations, based on
the literature.
Symbol Function

d

Apoptosis

Value used in the model

0.99

Information
obtained
from the literature
De Boer et al. [41] (2001):
0.95
Bueno et al.[42] (1999): 0.95
Lima et al. [43] (2007):

d > 0.95

m

Source term

10 7 if p < 0.1

0.0if p  0.1

Lagreca et al.[21] (2001):
0.0005
von Laera et al. [34] (2005):
0.01
Monvel et al.[38] (1993):

m  0.0

b

Clonal proliferation

k

Removal of antibodies and
0.1
antigens

2.0

De Boer et al. [41] (2001):
2.5-3.0
Utzny et al. [44] (2001): 2.0
von Laera et al. [34] (2005):
1.2
von Laera et al. [34] (2005):
0.01-0.1

Table 1. Parameters used in the proposed model.
2.4.1 The apoptosis clonal parameter (d)

In the extended model presented in this paper, d represents the fraction of cells that is
subjected to natural death (apoptosis) or programmed death; thus, s  d  1 , where s 1  d
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is the fraction of cells that avoids apoptosis. In the literature, the apoptosis of lymphocytes is
typically assumed to occur in percentages not less than 95% [41.43]. For the simulations
developed in this study, the natural death parameter was fixed at 0.99 (99%). To give an idea
of the effect of varying this parameter, the performances of the model for two different
apoptotic events and for the first inoculation antigen were compared (See Fig. 6).

Fig. 6. Evolution of populations of antigens, B lymphocytes, and antibodies with respect to
natural death parameter d = 0.99 and d = 0.95. The parameter bA = 100 and initial antigen
dosing Aginicial = 0.5 . The virgin state of the system is the range of 0 to 1000.
2.4.2 The source term (m)

The source term m simulates the stochastic behavior of the bone marrow in the production
of new lymphocytes [21.38].
In the model described in this work, if the pseudo-random number generator returns a
value less than o r equal to p  0.1 , the source term takes the value m  10 7 , because m is
experimentally small compared with the levels of lymphocytes produced in the immune
response [34,35,38]. If the generator returns values greater than p  0.1 , the source term
takes the value m  0.0 [21].
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2.4.3 The clonal proliferation parameter (b)

Both the pioneering work and the recent work in the literature on theoretical immunology
present results on the dynamics of the immune system and the search for attractors of the
fixed point type to determine in machine clonal homeostasis (equilibrium) in the virgin state
(antigen without inoculation) and in the excited state (when an antigen is recognized by
some clonal population) [37,38,40].
The condition yF  y A  0 is satisfied when the virgin state of the immune system is
considered, i.e., without the presentation of antigens, no antibodies are produced. Also,
considering that the system only allows high-affinity connections (connections between
perfectly complementary shapes), the connectivity factor ah  0 .
In the virgin state, the sum total of the immune populations is restricted to B lymphocytes:
yTot (t )

[ y( , t )  yF ( , t )  y A ( , t )]  y( , t )




Hence, equation 5 reduces to the following:
y( , t  1)  [1  y( , )]{m  (1  d )y( , t )  b

y( , t )
y( , t )}. .
 y( , t )


As in the dynamic simulation used in this work, the virgin state occurs in the interval of 0 to
1000 time steps, and only a pseudo-random number is drawn. Then,
,t)
 y( , t )  y(


y( *
, t ) y
(t ) yt and yt  y( , t ) ,

because, according to Immune Network Theory, for each lymphocyte population, there is
another complementary population [17,18,19]. A more detailed explanation can be found in
the results section.
Because the bone marrow term in the absence of infection (virgin state of the immune system)
is much smaller than the clonal proliferation parameter (m<<b) [34,35], we have the following:
yt  1 [(1  d )yt  byt ](1  yt ) or [1  d  b ]yt (1  yt ). .
yt  1 ryt (1  yt ) , a logistic mapDefining r  1  d  b , the equality results in the following: ( 
type equation). Moreover, for the system under study to evolve to a fixed point, the
condition 1  1  d  b  3 must be satisfied.

Consequently, taking into account an apoptosis parameter equal to d  0.99 , the clonal
proliferation parameter b must be located within the following range:
1  1  b  0.99  3  0.99  b  2.99. In the simulations presented in this paper, the clonal
proliferation parameter b was set to 2.0 .
2.4.4 The antibody and antigen removal parameter (k)

The parameter for the removal of antigens and antibodies k was set to 0.1 , to ensure that
the populations of antigens and antibodies decay to zero before the antigen is presented.
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This procedure, which is adopted for a new antigen, is applied only after the previous
antigen has been completely removed [21.45].
2.4.5 Connectivity ( ah )

The connectivity parameter used was 7, so that 99% of the populations are coupled to their
perfect complement, and only 1% of the populations are coupled to the first neighbors of
their complement. The quality of the immune response is directly related to the degree of
affinity among the elements of the adaptive system [8].
2.4.6 Bit-string length (B)

Considering the available hypercube immune populations represented by the model, the length
of the bit-string B was set at 12. This value corresponds to 2 12  4,096 different antigens.
2.4.7 Antibody proliferation parameter ( b A )

In the model presented in this work, the initial antigenic dose ( Aginitial ) was set to study the
influence of parameter b A on the immune memory in some simulations.
In other simulations, this parameter was set to study the consequences to the memory of
varying the antigen dosage. To clarify, the limit value of bA  0.0 corresponds to the model
previously proposed by Lagreca et al. [21], and the limit value of Ag initial
 y
0.0
F
corresponds to the virgin state of the immune system.

3. Results
The clonal populations that were excited after selection by an antigen (or an antigen
population) are shown in Fig. 7, as follows: (a) for the first antigen inoculation; and (b) for
the second antigen inoculation, with a dosage of 0.1. In this evolution, two populations were
excited with the first antigen inoculation at step 1000: the clonal population that recognized
the specific antigen (B1 – Burnet idiotypic cells [18.19]) and the clonal population (J1 – Jerne
anti-idiotypic cells [18.19]) complementary to B1. At step 2000, the second antigen was
inoculated, and four populations survived: the clonal population that was selected by the
second antigen (B2), the clonal population (J2) that is complementary to B2, the clonal
population that was selected by the first antigen (B1), and the clonal population (J1) that is
complementary to B1.
At step 1000, clonal populations B1 and J1 are excited when they are selected by the first
antigen, as shown in Fig. 7 (a). However, in step 2000, when populations B2 and J2 are
excited, the clonal populations B1 and J1 are already memories of the first antigen. To
maintain the homeostasis of the system, there is a decrease in the concentrations of the four
remaining populations, as shown in Fig. 7 (b).
3.1 Antigen persistence

The temporal evolution (kinetics) of the Burnet cells is shown in Fig. 8 for each antigen i. Fig.
8 shows that the population selected by the first antigen begins to decrease after the second
inoculation.
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Fig. 7. Surviving clonal populations: (a) for the first antigen inoculated, and (b) for the first
and second antigens inoculated.
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Fig. 8. Evolution of populations in memory, up to 11,000 time steps (concentration of
antigens equal to 0.10 a.u.). The first and seventh clonal populations remain excited, while
the others disappear – except for the last populations, which were excited near the end of
the range.
This behavior occurs because the immune system has a maximum number of cells that it can
support; in other words, when new antigens are memorized, others need to be forgotten
(immune homeostasis turnover). At time step 7,000, when the seventh inoculation is
performed, the first population begins to increase, indicating that it can be stored for a long
period. In our Ag-dependent approach, this behavior indicates that an increase in the
lifetime (lifespan) of memory can be generated by antigen survival (antigenic dependence).
3.2 Antigen mutation

To study the influence of antigenic mutation on memory (B cell antigen-dependent
memory), simulations of inoculations of the 30 samples were also performed, with an
antigenic dosage of
Aginitial  0.1a.u. The durations of memory populations in each experiment (E1, E2, and E3)
are shown in Fig.9.
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Fig. 9. Lifetime on a logarithmic scale for the clonal populations in each sample and in three
experiments. For best viewing results, the graphs were truncated at 60 time steps
(experiment E1) and 40 time steps (experiments E2 and E3). The arrows indicate the antigen
populations that led to the production of immune memory.
In Fig. 9 (a), for example, all of the lifetimes (lasting memories) are related to antigens of
different species (V1E11...V110E11). In contrast, the first lifetime in Fig. 9 (a)-(j) refers to an
antigen that has already undergone mutation (V1E11...V1E110). Similar memory
developments for experiments E2 and E3 are also shown in Fig. 9. The behavior of the
average durability of the memories is shown in Fig. 10 (a) - (c).
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Fig. 10. Temporal averages of memory lifespans. In (a), to 350 antigen inoculations; in (b), to
250 antigen inoculations; and in (c), to 110 antigen inoculations.
The average lifespans are calculated from the memory lifespans generated by each mutated
antigen, as follows:
-

For experiment E1 (Fig. 10 (c)), the first average lifetime is obtained by
the last average lifetime is obtained by

1 10
 V110E1,k ;
10 k  1

1 10
 V1E1, k and
10 k  1
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For experiment E2 (Fig. 10 (b)), the first average lifetime is obtained by
the last average lifetime is obtained by

-

1 10
 V250E2,k ;
10 k  1

For experiment E3 (Fig. 10 (a)), the first average lifetime is obtained by
the last average lifetime is obtained by

1 10
 V1E2,k and
10 k  1

1 10
 V1E3,k and
10 k  1

1 10
 V350E3,k .
10 k  1

From Figs 9 and 10, the resulting set for this dynamics suggests that different antigens, and
mutated antigens, generate different lifespans for immunological memory.

4. Discussion and conclusion
In this paper, an Ag-dependent mathematical model was used to explore how the key
elements of the adaptive immune system function. The same model was also used to
investigate the factors that are potentially responsible for maximum immunization capacity
[40-55].
Inspired by the following statement of Elgueta et al.: "After 20 years, the role for persisting
antigens, immune complexes, and FDCs is still not satisfactorily resolved [...] It is completely
unknown how the memory B cell compartment is sustained [...] The role of antigens, FDCs,
and immune complexes is still open to further investigation" [56], we have paid special
attention to the phenomenon of immune memory and its relationship to antigen mutation
and antigenic persistence.
Our results suggest that not only antigen type but also antigen mutation can influence the
durability of immunizations, indicating that the role of antigen persistence is important for
prolonging immune memory. These results were discussed with respect to recent work, and
we refer to the adoption of parameter values chosen among data gathered from the
literature. The model used in this study took into consideration that the immune system is a
network of molecules and cells that can recognize itself [1-6,17]. The cells that recognize
antigens select a complementary set of clones (anti-idiotypic antibodies) that can react with
the idiotypes of other cells. Thus, the clonal expansion of complementary cells can also occur
when these two types of cells interact through lock-and-key connections [8]. In the results
presented here, such behavior was observed when an antigen was inoculated into the
system and two B cell populations were excited: the population of cells that recognized the
antigen and the population of cells that recognized its complementary shape, as shown in
Fig. 7.
The results also show that an important factor in the durability of immunological memory is
the mutation of antigen populations. In 2009, Tarlinton et al. [49] published a review paper,
suggesting that the homeostasis of immune memory can only occur if new memory
populations arise over others, i.e., to create dynamic equilibrium among memory cells, some
need to disappear for others to arise, because the immune system has a maximum memory
capacity [40-55]. Choo et al., in a recent paper published in The Journal of Immunology [57],
reported the same finding, based on the Ag-independent premise. Choo et al. (2010) have
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determined, by means of a quantitative analysis, that the homeostatic turnover of Agspecific CD8 memory T cells is stochastic rather than deterministic.
Then, the results we show in Fig. 8 indicate, in part, an alignment with the work of Choo et
al.(2010) and with that of Tarlinton et al., because some populations were "forgotten" so that
others could be “memorized”, thereby complying with the principle of homeostatic
turnover. However, Tarlinton et al.(2008) [49] and Choo et al. (2010) [57] suggest that the
mechanism for achieving homeostasis is stochastic, contrary to earlier work of Matzinger
(1995)[50] and Nayak et al. (2001)[19], who indicated that the durability of memory depends
on the antigen type.
The results presented in Figs. 9 and 10 suggest that the homeostatic turnover of a memory B
cell depends on the antigen type and also on their mutation(s). Thus, our model aligns best
with the earlier work of Nayak et al.(2001) and Matzinger et al. (1995), and it also aligns to
some extent with the work of Tarlinton et al., specifically with respect to storage capacity
(homeostatic turnover). However, our results do not line up with a hypothesis of
randomness (stochastically) for the kinetics of immune memory, as inferred by Choo et al.
The results presented here considered a pool of B cells, but similar conclusions can be drawn
from a pool of CD4 T cells. In our simulations, memory lifespan is dependent on the
antigen, and the dynamic behavior of memory is strongly deterministic. These results are
especially interesting, because they may suggest a deterministic chaotic behavior for the
immune memory. In chaotic behavior, there is a mix of stochasticity and determinism, i.e.,
there exists a well-defined mathematical function for the problem, but small changes in
initial conditions can lead to unpredictable results. In conclusion, our results have shown
that Choo et al.(2010) may have inferred an “apparent” stochastic behavior for homeostatic
turnover in their work; however, this behavior may be linked to a deterministic-chaotic
dynamic equilibrium. Nevertheless, this finding also indicates that, although the memory
behavior is deterministic, just is possible to predict the durability of immunization inferred
by a vaccine within a limited interval of antigenic concentration, i.e., outside chaotic region.
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1. Introduction
Every living organism tends to protect itself from harmful effects of pathogens or molecules
of pathogenic origin that can disturb its well-being state. The first line of defence that comes
into action upon encounter with the pathogen is referred to as innate immune defence
mechanism. It had been a matter of great inquisitiveness how innate immune defence
mechanism is able to render the body protected against such a diverse variety of pathogens.
But with the discovery of germ line encoded pattern recognition receptors (PRRs) that can
sense the pathogen associated molecular patterns (PAMPs), it is to an extent possible to
answer the query, how innate immune system copes to recognise such a wide variety of
micro-organisms and harmful microbial elements. PAMPs are usually of pathogenic origin
and absent from the cells of host origin. PRRs can be transmembrane receptors like Toll like
receptors (TLRs) (Beutler & Rietschel, 2003; Janeway & Medzhitov, 2002), C-type lectin
receptors (CLRs) or these can be cytosolic receptors like Nod like receptors (NLRs) and Rig
like helicases (RLRs). Every PRR is capable of recognising specific conserved molecular
patterns on the micro-organism and later can start a downstream signalling process upon
proper interaction of PAMP and PRR that leads to synthesis of effector molecules like
antimicrobial peptides and pro-inflammatory cytokines that prevent the body from
otherwise harmful microbes.
In the late 90’s a protein was discovered in Drosophila named as Toll. Toll is a
transmembrane receptor that is required for the establishment of proper dorso-ventral
polarity during embryo formation in Drosophila (Hashimoto et al., 1988). Mutation in Toll
gene results in a weird phenotype of the fruitflies. Later it was found that signalling
pathways of Drosophila Toll and mammalian IL-1 receptor showed marked resemblance
leading to the assumption that Toll may be involved in the regulation of immune responses.
Now, it is well established that Toll signalling is required for the defence against Grampositive, Gram-negative bacterial and fungal infections. Toll is responsible for the
production of Drosomycin, antifungal peptide (Lemaitre et al., 1996). Mutants lacking in
components of Toll mediated signalling pathway (Toll, Spatzle, Tube, Pelle) are highly
susceptible to fungal infections. A year succeeding the discovery of Toll in Drosophila,
through database searches, Toll homologues in mammals as well were revealed known as
*
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Toll like receptors (TLRs). TLRs recognise PAMPs of diverse origin from bacteria, virus,
fungi, protozoa and others. TLRs can also sense the molecules that are generated within the
host cells alarming a sort of danger signal like heat shock proteins (Hsp60, Hsp70, Hsp90),
fibrinogen, surfactant protein A, heparin sulphate and others. Thirteen TLRs are reported so
far, out of which TLR1 to TLR9 are conserved between human and mice. TLR10 is only
functional in human while TLR11 is found to be functional only in mice. Upon interaction
with their cognate ligands, TLRs either homodimerise or heterodimerise to further proceed
the downstream signalling.

2. Structure of TLRs
Toll like receptors are type-I transmembrane receptors having an extracellular domain
containing multiple leucine rich repeats (LRRs). There are about 19-25 tandem repeats of
LRR motif each having 20-29 residue sequence motif LXXLXLXXNXLXXLXXXXXXXLXX
where X is any amino acid (Bell et al., 2003). LRR motifs are responsible for interacting and
recognising specific ligands and thereby initiating downstream signal transduction. LRRs
are varied among different TLRs enabling them to sense a wide variety of PAMPs.
Interaction of the pathogen with the LRR motif is supposed to take place at the concave side
of the horse shoe shaped LRR motif. Mammalian TLRs are found to have homology with IL1 receptor in cytoplasmic domain known as Toll/IL-1R or TIR domain while extracellular
regions are devoid of any homology having three immunoglobulin domains in IL-1R and
LRR motifs in TLRs. TIR domain consists of about 200 amino acids (Slack et al., 2000) and is
composed of five β strands (βA, βB, βC, βD and βE) alternated with five α helices (αA, αB,
αC, αD and αE) (Xu et al., 2000) connected via 8 loops. Box1, Box2 and Box3 are three highly
conserved regions found to be present in TIR domain. BB loop is formed when Box2 forms a
loop connecting the second β strand and α helix. This BB loop is of primary importance in
further downstream signalling because any single amino acid residue substitution in this
loop can lead to the complete impairment of its function. In C3H/HeJ mice, a point
mutation in BB loop replacing conserved proline leads to hypo-responsiveness to the LPS
resulting in loss of function of BB loop (Poltorak et al., 1998).

3. Distribution of TLRs
TLRs are generally expressed on the cells of innate immune system like dendritic cells,
monocytes and macrophages (Beutler & Rehli, 2002) that are likely to have interacted with
the pathogen earlier. TLR expression is found to be highest on the phagocytic cells like
tissue macrophages, neutrophils and dendritic cells. Macrophages express all TLRs except
TLR3. However, not all TLRs are expressed by all cell types i.e. TLR expression is tissue
specific eg. TLR5 is shown to be exclusively expressed on the intestinal epithelial cells’
basolateral surface. Also TLR expression may vary with the maturation stage of the cell, eg.
TLR1, 2, 4 and 5 are shown to be expressed on the immature dendritic cells but there
expression decreases as the cells undergo maturation. TLR3 is shown to be expressed only
on mature dendritic cells. Yet tissue specific demarcation of TLR expression is not clear, it is
observed that most of the tissues express atleast one type of TLR. Also TLR expression is
found to be different in the two subsets of blood dendritic cells i.e. Myeloid dendritic cells
express TLR1, 2, 4, 5 and 8 while plasmacytoid dendritic cell express TLR7 and TLR9
exclusively. TLR2 and 4 are highly expressed on the surface of macrophages but are also
reported to be expressed on the endothelial cells, smooth muscle cells, intestinal cells and
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Fig. 1. Toll like receptors and IL-1R are transmembrane receptors both having a conserved
region of about 200 amino acids in their cytoplasmic domain known as TIR domain. Three
highly conserved regions in TIR domain are referred to as Box1, Box2 and Box3. TLRs and
IL-1R though similar in their cytoplasmic domains are markedly different in their
extracellular components; TLRs have LRR motif and IL-1R has Ig like domain
extracellularly.
others. Studies also indicate subcellular location of TLRs. TLR1, TLR2, TLR4, TLR5 and TLR6
have been found to be expressed on the cell surface, as demonstrated by positive staining of
the cell surface by specific antibodies and these recognize bacterial products while TLR3,
TLR7, TLR8 and TLR9 have been shown to be expressed in intracellular compartments such as
endosomes and recognize microbial nucleic acids (Takeda & Akira, 2005).
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4. Phylogenetic relationship among TLRs
A sequence similarity search of different human TLRs revealed that TLRs can be subdivided
into five subfamilies i.e. TLR2, TLR3, TLR4, TLR5 and TLR9 subfamilies. While the TLR3,
TLR4 and TLR5 are the only respective members of their subfamily, TLR2 subfamily
comprises of four members viz. TLR1, TLR2, TLR6 and TLR10; TLR9 family has three
members TLR7, TLR8 and TLR9. Members within a subfamily exhibit high ratio of similar
sequences than members of other subfamily eg. TLR1 and TLR6 show about 70% similarity
in their amino acid sequence, identity approaches about 90% in their TIR domains.

Fig. 2. Human TLRs can be divided into five subfamilies- TLR2, TLR3, TLR4, TLR5 and
TLR9. Division is based on the amino acid sequence similarity.

