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Preface

Bona diagnosis, bona curatio—good diagnosis, good cure

but important is:

Fiat secundum artem—Let it be made according to art

The present book is a combined achievement of a number of distinguished specialists in im‐
munology, immunogenetics, oncology, infections, allergy, and experimental medicine.

The topic immunotherapy is a huge ocean of subtopics, theoretical and practical issues, suc‐
cesses and dissatisfactions, and every attempt to find out the best meaning and role of this
discipline is a step forward to the victory over diseases.

Starting with the definition of immunotherapy, treatment, or prevention of disease (such as an
autoimmune disorder, allergy, infection, or cancer) that involves the stimulation, enhancement,
suppression, or desensitization of the immune system, we immediately deepen our current
knowledge, tending to add new skills and apply them for the benefit of human health.

Activation immunotherapies induce or amplify an immune response and are used in vac‐
cines and as cancer immunotherapies.

Suppression immunotherapies reduce or suppress an immune response and are used to pre‐
vent graft rejection and treat autoimmunity and allergy.

We are witnessing how for the past few decades breakthroughs in cell and molecular biolo‐
gy have allowed significant advances in science and medicine.

Up-to-date cell-based products are rather often genetically engineered: immune cells for im‐
munotherapies or stem cells for regenerative medicine, including anticancer vaccines.

Nowadays, immunotherapy is one of the most exciting areas of new discoveries and treat‐
ments for a number of diseases, on the first line being the many different kinds of cancer.

Understanding how the immune system works is opening the doors to developing new
treatments that are changing the way we think about and treat cancer.

The human immune system is a network of cells, tissues, and organs that work together to
recognize and destroy foreign aggressors, such as bacteria and viruses or abnormal or un‐
healthy cells in your body—the most important function of the immune system is to know
the difference between self and nonself.

Thus, the immunotherapy is designed to harness the ability of the body’s immune system to
combat infection or disease.



Another essential part of the general immunotherapy is the allergen immunotherapy, usual‐
ly cited as allergy shots—this is a form of long-term treatment, tending to decrease the
symptoms of many people with allergic rhinitis, allergic asthma, conjunctivitis (eye allergy),
or stinging insect allergy.

These allergy shots minimize the sensitivity to allergens and often lead to lasting relief of
allergy symptoms even after completion of the treatment procedure.

Immunotherapy or biological therapy includes preparations like monoclonal antibodies, in‐
terferon, interleukin-2 (IL-2), several types of colony-stimulating factors (CSF, GM-CSF, G-
CSF), TNF, biological response modifiers (BRMs), and a number of topical pharmaceutical
products to activate or suppress the immune reactivity.

A variety of diseases are reported to be successfully manipulated by applying one or a com‐
bination of two or several immunotherapeutic drugs: advanced malignant melanoma, hepa‐
titis C, Crohn’s disease, and rheumatoid arthritis.

However, despite the efforts of the specialists, not everything goes smoothly: different side
effects of biological therapy are registered, depending on the type of treatment—flu-like
symptoms such as chills, fever, muscle aches, weakness, loss of appetite, nausea, vomiting,
and diarrhea. Some patients demonstrate a rash; others bleed or bruise easily. The interleu‐
kin therapy can cause swelling as well. The good news is that these side effects are usually
short term and can gradually disappear after the end of the treatment.

To be exact and honest enough—immunotherapy in general and/or especially anticancer im‐
munotherapy in particular: this lauded breakthrough is far more dangerous than advertised!

Therefore, not every announced “progress" in anticancer immunotherapy is a real victory
over tumors, and the attention of the specialists, applying or prescribing immunotherapy
drugs against cancer, is highly required.

In summary, this book throws certain light on the research, production, and application of a
number of immunotherapy products in various fields of human pathology, thus serving as a
very good tool for additional knowledge, experience, and educational and scientific ap‐
proaches of medical and biological students, postdocs, specialists, and experts.

The authors of this book, as well as I, as the editor in chief, would wish to extend our warm‐
est thanks to the Junior Commissioning Editor, Ms. Ana Simcic, from InTech—Open Science
Open Minds, for her never-ending assistance and contributions to the success of our publi‐
cations. She was with us from the very beginning of the project until the last minute of the
entire procedure of the book processing.

Professor Dr. Krassimir Metodiev, MD, PhD, DSc(Med)
Medical University of Varna, Varna, Bulgaria

President of the International Medical Association Bulgaria (IMAB)

Vice-president of the Federation of the European Societies of Chemotherapy and Infection (FESCI)

Referent and fellow of the Union for International Cancer Control (UICC)
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Chapter 1

Hematopoietic Cell Transplantation for Autoimmune
Diseases: A Review of History, Current State, and
Future Issues

Igor B. Resnick, Krassimir Metodiev and
Paula Lazarova

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/67604

Provisional chapter

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited. 

Hematopoietic Cell Transplantation for Autoimmune 
Diseases: A Review of History, Current State, and 
Future Issues

Igor B. Resnick, Krassimir Metodiev and 
Paula Lazarova

Additional information is available at the end of the chapter

Abstract

Autoimmune diseases are characterized by recurrent attacks and remissions, but as a 
rule they progress and eventually cause a severe disability and death. The present chap-
ter contains general characteristics of autoimmune disease pathogenesis, ways to cause 
immune tolerance by hematopoietic cell transplantation (HCT), clinical aspects of the 
treatment for established autoimmune diseases with a special attention to multiple scle-
rosis (MS) and systemic sclerosis (SSc). A profound analysis of authors’ point of view and 
of the available literature has been performed. The promising results allows to consider 
HCT as a relevant treatment option for a certain autoimmune diseases.

Keywords: hematopoiesis, autoimmune diseases, immunomodulation, hematopoietic 
cells

1. Introduction

Autoimmune disorders are affecting from 5 to 10% of the population. Usually, they are char-
acterized by recurrent attacks and remissions, but as a rule they could develop with  fur-
ther progression and eventually development of a severe disability and death. The  usual 
treatment of the vast majority of autoimmune diseases is immunosuppression.  Newly pro-
posed pharmacological agents can cause pronounce effect for the disease  course and bring 
to a long-term remission. Evidences that certain autoimmune disorders can develop into a 
prolong treatment-free remission after hematopoietic cell transplantation (HCT) have been 
recently discussed in terms of human and animal models, including cases with accompanying 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



malignancies. The hypothesis that a strong immunosuppressive or myeloablative therapy can 
eliminate auto-reactive clones and cause a prolonged treatment-free remission is still open 
for analysis. It is still not clear whether myeloablative conditioning regimen with autologous 
HCT is more beneficial compared to a modern reduced intensity immune ablation with hema-
topoietic cell rescue. Other types of cell therapy are under intensive investigation at present 
too. Our present review will contain general characteristics of autoimmune disease pathogen-
esis, ways to cause immune tolerance (immunosuppression versus repertoire replacement), 
clinical aspects of HCT for established autoimmune diseases with a special attention to mul-
tiple sclerosis (MS) and systemic sclerosis (SSc), treatment regimens of autoimmune diseases 
and approaches for future therapies.

2. Back to immune tolerance: immunosuppression versus repertoire 
replacement and restoration of immune regulation

The treatment of autoimmune diseases, as pivotal goal, is to cause immune tolerance and 
therefore interrupt disease progression. The basic treatment of autoimmune disease is 
the immunosuppressive (and anti-inflammatory) therapy. In addition to different groups 
of cytotoxic immunosuppressive drugs, an increase in different types of monoclonal anti-
bodies is seen. All they are directed to damage the number or function of lymphocytes. 
Immunomodulatory approaches are also in the center of research evaluation and clinical 
trial, performed with some indications to show effectiveness of this concept. For example, 
intravenous IgG therapy has major effects on idiotypic network immune regulation and 
demonstrates clinical effectiveness in many autoimmune diseases.

Thus, due to decreasing lymphocyte infiltration, cytokine production and secondary inflam-
matory changes, a repair of misbalanced immune regulation and pathogenic and networked 
anti-idiotypic antibodies can lead to interruption of inflammatory attack, slowing disease 
progression, prolong life expectancy and improve the quality of life of patients with autoim-
mune diseases. However, most if not all patients should stay lifelong on their treatment, and 
ultimately in addition to the disease itself, an accumulation of side effects brings them to 
irreversible deterioration.

The first modern fashion hematopoietic cell transplantation (HCT) was performed in 1967 by 
Gatti et al. [1], but a few approaches for allogeneic transplantation before MHC/HLA discov-
ery were performed several years prior to them [2, 3]. If the aims of allogeneic HCT are the use 
of immune graft-versus-tumor effect or substitute the inborn or acquired error in hematopoi-
esis, the immunogenesis or metabolism will result accordingly. Autologous transplantations 
are performed with a goal to reach the highest tolerable level of cytotoxic antitumor effect 
saving hematopoietic system maximally intact and minimally impaired. The latter approach 
became standard of care for multiple myeloma and lymphomas, and in addition, it finds its 
place in some other malignancies (neuroblastoma, breast cancer, etc.).

Myeloablative conditioning with subsequent hematopoietic cells rescue (autologous trans-
plantation) can re-establish the life-saving three lineage hematopoiesis, usually fast enough; 
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the white blood cells, the platelets, and the red blood cell engraftment occur in most of the 
cases within 2–3 weeks, registered in the vast majority of patients.

But while innate immunity usually restores in a few weeks, it takes much more time for 
recovery of adaptive immune system. In fact, despite a huge number of publications, there 
is no complex understanding concerning recovery of immunity after transplantation. 
What we exactly know is that this process is not simultaneous and that some segments of 
immune system can stay compromised for years. Those researchers, interested in specific 
details, can consider several resent reviews, but still majority of data are quantitative and 
fragmental [4].

Data concerning immune reconstitution after allogeneic HCT are dominating in medical liter-
ature. At the same time, there are less but still numerous publications and reviews concerning 
immune recovery after high-dose chemotherapy with hematopoietic cells rescue autologous 
 transplantation. Again, there are many specific details that are reviewed elsewhere [5] but 
major conclusions could be briefly seen here.

Comparison of autologous and allogeneic HCT in terms of modification of immune system 
shows that auto-HCT, in general, causes less long and less deep disturbance of immune 
function. In case of allogeneic transplantation, the most important and significant factors 
are conditioning regimen (e.g., a myeloablative, MA or non-myeloablative stem cell trans-
plantation, and NST), the use of serotherapy (e.g., antithymocyte globulin, ATG: more often 
late infections, more serious prevention of infections is necessary, etc.), graft manipulation 
(e.g., T repleted, T depleted and if depleted, then which way), prophylaxis, and treatment of 
developed graft-versus-host disease (GvHD) and procedures associated with the intensity 
and duration of immunosuppression.

Most of the mentioned factors are not existing in case of autologous transplantation by def-
inition. Conditioning regimens in all standard cases of auto-HCT are myeloablative. They 
cause short-term deep aplasia and mucosa injury which eventually restore fast enough. More 
ancient phylogenetic defense mechanisms and cells, such as granulocytes, monocytes and NK 
cells, recover usually in 2–4 weeks. Lymphopenia normally stays longer and can be profound 
for a year after transplantation. But adaptive immune defense mechanisms does not expose 
to immunosuppressive medications, to circulating for several weeks antilymphocyte antibod-
ies, GvHD (so-called autologous GvHD is more rare and much less severe and dangerous 
than GvHD after allogeneic transplantation), T cell depletion with need to rebuild acceptable 
quantity and repertoire of all lymphocyte subsets (except rare cases of graft purging by posi-
tive CD34+ selection), etc.

We can mention in advance that many of the rules of autologous transplantation are infringed 
in case of transplantation for autoimmune diseases; this will be discussed in details further 
in the text.

When immune reconstitution is discussed, the main attention goes to protection from infec-
tions and, in case of malignant diseases, to “graft-versus-tumor” effect. These factors shall 
govern and prevail treatment (transplant)-related mortality (TRM), overall survival (OS), 
and disease-free survival (DFS). Along with all that, there is one more aspect of immune 

Hematopoietic Cell Transplantation for Autoimmune Diseases: A Review of History, Current State, and Future Issues
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 reconstitution and this is a reconstruction of self-tolerance [6]. In case of application of trans-
plantation to autoimmune diseases, it becomes critical.

3. Concept

It is well established that the existing standard immunosuppressive/immunomodulating and 
anti-inflammatory treatment, even if prolonged, can lead to a remission, but the patient can 
never stay out of his or her medicamentous treatment and therefore cannot be defined as 
“cured.” Moreover, lifelong therapy is clearly associated with side effects of prolonged use 
of immunosuppressors and/or anti-inflammatory drugs; a list of complication consists of a 
range of systems involvement, starting from gastrointestinal tract damage from nonsteroidal 
anti-inflammatory drugs and finishing with complex Cushing’s syndrome due to steroids. 
Altogether, these complications tend to  infections,  cardiovascular problems, depression and 
social deprivation, and finally to a seriously compromised quality of life of these patients.

On the basis of this knowledge, the concept of total eradication of immune system, includ-
ing auto-aggressive clones and auto-reactive immune memory with subsequent rebuilding of 
“normal” self-tolerant repertoire, looks extremely attractive. The concept of reconfiguration, 
“resetting” of immune system using HCT, has the aim “to cure,” meaning to keep patient 
without disease progression and without any chronic disease-modifying antirheumatic drugs 
(DMARDs).

4. Background

Indeed and logically, there is enough background information to presume that HCT can be 
effective in autoimmune diseases according to our understanding of pathogenesis [7, 8].

Firstly, in the animal studies, a bulk of the experimental data is provided by models of syn-
geneic transplantations for adjuvant arthritis or collagen-induced arthritis (AA or CIA), for 
rheumatoid arthritis (RA) and experimental allergic encephalomyelitis (EAE) for multiple 
sclerosis (MS) on laboratory rodents [9]. It was clearly shown that the transplantation pro-
tects the cited conditions from relapse [10–12]. Similar effect was shown in autoimmune dis-
eases with other target organs [13]. Re-induction with antigen after such transplantation did 
not provoke a relapse, and curative effect was shown in case of substitution of syngeneic 
transplantation with autologous one and with different conditioning regimens (some of them 
were shown as inadequate) [10, 14, 15]. This effect brought some investigators to the conclu-
sion that at least some animal autoimmune diseases were stem cell diseases [16–18]. This still 
questionable opinion is in line with a few anecdotal observations of passive transfer of auto-
immune diseases from the donor by allogeneic HCT; examples include insulin-dependent 
diabetes mellitus, former name for type 1 diabetes (T1D), mellitus and hypothyroidism [19], 
toxic diffuse goiter [20], myasthenia gravis [21], and multiple sclerosis [22, 23].

Immunotherapy - Myths, Reality, Ideas, Future6
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Our opinion, based on multiple published evidences that underestimation of specific local 
factors is incorrect, can be discussed. For example, transplantation performed in late stage 
of EAE leads to inferior outcomes [24]. Moreover, by monitoring of tracking of transplanted 
green fluorescent protein-transduced cells, the endogenous origin of microglia in advanced 
disease was shown. Host macrophages/microglial cells demonstrated robust activation and 
their number was higher in the stage of disease progression [25]. The same demonstration 
of different local trigger mechanisms can be made for systemic sclerosis (SSc), inflammatory 
bowel disease (IBD), rheumatoid arthritis (RA), and other autoimmune diseases.

Secondly, before 1995, there were several cases or small series reports of coexistence of auto-
immune diseases with other malignant conditions, which were the primary indication for 
HCT. After transplantation, the autoimmune diseases developed stable long-term remis-
sion, improvement of their symptoms, or alternatively proposed cure procedure. These cases 
included improvement or complete remission of RA by HCT for gold-induced aplastic  anemia 
[26–28], full remission of psoriasis and ulcerative colitis [29], and resolution of autoimmune 
hepatitis after HCT for leukemia [30]. In addition, Nelson et al. [31] have reported 13 patients 
with either preexisting autoimmune diseases (11 patients), or diseases that are possibly auto-
immune in nature (two patients), who underwent allogeneic HCT for the treatment of another 
pathology. None of these patients was found to have the autoimmune disease recurrence after 
HCT. However, there are other reports for patients whose RA have progressed [32] or had 
only a short period of relief from joint pain [33] following HCT.

5. Progress in transplantation for autoimmune diseases

The first report of HCT for autoimmune disease treatment as a primary indication was 
published in 1996 [57]. In the late 1990s of 20th century, a Joint Committee of the European 
League Against Rheumatism (EULAR) and the European Group for Blood and Marrow 
Transplantation (EBMT), joined by several North American and Australian centers, referred 
to as the International Autoimmune Disease Stem Cell Project, initiated a phase I/II study to 
assess feasibility, mortality, and preliminary response for this treatment model, performed 
for isolated autoimmune disease [34–36].

For over 20 years of experience, a reasonably big pool of clinical data of over thousands 
patients has been accumulated; this issue will be discussed in detail in the second half of 
this chapter. From the initial case reports, via small series and bigger retrospective group 
analysis, the studies came to phase II/III clinical trials. The concept of transplantation in 
autoimmune diseases itself has undergone a significant transformation. It looks naïve now, 
in terms of earlier views, when seriously discussed questions of syngeneic transplantations 
(which is casuistic), allogeneic transplantation (at present considered as too dangerous pro-
cedure for autoimmune disease, as potentially having incapacitating consequences, like 
GvHD) or absolutely indicated autoimmune transplantations (considered like panacea), 
were discussed [37].
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5.1. So, what was changed?

Initially, and this is still the dominant dogma, that transplantation is considered exclusively 
as prolonged immune suppression with rebuilding de novo immunopoiesis and therefore 
a tolerance. But comprehension is coming that this is only one side of the immune “reset-
ting” and HCT is not a simple immunosuppression. Reinfusion of hematopoietic stem cells 
after severe immunoablative causes regeneration of a new naïve immune repertoire from the 
patient’s thymus [38]. Moreover, autologous HCT probably causes restoration of immune 
regulation and abnormal FoxP3 function of CD4+CD25+ (Treg) cells, as one of the main patho-
genic mechanism of many autoimmune diseases [24, 39].

Gradually but persistently, conditioning regimens tend to undergo certain changes. In the 
first report of EULAR/EBMT, Tyndall (1999) [36] listed four main conditioning regimens 
that were used: (i) BEAM polychemotherapy (BCNU, VP-16, Ara-C, and melphalan) ± anti-
thymocyte globulin (ATG), (ii) CyATG, consisted of 200 mg/kg of cyclophosphamide (Cy) ± 
ATG, sometimes substituted with monoclonal antibodies, usually Campath (alemtuzumab, 
antibody targeted CD52-expressing cells: lymphocytes, monocytes and dendritic cells), (iii) 
busulfan and cyclophosphamide (BuCy), and (iv) Cy and total body irradiation, usually 8 Gy 
(CyTBI) ± ATG. BEAM-ATG till nowadays keeps its role as a central conditioning protocol 
despite the fact that it causes high rate of side effects, including life-threatening ones [40]. 
Non-myeloablative protocols based on maximal dose of cyclophosphamide demonstrate 
probably similar effectiveness with impression of lower toxicity [41, 42]. Other procedures 
of different reduced toxicity of immunoablative but not always myeloablative conditioning 
were published as well: mini BEAM-like, BCNU/CCNU with intermediate dose of melphalan, 
±ATG or alemtuzumab, rituximab, or Cy ± thiotepa or fludarabine, etc. Some could lead to the 
possibility of performing this procedure in outpatient manner [43–45].

Accompanying additional therapy is also improving during the entire period of analysis.

In other words, all discussed progressively resulting models developed different philosophy 
of autologous transplantations for autoimmune diseases, compared to other types of auto-
transplants (possibility to use non-myeloablative but immunoablative regimens, wide use of 
antilymphocyte antibodies, potential for reduction of toxicity, etc.). The critical advance of 
this evolution brings to major reduction of TRM from 20 to 30% up to very close to 0%. This is 
especially important when referred to application of HCT with early stages of slow progres-
sive diseases with life expectancy of dozens of years.

6. Potential effectiveness of HCT for specific diseases

HCT was reportedly applied to 2–3 thousands patients worldwide, and since 2010, the yearly 
number of HCT procedures registered has increased by 30%, reflecting a change in practice [46]. 
Despite major basic similarities between different nosology entities, neither data reliability nor 
even experience with hematopoietic cells transplantation was considered uniform. Therefore, 
quite a few specific details should be overviewed to make picture certain. Some diseases are 
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prevalent while some are rare; some can be long time controlled with minimal and available 
measures while some characterized with fast progression of severe disability and dramati-
cally shortened life expectancy. Altogether, this heterogeneous group of conditions, affecting 
8–10% of the population [47], but at present only for several forms of HCT, can be considered 
as an optional or investigational treatment. Phase I/II studies and then randomized trials have 
been designed for SSc, MS, IBD, RA, and chronic inflammatory demyelinating polyneuro- 
pathy (CIDP).

6.1. HCT for systemic sclerosis

SSc is a relatively rare connective tissue disease (prevalence ranged from 7 to 489 cases per mil-
lion individuals [48]). It is characterized by early vasculopathy, autoantibody formation, low-
grade inflammation, enhanced collagen synthesis, and fibrosis in skin and internal organs. 
Autoimmunity is triggered by antigens and has some genetic background, associated with 
loci at HLA-DPB1 and HLA-DPB2 [49], and several polymorphisms of other genes involved 
in immune regulation, including BANK1, C8orf13-BLK, IL-23R, IRF5, STAT4, TBX21, and 
TNFSF4 [50]. Both T and B lymphocytes are involved in the immune process, and it is accom-
panied by profibrotic cytokine production, such as transforming growth factor β (TGF-β) and 
connective tissue growth factor (CTGF), as well as fibroblast activation. It is interesting that 
many of the polymorphisms associated with SSc are shared with systemic lupus erythema-
tosus (SLE) and other autoimmune diseases; they reflect on their pathophysiological impor-
tance, but not for SSc as a separate nosology. Polymorphisms that have failed to be confirmed 
in follow-up studies include TGF-β and CTGF [51]. In the Caucasian cohorts, the associations 
were significant for SSc patients with either antitopoisomerase-1 or anticentromere autoanti-
bodies [50].

SSc is clinically characterized by extensive involvement of skin and visceral organs. For skin 
assessment, the modified Rodnan’s skin score (mRSS) is used: a semi-quantitative skin thick-
ness evaluation in 17 different body areas. Upon the degree of skin involvement, extended 
and limited SSc are differentiated. The extensive skin damage, associated with a degree of 
visceral organs involvement and the presence of heart, lung or renal disease, can increase the 
5 year mortality rate up to 40–50% [52–56].

In terms of such serious prognosis, SSc was one of the first reported cases of autoimmune dis-
ease where HCT was applied [57]. Since then, most of numerous small case series and phase 
I/II studies and three randomized trials demonstrated encouraging data.

The two randomized studies are described in detail and discussed in the present study: 
ASSIST performed by USA Chicago group [58]: a phase II study, including 19 patients, aged 
younger than 60 years, with diffuse SSc, mRSS of 14 or more, and internal organ involve-
ment or restricted skin involvement (mRSS < 14), but coexistent pulmonary involvement. The 
patients were randomly allocated in two equal groups to receive HCT (n = 10) or to receive 
1 g/m2 intravenous cyclophosphamide once per month for a period of 6 months (n = 9). The 
conditioning was non-myeloablative of intermediate toxicity, and consisted of 200 mg/kg 
intravenous cyclophosphamide and 6.5 mg/kg rabbit ATG, CyATG protocol. All 10 patients, 
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who received HCT, had no disease progression, and all 10 improved at or before 12 month 
follow-up, compared with none of nine treated with monthly cyclophosphamide (odds 
ratio 110, 95% CI 14.04–∞; p = 0.00001); eight of these nine controls had disease progression 
(p = 0.0001 versus HCT group), and 7 patients switched to HCT.

ASTIS [42] is an EBMT/EULAR phase III, multicenter, randomized, open-label, and parallel-
group clinical trial, conducted at 29 centers of 10 European countries. It included 156 patients 
between 18 and 65 years of age with mRSS 15, with disease duration of 4 years and involve-
ment of heart, lungs, or kidneys. In addition, inclusion of patients was allowed with dis-
ease duration of 2 years or less, and no major organ dysfunction as defined above provided 
they had an mRSS of ≥20 and an erythrocyte sedimentation rate greater than 25 mm/h and/
or hemoglobin less than 11 g/DL, not explained by causes other than active scleroderma. 
Patients were randomly assigned to receive HCT (n = 79) or cyclophosphamide (n = 77). The 
CyATG conditioning regimen was very similar to Chicago study (total cyclophosphamide 
200 mg/kg and intravenous rabbit ATG (Genzyme) in a total dose of 7.5 mg/kg). The dose 
of  cyclophosphamide in the control group was 750 mg/m2, repeated in 12 monthly pulses. 
During the first year, there were more irreversible events with organ failure or death in the 
HCT group, 13 (16.5%) versus 8 (10.4%) in the cyclophosphamide group. However, during 
the second year, the cumulative events were similar in both groups: 14 (17.7%) versus 14 
(18.2%). And by the 4-th year, the cumulative events in HCT group 15 (19%) were less than 
cyclophosphamide group 20 (26%).

At present, one more phase III clinical trial scleroderma: cyclophosphamide or transplantation 
(SCOT) [59] is completed but the results are not published yet. The SCOT protocol employs a 
lymphoablative preparative regimen, including 800 cGy TBI, delivered in two 200 cGy frac-
tions twice a day before CD34+ selected autologous hematopoietic stem cell transplantation 
[60]. The late results will be especially important to evaluate appearance of secondary malig-
nancies in association with the radiotherapy.

Therefore, employment of HCT has resulted in rapid and sustained improvement of skin 
thickening and functional ability, stabilization of major organ function with some improve-
ment of vital capacity in pilot studies, registry analyses, and the phase II–III trials. Some 
patients have achieved complete remission (CR) including unexpected and dramatic clinical 
and biopsy regression of dermal fibrosis as well as normalization of the microvasculature [61].

Despite an early treatment-related mortality rate of around 6–10%, potential long-term com-
plications and an increase in serious adverse events, HCT conferred a long-term survival 
benefit.

6.2. HCT for multiple sclerosis

In MS, a chronic inflammation of the central nervous system (CNS) is caused by an autoim-
mune reactivity of T cells toward CNS myelin components and therefore has classical autoim-
mune nature [62].

Primary susceptibility to MS in the majority of various populations is associated with HLA-
DrB1*15 [63, 64]. Recent genome-wide association studies (GWAS) identified multiple loci 
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affecting the risk of developing disease. The reported screen implicates a majority of these 
genes as immune related and coding for cytokine pathway (CXCR5, IL2RA, IL7R, IL7, 
IL12RB1, IL22RA2, IL12A, IL12B, IRF8, TNFRSF1A, TNFRSF14, TNFSF14), co-stimulatory 
(CD37, CD40, CD58, CD80, CD86, CLECL1) and signal transduction (CBLB, GPR65, MALT1, 
RGS1, STAT3, TAGAP, TYK2) molecules. In addition, some other genes are related to previ-
ously reported environmental risk factors such as vitamin D—CYP27B1, CYP24A1 and thera-
pies for multiple sclerosis including natalizumab—VCAM1 and daclizumab—IL2RA [65].

At present, four different clinical patterns of MS are considered: clinically isolated syndromes 
(CIS; the first attack of a disease compatible with MS), relapsing-remitting MS (RRMS; clearly 
defined relapses without or with minimal residual deficit upon recovery), secondary progres-
sive MS (SPMS, as a result of conversion of RRMS with or without occasional relapses and 
with gradual worsening), and primary progressive MS (PPMS, accumulation of disability 
from the very beginning of the disease and worse prognosis compare to RRMS/SPMS). The 
term progressive-relapsing multiple sclerosis (PRMS) is now obsolete [66].