5. Ligands of TLRs
TLRs are able to recognise a wide variety of pathogens and thereafter signal transduction
commences that leads to mounting of desirable immune response against the pathogen like
expression of inflammatory cytokines, chemokines, antibacterial peptides, enhanced
expression of co-stimulatory molecules etc. Generally every TLR recognises more than one
type of PAMP e.g. TLR4 (first TLR to be discovered in mammals) has the ability to recognise
a variety of PAMPs diverse in nature, for instance it can recognise LPS from bacteria, taxol
from plant, different proteins of viral origin, Hsp 60 and 70 from the host cell itself etc. Like
TLR4 other TLRs are also able to recognise a wide variety of pathogens which is briefly
summarised in Table 1.
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TLR

LIGANDS

TLR1

Tri-acyl lipopeptides (bacteria, mycobacteria)
Soluble factors (Neisseria meningitides)
Lipoprotein/lipopeptides (a variety of pathogens)
Peptidoglycan (Gram-positive bacteria)
Lipoteichoic acid (Gram-positive bacteria)
Lipoarabinomannan (mycobacteria)
A phenol-soluble modulin (Staphylococcus epidermidis)
Glycoinositolphospholipids (Trypanosoma Cruzi)
Glycolipids (Treponema maltophilum)
Porins (Neisseria)
Zymosan (fungi)
Atypical LPS (Leptospira interrogans)
Atypical LPS (Porphyromonas gingivalis)
HSP70 (host)

TLR2

TLR3

Double-stranded RNA (virus)

TLR4

LPS (Gram-negative bacteria)
Taxol (plant)
Fusion protein (RSV)
Envelope proteins (MMTV)
HSP60 (Chlamydia pneumoniae)
HSP60 (host)
HSP70 (host)
Type III repeat extra domain A of fibronectin (host)
Oligosaccharides of hyaluronic acid (host)
Polysaccharide fragments of heparan sulfate (host)
Fibrinogen (host)

TLR5
TLR6

Flagellin (bacteria)
Di-acyl lipopeptides (mycoplasma)

TLR7/8

Imidazoquinoline (synthetic compounds)
Loxoribine (synthetic compounds)
Bropirimine (synthetic compounds)

TLR9

CpG DNA (bacteria)
Hemozoin (protozoa)

TLR10
TLR11

?
Component of uropathogenic bacteria (bacteria)
Profilin like molecule (protozoa Toxoplasma gondii)

Table 1. TLRs and their corresponding ligands.
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6. TLRs bridge innate and adaptive immunity
TLRs serve as a link between innate and adaptive immunity by induction of dendritic cell
(DC) maturation and directing T helper responses (Parker et al., 2006). It has been reported
that stimulation of specific TLRs leads to induction of either IL-10 or IL-12 that results in a
response biased towards either Th1 or Th2 cytokines. TLR2 mediated response
preferentially leads to release of Th2 cytokines while TLR4 induces Th1 cytokine release.
DCs have been reported to express TLRs on their surfaces which respond to different
microbial antigens differently. Immature DCs have high phagocytic activity but low T cell
activation potential and these are capable of detecting, capturing and phagocytosing
pathogens that ultimately leads to activation of TLRs and cytokine release. A signalling
cascade commences after TLR activation (as described later) which serves as a complex
differentiation programme for DCs, collectively termed DC maturation. This DC maturation
is characterised by up-regulation of co-stimulatory molecules such as CD40, CD80, and
CD86. CD80 and CD86 are the two requisite signals for naïve T cell activation (Banchereau
& Steiman, 1998; Parker et al., 2006).
Also, when TLRs on many cell types are stimulated by TLR agonists, bacteria and viruses, it
leads to the production of type I interferon (IFN-α/β) (Parker et al., 2006). This response is
popularly attributed to be part of first line of defence against infection and a central
modulator of adaptive immunity. Proliferation of memory T cells, inhibition of T cell
apoptosis, enhanced IFN-γ secretion, B-cell isotype switching and differentiation into
plasma cells and NK cell activation are some of the attributes of IFNs owing to their diverse
functions in the development of adaptive immunity.
In addition to up-regulation of CD80/CD86 molecules on DCs and production of type I
interferon (IFN-α/β) to control T cell activation, another mechanism of T cell activation
exists in which T cell responses are regulated by CD4+ CD25+ suppressor or regulatory T
cells (Treg cells). The Treg cells function to induce tolerance in peripheral T cells (both selfreactive and non-self-reactive T cells), a malfunctioning of these cells leads to autoimmune
diseases. It has been reported that DCs produce IL-6 in response to TLR activation that is
critical for T cell activation as it relieves suppression of effector T cells (non-self-reactive T
cells) by Treg cells (Pasare & Metzitov, 2003). Pasare & Metzitov also report that T cell
activation occurs even in the absence of IL-6 when Treg cells are removed. This suggests that
induction of co-stimulatory molecules on DCs is enough for T cell activation in the absence
of Treg cells.

7. TLR signalling
Toll like receptors after recognising PAMPs initiate intracellular signalling that leads to the
activation of NF-ĸB (Nuclear factor kappa B) or IRF3 (Interferon regulating factor 3) and
subsequently expression of genes under their control takes place. To induce intracellular
signal transduction, TLRs either homodimerise or heterodimerise upon interaction with
PAMPs. Probably there are two pathways regarding TLR signal transduction, MyD88
(Myeloid Differentiation Factor 88) dependent and MyD88 independent.
MyD88 dependent signalling pathway is found to be central to all TLRs except TLR3.
TIRAP (TIR domain containing adaptor protein) is essential for MyD88 dependent
signalling through TLR2 and 4 as revealed by the studies with TIRAP deficient mice.
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MyD88 dependent signalling involves a number of molecules which are briefly described
below.
MyD88
It is encoded by MyD88 gene (Muzio et al., 1997; Wesche et al., 1997; Burns et al., 1998). This
protein is utilised by all TLRs except TLR3 as an adaptor to transmit the signal inside the cell
resulting in activation of transcription factor NF-ĸB. Data indicates that another protein
TIRAP also known as MAL (MyD88 adaptor like protein) is required by MyD88 to be
recruited to TLR2 and TLR4. MyD88 protein has two domains- N terminal death domain
(DD domain) and C terminal TIR domain. It interacts with the TIR domain of TLR via its C
terminal TIR domain. MyD88 is also reported to interact with IL-1R, IRAK1, IRAK2, RAC1
(Ras mediated C3 botulinum toxin1) and many other proteins.
IRAK
IRAKs (IL-1R associated protein kinases) are protein kinases that act downstream of MyD88.
Four IRAKs are identified in mammals- IRAK1, 2, 4 and M (Janssens & Beyaert, 2003). While
IRAK1 and 4 are expressed in all cell types, IRAK2 shows narrower distribution and IRAK M
is reported to be only expressed in cells of myeloid origin. IRAKs have an N terminal death
domain but lack a TIR domain. But a central serine threonine kinase domain is present. IRAK1
and 4 have intrinsic kinase activity while IRAK2 and M are with no kinase activity.
TRAF
TRAFs (TNF receptor associated factors) are proteins having an N terminal coiled coil
domain known as TRAF-N and a conserved C terminal domain known as TRAF- C (Bradley
& Pober, 2001). There are six members in the mammalian TRAF family (TRAF1, TRAF2,
TRAF3, TRAF4, TRAF5 and TRAF6). Binding of TRAF to its interacting proteins require that
proteins should contain TRAF binding motif of which consensus sequence is identified and
found to be as Pro-X-Glu-X-X-(aromatic/acidic residue) (Ye et al., 2002). This motif is found
to present in CD40, IRAK1, IRAK2, IRAK4, TRANCER (TNF related activation induced
cytokine receptor).
TAK1 and TABs
Activation of IKK complex (Inhibitor of NF-KB kinase complex) by TRAF6 requires two
factors TRIKA1 (TRAF6 regulated IKK activator1) and TRIKA2 (TRAF6 regulated IKK
activator2). Further studies revealed that TRIKA1 is composed of Ubc13 (Ubiquitin
conjugating enzyme 13) and Uev1A (Ubiquitin conjugating enzyme variant1) which act as
ubiquitin conjugating enzyme complex. Polyubiquitination of TRAF6 is done by TRIKA1
complex with lysine 63 (K63) of ubiquitin. This polyubiquitination directly activates the
TAK1 in a proteasome independent manner. TRIKA2 is composed of TAK1, TAB1 and
TAB2. TAK1 (TGF-β activated kinase) belongs to a MAPKKK family of protein kinases
(Yamaguchi et al., 1995). TABs are TAK1 binding proteins (Shibuya et al., 1996; Takaesu et
al., 2000). TAB1 acts as co-activator of TAK1 enhancing its kinase activity while TAB2 has an
adaptor function linking TAK1 to TRAF6.
NF-ĸB
NF-ĸB (Nuclear factor kappa B) is a transcription factor that controls the expression of genes
involved in inflammation, immunity and apoptosis. It was discovered as a transcription
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factor for the K chains in immunoglobulins. About 100 genes are under the transcriptional
control of NF-ĸB. It belongs to rel family of proteins. NF-ĸB is an evolutionary conserved
protein having five members in mammals- p50, p52, RelA/p65, RelB and RelC. All these
function either as homodimer or heterodimer for e.g. p50 homodimer and p50/p65
heterodimer. Their ability to regulate and control transcription also differs markedly, for
instance p65 and Rel-C are most potent transcriptional activators while p50 homodimers
seem to repress transcription. NF-ĸB is composed of two subunits p50 and p65. It is bound
to an inhibitory protein IκB via non-covalent interaction which hampers its activity. Studies
indicate that p50 and p65 dimerise around a 10 base pair region referred to as κB sites.
Sequence of this site is 5’GGGRNNYYCC3’ where R, Y and N refer to purine, pyrimidine
and any base respectively.
7.1 MyD88 dependent signalling pathway
MyD88 is an adaptor protein that is recruited to the TIR domain of TLR upon its activation
via C terminal TIR domain. MyD88 also has a death domain at its N terminal end spaced
with a short linker sequence from its C terminal. MyD88 then recruits IRAK4 (IL-1R
associated protein kinase 4) at its death domain via its N terminal. IRAK4 has N terminal
death domain and a central serine/threonine kinase domain that is essentially required for
its kinase activity and downstream signalling. This recruitment of IRAK4 to MyD88 induces
conformational changes in IRAK4 that allows the interaction of IRAK1 with it and then
IRAK4 acts on IRAK1 to phosphorylate it. Also upon activation, IRAK1 starts autophosphorylating itself (Takeda & Akira, 2005). To this assembly, TRAF6 (TNF receptor
associated factor 6) further associates via phosphorylated IRAK1. TRAF6 acts as a signalling
mediator for both IL-1R/TLR superfamily and TNF receptor superfamily. Association of
TRAF6 with phosphorylated IRAK1 leads to the dissociation of both these mediators from
the assembly and binding to TAK1 (Transforming growth factor β activated kinase),
TAB1(TAK1 binding protein 1) and TAB2 (TAK1 binding protein 2). TAK1 belongs to
MAPKKK (Mitogen activated protein kinase kinase kinase) family. TAB1 acts as an activator
of TAK1 while TAB2 functions as an adaptor molecule linking TAK1 to TRAF6. Recently,
another TAK1 binding protein, TAB3 came into being and might function similar to TAB2.
This causes phosphorylation of TAB2 & TAK1 and degradation of IRAK1. This remaining
complex i.e. TAK1, TAB1, TAB2 and TRAF6 now gets associated with ubiquitin ligase
UBC13 (Ubiquitin conjugating enzyme 13) and UEV 1A (Ubiquitin conjugating enzyme E2
variant 1). This leads to activation of TRAF6 which in turn activates TAK1. TAK1 activation
takes place through linkage of a lysine63 linked polyubiquitin chain via TRAF6-UBC13
complex where TRAF6 acts as an E3 Ubiquitin ligase (Wang et al., 2001). Activated TAK1 is
responsible for the phosphorylation of MAPK and IKK complex ( Inhibitor of NF-κB (IκB)
kinase complex). IKK has three subunits, IKK1 or IKKα, IKK2 or IKKβ and IKKϒ or NEMO
(NF-κB essential modulator) (Karin & Ben-Neriah, 2000). This kinase complex
phosphorylates IκB at conserved serine residues in N terminal which mark it for
ubiquitination and its subsequent degradation via proteasome. Removal of inhibitor from
NF-κB leads to its activation and translocation from cytosol to nucleus where it binds to NFκB binding regions (present in the genes under the control of NF-κB transcriptional
activation) and induce the transcription of genes responsible for synthesis of effector
molecules that act against the invading pathogen or PAMPs and lead to their destruction.
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Fig. 3. Upon stimulation of TLR with suitable PAMP, MyD88 is recruited to TIR domain of
TLR. IRAK4 then associates with MyD88. This causes IRAK1 to attach with IRAK4 which
causes its phosphorylation. TRAF6 then joins this complex and thereafter causes IRAK1 to
dissociate from IRAK4 along with it. Later TRAF6 and IRAK1 bind to TAK1, TAB1 and
TAB2. Later IRAK1 is degraded and remaining complex joins Ubc13 and Uev1A which
causes polyubiquitination of TRAF6 and activates TAK1 in a proteasome independent
manner. Activated TAK1 phosphorylates both MAPK and IKK complex. IKK complex
phosphorylates IκB that leads to its ubiquitination and then degradation in proteasome.
Release of IκB from NF-κB activates it which then translocates into the nucleus and causes
the expression of genes which are under its transcriptional control including genes involved
in apoptosis, inflammation and immunity.
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7.2 MyD88 independent signalling pathway
Studies have revealed that upon stimulation with LPS in MyD88 deficient cells, there is still
production of NF-κB, although the production is delayed. This leads to the fact that TLR
signalling can also occur in the absence of MyD88 i.e. independently of MyD88. TLR3
utilizes MyD88 independent signalling pathway to activate IRF3 that is responsible for the
up-regulation of interferon (IFN) inducible genes and the production of IFN-β. This MyD88
independent signalling pathway utilizes another adaptor molecule known as TRIF/TICAM1
( TIR domain containing adaptor protein inducing IFN-β/ TIR domain containing molecule
1). TRIF has TRAF6 binding motifs (T6BM) in its N terminal and a TIR domain and RHIM
(Receptor interacting protein 1 homotypic interaction motif) domain at its C terminal. TRIF
is the only molecule meant to be involved in signalling through TLR3. Studies with TRIF
deficient mice showed impaired response in activation of IRF3 and expression of IFN
inducible genes only with ligands of TLR3 and TLR4 (Hoebe et al.,2003). IRF3, 5 and 7 play
important roles in expression of IFN inducible genes during viral infection. IRF3 is typically
required for the expression of genes encoding IFN-β and genes under the control of other
interferons (Yoneyema et al., 1998). Upon activation of TLR3 with its ligand, TRIF is
recruited to the TIR domain of TLR3. Then TRIF associates at its N terminus via two
molecules- TRAF6 and TBK1 (TRAF family member associated NF- κB activator (TANK)
binding kinase 1). TBK1 is responsible for phosphorylating the IRF3 at its C terminal
regulatory domain which leads to their dimerization (Sharma et al., 2003). Dimers are then
able to translocate into the nucleus and associate with co-activators p300 and CBP( cAMP
responsive element binding protein).This then causes the expression of genes encoding IFNβ and other TypeI interferons (Taniguchi & Takaoka, 2002). These TypeI interferons via
JAK-STAT signalling pathway are capable of inducing the expression of IFN inducible genes
like GARG16 (Glucocorticoid attenuated responsive gene 16), IPG1( Immunoresponsive
gene1) and CXCL10 etc. Also, IRF7 is produced later in viral infections via interferons whose
expression is regulated by IRF3. TRAF6, another molecule that associates with TRIF at its N
terminal is meant to activate NF-κB. TRAF6 binds to N terminal of TRIF via its TRAF-C.
TRIF has three T6BM with consensus sequence Pro-X-Glu-X-X-(aromatic/acidic residue).
Also, to the C terminal of TRIF, RIP1 (Receptor interacting protein 1) binds which is
discovered recently and also found to activate NF- κB (Meylan et al., 2004). Activated NF-κB
then is able to translocate and causes the expression of genes under its control. It has been
found that transcriptional activation of IFN-β encoding gene needs both NF-κB and IRF3.
However, inflammatory cytokine production still remains impaired.
Search for adaptors containing TIR domain led to the discovery of a new adaptor molecule
known as TRAM/TICAM2 (TRIF related adaptor molecule/TIR domain containing
molecule2) (Bin et al., 2003). Studies with TRAM deficient mice revealed that TRAM is
involved in signalling through TLR4 in a MyD88 independent/TRIF dependent manner
(Yamamoto et al., 2003). TRAM has a TIR domain in the C terminal and it acts upstream of
TRIF while mediating TLR4 signalling exclusively. Studies showed that siRNA mediated
inhibition of TRAM expression causes impairment of IRF3 activation and expression of IFN
inducible genes only in response to TLR4 ligand, eg. LPS. However, TRAM knockout mice
shows normal activation of IRF3 and expression of IFN inducible genes in response to TLR3
activation. Hence, TRAM is only involved in signalling through TLR4 but not TLR3. MyD88
deficient macrophages when stimulated with LPS show activation of IRF3 and also
production of NF-κB, although production is delayed. Also, the production of inflammatory
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cytokines is impaired in these cells. Studies with TRIF and TRAM deficient mice showed
that for the production of inflammatory cytokines via TLR4, activation of both the signalling
pathways is required i.e. MyD88 dependent and independent, although the mechanism is
not clear. However, the production is not affected via MyD88 dependent pathway in
response to ligands of TLR2, 7 and 9. Another adaptor that is involved in signalling via
TLR4 is TIRAP/MAL (TIR domain containing adaptor protein/MyD88 adaptor like protein)
(Horngs et al., 2001). TIRAP deficient mice show impaired production of inflammatory
cytokines in response to TLR2 and 4 ligands but not to TLR3, 5, 7 and 9 ligands. This
confirms its role in signalling through TLR2 and 4. TIRAP deficient mice also show IRF3
activation and production of late phase NF-κB as seen in the studies with MyD88 deficient
mice. TIRAP has a C terminal TIR domain but it lacks a death domain that is present in
MyD88. It acts upstream of MyD88.
LPS signalling through TLR4 is mediated with the help of several other proteins eg. MD-2 is
a novel protein that mediates the TLR4 signalling in response to LPS. MD2 functions to bind
LPS and then presents this LPS to TLR4 via physically interacting with it. MD2 is found to
attach with TLR4 extracellular domain. Also, another protein CD14 is found to facilitate LPS
signalling via TLR4. CD14 along with LBP (LPS binding protein) binds to LPS (Wright et al.,
1990) and can initiate signalling via transmembrane receptors like TLR4.
7.2.1 Genes under transcriptional control of NF-κB
NF-κB is crucial for the expression of genes which are involved in immune responses (both
innate and adaptive), inflammation, viral infection, stress, cytokine signalling, acute phase
responses etc. Genes under the regulation of NF-κB have NF-κB binding sites in their
promoter region. Adhesion molecules like ICAM-1, VCAM-1, E-selectins are expressed as a
result of NF-κB transcriptional activation. ICAM-1/CD54 (Intercellular adhesion molecule -1)
is expressed on endothelial and immune system cells. ICAM-1 expression upon required
stimulus is enhanced via NF-κB activity. ICAM-1 binds to LFA1 (Lymphocyte functionassociated antigen1), a receptor on leukocytes. Leukocytes adhere and then migrate into the
tissues via ICAM-1 and LFA-1 interaction and carry out the required actions. VCAM1(Vascular cell adhesion protein-1) is present in the endothelial cells and function to adhere
lymphocytes, basophils, monocytes etc. to vascular endothelium. E-selectin/CD62E/ELAM1(Endothelial leukocyte adhesion molecule-1) is expressed on vascular endothelium in
response to TNF-α and IL-1β. It binds to carbohydrate moieties on some leukocytes. Genes
expressing growth factors are also up-regulated by NF-κB like genes for GM-CSF
(Granulocyte macrophage colony stimulating factor), M-CSF/CSF1 (Macrophage colony
stimulating factor/ Colony stimulating factor3) and G-CSF(Granulocyte colony stimulating
factor/ Colony stimulating factor 3). GM-CSF is a cytokine that stimulates stem cells to
differentiate into neutrophils, eosinophils, basophils, granulocytes and monocytes. M-CSF is
also a cytokine that stimulates stem cells to differentiate into macrophages and related cell
types. G-CSF acts on bone marrow to form more of granulocytes and stem cells. Various
chemokine genes also show enhanced expression in response to NF-κB like genes for
Eotaxin, RANTES (Regulated upon activation, normal T cell expressed and secreted), MIP
1α (Macrophage inflammatory protein 1 α) etc. Eotaxin is a chemokine that recruits
eosinophils while RANTES is a chemoattractor for T cells, K cells, eosinophils, dendritic
cells and is also responsible for recruiting leukocytes at inflammatory sites. Several cell
surface receptor genes are up-regulated eg. CCR5 (C-C chemokine receptor
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Fig. 4. TLR3 recruits TRIF upon stimulation with its ligand. To N terminal of TRIF, TBK1
associates which carries out later phosphorylation of IRF3. Upon phosphorylation, IRF3
forms dimer and translocates into nucleus and causes the expression of genes of IFN-β and
Type I interferons. Also, to the N terminal of TRIF, TRAF6 binds which activates NF-κB
which is then able to translocate and causes the transcription of genes under its control.
Genes encoding IFN-β require activation of both NF-κB and IRF3.
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Fig. 5. Response to LPS is mediated through TLR4; LPS binds to LBP, and then forms a
complex with CD14. This complex interacts with MD-2 which is able to interact physically
with TLR4. Signalling downstream afterwards proceeds either via MyD88 dependant or
MyD88 independent pathway. In MyD88 dependant pathway, NFĸB is activated which
induces transcription of several genes including genes of inflammatory cytokines. On the
other hand, in TIRAP and MyD88 knockout mice, activation of IRF3 and late phase NFĸB
takes place both of which are able to initiate transcription of the genes under their respective
control.
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type 5), CD86, TCR(T cell receptor), MHC class I & II, PAF( Platelet activating factor)
receptor. Enhanced expression of MHC molecules and TCR means to up-regulate T cell
activation and hence adaptive immunity. CD80 and CD86 are the major T cell costimulatory molecules. CCR5 is the receptor for RANTES, MIP 1α and 1β. Cytokine IL-1β,
IL-2, IL-6 and TNFα show enhanced expression after NF-κB activation. NF-κB dependent
stimulation of iNOS promoters also takes place.

8. TLR signalling is negatively regulated
Docking of pathogen onto TLRs and their subsequent stimulation induces production of
inflammatory cytokines such as TNF-a, IL-6 and IL-12. An uncontrolled and excessive
cytokine production can lead to manifestation of serious autoimmune and inflammatory
diseases. Hence, to avoid an excessive inflammatory response, organisms have evolved
mechanisms which make a balance between TLR activation and inactivation. Several
molecules modulating TLR-mediated responses have been unravelled. Negative regulators
of TLRs can either be extracellular or intracellular (Arancibia et al., 2007).
Extracellular regulators comprise of soluble form of TLRs. Soluble form of TLR2, sTLR2, is
produced by a post-translational modification of the membrane bound TLR2. It is reported
that if sTLR2 splice variant expression is inhibited, an augmented response to bacterial
lipopeptide is seen (Lebouder et al., 2003). Alternate splice variant of TLR4 (soluble TLR4),
sTLR4, is shown to be involved in the inhibition of LPS-mediated TNFα production and
NFĸB activation, blocking MD-2 (a co-receptor of TLR4) recruitment to the TLR4-CD14
complex. Also, soluble product of TLR5, sTLR5, is seen to be implicated in cellular response
of flagellin that induces an increased NF-ĸB activation by an unknown cellular mechanism.
A variety of intracellular molecules (adaptors and kinases) are found to regulate TLR
signalling. An alternatively spliced variant of MyD88 that lacks the intermediary domain of
MyD88 (MyD88s) is induced in monocytes upon LPS stimulation. Overexpression of
MyD88s results in impaired LPS-induced NF-ĸB activation through inhibition of IRAK-4mediated IRAK-1 phosphorylation. IRAK-M is another negative regulator of TLR signalling
cascade and it lacks catalytic kinase activity. IRAK-M inhibits expression of proinflammatory cytokines by preventing IRAK-1/IRAK-4 dissociation from MyD88, hence
causing inhibition of IRAK-1-TRAF6 complex formation. The fact that IRAK-M plays a
crucial role in regulating MyD-88 dependant signalling pathway can be established from the
information that IRAK-M-/- mice overproduce inflammatory cytokines in response to LPS
and CpG DNA (Arancibia et al., 2007).
A protein associated with Toll-Like Receptor 4 (PRAT4A) regulates cell surface expression
of TLR4. PRAT4A is associated with the immature form of TLR4 but not with MD-2 (a TLR4
co-receptor) or TLR2. PRAT4A knockdown led to the profound defect in LPS responsiveness
in a cell line expressing TLR4/MD-2, probably due to impaired maturation of TLR4, leading
to the lack of mature TLR4/MD-2 on the cell surface. PRAT4A is likely to be a component of
the machinery facilitating TLR4/MD-2 trafficking to the cell surface. Hence, PRAT4A is
another negative regulator of TLR4.
SOCS1 and SOCS3 belong to SOCS (Suppressor of cytokine signaling) family of proteins.
These proteins themselves induced by cytokines, negatively regulate TLR4/NFĸB signalling
pathways (Gingras et al. 2004). In SOCS 1-/- mice defective induction of LPS tolerance was
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observed as they were found to be hypersensitive to LPS-endotoxin. In the same manner,
LPS induced TNF-α production was found to be suppressed in macrophages exposed to IL10 and IL-6 isolated from SOCS3-/-(Arancibia et al., 2007).
PI3K, implicated in TLR signalling, has been found to suppress both MAPKs and NFĸB
induced by LPS, thereby decreasing TNF-α production (Arancibia et al., 2007). Tollip (Toll
interacting protein) has also been found to play an inhibitory role in TLR signalling. Tollip
when in association with TIR domain decreases IRAK-1 phosphorylation upon LPS
activation. A plausible role of PI3K in regulating inhibitory effects of Tollip has been
proposed. PI3K does that by interacting with 3’ phosphorylated phosphatidylinositides
(Arancibia et al., 2007).
SIGIRR (single immunoglobulin IL-1 receptor-related molecule) and T1/ST2, membrane
bound proteins adhered to the TIR domain, have also been found to be negative regulators
of TLR signalling (Takeda & Akira, 2005). Nucleotide oligomerization domain receptor
(NOD2), a mammalian PRR, too seems to be a negative regulator as NOD2-/- macrophages
when stimulated by TLR agonists produce significantly higher amount of cytokines but on
restoration of NOD phenotype, cytokine expression is lowered (Arancibia et al., 2007).
Activating Transcription Factor-3 (ATF-3) has also been found to negatively regulate TLRsignalling pathways (Whitmore et al., 2007). It has been observed that different TLR ligands
(i.e., zymosan for TLR2/3, pIC for TLR3, LPS for TLR4, and CpG-ODN for TLR9) stimulate
rapid induction of ATF3 in cultured mouse macrophages. It is reported that primary
macrophages of mice lacking atf3 gene (ATF3-knockout (KO)) show enhanced expression of
TLR-induced IL-12 and IL-6 when compared to wild type macrophages. In a reporter assay,
ectopic expression of ATF3 was found to antagonize TLR-stimulated IL-12p40 activation.
Further, CpG oligodeoxynucleotide, a TLR9 agonist when introduced in ATF3-KO mice
resulted in enhanced cytokine production from splenocytes. Hence, it can be concluded that
atf3 deficiency leads to altered pattern of immunological response and ATF-3 is a negative
regulator of TLR pathways.
In addition to these, degradation of TLRs (either ubiquitination mediated or lysosomal) is
also proposed as a mechanism for negatively regulating TLR signaling (Takeda & Akira,
2005; Wang et. al., 2007). A RING finger protein, Triad3A, has been found to act as an E3
ubiquitin ligase, ligating ubiquitin molecules onto the TLR4 and TLR9 and enhancing
their proteolytic degradation. A recent study by Wang et. al. (Wang et. al., 2007) reveals
another mechanism of negative regulation of TLR4 signalling, by lysosomal degradation
of TLRs. They propose that Rab7b, a lysosome associated small GTPase negatively
regulates NF-ĸB and IRF3 signalling pathways in macrophages by promoting lysosomal
degradation of TLR4 and decreasing the cell surface expression of TLR4. These complex
mechanisms of negative regulation of TLRs emphasize that it is important for prevention
of uncontrolled immune activation in the host.

9. TLRs in various diseases
9.1 TLRs in nervous system diseases
TLRs have been considered earlier as receptors expressed solely on antigen presenting cells
of the immune system i.e. B cells, dendritic cells, monocytes, macrophages etc. and mediate
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innate immunity. However, with advancement in techniques, it is clear that nearly all cells
within the body express TLRs, including different brain cell types such as microglial cells,
astrocytes, oligodendrocytes and neurons within the CNS (Central Nervous System). The
present section will focus the role of TLRs in these brain cells.
Microglia
Microglial cells are bone marrow-derived macrophage-like cells constituting about 10% of
the adult CNS and mediate neuronal immune interactions under both physiological and
pathological conditions (Pessac et al., 2001). Microglial cells are the key defence against
invading pathogens within the CNS, and it is not surprising, therefore, that activation of
these cells either by a single type of ligand or a combination of ligands, leads to secretion of
a milieu of cytokines and chemokines. It is now well known that microglial cells express
wide receptors of TLRs in addition to their adapter proteins, required for functional
downstream TLR signalling. Recent studies showed that TLR1-9 are expressed in microglia
(Jack et al., 2005). Upon activation, TLR mRNA and protein expression is increased in
microglia. As a result of TLR activation, these cells secrete higher amounts of proinflammatory cytokines and hence show pathogen specific responses. TLR signalling in
microglia may also have a role in cell death and survival following inflammatory activation
which suggests a paradigm in which auto-regulation of the innate immune system exists in
the CNS which helps to prevent excessive inflammation during pathogen infection (Jack et
al., 2007; Tanaka et al., 2008; Okun et al., 2009).
Astrocytes
Astrocytes are characteristic star-shaped glial cells in the brain and spinal cord and perform
many functions, including biochemical support to endothelial cells that form the blood–brain
barrier provision of nutrients to the nervous tissue, maintenance of extracellular ion balance,
and a role in the repair and scarring process of the brain and spinal cord following traumatic
injuries. Similar to microglial cells, astrocytes exhibit a wide expression of TLRs. Astrocytes
express robust TLR 3 with low expression of TLR 1, TLR4, TLR5 and TLR9, and with rare
expression of TLR2, TLR6, TLR7, TLR8 and TLR10. Several cytokines and chemokines are
reportedly produced following TLR activation in astrocytes. TLR 3 signalling induces
strongest pro-inflammation polarizing response by secreting increased levels of IL-12, TNFalpha, IL-6, CXCL-10, IFN-beta and IL-10 (Jack et al., 2005). Both cytokines and TLR agonists
induce expression of chemokine ligands i.e. CCL2, CCL3, CCL5, ICAM-1 and vascular cell
adhesion molecule-1 (VCAM-1) (Carpentier et al., 2005 ; Okun et al., 2009).
Oligodendrocytes
Oligodendrocytes are a type of neuroglia and function as an insulation of axons in the CNS.
As compared to other CNS cell types, very little is known regarding the expression and
function of TLRs in oligodendrocytes. The first report on TLRs in these cells has shown the
predominant expression of TLR2 and 3 as evidenced by promotion of survival,
differentiation, and myelin-like membrane formation and induction of apoptosis by TLR2
agonist, zymosan and TLR3 agonist, poly-I:C respectively (Bsibsi et al., 2002). While the
exact role of TLR2 in oligodendrocytes is unknown, in vivo evidences suggest that activation
of this receptor is involved in CNS repair by enhancing myelination of neurons in the CNS
and damage repair after spinal cord injury (Okun et al., 2009).
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Neurons
Neurons are the core components of the CNS which processes and transmits information by
electrical and chemical signalling. During the past few years, evidence for the neuronal
expression of TLRs has increased, suggesting a role for this receptor family in neurons
during physiological as well as pathological conditions. The expression of the mRNA for
TLRs1-9 as well as protein levels of TLR 2, 3 and 4 has been shown in vivo following
infection in a parasitic model of neurocysticercosis (Tang et al., 2007). Studies provide
evidence that neurons from both the central and peripheral nervous systems express TLR3
and that it is concentrated at the growth cones of neurons. In addition to TLR expression in
brain diseases, it is known that neuronal TLR activation plays a role in development. It has
been reported recently that treatment of cultured embryonic cortical neurospheres with a
TLR3 ligand significantly reduced proliferating (BrdU-labeled) cells and neurosphere
formation, whereas neural progenitor cells (NPC) from TLR3-deficient embryos formed
greater numbers of neurospheres compared to neurospheres from wild-type embryos (Okun
et al., 2009). A distinct difference is apparent between the effects of TLR activation in
differentiated neurons and neuronal progenitor cells. Apart from the classical TLR ligands
such as LPS (TLR4) or Pam3CSK4 (TLR2), it is considered that neuronal TLRs respond to
endogenous ligands but not to pathogen-derived ligands (Okun et al., 2009).
9.1.1 TLRs in neurodegeneration
TLRs generally respond against invading pathogens, however, they can also be activated in
the absence of microbial infection and regulate neurogenesis. Studies examining
inflammatory markers in normal brain aging have also suggested a dynamic regulation of
TLRs and hence, showed its participation in aging and age-related disease. Despite the
emerging role of TLRs in stokes, AD (Alzheimer’s disease) and MS (Multiple sclerosis), very
little is known regarding the function of these receptors in other neurodegenerative
disorders. In this context, the role of TLRs in brain diseases such as, Alzheimer’s disease,
multiple sclerosis and other neurodegenerative conditions is discussed herewith.
9.1.2 TLRs in Alzheimer’s disease
Alzheimer’s disease (AD) is a progressive neurodegenerative disease characterized by
gradual onset and advancement of memory loss and other cognitive deficits. Definitive
diagnosis of AD is based on the presence of extracellular amyloid plaques comprised of
neurotoxic amyloid β-peptide (Aβ) which is generated by proteolysis of the β-amyloid
precursor protein (APP), and intracellular neurofibrillary tangles composed of hyperphosphorylated insoluble forms of tau protein. TLR expression is up-regulated and
increased in the AD brain. A screening of TLRs in murine models of AD revealed an upregulation of TLR2 and TLR7 transcription levels compared to wild-type controls. Further,
multiple TLR genes (1-8) are expressed in microglia in post-mortem tissue from AD patients,
with varying levels of expression. The increased expression of TLRs in AD positions them as
potential players in neurodegenerative mechanisms and disease progression. The TLR4
gene has emerged as a candidate susceptibility gene for AD. A common missense
polymorphism occurs at the TLR4 gene locus resulting from an adenine to guanine
substitution 896 nucleotides downstream of the transcription start site. This substitution
causes the replacement of glycine for aspartic acid at amino acid 299 (Asp299Gly), and alters
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the structure of the extracellular domain of TLR4. This mutation attenuates TLR4 signalling
in response to LPS and diminishes the ability to induce inflammation (Arbour et al, 2000). In
AD brain, activated glia expressing high levels of TLR4 and TLR2 surround Aβ plaques. The
close association between Aβ plaques and reactive astrocytes and microglia has led to the
assertion that these cells contribute to plaque formation (Walter et al., 2007). TLR4
expression increases during exposure to Aβ and the lipid peroxidation product 4-hydroxynonenal (HNE). Further, c-Jun N-terminal kinases (JNK) and caspase-3 activity levels are
augmented in neurons exposed to Aβ and HNE. Selective elimination of TLR4 function
significantly suppresses the abilities of Aβ and HNE to induce activation of JNK and
caspase-3 (Tang et al., 2007) suggesting that TLR4 expression increases neuronal
vulnerability to Aβ-induced damage (Okun et al., 2009). Neurons expressing TLR4 have
increased sensitivity to Aβ and are vulnerable to degeneration in AD. In addition to
epidemiological studies that suggest mutations in TLR4 lead to decreased susceptibility to
neurodegeneration, several data indicate that activation of TLR4 is required for clearance of
Aβ in AD. In addition to TLR4, activation of other TLRs may also contribute to Aβ clearance.
Whereas TLRs are activated by exogenous pathogens, mounting evidence indicates that Aβ
itself activates TLRs and mediates microglial activation. At present, it still remains to be
determined if the activation of TLRs by Aβ contributes to and/or inhibits AD progression.
Contrasting data exist on the precise role of TLRs in Aβ deposition. Therefore, there may be
a balance of TLR activation in which mild activation is beneficial, promoting Aβ uptake and
breakdown. However, excessive activation of TLRs on microglia may lead to the
accumulation of cytotoxic compounds such as reactive oxygen species, cytokines,
complements and proteases causing damage and eventual neuronal loss. TLR signalling
pathways are a potential therapeutic target in AD; however more work remains to delineate
the complex interaction of TLRs in Aβ deposition and clearance and its precise role in AD
development (Okun et al., 2009; Akiyama et al., 2000).
9.1.3 TLRs in Multiple Sclerosis
Multiple Sclerosis (MS) is a chronic inflammatory and demyelinating disease of the CNS
and characterized by recurrent neurological dysfunction. It is believed to be an immunemediated disease in which auto-reactive T cells enter the CNS and drive a pro-inflammatory
reaction resulting in tissue injury after infection. There is a marked increase in TLR
expression in multiple sclerosis lesions. Microglial cells from MS patients express TLRs 1-8,
while, healthy white matter from patients does not contain TLRs. Examination of TLR3 and
TLR4 localization revealed that early active MS lesions are associated with vesicular
localization of TLR3 and TLR4 within microglia, located near blood vessels at the outer
edges of lesions. In contrast, late active lesions also contain astrocytes bearing surface TLR3
and TLR4. This suggests that early lesions are characterized by microglia infiltration, while
astrocytes are also active in later MS lesions. Researchers showed that TLR expression is upregulated in the brain and spinal cord in animal models of MS. The exact role and
mechanism of TLRs and its activation in these lesions is still unclear. One hypothesis asserts
that in response to pro-inflammatory cytokines, microglial cells are capable of serving as
antigen-presenting cells which can activate CD4+ T cells and facilitate neuroinflammation.
Therefore, TLR activation may be an essential step in converting microglia to antigen
presenting cells and facilitate T cell infiltration of MS lesions. Alternatively, TLRs may
induce production of pro-inflammatory cytokines and thereby inflict damage. It can also
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happen that endogenous ligands like ganglioside and sialic acid containing
glycosphingolipids released from apoptotic neurons may bind to TLR4 present on microglia
and activate it resulting in either neurodegeneration by releasing pro-inflammatory
molecules or provide neuroprotection by attracting oligodendrocyte progenitor cells to
lesion sites in MS to promote remyelination. Although TLRs often recognize pathogenassociated molecular patterns and protect the body from invasion of microbial pathogens,
the expression of TLRs within multiple sclerosis suggests novel roles for these receptors in
mediating neurological disease and hence can be used as a biomarker of the
neurodegenerative disorders (Okun et al., 2009). Moreover, it is important to determine the
precise role of distinct TLRs in Aβ recognition and clearance, and the activation of glial cells.
This may open a window of hope (Arroyo et al, 2011).
9.1.4 Therapeutic approaches
TLRs are not only activated in response to microbial infection, but are critically involved in
mediating neurological dysfunction. The extensive involvement of TLRs in
neurodegenerative disorders provides wide opportunity for promoting and inhibiting their
signalling to intervene the progression of the disease. However, it may be difficult to
achieve the correct balance and appropriate timing of such interventions. There is huge
variation in the TLR expression and hence the modifications will be varied across different
disorders and there may exist variability within patients of the same disease. Proper TLR
targeting will require extensive understanding of the pathways, mechanism activated, cellspecific responses and the course of disease progression. Both human and animal studies
implicating TLRs in neural degeneration suggest direct modulation of TLR signalling as an
ideal therapy. Specific strategies are necessary to circumvent this barrier and allow
administration of TLR treatments to the CNS. Targeting TLRs in neurological disease will
not be without difficulties. One potential obstacle to targeting TLR signalling in disease is
that virtually all cells in the body express TLRs. If chronic administration of TLR agonists is
necessary, it may result in overstimulation of the immune system, which limits dosage
capability as well as frequency of application. CNS- specific isoforms of TLR agonists which
possess high selectivity could prevent such overstimulation of peripheral immune
responses. In addition, partial agonists may be useful in preventing overstimulation of TLRs
in the same tissues. Another potential hurdle to TLR- directed therapeutics is cross-talk
between receptor subtypes. Alternatively, specific TLR activation can induce tolerance to
stimulation for other TLRs sharing same cascade. Therefore, the consequences of targeted
TLR stimulation on similar signalling pathways must be carefully considered while
adapting the therapeutic approaches (Okun et al., 2009).
9.2 TLRs in cancer and anti-cancer immunotherapy
Tumour cells in order to survive try to modulate their microenvironment by providing
signals for uncontrolled growth, anti-apoptosis, angiogenesis and metastasis. Despite all
these efforts tumour cells get noticed by the immune system which treat cancer cells as
foreign. The studies have shown that tumour cells have devised sets of strategies to escape
the surveillance by immune system. TLRs were earlier thought associated only with
immune cells but recent findings have suggested that tumour cells too have TLRs on their
surface and may play important role in tumour growth and immune surveillance escape.
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The tumour cells are able to escape the immune surveillance probably by inhibitory
cytokines, inflammatory factors, proteinases, and other small molecules such as nitric oxide,
IL-6 and IL-12. These molecules in conjugation with TLRs may play role in development of
cancer by providing resistance to tumour cells to apoptosis and immune surveillance. It has
been seen that upon activation of TLR4, level of X-linked inhibitor of apoptosis and
phosphorylated Akt (Protein Kinase B, PKB) are increased. Apoptosis inhibition has been
seen as the case also in lymphoma and lung cancer cells. Previous studies have given
evidence in support of LPS as tumour growth promoter through the NF-ĸB resulting in upregulation of iNOS and MMP2 and the β1 integrin subunit (Harmey et al, 2002; Wang et al,
2003). Apart from microbial origin ligands for TLRs, the source of endogenous ligands
which may promote tumour growth is not clear. The answer to the endogenous source of
ligands may not only provide some insight to tumour growth but may also help to
understand autoimmune diseases. It has been proposed that the TLR-4-MyD88 signalling
pathway may be a risk factor for developing cancer and may represent a novel target for the
development of bio-modulators. Heat shock proteins such as Hsp60, Hsp70 and Hsp90 may
induce the production of pro-inflammatory cytokines such as TNF-α, IL-1, IL-6 and IL-12,
release of NO and chemokines by monocytes, macrophages and dendritic cells (Neill., 2008;
Asea et al., 2000; Kol et al., 2000; Singh-Jasuja et al., 2000) . There are strong possibilities of
Hsp60, Hsp70 and Hsp90 being putative endogenous ligands for TLR4. Ulcerative colitis, a
chronic inflammatory disease of the colon may put an individual at risk of colorectal
carcinoma. Chronic hepatitis and cirrhosis, pose a risk for the development of hepatocellular
carcinoma. Research in the past few years have given strong evidence that an inflammatory
profile of cytokines and chemokines persisting at a particular site would lead to the
development of a chronic disease. The innate immune system may give in to the promotion
of tumour growth through inflammation-dependent mechanisms. Recognition of molecules
either of viral or bacterial origin bearing molecular signature or pattern by TLRs on immune
cells may induce an inflammatory response associated with tumour promotion. It has been
observed that bacterial infection post-surgery may promote metastasis of previously
dormant tumour, and LPS have implicated in leading to this situation (Hsu et al, 2011). The
MyD88-independent TLR signalling involves the activation of the late phase of NF-ĸB in
addition to the activation of IFN regulatory factor 3, which ultimately leads to the
production of type I IFN (IFN a/h), IFN-inducible gene products, and an immune
regulatory response. Activated TLRs on the surface of tumour cells not only promote their
own proliferation but also help to build resistance to apoptosis. Further, rouge TLRs may
enhance tumour cell invasion and metastasis by regulating metalloproteinases and
integrins. Moreover, the control of TLRs may also lie beyond the traditional boundaries of
protein molecules into world of miRNA, and their role is still being uncovered. In fact, the
discovery of miRNAs has indeed brought a paradigm shift in our understanding towards
the eukaryotic gene regulation. Their uniqueness lies in the fact that these molecules show
cell or tissue specific expression. In principle, the miRNAs fine tune the gene expression,
and similar to the classical oncogenes and tumour suppressor genes, miRNA may play part
in promotion or suppression of malignancies. They act mainly by inhibiting the translation
or by promoting the degradation of mRNA. For example, miRNAs like miR-146, which
targets two proteins involved in TLR signalling, TRAF6 and IRAK1, negatively regulates
mRNAs of both TRAF6 and IRAK1 proteins whereas its own level gets up-regulated in
response to LPS. Another miRNA, miR-155 targets Src domain containing inositol 5phophate 1(SHIP-1) and negatively regulates NF-ĸB signalling. Owing to their role of fine
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tuner of gene expression pattern, the administration of single miRNA may affect the
expression pattern of the target gene. Despite some apprehensions over the safety and
efficacy of miRNA based therapies, a judicial extrapolation to TLR regulated miRNAs may
provide some therapeutic solution. Also the role of innate immune system in cancer
development is being looked into more seriously.
TLRs, tumour cells and Treg cells have been linked. TLR agonists can induce differentiation,
proliferation or activation of Treg cells. Several TLR agonists such as Streptococcal agent
OK-432, double stranded RNA and CpG DNA have anti-tumour activity (Chen &
Oppenheim, 2009). TLR agonists overcome tolerance to self-antigens or tumour-antigens by
directly or indirectly relieving suppression of effector T cells by Treg cells. A TLR2 agonist
has been reported to transiently suppress FoxP3 (a member of forkhead/winged helix
family of transcription factors and a master regulator of Treg development) expression and
render resistance to suppression by Treg cells of CD4+CD25+ effector T cells. Treg cells
express TLR4, 5, 7 and 8 in mice. It has been reported that transfer of Treg cells enhanced
tumour growth in mice but it was reversed upon stimulation of Treg cells with a TLR8
ligand. Administration of LPS also abrogates Treg activity reveals latent anti-tumour
immunity ((Chen & Oppenheim, 2009). The biggest problem in using TLRs as anti-cancer
targets lies in the fact that many cancer patients have very low immunity because of anticancer therapy side effect, thus it becomes very difficult to get innate immune response. The
quest to arrive at a point where innate immune system’s stimulatory compounds are used
along with anticancer agents may bear some fruit. The TLR3 has been shown to be receptor
for viral dsRNA, and also seems to be potentially promising in anti-cancer therapy. Reports
have shown that cancer cells themselves express TLR3 in vivo and agonist ploy (I:C) is
activating the signalling pathway leading to the anticancer effects (Elizabeth et al., 2010;
O'Neill et al., 2011). Hence, this complex relationship of tumour cells and TLRs seems to be
crucial to determine the balance between beneficial and pathological roles of TLRs.
9.3 TLRs in asthma and allergy
Lungs are continuously exposed to microbial pathogens because of their constant
relationship with the surrounding environment. Therefore, innate immune response in
lungs to eliminate the pathogen requires expression of TLRs which would be activated upon
pathogen exposure and subsequently commencing in signalling cascade. This signalling
culminates in the elevated expression of IL-1-β, TNF-α, IL-12, and IFN-γ. The nature and
intensity of response is regulated by the display of polarized cytokine profiles, either Th1 or
Th2. Th2 cytokines are reported to play a crucial role in initiation and perpetuation of
allergy and asthma (Bauer et al., 2007). Exposure to low doses of LPS results in Th2 biased
response leading to onset of allergic response. On the contrary, high doses of LPS show
protective effect. This is confirmed by the studies revealing an inverse relationship between
allergy and asthma and early childhood exposure to rural farm environment. Although the
exact mechanistic pathway is yet to be explored, but it becomes quite evident that LPS-TLR4
complex can either protect or aggravate the severity of asthma, depending on the timing of
the LPS exposure. This is supported by “hygiene hypothesis” that favours that development
of asthma and allergies is executed by the reduction in microbial exposure in early
childhood and decrease in naturally occurring infections. Asthma and allergies are found to
be less prevalent among individuals brought up in rural farm areas in their childhood
(Gehring et al., 2002). Such early exposure to farms and barns or early exposure to microbes
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and microbial components is attributed to the protection rendered in development of
allergies in later life. This might be because of the induction of regulatory T cells that downregulate the adaptive immune responses.
Apart from the role of TLR4 in allergies, recently it has been reported that TLR2 too
modulates the development of allergic disease (Bauer et al., 2007). Studies conducted on
children of farmers of Germany who have decreased risk of developing allergies were found
to have augmented expression of TLR2 mRNA. The presence of asthma and allergies in the
children of farmers was co-related with the genetic variation in TLR2. It was found that
asthma and atopy were less prevalent in the children carrying T allele in TLR2/-16934 (Chen
et al., 2007).
9.3.1 TLRs, regulatory T cells and allergy
A few studies recently have sparked widespread interest in the regulation of allergy as they
claim that control of allergy is not only restricted to Th1/Th2 bias but other mechanisms as
well are responsible for controlling inflammatory response and regulatory T cells (Treg
cells) play a pivotal role in this regulation (Akbari et al., 2002). TLRs are expressed on Treg
cells (Bauer et al., 2007). A study shows that in adults allergic to pollen, a significant
reduction in the number of Treg cells and their capacity to restrain allergic response occurs
when compared to healthy controls. Another finding supports that Treg cells can block
allergic responses by demonstrating that activation of TLR4 expressed on the CD4+CD25+
subset of Treg cells in response to high doses of LPS may prevent activation of pathogenic T
effector cells and airway inflammation and hyper-reactivity can be overcome by CD4+CD25+
Treg cell function in IL-10 dependant manner (Chen et al., 2007). Recently, a report
elaborates a link between TLR2 and Treg cells as well because in TLR2 mice, CD4+CD25+
Treg cell subset was found to be significantly reduced when compared to wild type mice
(Sutmuller et al., 2006).
9.3.2 Therapeutic potential of TLR ligands in allergy
The discovery that TLR signalling culminates in the activation of DCs leading to
increased Th1 bias can also be applied in the treatment of allergic diseases. Particularly,
TLR9 stimulation by un-methylated CpG-motif that promotes a Th1 response has been
explored as potential treatment for atopic diseases like asthma and allergic rhinitis
(Horner et al., 2001). In mice sensitized with allergen, CpG administration has been
shown to inhibit the development of airway hyper-responsiveness and eosinophilia. It
has also been demonstrated that CpG-DNA when conjugated to allergen offer a new
anti-allergic strategy in which the complexes so formed show a more promising result
by augmenting the immunotherapeutic effect when compared CpG-DNA given alone or
CpG-DNA given mixed to allergen (Tighe et al., 2000; Horner et al., 2001). These studies
encourage usage of selectively targeted allergen TLR-fusion proteins for manipulating
and eliciting specific immune responses and studies are also suggestive that CpG-DNA
might be a valuable and potent agent for treatment of allergies. Interestingly,
imidazoquinoline resiquimod (R-848), a ligand for TLR8 has the potential to revert Th2
allergic response to Th1 because of its exceptional capability to induce Th1 response
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(Hemmi et al., 2002). Hence, ligands like imidazoquinoline resiquimod too can be
therapeutic targets for allergic reactions.
9.4 TLRs in autoimmune and inflammatory diseases
9.4.1 Systemic Lupus Erythematosus (SLE)
SLE is an autoimmune disorder in which antibodies are directed against a range of selfantigens. Out of these, autoantibodies to nuclear antigens are of keen importance to the
clinical diagnosis of SLE. Nuclear antigens include dsDNA, ssDNA, nucleolar RNA,
histone proteins and others. Emerging researches have revealed the involvement of TLRs
in the progression of autoimmune diseases like SLE, rheumatoid arthritis, diabetes
mellitus etc. TLR7 and TLR9 are of particular interest in the studies of SLE which are
located in the endosomal compartments (Anders, 2005; Christensen et al., 2005). It has
been seen that unregulated or misregulated activation of TLRs can lead to an autoimmune
phenotypic appearance. Nucleic acids which are usually not immunogenic are not able to
induce an immune response, but these can become immunogenic via several chemical
modifications like hypo-methylation, increased oxidation and high CpG content. Immune
complexes having DNA or RNA which are formed as a consequence of necrosis thus are
capable of activating TLRs. It has been reported that DNA found in immune complexes
has 5-6 times more of CpG content and is hypo-methylated in SLE patients. Release of
autoantibodies and inflammatory cytokines which are responsible for chronic
inflammation (Christensen et al., 2007; Savarese et al., 2008) can be traced to the improper
activation of TLR7. In SLE patients, levels of IFNα and TypeI interferons are excessively
high and it is found that higher levels of IFNα are beneficiary to the disease progression.
Nowadays, TLR signalling pathways are directed for therapeutic intervention. Various
key molecules of TLR7 and TLR9 signalling pathways are targeted to block downstream
signalling and hence the effector responses. Molecules targeted are MyD88, TRAF6,
IRAK1 & 4. Other approaches are monoclonal antibodies directed against IFNα. Also
immunoregulatory DNA sequences (IRS) bind to TLRs and block their activation. Hence,
these can be used as effective strategies in reduction of SLE progression molecules.
Research for absolute treatment is still in its early stages.
9.4.2 Rheumatoid Arthiritis (RA)
RA is an autoimmune disorder which affects the joints most severely. RA is caused due to
generation of autoantibodies against the Fc region of IgG. Usually these autoantibodies are
of IgM type and referred to as rheumatoid factors. Recent studies have revealed that TLRs
play a significant role in the development of RA. TLR2 & 4 seems to play a crucial role in
RA. TLR2 & 4 over expression is found in the blood monocytes, synovial fluid macrophages
and fibroblasts in RA (Iwahashi et al., 2004). Patients with RA are found to have presence of
TLR ligands in the joints synovial fluid. These ligands can be endogenous (Heat shock
proteins, HMGB1, hyaluronan etc) (Huang et al., 2009) or can be exogenous like
peptidoglycan. It has been seen that MyD88 and TLR2/4 deficient mice show reduced
severity of RA. Currently various approaches are investigated to treat RA effectively. TLR
antagonists and various TLR signalling molecules are targeted as a promising agent for
treating RA.