The most commonly used rating scale to grade neurological disability in patients with MS is 
the expanded disability status scale (EDSS) [67].

Magnetic resonance imaging (MRI) is sensitive to focal CNS lesions and has been included in 
the diagnostic workup of patients in whom MS is suspected. Conventional MRI measures of 
the disease burden are useful tool to monitor the disease course.

Over the years, therapeutic approaches to MS were aimed at suppressing the immune system, 
in order to control the inflammatory process which causes the demyelination and finally irre-
versible axonal damage [68, 69].

The long list of registered therapies for MS includes corticosteroids (used mainly in a high-
dose fore acute attack), immunosuppressive and immunomodulatory drugs (such as gile-
nya, teriflunomide, dimethyl fumarate, etc.), cytokines (interferons, IFN-alpha and IFN-beta), 
and strong immunosuppressive modalities (alemtuzumab, natalizumab, mitoxantrone, and 
cyclophosphamide). In many cases, registered disease-modifying treatments do not provide 
satisfactory control of MS due to their inability to eradicate the self-specific T-cell clones and 
compartmentized inflammation in situ, which is less affected by the conventional modalities 
and seems to be the reason for lack of efficacy of any of the registered treatment models in the 
progressive phase of MS. That is why the best available conventional therapy has only partial 
beneficial effects [64, 70, 71].

According to the recent published databases from Europe, North America, and South 
America, multiple sclerosis (followed by SSc) is constantly the most common indication for 
HCT [48, 72, 73].

The pioneer publication of Fassas et al. [74] described a phase I/II study, involving 15 patients 
with progressive median EDSS of 6 (5–7.5). The patients were treated with BEAM protocol 
followed by autologous HCT and antithymocyte globulin (ATG). Results were encouraging: 
short time (6–18 months) neurologic improvements have been detected using EDSS in 7 of 15 
patients, and what was more obvious, using Scripps Neurologic Rating Scale (SNRS), which 
is more sensitive but not based predominantly on walking ability. One patient worsened 
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after 3 months and two have relapsed. There were no toxic deaths and reasonable number of 
side effects, mainly due to ATG infusion and infections during neutropenia. Since that time, 
BEAM-ATG became a gold standard for future trials and in use until nowadays.

The BEAM-ATG demonstrates its effectiveness in several trials, including the most recent ones.

The autologous hematopoietic stem cell transplantation trial in MS (ASTIMS) is promoted by 
the EBMT multicenter, randomized trial. Initiated as phase III study, it was transformed to 
phase II with a primary laboratory endpoint [40]. The aim was to compare BEAM-ATG with 
mitoxantrone 20 mg monthly for 6 months. The including criteria were SPMS or RRMS, with 
an increase of the EDSS in the last year, despite conventional therapy, and the presence of 
one or more active gadolinium-enhancing areas on MRI. Twenty-one recruited patients were 
randomized in either HCT (n = 9) or mitoxantrone (n = 12) arm. All but two patients were 
followed up for 4 years. The relapse rate was reduced in patients treated with HCT, when 
compared with mitoxantrone. HCT significantly reduced by 79% of the number of new T2 
lesions compared to mitoxantrone (median number 2.5 versus 8). In the AHCT group, no new 
gadolinium-enhancing lesions appeared on brain MRI, while 56% of patients treated with 
mitoxantrone presented at least one active lesion. Despite the fact that there was no treat-
ment-related mortality, serious adverse events (SAEs) were seen only in HCT arm. They were 
defined as life threatening in 2 patients at least. There were no deaths or late SAE. Adverse 
events were resolved without sequelae.

Another significant report was published by Burt’s group [75] and it includes a single insti-
tution (Chicago, USA), experienced with treatment of 145 patients with RRMS (n = 123), or 
treated on a compassionate basis SPMS (n = 28), and with a median follow-up of 2 years. The 
main group consisted of patients aged 18–55 years, and their including criteria were RRMS. 
The therapy was unsuccessful with ≥1 conventional drug, EDSS from 2.0 to 6.0, and during 
the preceding year, the patients had either ≥2 relapses or 1 relapse treated with a corticoste-
roid and additional gadolinium-enhanced lesions on MRI scan at a separate time.

The conditioning regimen consisted of 200 mg/kg of cyclophosphamide divided into four 
single daily doses, plus either 20 mg of alemtuzumab given 2 days before stem cell infu-
sion (22 patients) or 6 mg/kg of ATG (thymoglobulin), divided into five daily doses (129 
patients).

Prior to each antithymocyte globulin infusion, additionally 1 g of methylprednisolone was 
infused.

There was a significant improvement in disability defined as decrease in EDSS score of ≥1.0, 
with proportion of patients 50% (95% CI, 39–61%) in 41 of 82 for improvement at 2 years and 
64% (95% CI, 46–79%) in 23 of 36 for improvement at 4 years. The authors found a signifi-
cant decrease of T2 lesion volume. Several other evaluated scores demonstrated pronounced 
and statistically significant improvement including notable advance in total quality of life 
scores. Treatment-related mortality was 0% and overall survival was 99.3%; the only death 
that occurred 30 months after transplantation was due to cardiovascular disease.

Hamerschlak et al. [76] performed a direct comparison of BEAM-ATG and CyATG regimens 
in a prospective multicentric Brazilian MS trial. The authors found that the rate of compli-
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64% (95% CI, 46–79%) in 23 of 36 for improvement at 4 years. The authors found a signifi-
cant decrease of T2 lesion volume. Several other evaluated scores demonstrated pronounced 
and statistically significant improvement including notable advance in total quality of life 
scores. Treatment-related mortality was 0% and overall survival was 99.3%; the only death 
that occurred 30 months after transplantation was due to cardiovascular disease.

Hamerschlak et al. [76] performed a direct comparison of BEAM-ATG and CyATG regimens 
in a prospective multicentric Brazilian MS trial. The authors found that the rate of compli-
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cations during transplantation was higher in the BEAM-ATG group (71.4%), compared to 
the CyATG group (40%; p < 0.04). Three subjects (7.5%) died of cardiac toxicity, sepsis, and 
alveolar hemorrhage, all of them from the BEAM-ATG group. The important conclusion was 
that despite the lower toxicity of CyATG, this regimen seems to be associated with the same 
outcome, but with lower toxicity, compared to BEAM-ATG.

Summarizing the cited protocols, with domination of BEAM and Cy (200 mg/kg), both ±ATG/
alemtuzumab make an impression that in case of MS, lower intensity protocols demonstrate 
lower, up to 0%, mortality rate, while OS and progression-free survival are similar; in resent 
studies, they range from 65 to 100%, far better than the results of conventional MS therapies 
[77–81]. Our limited experience demonstrates 71% of progression-free survival after non-
myeloablative transplantations performed in Hadassah-HUJI Medical Center (14 patients, 
1998–2016, 12 after autologous and 2 after allogeneic transplantation; S. Savin, R. Or, M. 
Shapira and I. Resnick; unpublished data).

The risk of treatment-related mortality in HCT conventionally perceived to be unacceptably 
high. In a similar approach, the vein statistical analysis demonstrates a decrease in TRM to 
1.3%, according to an analysis of the EBMT registry [82], and 0% in the most recent published 
profound enough series. The major role resulting from the studies is the development and 
choosing of less toxic conditioning protocols and adequate patient selection.

It is clear that there is a need for a solid phase III trial of HCT, firstly, for aggressive forms of 
MS and effectiveness of save low toxicity immunoablative conditioning for less incapacitating 
patients. There are several ongoing trials. A prospective, randomized, controlled multicentre 
trial has been already outlined in a positioning article of Saccardi et al. [83].

6.3. HCT in rheumatoid arthritis and juvenile idiopathic arthritis

Rheumatoid arthritis (RA) is affecting approximately 1% of the population. It is characterized 
by autoantibody production with progressive joint destruction due to the formation of an 
inflammatory hypertrophied synovium, erosion of the synovial cartilage and the surround-
ing bone [84]. Break of tolerance causes accumulation of immune effector cells, including 
macrophages and osteoclasts, DCs, B and T cells, especially Th17 subsets. Reduced T-cell 
receptor (TCR) excision circles and shortened telomeres result in a contracted TCR repertoire 
in both naïve and memory cells [85, 86].

An adequate control and a possibility of remission are usually limited to early-stage disease.

Pilot studies of HCT in RA date back to middle 1990s of the 20th century. It was shown that 
sustained remission responses were shortly activated for up to 6–12 months, which was fol-
lowed by reintroduction of DMARDs/anti-TNF therapy. Following HCT, there was a some-
what better response to DMARDs supporting the immunomodulating effect of HCT. There 
has been variable success of HCT in RA, but the results have not been encouraging as com-
pared to diseases like SSc or MS [87–89].

Published data from the EBMT registry showed no transplant-related mortality of RA patients 
with OS 98%, while in JIA patients, TRM was detected in 7 of 65 patients [90].
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At present, HCT for RA or JRA, in general, cannot be recommended, and can be considered 
very seriously only in context of RA/JRA oriented well-established clinical trials.

6.4. HCT in systemic lupus erythematosus

SLE is a prototype autoimmune disease with prevalence of 20–150 cases per 100,000 pop-
ulations. It is characterized by wide abundance of self-reactive antibodies, including those 
against nuclear and cytoplasmic antigens, as well as autoimmune activity associated with 
complement activation [91]. A typical characteristic of SLE is an extremely variable clinical 
manifestation that can make the diagnosis difficult and late.

The plasma cells are key players in pathogenesis of SLE. The immunological hallmarks of the 
disease are short-lived (HLA-DRhigh) plasmablasts, which are easily detectable in the circula-
tion during active disease [92]; the upregulation of IFN-regulated gene transcripts, therefore 
IFN-α and its response proteins IP-10 and Siglec-1, are established markers for monitoring 
disease activity in SLE [93, 94]; finally, circulating Foxp3+ Tregs, especially Helios+ subpopu-
lation, are associated with disease activity [95].

Major visceral involvement and persistent disease activities are predictors of poor out-
come [96].

Treatment response varies in population subsets owing to the genetic composition and racial 
differences, as well as hormonal influences in both the adult and pediatric patients [97].

Immunosuppressive therapy is often protracted for adequate disease control and to minimize 
organ damage in patients with very high disease activity, but prolonged uses of corticoste-
roids and repeated courses of higher doses of immunosuppressant have resulted in unfavor-
able long-term disease-free outcomes or drug-free intervals [98].

Results of autologous HCT are less consistent. In an American trial by Burt et al. [99], reduced 
intensity HCT (Cy-ATG) in refractory SLE showed significant advantages of HCT in terms of 
progression-free survival and attenuation of nephritic symptoms in patients with SLE. The 
study (n = 50) showed promising results with respect to the Systemic Lupus Erythematosus 
Disease Activity Index (SLEDAI) score and such activity markers as ANA, anti-dsDNA and 
complement with increasing 5 year progression-free survival. There was either stabilization or 
reversal of organ dysfunction, including renal function. With a mean follow-up of 29 months, 
the 5 year probability of overall survival and disease-free survival (DFS) following HCT was 
84 and 50%. TRM was 2% (1/50).

In EBMT too, positive trends in progression-free and overall survival were noted but the 
numbers are less encouraging [44, 90, 100]. The last analysis of 28 patients, transplanted 
between 2001 and 2008 in eight centers of six countries, using a spectrum of conditioning 
protocols and with median follow-up of 38 months after transplantation, demonstrated that 
the 5 year overall survival was 81 ± 8%, disease-free survival was 29 ± 9%, and non-relapse 
mortality (NRM) was 15 ± 7%. OS tended to be lower when using intermediate as compared 
to low-intensity conditioning (p = 0.08). OS was not significantly associated with the presence 
of renal, neurologic or hematologic involvement or of SLEDAI >20 before ASCT, anti-dsDNA 
antibodies at mobilization or ex vivo graft manipulation.
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The 3 year NRM was 0% in the low-intensity conditioning versus 23 ± 10% in the interme-
diate-intensity conditioning (p = 0.13). It is interesting that DFS and relapse incidence were 
not associated with any immediate pretransplant variables, including the use of low versus 
intermediate conditioning regimens.

A follow-up study using third-generation “rituximab sandwich” conditioning regimen 
(CyATG + rituximab, a B cell targeted anti-CD20 monoclonal antibody) is ongoing [101].

6.5. HCT for Crohn’s disease

Crohn’s disease is a relapsing inflammatory disease, mainly affecting the gastrointestinal 
tract, and frequently is presented with abdominal pain, fever and clinical signs of bowel 
obstruction or diarrhoea with passage of blood or mucus, or both. It represents one of two 
major forms of IBD [102].

It is thought that the disease develops due to abnormal mucosal immune responses to the 
gut flora. GWAS identified >100 susceptibility loci to Crohn’s disease in Caucasians but their 
heritability is not fully explained [103, 104]. Recent studies revealed an altered local and cir-
culating T-cell phenotype, in particular involvement of Th17 cells and IL-21/IL-22-producing 
CD4+ T cells [105, 106].

Initially, it was a clear impression that HCT is an effective approach. After a few cases or small 
series reports [107–111], the important publication of Chicago group appeared in Blood, 2010 
[112] and demonstrated that in all 25 patients, who received CyATG with autologous stem 
cell, the risk to develop clinical remission with Crohn’s disease activity index (CDAI) < 150 
(inclusion criteria CDAI > 250) was open. Relapse-free survival was 91, 63, 57, 39 and 39% at 
1st, 2nd, 3rd, 4th and 5th year, respectively. Five years after transplantation, 70% of patients 
were in remission, 80% were steroid free and 60% medication free. There was no treatment-
related mortality. In line with other cell therapies, the non-myeloablative transplantation was 
considered as the best studied/investigated idea of Crohn’s disease treatment [102].

The EBMT paper came out in 2015 [113], presenting a parallel-group randomized clinical 
trial conducted in 11 European transplant units (Autologous Stem Cell Transplantation 
International Crohn Disease—ASTIC—trial); the medial follow-up was 1 year. Comparison 
of immunoablation, with use of the similar CyATG protocol and HCT (n = 23) and control 
treatment (n = 22), demonstrated no statistically significant in-between group differences in 
proportions of patients achieving sustained disease remission, with CDAI less than 150 in 
the last 3 months, or free of active disease. There was a statistically significant difference 
among patients able to discontinue active treatment in the last 3 months. There were 76 seri-
ous adverse events in patients undergoing HCT versus 38 in controls; 1 patient from HCT 
group died 20 days after the start of conditioning with postmortem evidence of sinusoidal 
obstructive syndrome (SOS). Whether the SOS, seen in the patient who died, may be an ago-
nal event in a septic patient with development of a fulminant liver failure, or it can be a result 
of endothelial injury induced by high dose cyclophosphamide, is still open for discussion.

Therefore, evaluation of presented experience of HCT for refractory Crohn’s disease is not 
straightforward; it makes further study highly necessary and strongly recommended.

Hematopoietic Cell Transplantation for Autoimmune Diseases: A Review of History, Current State, and Future Issues
http://dx.doi.org/10.5772/67604

15



6.6. HCT in other autoimmune diseases

In accordance with the EBMT data for December 2016, from 2227 reported HCT for autoim-
mune diseases (exact numbers not yet published), the cumulative percent of afore-discussed 
five conditions (SSc, MS, SLE, RA with JIA, and Crohn’s disease) is 83% (data not yet pub-
lished). All cases of application of transplantation for other multiple autoimmune diseases are 
outnumbered. There are published reports giving some evidence that transplantation might 
be an effective treatment option in case of severe primary systemic vasculitis. For example, 
in 15 transplanted patients of different forms of vasculitis with an overall response rate of 
93% (46% complete), partial responses were observed [114]. HCT has been promoted in poly-
myositis/dermatomyositis, Sjogren’s syndrome, psoriatic arthritis and ankylosing arthritis, 
chronic inflammatory demyelinating polyneuropathy and autoimmune cytopenias, including 
hemolytic anemia, ITP, Evans syndrome and other rare combinations [115, 116]. Promising 
preliminary results were registered in small groups of patients with type 1 diabetes (T1D) 
from Brazil [117, 118], China [119, 120], and Poland [121]. Preliminary lessons from these 
small trials suggest that: (i) majority of patients can reach independence of exogenous insulin 
for a period of few months to years; (ii) according to our knowledge, there were no described 
transplant-related deaths; and (iii) diabetic ketoacidosis at onset, probably due to a severe 
depletion of islet cells, can be a poor predicting factor.

However, the experience with almost all autoimmune diseases, plus some others, recently 
included into clinical trials, is limited to allow any generally accepted conclusions.

7. Conclusion

HCT treatment has revolutionized the approach to autoimmune diseases treatment.

The results vary with different diseases, and there is certainly a special room for well designed 
clinical trials. Late results sometimes also provide surprises, tending to review the initial con-
cept. Does that mean that the existing data are not enough to make a decision-concerning 
transplantation, either a more positive one (for instance MS) or a more negative one (e.g., 
RA)? Specific issues vary significantly depending on the country’s social and economic cli-
mate, differences in medical system or medical insurance barriers, and legislation requiring 
third-party payers, and as a result, a large portion of patients cannot afford the best, or even 
equivalent “conventional” lifelong treatment. The majority of failures come in the form of 
TRM, as well as nonresponsiveness and high relapse rate [121]. The attempts to decrease the 
treatment toxicity, without sacrificing the efficiency, are directed to balancing the failure-to-
benefit ratio. Different conditioning protocols may be more appropriate at various stages of 
the disease, such as RRMS with EDSS <6 versus SPMS with EDSS > 6. However, the questions 
are still widely open for a profound discussion, because in many cases, the efficiency itself 
remains unclear (e.g., Crohn’s disease). Despite a sufficient number of open issues, the num-
ber of treated patients with very promising results, especially concerning SSc and MS pub-
lished in major publications in peer-reviewed prestige journals, already allow us to consider 
HCT, a relevant clinical option, for a successful treatment of certain autoimmune diseases.
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Abstract

In many tumor types, where the prognosis was shown to be extremely dismal before, 
immunotherapy is now a new beacon of hope to many patients. Immunotherapy has 
been approved for use in a many different cancers including metastatic melanoma, 
advanced non-small cell lung cancer, metastatic renal cell carcinoma, refractory 
Hodgkin’s lymphoma, metastatic bladder cancer advanced head and neck cancer, and 
the list keeps growing each day. It seems to be generally better tolerated in most patients 
and less toxic compared to what we have seen in different anticancer treatments from 
before. However, the toxicities here are termed immune-related adverse events. There is 
almost no prospective data on these toxicities, and guidelines or recommendations are 
mostly based on symptomatic management from the ongoing clinical trials. Treating 
oncologists need to be aware of the subtleties in presentation and the huge difference 
in the way we mange these side effects. Although most adverse events are low-grade 
and manageable, they have the potential to be life-threatening if not treated promptly. 
In this chapter, we address the different immune-related adverse events relating to the 
organ system they can involve, presentation and symptomatology, general recommen-
dations of management, and individual toxicities. Keywords: immunotherapy, PD-1, 
CTLA-4.

Keywords: immunotherapy, PD-1, CTLA-4, immune-related adverse events, iRAE, 
supportive care

1. Introduction

Immunotherapy has emerged as the utmost oncological advance of 2016 [1]. It encompasses 
the enhancement, suppression, or induction of the body’s own immune system to battle 
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 cancer [1]. There has been a paradigm shift toward immunooncology therapy, and its side 
effects are often referred to as immune-related adverse events (irAEs). These side effects are 
in some cases unique and very different than those associated with chemotherapy or targeted 
drugs. The spectrum of irAEs is typically low-grade and manageable; however, the reporting 
of irAEs is generally suboptimal [2]. Therefore, oncologists should be aware that there is a 
broad range of additional toxicities and side effects that can be both unpredictable and even 
severe in nature. Early recognition of irAEs and aggressive management is crucial to reduce 
morbidity and mortality. Toxicities associated with PD-1 inhibitors are generally less severe 
than those associated with CTLA-4 inhibitors; however, grade 3–4 toxicities occur in about 
21% of immunotherapy cases [3, 4].

Monoclonal antibodies that are currently registered include the following: anti-PD-1 
(nivolumab and pembrolizumab), anti-PD-L1 (atezolizumab), and anti-CTLA-4 antibodies 
(ipilimumab) [5, 6].

2. Pathogenesis

The pathogenesis of irAEs is primarily based on and can be understood by the immune patho-
physiology that leads to hyperactivation of T-cells. PD-1 and CTLA-4 are immune check-
points that are expressed on the surface of antigen-presenting cells in the initiator and effector 
phase of T-cell activation, respectively. They are responsible for “switching off” the T-cell. 
Inhibition of these checkpoints allows for overexpression of the immune system, which is a 
powerful mechanism to defeat tumor cells.

Two signals are required by T cells to become fully activated [7]. The first signal origi-
nates from the interaction between T-cell receptors (TCR) and the antigen-peptide major-
histocompatibility complex (MHC), which contributes to the specificity of the immune 
response. Additionally, T cells require a costimulatory antigen-dependent signal that 
occurs through the interaction between CD28 on T cells and B7-1 and B7-2 on the antigen-
presenting cells (APC), to become entirely activated. On the other hand, expression of 
CTLA-4 by T cells constitutes a mechanism to prevent overstimulation of the immune 
system. CTLA-4 has a 100-fold higher affinity with the B7 complex than CD28, and this 
interaction is associated with an inhibitory function on the cell [8]. CTLA-4 inhibitors such 
as monoclonal antibodies ipilimumab and tremelimumab have been developed to block 
and release these breaks. Ipilimumab is currently approved for the treatment of metastatic 
malignant melanoma and is under investigation in the treatment of patients with nons-
mall cell cancer (NSCLC).

Another well-established mechanism of immune-response evasion is regulated by expres-
sion of PD-L1 in the malignant cells. PD-L1 binds to PD-1 on the T cells and thus initi-
ates a dual mechanism of inhibition by promoting apoptosis in antigen-specific T cells in 
lymph nodes and simultaneously reducing apoptosis in regulatory T cells referred to as 
T regs [9].
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The mechanism of defeating tumor cells can be understood by the three phases of immunoed-
iting [1]. The first phase, elimination, consists of the eradication of tumor cells by working 
with the innate and adaptive immune system. It activates several effector cells by inflam-
matory cytokines released by the tumor cells. The second phase, named equilibrium, is the 
development of resistance to the elimination phase by the tumour cells. Finally, the escape 
phase is where further resistance develops toward immune detection. The overactivation of 
the immune system, and blocking of suppressor checkpoints, also affects normal body tis-
sues, which is the possible mechanism by which toxicities arise, although this remains largely 
unknown [1]. Checkpoint inhibitors CTLA-4, PD-1, and PD-L1 blockers are approved for use 
in metastatic melanoma, nonsmall cell lung cancer (NSCLC), renal cell carcinoma, head and 
neck cancer, Hodgkin’s disease, and bladder cancer. They show improvement in overall sur-
vival in these tumor types.

3. irAEs’ general concepts

The incidence of grade 3 or 4 adverse events is higher with CTLA-4 blockers, and PD-1 
inhibitors appear to have better tolerability [2, 3, 10]. The grade of irAEs varies according to 
the dose of drug administered to patients, where smaller doses of drug are used, side effects 
are similar but are less frequent [11]. The incidence of irAEs can vary with tumor type and 
between different classes of drugs. The combination of PD-1 inhibitor with a CTLA-4 inhibi-
tor was recently approved for the treatment of metastatic malignant melanoma; however, 
more adverse reactions were seen when the two drugs were used together. In combina-
tion, there are especially more grade 3 or 4 events (55%). It is important to point out that 
although greater overall response rates were seen, it was also noted that the combination led 
to a higher incidence of severe irAEs and treatment discontinuations due to severe toxicity 
[12–14].

Generally, the most frequent irAEs are seen in the gastrointestinal (35%) and dermatological (44%) 
systems [11]. The incidence of hepatic and endocrine system involvement follows with about 
5–6%. Other systems less frequently affected are neurological, ophthalmological, pulmonary, renal, 
hematological, cardiovascular, respiratory, and musculoskeletal [3, 11, 13]. IrAEs typically develop 
within 6–12 weeks of initial dosing and resolution occurs within 12 weeks of onset. irAEs may 
develop after the first dose administered [15, 16]. It has been also hypothesized that the severity of 
the adverse correlates positively with a response to treatment [4, 14, 17]. However, the correlation of 
response to treatment and toxicity remains controversial. When managed correctly and promptly 
and with close monitoring, most are irAEs are reversible [11, 12, 14]. In general, the optimal man-
agement of irAEs includes early recognition (by far being the most important), proper assessment 
of severity so that the choice of therapy, either supportive or immunosuppressive, can be quickly 
and correctly implemented. Usually, mild adverse events can be observed or treated symptomati-
cally with supportive care. As a guide, with the exception of irAE endocrine moderate events, what 
is usually required is stopping the offending agent, implementing oral corticosteroid therapy, and 
restarting therapy again once symptoms have resolved. Severe irAEs warrant permanent discon-
tinuation of the drug, patient hospitalization, and high-dose intravenous corticosteroids, with slow 
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weaning. In very severe cases, other immunosuppressive agents such as infliximab or mycopheno-
late mofetil may be necessary [18].

In the following chapter sections, the different systems will be discussed.

3.1. Dermatological

A diffused, erythematous maculopapular rash and pruritus can occur in up to 50% of 
patients treated with anti-CTLA4 or up to 37% of patients treated with anti-PD-1 [4, 13, 15, 
17]. The rash can occur after the initial dose of treatment and can be ongoing (Figure 1A–C). 
However, symptoms on an average start 3–4 weeks after treatment. Vitiligo has also been 
reported [19, 20] (Figure 2). In severe cases, toxic epidermal necrolysis and Stevens-Johnson 
syndrome can occur, but in less than 1% of patients [15, 19]. Most of the dermatological 
eruptions and pruritus associated with these agents are managed symptomatically and usu-
ally do not require treatment delays or discontinuation. A recent meta-analysis of a total 
of 1208 patients demonstrated that the overall incidence of all-grade rash associated with 
ipilimumab was 24.3% (95% confidence interval [CI]: 21.4–27.6%), with a relative risk of 4.00 
(95% CI: 2.63–6.08, P < 0.001). The overall incidence of high-grade rash was 2.4% (95% CI: 
1.1–5.1%), with a relative risk of 3.31 (95% CI: 0.70–15.76, P = 0.13) [21]. A second meta-analy-
sis from a total of nine clinical trials in patients receiving ipilimumab, nivolumab, tremelim-
umab, pidlizumab, and pembrolizumab was included. The relative risk of all-grade rash was 
4.06 (95% CI: 3.35–4.91; P < 0.0001), vitiligo 16.3 (95% CI: 3.21–82.8; P = 0.0008), and pruritus 
was 3.4 (95% CI: 2.24–5.16; P < 0.00001) [22].

 Figure 1. Severe generalized maculo-papular rash associated with a combination of ipilimumab and nivolumab.
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Management

Topical glucocorticosteroids (e.g., betamethasone cream) or urea-containing creams in com-
bination with oral antipruritics (e.g., diphen-hydramine HCl or hydroxyzine HCl) are recom-
mended. The recommendation patients with a moderate rash, nonlocalized, and covers more 
than 50% of the skin surface area are to omit the offending agent. For grade 3 dermatological 
irAEs, hold treatment and administer a 3–4-week course of oral corticosteroids in the form of 
prednisone at a dose of 1 mg/kg or dexamethasone at a dose of 4 mg four times a day given 
orally daily. Treatment should be permanently discontinued for severe, life-threatening skin 

 Figure 2. Vitiligo associated with Ipilimumab.
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toxicity and prednisone at a dose of 1–2 mg/kg orally or equivalent formulations given at 
least for 30 days [23]. When a high-dose corticosteroid therapy is used, once symptoms are 
controlled, tapering of the steroids should occur over a one-month period at least [18]. Vitiligo 
may be associated with clinical benefit. Although it occurs in a small percentage of patients 
undergoing immunotherapy, there is a clear survival benefit in patients who do develop vit-
iligo during treatment [19, 20]. In some patients, vitiligo is associated with long-term survival 
[19, 20].

3.2. Gastrointestinal

Side effects can occur anywhere along the gastrointestinal tract, ranging from mucositis, aph-
thous ulcers, gastritis, and abdominal pain. More commonly, diarrhea related to colitis can be 
observed. This will be elaborated on in the next section [4, 13, 15].

3.2.1. Diarrhea and colitis

Diarrhea and colitis are very common side effects of checkpoint inhibitors. It is more fre-
quently seen when using CTLA-4 inhibitors than when using PDL-1 inhibitors. It is reported 
in about 30% of patients receiving CTLA-4 therapy, whereas it is as little as only 1–2% of 
patients receiving PDL-1 therapy [2, 4, 10, 24]. There is a higher incidence and a greater 
severity in grade when bigger doses are used as seen in the initial trials of ipilimumab when 
comparing 10 mg vs. 3 mg [4, 11, 24]. It is also more frequently seen and with a higher 
incidence in grade 3 and grade 4 events when the two checkpoint inhibitors are used in 
combination [2, 3, 12, 14]. This irAE is most likely to manifest within the first 6 weeks after 
checkpoint inhibitor therapy has been initiated, slightly later than dermatological irAEs, 
although this is not absolute, as it can also occur anywhere in the treatment course [15, 16, 
24]. Diarrhea, which is an increase in the frequency of stool is related to, but a different 
clinical entity from colitis. The CTCAE states that symptoms related to colitis are associated 
with abdominal pain and include patients who have blood or mucus in their stool. If there 
is evidence of inflammation on endoscopic investigation or radiographically, it is also then 
defined as colitis. It is important to exclude other infectious causes of diarrhea, for instance, 
Clostridium difficile infection in all cases [4, 13, 15]. In very selected cases, where patients have 
accompanying symptoms of high fevers, leukocytosis, and those who have been on immu-
nosuppressive therapy for long periods of time rendering them more susceptible to infec-
tions, prophylactic antibiotics can be considered [15]. A colonoscopy can be considered in 
patients with severe or persistent symptoms or if the cause is unclear [13, 15, 24] (Figure 3).

In severe conditions, perforation can occur and lead to death and must be excluded in patients 
with symptoms of peritonitis. These patients may require surgery and possible colostomy [3, 15].

Mild symptoms can be treated symptomatically with rehydration, replacing electrolyte losses, 
and loperamide [3, 4, 18, 24]. Grade 2 irAEs require the offending immunotherapy agent to 
be omitted. If symptoms are ongoing for more than one week, there should be an immediate 
commencement of oral corticosteroid therapy at a dose of 1 mg/kg/day. When symptoms are 
resolved, the immunotherapy drug can be recommenced [4, 6, 13, 15, 24].
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Severe or life-threatening colitis and symptoms consistent with perforation, ileus, or fever is 
a serious complication. High-dose intravenous corticosteroids commencing at a starting dose 
of 2 mg/kg/day must be initiated promptly [15, 18].

If symptoms persist, a single dose of immunosuppressive infliximab therapy at 5 mg/kg must 
be considered unless there is a contraindication [15, 18, 24]. The dose of infliximab be repeated 
after 2 weeks if symptoms persist [13, 15, 24]. Mycophenolate mofetil can also be considered 
in severe and refractory cases [15]. The most important part of management of a patient with 
colitis is recognition and early initiation of aggressive treatment. Diarrhea treatment guide-
lines have been shown to reduce bowel perforation and colectomy rates and serious irAEs by 
up to 50% when this is done. There is anecdotal evidence that shows that high-dose therapy 
initiated for irAEs does not affect efficacy of treatment [2, 12]. Furthermore, it is postulated 
that the severity of the adverse event correlates with a better response to treatment [11, 14, 17].

3.3. Hepatic

Hepatotoxicity can be observed following treatment with anti-CTLA4 or anti-PD-1/anti-PDL1 
therapy usually at about 6 weeks after initiation. It frequently manifests as an asymptomatic 
increase in alanine aminotransferase (ALT), aspartate aminotransferase (AST), and/or total 
bilirubin. Hepatotoxicity has been observed in 3–9% of patients receiving ipilimumab [25, 26]. 
A meta-analysis of a total of nine randomized controlled trials in patients with solid tumors 

 Figure 3. Severe colitis associated with ipilimumab.
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demonstrated that the use of PD-1 inhibitors, when compared to the control group of che-
motherapy or everolimus, significantly increased the risk of developing all, but high-grade 
hepatic AEs. Additionally, the risk of all grades of hepatic AEs was considerably higher when 
a nivolumab and ipilimumab combination was used compared to ipilimumab monotherapy. 
No significant differences in the risk of all-grade and high-grade hepatic irAEs were found 
between PD-1 inhibitors monotherapy and ipilimumab monotherapy [27].

3.3.1. Management

The differential diagnosis of immune-related hepatotoxity includes progressive metastatic 
liver disease, viral hepatitis, or another drug-specific toxic reaction. Diagnostic workup 
includes viral hepatitis studies, liver imaging, and excluding other drug-related causes for 
abnormal liver functions. A liver biopsy is indicated when the etiology is unclear [15]. It is 
important to point out that hepatic toxicity can occur in the absence of symptoms. Baseline 
liver functions should be obtained before commencement of therapy [15, 18]. When derange-
ments are documented, other infectious causes, concurrent medications used by patients and 
disease progression must be excluded by appropriate investigations [15, 18].

Severe hepatotoxicity requires permanent discontinuation of the drug. Additionally, high-dose 
intravenous glucocorticosteroids for 24–48 hours followed by an oral steroid taper with dexa-
methasone at a dose of 4 mg every 4 hours or prednisone at 1–2 mg/kg tapered over not less 
than 30 days. If the levels of serum transaminase do not decrease 48 hours after commencement 
of systemic steroids, oral mycophenolate mofetil 500 mg every 12 hours should be considered 
[28]. Infliximab is associated with hepatotoxicity and should be avoided in this clinical setting.

3.4. Endocrine

Endocrine irAEs are in general inconstantly described in recent published data. Assessment 
and reporting of endocrine irAEs in clinical trials should be done using standardized diag-
nostic criteria and terminology. Unfortunately, as a consequence of the lack of standardiza-
tion, the true incidence of endocrine adverse events on patients undergoing anti-CTLA-4 and 
antiPD-1/PD-L1 pathway blockades is unknown. Thyroid dysfunction is the most common 
irAE reported. Hypophysitis has merged as a distinctive side effect of CTLA-4-blocking anti-
bodies [2, 13, 29]. The spectrum of endocrine disease in patients treated with ipilimumab 
includes hypophysitis, and occasionally primary adrenal insufficiency. This complication, 
if not promptly diagnosed, can be life-threatening (due to secondary hypoadrenalism). 
Hypopituitarism caused by CTLA-4-blocking antibodies is rarely reversible, and prolonged 
or lifelong hormonal replacement treatment is often required. The mechanism of injury and 
pathogenesis to the endocrine system triggered by ipilimumab needs to be clarified.

Presenting symptoms of hypothyroidism, such as fatigue, weakness, depression, memory 
loss, cold intolerance, and cardiovascular abnormalities, may be incorrectly attributed to the 
primary malignant disease. The onset of hypothyroidism is variable and can occur within 
the first 5 months and up to 2 years following immune-therapy. Some patients may develop 
autoimmune thyroiditis [30]. The prevalence of abnormal thyroid tests in one series was 15% 
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[31]. A recent meta-analysis of ten clinical trials showed that relative risk of all grades hypo-
thyroidism 8.26 (95% CI: 4.67–14.62; P < 0.00001), hyperthyroidism 5.48 (95% CI: 1.33–22.53; 
P = 0.02), hypophyisitis 22.03 (95% CI: 8.52–56.94; P < 0.00001), and adrenal insufficiency 3.87 
(95% CI: 1.12–13.41; P = 0.03) [32].

Baseline thyroid function tests are also recommended. Pituitary hormones, in the presence of 
symptoms, are indicated if thyroid functions are normal. Primary adrenal and primary pitu-
itary insufficiency can be differentiated with an early morning cortisol [4, 13, 15]. MRI can be 
obtained to visualize the pituitary gland to confirm the diagnosis of hypophysitis [4, 15]. MRI 
findings can be nonspecific, but can show a general enlargement of the pituitary gland [33, 
34]. In a review, about 85% of patients had pituitary gland abnormality on MRI [5]. Treatment 
of hypothyroidism usually requires replacement of thyroid hormone, and in mild cases of 
adrenal insufficiency, oral corticosteroid therapy can be used [4, 8]. Adrenal insufficiency or 
crisis is a medical emergency. This warrants hospitalization, high-dose intravenous cortico-
steroids with mineralocorticoid activity. Infection or sepsis should be excluded in these cases. 
A consultation with an endocrinologist is needed to ascertain if long-term hormone replace-
ment is necessary [13, 15, 18].

3.5. Pulmonary

Immune-related pneumonitis is a serious IrAE associated with immunotherapy. This is more 
common with PD-1 blockers, although the incidence is <1% and presents far later into treat-
ment phase [13]. Patients undergoing immunotherapy, experiencing new symptoms of cough 
or dyspnea, should arouse suspicion for the development of pneumonitis (Figure 4). In a 
nivolumab monotherapy, early dose-finding study (CA209-003) that evaluated various tumor 
types, three treatment-related deaths (1%) due to pneumonitis were reported in two patients 
with NSCLC and one patient with colorectal cancer [36]. A recent meta-analysis of 11 clinical 
trials showed that the odds ratio was 3.96 (95% confidence interval [CI]: 2.02–7.79; P < 0.0001) 
for all-grade pneumonitis and 2.87 (95% CI: 0.90–9.20; P = 0.08) for high-grade pneumonitis. 
Additionally, the odds ratio of all grades of pneumonitis with a nivolumab and ipilimumab 
combination vs. ipilimumab monotherapy was 3.68 (95% CI: 1.59–8.50; P = 0.002), and for 
high-grade pneumonitis, it was 1.86 (95% CI: 0.36–9.53; P = 0.46). Subgroup analysis did not 
demonstrate a significant difference between lung cancer patients and other types of cancer 
in the risk of pneumonitis. This is an irAE that can occur both with anti-CTLA-4 or anti-
PD-1 agents. It has been reported in approximately 1% of patients treated with anti-PD-1 
agents and occurs more frequently than with anti-CTLA-4 agent ipilimumab. Deaths related 
to immune-onset pneumonitis have been reported in NSCLC patients. Pneumonitis manage-
ment involves prompt initiation of high-dose corticosteroids, close symptoms monitoring, 
and oxygen requirements. Immunosuppressive interventions may be required in a minority 
of patients [37]. Radiological findings should be monitored closely.

A second meta-analysis comprised 20 PD-1 inhibitor trials in 4496 patients with malignant 
melanoma (12 trials), NSCLC (5 trials), and RCC (3 trials). The overall incidence of pneumonitis 
during PD-1 inhibitor monotherapy was 2.7% (95% CI, 1.9–3.6%) for all-grade and 0.8% (95% CI, 
0.4–1.2%) for grade 3 or higher pneumonitis. The incidence was higher in NSCLC for all-grade 
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(4.1 vs. 1.6%; P = 0.002) and grade 3 or higher pneumonitis (1.8 vs. 0.2%; P < 0.001) compared 
with melanoma. The incidence in RCC was higher than in melanoma for all grades of pneu-
monitis (4.1 vs. 1.6%; P < 0.001) but not for grade 3 or higher. Four pneumonitis-related deaths 
were documented in patients with NSCLC in the monotherapy group. Pneumonitis was more 
frequent during combination immunotherapy than monotherapy for all grades (6.6 vs. 1.6%; 
P < 0.001) and for grade 3 or higher (1.5 vs. 0.2%; P = 0.001) in melanoma, with one pneumonitis-
related death during combination therapy. Multivariable analyses demonstrated higher odds 
of pneumonitis in NSCLC for all-grade (odds ratio [OR], 1.43; 95% CI, 1.08–1.89; P = 0.005) and 
grade 3 or higher pneumonitis (OR, 2.85; 95% CI, 1.60–5.08; P < 0.001) and in RCC for all-grade 
pneumonitis (OR, 1.59; 95% CI, 1.32–1.92; P < 0.001) compared with melanoma. The combina-
tion therapy had significantly higher odds than monotherapy for all-grade (OR, 2.04; 95% CI, 
1.69–2.50; P < 0.001) and grade 3 or higher pneumonitis (OR, 2.86; 95% CI, 1.79–4.35; P < 0.001). 
The authors concluded that the incidence of PD-1 inhibitor-related pneumonitis was higher in 
NSCLC and RCC and during combination therapy [38].

Several pulmonary inflammatory conditions have also been seen in patients treated with ipili-
mumab, including sarcoidosis [39, 40] and organizing inflammatory pneumonia [41].

In any patient undergoing anti-CTLA-4 or anti-PD-1/PD-L1 immunotherapy, presenting with 
pulmonary symptoms, such as an upper respiratory infection, new cough, or shortness of 
breath, pneumonitis should be considered and evaluated with imaging. Because the onset and 

Figure 4. Pneumonitis associated with Nivolumab.
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symptoms of pneumonitis are often vague and diagnosis is often delayed, clinicians should 
be aware of this and consider diagnostic radiology (X-rays, CT scans) early. Bronchoscopy 
and lung biopsy should be considered to rule out other causes such as infectious etiologies 
before starting treatment, especially in moderate-to-severe cases [13, 15]. Differential diag-
nosis includes disease progression of cancer, lymphangitis carcinomatosis, opportunistic 
infections, severe pneumonitis, early cardiac failure, alveolar hemorrhage, or congestive car-
diac failure. In severe cases, treatment should comprise high doses of corticosteroids such as 
intravenous methylprednisone at a dose of 2 mg/kg. Additional immunosuppression with 
infliximab, mycophenolate mofetil, or cyclophosphamide may be required and is a reasonable 
approach in nonresponding patients [13, 15].

3.6. Ophthalmological

Ophthalmological immune-related adverse events are extremely rare and occur in less than 
1% of patients treated with anti-CTLA-4 therapy. The incidence with anti-PD-1 antibodies is 
unknown [42, 43]. Besides, from the direct toxicity of immunotherapy agents, the eye can also 
indirectly be affected via other immune-related adverse endocrinopathies such as hyperthy-
roidism form autoimmune thyroiditis [30, 43]. There have been case reports of Grave’s opthal-
mopathy with symptoms and signs of proptosis associated with swelling of extraocular muscles 
and xeropthalmia [30, 42, 44]. Ophthalmological side effects include episcleritis, conjunctivitis, 
and uveitis [3]. A rare case of bilateral iridocyclitis and of bilateral choroidal neovascularization 
was reported [4, 42, 45]. Most cases can be managed with topical corticosteroids [34]. Systemic 
corticosteroids can be implemented in patients who do not respond to topical management or 
in grade 3 or in grade 4 cases. It is always recommended to consult an opthalomologist [43].

3.7. Neurological

Neurological symptoms can vary widely and present as a range of different conditions. It 
is postulated that neurological toxicity can occur in about 1–3% of patients from literature 
reviews [46]. Most information collected about neurological toxicity from immunotherapy 
is from case reports. Posterior reversible encephalopathy syndrome, Guillain-Barre, asep-
tic meningitis, enteric neuropathy, and transverse myelitis cases have been reported [4, 13]. 
There have also been isolated reports of chronic inflammatory demyelinating polyneuropathy 
and a Myasthenia-Gravis type syndrome [47]. Most times, if the adverse event is low-grade, 
stopping the offending agent until symptoms dissipate suffices or commencing low-dose oral 
corticosteroids [18, 47]. In grade 3 or grade 4 events, high-dose intravenous corticosteroids 
are warranted, and at times, plasmapheresis and intravenous immunoglobulin are warranted 
[4, 13]. It is worthwhile to involve neurologists to assist with diagnosis and what treatment is 
necessary for each individual case according to severity [4, 13].

3.8. Hematological

The evidence regarding hematological side effects is all anecdotal and based on case reports 
as well. Severe anemia requiring transfusions and febrile neutropenia requiring support 
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with granulocyte colony stimulating factor (GCSF) may occur [4, 48]. One case reported a 
patient with neutropenia receiving a CTLA-4 inhibitor that was refractory to GCSF therapy 
and required immunoglobulin therapy [49]. Red cell aplasia, acquired hemophilia A, and 
thrombocytopenia have all been described as well [4, 13]. Recently, cases of hemolytic-uremic 
syndrome occurring in a patient receiving ipilimumab have been reported [50]. Generally, 
hematological immune-related adverse events respond to steroid therapy, but in severe cases, 
may need more intense therapy.

3.9. Renal

Renal toxicity due to checkpoint inhibitors is extremely rare. A case series of thirteen patients 
provides information of different clinical presentations of patients with immune-related nephri-
tis and different histological diagnoses [51]. It showed that the median time to develop kidney 
injury from immune checkpoint inhibitors was around 91 days though it ranged widely. It is 
estimated that about 1–2% of patients can have acute kidney injury from checkpoint inhibitors, 
with less than 1% of those patients having a serious grade 3 or 4 events [15, 51]. Histology in 
these patients showed a dominance of tubule-interstitial nephritis, and in one patient, showed a 
thrombotic microangiopathy [51, 52]. Initiating corticosteroid early therapy and stopping drug 
is the recommended treatment for acute kidney injury/interstitial nephritis from checkpoint 
inhibitor therapy. Most patients respond to steroid therapy [15]. Other causes of kidney injury 
such as infection or other medications should be excluded, and when etiology is in doubt, a 
renal biopsy should always be performed if not contraindicated. Close monitoring of patient’s 
serum creatinine should be followed during treatment, especially if there is even a slight 
increase in creatinine. Grade 1 toxicity according to management guidelines is defined as an 
increase in creatinine up to 1.5 times above baseline, grade 2 or grade 3, defined as a creatinine 
above 1.5 times above baseline to 6 times above normal. Grade 4 events are life-threatening [15]. 
Mycophenolate Mophetil in refractory cases can be considered and potentially anti-TNF agents 
[51]. Data regarding management in these patients is very limited, and general supportive 
measure should be carried out as well such as fluid therapy and correcting electrolytes. Early 
involvement with a nephrologist is recommended as there were dialyses-requiring patients in 
the series as well [15, 51].

3.10. Pancreatitis

There have been reports of elevated amylase and lipase levels in clinical trials with unknown 
clinical significance. It is not recommended in general guidelines to monitor pancreatic enzymes 
unless there is a clinical suspicion of active or acute pancreatitis. There have been very few 
case reports of patients who developed fulminant pancreatitis. General guidelines for immune-
related adverse events should be followed with close monitoring in these patients [15, 43, 53].

3.11. Cardiac

This is also extremely rare. There are case reports of varying cardiac conditions in patients 
with toxicity form checkpoint inhibitors. In a series, eight cases of immune-related cardiac 
toxicity were reviewed. Patients were asymptomatic of any cardiac-related issues before 
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serum creatinine should be followed during treatment, especially if there is even a slight 
increase in creatinine. Grade 1 toxicity according to management guidelines is defined as an 
increase in creatinine up to 1.5 times above baseline, grade 2 or grade 3, defined as a creatinine 
above 1.5 times above baseline to 6 times above normal. Grade 4 events are life-threatening [15]. 
Mycophenolate Mophetil in refractory cases can be considered and potentially anti-TNF agents 
[51]. Data regarding management in these patients is very limited, and general supportive 
measure should be carried out as well such as fluid therapy and correcting electrolytes. Early 
involvement with a nephrologist is recommended as there were dialyses-requiring patients in 
the series as well [15, 51].

3.10. Pancreatitis

There have been reports of elevated amylase and lipase levels in clinical trials with unknown 
clinical significance. It is not recommended in general guidelines to monitor pancreatic enzymes 
unless there is a clinical suspicion of active or acute pancreatitis. There have been very few 
case reports of patients who developed fulminant pancreatitis. General guidelines for immune-
related adverse events should be followed with close monitoring in these patients [15, 43, 53].

3.11. Cardiac

This is also extremely rare. There are case reports of varying cardiac conditions in patients 
with toxicity form checkpoint inhibitors. In a series, eight cases of immune-related cardiac 
toxicity were reviewed. Patients were asymptomatic of any cardiac-related issues before 
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initiating treatment with checkpoint inhibitors. Cases ranged from myocarditis and cardio-
myopathy that responded well to corticosteroid therapy as well as cases that were fatal and 
refractory to treatment. Myocardial fibrosis was found in one patient’s autopsy findings, in 
combination with multiorgan failure. The patients in this series were both very young and 
very old with no cardiac history and included patients with predisposing cardiac dysfunc-
tion. A patient also suffered a cardiac arrest. A total of 63% of patients had other organ sys-
tems involved in combination with the cardiac toxicity [54]. The review can allude to many 
hypotheses about cardiac related toxicity. There is a possibility of higher risk to develop 
cardiac toxicity if there are predisposing conditions and a higher incidence if there are other 
systems involved. As with other rare irAEs, more prospective data are needed. More case 
reports are emerging and include fulminant myocarditis and pericardial effusions with 
tamponade [55, 56]. It is clear that treating physicians need to be aware of the possibility of 
this irAEs and to start treatment with supportive and corticosteroid therapy promptly to 
avoid serious complications and death. There is currently no recommendations regarding 
monitoring of cardiac enzymes during therapy [54].

4. Conclusion

When managing a patient with suspected irAEs, the patients should be treated as individuals, 
and a thorough workup of each side effect should be done to ascertain whether or not there 
is truly an irAE and not other treatable causes. Most importantly, a high index of suspicion 
must always be kept in mind even though most are self-limiting and low-grade in severe cases 
if treatment is not given promptly and correctly, it can be life-threatening and result in death. 
Early recognition and aggressive treatment with immunosuppression is vital to prevent mor-
bidity and mortality.
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Abstract

The clinical success of immune checkpoint blockers is a pivotal advancement for treat-
ing an increasing number of cancer types. However, immune checkpoint blockers still 
rarely induce complete remission and show little to no therapeutic efficacy in a signifi-
cant percentage of cancer patients. Efforts are now underway to identify biomarkers that 
accurately predict which patients benefit from immune checkpoint blockers. Moreover, 
adaptive immune resistance can develop in tumors during treatment with immune 
checkpoint blockers. These adaptive resistance mechanisms in tumors might be dis-
rupted by combining adjunctive immunotherapies, which could potentially improve the 
therapeutic efficacy of immune checkpoint blockers. This chapter discusses the mecha-
nism of action of cytotoxic T lymphocyte antigen-4 (CTLA-4) and programmed death-1/
programmed death-ligand 1 (PD-1/PD-L1) immune checkpoint blockers and biomarkers 
that might predict clinical responses to these drugs. Lastly, ongoing research on mecha-
nisms of tumor adaptive resistance could facilitate rationale design of adjunctive immu-
notherapies that can be synergistically combined with immune checkpoint blockers to 
more effectively treat cancer.

Keywords: immunotherapy, T lymphocytes, immune checkpoints, CTLA-4, PD-1, PD-L1

1. Introduction

Immune checkpoints are inhibitory pathways that are critical for maintaining self-tolerance. 
Immune checkpoints also control the magnitude and duration of physiological immune 
responses in peripheral tissues in order to minimize collateral damage. Immune checkpoint 
receptors and their cognate ligands are naturally expressed on a variety of cell types, includ-
ing antigen-presenting cells, T cells, B cells, tumor cells, tumor stroma, and also normal tissue. 
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A number of immune checkpoint pathways have been identified, including cytotoxic T lym-
phocyte antigen-4 (CTLA-4), programmed death-1 (PD-1), programmed death ligand-1 (PD-
L1), T cell immunoglobulin and mucin domain 1 (TIM-1), T cell immunoglobulin and mucin 
domain 3 (TIM-3), lymphocyte-activation gene 3 (LAG-3), T cell immunoreceptor with Ig and 
ITIM domains (TIGIT), V-domain Ig suppressor of T cell activation (VISTA), carcinoembry-
onic antigen-related cell adhesion molecule 1 (CEACAM1), leukocyte-associated immuno-
globulin-like receptor 1 (LAIR-1), herpesvirus entry mediator (HVEM), B- and T-lymphocyte 
attenuator (BTLA), CD160, CD200, CD200 receptor, and adenosine 2A receptor (A2Ar). For 
brevity, this chapter will focus on CTLA-4 and PD-1/PD-L1, as clinical drugs targeting these 
pathways have been successfully developed to treat an increasing variety of human cancer 
types.

2. Main body

2.1. CTLA-4

CTLA-4 is the first immune checkpoint receptor to be clinically targeted. CTLA-4 is expressed 
mainly on the surface of activated T cells. While certain subsets of T regulatory cells con-
stitutively express CTLA-4, it is virtually undetectable on naïve, inactivated T cells. Upon 
activation, both CD4+ and CD8+ T cells upregulate CTLA-4 on the surface, reaching maximum 
level within 2–3 days. CD4+ T cells are reported to express more CTLA-4 mRNA and protein 
compared to CD8+ T cells, suggesting that CTLA-4 has a more significant regulatory effect on 
CD4+ T cells [1].

CTLA-4 downregulates T cell activation by sequestering CD80 and CD86 costimulatory mol-
ecules on antigen-presenting cells. This prevents CD80 and CD86 from delivering costimula-
tory activation signals to T cells through the CD28 receptor. CTLA-4 binds to CD80 and CD86 
with ~10 times higher affinity than CD28 [2]. CTLA-4 expressed on T cells can also remove 
CD80 and CD86 molecules from neighboring antigen-presenting cells through a process 
called trans-endocytosis [3]. CTLA-4 also prevents CD28 recruitment to the immunological 
synapse, further impairing T cell activation [4].

CTLA-4 knockout mice die within 2–3 weeks of age due to massive lymphoproliferation, 
resulting in destruction of vital organs [5]. This lethal phenotype is associated primarily with 
hyperactivated CD4+ T cells, which are skewed toward a T helper type-2 phenotype and have 
increased resistance to apoptosis. These hyperactivated CD4+ T cells abnormally infiltrate 
into peripheral tissues, resulting in organ failure. These observations led cancer immunology 
researchers to hypothesize that blockade of CTLA-4 signaling could potentially induce effec-
tive T cell-mediated immune responses against tumor tissue.

A pivotal laboratory study reported in 1996 by James Allison’s group showed that treatment 
of tumor-bearing mice with a CTLA-4-blocking antibody could effectively induce tumor 
regression [6]. Despite much subsequent investigation, the in vivo mechanism of action of 
CTLA-4 blockade immunotherapy has remained elusive. The prevailing hypothesis is that 
CTLA-4 blockade not only enhances T cell infiltration into tumors but also reduces the  
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relative presence of immunosuppressive T regulatory cells in tumor tissue [7]. This alteration 
in the ratio of effector T cells versus T regulatory cells in tumors tilts the immunological bal-
ance in favor of T cell-mediated destruction of tumor cells.