468

Recent Advances in Immunology to Target Cancer, Inflammation and Infections

9.4.3 Inflammatory Bowel Disease (IBD)
TLR2, TLR4 and TLR5 have been found to play a role in the pathogenesis of IBD. IBD
comprises of Crohn’s disease (CD) and ulcerative colitis (UC). Elevated expression of TLR4
is seen in the colonic tissue of UC and CD patients (Cairo & Podolsky, 2000), but TLR2 is
found to be highly expressed in mouse manifested with colitis (Singh et al., 2005). This
shows that IBD may be a consequential result of mutations and dysregulation in TLRs.
Another family of PRRs, nucleotide binding oligomerization domain proteins (Nod) have
been reported to contribute to IBD pathogenesis in conjunction with TLRs (Chen et al.,
2007). Polymorphism in Nod2 is attributed to the development of CD.
9.4.4 Psoriasis
Psoriasis is a dermatological disorder of chronic autoimmune inflammatory nature.
Expression of TLR2, TLR5 and TLR1 is altered in psoriatic individuals when compared to
normal individuals (Chen et al., 2007). TLR2 is found to be highly expressed in the upper
epidermis in contrast to normal skin where TLR2 is expressed in basal keratinocytes. Basal
keratinocytes of the lesions also show reduced expression of TLR5 (Baker et al., 2003) and an
enhanced and diffused expression of TLR1 when compared to normal skin (Curry et al.,
2003). One of the mechanistic explanations of inflammatory response to psoriasis can be that
the DNA released from keratinocytes in psoriatic skin binds to antimicrobial peptide
cathelicidin LL37 thus mimicking bacterial DNA and triggers TLR expression on surface of
immune cell/dendrocytes to activate NF-kB which controls the inflammation.
9.5 TLRs in infectious diseases
Apart from inflammatory and immune diseases associated with TLRs, TLRs are vital players
in infectious diseases as well. One of these is Mycobacterium tuberculosis infection in which
TLR2, TLR4 and TLR9 have been found to play some role. At an early stage of infection
TLR2- and TLR4-knockout mice showed an increased susceptibility to the bacteria but it
subsided at the later stage of infection (Tjarnlund, 2006). It has also been reported that
absence of TLR2 in mice leads to aggravated inflammatory response (Drennan et al., 2004).
A study reports that mice double deficient in TLR9 and TLR2 are highly susceptible to
mycobacterial infection, however, single knockouts in either TLR2 or TLR9 did not show
this phenomenon (Bafica et al., 2005). Another mycobacterial species, Mycobacterium leprae,
results in various clinical manifestations associated with host immune response (Chen et al.,
2007). TLR1 and TLR2 have been found to be highly expressed in patients with tuberculoid
lesions whereas lepromatous lesions lack these TLRs indicating their role in the progression
of tuberculoid form of the disease (Krutzik et al., 2003).
Altered expression of TLR4, TLR5 and TLR9 has been observed in Helicobacter pylori
infection (Chen et al., 2007). TLR4 and MD-2 have been found to be expressed at
significantly higher levels in gastric mucosa. This indicates the possible role of TLR4/MD2 complex in host response to H. pylori derived LPS (Ishihara et al., 2004). Interestingly,
TLR5 and TLR9 are located on both apical surface and basolateral surface but during H.
pylori infection, these TLRs are not found to be expressed at the apical surface
(Schmausser et al., 2005). TLR adaptor protein, MyD88, is found to be crucial in eliciting a
protective host innate response against Cryptococcus neoformans and Legionella pneumophila
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infections (Archer et al., 2006; Yauch et al., 2004). The response is generated via activation
of TLR2. Also Chlamydia pneumonia infection is prevented by TLR2 and TLR4 expression
(Rodriguez et al., 2006).
Lyme disease, caused by infection by spirochete Borrelia is also associated with TLRs. Outer
surface protein A lipoprotein (OspA) is an antigen belonging to Borrelia burgdorferi that
when docks onto TLR2 and TLR6 culminates in the induction of NFĸB in human dermal
endothelial cells (HMEC) (Bulut et al., 2001). TLR2/1heterodimerization is essential for the
macrophages to recognize OspA and initiate desirable immune response against B.
Burgdorferi (Chen et al., 2007). Absence of chemokine receptor XCR2 results in decreased
inflammation which is considered as a novel therapeutic target for lyme disease.
Role of TLRs in viral disease progression is not yet completely elucidated, however, TLR3,
TLR7, TLR8 and TLR9 have been associated with viral sensing (Kanwar et al., 2011). TLR3
and TLR9 have been conferred the foremost place in generating viral immunity. TLR3 and
TLR9 recognize viral double stranded RNA and non-methylated CpG di-nucleotides (both
of viral and bacterial origin) respectively. TLR7 and TLR8 too leave their signature in viral
immunity by initiating IFN–α and IFN-β production in DCs and monocytes through IRAK-4
TLR adaptor (Kanwar et al., 2011). Role of TLR3 has been of prime importance in the
immune response of lung epithelial cells to Influenza A virus (IAV). Influenza infection
causes enhanced pulmonary expression of TLR3 in mice. However, IAV-infected TLR3-/mice exhibited significantly reduced levels of inflammatory mediators and lower number of
CD8+ T lymphocytes in broncho-alveolar space (Le Goffic et al., 2006). Therefore, it can be
concluded that TLR3-IAV interaction renders the body protected against debilitating host
inflammatory response.

10. TLRs as adjuvant vaccines and their role in immune stimulation
Adjuvant is an agent that may stimulate the immune system and increase the response to an
antigen or a vaccine without showing any antigenic property of its own. Adjuvants are used
to augment the effect of a particular vaccine by putting in action the innate and then
adaptive immune system in action so that the response to a vaccine is more vigorous.
Adjuvants mimic molecules of bacterial or viral origin which are conserved and bear
molecular signatures called PAMPs or pattern in terms of conservation. These pattern
bearing molecules act as a ligand for toll like receptors (TLRs). When TLRs come in contact
with their appropriate ligands, the receptor-ligand complex gives rise to innate immune
response which in turn activates adaptive immune system. Since the distribution of TLRs is
not limited to the innate cells such as DCs, macrophages, natural killer cells, but are also
found on B cells, T cells, and other non-immune cells such as epithelial, endothelial and
fibroblast, the importance of giving adjuvant based vaccines can be gauged from the fact
that ligands will be able to elicit strong immune response from innate to adaptive immunity.
The adjuvant simply mimics natural infection, which in turn first puts the innate then
adaptive immune system on, subsequently the purpose of generation of memory cells
against the desired target is achieved (Kaisho & Akira, 2002).
The role of TLRs as adjuvant receptors may be exploited to control the TLR signalling using
immunity modulating reagents which may be used against the pathogens, autoimmune
diseases, inflammation and cancers. Since TLRs are crucial in recognition of viral and
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bacterial pathogens, current treatment aims at activating these receptors, generation of proinflammatory response and finally destruction of these pathogens. Ribavarin in combination
with IFNα and resiquimod are currently being used as antiviral drugs. But these molecules
have their own sets of limitations in terms of side effects. Agonist molecules like ANA773
and IMO-2125 have shown promising results with their respective receptors TLR7 and
TLR9. TLR agonists have also been supplemented to boost immune responses to cancer
vaccines. TLR7 imidazoquinoline ligand 3M-019 has been found to be a potent adjuvant for
pure protein prototype vaccines (Johnston et al., 2007). TLR2 agonist SMP-105 has been
approved for the bladder cancer treatment. The compound has shown strong adjuvant and
antitumor activities. In experimental model, SM-105 has shown anti-tumour property. Thus
TLRs as adjuvant receptors may open up new avenues of medical treatments. MPL has been
approved in Europe as adjuvant vaccine. This molecule is a component of the hepatitis B
vaccine and papillomavirus virus vaccine. It act as a ligand to TLR4 and activates the
TRAM/TRIF pathway leading to the induction of IFNβ and regulation of CD80/86. MGN1703 and MGN-1706 are double stem loop, non-coding DNA based adjuvants which ligate
with TLR9 are being developed as anticancer agents. Another vaccine adjuvant, VAX-102,
which acts as TLR5 agonist is also under trial to treat the viral infections (Elizabeth., 2010).
This adjuvant vaccine if successful will provide protection from all strains of seasonal and
pandemic influenza. Synthetic TLR agonists poorly reproduce the essential 'pattern'
component of the larger natural ligands. To overcome this, an agonist PolyMAP, has been
generated in which individual ligand is presented in a more natural linear pattern along the
length of a biocompatible polymer. PolyMAP agonists can boost the immune response up to
200 times higher on a per molecule basis. PolyMAP has three key properties that contribute
to the enhanced adjuvant activity and safety: (1) increased receptor avidity through
cooperative, multi-valent interactions, (2) clustering of receptors through cross-linking and
(3) improved solubility of TLR ligands that are otherwise difficult to use in their free form.
Recently, Kasturi et al. (Kasturi et al., 2011) have reported synthetic nanoparticle adjuvant
that stimulates TLR4 and TLR7, ensuing in enhanced generation of antigen-specific
antibodies by synergistic action. Hence, conferring protection to lethal viral challenges in
mice and inducing robust immunity against the pandemic H1N1 influenza strain in Rhesus
macaques. Researchers developed poly(d,l-lactic-co-glycolic acid) (PGLA), a biodegradable
polymer based nanoparticle to administer the TLR4 and TLR7 ligands, it was found that in
comparison to the stimulation of either TLR4 or TLR7 alone, the double TLR stimulation
significantly enhanced antibody response and was found to be evident even after secondary
immunization.
Overall it can be concluded that adjuvants mimicking the natural molecules of viral or
bacterial origin may be used to modulate the immune system resulting in the treatment of
autoimmune diseases, cancers, other diseases, and when combined with vaccines, they may
help in the generation of memory cells against a particular invader. The potential of
adjuvant alone or as an adjuvant vaccine is yet to be fully exploited.

11. TLRs in transplantation
Transplantation is a surgical procedure by which cells, tissues or organs can be moved from
one part of body to another or from one individual to another. Despite the advancement in
surgical and medical sciences, the immune system remains the biggest barrier to
transplantation. Till recently, the rejection of a transplant was taken as an adaptive immune
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response mediated by killer T cells capable of inducing apoptosis as well as antibody
secreting B cells with only small and finishing role of innate immune system like
phagocytosis and complement activation. However, the emerging results have shown the
importance of innate immune system in the transplant rejection via TLRs. Although direct
role of TLRs are yet to be found but the activation of adaptive immune system because of
TLRs may be the reason. As we know that TLRs need specific ligands to activate the
signalling pathway and it is quite possible that during transplantation there is release of
putative endogenous ligands such as heat shock proteins (Hsp), uric acid, hyaluronan,
fibrinogen and chromatin (Goldstein, 2006). Some of these putative ligands have been seen
to work with the TLRs. At the same time the role of exogenous ligands cannot be ruled out
completely, which may be because of infection contracted while surgery. LPS from gram
negative bacteria has been shown to activate the TLR mediated signalling pathway and
create complications in graft or transplant acceptance. The recognition of alloantigen by
adaptive immune system, in principle, made active because of TLRs may show increased
level of complications on the development of cross reactivity with alloantigen and viral
molecules. Previous studies have shown that lung, intestine and skin are more prone than
kidney, heart and pancreas to acute rejection after transplantation (Wang et al., 2010). This
observation may be explained that these organs which are less likely to be accepted as graft
have commensals or pathogens, which in turn may activate innate immune system through
TLRs leading finally to the activation of adaptive immunity. The identification of
endogenous and control of exogenous TLR ligands may pave way for longer period of
acceptance of transplants.