These studies led to pharmaceutical development of the first immune checkpoint blocker, 
ipilimumab (Yervoy®). Ipilimumab is a fully human monoclonal antibody that blocks the 
CTLA-4 receptor, thereby preventing its ability to sequester CD80 and CD86 costimulatory 
molecules. It was initially tested in melanoma, and demonstrated extended overall survival 
in patients versus a comparator melanoma peptide-based immunotherapy vaccine called 
gp100. In a randomized phase III clinical trial, melanoma patients receiving ipilimumab had 
a median overall survival of 10.4 months versus 6.4 months in those receiving only the gp100 
peptide vaccine (Hodi 2010). Objective response rates (measureable tumor regression) were 
10.9% in the ipilimumab group versus 1.5% in the gp100 vaccine group. The responses to ipili-
mumab were durable, with the 1-year and 2-year survival rate being 46 and 24%, respectively. 
By comparison, the 1-year and 2-year survival rate in patients receiving only the gp100 pep-
tide vaccine was only 25 and 14%, respectively [8]. These trial results led to US FDA approval 
of ipilimumab for melanoma in 2011.

2.2. PD-1

PD-1 is another major immune checkpoint receptor that regulates T cell activity against tumor 
tissue. PD-1 is a cell surface receptor originally identified in a murine T cell hybridoma under-
going programmed cell death [9]. PD-1 is absent on naïve inactivated immune cells but is 
significantly upregulated on activated T cells, B cells, natural killer cells and myeloid-derived 
cells [10]. In T cells, PD-1 expression is induced by T cell receptor signaling [11] and also by 
certain pro-inflammatory cytokines including interleukin-2, interleukin-7, interleukin-15, and 
interleukin-21 [12].

PD-1 signaling downregulates T cell activity primarily via interaction with its two natural 
ligands: Programmed Death Ligand-1 (PD-L1) and Programmed Death Ligand-2 (PD-L2). 
PD-L1 is expressed on a wide variety of cell types including hematopoietic cells, T cells, B 
cells, myeloid cells, and dendritic cells [10]. It is also expressed on a wide variety of periph-
eral tissues such as skeletal muscle, lung, heart, and placenta [10]. Notably, PD-L1 is also 
expressed on a wide variety of cancer cells and generally is associated with poorer patient 
prognosis [13]. PD-L2 expression is generally more restricted, being found primarily on den-
dritic cells, macrophages, and occasionally cancer cells [14]. PD-L2 binds to PD-1 with two- to 
sixfold higher relative affinity than PD-L1 [15]. However, PD-L2 is generally expressed at 
lower relative levels [16]. Thus, it is believed that PD-L1 is the predominant ligand for PD-1.

Signaling through the PD-1 receptor on T cells results in downstream inhibition of PI3K/AKT 
activation [17]. The net effect is downregulation of a number of effector functions includ-
ing cytokine secretion and cytolytic activity. PD-1 knockout mice have various autoimmune 
pathologies, including autoantibody-induced cardiomyopathy [18], arthritis and lupus-like 
disease [19], and diabetes [20]. In peripheral tissues, the immunosuppressive activity of PD-1 
is mediated primarily by interaction with PD-L1 [21]. PD-L1 expressed in tumor tissue also 
impairs host antitumor immune responses [22]. PD-L1 and/or PD-L2 in tumor tissue  facilitates 
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evasion from host immune responses via multiple mechanisms including induction of T cell 
anergy and exhaustion [23], promoting T cell apoptosis [24], and also by enhancing the expan-
sion and activity of immunosuppressive T regulatory cells [25]. Moreover, PD-1 can transmit 
an antiapoptotic signal to PD-L1-expressing tumor cells, which renders them resistant to lysis 
by cytotoxic T lymphocytes [26].

This fundamental understanding of the PD-1/PD-L1 axis in suppressing host antitumor 
immune responses led to development of the first clinical PD-1 blockers, nivolumab (Opdivo®) 
and pembrolizumab (Keytruda®). Both nivolumab and pembrolizumab are fully human mono-
clonal antibodies that block the PD-1 receptor, thereby preventing its ability to bind its natu-
ral ligands PD-L1 and PD-L2. In large phase I clinical trials, nivolumab and pembrolizumab 
each demonstrated durable clinical response rates with acceptable safety profiles in patients 
with advanced melanoma, non-small cell lung cancer, renal cell carcinoma or Hodgkin’s lym-
phoma [27–30]. Nivolumab and pembrolizumab are now both FDA approved for treating 
melanoma and non-small cell lung cancer. Nivolumab is additionally approved for treating 
renal cell carcinoma, Hodgkin’s lymphoma, and also for use in combination with the CTLA-4 
blocker, ipilimumab, for treating melanoma. Remarkably, in two separate melanoma clinical 
trials, the combination of nivolumab and ipilimumab induced objective responses in ~60% of 
patients, with complete responses seen in ~11.5–22% of patients [31–32].

Pembrolizumab and nivolumab (and a third investigational PD-1 blocker, pidilizumab) are 
now collectively continuing in 500+ clinical trials. Virtually all cancer types are now being 
targeted with PD-1/PD-L1 blockers in some capacity. Notably, there is a significant effort 
to test nivolumab or pembrolizumab with other adjunctive therapies to determine synergis-
tic combinatorial regimens. Conventional treatments like chemotherapy and radiation have 
shown in animal tumor models to potentially synergize with PD-1/PD-L1 blockers [33–35]. In 
addition, PD-1 blockers are now also being tested in combination with small molecule drugs 
(investigational and Food and Drug Administration (FDA) approved) and also experimental 
immunotherapies such as vaccines and chimeric antigen receptor T cells.

All clinical PD-1 blockers have the same mechanism of action. Slight variances in the pro-
tein structure among different PD-1 blockers could potentially confer differences in bind-
ing affinity for the PD-1 receptor and also differences in half-life (i.e. persistence in the 
body). The physiological significance and clinical effectiveness of such variances remain 
undetermined.

2.3. PD-L1

Expression of PD-L1 is found on diverse cell types, including normal and malignant tissue, 
antigen presenting cells, myeloid cells, B cells, and T cells. PD-L1 downregulates T cells via mul-
tiple mechanisms. PD-L1 expressed on various cells primarily interacts with PD-1 expressed 
on T cells, delivering an inhibitory signal that downregulates T cell activity. PD-L1 also binds 
to CD80 expressed on both antigen-presenting cells and activated T cells [36]. Interaction of 
PD-L1 with CD80 on antigen-presenting cells prevents CD80 from delivering costimulatory 
activating signals to T cells. When PD-L1 binds to CD80 expressed on activated T cells, an 
inhibitory signal is delivered to T cells. Currently, it is unknown exactly what  intracellular 
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signaling pathways are altered when PD-L1 binds to CD80 on T cells. Nonetheless, it is now 
generally understood that blocking PD-L1 results in enhanced T cell activation.

Atezolizumab (Tecentriq®) was the first PD-L1 blocker to enter clinical trials. Atezolizumab 
is a fully human monoclonal antibody that prevents PD-L1 from binding to PD-1 and CD80. 
It was initially tested in patients with PD-L1-positive metastatic bladder cancer [37]. Bladder 
cancer patients with PD-L1-negative tumors were subsequently included for treatment. 
Clinical response rates were ~15% of PD-L1-negative patients and ~25% of PD-L1-positive 
patients [37]. Because of the higher clinical activity of atezolizumab in PD-L1-positive blad-
der cancer, a companion diagnostic called the Ventana PD-L1 (SP142) assay is offered to 
provide tumor PD-L1 expression status of patients considering atezolizumab treatment. In 
2016, atezolizumab was FDA approved for urothelial carcinoma, the most common form of 
bladder cancer. Like nivolumab and pembrolizumab PD-1 blockers, atezolizumab is now 
continuing in clinical trials for a wide variety cancer types and also being tested in combina-
tion with conventional cancer treatments, small molecule drugs and other investigational 
immunotherapies. Alternative PD-L1 blockers, such as avelumab and durvalumab, are also 
now in clinical trials.

2.4. Predictive biomarkers for CTLA-4 and PD-1/PD-L1 blockers

CTLA-4 and PD-1/PD-L1 immune checkpoint blockers have proven to be pivotal advance-
ments in cancer treatment. However, a significant proportion of cancer patients still experi-
ence little to no clinical benefit from treatment. Even among responding patients, only a small 
minority achieve complete remission. Studies using clinical tumor specimens from patients 
treated with immune checkpoint blockers have revealed some potentially important differ-
ences between responders versus nonresponders.

During early clinical development of PD-1 blockers, it was hypothesized that differential 
expression levels of PD-L1 in tumor tissue would correlate with clinical responses. It was 
anticipated that PD-L1 expression in tumor tissue could therefore be a predictive biomarker 
to accurately identify patients likely to respond to PD-1 or PD-L1 blockers. However, a defini-
tive correlation has thus far not been established. Both PD-L1-positive and PD-L1-negative 
tumors can respond to PD-1 or PD-L1 blockers. Further confounding factors include vari-
ability of PD-L1 expression in different anatomical areas of tumor tissue. In addition, PD-L1 
expression in tumor tissue may be transient—appearing and disappearing due to treatments 
or other poorly understood influences. Lastly, assays measuring PD-L1 in tumors have yet 
to establish a clear threshold of expression that defines what is considered “PD-L1-positive.” 
For instance, the FDA-approved Ventana PD-L1 assay defines ≥5% PD-L1-positive cells in 
bladder cancer tissue to be associated with higher clinical response rates to atezolizumab 
[38]. However, alternative PD-L1 assays used in various other clinical trials of nivolumab or 
pembrolizumab have wide variability in PD-L1 expression analysis methodologies. Overall, 
it is generally agreed upon that low or absent PD-L1 expression in tumors is not sufficient to 
preclude a patient from treatment with PD-1/PD-L1 blockers [39].

Alternative predictive biomarkers for clinical response to PD-1/PD-L1 blockers are currently 
being explored. CD8+ T cell infiltration into tumors might be predictive of clinical response to 
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PD-1 blockers. Specifically, the density of pretreatment CD8+ T cells at both the tumor inva-
sive margin and tumor center may be correlated with clinical response to pembrolizumab. 
In serially biopsied tumors from melanoma patients undergoing pembrolizumab treatment, 
it was shown that responding patients generally had higher densities of CD8+/PD-1+ cells in 
close proximity to PD-L1-expressing tumor cells [40]. Furthermore, serial analysis of tumor 
biopsies showed that intratumoral CD8+/PD-1+ T cells actively proliferate during pembroli-
zumab treatment [40]. These data offer insights on a potential mechanism of PD-1 blockade 
efficacy, whereby presence of pretreatment CD8+ T cells in tumors is a prerequisite for clini-
cal response. However, like tumor PD-L1 expression assays, establishing a standard cut-off 
threshold value for CD8+ T cell levels in tumors that accurately predicts clinical response 
to PD-1/PD-L1 blockade will be challenging. Tumors of various tissue origins often contain 
infiltrating T cells that can vary greatly in absolute number, density, and also anatomical loca-
tion within the intratumoral space. Nonetheless, establishing a “scoring system” based on 
pretreatment CD8+ T cell infiltration warrants further investigation as a potential predictive 
biomarker.

Another intriguing biomarker with predictive potential may be intratumoral expression 
of indoleamine-2,3-dioxygenase (IDO). IDO is a tryptophan catabolizing enzyme that is 
occasionally expressed in various tumor types. Depletion of tryptophan within tumors by 
IDO may be a rate-limiting step for effective antitumor T cell activity. Studies in mela-
noma patients treated with ipilimumab suggest a correlation between pretreatment IDO 
expression and clinical response. In one study, intratumoral IDO was detected in 37.5% of 
responding melanoma patients and only 11.1% in nonresponders [41]. It remains to be seen 
if similar patterns are seen in other cancer types and also patients treated with PD-1/PD-L1 
blockers.

Genetic signatures of tumors are yet another parameter with potential for yielding predic-
tive biomarkers for clinical response to immune checkpoint blockers. Certain tumors, such 
as colorectal cancer, are highly refractory to treatment with PD-1 blockers. In early clinical 
trials of nivolumab, it was found that only 1 in 33 colorectal cancer patients responded to 
treatment [27–28]. Subsequently, it was hypothesized that the single responding colorectal 
cancer patient harbored a defect in DNA mismatch repair in tumor tissue, resulting in a 
significantly high load of somatic mutations [42]. Defects in tumor tissue mismatch repair 
can result in thousands of somatic mutations, providing a larger pool of neo-antigens for 
immune recognition. Immune checkpoint blockade therapy could therefore amplify the 
natural adaptive immune response to mutated neo-antigens. Hence, mutational load in 
pretreatment tumor tissue might be predictive of clinical response to immune checkpoint 
blockers. To test this hypothesis, a small clinical trial focusing primarily on colorectal cancer 
showed that patients with defects in tumor tissue mismatch repair harbored significantly 
higher loads of somatic mutations versus those with mismatch repair-proficient tumors. 
Upon treatment with pembrolizumab, higher response rates and longer survival times were 
seen in patients with mismatch repair defects versus those with proficient mismatch repair 
[42]. This pivotal study has catalyzed further investigation of tumor mutational profiles 
to determine if a correlation with clinical responses can be established in large studies of 
diverse cancer types.
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2.5. Adaptive immune resistance

Mechanisms of inherent and acquired resistance to immune checkpoint blockade are poorly 
understood. Clinical responses to CTLA-4 and PD-1/PD-L1 blockers are often durable, some-
times lasting years. However, complete regressions are still relatively rare and eventual dis-
ease relapse among responding patients is frequent. Recent studies have offered insights that 
immunological parameters of tumor tissue adapt in response to T cell-mediated attack induced 
by immune checkpoint blockers. Enhanced T cell activity within tumors involves local pro-
duction of inflammatory mediators, such as interferon (IFN)-γ, which is known to upregulate 
PD-L1 on peripheral tissues [43]. Upregulation of PD-L1 on various cell types within tumor 
tissue might result in heightened CD80-mediated inhibition of proximal effector T cells.

Furthermore, augmentation of effector T cell activity in tumor tissue via PD-1 blockade may 
subsequently induce compensatory upregulation of alternative immune checkpoint recep-
tors, TIM-3. TIM-3 is a receptor expressed primarily on IFN-γ-secreting CD4+ and CD8+ T cells 
[44]. TIM-3 is bound by multiple ligands, including galectin-9, CEACAM-1, and high-mobil-
ity group box 1 (HMGB-1). Signaling through TIM-3 in activated T cells triggers the release 
of human leukocyte antigen B-associated transcript 3 (BAT3) from the TIM-3 cytoplasmic 
domain. This results in defective production of IL-2, IFN-γ, and likely other pro-inflamma-
tory cytokines [44]. Although the TIM-3 signaling pathway has yet to be fully elucidated, it 
seems clear that TIM-3 affects T cell receptor downstream signaling via a mechanism distinct 
from PD-1 and CTLA-4.

TIM-3 appears to be co-expressed with PD-1 in tumor-infiltrating lymphocytes of cancer 
patients and is upregulated on T cells upon therapeutic PD-1 blockade [45]. This may pro-
vide a mechanism of immunological escape and a possible reason for incomplete clinical 
responses upon PD-1 blockade immunotherapy. It might also be a contributing factor toward 
acquired resistance to PD-1 blockade clinically, whereby patients initially respond to treat-
ment but eventually relapse despite continuous therapy. Preclinical studies in animal tumor 
models show that PD-1 blockade immunotherapy results in upregulation of TIM-3 on T cells. 
Co-blockade of both TIM3 and PD-1 can prevent resistance to PD-1 blockade immunotherapy 
[45]. As such, TIM-3 blocking antibodies are now in early phase clinical trials to evaluate their 
safety, tolerability, and dosing ranges. Figure 1 illustrates how PD-1/PD-L1 blockade may 
result in compensatory upregulation of TIM-3 and/or PD-L1 on T cells and tumor cells.

Downregulation of major histocompatibility (MHC) receptor expression in tumors might also 
contribute to acquired resistance to PD-1 blockers. Loss-of-function mutations in the MHC 
beta-2 microglobulin antigen-presenting protein have been noted in selected melanoma 
patients who initially responded to pembrolizumab therapy but subsequently relapsed [46]. 
Further studies in larger patient populations are necessary to confirm the association of MHC-
related mutations and acquired resistance to PD-1 blockers.

2.6. Strategies to counteract adaptive resistance to immune checkpoint blockade

The mechanism of inherent and acquired/adaptive resistance to CTLA-4 and PD-1/PD-L1 
immune checkpoint blockers is not fully understood and could possibly vary between 
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 individual patients and different tumor types. However, research on predictive biomarkers 
and mechanisms of adaptive resistance to PD-1 blockers have yielded insight that might 
be extrapolated to rationally design combination immunotherapies that synergistically 
enhance the efficacy of immune checkpoint blockers. For instance, it is now generally under-
stood that PD-1 blockers augment T cell-mediated inflammation in tumor tissue. In turn, 
this can promote upregulation of PD-L1 on various cells in tumors, likely due to IFN-γ 
signaling [43]. Upregulation of PD-L1 expression in tumor tissue can promote enhanced 
CD80 signaling in T cells, which impairs T cell activity [36]. PD-1 blockade may also induce 
compensatory upregulation of alternative immune checkpoint receptors, such as TIM-3, on 
T cells within tumor tissue [45]. TIM-3 signaling results in downregulation of T cell activ-
ity. Next-generation immunotherapeutic regimens might combine PD-1 blockers such as 

Figure  1. PD-1/PD-L1 blockade promotes T cell-mediated inflammation in tumors. In turn, this can trigger upregulation 
of PD-L1 on various cells within tumor tissue. This can also trigger compensatory upregulation of TIM-3 on effector T 
cells. Upregulation of PD-L1 and TIM-3, even during continuous treatment with PD-1 blockers, can impair T cell activity 
and result in clinical resistance.
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nivolumab/pembrolizumab with PD-L1 blockers like atezolizumab, to counteract PD-L1 
upregulation induced by T cell-mediated inflammation in tumor tissue. Other rational com-
binations might include PD-1/PD-L1 blockers combined with investigational TIM-3 block-
ers, to counteract the effects of TIM-3 upregulation on activated T cells.

Another strategy to enhance the efficacy of immune checkpoint blockers might involve improv-
ing T cell trafficking to tumor tissue. The extent of T cell infiltration into tumor tissue may be a 
predictive biomarker and a prerequisite for efficacy of both CTLA-4 and PD-1/PD-L1 blockers. 
As such, therapies that promote T cell trafficking to tumors could potentially improve tumor 
sensitivity to immune checkpoint blockers. Studies of human melanoma tumors have identified 
a set of chemokines that are associated with enhanced recruitment of T cells toward tumor tis-
sue. These chemokines, including CCL2, CCL3, CCL4, CCL5, CXCL9, and CXCL10, might have 
utility as clinical therapies to improve T cell trafficking to tumors [47]. However, such chemo-
kines or other T cell recruitment factors must be targeted specifically to tumor tissue in order to 
effectively recruit T cells. T cell recruitment factors might be coupled to antibodies that bind to 
tumor cell receptors, thus providing a vehicle for tumor targeting. In animal tumor studies, a T 
cell recruitment factor called LIGHT (also called tumor necrosis factor superfamily member 14) 
was fused to an anti-epidermal growth factor receptor (EGFR) antibody. This LIGHT-anti-EGFR 
fusion molecule was able to promote more extensive T cell infiltration into EGFR-expressing 
tumors. In turn, this prevented resistance to PD-L1 blockade immunotherapy [48]. Similar strat-
egies that target other T cell recruitment factors toward tumors might be feasible.

Our group at the Pacific Heart, Lung & Blood Institute (Los Angeles, CA) is conducting 
research on gene-modified human mesenchymal stem cells (MSCs) as a strategy to alter the 
tumor microenvironment and prevent resistance to immune checkpoint blockers. MSCs can be 
isolated and expanded from various adult tissues including bone marrow, fat, umbilical cord 
blood, and term placentas. MSCs are known to preferentially migrate to tumor tissue, making 
them potentially useful drug delivery vectors to alter the immunological microenvironment of 
tumors [49]. In animal tumor models, MSCs have been genetically modified in diverse ways to 
effectively treat tumors. These include modification to produce immunostimulatory cytokines 
(e.g. IFN-α, IFN-β, IL-12) and T cell trafficking molecules such as LIGHT [50–53].

Both autologous and allogeneic MSCs have been used extensively in clinical trials for treating 
severe inflammatory disorders and certain degenerative conditions, and generally have an 
acceptable safety profile [54]. Autologous gene-modified MSCs have recently entered clinical 
trials for cancer [55]. It remains to be seen if MSCs and other tumor-targeting systems can 
effectively deliver pro-inflammatory agents to tumor tissue and improve sensitivity to clinical 
immune checkpoint blockers.
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Abstract

The present review summarizes the literature-acquired knowledge as well as author’s
own experience in conducting aero-allergen immunotherapy, particularly in subcutane-
ous route of administration (SCIT) of all modalities of respiratory allergy disease from
allergic rhinosinusitis, bronchial asthma to united airway disease. Because of the better
adherence resulting in appropriate efficacy in connection with satisfactory safety, the
author favours conventional schedules of subcutaneous route of therapeutic interven-
tion. Given the lack of specific biomarker in monitoring treatment course, the main control
mechanism of efficacy is the evaluation of quality of life using simple evaluation scale as
visual analogue scale or standardized respiratory allergy questionnaires. The future of
allergen immunotherapy should be focused on new routes of allergen administration
(e.g. oral, epicutaneous, intradermal, intralymphatic) and on the searching potential
biomarkers which could be objectively measured and easily accessible from body fluids
(blood, nasal secretion, sputum). The combination of estimated biomarkers obtained
from biological samples in conjunction with evaluation of quality of life could lead to the
generation of the overall satisfactory monitoring protocol.

Keywords: allergen immunotherapy, routes of administration, adjuvants, compliance,
future treatment

1. Introduction

Allergic diseases are considered as major global public health issue. Among them, respiratory
allergies represent 1 of 10 most common diseases of affluence. At present, IgE sensitization
to foreign proteins in the environment is rising up to 40% of the worldwide population,
especially in highly industrialized countries [1].  Only in the United States, prevalence of
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asthma reported in 2014 was 8.6% (6.3 million) and 7.4% (17.7 million) among children and
adults, respectively. Mortality on asthma in 2013 reaches 1.1 deaths per 100,000 of the United
States  population [2,  3].  At  least  similar  percentage rate  could be reported in European
countries also. Approximately, one-fifth of the world population suffers from upper respira-
tory allergies (hay fever, allergic rhinosinusitis).

Prevalence of asthma is still rising in many high as well as low income countries, likewise
impact of allergic diseases continue to grow. According to the World Health Organization
(WHO), the number of patients having asthma is 300 million, and with the rising trends, it is
expected to increase to 400 million, by 2025. Even though in majority of cases respiratory
allergies are not life-threatening diseases, it is necessary to say that patients with asthma and/
or other respiratory allergies have reduced quality of life [4] which is comparable to moderate
chronic coronary ischemia.

Asthma and allergic rhinosinusitis are linked by epidemiological, physiological, and patho-
logical characteristics. The genetic predisposition to develop IgE-mediated sensitivity to
common aero-allergens is the strongest predicting factor for the development of both diseases
[5]. Facts are supported by the concept of unifying the management of these disorders. The
united airway disease (UAD) hypothesis proposes that upper and lower airway disease, both
are manifestations of a single inflammatory process within the respiratory tract.

First-line treatment includes avoidance and minimization of exposure when possible. Medi-
cation, including antihistamines, bronchodilators, leukotriene inhibitors, and steroids, may be
used to reverse some of the symptoms of allergic reactions. Pharmacotherapy alone has no
effect on the progression of the disease and treatment has to be administered repeatedly as
long as symptoms prevail, which often means life-long [6]. It can be postulated that allergen
avoidance and pharmacotherapy alone cannot control the disease. Only allergen immuno-
therapy has the disease-modifying potential and should be included in the algorithm of
optimal therapeutic strategy.

Allergen immunotherapy is a form of parenteral (subcutaneous) or oral (sublingual) medica-
tion, designed to prevent or lessen an allergic reaction. Its mechanism of action is based upon
the body’s production of different antibodies to an antigen depending on how the antigen is
introduced into the body. Allergy immunotherapy induces immunological tolerance and
changes the course of disease. It is typically used in individuals after a trial of conservative
treatment, when avoidance and medications has been found to be inadequate.

In 2000, American College of Allergy, Asthma and Immunology (ACAAI) organized an
international conference “Immunotherapy in Allergic Asthma” where key board of the
meeting summarized that allergen immunotherapy is an effective treatment for allergic asthma
and also it prevents the early onset of asthma in children with allergic rhinitis. These conclu-
sions were subsequently confirmed by The Preventive Allergy Treatment (PAT) study pub-
lished in February 2002 [7]. The study concluded that pollen immunotherapy significantly
reduces the development of asthma in children with seasonal allergic rhinoconjunctivitis, and
also methacholine-induced bronchial hyper responsiveness was improved. Allergen immu-
notherapy can also prevent the development of sensitization to new allergens [8]. Active
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therapy resulted in a statistically significant reduction in rhinitis, conjunctivitis, and bronchial
reactivity, showed a reduction in the need for medication, a reduction in bronchial hyperres-
ponsiveness, and improvement in forced expiratory volume in 1 s (FEV1) [9].

Allergen immunotherapy does not cure allergies; immunotherapy aims to make a person less
sensitive to allergens. In some cases, allergic symptoms may be controlled to the point of
disappearance, allowing a person to avoid allergen reactions. Both forms of allergen immu-
notherapy (subcutaneous, sublingual) are used for the management of allergic rhinitis, allergic
conjunctivitis, and allergic asthma, however, subcutaneous administration route is used for
hymenoptera sensitivity only [10].

2. History of allergen immunotherapy

The first known historical remark about perception of immunity is dated to 430 B.C. when
Thucydides recorded “recovery from plague-endowed protection from repeated attacks” [11].
Other pre-Christian reference by Plinius described the “principle” of allergen-specific immu-
notherapy when King Mithridates VI from Pontos (132–163 B.C.) tried to protect himself
against poisoning. He had used increased doses of snake venom to make himself immune
against the toxin. Plinius did not report the result of such procedure [12].

The real development in immunological treatment started approximately at the end of
nineteenth and at the beginning of the twentieth century, but research was mostly orientated
on how to protect humans against infective diseases. Parallel with these trends, scientists as
Besredka, Pirquet, Dunbar, Holbrock-Curtis experimented with induction of “tolerance” by
administration of various sera (hyper immune animal sera, mixtures of various pollens) in
animal experiments as well as on treatment of human beings. However, due to significant side-
effects of treatment (including one report of death), procedures were discontinued [12].

In the year 2011, worldwide allergy-immunology community celebrated 100 years of allergen
immunotherapy, since the first successful use of this form of treatment by Leonard Noon (1878–
1913) at St. Mary’s Hospital in London in 1911. It is interesting to say that in 1928 in the same
hospital one floor above Alexander Fleming discovered penicillin, the first antibiotic which
has broad consequences for mankind.

Noon and Cantab published, in 10 June 1911 in Lancet [13], successful desensitization with
pollen extract (Phleum pratense). In this first use of parental immunotherapy, they administered
very low, increasing doses of the pollen extract by intradermal injections at intervals of 3–4
days. Following this therapy, the researchers demonstrated an improvement in hay fever
symptoms. They monitored the reactivity of their hay fever patient with conjunctival provo-
cation tests and observed that a single drop of highly diluted grass pollen extract prepared
according to Dunbar’s method was still sufficient to trigger a conjunctival reaction in sensitive
patients. Noon left his work for following hay fever seasons in hands of his colleague and close
friend John Freeman, while he knew his advanced tuberculosis would keep him from finishing
his work. In February 1913, only 2 years after the discovery, Leonard Noon died from florid
pulmonary tuberculosis at the age of only 35 [14].
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Noon’s immune-pathologic interpretation of possible mechanisms which was strongly
influenced by Dunbar’s thought was incorrect in claiming that the disease is caused by the
exposure to a toxin, present in pollen, which could even induce antitoxin when injected into
rabbits or horses. Administering little quantities of pollen extract to patients would actively
immunize them [15].