12. TLRs in trophoblast
During pregnancy the placenta is not only exposed to the maternal immune system, but also to
microorganisms. It has been shown recently that in first trimester trophoblastic cells have
TLR2 and TLR4 on their surface by which they can recognize and respond to invading
pathogens. Interestingly, both of these TLRs show divergent response. TLR4 activation results
in a more classical response, characterized by the induction of cytokine production whereas
activation of TLR2 results in the induction of apoptosis. This induction of apoptosis by TLR2
may provide a mechanism by which pathogens may give rise to complicated pregnancies in
the first trimester, although a clear picture remains elusive. It has been seen that in several
complicated pregnancies the case of intrauterine infection was found to be the leading cause. It
has been seen that during first trimester TLR2 assisted trophoblastic cell apoptosis level rises.
In turn this may give rise to several medical conditions like preterm labour, IUGR, and
preeclampsia. Usually, the uterine infection takes place before the implantation of trophoblast.
The pathogen gets the recognition only when it is able to penetrate the placental wall and is
able to reach the layer where trophoblastic cells are expressing TLRs. The TLR expression is
not limited to the cell surface but has been seen also in cytoplasm may be to facilitate
emergency call on infection or to face the intracellular infections, if any. The TLR4 when comes
in contact with its ligand, LPS, triggers classical response whereas TLR2 induces apoptosis by
coming in contact with Gram positive bacterial peptidoglycan or lipoteichoic acid, but at the
same time it has been reported that recognition of these bacterial products by TLR2 requires
recruitment of TLR6 or TLR1. Further studies have shown that TLR6 may show increased
effect but is not essential for TLR2 mediated response and response may be executed through
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TLR2 homodimer or TLR1/TLR2 heterodimer. The TLR2 induces apoptotic effect through the
activation of caspases. The TLR4 interaction with LPS does not give rise to pro-apoptotic
signals during first trimester because the anti-apoptotic signals generated may outweigh the
pro-apoptotic signals leading to the survival of trophoblastic cells. There is also a possibility of
indirect induction of apoptosis due to the high level of cytokine production such as TNF and
IFN to which placenta cells are sensitive (Vikki et al., 2006).

13. Conclusion
Earlier confusion of innate immunity being nonspecific as compared to adaptive immunity
got cleared with the discovery of Toll like Receptors (TLRs) which ligate with the molecules
having either exogenous origin like viral or bacterial or endogenous origin like Hsp. These
ligands bear molecular patterns or signatures which make them unique for their receptors.
The induction by these molecules may have either positive or negative effect on the body
depending on the type of ligand and TLR. It has been seen that though ligands get
recognised because of molecular pattern by a specific receptor, occasionally the same
receptor may ligate with two to three different molecules with each having its own
signature or pattern. This may be possibly due to assistance by some co-receptors. Further
study is needed to arrive at some conclusion about this enigma. The protein-ligand complex
crystal structures may provide insight into the still unclear picture of TLR signalling. The
TLRs have been implicated in the development of cancers, autoimmune diseases, nervous
system disorders and other inflammatory diseases. TLRs agonist or antagonist may help to
get the desired result. Also their role as receptor for adjuvant alone or adjuvant vaccine is
being explored much vigorously than before. Role of TLRs from premature birth,
complicated pregnancies to transplant rejection cannot be ignored. Moreover, their roles
along with miRNA need to be probed further. Also the sources of endogenous ligands need
to be discovered. Apart from receptors, the other molecules of signalling pathway too need
attention to understand the process much better. The need of the time is to push the TLR
research into next level where better animal models (knockout) are ready to rule out
artefacts. Lastly, to design drugs, vaccines and fine tune them for lesser or ideally no side
effects. Therefore, in the light of emerging information about the complexity of TLRs in
immune system regulation, it can be concluded that TLRs are in fact a necessary evil.
Sometimes, from their usual behaviour as a good cop by being a part of an innate immune
system, a first line of defence, may turn rouge due to several compelling reasons and play
bad cop. Hence, activation of TLRs is a double edged sword in therapeutics, it has the
potential to mount immunity against various autoimmune, inflammatory and cancerous
diseases etc. but can also promote their development and dampen immune response against
them.
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1. Introduction
Leishmaniasis causes human suffering on a global scale and there are more than 12
million current cases with 2 million additional cases annually. There is a serious threat to
get infected cases of 350 million in endemic areas specifically in South East Asia. The
epidemiological studies revealed that there are 20 protozoan parasite species of the genus
Leishmania known to cause leishmaniasis in humans (Table 1)(WHO 2004). Leishmaniasis
is prevalent in tropical and subtropical regions and endemic in more than 88 countries
where annually 2 million new cases are reported. The geographic distribution of each
Leishmania species affects the type of disease that occurs in each region of the world.
Visceral leishmaniasis (VL; commonly known as kala-azar) is caused by Leishmania
donovani in South Asia and Africa, while Leishmania infantum causes VL in the
Mediterranean, the Middle East, Latin America and parts of Asia too (Table 2)(WHO
2010). Other mammals can also be infected with Leishmania spp., dogs develop canine
visceral leishmaniasis (CaVL) and they serve as an important parasitic reservoir in these
regions. Cutaneous leishmaniasis (CL) is caused by L. major in Africa, the Middle East and
parts of Asia, by Leishmania tropica in the Middle East, the Mediterranean and parts of
Asia, and by Leishmania aethiopica in parts of Africa. Many different species may be
involved in the Americas, where CL can be found throughout South America and as far as
Mexico in the north (Table 1 and 2). Infection have also been reported in Canada and the
US. Australia is free of Leishmania spp. but infection among local animals like captive
kangaroos, wallabies and other marsupials have been reported recently and there are
chances of transmission of this disease to human through infected meat and also due to
close proximity with these native animals (Gelanew, Kuhls et al. 2010).
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Old world, subgenus Leishmania
Visceral leishmaniasis
Leishmania donovani, L. infantum
Cutaneous leishmaniasis
L. major, L. tropica, L. aethiopica
New world, subgenus Leishmania
Visceral leishmaniasis
Cutaneous leishmaniasis
Diffuse cutaneous leishmaniasis
New world, subgenus Viannia

L. infantum
L. infantum, L. mexicana, L. pifanol, L. amazonensis
L. mexicana, L. amazonensis

Cutaneous leishmaniasis

L. braziliensis, L. guyanensis, L. panamensis,
L. peruviana
L. braziliensis, L. panamensis

Mucocutaneous leishmaniasis

Table 1. Main species of Leishmania that affect humans.

2. Immunology of leishmaniasis
Leihmaniasis is caused by one of several species of Leishmania. The clinical spectrum
depends upon both the parasite species and the host’s immune response. Some Leishmania
spp. cause cutaneous, mucocutaneous or diffuse cutaneous leishmaniasis whereas others
may disseminate to internal organs such as the liver, spleen and bone marrow to cause
visceral leishmaniasis. The main species of Leishmania that affect humans are given Table
1&2.
Leishmania parasite exists in two different morphological forms i.e. promastigotes
(flagellate form) and amastigote (aflagellated form). Promastigotes develops inside the
midgut of sandfly and become infective, non-dividing metacyclic promastigotes which are
located near stomodeal valve (an invagination of the foregut into midgut). During blood
feeding metacylic promastigotes are regurgitated along with immunomodulatory
parasite-derived proteophosphoglycans and various salivary components. The metacyclic
promastigotes are rapidly phagocytosed by one of several possible cell types that are
found in the local environment. The various cell types may include neutrophils, tissueresident macrophages or dendritic cell (DC) or monocyte derived DCs (moDCs). After
establishing an intracellular niche, metacyclic promastigotes are transformed to non
motile amastigote form. These amastigotes replicate within the host cells, which rupture
to release too many amastigotes, allowing reinfection of phagocytes. The transmission is
complete when infected phagocytes are taken up by another sandfly with the blood meal
and amastigotes then convert into promastigotes in the sandfly midgut. (Fig 1: Life cycle
of Leishmania parasite)
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Disease

Leishmania
sp.(CFSPH 2009)

Cutaneous Leishmaniasis L. mexicana
complex (ZCL)
(CL)
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Geographical burden
Argentina, Belize, Bolivia, Brazil. Colombia, Costa Rica,
Ecuador, French Guiana, Guatemala, Mexico, Peru,
Suriname, USA, and Venezuela

L. tropica complex
(ACL)

Afghanistan, Azerbaijan, India, Iran, Iraq, Israel,
Morocco, Pakistan, Syria, Turkey, and Uzbekistan

L. major complex
(ZCL)

Afghanistan, Algeria, Azerbaijan, Burkina Faso,
Cameroon, Chad, Egypt, Ethiopia, Gambia, Georgia,
Ghana, Guinea Bissau, India, Iran, Iraq, Israel, Jordan,
Kazakhstan, Kenya, Kuwait, Libya, Mali, Mauritania,
Mongolia, Morocco, Niger, Nigeria, Oman, Pakistan,
Saudi Arabia, Senegal, the Sudan, Syria, Tunisia,
Turkey, Turkmenistan, Uzbekistan, and Yemen

L. aethiopica
complex (ZCL)

Ethiopia, Kenya, and Uganda

L. brazilensis
complex (ZCL)

Argentina, Belize, Bolivia, Brazil. Colombia, Costa Rica,
Ecuador, French Guiana, Guatemala, Honduras,
Mexico, Nicaragua, Panama, Paraguay, Peru, and
Venezuela

L. guyanensis
complex (ZCL)

Argentina, Belize, Bolivia, Brazil. Colombia, Costa Rica,
Ecuador, French Guiana, Guatemala, Guyana,
Honduras, Nicaragua, Panama, Peru, Suriname, and
Venezuela

Mucosal/mucocutaneous L. braziliensis
complex
Leishmaniasis (ML)

Argentina, Belize, Bolivia, Brazil. Colombia, Costa Rica,
Ecuador, French Guiana, Guatemala, Honduras,
Mexico, Nicaragua, Panama, Paraguay, Peru, and
Venezuela

L. guyanensis
complex

Colombia, Costa Rica, Ecuador, Guatemala, Honduras,
Nicaragua, and Panama

Visceral Leishmaniasis
(VL; Kala-azar)

L. donovani
complex (AVL,
ZVL)

Afghanistan, Albania, Algeria, Argentina, Armenia,
Azerbaijan, Bangladesh, Bhutan, Bolivia, Bosnia &
Herzegovina, Brazil, Bulgaria, Chad, Central African
Republic, China, Colombia, Croatia, Cyprus, Djibouti,
Egypt, El Salvador, Eritrea, Ethiopia, France, Gambia,
Georgia, Greece, Guatemala, Honduras, India, Iran,
Iraq, Israel. Italy, Jordan, Kazakhstan, Kenya,
Kyrgyzstan, Lebanon, Libya, Macedonia, Malta,
Mauritania, Mexico, Monaco, Montenegro, Morocco,
Nepal, Nicaragua, Oman, Pakistan, Paraguay, Portugal,
Romania, Saudi Arabia, Senegal. Slovenia, Somalia,
Spain, Sri Lanka, the Sudan, Syria, and Yemen

Post-Kala-azar Dermal
Leishmaniasis (PKDL)

L. donovani
complex

Bangladesh, China, Nepal, India, Iran, Iraq, Kenya,
Pakistan, the Sudan

Table 2. Disease phenotype and geographical burden attributed to various Leishmania
species (WHO 2010).
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Fig. 1. Life cycle of Leishmania parasite.

3. Host cells for Leishmania parasites
Leishmania spp. is an obligate intracellular pathogen which mainly infects macrophages.
Recent studies have shown that it can infect multiple cell types. Neutrophils have been
regarded as Trojan Horses which help promastigotes to establish intracellular niche in
macrophages without triggering their antimicrobial defences. The promastigotes are
phagocytosed by neutrophils and they reside in their phagosomes. They become phagocytic
meal for the macrophages when undergo apoptosis. Since these apoptotic bodies are
phagocytosed through receptor mediated pathways that fail to trigger antimicrobial
defences.(Ravichandran and Lorenz 2007) The neutrophils are attracted at local site of
sandfly bite due to alarmins(IL-33,IL1β,high mobility group protein B1-HMGB1), which are
endogenous molecules that provide signal of tissue damage.(Haraldsen, Balogh et al. 2009)
Mononuclear phagocytes which are infected with Leishmania parasites also produce
various chemokines which help in recruitment of neutrophils.(Lopez Kostka, Dinges et al.
2009; Xin, Vargas-Inchaustegui et al. 2010)
Leishmania promastigotes have a dense covering of glycocalyx which is attached to the
plasma membrane with the help of GPI (glycophosphoinositol). Lipophosphoglycan (LPG)
is an important molecule which promotes the infectivity of the parasite in mammalian host.
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It is a long phosphoglycan molecule having repeated sugar residues, glycan side chains and
a capping oligosaccharide. It shows a great variability in its structure which helps in
immune evasion. Another important surface glycoprotein is zinc metalloproteinase(GP-63)
which acts as a virulence factor (Gomez, Contreras et al. 2009). Leishmania donovani
promastigotes stimulate neutrophil extracellular traps (NETs) by a LPG independent
pathway (Gabriel, McMaster et al. 2010). These NETs are filamentous DNA which are
decorated with antimicrobial peptides.
Though the neutrophils play an important role but mononuclear phagocytes are equally
essential for the replication and long term survival of parasites. Dermal DCs uptake the
parasite within first few hours of infection by pseudopodium formation (Ng, Hsu et al. 2008).
As the number of resident macrophages and dendritic cells is limited in the skin, the parasitic
multiplication is accompanied by the recruitment of monocytes (precursor of DCs) (Charmoy,
Brunner-Agten et al. 2010). Infected inflammatory moDCs may facilitate parasite to reach the
draining lymph node. Leishmania parasite can hide itself in skin and lymph node fibroblasts.
In
human
neutrophils,
phagosomes
containing
promastigotes
fuse
with
myeloperoxidase(mpo) containing primary granules. It is an additional fusion of phagosome
with tertiary and specific granules which lead to parasite degradation. These tertiary and
specific granules are responsible for acidification and superoxide generation (Fig 2).

Fig. 2. Different cell types involved in Leishmaniasis and fate of phagosome. Metacyclic
promastigotes are deposited in the dermis and taken up by various cells like neutrophils,
monocyte derived dendritic cells, macrophages. Small GTPase RAB 7 helps in lysosomal
fusion and its degradation. This fusion is inhibited in immature dendritic cells. This could be
a mechanism to ensure the transport of live parasites to lymphnodes. Adapted from (Kaye
and Scott 2011).
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Inside macrophages parasite containing phagosomes mature to form phagolysosome but
promastigotes inhibit this process. Lysosomal-associated membrane protein 1 (LAMP 1) and
LAMP 2 are found in phagosomes containing Leishmania promastigotes in both immature
DCs and mature DCs. Maturation of parasite containing phagosomes is arrested at late
endosomal stage. Fusion of lysosome occurs with the help of GTPase RAB7 which is
observed in mature DCs only. Thus, inhibition of RAB7 recruitment could be a mechanism
used by Leishmania to transport the live parasites safely to lymph nodes (Lippuner, Paape et
al. 2009).
LPG also provides an opportunity for the parasite to survive inside phagosomes by altering
acidification (Vinet, Fukuda et al. 2009). Integration of LPG into phagosome membrane
leads to extrusion of synaptotagmin V, which helps in acidification of pagosome by
recruiting vesicular portion of ATPase. Thus, LPG-deficient parasites die rapidly before they
fully adapted to an intracellular lifestyle.
Size of the parasite containing phagosomes also helps in parasite survival. Larger the size
more is the dilutional effect on lesihmanicidal factors like nitric oxide. Lysosomal size is
regulated by a Beige protein; also known as lysosomal trafficking regulator (LYST).
Mutations in LYST gene (Chediak-Higashi syndrome) leads to increase in size of lysosomes
whereas induction of this gene (Leishmaniasis) leads to decrease in size of lysosomes. Thus,
LYST behaves as an inducible innate response gene during Leishmaniasis, leading to
increased susceptible to killing by nitric oxide (Wilson, Huynh et al. 2008).
Iron has an important role in survival of Leishmania parasite as it is used by amastigotes
(Huynh and Andrews 2008). There is an efflux pump present in phagosomal membrane
which translocates Fe2+ and Mn2+ ions into the cytosol and thus limits iron availability to the
parasite (Blackwell, Goswami et al. 2001). To overcome this decrease in iron availability,
there occurs an upregulation of iron transporters, after its entry into macrophages. Thus
intra-phagosomal competition for iron leads to activation of cytosolic iron sensors which
helps in increased production of iron-binding protein transferrin and transferrin-mediated
iron uptake (Das, Biswas et al. 2009).
Lipid microdomains present on macrophage surface helps the promastigotes of Leishmania
to enter into macrophages (Fig 3). It also directs the entry of various virulence factors such
as major surface protein also known as GP63 (Joshi, Rodriguez et al. 2009). These virulence
factors can also be transferred to the macrophages by parasite-produced exosomes
(Silverman and Reiner 2010). When promastigote enters into the phagosome, LPG inserts
itself into lipid rafts and inhibits phagosome-lysosome fusion (Winberg, Holm et al. 2009).
The inhibition of fusion is accompanied by accumulation of periphagosomal filamentous
actin (F-actin) near lipid microdomains. Various virulence factors also use lipid
microdomains to channel themselves into cytoplasm of macrophages. Altered lipid rafts
may also be responsible for defective antigen presentation and CD40 signalling, MHC class
II, major histocompatibility complex class II.
Leishmania is known to activate various inhibitor molecules that inhibit intracellular
signaling spathways such as a negative regulatory molecule is the PTP SHP-1 (Src
homology 2 domain containing tyrosine phosphatase)(Yi, Cleveland et al. 1992). SHP-1 is
responsible for the negative regulation of many signaling pathways (Gregory and Olivier
2005). The majority of documented SHP-1effects are the result of the inhibition by
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Fig. 3. Lipid microdomains, Leishmania parasite and macrophages. Role of lipid
microdomains in transporting parasite and its virulence factors inside macrophages. Altered
lipid domains by lipophosphoglycan (LPG) inhibits phagosome-lysosome fusion and also
responsible for defective antigen presentation and CD40 signalling, MHC class II. Adapted
from (Kaye and Scott 2011).
dephosphorylation of various kinases and their signaling pathways (Frearson and
Alexander 1997). SHP-1 plays a vital role in limiting the activation of the JAK/STAT
pathways following cytokine receptor stimulation. SHP-1 is known to be activated by MSP
(major surface protein, GP63). Leishmania spp. contains multiple MSPs and can be found on
the promastigote surface as well as in the parasite cytoplasm. Surface MSP is involved in
parasite development within sandfly and the cytoplasmic MSP which is in preformed form
is ready to use by the mammalian host (Yao, Donelson et al. 2007). This action is analogous
to various effectors that are used by type III secretion system in bacteria which behaves like
syringe and needle to inject various factors into cells (Winnen, Schlumberger et al. 2008).
SHP-2 also known as PTPN 11 also shares many downstream targets with SHP-1 and
provides anti-leishmanial immunity. The first line anti-leishmanial drug (sodium
stibogluconate) also targets SHP-1 at concentrations that are used for chemotherapy in
humans (Pathak and Yi 2001).
Another mechanism used by Leishmania parasite when inside the macrophages is by
interference with host cell signalling at the level of macrophage protein C (PKC)(Olivier,
Baimbridge et al. 1992). After initial contact with the target cells Leishmania parasite leads to
leads to transient activation of MAPK and NF-kB. These signalling pathways lead to
stimulation of cytokines and chemokines required for the efficient control of invading
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pathogen. Thus, amplitude and duration of this immune response must be maintained
under strict control to avoid harmful effects on host itself. Important mechanism by which
cells protect themselves is by developing refractoriness state to repeated stimulation. It is
well known that prolonged stimulation of toll like receptors and macropahges by microbial
components such as LPS (lipopolysaccharide), lead these cells to hyporesponsiveness to the
same stimulus (Ben-Othman, Guizani-Tabbane et al. 2008). This phenomenon is termed as
LPS tolerance similar phenomenon of and similar hyporesponsiveness is seen in
macrophages infected by L. major promastigotes. Leishmania parasite is able to induce a state
of tolerance which correlates with a blockade of intracellular MAPK and/or NF-kB
signalling pathway (Ben-Othman, Guizani-Tabbane et al. 2008).
Type 1 interferon response is usually associated with viral infections but their role in
leishmaniasis is increasingly becoming important. Such response has been seen in infection
with Leishmaniasis, which induces the expression in macrophages of PKR, a protein kinase
that is activated by double stranded RNA. PKR appears to promote parasite survival
through induction of the macrophage-deactivating cytokine IL-10 (Pereira, Teixeira et al.
2010).
CD4+TH1 cells are important for the control of Leishmania infections, owing their ability to
make IFNγ, which activates macrophages and DCs, leading to parasite death (Fig 4). CD8+ T
cells are known to provide immunity in visceral leishmaniasis and play an important role in
resistance to reinfection (Muller, Kropf et al. 1993). CD8+ T cells are not always associated
with disease resolution as seen in patients infected with L. braziliensis. These cells are
correlated with disease progression when they express the granule-associated serine
protease granzyme B. The factors that determine when CD8+ T cells are protective and when
they promote disease remain puzzle to the investigators. Chronicity of infection with L.
donovani appears to be caused by depletion of CD8+ T cells (Joshi, Rodriguez et al. 2009).
Activation of CD8+ T cells depend upon dermal DCs and CD8+ T cells activated during
Leishmaniasis infections can provide increased resistance to previously encountered
pathogens.
Inspite of robust immune response, small number of parasites persist following disease
resolution. The production of IL-10 dampens the immune response and allows the some
parasites to escape destruction. The IL-10 is produced by a variety of cells following
Leishmanial infection, such as regulatory T cells, T helper 1 cells, CD 8+ T cells, B cells,
natural killer cells, DCs, macrophages and neutrophils. CD8+CD40+ T cells may act against
regulatory T cells, limiting the production of IL-10 during the early phase of infection, but
themselves become susceptible to IL-10 as the infection progresses (Belkaid, Piccirillo et al.
2002; Charmoy, Megnekou et al. 2007; Maroof, Beattie et al. 2008). Exactly how these
immune mechanisms operate still remains unanswered and is an active area of research.
Dramatic remodelling occurs when leishmaniasis involve infection of lymphoid tissues like
spleen and lymph nodes. Immune suppression occurs due to loss of architectural integrity.
Interventions which can restore tissue microarchitecture can have important immune
restorative functions.
A concept of concomitant immunity has been proposed in Leishmaniasis. It is a situation in
which immunological resistance to reinfection co-exists at the same time as persistence of
the original infection. The T cells which contribute to such immunity include CD4+T cells
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Fig. 4. Cellular components of immune response. Control of response is produced by IL 10,
produced by different cell types. Effector cells produce interferon-γ which mediate parasite
killing.
with a phenotype of central memory T cells, effector T helper type 1 cells, and resting
effector T helper type 1 cells. CD8+ T cells are important in providing resistance to
reinfection. Till date no successful vaccine has been developed but recent studies have
shown that most protective CD4+ T cells are those which are multifunctional, capable of
producing IFNγ, IL-2 and TNF. IL-10 appears to limit the generation of these protective T
cells during vaccination (Kedzierski 2010). In future, the application of genomic approaches
and study of host factors will lead to a better understanding of pathogenesis and
immunology related to leishmaniasis. Further studies are required to investigate
unanswered questions related to innate and T cell response in leishmaniasis.

4. Leishmania vaccines
WHO has classified Leishmaniasis is an emerging disease. The available treatment options
are various chemotherapeutic drugs which are not only costly but also have many adverse
side effects. Safe and cost effective vaccine is a need of an hour. Various vaccine strategies
have been tried but these are of a little hope. The classical vaccinology or first generation
vaccines have been tried in the past which includes infectious material for inoculation, live
attenuated parasites and killed parasites for vaccination. Leishmanization, was based on the
fact that individual is refractory to reinfection after the lesions of primary illness heals.
Initially, infectious lesion material was used but later it was replaced by culture of parasites
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to inoculate uninfected individuals. This method was abandoned due to poor quality
control, parasite persistence, emergence of HIV and ethical issues. Killed parasites replaced
leishmanization, but they showed poor efficacy in clinical trials (Noazin, Modabber et al.
2008). Second generation vaccines (modern vaccinology) using subunit vaccines, DNA
vaccines and recombinant vaccines are being tried but their efficacy in field trials have not
been reported. The major hurdle in vaccine designing is the translation of data from animal
models to human disease, and the transition of laboratory experiments to field trials. Table 3
summarizes the important vaccine candidates tested for the cure of leishmaniasis.
Killed vaccines
Vaccination trials in Brazil and Ecuador with killed Leishmania stocks have shown to provide
immunity from natural infection. Killed vaccination induced Th1 type of immune response
and delayed type of hypersensitivity skin test conversion can be used as a surrogate marker
for protective immune response (Olivier, Baimbridge et al. 1992; Mendonca, De Luca et
al.1995).
Convit and colleagues used a combination of killed L. mexicana or L. braziliensis
promastigotes and M. bovis BCG to induce the immunity against South American
leishmaniasis. High cure rate have been documented with the induction of Th1 type of
immune response (Castes, Moros et al. 1989; Convit and Ulrich 1993). Recombinant IL-12
has been tried as an adjuvant in monkeys to provide the immunity against cutaneous
leishmaniasis using killed L. amazonensis (Kenney, Sacks et al. 1999)
Live attenuated
Live attenuated vaccines are well known for their better immunogenicity but there are
chances of reverting back to virulent forms. However, recent advances in genomics have
provided an opportunity to manipulate the Leishmania genome by eliminating the virulent
genes to produce the attenuated forms. Genes required for long term survival have been
manipulated to produce the short lived forms in humans. In a mouse model, L. major
parasites lacking the gene encoding for enzyme dihydrofolate reductase-thymidylate
synthetase DHFR-TS have been produced to induce the protection against infection with
either L. major or L. amazonensis. Mutant lacking genes encoding for cysteine proteases cpa
and cpb have also been studied. Thus, the use of attenuated organisms is very useful as it
closely mimics to natural infection and can lead to similar immune responses (Titus,
Gueiros-Filho et al. 1995).
Synthetic recombinant vaccines:
These newer vaccines include recombinant DNA-derived antigens and peptides. The targets
used as antigens may be species or life cycle stage specific. Recombinant antigens can be
delivered as purified proteins, as the naked DNA encoding them, or as bacteria
manufacturing the proteins of interest. These can be used as a potential vaccine candidate.
Bioinformatics can be used to predict the immunogenic peptides which can be synthetically
constructed. Though this approach sounds better but it suffers from many disadvantages
such as the magnitude of the T-cell memory induced, the inability of all individuals in the
population to respond to the peptide, and the high cost of production on large scale. Despite
these limitations gp63 peptides have been successfully tested in animals (Campbell et.al 201;
Carrión J. 2011).
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Immunogens expressing Bacteria and Viruses as vaccines
Leishmaniolysin or gp63 is the first recombinant antigen to be used against as a vaccine
candidate against leishmaniasis (Chang, Chaudhuri et al. 1990). The surface expressed
glycoprotein leishmaniolysin (gp63) is one of the parasite receptors for host macrophages
and mutants lacking this protein are avirulent. However, the T-cell responses to gp63 have
been variable in animals and human studies (Olobo, Anjili et al. 1995). Parasite surface
antigen have also been tested as a vaccine candidate. gp46/M2 or parasite surface antigen 2
(PSA-2) is expressed in all Leishmania species except L. braziliensis. Thus, providing an
opportunity for developing pan-Leishmania vaccine (Handman, Symons et al. 1995). The
leishmanial eukaryotic ribosomal protein (LeIF), a homologue of the ribosomal protein
cIF4A, is an another important vaccine candidate as it can induce Th1-type cytokines in
humans (Skeiky, Coler et al. 2002). This protein is highly conserved in evolution, but
parasite specific epitopes can be used for vaccination, so that autoimmune responses can be
avoided. Other vaccine candidates are amastigote specific proteins, such as A2, P4, and P8
of L. mexicana pifanoi (Soong, Duboise et al. 1995). Another vaccine candidate is a flagellar
antigen, lcr1, from L. donovani chagasi (Streit, Recker et al. 2000) but its role in humans is
debatable as asmastigote forms have a rudimentary flagellum.

Candidate vaccine
Whole killed

Advantages
Cost effective
Good safety profile in South
America and Sudan
Good results in animals

Poor T cell response in humans

Promote IL-4 secreting T cells
(Th2 responses)

Recombinant protein derived
from either promastigotes or
amastigotes protein showed poor
efficacy
Fails to provide protection against
visceral leishmaniasis.

Surface expressed glycoprotein
leishmaniolysin (gp63)
GPI-anchored membrane protein Native polypeptides derived
gp46 or Parasite Surface Antigen from promastigotes provide
2 (PSA-2)
protection in mice
Leishmania homologue for
receptors of activated C kinase
(LACK)
Leish-111f: Single molecule
constructed by fusion of three
molecules:
L. major homologue of eukaryotic
thiol-specific antioxidant (TSA
L. major stress-inducible protein-1
(LmSTI1)
L. braziliensis elongation and
initiation factor (LeIF)
Leish-110f: improved version of
Leish-111f
Sandfly saliva components:
maxadilan, 15 kDa protein, SP15,
LJM19

Disadvantages
Quality control, difficult to
standardize, variable potency

Provides protection in mice
Failed to protect dogs against
against L. major and L.
infection
amazonensis infection
Provides partial protection
against visceral leishmaniasis in
animal models
Phase I and II clinical trials done

LJM 19: protection in hamsters
Dogs: IgG2 and IFN-γ

Experimental stage

Table 3. Summary of important vaccine candidates for leishmaniasis.
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DNA vaccine
Vaccinations with DNA encoding gp63and PSA-2 have been tried. It has shown a good
protection in animal models which is accompanied by Th1 immune responses (Gurunathan,
Sacks et al. 1997; Walker, Scharton-Kersten et al. 1998). The genes encoding the vaccine
candidate is cloned into mammalian expression vector, and the DNA is injected directly into
muscle or skin. The plasmid DNA is taken up by cells and translocated to the nucleus,
where it is transcribed into RNA and then translated in the cytoplasm. It has shown to
induce both CD4+ and CD8+ T cell responses and they also ensure proper folding of proteins.
Another advantage is that production on large scale is cheap and DNA is highly stable, so
does not require cold chain. Research is still going on for developing a vaccine which can
provide life long immunity without any side effects. Newer adjuvants are also being tried.
Till date no successful vaccine has been developed but recent studies have shown that most
protective CD4+ T cells are those which are multifunctional, capable of producing IFNγ, IL2 and TNF. IL-10 appears to limit the generation of these protective T cells during
vaccination (Kedzierski 2010). In future, the application of genomic approaches and study of
host factors will lead to a better understanding of pathogenesis and immunology related to
leishmaniasis. Further studies are required to investigate unanswered questions related to
innate and T cell response in leishmaniasis.

5. Conclusions
Recent studies have provided new and important information on the biology of
Leishmania. The Leishmania genome sequence is now available as well as new methods for
its manipulation. We have learned that Leishmania can exchange genetic material during
its journey in the sand fly, and we understand better the molecular mechanisms that allow
Leishmania promastigotes and amastigotes to survive in their respective environments.
Recent investigation have provided new insight into the role of cells of the innate
immunity, such as neutrophils, monocytes, NK, and DCs, as well as ‘non-immune’ cells
such as keratinocytes. Now we have better understand how Leishmania evade the
mammalian immune response and avoid the development of sterilizing immunity,
therefore increasing its chances to secure transmission to a new host. The identification of
a greater range of antigen candidates with broad species coverage, and a greater
understanding of the immunology of protective immunity, these arguments should be
balanced by the need to develop a stronger base in clinical vaccinology. This end is only
likely to be accomplished by an accelerated programme of well-defined clinical trials, and
in this context the use of therapeutic vaccine trials as a first step has much to offer. New
generation vaccines hold promises to control leishmaniasis and data suggest that
prophylactic vaccination in humans and dogs could generate protection and may able to
interrupt transmission, ultimately reducing disease incidence. These new generation
vaccines in a therapeutic setting as an adjunct with various chemotherapies have
demonstrated safety and efficacy against various manifestations of Leishmania infection.
New generation’s refined antigens and adjuvants for vaccines may provide the best
range of vaccines aimed at controlling disease incidence and severity to Leishmania
infection.
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1. Introduction
1.1 The prevailing view: blurring, innate and adaptive
The currently held view of the immune system proposes generally acceptable descriptions
supported by strong evidence. There are two primary systems: innate and adaptive but
distributed “unequally” among the two major animal groups (ignoring mostly all plants).
Animal groups include the multitudinous invertebrates and vertebrates with vertebrates
being the greatest beneficiaries of a fully functional complex immune apparatus that
combines the two systems. Despite this super armamentarium, the overwhelming problems
of possessing this dual system, as the vertebrates i.e. the innate and adaptive does not seem
to guard or even prevent the development of one internal threat to survival. This is the
scourge: development of cancer. By contrast invertebrates whose immune system is
primarily of the innate type manage to eat, reproduce and survive without developing
cancer. Briefly the immune system consists of: Innate: natural, nonspecific, no memory, nonanticipatory, non-clonal, germ line; Adaptive: acquired, specific, memory, anticipatory,
clonal, somatic. In general, both systems and in the simplest reductionist terms, each must
possess a cell that recognizes an antigen and digests it. The second cell if appropriately
stimulated must react to destroy a potentially detrimental antigen. During evolution more
cells were added to this armamentarium giving rise to increasing functions associated with
effector activity. Emerging information supports the view that overlap or blurring exists
between these two sometimes rigidly defined systems. Clearly evidence suggests that lines
of demarcation within and between innate and adaptive may not be so strictly delineated—
there is immunologic flexibility designated as blurring, not “black and white”.
1.2 Evolution of the immune systems
1.2.1 The agnathans (jawless fish)
We have been alerted to numerous analyses of the vertebrate and more specifically the
mammalian immune system that reveal profound interrelationships and fundamental
differences between the adaptive and innate systems of immune recognition (Fig.) [Du
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Pasquier and Litman, 2000]. There is increasing experimental accessibility of nonmammalian jawed vertebrates (gnathosomes; cartilaginous and bony fish), jawless vertebrates
(agnathans) (hagfish, lampreys), protochordates and invertebrates and an enthusiasm by
comparative immunologists to explore. Thus we have intriguing new information that
suggests likely patterns that reveal emergence of immune-related molecules during
metazoan phylogeny. Moreover there is the promise that we may find evolution of
alternative mechanisms that ensure receptor diversification. These such findings have
already blurred traditional distinctions between adaptive and innate immunity. The
adaptive must rely on the innate throughout evolution, the immune system has benefited by
using a remarkably extensive variety of well-equipped mechanistic solutions to meet
fundamentally similar requirements for host protection.
The range of such molecules, which includes the fibrinogen-related proteins (FREPs) in
a mollusk, variable regioncontaining chitin-binding proteins (VCBPs) in a
cephalochordate, variable lymphocyte receptors (VLRs) in jawless vertebrates, and
novel immune-type receptors (NITRs) in bony fish, encompasses both the
immunoglobulin gene superfamily (IgSF) and leucine-rich repeat (LRR) proteins.
Although these molecules vary markedly in form and likely in function, growing
evidence suggests that they participate in various types of host immune responses.
These results represent significant alternatives to prevailing paradigms of innate and
adaptive immune receptors. Thus unusual genetic mechanisms may support
mechanisms for diversifying recognition proteins and it may be a ubiquitous
characteristic of animal immunity (Fig. 2) (Theodor, 1970; Hildemann et al, 1977; Franc
et al, 1996; Pancer, 2000; Watson et al, 2005; Sun et al, 1990; Flajnik and Pasquier, 2004;
Zhang et al, 2004 ), not restricted rigidly to innate and adaptive.
Our immune system rarely acts alone but functions in association with the other two linked
regulating systems (the nervous and endocrine systems; not to be examined in this review).
Second, when we examine the immune systems close up, there are several generalizations
that emerge. The immune system is ubiquitous, found in all creatures including plants and
is therefore not restricted to humans. If carefully traced stepwise during evolution treating
extremely limited fossil forms, reveals progressively more complex development after we
critically examine various levels of plant and animal evolution. There is evidence for innate
immunity in plants. According to Luke and O’Neill (2011), “Every organism has to contend
with the risk of infection. To cope, organisms have evolved two types of immune responses:
the more recent “adaptive” system, found only in vertebrates; and the more ancient “innate”
system, which is present in both plants and animals. Researchers have uncovered
remarkable evolutionary conservation of innate immune mechanisms between plants and
animals. (Figure 3) They use similar receptor molecules to sense pathogens and for immune
system signaling (Luke and O’Neill 2011).
This review will: 1) for the first time present an emerging view that “adaptive immunity”
mechanisms need not be restricted to complex eukaryotic organisms. Although this may be
revolutionary, we might ask: why not since microbes survive? In fact, there is compelling
information that prokaryotes may possess adaptive immune mechanisms; 2) deemphasize
the over reliance on embryologically defining the animal kingdom and forcing the immune
system’s evolution into two separate categories, i.e. the protostomes and deuterostomes; 3)
support concepts that propelled the immune system into prominent discourse in the life
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sciences; 4) indicate that the concern for immunologic memory, development of cancer,
autoimmunity, and clonal selection may not be essential for effective immunity to evolve; 5)
consider analogous mechanisms in prokaryotes that concern CRISPR that are direct repeats
found in the DNA of many bacteria and archaea; 6) to understand the mechanism of action
of CRISPR systems reveals a prokaryotic analog of eukaryotic RNA supporting the view
that bacteria possess a form of acquired immunity; 7) suggest a molecular mechanism by
which the nervous system may sense inflammatory responses and respond by controlling
stress response pathways at the organismal level; This supports the interconnectedness of
two of the three monitoring systems: immune<>nervous<> endocrine to maintain a
balanced internal milieu.

Fig. 1. Evolution of molecular and histological structures of the vertebrate immune system.
Regarding lymphatic tissues, the thymus, and spleen appeared early in fishes, while lymph
filtering lymph nodes are observed only in birds and mammals. Among the development of
various immunoglobulin isotypes, IgD is expressed in bony fishes, later only mammals are
using this B-cell receptor. Reproduced by permission from (Kvell K, Cooper EL, Engelmann
P, Bovari J, Nemeth P. Blurring borders: Innate immunity with adaptive features. Clin Dev
Immunol (2007):836–71).
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Fig. 2. Schematic representation of innate and adaptive immune feature development in
animals. All immune cells express nonspecific receptors, for example, pattern recognition
receptors that recognize pathogen associated molecular patterns (PAMPs). Several clusters
of innate receptors are conserved from plants to humans and are essential components in
the defense of self-integrity. Immune cells of invertebrates also express various scavenger
receptor-like proteins (Croquemort, SCRs), immunoglobulin superfamily members
(hemolin, DsCAM), and fibrinogen-related peptides (FREPs); all involved in immune
functions (eliminating apoptotic cells, parasites, etc.). Invertebrate immune systems also
exhibit receptors with high diversity involved in immune functions: FREPs, SCRs, and
DsCAMs have extreme individual variability-like vertebrate adaptive immune recognition
molecules (Ig, TcR). Reproduced by permission from (Kvell K, Cooper EL, Engelmann P,
Bovari J, Nemeth P. Blurring borders: Innate immunity with adaptive features. Clin Dev
Immunol (2007):836–71).
1.3 Self/ not-self
Now Self/not self, adaptive immunity and a fresh and renewed vision of a vigorous innate
immunity are acceptable first for invertebrates and now essential for mammals. However,
self/not self is now challenged by the controversial, alternative danger hypothesis. (Cooper,
2010; Cooper et al, 2002; Engelmann and Nemeth, 2010; Cossarizza, 2010; Parrinello 2010
Pradeu and Carosella 2004; 2006). Since Metchnikoff discovered phagocytosis, controversy
persisted concerning two points. First, innate immunity was accorded minor significance to
most of immunology while adaptive immunity emerged as predominant, perhaps due to
anthropocentricity of 19th and early 20th century immunologists. Later adaptive immunity
acquired a significant hypothetical base. Second, clonal selection and specific memory cast a
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shadow over Metchnikoff's leukocytes, perhaps bolstered by discovering them in
invertebrates and not in mammals (Cooper, 2008; Cooper 2010)
Pradeu and Carosella criticize origins and legitimacy of self/non-self. They advocate a
critical analysis both conceptually and experimentally to redefine self/non-self that reveals
certain shortcomings; they even advocate possibly rejecting that model in favor of an
alternative theoretical view for immunology: continuity. The ‘continuity hypothesis’ attempts
to support immunogenicity that avoids criticism of the self-model. Pradeu and Carosella
assert that the main objective of immunology is to establish why (teleological?) and when an
immune response occurs: to support immunogenicity. Is there an experimental model?

Fig. 3. Innate immunity, conserved.
Arabidopsis and humans have evolutionarily conserved innate immune signaling processes
that involve a posttranslational modification process called ubiquitination. In Arabidopsis,
bacterial flagellin is sensed by FLS2, which recruits the non-arginine/aspartate (Non-RD)
kinases BAK1 and BIK1. BAK1 phosphorylates and activates PUB12/13, which ubiquitinates
(Ub) FLS2 and leads to degradation. In humans, TLR4 senses lipopolysaccharide (LPS). This
can activate Triad3a (third column), which ubiquitinates TLR4 and leads to its degradation.
TLR4 can also activate IRAK-1 and IRAK-4 (fourth column), which activates nuclear factor
kappa B (not shown), and also Pellino proteins (Pellinos), which ubiquitinate the IRAKs and
lead to their degradation.
1.4 Clonal selection
Another view pertinent to prevailing immunologic concepts includes clonal selection which
is a Darwinian corollary. In other words lymphocytes with appropriate receptors could be
stimulated to divide leaving progenitor offspring lymphocytes. Now we may be able to
deconstruct clonal selection since it may be not applicable to invertebrate mechanisms; all
evidence indicates that clonal selection is purely a vertebrate strategy. Some views may
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insist that anthropocentric mammalian immunologists utilized a tool to propel: the
universal innate immune system of ubiquitous and plentiful invertebrates as an essential
system for vertebrates. Immunology benefited and innate immunity acquired an extended
raison d'être. Innate immunity should help if there is a failure of the adaptive immune
system. As an internal threat cancer would be subject to the immune system’s efficiency.
Still to be answered are questions concerning immunologic surveillance that includes clonal
selection. According to the question does immunologic surveillance play a role in the
survival of invertebrates that seem to not develop cancer as we identify metastasizing
transplantable vertebrate type? As a possible explanation, perhaps invertebrate efficient
innate immune systems and short life spans evolved certain “canceling devices” that
maintain survival, thus precluding their demise by metastasis. (Cooper et al, 2002; Burnet,
1959; Burnet 1962)

Fig. 4. A phylogenetic tree of living things, based on RNA data and proposed by Carl
Woese, showing the separation of bacteria, archaea, and eukaryotes. Trees constructed with
other genes are generally similar, although they may place some early-branching groups
very differently, thanks to long branch attraction. The exact relationships of the three
domains are still being debated, as is the position of the root of the tree. It has also been
suggested that due to lateral gene transfer, a tree may not be the best representation of the
genetic relationships of all organisms. For instance some genetic evidence suggests that
eukaryotes evolved from the union of some bacteria and archaea (one becoming an
organelle and the other the main cell). Author : Eric Gaba. Published : Sep. 2006. Nasa
Astrobiology Institute. http://en.wikipedia.org/wiki/File:Phylogenetic_tree.svg

2. What are prokaryotes?
It is essential to define prokaryotes. The prokaryotes are a group of organisms that lack a
cell nucleus (= karyon), or any other membrane-bound organelles. The organisms that have
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a cell nucleus are called eukaryotes. (Figure 4) Most prokaryotes are unicellular, but a few
such as myxobacteria have multicellular stages in their life cycles. The word prokaryote
comes from the Greek πρό- (pro-) "before" + καρυόν (karyon) "nut or kernel". Prokaryotes do
not have a nucleus, mitochondria, or any other membrane-bound organelles. In other
words, neither their DNA nor any of their other sites of metabolic activity are collected
together in a discrete membrane-enclosed area. Instead, everything is openly accessible
within the cell, some of which is free-floating. Prokaryotes belong to two taxonomic domains:
the bacteria and the archaea. Archaea were recognized as a domain of life in 1990. These
organisms were originally thought to live only in inhospitable conditions such as extremes
of temperature, pH, and radiation but have since been found in all types of habitats.”