John Freeman (1877–1962) continued in pending work and he had published early results in
the same year 1911 [16]. After 3 years of treatment in 1914 (1 year after Noon’s death), he
summarized their results in the paper “Vaccination against hay fever: report of results during
the last three years” in the same medical journal [17].

On the opposite coast of the Atlantic Ocean, the pioneer publication concerning the allergen
immunotherapy appeared in 1913. George Cloves reported on the treatment of autumnal hay
fever by vaccination with aqueous extract of the pollen of ragweed. He concluded all eight
treated cases experienced improvement of general symptoms [18]. In 1915, Robert Cooke, the
founding director of one of the first allergy clinics in the United States: “The Institute of Allergy
Roosevelt Hospital, New York” published his own experience in Laryngoscope “The treatment
of hay fever by active immunization” [19].

In years 1918–1922, Robert Cooke introduced a suggested mechanism of action for allergen
injections as a “desensitization or hyposensitization,” analogous to tolerance achieved in
experimental anaphylaxis induced in animals. This concept suggested that the injections of an
increasing amount of allergen or antigen slowly neutralized those antibodies responsible for
the allergic reaction [11]. Cooke together with Mary Loveless have introduced the concept of
specific blocking antibody: “the development under treatment of a peculiar blocking or
inhibiting type of immune body that prevents the action of allergen on the sensitizing anti-
body” [20]. Twenty years later, Cooke confirmed his assumption that “serum factor” for
inhibition was most likely gamma globulin (IgG) in electrophoretic mobility studies in
ragweed-treated patients [21].

Next 30 years were strongly influenced by notable socio-economic disturbances as WWI, Wall
Street Crash, Great Depression, and WWII. One remarkable publication from that period
(1937), which has to be mentioned, was the report about depot allergenic vaccines for delayed
absorption: alum adsorption [22]. Aluminum adjuvants function as delivery systems by
generating depots that trap antigens/allergen at the injection site, providing slow release in
order to continue the stimulation of the immune system (see Chapter 4).

Negative historical conditions slowed down medical and scientific world, so the next impor-
tant event in the field of allergy was the first DBPC trial of grass pollen subcutaneous immu-
notherapy published by Alfred Frankland in 1954 in Lancet [23], which proved beyond doubt
that subcutaneous immunotherapy was effective. The adequate number of patients (200), the
exact description of randomization (four randomization groups), blinding, and of dropouts
makes this study even today being rated as of moderately high scientific quality [15]. In 1957
Douglas Johnstone published early results and in 1968 late results of the study which was
realized on the same group of paediatric patients. The research was focused on a preventive
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and dose–response effect of immunotherapy in terms of bronchial hypersensitivity and
development of asthma [24, 25].

At the 1987 meeting of the EAACI on Mallorca, 40 specialists formed a subcommittee on
immunotherapy and decided to create some guidelines for indications of allergen immuno-
therapy, monitoring of effect and side effect, practical information, and requirements for
allergen extracts. The new common guidelines would serve for all specialists not only in the
European countries, but also on a worldwide basis. So the first position paper was published
in 1988 as Supplement of Journal Allergy [26]. New insights into the pathogenesis of allergic
diseases and new publications on immunotherapy have called for its revision. Immunotherapy
position paper was introduced to public in 1993 [27].

In 1996 in the United States, AAAAI together with ACAAI published practice parameters for
allergen immunotherapy [28]. After the great discussion at the level of World Health Organi-
zation (WHO) and various allergy, asthma, and immunology societies throughout the world
specialists took the decision to prepare common guidelines and in 1998 WHO position paper
“Allergen immunotherapy: therapeutic vaccines for allergic diseases” was published [29].
Practice parameters for allergen immunotherapy in the United States were updated in 2007
and 2011 under the principal editor Linda Cox. In the preparation of these updates, the
comprehensive search of the literature, information from articles known to the authors were
considered. Published clinical studies were rated by category of evidence and used to establish
the strength of a clinical recommendation. Published updates represent an evidence-based,
broadly accepted consensus opinion [30, 31]. All these clinical guidelines are designed to assist
clinicians by providing a framework for the evaluation and treatment of patients and are not
intended to replace a clinician’s judgment or establish a protocol for all patients [31].

3. Mechanisms of subcutaneous allergen immunotherapy

WHO position paper defines allergen immunotherapy as the administration of gradually
increasing quantities of an allergen vaccine to an allergic subject, reaching a dose which is
effective in ameliorating the symptoms associated with subsequent exposure to the causative
allergen [29]. The ultimate goal of the therapy is to induce immune tolerance, a change in the
immune response to specific antigens so that discontinuation of the therapy results in sustained
long-lasting therapeutic benefits.

Allergen immunotherapy modifies the response to allergen exposure by inducing tolerance,
but the mechanisms by which immunotherapy mediates its anti-inflammatory effects remain
incompletely defined because of the use of heterogeneous medicaments, treatment protocols,
routes of administration, and outcome measures in different studies. However, several
common features emerge from the multiple studies show that allergen immunotherapy
modifies the responses of antigen-presenting cells, T-cells and B-cells, as well as both the
number and the function of effector cells. So allergen immunotherapy regulate regulate the
local and systemic allergic inflammation [32].
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Successful immunotherapy in respiratory allergy is associated with the immunodeviation of
Th2 response to a more protective allergen-specific Th1 cells and with the induction of IL-10-/
TGF-β-producing T regulatory cells in blood and also locally in inflamed airways. In subcu-
taneous route of administration (SCIT), allergen-specific T-cell proliferation has been reduced
because of peripheral tolerance mechanisms. Immunoregulatory activity of T regulatory cells
has been claimed to be the main mechanism for clinical efficacy of SCIT [33]. Production of
IL-10 and TGF-b from an expression of cytotoxic T-lymphocyte-associated protein-4 by T
regulatory cells have importance in immune regulation in SCIT.

3.1. Immunological processes

Four groups of immunological processes can be classified during the course of allergen
immunotherapy [34]:

3.1.1. Group 1

An initial event is desensitization of FcεRI-bearing mast cells and basophils by allergen. The
mechanism of this desensitization is not fully elucidated, although its major role is assigned
to a rapid upregulation of the histamine 2 receptor, which is a major suppressor of basophil
activation. At the beginning of treatment, decreases in mast cell and basophil activity, degra-
nulation and tendency for systemic anaphylaxis degranulation take place within the first
hours. Histamine 2 receptor strongly suppressed FcεRI-induced activation and mediator
release of basophils, including histamine and leukotriene sulphides, as well as cytokine
production in vitro [35].

3.1.2. Group 2

Second group represents generation of allergen-specific T and B regulatory cells and suppres-
sion of allergen-specific Th1 and Th2 cells. T regulatory cells are a diverse group of T cells that
are active in the regulation of immune responses, and allergen-specific T regulatory cells
(CD4+CD25+) have been demonstrated after allergen immunotherapy [36]. T regulatory cells
have distinct cytokine profiles other than Th1 and Th2 cells, are characterized by IL-10 and
TGF-β secretion capacity, and express suppressor molecules, such as cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) and programmed cell death protein 1 (PD-1) [37].

IL-10 is the leading cytokine, which in T regulatory cell/B cell interaction suppresses specific
IgE production. In addition, IL-10 induces specific IgG4 production. IgG4 and probably IgG1
compete with IgE on the surface of mast cells and basophils for allergen binding [37]. They
produce interleukin IL-10 and transforming growth factor TGF-β, and have the potential to
suppress local Th2 cell responses and redirect antibody class switching in favour of IgG4 (IL10
isotype switch factor), and IgA (TGF-β isotype switch factor) [5].

Allergen-specific IgG4 antibodies interrupt allergen presentation to Th2 cells and, in addition,
block allergen-induced activation of mast cells and basophils, thereby significantly weakening
the allergic reaction [5]. Although multiple factors contribute, it could be supposed that the
tolerant state of specific cells essentially results from increased IL-10 secretion [38]. IL-10
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particularly originates from activated and antigen-specific T regulatory and B regulatory cell
populations and increases during allergen immunotherapy as well as in natural allergen
exposure [39].

3.1.3. Group 3

These processes include regulation of antibody isotypes demonstrating an early increase in
specific IgE levels, which later decrease, and an early and continuous increase in specific IgG4
levels. Natural exposure to a relevant allergen is often associated with an increase in IgE
synthesis. Similarly, allergen immunotherapy often induces a transient increase IgE levels in
serum, followed by a gradual decrease over months or years of continued treatment [40].

Allergen immunotherapy decreases allergen-specific IgE production and promotes allergen-
specific IgG4 production, which competes with IgE by blocking the binding of allergens to
FcεRI on the surface of mast cells and basophils [41]. IL-10 reduces allergen-specific IgE
production through IL-4-induced IgE switching and enhances allergen-specific IgG4 produc-
tion by inducing IL-4-induced gamma 4 transcript expression [42]. Grass pollen SCIT has
reduced seasonal increases in serum allergen-specific IgE, whereas 60- to 80-fold increases in
allergen-specific IgG and 100-fold increases in allergen-specific, IgG4 have been observed [43].
Thus, measuring IgG4 levels could be a good indicator of clinical efficacy of AIT during
follow-up [44].

Mechanisms of innate immunity are also stimulated during the course of allergen immuno-
therapy. Human blood dendritic cells from allergic subjects have impaired IFN-α production
following toll-like receptor-9 (TLR9) dependent innate immune stimulation. Tversky et al. [45]
found out subcutaneous allergen immunotherapy resulting in a fivefold increase in IFN-α
production and thus increases dendritic cell TLR9-mediated innate immune function, which
is impaired in allergic subjects.

3.1.4. Group 4

The fourth group of events takes place after several months from the beginning of the
treatment and these processes are characterized with decreases in tissue mast cells and
eosinophils and release of their mediators. The phase is referred as the late-phase response
and is localized in the peripheral tissues such as mucous membranes of respiratory organs
(nose, bronchi) or in the skin. When comparing immediate reactions mediated by mast cells,
last-phase response involves activation of T cells and the recruitment, activation and persis-
tence of eosinophils at sites of allergen exposure. Chronic exposition to inhalant allergens
causes immunopathologic changes seen during the late-phase. Mucosal changes are associ-
ated with positivity of nasal and bronchial provocation tests and suggest the pathologic
conditions of chronic allergic inflammation. Van Bever and Stevens [46] postulated that
allergen immunotherapy may resolve and/or reduce the severity of the late-phase reaction in
treated children. Rak et al. reported reduction in plasma levels of eosinophil cationic protein,
a marker of eosinophil activation, and chemotactic factors for eosinophils and neutrophils
correlate with decreased bronchial hyperreactivity and clinical improvement [47]. After grass
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pollen allergen immunotherapy decreased eosinophil and mast cell infiltration in nasal and
bronchial mucosa correlates with an anti-inflammatory effect [48, 49].

3.2. Involved cells

When describing above mentioned immunological processes, the expected role of many
immunological cells can be deduced (Figure 1). All these cells are involved in regulatory
processes and might contribute to the control of allergen-induced immune responses.

Figure 1. Cells and processes during allergen immunotherapy. DC, dendritic cell; Treg, T regulatory cell; Th2, Th2 cell;
BC, B-cell; Eo, eosinophil; Ba, basophil; MC, mast cell; SCIT, subcutaneous allergen immunotherapy.

3.2.1. Antigen presenting cells (APCs)

APCs, particularly DCs, control both peripheral tolerance and immunity through the inter-
pretation of environmental signals that are associated with antigen encounter (such as
pathogen-associated molecular patterns). DCs in the airways control the pulmonary immune
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response and determine tolerance and immunity to newly encountered antigens. Several
studies support a role for DCs in the induction of T cells with a regulatory phenotype and
function, particularly IL-10-secreting T regulatory cells. These T regulatory cells are involved
in the inhibition of subsequent inflammatory response as well in protection against sensitiza-
tion to allergen and development of asthma in a mouse model, so T regulatory cells might be
important mediators of the beneficial action of allergen immunotherapy [32].

3.2.2. T cells

Allergen immunotherapy has been shown to modify T-cell responses to allergen in several
ways. The main role is in switching Th1/Th2 ratio by increasing the allergen-induced Th1
cytokines to Th2 cytokines [50]. In other way, allergen immunotherapy can induce epitope-
specific T-cell anergy, generate allergen-specific T regulatory cells that can suppress the
responses of effector T cells following delivery of either whole allergen extracts or synthetic
peptides that contain or consist of a T-cell epitope and increase the production of cytokines
with regulatory activity [51]. Regulatory T cells also play an important role in controlling
allergic inflammation. The transcription factor Foxp3 regulates the development and function
of natural and adaptive CD4(+)CD25(+) T regulatory cells. Radulovic et al. detected the
presence of local Foxp3(+)CD25(+)CD3(+) cells in the nasal mucosa, their increased numbers
after immunotherapy, their association with clinical efficacy and suppression of seasonal
allergic inflammation. In conclusion, they supported a putative role for T regulatory cells in
the induction of allergen-specific tolerance in human subjects [52].

3.2.3. B cells

It is now generally accepted that peripheral tolerance is essential for a normal immune
response and successful immunotherapy of allergic disorders. As seen above, the tolerant state
essentially results from increased IL-10 secretion by T regulatory cells. Similar to Th cells, B
cells can be classified into subsets according to the cytokines they produce. One functional B-
cell subset, B regulatory cells, has recently been shown to contribute to the maintenance of the
fine equilibrium required for tolerance. B regulatory cells control excessive inflammatory
responses through IL-10, which inhibits proinflammatory cytokines and supports T regulatory
cell differentiation [53]. IL-10 not only generates tolerance in T cells, but it also regulates specific
isotype formation and skews B cells specific response from an IgE to an IgG4-dominated
phenotype. In addition to IgE/IgG4 switching, recent studies have also provided evidence for
increases in the amount of TGF-β driven allergen-specific IgA following allergen immuno-
therapy, indicating that other B cell production (antibody classes) might contribute to clinical
efficacy [54].

3.2.4. Effector cells (mast cells, basophils, eosinophils) and indirect influences

Late-phase reaction involves the recruitment, activation, and persistence of eosinophils, mast
cells, and activation of T cells at sites of allergen exposure. It is usually associated with
increased bronchial and nasal hyper responsiveness and suggests the pathologic conditions
present in chronic allergic inflammation. It has been postulated that the effect of allergen
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immunotherapy on the late-phase reaction is relevant to its clinical efficacy [46]. After a few
months, a decrease in tissue mast cell and eosinophil numbers and release of their mediators
is observed, as well as a decrease in the late-phase response. These effects are partially
demonstrated in SLIT and are rather weak compared with those seen in SCIT [55].

In addition, allergen immunotherapy exhibits indirect inhibition of Th2 cell-associated
phenomena (such as mucus production, and endothelial cell activation and cellular influx) and
Th1 cell-associated phenomena (such as epithelial cell activation and apoptosis).

In conclusion, when comparing clinical significance of SCIT and SLIT, due to well-established
safety profile, SLIT is considered an alternative to SCIT [55]. However, immunologic mecha-
nisms of SLIT are less well-elucidated than those for SCIT. All potential mechanisms seem to
be similar in both forms of allergen immunotherapy—in induction of T-cell tolerance, gener-
ation of T regulatory cells, in the role of IL-10 and TGF-β as well as in the late-phase response
(decrease the presence of mast cells, eosinophils and release of their mediators). Furthermore,
subcutaneous administration in contrast to sublingual immunotherapy modifies the immune
response also in very early phase of desensitization, generates B regulatory cells and shows
clearly decrease in IgE and increase in blocking IgG4 [34].

4. Aluminium—basic adjuvant in subcutaneous allergen immunotherapy

Mineral adjuvant molecules such as calcium phosphate or aluminium hydroxide are broadly
used in human immunization as adjuvants in parenteral route of administration. While
aluminium salts are commonly included in vaccines against infectious pathogens with the aim
to elicit proinflammatory responses following activation of the inflammasome, in subcutane-
ous allergen immunotherapy, allergen extracts are adsorbed on aluminium hydroxide or
calcium phosphate as adjuvants in Europe, whereas in North America only soluble allergens
are used.

Like any vaccines, adjuvants to be associated with allergens are expected to allow simplifying
immunization regimens, and reaching efficacy faster and for a longer duration. Mechanisms
involved include both a depot effect (slow release of the allergen, formulation of the allergen
as particles to target antigen presenting cells) as well as interaction with the innate immune
system (activation of the inflammasome) [56].

Although allergy vaccines are usually well-tolerated, an additional expected benefit of
adjuvants in this field is to help lowering the allergen dose, thus improving the safety profile
with less local reactions to the site of administration. On the other side, none of commercially
available noninvasive sublingual products, which are considered as a safe and efficacious
alternative, contain any adjuvant. These vaccines are based on high-dose aqueous allergen
extracts presented either as drops or more recently as fast dissolving tablets or lyocs [57].

History shows that aluminum salts are being used as adjuvants in allergen immunotherapy
for many years. Aluminum is validated as safe adjuvant with few established side effects.
Biological potential of aluminum lays on its reactivity not only at injection site, but also
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elsewhere in the body. Aluminium hydroxide modifies the immune response to a range of
allergens and is generally used in multiple injections over extended time periods. Incidence of
adverse events increases more likely in the subsets of individuals predisposed to such
reactivity. Susceptibility to adverse events grows with the high body burden of aluminum, in
which allergen immunotherapy is the most probable source of the adjuvant molecule. But
neither the safety nor the toxicity of aluminum as adjuvant in subcutaneous allergen immu-
notherapy preparations have been confirmed [58].

Threshold values for foodstuffs established by authorities are regularly exceeded and alumi-
num compounds are routinely used as adjuvants in vaccinations. A big challenge for pharma
industry is to conduct clinical trials which confirm the benefit–risk relationship of long-term
use of aluminum as adjuvant in SCIT according to good pharmacovigilance practice. Long-life
time of accumulation of aluminum in every individual human body has undoubtedly the
potential to exert chronic toxic side effect, such as neurotoxicity. In the literature, one serious
disease, a neuromuscular disorder called macrophagic myofasciitis, is attributed to the persis-
tence of aluminium salts at injections sites in muscle [59].

However, there is still a lack of studies examining the possible relationship among the
development of such diseases, which may have a latency period of many years after the
application of SCIT. Predisposing an individual to an unnecessary high body burden of
aluminium should be avoided and could reasonably be considered [60]. Adverse events
associated with aluminium adjuvants in allergen immunotherapy could be also connected
with other more common conditions such as chronic fatigue syndrome or and autoimmune
diseases [61]. More common but less critical are local reactions, such as discolouration of skin,
urticaria, foreign body granulomas, subcutaneous sarcoidosis, progressive circumscribed
sclerosis, subcutaneous nodules, and pseudo-lymphoma. When indicating subcutaneous
route of administration, we have to consider aluminium as strong potent adjuvant in stimu-
lating or modifying immunity. However, on the other side, the toxicity, antigenicity, and in a
long-term possible body burden of aluminium have to be considered.

The other potent adjuvant used in subcutaneous allergen immunotherapy is calcium phos-
phate. Many studies have compared the effects and adverse effects of immunologic adjuvants,
and in most studies, it was reported that allergen immunotherapy that contained calcium
phosphate causes fewer reactions [62]. Nacaroglu et al. reported no association between
adjuvant content and the incidence of adverse effects. They also concluded that the frequencies
of local and wide local reactions during SCIT were lower than expected, and although systemic
reactions were frequently seen, no fatal reaction was observed in the published study. House
dust mite SCIT and multiple allergen use increased the risk of reaction [63].

5. Treatment protocols in subcutaneous allergen immunotherapy

Although allergen specific immunotherapy represents the only immune-modifying and
curative option available for patients with respiratory allergy, the optimal schedule for specific
subcutaneous immunotherapy is still unknown. All injections are given in the doctor’s surgery,
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because there is a small risk of inducing allergic reactions, which can become severe or even
life-threatening if not treated promptly and appropriately. Two major groups of parenteral
treatment courses are used in clinical praxis: intermittent (pre-seasonal) or continual (year-
long) course.

Intermittent treatment course is considered as pre-seasonal treatment with pollen allergens
(trees or grasses). The allergens are prepared by conversion into allergoids by treatment with
glutaraldehyde and are adsorbed onto L-tyrosine. The course should be completed before the
onset of the tree/grass pollen season. The three graduated doses constitute a complete dose for
1 year and can be followed by the pre-seasonal extension injections with three highest-dose
vials for continued clinical improvement. It is recommended that the treatment course should
be given in each of 3 successive years [64, 65].

Continuous all-year courses are used in the treatment of allergy to pollens, dust mites, moulds,
animal epithelia as well as in the treatment of insect venom allergy (bee/wasp). Duration of
such course lasts from 3 to 5 years and the course is divided into a build-up and a maintenance
phase. In the initial (build-up) phase, four administration schedules of immunotherapy have
been reported: conventional and three accelerated (cluster, rush, and ultra-rush) schedules
(Table 1). Conventional subcutaneous immunotherapy for allergy treatment needs one
injection per week. The duration of the conventional build-up phase varies but typically ranges
from 3 to 8 months to reach the maintenance dose. Maintenance treatment continues at constant
dosing and in the case of airway allergy, the duration of all treatment should be at least 3 years
[66, 67].

Conventional Cluster Rush Ultra-rush

Time consumption 1 injection/week 2–3 injection/

week 

2–3 full days 1 full day (+night)

Build-up phase  14–25 weeks 6 weeks 2–3 days 1 day

Arrangements  Check after 20 min Check after 30

min 

Premedication/2–3

consecutive day stay

Premedication/day stay (or

+ overnight)

Table 1. Administration schedules of subcutaneous allergen immunotherapy.

Accelerated immunotherapy build-up schedules allow the patient to achieve the benefits of
immunotherapy more rapidly, as the maintenance dose is reached sooner. Shorter up-dosing
schedules are desired, provide earlier clinical improvement and improved convenience,
though they introduce increased risk of adverse reactions. However, many cluster schedules
have similar adverse reaction rates to conventional schedules, and premedication significantly
decreases side effects. Additionally, there may be cost savings by reduced patient visits and
medication requirements [68]. To assess the safety of cluster SCIT, meta-analysis showed that
no differences existed in the incidence of either local adverse reaction or systemic adverse
reaction between the cluster group and control group. Based on the current limited evidence,
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this meta-analysis could not conclude affirmatively that cluster subcutaneous immunotherapy
was a safe and efficacious option for the treatment of patients with allergic rhinitis [69].

It is important to conclude that accelerated build-up schedules have advantages over conven-
tional schedules. They bring better compliance, cost effectiveness, and a reduction in dosage
errors since most patients can reach the maintenance dose in shorter time. The introduction of
premedication provides a safety profile similar to that of conventional schedules [70–72]. But
main decision in favouring the treatment course lies on the clinician who is the only responsible
person also in considering possible side effect of preferring the route of administration and
the chosen protocol.

At present, it is also unclear whether subcutaneous or sublingual allergen immunotherapy has
better outcomes. Subcutaneous protocols seem to be more effective in reducing symptoms for
dust mites and grass allergy, but no one could declare any conclusive evidence of superiority
of SLIT or SCIT because of a lack of true head-to-head studies. However, trend has favoured
SCIT as more effective therapy [73].

6. Future of subcutaneous allergen immunotherapy

Recent research of the cellular and molecular basis of allergic reactions has advanced contem-
porary understanding of the mechanisms involved in allergic diseases. Newly discovered
mechanisms have also helped the development of innovative approaches that are likely to
further improve the control of allergic responses in the future. Only allergen immunotherapy
induces immunological tolerance and changes the course of disease. Novel vaccines should
meet increasing needs for reduction in adverse effects, costs, and duration of treatment [74].
The vaccines have to induce long-term tolerance to allergens.

The efficacy of allergen immunotherapy for the treatment of respiratory allergy (allergic
rhinoconjunctivitis with or without bronchial asthma) has been clearly demonstrated in
numerous well-designed, placebo-controlled trials. One of the most important studies was the
PAT study. PAT study was conducted on children with allergic rhinoconjunctivitis and
followed for 10 years with asthma development as the primary outcome. It showed that three
years of continuous subcutaneous allergen immunotherapy reduced the risk of developing
asthma in comparison to the control group. The difference was maintained at follow-up after
10 years [75].

All preparations that are currently available (standardized extract, allergoids, and recombinant
allergen) may trigger side effects. A higher risk is detected in subjects with accelerated dosing
schedules, and in subjects with asthma [76]. Contemporary research which is focusing on
different administration modalities includes epicutaneous and intralymphatic route of
administration of allergen extracts. Both novel strategies showed similar efficacy in the
treatment of grass pollen allergy. Results gathered from recent studies have shown less demand
on numbers of shots as well as on less total dose of allergen [77, 78].
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Other way for enhancing desirable immune response of allergens is the biological modification
of allergen preparations. Modification can be achieved using recombinant technology resulting
in modified proteins and peptides [74]. Such peptide-based allergen preparations which do
not bind IgE, induce increase in Il-10 and so consequently reduce the activity of mast cells as
well as the modulation of synthesis Th1 and Th2 cytokines [79].

Novel adjuvants, i.e. nucleotide immunostimulatory sequences derived from bacteria CpG or
monophosphoryl lipid A could be an alternative strategy in potentiating Th1 response of
subcutaneous allergen immunotherapy [79]. The addition of TLR agonists as adjuvants, their
use by themselves (TLR4, 8, 9), allergens coupled to virus-like particles or to hepatitis B PreS-
fusion peptide also have shown some benefits in the novel treatment strategies [73, 75].

Additive effect to the allergen immunotherapy in the treatment of allergic rhinitis and asthma
could be achieved by administration of anti-IgE recombinant humanized monoclonal anti-
body—omalizumab. Omalizumab which blocks the effects of IgE, improves efficacy, potenti-
ates immuno-modifying effect, and decreases adverse effects when administered along with
allergen immunotherapy. Although the cost of the combination of immunotherapy with anti-
IgE treatment is high, this should be considered in view of the enhanced benefit/risk ratio and
the known long-term benefits of allergen immunotherapy [79].

7. Author’s remarks

Subcutaneous allergen immunotherapy seems to be more effective, but still there is lack of true
head-to-head studies, favouring it as more effective therapy over sublingual treatment.
Accelerated build-up schedules have advantages over conventional schedules due to better
compliance, cost effectiveness, and a reduction in dosage errors since most patients can reach
the maintenance dose in shorter time. Even though final decision in favouring the treatment
course lies on the clinician who is the only responsible person also in considering possible side
effect of preferring the route of administration and the chosen protocol.

The author favours conventional schedules of subcutaneous route of therapeutic interventions.
Possibly, such view on the treatment process looks very conservative and from the perspective
of contemporary knowledge described above, could be “scientifically” unpopular. When
starting the treatment process in our office physician provides the patient with an example
that “Gaining lean body weight or training for muscle gain is a slow process that takes months
and years rather than days and weeks” and so the most efficient treatment with minimum risk
lies on application in subcutaneous form and under the conventional schedules.