Fig. 5. Diagram of the possible mechanism for CRISPR. http://en.wikipedia.org/wiki/
File:Crispr.png Author: James Atmos 15 September 2009.

3. CRIPSR: Clustered, Regularly Interspaced Short Palindromic Repeat
3.1 CRIPSR (Clustered Regularly Interspaced Short Palindromic Repeats)
CRISPRs are loci containing multiple short direct repeats that are found in the genomes of
approximately 40% of bacteria and 90% of archaea. CRISPR functions as a prokaryotic
immune system, in that it confers resistance to exogenous genetic elements such as plasmids
and phages. The CRISPR system provides a form of acquired immunity. Short segments of
foreign DNA, called spacers, are incorporated into the genome between CRISPR repeats,
and serve as a 'memory' of past exposures. CRISPR spacers are used to recognize and silence
exogenous genetic elements in a way analogous to RNAi in eukaryotic organisms (Fig 5) (2,
Grissa et al 2007; Barrangou et al 2007; Marraffini and Sontheimer 2010; Marraddini and
Sontheimer 2010).
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3.2 Self versus non-self discrimination during CRISPS RNA-directed immunity
All immune systems must distinguish self from non-self to repel invaders without inducing
autoimmunity. Clustered, regularly interspaced, short palindromic repeat (CRISPR) loci
protect bacteria and archaea from invasion by phage and plasmid DNA through a genetic
interference pathway. CRISPR loci are present in ~ 40% and ~90% of sequenced bacterial
and archaeal genomes respectively and evolve rapidly, acquiring new spacer sequences to
adapt to highly dynamic viral populations. Immunity requires a sequence match between
the invasive DNA and the spacers that lie between CRISPR repeats1. Each cluster is
genetically linked to a subset of the cas (CRISPR-associated) genes that collectively encode
>40 families of proteins involved in adaptation and interference. CRISPR loci encode small
CRISPR RNAs (crRNAs) that contain a full spacer flanked by partial repeat sequences.
CrRNA spacers are thought to identify targets by direct Watson-Crick pairing with invasive
“protospacer” DNA, but how they avoid targeting the spacer DNA within the encoding
CRISPR locus itself is unknown. Here we have defined the mechanism of CRISPR self/nonself discrimination. In Staphylococcus epidermidis, target/crRNA mismatches at specific
positions outside of the spacer sequence license foreign DNA for interference, whereas
extended pairing between crRNA and CRISPR DNA repeats prevents autoimmunity.
Hence, this CRISPR system uses the base-pairing potential of crRNAs not only to specify a
target but also to spare the bacterial chromosome from interference. Differential
complementarity outside of the spacer sequence is a built-in feature of all CRISPR systems,
suggesting that this mechanism is a broadly applicable solution to the self/non-self dilemma
that confronts all immune pathways” (Marrafini & Sontheimer 2010).
3.3 CRISPR based adaptive and heritable immunity in prokaryotes
The recently discovered CRISPR (clustered regularly interspaced short palindromic repeat)
defense system protects bacteria and archaea against mobile genetic elements. This
immunity system has potential to continuously adjust its reach at the genomic level,
implying that both gain and loss of information is inheritable. The CRISPR system consists
of typical stretches of interspaced repetitive DNA (CRISPRs) and associated cas genes (van
der Oost et al. 2009).
3.4 Hallmark of ingenious antiviral defense mechanisms
According to Al-Attar et al, many prokaryotes contain the recently discovered defense
system against mobile genetic elements. (i) CRISPR-Adaptation, the invader DNA is
encountered by the CRISPR/Cas machinery and an invader-derived short DNA fragment is
incorporated in the CRISPR array. (ii) CRISPR-Expression, the CRISPR array is transcribed
and the transcript is processed by Cas proteins. (iii) CRISPR-Interference, the invaders'
nucleic acid is recognized by complementarity to the crRNA and neutralized (2011). An
application of the CRISPR/Cas system is the immunization of industry-relevant prokaryotes
(or eukaryotes) against mobile-genetic invasion. In addition, the high variability of the
CRISPR spacer content can be exploited for phylogenetic and evolutionary studies. Despite
impressive progress during the last couple of years, the elucidation of several fundamental
details will be a major challenge in future research. (Fig 5)

Adaptive Immunity from Prokaryotes
to Eukaryotes: Broader Inclusions Due to Less Exclusivity?

503

3.5 Structural basis for CRIPSR RNA-guided DNA recognition by cascade and biology
seahorse vs. pathogen
Here is the composition and low-resolution structure of casecade and how it recognizes
double-stranded DNA (dsDNA) targets in a sequence-specific manner. Cascade is a 405-kDa
complex comprising five functionally essential CRISPR-associated (Cas) proteins
(CasA(1)B(2)C(6)D(1)E(1)) and a 61-nucleotide CRISPR RNA (crRNA) with 5'-hydroxyl and
2',3'-cyclic phosphate termini. Cascade recognizes target DNA without consuming ATP,
which suggests that continuous invader DNA surveillance takes place without energy
investment. The structure of Cascade shows an unusual seahorse shape that undergoes
conformational changes when it binds target DNA (Jore et al. 2011). Jore et al. have analyzed
the composition and low-resolution structure of the Cascade complex, which lies at the heart
of the CRISPR Immune response. The snippets of invader sequence are transcribed and
converted into CRISPR RNA (crRNA), which is bound by the Cascade complex. The overall
structure of the Cascade complex surprisingly resembled the shape of the seahorse, with the
spine and head consisting of a tight curved polymer of six CasC protein subunits, which
might binf the crRNA- GR (Riddihough 2011).
3.6 Structures of the RNA-guided surveillance complex from a bacterial immune
system
According to Wiedenheft et al (2011), bacteria and archaea acquire resistance to viruses and
plasmids by integrating short fragments of foreign DNA into clustered regularly
interspaced short palindromic repeats (CRISPRs). In Escherichia coli, crRNAs are
incorporated into a multisubunit surveillance complex called Cascade (CRISPR-associated
complex for antiviral defence), which is required for protection against bacteriophages. They
used cryo-electron microscopy to determine the subnanometre structures of Cascade before
and after binding to a target sequence. Cascade engages invading nucleic acids through
high-affinity base-pairing interactions near the 5′ end of the crRNA. Base pairing extends
along the crRNA, resulting in a series of short helical segments that trigger a concerted
conformational change. This conformational rearrangement may serve as a signal that
recruits a trans acting nuclease (Cas3) for destruction of invading nucleic-acid sequences.

4. What are eukaryotes?
A eukaryote is an organism whose cells contain complex structures enclosed within
membranes (Figure 4). Eukaryotes may more formally be referred to as the taxon Eukarya or
Eukaryota. The defining membrane-bound structure that sets eukaryotic cells apart from
prokaryotic cells is the nucleus, or nuclear envelope, within which the genetic material is
carried. The presence of a nucleus gives eukaryotes their name, which comes from the Greek
ευ (eu, "good") and κάρυον (karyon, "nut" or "kernel"). Most eukaryotic cells also contain
other membrane-bound organelles such as mitochondria, chloroplasts and the Golgi
apparatus. All species of large complex organisms are eukaryotes, including animals, plants
and fungi, although most species of eukaryote are protist microorganisms.[ Cell division in
eukaryotes is different from that in organisms without a nucleus (prokaryotes). It involves
separating the duplicated chromosomes, through movements directed by microtubules.
There are two types of division processes. In mitosis, one cell divides to produce two
genetically identical cells. In meiosis, which is required in sexual reproduction, one diploid
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Fig. 6 New metazoan tree of life presented in Schierwater, et al. 2009
http://www.amnh.org/science/papers/metazoan.php Credit: AMNH
cell (having two instances of each chromosome, one from each parent) undergoes
recombination of each pair of parental chromosomes, and then two stages of cell division,
resulting in four haploid cells (gametes). Each gamete has just one complement of
chromosomes, each a unique mix of the corresponding pair of parental chromosomes
Eukaryotes appear to be monophyletic, and so make up one of the three domains of life. The
two other domains, Bacteria and Archaea, are prokaryotes and have none of the above
features. Eukaryotes represent a tiny minority of all living things; even in a human body
there are 10 times more microbes than human cells.However, due to their much larger size
their collective worldwide biomass is estimated at about equal to that of prokaryotes

5. Why was the 19th century crucial to the birth of immunology?
This provides an appropriate background for the analysis of eukaryotes. Darwin and
Metchnikoff were laying the foundation for the “big bang” in immunology. It is not crystal
clear when that occurred but surely whether directly or indirectly this revelation was the
product of a coalescence of all the ferment that the 19th century inspired. In a sense, both
were field biologists highly observant and meticulous – willing to take chances on the
unexplored and to express their ideas. The inquisitiveness of Darwin and the consequence
of Metchnikoff’s single prescient observation by the sea both represent a tour de force in the
annals of biology (Cooper et al 2002) The origin of species by natural selection underwent
metamorphosis in its application to immunology and became the clonal selection theory
with its inherent application to and explanation of adaptive immunity (Ribatti 2009] By
contrast, Metchnikoff’s phagocytosis in starfish larvae became the ancestor of innate
immunity, even with the much later advent of T-cells (Silverstein 1989;, Tauber and
Chernyak 1991, Besredka 1979). Darwin’s well-known epic The Origin of Species was first
published in 1859 when he was 50 years old and when Metchnikoff was only 14 years old.
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The crossings and crisscrossing do continue. At 14 years Metchnikoff was already the
budding zoologist imbued with an interest in animals, their lives and habitats quite the
central thesis of Darwin’s work as well that resulted from his now famous expeditions.
Metcnikoff’s observation split the monolithic field of immunology into two main camps,
cellular and humoral giving cause to celebrate both investigations in 2008–2009.

6. From Darwin and Metchnikoff to Burnet and beyond
Phagocytosis in unicellular animals represents the most ancient and ubiquitous form of
defense against foreign material. Unicellular invertebrates can phagocytose for food and
defense. Multicellular invertebrates and vertebrates possess phagocytic cells and have
evolved more complex functions attributed to immunodefense cells that specialized into
sources of cellular and humoral immune responses. Thus all animals possess: innate,
natural, nonspecific (no memory) nonanticipatory, nonclonal, germline (hard wired) host
defense functions. In addition, all vertebrates possess: adaptive, induced, specific (memory),
anticipatory, clonal, somatic (flexible) immune responses. A similar situation exists with
respect to components of the signaling system, immunity and development. With
multicellularity, clearly numerous immune response characteristics are not possible in
unicellular forms or even those that straddle the divide between unicellularity and
multicellularity, beginning with colonial/social protozoans. Still, it is instructive to elucidate
a hierarchy of animals based upon immunologic characteristics and how they parallel other
physiological traits. Evidence is presented that the most primitive of invertebrates prior to
the evolution of multicellular organisms possess varying degrees of complexity at the
molecular level of those hallmarks that now characterize the immune system.
According to Cooper (2008) we can now explore easily how potential external threats to life
by continuously mutating microbes are first perceived, recognized, and the resulting signals
interpreted and presumably survival from infection insured – or the blocking of cancer
development an internal threat averted. This chapter will focus primarily on unicellular
(Protozoa) and examples of multicellular animals (Sponges, Cnidarians); more complex
invertebrates are excluded. Three reasons are presented. First, these two animal groups are
situated at the nexus between single cell life and the emergence of multicellularity. Second,
the unjustified thinking of immunologists would discredit these two groups with having
evolved any semblance of an immune response other than phagocytosis. Third, the
information that is included, i.e. the recent discovery of Toll-like receptors (TLRs) justified
their inclusion. Finally, TLRs correlate with earlier information that substantiated the
immunodefense capabilities as we knew them long ago and credit them today (Tables 1 and
2, Cooper 2008)
6.1 Emergence of modern immunology may be indebted to invertebrates?
This discovery of invertebrate phagocytosis dramatically changed the monolithic world of
immunology. His careful and detailed observations of white cell motility toward and
engulfment of foreign bodies in transparent larvae of starfish and in the water flea Daphnia
provoked a major re-evaluation of the nature of immune systems, admittedly restricted to
the human good. Before his prescient observations, immune systems were believed to be
wholly humoral and there was little emphasis on the role of leukocytes or white cells.
Metchnikoff’s discovery, however, added cellular immunity to the known armory of
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Assessment of self and
non- self activity
Transplantation
Allogeneic nuclei
Xenogeneic nuclei

Genus & Species
Amoeba
(Amoeba preteus)
Amoeba discordes
Social amoebae
(Dictyostelium
discoideum)
Slime molds

90% clones
0% clones
0% clones

-

S cells
Phagocytosis of bacteria

-

TIR domain proteins

-

-

C-type lectins
Tyrosine kinase signaling
components

Lack of Chimera formation

Ejection of
symbiotic Chlorella

-

Choanoflagellates
(Unicellular colonial)
Ciliata Stentor
Stenor coeruleus
Stentor polymorphus

Adhesion protein families
and/or recognition system

Results

Table 1. Recent evidence of signaling systems supported by early evidence of self and
nonself recognition in unicellular species.
Genus &
Species
Porifera
Sponges
Microciona
prolifera
Cliona celata
Demosponges
Suberites
Domuncula
Cnidaria
Hydrozoa
Hydra
Chlorphydra
Pelmatohydra
Anthozoa
Aborescent
Cnidarians
Staghorn corals
Acropora
Hydra
magnipapillata
Nematostella
vectensis
Coral
(Acropora
millepora)

Assessment of self
and non- self
activity

Results

Adhesion protein families and/or
recognition system

Mixing of red and
yellow sponges

Disaggregated sponges to
not reaggregate together

-

Response to bacterial
lipopeptides

-

TLR, IRAK-41, effector caspase
sequence (SDCA, SL) Homologies in
family-specific domains

Allografts and
xenografts

Incompatible transplant
reactions

-

Autografts
Allografts

Compatible
Incompatible

-

Autografts
Isografts
Allografts
-

Compatible
Incompatible
Incompatible

-

-

Canonical Toll/TLR Receptor C3,
MAC/PF

Table 2. Evidence of signaling systems and early evidence of self and non-self recognition in
multicellular animals (Porifera and Cnidaria).
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humoral immunodefense mechanisms. Serendipity surely intervened and there was
probably the impulse to shout Archimedes’ eureka when the interpretation of why cells were
moving toward a foreign body was easily visualized. Thus, the foundation for invoking the
concept of self non-self recognition was laid (Cooper 1993).
Moreover, there is a much greater willingness to accept that invertebrate model systems
have much more to contribute than was thought, even in the early 1960s when modern
immunology was beginning to develop. Broadly interpreted, Darwin led us into the field
and Metchnikoff into the laboratory at least with respect to comparative immunology
(Cooper 1974; Cooper et al 1992). Evolutionary immunology reaped the benefits of
Metchnikoff and modern immunology advanced conceptually when the clonal selection
theory of Burnet was advanced – in essence a Darwinian corollary (Cooper 1974, Perlovsky
2010). According to Burnet (1962), ‘The clonal-selection theory is a generalization about a
wide range of biological phenomena but may suffer from the inherent weakness of all
biological generalizations. The essence of the clonal-selection theory is that immunity and
antibody production are functions of clones of mesenchymal cells. Each clone is
characterized by the ability of its component cells to react immunologically with a very
small number of antigenic determinants (Ribatti 2009).
Contact with the right antigenic configuration acts as a trigger to action and it is the essence
of a clonal theory that such stimulation plays a major part in determining the observed
changes in type and numbers of the mesenchymal cells of the body. The trigger of
immunological contact is believed to provoke actions which, depending on many associated
factors, may take one or other several forms. The cells may be killed or damaged, with
release of cell-damaging or stimulating products; they may be stimulated to proliferate, with
or without change of morphological type; or they may be converted to the plasma-cell form,
with its capacity for active synthesis and liberation of antibody. Which particular reaction
ensures will depend essentially on the physiological state of the cell and the nature of the
internal environment to which it is exposed after stimulation.’ (Burnet 1970) .
6.2 Origins of immune system components
6.2.1 Unicellular colonial protozoans
One approach to origin of animals is to determine which developmental proteins predated
them and were subsequently co-opted for their development. Another strategy involves
comparative genomics that can identify the minimal set of intact genes from the beginning
of animal evolution that reveals those shared by all animals and their nearest relatives.
Resolving the mystery of origins, these workers have sampled gene diversity expressed by
choanoflagellates, unicellular and colonial protozoa that are closely related to metazoa,
crucial for providing a possible clue into early animal evolution. Results revealed that
choanoflagellates express representatives of a surprising number of cell-signaling and
adhesion protein families not previously isolated from nonmetazoans; these include
cadherins, C-type lectins, several tyrosine kinases and tyrosine kinase signaling pathway
components. Choanoflagellates have a complex and dynamic tyrosine phosphoprotein
profile, and tyrosine kinase inhibitors selectively affect cell proliferation. The expression in
choanoflagellates of proteins involved in cell interaction in metazoa demonstrates that these
proteins evolved before the origin of animals and were later co-opted for development. A
similar situation exists with respect to components of the signaling system with respect to
immunity and development. (Fig 6)
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6.2.2 Emergence of multicellularity: social amoeba
Social amoebae feed on bacteria in the soil but aggregate when starved to form a migrating
slug. Chen et al (2007) discovered an unknown cell type in social amoeba that is apparently
involved in detoxification and immune-like functions; they call it the sentinel (S) cells. S cells
engulf bacteria and sequester toxins while circulating within the slug, eventually being
sloughed off. A Toll/interleukin-1 receptor (TIR) domain protein, TirA, is also required for
certain S cell functions and for vegetative amoebae to feed on live bacteria. This apparent
innate immune function in social amoebae, and the use of TirA for bacterial feeding,
suggests an ancient cellular foraging mechanism that may have been adapted to defense
functions well before the diversification of animals. Multicellularity likely increased the
selective pressure on an organism’s ability to avoid exploitation by pathogens. The role of
TirA in Dictyostelium’s response to bacteria provides t he first glimpse of an immune-related
signaling system in amoeba and suggests that the use of TIR domain based signaling for
defense represents an ancient function present in the progenitor of all crown group
eukaryotes. If true, it would suggest that this system of pathogen recognition was
advantageous to organisms before the evolution of multicellularity.
6.2.3 Sponges
Sponges (phylum Porifera) are filter feeders, therefore they are extremely exposed to
microorganisms that represent a potential threat. Examining sponges, therefore moving to a
higher taxonomic level, Wiens et al. 2007 have identified, cloned and deduced the protein
sequence from 3 major elements of the poriferan innate response (to bacterial lipopeptides
according to these definitions): the TLR, the interleukin-1 (IL-1) receptor-associated kinase4-like protein (IRAK-4l), and a novel effector caspase from the demosponge Suberites
domuncula. Each molecule shares significant sequence similarity with its homologues in
higher metazoa. There are sequence homologies within the family-specific domains Toll/IL1 receptor/resistance (TLR family), Ser/Thr/Tyr kinase domain (IRAK family), and CASc
(caspase family).
6.2.4 Hydra and corals
Recently, whole genome sequences became available for two cnidarians, Hydra
magnipapillata and Nematostella vectensis, and large expressed sequence tag datasets are
available for them and for the coral Acropora millepora. (Powell 2007) A canonical
Toll/TLR pathway in representatives of cnidarians of the class Anthozoa was observed.
Neither a classic Toll/TLR receptor nor a conventional nuclear factor-β was identified
in Hydra – an anthozoan. The detection of complement C3 and several membrane attack
complex/perforin domain (MAC/PF) proteins suggests that a prototypic complement
effector pathway may exist in anthozoans, but not in hydrozoans. Together with
information for several other gene families, they suggest that Hydra may have
undergone substantial secondary gene loss during evolution. Such patterns of gene
distribution may underscore possible significance of gene loss during animal evolution
but indicate ancient origins for components of vertebrate innate immune systems.
(Miller et al 2007)
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6.3 Toll-like receptors: innate sensing
Chen et al. (2007) review the earliest work in relation to current views. Phagocytes that
engulf bacteria form part of the innate immune system of animals in the defense against
pathogens. According to Beutler et al (2003), in humans innate immune sensing usually
proceeds through the activation of 10TLRs, and these in turn lead to the production of
cytokine mediators that create the inflammatory milieu and collaborate in developing an
adaptive immune response. Each TLR senses a different molecular component of microbes
that have invaded the host.
TLR4 senses bacterial endotoxins (lipopolysaccharide), TLR9 unmethylated DNA, and TLR3
double-stranded RNA. Each receptor has a conserved signaling element called the TIR
(Toll/IL-1 receptor/resistance) motif that transduces a signal through five cytoplasmic
adapter proteins, each of which has a homologous motif. (Hoffman 2004). With respect to
TLRs, the integration of signals that receptors emit is a crucial mechanism that requires
resolution. (Ferrandon et al 2004) By creating random germline mutations in mice and
screening for individuals with differences in signaling potential, the complex biochemical
circuitry of the innate immune response can be unraveled. Up to now, more than 35,000
germline mutants have been produced, and approximately 20,000 have been screened to
predict innate immunodeficiency states (Medzhitov 2000).
6.3.1 Toll-like receptors in invertebrates and vertebrates: application to human
diseases seems real
6.3.1.1 Annelids
Toll-like receptors (TLRs) are an important component of the innate immunity system and
are found throughout the animal kingdom, but have not yet been fully analyzed in annelids.
We searched shotgun reads of the genomes of the leech Helobdella and polychaete Capitella
for TLR homologs. We found 105 TLR homologs in Capitella and 16 in Helobdella (Davidson
et al 2011). The deduced phylogeny of these sequences, together with TLRs from other
animal phyla, reveals three major clades (A clade is a group consisting of a species [extinct
or extant] and all its descendants.). One clade consists of a mixture of both vertebrates and
invertebrates, including sequences from Capitella and Helobdella, while the other two clades
contain only invertebrate TLRs. Now these represent a beginning in need of further analysis
especially with respect to p53 (TLR) and existence of cancer. This is needed since earthworm
immune responses are well defined (Cooper et al 2002). Moreover early attempts to induce
cancer were not successful (Cooper 1969); new trials are proposed combined with analyses
of p53.
6.3.1.2 Molluscs
Toll-like receptor (TLR) signaling pathway is an important and evolutionarily conserved
innate immune pathway. Phylogenetic lineage of this pathway in the Lophotrochozoans is
still less understood. (The Lophotrochozoa comprise one of the major groups herein
annelids and molluscs within the animal kingdom, In turn, the Lophotrochozoa belongs to a
larger group within the Animalia called the Bilateria, because they are bilaterally
symmetrical with a left and a right side to their bodies) is still less understood. Zhang and
Zhang (2011) have cloned a novel TLR, a key component of TLR pathway, from the oyster,
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and named it CgToll-1. Real-time reverse transcription polymerase chain reaction analysis
revealed that the highest CgToll-1 expression level was in hemolymph, and this pattern
increased dramatically in the presence of bacteria Vibrio anguillarum. TLR pathway core
genes of molluscs were searched and compared with model invertebrates revealing that
their genes were closer to the fruit fly Drosophila melanogaster than to the purple sea urchin
Strongylocentrotus purpuratus, while three upstream genes (MyD88, IRAK, TRAF6) were not
closer. They also found that these two downstream genes were significantly more conserved
than the three upstream genes based on amino acid sequence alignment. Results suggests
that CgToll-1 is a constitutive and inducible protein that could play a role in immune
responses against bacterial infection.
6.3.1.3 Ascidians
It is appropriate to present information on the ascidian since they are the nearest
invertebrate relative of vertebrates (see Figs 1 and 2). According to Sasake et al (2009), key
transmembrane proteins in the innate immune system, Toll-like receptors (TLRs), probably
occur in the genome of non-mammalian organisms including invertebrates. However,
authentic invertebrate TLRs have only been recently investigated structurally and
functionally. Inflammatory cytokine production of the ascidian Ciona intestinalis, designated
as Ci-TLR1 and Ci-TLR2 have been analyzed. The amino acid sequence of Ci-TLR1 and CiTLR2 possessed unique structural organization with moderate sequence similarity to
functionally characterized vertebrate TLRs. ci-tlr1 and ci-tlr2 genes were mostly expressed in
the stomach, and in hemocytes. Both Ci-TLR1 and Ci-TLR2 stimulate NF-κB induction in
response to multiple pathogenic ligands such as double-stranded RNA, and bacterial cell
wall components that are differentially recognized by respective vertebrate TLRs.This
revealed that Ci-TLRs recognize broader pathogen-associated molecular patterns than
vertebrate TLRs. The Ci-TLR-stimulating pathogenic ligands also induced expression of CiTNFα in intestine and stomach where Ci-TLRs are expressed. These results provide
evidence that TLR-triggered innate immune systems are essentially conserved in ascidians,
and that Ci-TLRs possess “hybrid” biological and immunological functions, compared with
vertebrate TLRs. This is significant since ascidians are the nearest ancestor to vertebrates.
6.3.1.4 Birds
The Toll-Like receptor (TLR) pathway plays is crucial in innate immunity and is maintained
with amazing consistency in all vertebrates. Considering this background of substantial
conservation, any subtle differences in this pathway’s composition may have important
implications for species-specific defense against key pathogens. Cormican et al (2009) used a
homology-based comparative method to characterize the TLR pathway the employed the
recently sequenced chicken and zebra finch genomes from two distantly related bird
species. Primary features of the TLR pathway are conserved in birds and mammals, despite
some clear differences. TLR receptors show a pattern of gene duplication and gene loss in
both birds when compared to mammals. They found avian specific duplication of both
TLR1 and TLR2 and a duplication of the TLR7 gene in zebra finch. Both positive selection
and gene conversion may shape evolution of avian specific TLR2 genes. Results contribute
to characterization of differing immune responses that have evolved in individual
vertebrates in response to their microbiological environment. Birds have been considered
since they usually receive less coverage than mammals. Moreover without them we would
have been slow to recognize the T and B system.
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6.3.1.5 Disease and TLR
Now we consider an example of another disease related to the immune system, having
presented cancer as the first example. It is well to remember however that cancer can now
be considered to occur in invertebrates. This is a major resolution after many years of
speculation concerning its absence. Ngoi et al (2001) have raised awareness of the incidence
of allergic disorders and increased autoimmune diseases especially in developed nations.
The hygiene hypothesis suggests that as a living environment becomes more sanitized,
children are not exposed to microbial and parasitic stimulations that were once commonly
acquired since early in life; this caused a lack of immune sensitization tending towards T
helper 2 (Th2) dominance. Thus we can conclude that the immune system perhaps like the
nervous system requires early learning experiences in order to respond to antigen
stimulation. This view may explain allergic disorders, which mostly result from hyper Th2
responses, but inadequate in explaining Th1 or Th17-based autoimmunity increases.
With respect to signaling, recent advances in experimental mouse models revealed that
stimulation of Toll-like receptors (TLRs) by pathogen-associated molecular patterns could
reduce symptoms of allergic airway disease and prevent the onset of autoimmunity. For one
explanation, the underlying mechanism for protective effects of TLR ligands is currently
under investigation and there are indications that IL-10-producing B cells, regulatory T cells,
and innate immune cells play an important role during this process. That early exposure to
microbial byproducts probably contributes to modulation of immunological disorders may
once again modify our interpretation of the hygiene hypothesis.

7. Cancer development in invertebrates may be linked to the presence of
tumor suppressor genes independent of the innate immune system?
According to immunosurveillance, the adaptive immune system evolved to protect
multicellular organisms against harmful invaders (bacteria, viruses, fungi—any disturbance
of non-self material not acceptable to self) earlier thought of exclusively as threats from the
external environment; however, internal threats may now include cancer cells growing out
of control. These characteristics were restricted to vertebrates with adaptive immune
responses. And invertebrates were not considered since it was assumed based mostly upon
field observations that invertebrates with an innate system did not develop cancer. Some
even assumed that the short life span of countless invertebrates precluded the development
of any visible tumors. Thus the generalization: innate immunity either protects against
cancer or it is so fast acting and efficient, more than the seemingly more complex vertebrate
system that they do not develop cancer. Now it is becoming increasingly clear that
invertebrates may also develop cancer. It seems safe to conclude that the influence may rest
partially on p53 or its family members: p63, 73.
p53 (also known as protein 53 or tumor protein 53), is a tumor suppressor protein that in
humans is encoded by the TP53 gene. p53 is crucial in multicellular organisms, where it
regulates the cell cycle and, thus, functions as a tumor suppressor that is involved in
preventing cancer. As such, p53 has been described as "the guardian of the genome", the
"guardian angel gene", and the "master watchman", referring to its role in conserving stability
by preventing genome mutation. p53 continues to be one of the most intensively studied genes
in cancer biology. p53 was initially identified >20 years ago as a binding partner for the SV40 T
oncoprotein. Further studies revealed that p53 is a tumor suppressor gene that is mutated or
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inactivated in >50% of human cancers. Furthermore, germ-line p53 mutations cause hereditary
cancer in both mice and humans. Molecular and biochemical assays revealed that the p53
protein is a sequence-specific DNA-binding transcription factor. p53 plays a central role in
cellular responses to aberrant growth signals and certain cytotoxic stresses, such as DNA
damage, by enhancing the transcription of genes that regulate a variety of cellular processes
including cell cycle progression, apoptosis, genetic stability, and angiogenesis.
According to Walker et. al., (2011) the human p53 tumor suppressor protein is inactivated in
many cancers; it is also crucial in apoptotic responses to cellular stress. p53 protein and the
two other members (p63, p73) are encoded by distinct genes, whose functions have been
extensively documented for humans and other vertebrates. The structure and relative
expression levels for members of the p53 superfamily have also been reported for most
invertebrates. Using classical model organisms (nematodes, anemones and flies) reveal that
the gene family originally evolved to mediate apoptosis of damaged germ cells or to protect
germ cells from genotoxic stress. Analyses of p53 signaling pathways in marine bivalve
cancer and stress biology studies suggest that p53 and p63/73-like proteins in soft shell
clams (Mya arenaria), blue mussels (Mytilus edulis) and Northern European squid (Loligo
forbesi) have identical core sequences. Still we know little about the molecular biology of
marine invertebrates to address molecular mechanisms that characterize particular diseases.
Understanding the molecular basis of naturally occurring diseases in marine bivalves is a
virtually unexplored aspect of toxicoproteomics and genomics and related drug discovery.
Marine bivalves could provide the most relevant and best understood models for
experimental analyses by biomedical and marine environmental researchers.
The Drosophila tumor-suppressor gene lethal malignant brain tumor [l(3)mbt] (Bonasio et al.,
2010) was first identified as a temperature-sensitive mutation that caused malignant growth
in the larval brain (Gateff, et al 1993). These long awaited observations provided ample
background for further analysis after discovery of tumor suppressors. According to Janic et
al (2010), model organisms such as the fruit fly Drosophila melanogaster can help to elucidate
the molecular basis of complex diseases such as cancer. Mutations in the Drosophila gene
lethal malignant brain tumor (mbt) cause malignant growth in the larval brain. It has been
shown that l(3)mbt tumors exhibited a soma-to-germline transformation through the ectopic
expression of genes normally required for germline stemness, fitness, or longevity.
Orthologs of these genes are also known to be expressed in human somatic tumors.
Moreover, inactivation of any of the germline genes nanos, vasa, piwi, or aubergine
suppressed l(3)mbt malignant growth. There was a consensus: results demonstrated that
germline traits are necessary for tumor growth in this Drosophila model. Moreover
inactivation of germline genes might have tumor-suppressing effects in other species which
could inspire further investigations especially in those other invertebrates such as
earthworms in which innate immune systems are well defined (Cooper et al 2002).
Receiving support for the work of Janic et al, Wu and Ruykun (2010) suggest that cancer
cells and germ cells share several characteristics. For instance, both have the ability to
rapidly proliferate, typically do not lose the ability to divide as they age (lack senescence),
and exist in undifferentiated states. Although some genes involved in cancer may initiate
disease simply by activating cell division, others may promote tumors by activating early
developmental pathways associated with programming for multipotency (the ability to
differentiate into different cell types). Janic et al. (2010) have revealed that in fruit flies
several genes typically involved in early programming of germline cells also play a role in
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the formation of malignant brain tumor. Moreover by inactivating these germ cell genes—
some of which have related genes abnormally expressed in certain human cancers—can
suppress tumor growth, suggesting new and future avenues for developing therapy.
If the expression of germline characteristics is common in tumors, for instance, it should be
observable in gene expression analyses of human tumors. Indeed, the Piwil2 protein, a
human Piwi family member, is widely expressed in several solid tumors. It should be
feasible to examine more carefully the expression of germ cell genes, including vasa and
nanos, in human tumors by microarray or deep RNA sequencing. The retinoblastoma tumor
that stimulated analysis of this pathway provides a suitable candidate for studying germline
gene activity in tumorigenesis. In addition, mutations in the human homologs of L(3)MBT,
Rb, and its chromatin cofactors may be common in cancer genomes as they are sequenced. A
query of the human homologs of these genes at the Cosmic web site
(www.sanger.ac.uk/genetics/CGP/cosmic), for instance, revealed somatic mutations in
L(3)MBT, Rb, and CHD3 (an Mi2 homolog) in a small fraction of tumors. Because there are
so many mutations in these tumors, however, a more sophisticated statistical analysis is
needed. The up-regulation of germline pathways in the l(3)mbt brain tumors and the
required role for some of these genes in tumor growth also suggest new possibilities for
tumor therapy. These genes are also conserved in mammals and could be potential targets
for drugs that treat tumors similar to those analyzed by Janic et al. (2010)
Let us focus on new information that correlates with an animal model and cancer
development. According to Read, (2011) glioblastomas (GBM), the most common primary
brain tumors, infiltrate the brain, grow rapidly, and are refractory to current therapies. To
analyze the genetic and cellular origins of this disease, a novel Drosophila GBM model is now
available; Glial progenitor cells give rise to proliferative and invasive neoplastic cells that
create transplantable tumors in response to constitutive co-activation of the EGFR-Ras and
PI3K pathways. Since there is relevance of Drosophila to human cancer, neurological disease,
and neurodevelopment, this fly model represents a neurological disease model wherein
malignant cells are created by mutations in genetic pathways that may act in a homologous
human disease. By using lineage analysis and cell-type specific markers, neoplastic glial
cells presumably originated from committed glial progenitor cells, and not from multipotent
neuroblasts. Genetic analyses demonstrated that EGFR-Ras and PI3K induce fly glial
neoplasia through activation of a combinatorial genetic network that is partially comprised
of other genetic pathways that are also mutated in human glioblastomas. Future research
should focus on extensive genetic screens utilizing this model that could reveal new insights
into origins and treatments of human glioblastoma.

8. Perspectives on parasitsm, cancer and immunity
For the past half-century, the dominant paradigm of oncogenesis has been mutational
changes that disregulate cellular control of proliferation. The growing recognition of the
molecular mechanisms of pathogen-induced oncogenesis and the difficulty of generating
oncogenic mutations without first having large populations of dysregulated cells, however,
suggests that pathogens, particularly viruses, are major initiators of oncogenesis for many if
not most cancers, and that the traditional mutation-driven process becomes the dominant
process after this initiation. Molecular phylogenies of individual cancers should facilitate
testing of this idea and the identification of causal pathogens (Ewald 2009).
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9. Pathogen survival in the external enviornment and the evolution of
virulence
Recent studies have provided evolutionary explanations for much of the variation in
mortality among human infectious diseases. Walther and Ewald’s findings bear on several
areas of active research and public health policy: (1) many pathogens used in the biological
control of insects are potential sit-and-wait pathogens as they combine three attributes that
are advantageous for pest control: high virulence, long durability after application, and host
specificity; (2) emerging pathogens such as the 'hospital superbug' methicillin-resistant
Staphylococcus aureus (MRSA) and potential bio-weapons pathogens such as smallpox virus
and anthrax that are particularly dangerous can be discerned by quantifying their
durability; (3) hospital settings and the AIDS pandemic may provide footholds for emerging
sit-and-wait pathogens; and (4) studies on food-borne and insect pathogens point to future
research considering the potential evolutionary trade-offs and genetic linkages between
virulence and durability (2004).
All evidence indicates that clonal selection is purely a vertebrate strategy and therefore
irrelevant to invertebrates. Some views may insist that anthropocentric mammalian
immunologists utilized a tool to propel: the universal innate immune system of ubiquitous
and plentiful invertebrates as an essential system for vertebrates. Innate immunity should
help if there is a failure of the adaptive immune system. Still to be answered are questions
concerning immunologic surveillance that includes clonal selection. We can then ask does
immunologic surveillance play a role in the survival of invertebrates that most universally
seem to not develop cancer at least of the vertebrate type. Perhaps invertebrates with their
efficient innate immune system evolved certain “canceling devices” that maintain survival
with short life spans, thus precluding their demise by metastasis.

10. Ancient neurons regulate immunity: innate innervation
According to Tracy (2011), the most evolutionarily ancient type of immunity, called
“innate,” exists in all living multicellular species. When exposed to pathogens or cellular
damage, cells of an organism's innate immune system activate responses that coordinate
defense against the insult, and enhance the repair of tissue injury. There is a modern-day
cost associated with these processes, however, because innate mechanisms can damage
normal tissue and organs, potentially killing the host. Human life is a balance between
dual threats of insufficient innate immune responses—which would allow pathogens to
prevail—and overabundant innate immune responses—which would kill or impair
directly. What has been the key to maintaining this balance throughout years of
mammalian evolution?
In this study, the nervous system controlled the activity of a noncanonical UPR pathway
required for innate immunity in Caenorhabditis elegans. OCTR-1, a putative octopamine G
protein–coupled catecholamine receptor (GPCR, G protein–coupled receptor), functioned in
sensory neurons designated ASH and ASI to actively suppress innate immune responses by
down-regulating the expression of noncanonical UPR genespqn/abu in nonneuronal tissues.
Findings suggest a molecular mechanism by which the nervous system may sense
inflammatory responses and respond by controlling stress-response pathways at the
organismal level.
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Fig. 7. Infection of C. elegans with a pathogen stimulates the innate immune response and
activates the synthesis of new proteins, potentially causing the accumulation of unfolded
proteins in host cells. (Tracey, 2011) The OCTR-1 receptor in the sensory neurons is required
for this effect (figure 5). http://designmatrix.wordpress.com/ 2009/02/03/front-loadingneurons-more-supporting-evidence.

11. Perspectives
Clearly engaging TLRs activates various inflammatory and innate immune responses
throughout the animal and plant kingdoms. This is associated with the innate immune
system and must depend therefore on the presence, at least for now, of a multicellular
system. Thus we would not expect as far as we have current information that prokaryotes
would have evolved such a system. At the moment it is even with great difficulty to imagine
such. Of course the thrust of this chapter refutes common dogma for it reports the existence
of adaptive immunity in prokaryotes! But this impasse has been due to restricted definitions
and these in turn due to restricted information based primarily on the dearth of molecular
data. Ongoing efforts in many laboratories have led to the identification of TLR-specific
signaling components and cellular responses within every major group –setting aside a
wealth of new taxonomic data based on TLR. Perhaps this is a turning point in that the
existence of TLR is so very basic, it seems inconceivable that investigations will reveal
significant departures from what we know already. TLRs function in combination with
additional pattern-recognition receptors and co-receptors to add further diversity to their
role in vivo. How hosts integrate information that is signaled through TLRs and any coreceptors will ultimately control progression of the immune response to pathogens.
Understanding this process will surely lead to newer fields that seek to develop novel
therapeutics and immune boosting products.
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Toll-like receptors (TLRs) are pattern-recognition receptors related to the Drosophila Toll
protein (Adams 2009). TLR activation alerts the immune system to microbial products and
initiates innate and adaptive immune responses. The naturally powerful
immunostimulatory property of TLR agonists can be exploited for active immunotherapy
against cancer. Antitumor activity has been demonstrated in several cancers, and TLR
agonists are now undergoing extensive clinical investigation. Once there is more
information, field and will focus on opportunities for clinical development of TLR agonists
as single agent immunomodulators, vaccine adjuvants and in combination with
conventional cancer therapies.

12. Conclusion
Perlovsky (2010) poses a pervasive and difficult question that challenges the utility of the
immune system in relation to survival “Why deadly diseases exist from an evolutionary
viewpoint? Some diseases, e.g. Influenza are clear; the disease agents are multiplying inside
the host. But why cancer exists? According to surveillance, cancer poses an internal threat,
in which cells no longer become recognizable as self (self/not self model) and therefore
become cancerous and out of control. In this instance, the driving force for evolution of the
immune system could be to effectively keep potentially cancerous cells in check, not
allowing their uncontrolled metastases.
This review has covered enormous ground with respect to the immune system beginning
with the view that microbes possess a form of adaptive immunity for protection against
invading viruses. This is an interesting view and renders the immune system more
encompassing than previous conceptions. By including the prokaryotes and eukaryotes and
analyzing their responses to survival the immune system embraces a newer and broader
scope than before when it was restricted to the higher eukaryotes. Gradually we have come
to accept the innate immune system that characterizes the armamentarium of plants,
invertebrates and vertebrates, it is only the vertebrates which at the moment whose immune
system is associated with the appearance of cancer. Now two other points are worthy to
raise and may bring us to another level of understanding of the immune system and in this
light, I present at least two views concerning living systems in general and the immune
system in particular.
In a recent review, the existence of artificial immune systems (AIS ) has been presented
(Cooper, 2010). Although not clearly defined, it is assumed that the field of AIS concerns an
analysis of and development of computationally interesting abstractions of the immune
system. Relevant to the current review there is the suggestion that to understand AIS could
be inspired from organisms that possess only innate immune system. Moreover there is the
suggestion that AISs should employ systemic models of the immune system in order to
construct their overall design. For precision AIS should include plant and invertebrate
immune systems.
Now we approach a new view presented recently by Bruce Alberts, Editor in Chief of
Science (2011). He suggests recently: "A Grand Challenge in Biology" posing several
questions and solutions aimed at advancing the field of synthetic biology. He emphasizes
the need for basic research aimed at attaining a deep understanding of the chemistry of
life. He further urges that a complete catalog of the tens of thousands of different
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molecules present in a human or mouse cell, along with a map of their myriad mutual
interactions, is likely to be obtained with the wide variety of different techniques that are
now available. Now, we are even closer to the present chapter and certainly suggestive of
relevance to prokaryote immune systems. Albert's suggests: "Because all living things on
earth are related through evolution, one can bootstrap one's way to understanding human
cells by discovering how simpler cells and organisms work". A detailed study
of Mycoplasma genitalium, a tiny bacterium that causes human disease, suggests that it can
grow and divide with a minimal set of only about 430 genes. This suggests that we may
be largely ignorant of some critical functions of proteins, such as their roles in the
exquisite spatial organization of the molecules inside cells. (Alberts 2011). Of particular
relevance is an article in the news section devoted to virus immunity by George Church,
written by Bohannon, J. (2011)
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Edited by Jagat R. Kanwar

Immunology is the branch of biomedical sciences to study of the immune system
physiology both in healthy and diseased states. Some aspects of autoimmunity draws
our attention to the fact that it is not always associated with pathology. For instance,
autoimmune reactions are highly useful in clearing off the excess, unwanted or aged
tissues from the body. Also, generation of autoimmunity occurs after the exposure to the
non-self antigen that is structurally similar to the self, aided by the stimulatory molecules
like the cytokines. Thus, a narrow margin differentiates immunity from auto-immunity
as already discussed. Hence, finding answers for how the physiologic immunity turns
to pathologic autoimmunity always remains a question of intense interest. However,
this margin could be cut down only if the physiology of the immune system is better
understood. The individual chapters included in this book will cover all the possible aspects
of immunology and pathologies associated with it. The authors have taken strenuous effort
in elaborating the concepts that are lucid and will be of reader’s interest.
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