Other argument using SCIT opposite to SLIT is the personal experience that almost no one
(mostly out of season) takes drops/tablets regularly, so the maximal dose-related effect could
not be expected. The idea of such non-compliance in common patient community in contrary
to patient community underwent the trial treatment with regular follows-up are indirectly
confirmed by information obtained from IMS reports (personal communication). Data from
IMS reports show the decrease in selling SLIT drugs in the period out of season.
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Given the lack of specific biomarker in monitoring treatment course, the main control
mechanism of efficacy is the evaluation of quality of life using simple evaluation scale as
visual analogue scale (VAS) or standardized respiratory allergy questionnaires. In evalua-
tion of quality of life-treated patients modified VAS-like questionnaire is used since 2015.
Multiple “umbrella” shaped visual analogue questionnaire is not one-parametric as visual
analogue scale, but it is not as complicated as many allergy-specific questionnaires either
[80].

Allergen upload for 1-year treatment is determined in 10–12 injected doses (one injection in
every 4–6 weeks recommended in SPCs). When patient forgets to keep advised dosing due to
personal non-compliance, he is kindly asked to hold the regular visits on the ground of
reaching highest efficacy after three to five year lasting treatment. It shows us good results of
indicated treatment as seen in evaluation of QoL questionnaires after finishing the treatment
course (unpublished data).

8. Conclusion

The presented review summarizes the literary-acquired knowledge as well as author’s own
experience in conducting aero-allergen immunotherapy, particularly in subcutaneous route of
administration for all modalities of respiratory allergy disease from allergic rhinosinusitis,
bronchial asthma to united airway disease. Because of appropriate efficacy in connection with
satisfactory safety the author favours conventional schedules of subcutaneous route of
therapeutic intervention.

The future of aero-allergen immunotherapy should be focused on new hypoallergenic
molecules/adjuvants, on new routes of allergen administration and on searching potential
biomarkers which could be objectively measured and easily accessible from body fluids (blood,
nasal secretion, sputum). The combination of estimated biomarkers obtained from biological
samples in conjunction with evaluation of quality of life could lead to the generation of the
overall satisfactory monitoring protocol. Due to enormous overload seen in the scientific
literature, it seems that ongoing research in the field of allergen immunotherapy will bring
even brighter future.
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Abstract

Vitamin B12 is a water-soluble vitamin and an important micronutrient with critical role 
in DNA, protein, and lipid synthesis. It is responsible for one-carbon metabolism and 
cell division of nervous and hematopoietic cells. Among its various functions, the role 
as immunomodulator in cellular immunity, especially in elevating the number of CD8+ 
cells and NK cells, attracts scientific interest. Many alternative anticancer and anti-inflam-
matory treatments involve the use of B12 together with other vitamins and nutrients, 
but still the scientific information is too obscure and insufficient. Controversial data link 
tumorigenesis with either increased or decreased B12 blood levels in different types of 
cancer. Dietary intake and additional supplement with the vitamin do not protect against 
cancer risk, but the dominant opinion is to integrate B12 as part of rational and healthy 
nutrition to ensure proper function of the immune system. This chapter will review in 
brief the most important facts for vitamin B12 functions and properties. We will try also 
to present in concise way the human immune system and the exact role of B12 in immune 
activity with emphasis on the questionable participation of vitamin B12 in the process of 
carcinogenesis and its significance as anticancer immunotherapy.

Keywords: vitamin B12, immunonutrition, immunomodulation, immunotherapy, 
tumorigenesis, cancer, inflammation

1. Introduction

Cancer is the final outcome of uncontrolled overgrowth of normal cells. Cancer cells remain 
insensitive to antiproliferative signals and apoptosis. As a result, they replicate, proliferate, 
and invade infinitely and aggressively. Although the genetic events are thought to be the most 
important in the process of carcinogenesis, other factors can facilitate abnormal cell develop-
ment. For many years, inflammation and anti-inflammatory response were widely associ-
ated with malignancy [1, 2] and recognized as major elements that trigger  carcinogenesis. 
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Extended inflammation, especially in chronic infections, predisposes to cancer, but still the 
mechanism(s) involved is (are) not definitely known. Usually all inflammatory processes 
are followed rapidly by anti-inflammatory defense response—excessive production of pro-
inflammatory signals (mediators) and reactive oxygen and nitrogen species. The pro-inflam-
matory mediators (cytokines, chemokines, and eicosanoids) may stimulate proliferation of 
both untransformed and tumor cells [2]. The reactive oxygen and nitrogen species lead to oxi-
dative stress and damage of macromolecules, especially DNA to increase the risk of genetic 
mutations and tumorigenesis [3].

A continuously increasing number of microelements, vitamins, and mineral salts are reported 
to modulate the immune response and counter the inflammation and cancer, when taken as 
part of the healthy diet or as nutrient supplements. This concept is becoming more and more 
popular and nowadays is widely accepted and known as immunonutrition—an important 
part of each healthful dietary regime and immunotherapy approach. Immunonutrition means 
“modulation of the activities of the immune system, and the consequences on the patient of 
immune activation, by nutrients or specific food items fed in amounts above those normally 
encountered in the diet” [4]. Many formulations and routes of administration have been tested 
but with inconsistent results. Arginine, glutamine, omega-3 fatty acids, nucleotides, copper, 
selenium, zinc, vitamins of group B, C, and E are the most popular immunonutrients used 
alone or in different formulas. Among them, vitamin B12 attracts a great proportion of both 
scientific and wide public interest, because of its complex biological function. Unfortunately, 
as for the other promising immunonutrients, the real scientifically based information is too 
obscure or even missing. In the current work, we will try to summarize the available data and 
to elucidate the true implication of vitamin B12 in the proper function of the immune system 
and in the inflammatory response.

2. Vitamin B12: a miraculous molecule or a modern falsification

2.1. Chemical structure of vitamin B12 (cobalamin)

Vitamin B12 (cobalamin) is a water-soluble vitamin. It is the largest (molecular weight > 
1000 g) and the most complex vitamin [5]. The chemical structure of B12 consists of a cobalt 
atom and four pyrroles in the center of corrin ring bound to a nucleotide part (ribose)—5,6- 
dimethylbenzimidazole (Figure 1) [6].

Cobalamin (Cbl) has the ability to bind to various functional groups. When the group is cya-
nide, it is called cyanocobalamin—represents the most stable active form of vitamin B12 and 
the most popular synthetic form. Other active forms in the human body are 5-deoxyadenosyl-
cobalamin—with 5ʹ-deoxyadenosine; methylcobalamin—with methyl group; and hydroxoco-
balamin—with hydroxyl group [6, 7].

2.2. Food sources of vitamin B12

The main dietary sources of vitamin B12 are animal foods—meat, liver, fish, and dairy prod-
ucts. It is also found in cobalamin-synthesizing bacteria and oysters. Plant foods do not contain 
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vitamin B12 [8]. Some authors disagree with this fact [9, 10], but recent studies have shown 
that plant cell has the ability to produce only similar to B12 compounds (called pseudo-B12), 
which compete with B12 for the same cellular receptors, i.e., prevent normal physiological 
absorption of B12 [11].

2.3. Metabolism of vitamin B12

In the human body, cyanocobalamin is easily hydrolyzed to hydroxocobalamin. After the 
hydrolysis, it is converted to one of the two active forms—methylcobalamin or adenosylco-
balamin (also known as coenzyme B12) [12]. Both forms act as enzyme cofactors.

Vitamin B12 is involved in two main enzymatic reactions. The first reaction, involving meth-
ylcobalamin, is remethylation of amino acid homocysteine to methionine and is catalyzed 
by methionine synthase (Figure 2) [9, 11, 13]. In this reaction, 5-methyltetrahydrofolic acid 
participates as a methyl group donor, while cobalamin is only an intermediate acceptor of 
the group.

In cobalamin deficiency, the synthesis of methionine is impaired and toxic amino acid homo-
cysteine accumulates [11]. Vitamins B12, B6, and B9 are working together to control the levels 
of homocysteine in the blood (Figure 2). Homocysteine acts as a neurotoxin and as a toxin for 
the blood vessels increasing the risk of cardiovascular disease. In the laboratory diagnostics, 
high level of homocysteine is one of the signs of B12 deficiency [14].

The synthesis of methionine also produces tetrahydrofolic acid, which is essential for a num-
ber of folate-dependent reactions [11, 15], such as DNA synthesis [16]. The loss of this function 
is demonstrated in individuals with vitamin B12 deficiency, which explains why cobalamin 
deficiency often mimics folic acid deficiency.

The second enzymatic reaction requires adenosylcobalamin, which is located in the mito-
chondria and acts as coenzyme for methylmalonyl-CoA mutase [11, 17]. Methylmalonyl-CoA 
mutase catalyzes conversion of methylmalonyl-CoA to succinyl-CoA (Figure 2), an important 
metabolite in the Krebs cycle [16] and essential factor for the degradation of odd-chain fatty 
acids. In individuals with B12 deficiency, the activity of methylmalonyl-CoA mutase is dam-

Figure 1. Chemical structure of cyanocobalamin.
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aged, and as a result, the levels of methylmalonic acid (MMA) in the body increase [11, 18]. 
The demonstration of elevated levels of MMA in urine or blood is a diagnostic sign of B12 
deficiency too [14].

2.4. Digestion and absorption of vitamin B12

Simultaneously, with the digestion of animal products, vitamin B12 reaches the stomach. 
Under the action of the low pH (HCl) and pepsin, cobalamin is separated from the proteins 
to which it is connected in the food [19]. Then, it is associated with R-binders (or haptocor-
rins, transcobalamin I, R-factors)—glycoproteins secreted from the stomach cells and sali-
vary glands. Their role is to protect vitamin B12 from chemical denaturation in the stomach 
(Figure 3) [19].

The intrinsic factors (IFs) have the main role in the vitamin B12 transport. IFs represent 
stomach-specific glycoproteins secreted by the stomach parietal cells and are essential for 
the absorption of B12 from the intestinal lumen into the bloodstream [17, 21]. Some genetic 

Figure 3. Absorption mechanism of vitamin B12 (based on Ref. [20]). Cobalamin (Cbl) is released from the food in the 
stomach, where it competes with the intrinsic factor (IF) to bind the R-factors. In duodenum R-factors are proteolytically 
degradated by pancreatic enzymes and released Cbl from the complex. IF and Cbl form a complex (IF-Cbl) which moves 
to the ileum and binds ileum receptors. The cells of the ileum absorb Cbl. Finally, Cbl binds to transcobalamin II (TC II), 
which delivers the complex to cells outside the intestinal tract.

Figure 2. Metabolism of cobalamin (vitamin B12) in humans.
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defects or pathological changes in gastric and intestinal mucosa may lead to a deficiency of IF, 
in which case the transport of vitamin B12 is impeded and deficiency is present [17].

In circulation, B12 binds to other protein—transcobalamin II (TC II) [22], which ensures the 
transport to the liver, where the vitamin is stored for short time and finally is released and 
transported by the transcobalamin I to other tissues in the body. The excess vitamin B12 is 
stored for several hours in the liver without forming deposits (in contrast to fat-soluble vita-
mins) and is excreted in the urine.

2.5. Functions of vitamin B12 in the human body

The important reactions involved in the metabolism of vitamin B12 define its crucial role in a 
series of body processes. The main functions of vitamin B12 are summarized as follows [23]:

1. It carries and delivers methyl group to other molecules (including DNA and neurotrans-
mitters). In this way, it has a significant role in cell division.

2. Vitamin B12 has activity as a coenzyme in many enzymatic reactions.

3. It participates in the synthesis of porphyrins, which are an important component of 
hemoglobin.

4. Together with folic acid, it is involved in the synthesis of red and white blood cells.

5. Without vitamin B12 folic acid cannot be absorbed and remains “trapped” in the intestinal 
wall (this is the reason why vitamin B12 deficiency causes the same symptoms as folate 
deficiency).

6. It supports the iron activity in the body and is involved in the synthesis of choline.

7. Vitamin B12 is necessary for reproduction and stability of DNA and RNA.

8. It helps the metabolism of vitamin A and more particularly absorption of carotene.

9. Vitamin B12, together with vitamin B6, facilitates the conversion of amino acids into hor-
mones and neurotransmitters.

10. It supports the myelin sheath around nerve structures, working together with folic acid.

2.6. Causes of B12 deficiency in humans

Vitamin B12 deficiency is a common diagnosis, especially in older people [24]. Often the defi-
ciency is due to mutations in the genes encoding important proteins in cobalamin metabo-
lism, diet (vegetarian, vegan diet), and reduced production of stomach acids that are needed 
for the absorption of vitamin B12 [11, 23]. Other common causes are pernicious anemia 
(malabsorption of vitamin B12); atrophic gastritis; gastrectomy; Zollinger-Ellison syndrome; 
intestinal diseases, especially of the ileum (celiac disease, Crohn’s disease, ileitis); pancreatic 
insufficiency; parasitism; bacterial overgrowth; medicament use (antiepileptic agents, proton 
pump inhibitors, histamine receptor antagonists, metformin, antibiotics); diabetes mellitus; 
renal insufficiency; smoking; and alcohol abuse.
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Traditionally, the vitamin B12 deficiency is considered to be accompanied by low levels of B12 
in the serum (or plasma) of the patient. This fact is disputed by some authors who believe that 
a significant proportion of people with normal or high levels of vitamin B12 actually have a 
deficiency [14, 19, 25].

The lower levels of vitamin B12 in serum are often used to assess the state of the vitamin, but 
this approach generates a high rate of false-negative results. A number of studies have shown 
that holotranscobalamin (the complex between transcobalamin II and vitamin B12) may be 
more reliable indicator of the status of vitamin B12 [14]. The holotranscobalamin binds only 
20–30% of vitamin B12 circulating in the blood but is responsible for delivery to the cells and 
is considered to be the functionally important fraction. Therefore, testing for it can identify 
low vitamin B12 status before the total serum vitamin B12 levels drop.

The increase in homocysteine and methylmalonic acid (MMA) in the plasma is also sensitive 
indicators of the status of vitamin B12. The levels of plasma homocysteine may also elevate in 
folic acid or vitamin B6 deficiency, but the increase in MMA always indicates a poor status of 
vitamin B12 (the only other reason that explains the increased levels of MMA is renal insuf-
ficiency). MMA is considered the most representative marker for vitamin B12 deficiency, but 
the low accessibility of the assay in laboratory practice reduces its clinical utility [14].

2.7. Vitamin B12 excess

Whereas vitamin B12 deficiency has been studied intensively, the reverse situation—abnor-
mal high levels—is rarely discussed in the literature. High plasma levels (when not associ-
ated with exterior supply) refer in all cases to some alteration in the metabolism of vitamin 
B12—either increased synthesis or decreased clearance of B12-binding proteins. In a routine 
blood tests, elevated levels of B12 are found in approximately 8–15% of patients referred for 
the measurement [26, 27]. The significance of this fact still needs to be clarified and linked to 
clinically important outcomes.

3. The immune system: how it works?

The immune system is a complex of cells, tissues, and organs that are specialized in defend-
ing against foreign agents. It is a remarkable defense mechanism and makes rapid, specific, 
and protective response against the innumerable potentially pathogenic microorganisms. The 
immune system also has a role in rejection of tumors.

3.1. Immune cells and organs

Cells of immune system are formed from pluripotent hematopoietic stem cells, capable of 
self-renewal and differentiation into lymphoid and myeloid progenitor cells. Lymphoid pro-
genitors differentiate into T cells, B cells, and natural killer (NK) cells. Myeloid progenitors 
differentiate into monocytes and macrophage, granulocytes (eosinophils, basophils, and neu-
trophils), and other cell types.
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In the primary lymphoid tissues (thymus and bone morrow), lymphocytes develop and 
mature to a stage at which they are able to respond to a pathogen. T and B lymphocytes both 
originate from lymphoid precursors in the bone morrow, but whereas B cells complete their 
maturation in the bone marrow, before entering the circulation, T cells leave the bone marrow 
at an immature stage and migrate to the thymus where they mature [28].

In the secondary lymphoid tissue (lymph glands, lymphatic vessels, spleen, and mucosa-
associated lymphoid tissue), mature lymphocytes become stimulated to respond to invading 
pathogens [28]. The main function of lymph nodes is to trap antigens that flow into them via 
afferent lymphatic and to provide place for clonal expansion of lymphocytes. The spleen is 
the lymphoid organ that serves as filter for the blood to remove damaged or senescent red 
cells and protect against blood-borne pathogens. Splenic macrophages and dendritic cells 
grab the microorganisms and microbial products in the blood and then stimulate the T and 
B cells that arrive in the spleen from the blood. The thymus is an organ that lies behind the 
breast bone and where the T lymphocytes mature.

3.2. Innate and adaptive immunity

In regard to its function, the immune system is divided into two major components: innate 
immunity and adaptive immunity.

The innate immune response occurs rapidly and can generate effective mechanisms that start 
rapidly after the infection. The innate immune system consists of physical barriers such as 
the skin, chemical and microbiological barriers in the mucous membranes, phagocytic cells, 
and soluble factors [29]. The cells of the innate immunity are phagocytic cells (neutrophils, 
monocytes, macrophage), cells that release inflammatory mediators (mast cells, basophils, 
and eosinophils) and NK cells [30].

Neutrophils are the first line of defense in the body. They are recruited at the site of infection 
immediately after the invasion of a foreign antigen.

Monocytes are leucocytes that circulate in the blood and travel to tissues where they mature 
into macrophages able to engulf dead cells or invading pathogens [28]. After exposition to 
inflammatory stimuli, macrophages secrete cytokines such as tumor necrosis factor (TNF), 
interleukins (IL), leukotrienes, and prostaglandins. All these molecules increase vascular per-
meability and recruit inflammatory cells [31].

Eosinophils can kill large pathogens which cannot be phagocytized, while basophils and 
mast cells are implicated in the regulation of the immune response to parasites [28]. These 
cells play substantial roles in the induction of allergic inflammatory responses too. Mast cells 
and basophils can produce cytokines such as ILs, granulocyte-macrophage colony-stimu-
lating factor, and TNF which are important for late consequences in allergic inflammatory 
responses [32].

Natural killer (NK) cells have the morphology of lymphocytes, but they do not bear specific 
antigen receptors [29]. NK cells are important in the defense against viral infection by killing 
infected cells and secreting of cytokines that hamper viral replication [28].
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Soluble factors include the complement, acute-phase proteins, and cytokines [30]. Complement 
represents a key component of the innate immunity. It is composed of more than 40 proteins 
and produced mainly by the liver. It is a cascade of soluble proteins and membrane-expressed 
receptors and regulators, which operates in plasma, on cell membranes, and within cells [33]. 
The main roles of the complement activation are (1) opsonization of microbes and promoting 
phagocytosis, (2) triggering of inflammation process after diffusion of complement compo-
nents away from the site of activation, (3) elimination of large immune complexes from the 
blood, and (4) membrane rupture of foreign cells.

Acute-phase proteins are a class of plasma proteins that include C-reactive protein, serum 
amyloid A protein, proteinase inhibitors, and coagulation proteins. They enhance the resis-
tance to infection and support the repair of damaged tissue [30].

Cytokines are chemical messengers secreted by one cell to modify its own behavior or the 
activity of other cells. Cytokines that are produced by leucocytes and affect other white cells 
are named interleukins. Chemokines have chemoattractant activity and colony-stimulating 
factors cause differentiation and proliferation of stem cells. Interferons are a major class of 
cytokines which have antiviral activity [29].

The soluble factors are important in engaging monocytes, macrophages, and neutrophils in 
the phagocytosis [34], during which the foreign agents are destroyed by lysosomal enzymes, 
acidic pH, and radical attacks.

The second line of defense against a pathogen is the adaptive immunity, which takes several 
days to fully develop. Adaptive immune responses involve the proliferation of T and B lym-
phocytes after expressing on their surface of antigen-specific receptors.

B cells secrete immunoglobulins—the antigen-specific antibodies responsible for eliminating 
extracellular bacteria.

T cells help B cells to make antibody and can eradicate intracellular pathogens by activating 
macrophages and killing infected cells. Mature T cells display different surface markers and 
have different roles in adaptive immunity: cytotoxic T lymphocytes (also named CD8+ T cells) 
directly attack and kill infected or tumor cells; helper T lymphocytes (also named CD4+ T 
cells) send signals (cytokines) to other types of immune cells (CD8+ T cells); and regulatory T 
cells, called suppressor T cells, suppress the immune response [28].

Innate immunity and adaptive immunity interact and work together to eliminate pathogens 
and to protect the body from infection and disease.

4. Vitamin B12 as immunomodulator

4.1. Specific role of vitamin B12 in immune system functioning

Vitamin B12 plays a crucial role in the proper functioning of immune system. Methionine 
synthase, which uses methylcobalamin as a cofactor, is essential for the synthesis of purines 
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phagocytosis, (2) triggering of inflammation process after diffusion of complement compo-
nents away from the site of activation, (3) elimination of large immune complexes from the 
blood, and (4) membrane rupture of foreign cells.

Acute-phase proteins are a class of plasma proteins that include C-reactive protein, serum 
amyloid A protein, proteinase inhibitors, and coagulation proteins. They enhance the resis-
tance to infection and support the repair of damaged tissue [30].

Cytokines are chemical messengers secreted by one cell to modify its own behavior or the 
activity of other cells. Cytokines that are produced by leucocytes and affect other white cells 
are named interleukins. Chemokines have chemoattractant activity and colony-stimulating 
factors cause differentiation and proliferation of stem cells. Interferons are a major class of 
cytokines which have antiviral activity [29].

The soluble factors are important in engaging monocytes, macrophages, and neutrophils in 
the phagocytosis [34], during which the foreign agents are destroyed by lysosomal enzymes, 
acidic pH, and radical attacks.

The second line of defense against a pathogen is the adaptive immunity, which takes several 
days to fully develop. Adaptive immune responses involve the proliferation of T and B lym-
phocytes after expressing on their surface of antigen-specific receptors.

B cells secrete immunoglobulins—the antigen-specific antibodies responsible for eliminating 
extracellular bacteria.

T cells help B cells to make antibody and can eradicate intracellular pathogens by activating 
macrophages and killing infected cells. Mature T cells display different surface markers and 
have different roles in adaptive immunity: cytotoxic T lymphocytes (also named CD8+ T cells) 
directly attack and kill infected or tumor cells; helper T lymphocytes (also named CD4+ T 
cells) send signals (cytokines) to other types of immune cells (CD8+ T cells); and regulatory T 
cells, called suppressor T cells, suppress the immune response [28].

Innate immunity and adaptive immunity interact and work together to eliminate pathogens 
and to protect the body from infection and disease.

4. Vitamin B12 as immunomodulator

4.1. Specific role of vitamin B12 in immune system functioning

Vitamin B12 plays a crucial role in the proper functioning of immune system. Methionine 
synthase, which uses methylcobalamin as a cofactor, is essential for the synthesis of purines 
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and pyrimidines in all cells, including fast-dividing immune cells. Several studies (both in 
man and on animal models) have reported the exact function of vitamin B12 in the immune 
response.

B12 deficiency leads to a low number of lymphocytes and impairs the activity of NK cells 
(the most important for destroying cancer cells) [35]. More specifically, CD8+ cells are 
decreased in patients with B12 deficiency anemia when compared to control population. 
Although the total number of CD4+ lymphocytes remains the same, the proportion of CD4+ 
is significantly elevated in such patients, and hence an abnormally high CD4/CD8 ratio is 
detected. A considerably suppressed NK cell activity was also noted in humans with B12 
deficiency [35], as well as a decrease in the spleen NK activity was observed in rats on B12-
deficient diet, although this effect was not statistically significant in the thymus or axillary 
nodes [36].

Intramuscular injections with B12 (under the form of methylcobalamin) in newly diag-
nosed B12-deficient patients completely restore the production of CD8+ T lymphocytes, the 
abnormally increased CD4/CD8 ratio, the CD3−CD16+ and CD16+CD57+ count (which pos-
sess strong NK cell activity), and hence the NK cells activity [35]. In contrast, serum lev-
els of immunoglobulins are not affected by vitamin B12 deficiency or supplementation [35]. 
Intramuscular administration of cyanocobalamin in patients with pernicious anemia and low 
serum levels of vitamin B12 (three to ten times lower than reference level) increases the num-
ber of CD8+ and decreases CD4/CD8 ratio back to normal [37].

In addition, a significantly lower lymphoblastic response to Mycobacterium paratuberculosis 
and higher susceptibility toward gastrointestinal nematodes were reported in lambs put on 
B12-deficient diet, but no differences were found in white blood cell counts and antibody 
production against bovine herpesvirus type 1 and M. paratuberculosis [38].

An enhancing effect of methylcobalamin on the proliferative response to concanavalin A (a 
selective T cell mitogen) and autologous B cells was also observed in human T lymphocyte 
cultures in vitro [39].

Vitamin B12 could minimize the effects of protein malnutrition in the hematological or 
immune system—30-day addition of vitamin B12 to a low-protein diet restores white blood 
cell number in rats fed to protein-deficient diet [40]. All lymphocyte subpopulations are com-
pletely restored back to control levels except neutrophils and eosinophils. Rats fed a protein-
deficient diet supplemented with vitamin B12 present also a normal CD4/CD8 ratio [40]. This 
finding is extremely important as protein malnutrition often happens in cancer patients in 
result of the higher demands of the tumor.

4.2. Vitamin B12 in cancer development

Most of the evidence does not absolutely clarify the role of vitamin B12 in the process of 
carcinogenesis and anticancer defense. This is due mainly on the dual modulatory effects 
that are constantly reported for vitamin B12. Another important question is the nature of 
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 administrated vitamin B12—in some studies [41], a difference in the effect was noted between 
the food-administrated cobalamin and multivitamin-supplemented cobalamin.

One-carbon metabolism requires B vitamins, and hence the efficient dietary supply may pro-
tect against cancer by reducing DNA instability and by affecting DNA methylation [42], but 
vitamin B12, methylcobalamin, and coenzyme B12 were found to enhance DNA methylation 
in the presence of S-adenosylmethionine for concentrations up to 1 μM, but at higher concen-
trations, these compounds were found to inhibit DNA methylation [43].

The main immunological anticancer defenses in the organism include lymphocytes CD8+ and 
NK cells, which are strongly affected by B12 deficiency, as stated above. It is, therefore, intui-
tively logical that cobalamin will have positive effect on anticancer defense and will enhance 
anticancer treatment. One can also expect that vitamin B12 deficiency (mainly diagnosed as 
decreased plasma levels) will strongly correlate with the cancer risk. Interestingly, a con-
siderable number of patients with different types of cancer or other chronic inflammatory 
diseases—acute and chronic liver diseases, malignant hemopathies (myelodysplasia, myelo-
proliferative diseases, and multiple myeloma) [44]; myeloproliferative disorders, such as 
chronic myeloid leukemia, polycythemia vera, and hypereosinophilic syndrome [26]; hepa-
tocellular carcinoma [45]; and prostate cancer [46, 47]—have elevated levels of B12 in their 
blood. However, we should keep in mind that vitamin B12 deficiency can be present with 
either low or high serum levels of the vitamin, as the later ones can arise from impaired tissue 
uptake and activity at cellular level and it is irrelevant to establish direct causation.

In a population-based cohort study in Northern Denmark, which includes individuals without 
prevalent cancer and with plasma vitamin B12 levels ≥200 pmol/L (normal), the overall cancer 
risk was found to increase with high B12 levels [48]. This observation is especially significant 
in smoking-related, alcohol-related, and hematological cancers, thus provoking the authors to 
conclude that elevated B12 blood level can be successfully used as cancer markers. Furthermore, 
as patients on B12 therapy were excluded from the study and intestinal absorption capacity for 
B12 is limited, they hypothesized that elevated levels are directly related to malignization.

Together with vitamin B12, the haptocorrin levels (B12-binding protein) are also higher in 
cancer patients and may serve as additional cancer-provoking or cancer-resulting factor [48].

Additionally, patients with autoimmune lymphoproliferative syndrome also show high B12 
levels [49], again without clear explanation of the nature of this finding—is it due to low absorp-
tion in gastrointestinal tract or inability to enter the cells and to serve its physiological role.

In contrast, circulating levels of vitamin B12 are not associated with pancreatic cancer risk, but 
this observation is limited to individuals using regular multivitamin supplements. Among 
individuals who do not use multivitamin supplements, the inverse relation (although mod-
est) between circulating B12 and pancreatic cancer risk [41] was proven.

Inverse association of cobalamin to gastric cancer occurrence also exists, while MMA (which is 
elevated under vitamin B12 deficiency) is positively associated with gastric cancer [50]. This result 
could be due to worsen vitamin B12 status in atrophic gastritis that often precedes gastric cancer.

Similarly, plasma vitamin B12 levels are inversely associated with breast cancer risk, but again 
with one strong limitation—the finding is significant among premenopausal women but not 
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among postmenopausal women [51]. A more recent nested case-control study, in contrast, did 
not find any association between breast cancer risk and levels of vitamin B12 in the blood of 
tested patients [52].

In other case-control studies among multiethnic female population in Hawaii, vitamin B12 sup-
plements showed inverse, dose-responsive associations with high-grade squamous intraepi-
thelial lesions of the cervix [53], suggesting a protective role in cervical carcinogenesis.

Finally, vitamin B12 deficiency accelerates the development of AIDS in HIV-infected patients, 
whereas normalization of levels retards the development of immune dysfunction [54]. Decreased 
serum vitamin B12 levels occur in up to 20% of patients with AIDS and may adversely contrib-
ute to the hematologic and neurologic dysfunction [55].

4.3. Vitamin B12 as part of cancer immunotherapy

All these findings raise the question if there is a well-founded need to supplement our food 
with vitamin B12 in order to prevent future cancer development. Again no unanimous response 
exists. In a case-control study in Australia, vitamin B12 intake was not found to associate 
with childhood brain tumor risk [56]. Similarly, increased intake of it does not correlate with 
decreased risk of colorectal cancer [57], and also there is no significant effect when combine 
with folic acid and vitamin B6 on colorectal adenoma [58] and on total invasive cancer or breast 
cancer risk [59] among women at high risk for cardiovascular disease. Dietary and multivitamin 
supplement intake of cobalamin does not correlate with ovarian cancer diagnosis [60], nor with 
breast cancer [61]. In contrast, patients with high dietary intake of vitamin B12 have decreased 
tumor suppressor methylation of genes related to head and neck cancers [62]. Offspring of rats 
fed on vitamin B12-rich (together with methionine, choline, and folate) diet during pregnancy 
has significantly decreased breast cancer incidence, tumor multiplicity, and tumor volume [63].

The second question to answer is where it is relevant to include vitamin B12 in the nutrition 
scheme of cancer patients. To date, vitamin B12 is officially included as supplement to peme-
trexed treatment (a chemotherapeutic used in pleural mesothelioma and non-small cell lung 
cancer because of its folate similarity and inhibition of purine and pyrimidine synthesis). In 
such patients, cobalamin efficiently reduces the toxicity of the main treatment [64].

Besides its direct effect in reducing the toxicity of anticancer drugs, as vitamin B12 is essential 
for red blood cell synthesis and neural functions, it should be included as part of the nutri-
tion of cancer patients to avoid additional adverse effects (anemia, immune weakness, and 
cognitive problems). An eligible example is the use of cobalamin supplementation to decrease 
the severity of chemotherapy-induced peripheral neuropathy, which concerns approximately 
one third of all patients undergoing chemotherapy [65].

5. Conclusion

The current knowledge is insufficient to fully describe the link between tumorigenesis and 
vitamin B12 metabolism. Intuitively most of the specialists accept possible implication of B12 
deficiency in the impairment of the immune system and hence a putative causation to cancer 
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development. Unfortunately, most of the studies do not support that elevated dietary intake 
and additional supplement with the vitamin could protect against cancer risk. However, the 
dominant opinion is to integrate B12 as part of rational and healthy nutrition to ensure proper 
function of the immune system.
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Abstract

During the last years, significant progress in the understanding of signaling pathways 
of immune cells has revive the field of immune therapy for cancer. In this chapter, we 
explain the recent immunotherapy-based strategies for the treatment of gynecological 
cancers including cervical cancer, endometrial cancer, ovarian cancer, and vulvar cancer. 
This work will mainly focus on emerging clinical data on immune checkpoint inhibitors. 
But also data on adoptive T cell therapies and vaccines will be presented. It is antici-
pated that in future biomarker-guided randomized trials will provide better approaches 
in terms of response and resistance to immune therapy. The use of combination therapy 
for gynecological cancer might be one possible approach to overcome resistance.

Keywords: gynecologic cancers, ovarian cancer, endometrial cancer, cervical cancer, 
immune therapy, immune checkpoint inhibitors

1. Introduction

Gynecologic cancers include vulva, vaginal, cervical, endometrial, and ovarian/tubal/perito-
neal cancers, the latter of which are still classified as one disease. As these organ-classified 
cancers have different characteristics, biology, therapies, and outcomes, during the past 
decade, approaches have been undertaken to subclassify them as to their heterogeneity and 
based on next-generation profiling. The main cornerstone of treatment for gynecologic cancer 
comprises in most cancers of surgical resection with different possibilities of adjuvant further 
therapy like chemo-, radio-, targeted, and, increasingly, immunotherapy.

In the United States, almost 90,000 women were diagnosed with gynecologic cancers in 2015 
and over 29,000 will die from their disease [1]. Many women are cured with combined modal-
ities, however, in ovarian cancer, for example, over 70% of cancers are diagnosed in advanced 
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International Federation of Gynecology and Obstetrics (FIGO) stage III or IV, thus their five-
year overall survival is only 30% [2].

Outcome in ovarian cancer in all stages is the worst of all gynecological cancers with a 10-year 
overall survival of 30%, followed by vaginal cancer with a 10-year overall survival of 35%. 
Cervical and vulvar cancers have a 10-year overall survival rate of 65%. Endometrial cancer 
has the best prognosis, with a 10-year survival rate of 80% [1].

Immunotherapy represents a new alternative and rational approach for the treatment of can-
cer, including gynecologic cancers [3, 4]. More than a decade ago, it was demonstrated for 
ovarian cancer that tumor-infiltrating lymphocytes (TILs) play an important role in tumor 
rejection and prognosis [5]. This was one of the first evidence that immune therapy might be 
beneficial in ovarian cancer patients. A meta-analysis confirmed the prognostic role of TILs 
for ovarian cancer patients [6]. Later it was also demonstrated that the ratio of different T cell 
subtypes plays an important role [7].

A major function of the immune system is to continually seek out and eliminate cancer cells 
as they arise in a process defined as cancer immunosurveillance [8]. This involves both innate 
and adaptive immune mechanisms that function complimentarily to promote tumor immu-
nity. Most importantly is that antitumor immune responses can be induced by immunological 
agents. Various forms of immunotherapies are central components of treatment regimens for 
a number of malignancies [9]. To eliminate cancer cells by T cells is only one-step in a complex 
immunity cycle [10].

In general, there are three strategies to treat cancer with immunotherapeutic approaches:

(1) Increase tumor antigen presentation.

(2) Increase T-cell activity.

(3) Targeting the tumor environment (immune inhibitory mechanisms).

Strategies to increase tumor antigen presentation includes vaccinations, use of innate immune 
activators, oncolytic viruses, type I interferon, and toll-like receptor (TLR) agonists.

Especially for epithelial ovarian cancer (EOC), several vaccination approaches have been 
applied, e.g., cellular vaccines, dendritic cell (DC) vaccines, and virus-loaded vaccines. Several 
studies have used overexpressed proteins in EOC as a target, e.g., p53, surviving, and MUC1. 
Several studies have demonstrated immune response but clinical benefit rate was minimal in 
all of these studies. The vaccination approach is not used in clinical practice nowadays [11].

To increase T-cell activity, there are several approaches tested including cytokine therapies 
with IL-2 and IL-12, the use of checkpoint inhibitors, and adoptive T cell therapies [12, 13]. 
Rosenberg et al. demonstrated in 2015 an elegant new therapeutic approach by generating 
tumor-associated antigen-specific T cells via expression of T-cell receptor or chimeric antigen 
receptor (CAR) [14]. With this approach, CD19 targeting CAR therapy for acute lymphatic 
leukemia of the B cell lineage was applied with a very high remission rate of 90% [15]. In 
ovarian cancer, adoptive T-cell therapy might be also effective. For example, NY-ESO-1 is 
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specifically expressed in cancer, 42% expression has been seen in ovarian cancer. This might 
be an important target for adoptive T-cell therapy [16].

To target the tumor environment, there are also several therapeutic approaches. It has been dem-
onstrated that several immune inhibitory mechanisms are associated with poor prognosis in 
gynecological cancer and in particular, in ovarian cancer, e.g., tumor infiltrating regulatory 
T cells, tumor-associated macrophages, expression of indoleamine 2, 3-dioxygenase (IDO) 
by tumor stromal cells [17, 18]. To target the responsible pathways might be effective, espe-
cially in combination with newer programmed cell death ligand-1 (PDL-1) or its receptor 
programmed cell death protein-1 (PD-1) checkpoint inhibition [19, 20].

For gynecological cancer, in particular for ovarian cancer, there is still an unmet challenge in 
cell therapy for cancer. The selection of the right target antigen, which is tumor cell-specific 
and has a robust expression, seems to be very important.

2. Cervical cancer

Cervical cancer is the fourth most common female cancer worldwide, with estimated 528,000 
new cases and 266,000 deaths in 2014 [21]. Infection with high risk types of human papillomavi-
rus (HPV) is the most crucial risk factor [22]. Human papillomavirus types 16, 18, 31, 33, 35, 39, 
45, 51, 52, 56, 58, 59, 68, 72, and 82 are associated with high risk of cervical cancer, whereas HPV 
types 6, 11, 40, 42, 43, 44, 54, 61, 70, 72, and 81 are considered to have low carcinogenic risk [23, 24].

Most common cases are diagnosed in less developed countries, where cervical cancer com-
prises nearly 15% of cancers in women. In Switzerland, with a small population of only eight 
million, the incidence is much lower, with about 240 cases diagnosed each year [25].

Better screening methods and vaccination against HPV in the past decades have led to an 
improvement of cervical cancer prognosis in developed countries, particularly where a broad 
prevention plan has been put in place [26]. To date, we have an efficacious vaccination available 
against the nine most important HPV types (HPV 6, 11, 16, 18, 31, 33, 45, 52, and 58) [27]; how-
ever, despite better prevention strategies, cervical cancer is still not sufficiently manageable 
worldwide with a stagnating mortality rate. Most cancers in the developed world present in 
early FIGO stage IA1–IIA, while primary metastatic disease is uncommon. Surgery including 
radical hysterectomy including pelvic lymph node resection for staging is the gold standard. 
Patients with high-risk features including insufficient margins, large tumors, and lymph vascu-
lar space invasion receive adjuvant radiochemotherapy (RCTX) with platinum [28]. From stage 
IIB onwards, patients are treated with combined radiochemotherapy with platinum. This was 
established in 1999 when five randomized controlled trials demonstrated a 30–50% survival 
benefit for patients treated with combined radiochemotherapy compared with radiation alone.

A large meta-analysis of chemoradiation trials demonstrated an absolute overall survival 
(OS) benefit of 12% [29]. Since these trials, no practice changing studies were published until 
2014, when the findings of a phase III study with bevacizumab resulted in its approval for 
late-stage cervical cancer by the Food and Drug Administration (FDA) and European Medical 

Immunotherapy in Gynecologic Cancers
http://dx.doi.org/10.5772/67605

105



Agency (EMA). In a large randomized phase III trial, two chemotherapy regimens with cis-
platin and paclitaxel or topotecan and paclitaxel plus or minus bevacizumab were examined 
[30]. Bevacizumab was applied during chemotherapy and as maintenance therapy until dis-
ease progression, achieving an increased OS benefit (17.0 months versus 13.3 months; hazard 
ratio (HR) for death, 0.71; 98% confidence interval (CI), 0.54–0.95; P = 0.004) and a higher 
response rate (48 versus 36%, P = 0.008). An additional quality of life (QoL) analysis confirmed 
the low toxicity profile and good tolerability without any deterioration of quality of life [31].

2.1. Immune system and cervical cancer

Most cervical cancers are associated with HPV infection. The cervical epithelium is the ideal 
area for HPV because of the absence of an inflammatory milieu, which provides a protective 
niche where the HPV is capable of evading the host immune response for many months. 
Research has provided some insight into the means of evasion by the virus in cervical can-
cer [32]. The presence of CD4+ lymphocytes in precursor lesions and CD8+ lymphocytes in 
malignant tumors in the absence of an effective immune response suggests that T cell cyto-
toxic responses are impaired [33, 34]. Indeed, the zeta chain of the T-cell receptor is down-
regulated in CD8+ lymphocytes in cervical cancer, suggesting defective T cell signaling [35]. 
Furthermore, NKG2D-expressing natural killer and cytotoxic T cells, which have a key role 
in the elimination of virus-infected and tumor cells, are present at reduced levels in both 
patients with cervical cancer and cervical intraepithelial neoplasia [36]. Increased T regula-
tory cell activity has also been reported [37]. The immunoregulatory enzyme, IDO, appears to 
facilitate the induction of immune escape together with T regulatory cells [38]. Understanding 
the different mechanisms of immune evasion in cervical cancer is key to establishing new 
treatments.

2.2. Checkpoint-inhibitors in cervical cancers

Despite this new regime, the prognosis for metastatic and locally advanced cervical cancer is 
still poor, with an OS of 12–17 months [30, 39]. To improve prognosis, new treatment options 
are urgently needed. One important strategy is to enable the immune system to reject the 
tumors facilitating checkpoint-inhibitors. An important strategy to improve T cell-dependent 
tumor attack is by inhibiting immune T cell checkpoints. A checkpoint-inhibitor is a drug that 
inhibits certain surface proteins made by specific immune cells, such as T cells and cancer 
cells. These specific proteins control the immune responses and prevent T cells from killing 
cancer cells. Inhibiting these proteins will remove the natural surveillance of the immune 
system and T cells will be activated to eliminate cancer cells.

Blocking inhibiting checkpoints like cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) 
or PD-1/PD-L1 results in activation of T cell proliferation and cytokine production. CTLA-4 
begins to be expressed on the naïve T cell 48 hours after activation in lymph nodes and is 
closely associated with attenuation of these activating T cells [40]. PD-1 is expressed on effec-
tor T cells in peripheral tissues and binds with PD-L1 (B7-H1) and PD-L2 (B7-DC) expressed 
on DCs or tumor cells for attenuation of activated effector T cells [41, 42]. Under normal cir-
cumstances, interferon (IFN)-γ upregulates the expression of PD-L1, protecting DCs from 
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T cell-mediated cytotoxicity [43]. However, in head and neck squamous cell carcinomas asso-
ciated with HPV, the number of CD8+ T cells expressing PD-1 has been reported to be higher 
in tumors than peripheral blood. This suggests that the expression of PD-1 by CD8+ T cells 
starts after entering into the tumor microenvironment.

Currently, there are several studies in the U.S. and EU examining different checkpoint-inhib-
itors and combinations, e.g., chemotherapy, PARP-inhibitors, or antiangiogenetic agents, in 
cervical cancer and other solid tumors (Table 1). Presently, most studied checkpoint-inhibi-
tors are pembrolizumab, nivolumab, ipilimuab, and durvalumab.

Pembrolizumab, a PD-1 antibody, is approved for patients with advanced melanomas [44]. In 
cervical cancer, it is currently being investigated in a phase II trial (NCT02628067) based on the 
phase IB data presented at ASCO 2016 [45]. Patients with stage IVB or nonresectable cervical 
cancer received 10 mg/kg pembrolizumab every 2 weeks until disease progression or toxicity 
for a total treatment of 24 months. The overall response rate (ORR) was 17% (95% CI 5–36).  
While no grade 4 toxicity occurred, two treatment-related discontinuations were observed 
(grade 3 colitis and grade 3 Guillian-Barré syndrome). The median progression-free survival 
(PFS) and OS were 2 and 9 months, respectively. The 12 months PFS and OS were 8 and 33%, 
respectively. Some patients had very long remission rates that are promising and will lead to 
further evaluation in cervical cancer.

Nivolumab has been approved for metastatic and unresectable lung cancer [46], where it 
showed a survival benefit compared to conventional chemotherapy treatment. This PD-1 
antibody has also been tested in a phase I/II study for patients with HPV-associated tumors, 
including cervical, vaginal, and vulvar cancer (www.clinicaltrials.gov:NCT02488759).

Ipilimumab is an anti-CTLA-4 antibody and was the first checkpoint inhibitor approved 
for metastatic melanoma and has significantly improved the OS of this disease [19]. It is at 
present tested in several other tumors including gynecologic cancers. In cervical cancer, it 
has been tested in a phase I study following standard radiochemotherapy in patients with 

ClinicalTrials.gov Identifier: Phase Drug Situation

NCT02471846 I GDC-0919
(small molecule investigational immunotherapy 
designed to inhibit IDO (Indoleamine 
2,3-dioxygenase), a protein often overproduced 
by many cancer cells)
plus atezolizumab

Metastatic tumors 
including CC

NCT02812875 IB CA-170
Oral small molecule inhibiting PD-L-1/2

Metastatic solid tumors 
including CC

NCT02635360 II Pembrolizumab Combing with RCTX for 
advanced CC

NCT02834013 II Nivolumab plus ipilimumab Metastatic rare tumors 
including CC

Notes: Ongoing checkpoint-inhibitor studies in cervical cancers. RCTX = radiochemotherapy; CC = cervical cancer.

Table 1. Data on immune therapy agents in particular checkpoint-inhibitors in cervical cancer.
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locally advanced cervical cancer (www.clinicaltrials.gov: NCT01711515). The trial is currently 
recruiting patients.

Another phase 2 trial from Princess Margaret Hospital examines the role of ipilimumab in 
patients with metastatic or recurrent human papillomavirus-related cervical cancer (www.
clinicaltrials.gov: NCT01693783).

Durvalumab (MEDI4736), an anti-PD-L1 antibody, is being tested in combination with tremeli-
mumab, an anti-CTLA-4 antibody [47, 48] in a phase I trial for patients with six different types 
of cancer, including cervical cancer (www.clinicaltrials.gov: NCT01975831). Durvalumab 
inhibits PD-L1 interaction with PD-1 (IC50 0.1 nM) and CD80/B7.1 (IC50 0.04 nM), allowing 
T-cells to recognize and kill tumor cells.

Early single agent phase I evaluation in several tumor types, including triple negative breast 
cancer, showed a disease control rate of 33% and an overall response rate of 10% [49]. There were 
early (5 weeks) and also durable responses (56+ weeks). PD-L1 expression appears to enrich the 
response to durvalumab monotherapy. Drug-related events were observed in 46% of patients 
with 7% of patients reporting a grade ≥3 AE that led in 1% to discontinuation of the treatment. 
The most common drug-related AEs were fatigue, rash/pruritus, diarrhea, and vomiting.

3. Ovarian cancer

Epithelial ovarian cancer (EOC) is the fifth most common cancer in women and one of the 
main causes of death in relation to gynecologic cancer worldwide [50]. Ovarian cancer has 
a poor prognosis, probably as three in four cancers are diagnosed in advanced FIGO stages 
[51]. The 5-year survival rate is poor, estimated at 20–30% for stage I–IV disease. Not only the 
tumor stage, but also the histopathological subtype is prognosis defining, with poor differ-
entiated serous cancers having the poorest outcomes [2]. Best prognosis is seen in mucinous 
subtype. These subtype is mostly localized FIGO stage I disease [52].

Surgery with optimal debulking still has a major influence on the outcome in advanced EOC. 
Best outcome has been reported for patients achieving maximal cytoreductive surgery with-
out macroscopic residual disease [53].

The most promising novel agents for ovarian cancer are antiangiogenesis-based therapies, 
e.g., bevacizumab, pazopanib, cediranib, or trebananib and PARP-inhibitors, e.g., olaparib or 
niraparib [54–60]. Bevacizumab and olaparib are approved in the United States and Europe 
and demonstrated a PFS benefit of 3–4 months when used during or after platinum-based 
chemotherapy. In BRCA positive patients, there was a PFS benefit of more than 9 months for 
patients diagnosed with relapsed serous high grade EOC [61].

Recent data suggest that also patients without a BRCA mutation might benefit from a treat-
ment with the PARP-inhibitor niraparib. In this recent study published by Mirza et al., 
niraparib was also beneficial in non-BRCA mutated patients [62]. They used homologous 
recombination deficiency (HRD) score to predict response on niraparib. In this study, non-
BRCA mutated patients had also significant difference 9.3 versus 3.9 months in PFS.
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Non-BRCA mutated and HRD-positive 12.9 versus 3.8 months (HR 0.38).

HRD positive and BRCA wildtype: 9.3 versus 3.7 months, somatic BRCA mutated 20.9 versus 
11.0 months, HRD negative 6.9 versus 3.8 (HR 0.58).

3.1. Vaccination strategies for ovarian cancer

A number of methods have been used to enhance immune response in ovarian cancer to 
improve prognosis, yet, none of these methods have been approved. Several types of vaccina-
tion strategies have been tested, e.g.:

(1) Anti-idiotype AB-based vaccination, for example, Abagovomab.

(2) Peptide-/protein-based vaccination, for example, NY-ESO peptides.

(3) Lymphocytes-based vaccination, for example, Autologous LAK plus IL2.

(4) Carbohydrate-based vaccination, for example, MUC1-Sialyl-TN.

(5) DNA plasmid-based vaccination, for example, Poxviral Vector PANVAC-V.

(6) Combination-based vaccination, for example, with sunitinib.

(7) Vaccination-based on dendritic cells, for example, autologous DC pulsed with MUC1-
derived peptides or HER-2/neu.

The following paragraph will focus on anti-idiotype AB-based vaccination only as this type is 
best developed and also phase III data are available.

3.2. Vaccination with idiopathic antibodies: abagovomab and oregovomab

In his theory of clonal selection published in 1974, Neils Jerne described how antibodies 
(Ab1) generated in response to a particular antigen may themselves be immunogenic [63, 64].  
The immunogenic determinants of Ab1 antibodies are termed ‘idiotopes’. Ab1 idiotopes 
can act as antigens, leading to the development of anti-idiotypic antibodies (Ab2) [64]. 
As idiotopes are largely located in the highly variable region of the antibody that serves 
as the antigen-binding site, in some cases Ab2 anti-idiotypic antibodies can mimic anti-
gen structure. Indeed, research has shown that exposure to Ab2 anti-idiotypic antibodies 
can sometimes induce a more pronounced response than exposure to the antigen itself. 
Exposure to Ab2 anti-idiotypic antibodies may subsequently stimulate the generation of 
Ab3 antibodies, some of which target Ab2 idiotopes, and are also capable of binding to 
the antigen.

Abagovomab (ACA-126) is a murine IgG1k monoclonal antibody (Ab2) with an idiotope 
that imitates CA125. It is under investigation as an anti-idiotypic vaccine for ovarian cancer. 
CA125 is a mucin-like transmembrane glycoprotein that is upregulated in ovarian cancer and 
currently represents the most widely used ovarian cancer biomarker [65, 66]. The biological 
function of CA125 remains poorly understood, with putative roles in cell adhesion, migration, 
invasion, and possible immunosuppressive properties suggested [67, 68].
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In phase I studies in patients with chemotherapy-resistant ovarian cancer, abagovomab was associ-
ated with induction of Ab3 and HAMA responses, increased serum levels of interferon (IFN)-γ, 
and increases in CA125-specific CD8+ T cells postvaccination [69], suggesting the induction of Th1 
immune responses [70]. The induction of Ab3 response was confirmed in a phase Ib/II clinical trial 
with abagovomab in 119 patients with CA125-positive ovarian, tubal, and peritoneal cancer [71]. 
Ab3 response occurred in 68.1% of patients and was associated with prolonged overall survival (OS) 
compared with nonresponders (23.4 versus 4 months; P < 0.0001), regardless of FIGO stage, first-line 
chemotherapy, or previous treatment. Antibody-dependent cellular cytotoxicity (ADCC), observed 
in 26.9% of patients, was also associated with significantly prolonged survival (25 versus 10 months; 
P = 0.0126), suggesting a role for ADCC in the antitumor effect of abagovomab. Nevertheless, aba-
govomab was not associated with prolonged recurrence-free survival (RFS) or OS compared with 
placebo when administered as a maintenance therapy to patients (n = 888) with first remission of 
ovarian cancer (FIGO stage III/IV) during the phase III ‘Monoclonal antibody Immunotherapy for 
Malignancies of Ovary by Subcutaneous Abagovomab’ (MIMOSA) trial, despite the induction of 
measurable immune response [72].

Oregovomab (B43.13, OvRex) also targets CA125, binding with high affinity (KD = 1.2 × 1010 M−1).  
This murine IgG1 monoclonal antibody was investigated for the treatment of ovarian cancer 
after a survival advantage was noted during its initial use as a technetium 99c-labeled agent 
for the immunoscintigraphic detection of recurrent ovarian cancer [73].

Infusion of the antibody results in the formation of immune complexes with circulating anti-
gen that trigger generation of anti-CA125 antibodies [74]. Indeed, oregovomab appears to 
induce broad humoral and cellular anti-CA125 responses.

During a phase I trial, multiple infusions of oregovomab were associated with a greater than 
threefold increase in anti-CA125 antibody levels in nearly half (43%) of patients (n = 184) with 
ovarian cancer (FIGO stages I–IV) [74]. Anti-CA125 antibody response was associated with 
prolonged survival compared with nonresponse (22.9 versus 13.5 months; P = 0.0089), and an 
increase in T-cell proliferation was noted, which was also associated with prolonged survival. 
In a phase II study (n = 20), T-cell responses to CA125 and/or autologous tumors were also 
shown to correlate with prolonged survival in oregovomab-treated patients with platinum-
resistant recurrent ovarian cancer (FIGO stages I–IV) compared with nonresponders (median 
not reached versus 51.9 weeks) [75].

While oregovomab elicits tumor-specific T-cell responses, it does not appear to be able to 
directly inhibit tumor growth. Anti-CA125 antibodies isolated from oregovomab-treated 
patients with ovarian cancer (FIGO stages I–IV) in one study were able to mediate ADCC in 
the presence of peripheral blood mononuclear cells, but not CDC [76].

In addition, there are conflicting data on the association between immune response to ore-
govomab and clinical benefit. A retrospective analysis of 44 patients with recurrent ovarian 
cancer (majority FIGO stages III and IV) who received technetium 99c-labeled oregovomab 
reported a significant relationship between immune response and survival [73]. More than 
67% of patients had HAMA and Ab2 responses, with 28% of patients experiencing a more than 
threefold increase in anti-CA125 antibody levels. These immune responses were associated  
with prolonged survival compared with nonresponders: HAMA (22.6 versus 7.2 months;  
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P = 0.0016), Ab2 (18.3 versus 9.3 months; P = 0.075), and anti-CA125 (18.2 versus 13.1 months;  
P = 0.0896). By contrast, no reduction in tumor burden was detected in 13 oregovomab-treated 
patients with ovarian cancer during a pilot phase II study, despite measurable T- and B-cell 
responses in the majority of patients [77]. Furthermore, oregovomab monoimmunotherapy 
was associated with similar clinical outcomes to placebo during a phase III trial in 375 patients 
with advanced ovarian cancer (FIGO stage III/IV), despite measurable bioactivity [78].

The potential for combining oregovomab with front-line chemotherapy has been investigated 
during a phase II clinical trial in 40 patients with advanced ovarian cancer (FIGO stages III/
IV) [79]. Patients were randomized to receive oregovomab via two dosing schedules: either 
on the same day as or 1 week after standard carboplatin-paclitaxel chemotherapy. Primary 
and secondary endpoints compared antibody and cellular response between the two dosing 
schedules, but the authors also noted that the immune responses triggered were stronger than 
those observed in previous studies using oregovomab monoimmunotherapy.

3.3. Immune checkpoint-inhibitors in ovarian cancer

Apart from the vaccination, immune checkpoint-inhibitors such as the programmed cell death 
1 protein (anti-PD1)/PD-Ligand1 and CTL-A4 were also under research for ovarian cancer [42] 
(see also Table 2). Tumors with high mutational loads are ideal candidates for therapies with 
immune checkpoint-inhibitors. In melanoma and lung cancer, these new drugs are already 
approved [40, 46]. The role of immune checkpoint-inhibitors in ovarian cancer is not so clear so 
far, although PD1/PD-L1 pathway seems to play an important role in ovarian cancer. In ovar-
ian cancers, PD-1 is expressed on TILs [80]. Expression of PD-L1 on tumors has been shown to 
be bad prognostic factor [81]. In a preclinical model inhibition of PD1 and PD-L1 demonstrated 
tumor rejection and reprogramming of tumor microenvironment [82]. In one of first phase I 
study for an anti-PD-L1 antibody, there were also responses seen for ovarian cancers [83].

First, data from phase a phase II studies demonstrated low response rates but a higher disease 
control rated and long-term remissions. The patients treated in these trials had poor prognos-
tic disease and were platinum resistant [84]. The assessment of PD-L1 as a prognostic marker 
for ovarian cancer is less clear. The data from Hamannishi et al. demonstrated that PD-1 was 
not ideal as prognostic marker [81].

More importantly, the mutational landscape might be important to select the right treatment 
for the suitable tumor. In general, the mutational burden is lower in ovarian cancer than in 
other cancers. But ovarian tumors with germline or somatic BRCA1/2 mutations were found 
to have a higher frequency of exome mutations (67.5 on average) than tumors with wild-type 
BRCA (49.5 on average) [86].

3.3.1. Ipilimumab

Ipilimumab (MDX-CTLA-4, Yervoy) is a full human IgG1 monoclonal antibody to CTLA-4 
approved by the FDA for the treatment of advanced melanoma on the basis of phase III obser-
vations of prolonged OS (median 4 months versus tumor vaccine) in patients with unresectable 
pretreated stages III and IV melanoma [40]. Immune response appears to underlie the antitumor 
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effect of ipilimumab. Studies with ipilimumab in melanoma have shown increased absolute 
lymphocyte counts [87], upregulation of inducible costimulator (ICOS) on CD4+ T cells [88], 
and enhanced antibody and T-cell responses to cancer-testis antigen NY-ESO-1 that largely 
correlate with clinical benefit and prolonged survival [88, 89].

Ipilimumab has also been investigated in a small number of patients with ovarian cancer. 
Findings from two studies in a total of 11 patients with previously vaccinated ovarian cancer 
(FIGO stage IV) suggest that ipilimumab is generally well tolerated and can trigger a decrease/
stabilization of CA125 [90, 91]. Significant antitumor effects were observed in some patients. 
One patient experienced a marked reduction in serum CA125 levels during ipilimumab treat-
ment with a substantial regression of a large cystic hepatic metastasis, complete resolution of 
mesenteric lymphadenopathy, and gastrocolic ligament thickening [91]. Increased antibody 
responses to NY-ESO-1, which is expressed in many ovarian carcinomas, were also detectable 
and correlated with therapeutic activity. Four additional patients achieved stable disease.

3.3.2. Avelumab

Avelumab (MSB0010718C; anti-PD-L1) is a full human anti-PD-L1 IgG1 antibody currently under 
clinical investigation for several cancers. It was tested in a phase IB study for chemotherapy 
refractory EOC. Safety and clinical activity data were reported at ASCO 2016 [92]. Patients with 
advanced EOC unselected for PD-L1 expression received avelumab 10 mg/kg IV every 2 weeks 
until progression, unacceptable toxicity, or withdrawal. Tumors were assessed every 6 weeks 
according to RECIST 1.1. Unconfirmed ORR, PFS, and OS were evaluated and AE graded by 
NCI-CTCAE v4.0. During a median of 12 weeks (range: 2–54 weeks), 124 patients were treated 
with AE only occurring in 82 patients (66.1%); most common ones (≥10%) were fatigue (13.7%), 
infusion-related reaction (12.1%), and diarrhea (11.3%). The ORR was 9.7%. The rate of stable 
disease was 44.4%. The disease control rate was 54.0%. PD-L1 expression was evaluable in 74 
patients with PD-L1+ tumors expressing an ORR of 12.3% and in PD-L1 tumors of 5.9%.

In first line and maintenance setting, avelumab is currently evaluated in a phase III, open-label, 
international, multicenter study as additional maintenance therapy after debulking surgery 
(www.clinicaltrials.gov: NCT02718417). The study has three arms. Arm A includes chemo-
therapy with carboplatin plus paclitaxel (standard of care), arm B includes chemotherapy fol-
lowed by avelumab in maintenance, and arm C includes chemotherapy in combination with 
avelumab followed by avelumab in maintenance. The primary endpoint of this study is PFS.

In this platinum-resistant and refractory setting, avelumab is combined with PEGylated doxo-
rubicin versus single-agent PEGylated doxorubicin or avelumab alone (www.clinicaltrials.
gov: NCT02580058). The primary endpoint of this study is OS.

4. Vulvar cancers

With approximately 4% of the tumors of the female genital tract, vulvar carcinoma is rare. In 
75% of cases, it occurs as type 2 carcinoma in the elderly patient. The median age is 70 years. 
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As type 1 carcinoma, which is usually associated with HPV, it occurs in younger patients 
in combination with cervical carcinoma or anal carcinoma. The most important treatment 
is surgical resection. In approximately 30% of the cases, a complete R0 resection is not pos-
sible, and then combined procedures are used before or after surgery with chemotherapy and 
radiotherapy. For systemic approaches, in general, platinum-based chemotherapy regimens 
are used, frequently in combination with 5FU, mitomycine-c, taxanes, and ifosfamide [93].

Prognosis for vulvar cancer is still poor and there is a high recurrence rate. The 10-year sur-
vival rate is still modest with 65% [1]. Therefore, new treatment options are urgently needed. 
Standard of care for metastatic situations remains the standard platinum-based chemo-
therapy [94]. Newer targeted therapy failed to demonstrate a major survival benefit [95]. 
Immunotherapy especially with checkpoint-inhibitors might therefore be beneficial for squa-
mous cell cancers of the female genital tract.

In anal cancer early data from the first 37 patients having received nivolumab every 2 weeks 
have recently been presented [96]. Here, two patients (5%) showed a complete response, seven 
(19%) had a partial response, and 17 (46%) had stable disease. The disease control rate was 
high with 79% and a median PFS of 3.9 months with 6 patients still remaining on the study at 
present. However, side effects included fatigue, anemia, rash, and one incident of pneumo-
nitis. For vulvar cancers, currently three trials incorporate checkpoint inhibitors worldwide 
(www.clinicaltrials.gov: NCT 02858310, NCT02628067, NCT02834013).

5. Endometrial cancers

In the group of gynecologic cancers, endometrial cancers have the best outcome with a 
five-year overall survival rate of 80% [97]. In general, the disease can be cured with surgery 
including staging procedures and radiotherapy [98, 99]. For type II cancer and advanced stage 
disease, chemotherapy with carboplatin and paclitaxel is included in standard of care treat-
ment [98, 99]. For relapsed disease and stage IV disease, surgery can be applied, but in general, 
standard of care is systemic therapy, including endocrine therapy such as medroxy-proges-
tine, tamoxifen, or aromatase inhibitors [100]. Furthermore, combination chemotherapy with 
carboplatin and paclitaxel is used [101]. For further progression, agents like doxorubicin or 
topotecan have minimal activity [102, 103].

For advanced and relapsed endometrial cancer, new treatment options are urgently needed. 
Beside targeted therapy including combinations with endocrine therapy and CDK4/6 inhibi-
tors or VEGF-(R) inhibitors or FGFR-inhibitors, application of immunotherapy might have 
strong impact in that stage of disease [104, 105].

The cancer genome atlas has recently classified endometrial cancers in four distinct sub-
groups [106, 107]:

(1) POLE-ultramutated.

(2) Microsatellite instability (MSI) hypermutated.
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(3) Copy number low.

(4) Copy number high.

In endometrial cancers, there are only few data available for a specific immunotherapeutic 
approach, despite the knowledge that high mutational load tumors are expected to respond 
well. There are some data about dendritic cell vaccination [108–110] and about checkpoint 
inhibition, particularly in view of mismatch repair-deficient cancers [111]. In this phase II 
study, the authors examined the efficacy of pembrolizumab in several tumor types (n = 41), 
including two endometrial cancers. For mismatch repair-deficient colorectal cancers, the 
immune-related objective response rate was 40 versus 0% for mismatch-repair-proficient 
colorectal cancers. Patients with other mismatch repair-deficient tumors had comparable 
response rates. Whole-exome sequencing showed a much higher rate of somatic mutations for 
mismatch repair-deficient tumors (mean number of somatic mutations: 1782 versus 73 in mis-
match repair-proficient tumors (P = 0.007)). The noncolorectal cohort included nine mismatch 
repair-deficient cancers including gastric cancer, ampullar or cholangiocarcinoma, small 
bowel cancer, and endometrial cancer. The objective response rate was 71% (95% CI 29—96) 
with a median time to response of 12 weeks (95% CI 10–13 months). The treatment was well 
tolerated; most common side effects (all grades) were rash, pruritus, diarrhoea, allergic rhini-
tis, and pain. The authors conclude that the treatment was well tolerated and the evaluation of 
mismatch repair deficiency might be a useful marker, independent of underlying tumor type.

6. Conclusion

There has been a tremendous success for immunotherapy in certain tumor types (e.g., melanoma, 
lung cancer etc.), in particular, for immune checkpoint-inhibitors. In gynecological cancers, the 
situation is less clear although there are some promising data, especially for treatment with anti-
PD1 or anti-PD-L1 antibodies. Early clinical trials showed encouraging disease control rates in 
heavily pretreated patients. A combination of checkpoint-inhibitors, e.g., anti-PD-1 with CTLA-4 
or anti-PD-1 with LAG3 or combinations with chemotherapy might overcome resistance in this 
type of disease. Current trials aim to examine the combination between immune checkpoint-
inhibitors and VEGF inhibitors like bevacizumab or PARP-inhibitors like olaparib and niraparib. 
An important role of these combination trials is to improve quality of life for patients. Another 
important goal is the incorporation of appropriate biomarkers to identify new immunotherapeu-
tic approaches. The situation about immunotherapy in other than ovarian cancer has to be called 
scarce, and no conclusion can be drawn from the data in these cancers up to date.
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Abstract

Aptamers are single-chained RNA or DNA oligonucleotides (ODNs) with a three-dimen-
sional conformation that provides the ability to fit their targets with high affinity and 
specificity obtained by a method called SELEX. Cancer immunotherapy has nowadays 
come back to prominence due to its encouraging results in the clinic with monoclonal 
antibodies. Aptamers display some important advantages over antibodies at the time 
of translation into the clinic. They are very suitable for targeting and delivery, reducing 
off-target side effects, and increasing the therapeutic index of a given strategy. Hundreds 
of aptamers have been described for very different purposes within biomedical research. 
Some of the aptamers described recently have been isolated with immunotherapeutic 
applications to overcome current challenges in cancer immunotherapy. To elicit a specific 
antitumor immune response, some of these aptamers are engineered to activate co-stim-
ulatory receptors or blocking immunosuppressive signals. Aptamers would hopefully 
gain an important niche in cancer immunotherapy due to their specific properties.

Keywords: aptamer, oligonucleotide, receptor, cancer, immunotherapy, immune 
system

1. Introduction

Oligonucleotides (ODNs) are short DNA or RNA oligomers presented as single- or double-
stranded molecules containing a specified sequence. This kind of molecules can be generated 
to be used for a large variety of purposes, such as artificial gene synthesis, DNA sequencing, 
library construction, molecular probes, and regulation of gene expression, among others. The 
technical support in terms of detection and analysis that ODNs provide in daily laboratory 
work is not but a small part of their current use. Nowadays, ODN molecules such as small 
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interfering RNAs (siRNAs), short hairpin RNAs (shRNAs), CpGs, and aptamers are being 
currently used as therapeutic agents for the treatment of diseases and malignancies of very 
different nature.

Aptamers are single-stranded DNA or RNA (ssDNA or ssRNA) oligonucleotides; their 
three-dimensional conformation provides them with the capability to fit in their targets with 
high affinity and specificity. The word “aptamer” was coined by Jack Szostak and results 
from the junction of two words, “aptus” which comes from Latin and means “to fit” and 
“meros” which comes from Greek and means “particle.” The first aptamer was isolated 
by Andy Ellington and Jack Szostak in 1990 toward organic dyes and paralleled by Craig 
Tuerk and Larry Gold against the T4-bacteriophage DNA polymerase [1, 2]. Aptamers are 
isolated through a combinatorial chemical method named SELEX, meaning systematic evolu-
tion of ligands by exponential enrichment. The SELEX method (schematically represented 
in Figure 1) is an iterative process that consists in rounds of selection. Each round comprises 
three main steps: “binding,” “partition,” and “amplification” [1, 2]. The first step is called 
“binding” and begins with a complex randomized library of 1012 to 1015 different sequences to 
ensure the majority of potential structures. Each sequence comprises two constant regions at 

 Figure 1. The SELEX procedure. The systematic evolution of ligands by exponential enrichment consists in three main 
steps: binding, partition, and amplification.
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3′ and 5′ ends allowing the primers to anneal flanking a variable region that can vary from 20 
to 100 nucleotides (nt). Throughout this step, the library is mixed with the target of interest to 
allow for some of the sequences to join the target. The following step is known as “partition” 
and consists in separating the target-binding species from non-binders. Finally, the binder 
species are amplified by polymerase chain reaction (PCR) in the “amplification” step to serve 
as library for the next round of selection. It is to note that if the aptamer of interest is an RNA 
aptamer, in vitro transcription shall be performed before starting each round. The SELEX 
process usually takes from 9 to 15 rounds, which implies months of work, but new tools such 
as high-throughput sequencing enable the researchers to identify already enriched sequences 
at early selection stages, thereby reducing the number of rounds and hence the amount of 
work to be done [3, 4]. Since the first aptamers isolated by the conventional selection proce-
dure, the SELEX method has evolved and varied through time with the objective of isolating 
aptamers against targets from every possible nature, including sugars, vitamins, proteins, or 
even small molecules [5, 6]. Some of the variations are CE-SELEX, which comes from capillary 
electrophoretic SELEX [7]; cell-SELEX, in which selection is carried out with cells [8]; toggle-
SELEX, which on the other hand is used to obtain cross-reactive aptamers [4, 9]; and tailored-
SELEX [10], which is used to identify 10-fixed nucleotide aptamers without primer-binding 
sites. Tailored-SELEX was validated when a Spiegelmer against the migraine-associated 
target calcitonin gene-related peptide 1 (alpha-CGRP1) was isolated [10]. Spiegelmers are a 
recently described new class of aptamers, which are “mirror-image” L-conformed enantiomer 
aptamers [11]. Moreover, in vivo SELEX performs the rounds of selection in animals [12], and 
genomic SELEX is otherwise used to achieve what are called genomic aptamers directed to 
bind genomic-encoded functional domains [13].

As mentioned above, aptamers can be isolated against molecule from almost every nature 
with high affinity and specificity which, in the majority of cases, is comparable or even supe-
rior to that of their corresponding monoclonal antibodies (mAbs). Indeed, a DNA aptamer 
against IL-6 that recognizes this interleukin with a dissociation constant (Kd) of 0.2 nM has 
been recently described [14]. Following this, line aptamers show several advantages over cell-
based products such as antibodies (Abs) or recombinant proteins, as summarized in Table 1. 
Aptamers are smaller than cell-based products, which provide them with an ease to penetrate 
tissues and therefore make them very suitable for targeting. Thanks to their chemical nature 
aptamers can be modified to optimize yield and easily customized to add tailored properties 
to carry cargoes from very diverse nature such as drugs, radioisotopes, proteins, enzymes, 
RNAs, or even nanostructures, greatly favoring their use for delivery [15–17]. Moreover, 
aptamers can be easily multimerized to modulate the immune system [18–22]. Throughout 
the SELEX technique, the process is not interfered with by the toxicity or low immunogenicity 
of specific antigens as might befall, for example, with Abs [22]. Cell-based products such anti-
bodies or recombinant proteins usually show T-cell-dependent immunity, meaning that an 
immune response can be directed against these compounds unlike what happens with short 
ODNs such as aptamers. At the time of translating, the approaches to the clinic aptamers pos-
sess a great advantage over other kinds of molecules since they inherently present an antidote 
[23, 24]. Aptamers are chemical products that can be synthetically manufactured what facili-
tated their exportation to GMP grade (good manufacturing practices or the practices required 
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to manufacture and sell any pharmaceutical product). This feature privileges aptamers over 
antibodies since regulatory approval processes are tougher on cell-based products due to 
their high complexity and cost of manufacturing.

Aptamers present one disadvantage over other agents currently used in translational medi-
cine—their low plasma stability. Nonetheless, their half-life in plasma can be significantly 
enhanced by using different approaches, such as selective substitution of HO residues by 
O-methyl or F analogs at the 2′ position of the pyrimidine interactions, thus increasing their 
resistance to RNA-degrading enzymes [5, 25]. Aptamers can be conjugated to cholesterol 
to enhance their half-life at the same time that improves their biological activity [26–28]. 
Another alternative clinically compatible carrier is polyethylene glycol (PEG) [29], which pre-
vents its renal exclusion [5]. PEG conjugation highly increases aptamer survival as exempli-
fied by a PEGylated anti-MUC1 aptamer-doxorubicin conjugate [30]. The PEGylated form of 
this MUC1-doxorubicin conjugate increased its survival rate to a maximum of sixfold [30]. 
Furthermore, the addition of nonnatural analogous bases can widen the aptamer-target inter-
actions [5, 25]. This is the case of slow off-rate modified aptamers (SOMAmers), in which 
aromatic hydrophobic modified nucleotides such as benzyl-dU (Bn-dU) and naphthyl-dU 
(Nap-dU) are added [31]. Slow off-rate modified aptamers (SOMAmers) show protein-like 
modified side chains. These substitutions advantage them over conventional aptamers in 
decreasing the number of exposed polar groups and augmenting their affinity [31].

A tremendous amount of new selected aptamers has been published since the first aptamer 
isolated in the early 1990s [5, 32, 33]. Some of them are currently undergoing clinical trials for 
the treatment of several diseases, such as macular edema and age-related macular degenera-
tion as in the case of the antiplatelet-derived growth factor (PDGF) and the anticomplement 
component (C5) RNA aptamers [34, 35]. Some RNA aptamers including the antifactor IXa of 
coagulation and the anti-A1 domain for activated von Willebrand factor (vWf) are directed 

Feature Aptamer Cell-based product Advantage

Nature Chemically synthesized Produced by cells Easy to multimerize for 
activation of immune 
receptors

Immunogenicity Not or very low  
immunogenic

T-cell-dependent  
immunity

Do not trigger immune 
response against them

Size Small (5–90 KDa) Big (50–200 KDa) Easy tissue penetrating,  
very suitable for targeting

Customization Easy procedure Requires specific skills Tailored properties easy 
to add, very suitable for 
delivery

Antidote Yes No Possibility of reversion any 
undesired effect

GMP grade Lower cost of  
manufacturing

Higher complexity and  
cost of manufacturing

Easier regulatory approval 
process

Table 1. Advantages of aptamers over cell-based products.
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to control hemostasis [35–37]. For the treatment of diabetes mellitus, one Spiegelmer is being 
used to target the monocyte chemoattractant protein 1 (MCP-1 also called CCL2) [35]. The 
two most advanced aptamers for cancer treatment are the anti-nucleolin aptamer AS1411 and 
the anti-stroma cell-derived factor-1 (SDF-1 also called CXCL12) NOX-A12 [35]. Among every 
aptamer tested in clinical trials, the first in class was the anti-VEGF RNA aptamer approved 
in 2004 by the Food and Drug Administration (FDA) which is used for the treatment of age-
related macular degeneration and is called MACUGEN.

2. Aptamers in cancer immunotherapy

The cancer burden around the world is extremely growing, to the extent that estimates calculate 
21 million new cancer cases and 13 million cancer deaths from now until 2030 [38]. There exist 
nowadays three main strategies to tackle cancer, namely, chemotherapy, radiotherapy, and sur-
gery in cases of resettable tumors. The elevated relapsing rates and the high toxicity associated 
with current treatments due to their lack of specificity usually make these conventional treat-
ments not powerful enough in many kinds of tumors. Surgery has the inherent problem of not 
removing every single malignant cell, causing tumor relapses in the majority of cases. On the 
other hand, radiotherapy and chemotherapy often show serious side effects, which is not only 
very harmful but also very uncomfortable for the patient. Immunotherapy is now given promi-
nence thanks to the encouraging results obtained in some clinical trials over the last few years 
[39] and the use as monotherapy or in combination of several FDA-approved immune-check-
point blocking Abs such as ipilimumab, nivolumab, or pembrolizumab [40–46]. Nonetheless, 
due to the severe toxicity associated with the use of agonistic mAbs such 4-1BB Ab or super ago-
nistic CD28 Ab (TGN1412) causing hepatic toxicity and cytokine storm, respectively [47–50], 
new immunomodulatory ligands with lower associated side effects are strongly needed.

As mentioned above, aptamers have been used in different research fields such as meta-
bolic and cardiovascular diseases or cancer [5]. Among the number of aptamers used in 
cancer research, some of them have been used to treat cancer within an immunotherapeutic 
context [51]. This chapter will be focused on aptamers used to date for cancer immunother-
apy, which in turn will be subdivided in four main parts: (I) aptamers developed to block 
immunosuppressive signals, (II) agonistic aptamers directed to trigger activating signals, 
(III) bi-specific aptamers to target the immune response to the tumor site, and (IV) aptamer-
based approaches to enhance tumor immunogenicity.

2.1. Aptamers developed to block immunosuppressive signals

In order to find the first aptamer developed with immunotherapeutic intention, we must go 
back to 2003. It was then when a CTLA-4 RNA aptamer was isolated and multimerized to block 
CTLA-4 signaling [18]. Cytotoxic T-lymphocyte antigen 4 (CTLA-4) is a member of the immuno-
globulin superfamily expressed by activated T cells, and its engagement with its natural ligand 
B7 (B7.1=CD80 and B7.2=CD86) leads to T-cell exhaustion [52]. The work published by Gilboa’s 
group laid down the foundations for aptamers as new immunotherapeutic agents. In this work, 
the multimerized blocking anti-CTLA-4 RNA aptamer showed to bind its target with high affin-
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ity and inhibited CTLA-4 action in vitro. This tetrameric form (schematically represented in 
Figure 2a) enhanced its in vitro and in vivo effects similar indeed to that of the mAb [18].

Programmed cell death protein 1 (PD-1) is a protein expressed in several cell types. It is 
expressed on the surface of CD8+ T lymphocytes especially in tumor-infiltrating lymphocytes 
(TILs). Its engagement with its ligand PDL-1 expressed on tumor cells induces T-cell exhaus-
tion leading to their dysfunction and therefore tumor progression [53]. An anti-PD-1 DNA 
aptamer (represented in Figure 2b) has been published, which is able to block the PD-1-PDL-1 
axis, thereby decreasing tumor burden and increasing survival in murine tumor models [54].

TIM3 is another T-cell exhaustion maker expressed in CD4+ interferon-γ expressing cells and 
cytotoxic CD8+ T lymphocytes [55]. It is usually expressed on T lymphocytes together with 
PD-1 [55]. Moreover, the upregulation of TIM3 on a subpopulation of infiltrating Tregs has 
been correlated with bad prognosis in patients [56]. Our group has recently described a TIM3 
RNA aptamer with antagonistic capacity [57]. This aptamer (represented in Figure 2c) was 
able to counteract TIM3 inhibitory signal on T lymphocytes in vitro and reduce tumor burden 
in a mouse colorectal tumor model in combination with PDL-1 blockade [57] Moreover, we 
have published at the present time a work that describes the use of in silico and docking stud-
ies to predict the mode of action and potential binding site of novel and the already published 
murine TIM3 RNA aptamer [58].

We have recently selected a murine CD40 RNA aptamer with high affinity for its target (rep-
resented in Figure 2d). Since CD40 is expressed in several B-cell malignancies, we used it 

 Figure 2. Antagonistic aptamers. (a) CTLA-4, (b) PD-1, (c) TIM3, (d) CD40, (e) CD28, (f) BAFF-R, (g) IL-10R, and (h) 
IL-6 and IL-6R.
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to block the CD40 receptor in vitro and in vivo. The experiments resulted in tumor growth 
reduction as we increased mice survival by 30% [21]. We had previously described a CD28 
antagonistic RNA aptamers which in its monomeric form was able to compete for CD28 
ligand B7 and to revert in vitro the co-stimulation induced by B7 in CD4+ T lymphocytes (rep-
resented in Figure 2e) [20]. This antagonistic aptamer could serve as immunosuppressant in 
several autoimmune diseases or transplants. For example, in the host-versus-donor immune 
responses triggered upon transplant engraftment, drug administration is needed to suppress 
the acute response. Thus, the use of this antagonistic CD28 aptamer might serve as suppressor 
of the T-cell-guided immune responses against the graft, easing donor engraftment.

The B-cell-activating factor (BAFF) is produced by dendritic cells, monocytes, macrophages, 
and B cells [59]. The engagement with its receptor has been described to induce B-cell pro-
liferation and survival, and its overexpression has been identified in different B-cell malig-
nancies [60–64]. Aptamers that block BAFF-BAFF-R axis have been selected (represented in 
figure 2f). These aptamers were able to block BAFF-dependent proliferation and survival as 
well as B-cell malignant proliferation [65].

Several aptamers have been described in the last few years aimed to block cytokine signaling. 
IL-10 is an immunosuppressive cytokine that promotes immunomodulatory responses favor-
ing tumor growth. It has been shown to be elevated in plasma of cancer patients, which can be 
used as a prognostic factor in cancer progression [66]. The blockade of its receptor IL-10R has 
been described to inhibit tumor growth in murine tumor models [67, 68]. An IL-10R-blocking 
aptamer has been isolated (represented in figure 2g). This aptamer was optimized by trunca-
tion by removing stearic domains, resulting in an increased affinity for its target [69]. The in 
vivo experiments revealed that it was able in its truncated monomeric form to inhibit tumor 
growth at comparable levels to those of the mAb. It was further tetramerized, and this mul-
timeric form was able to block IL-10-IL-10R axis in vitro [69]. Further, a human and murine 
cross-reactive aptamer against IL-10RA has been recently isolated [4].

A very interesting immunotherapeutic strategy is IL-6-IL-6R axis interruption. IL-6 is a pro-
inflammatory cytokine expressed by B and T cells, monocytes, and fibroblasts [70]. Its pres-
ence within the tumor microenvironment leads to immunoregulatory responses favoring 
tumor growth. Two SOMAmers (represented in Figure 2h) have been selected that bind IL-6 
with high affinity and inhibit IL-6-mediated signaling by blocking its interaction with IL-6R 
[71]. The in vitro experiments revealed a similar effect to that obtained by the correspond-
ing IL-6 mAb tocilizumab [71]. Furthermore, an RNA aptamer toward IL-6 (represented in 
Figure 2h) has been selected which showed no blocking activity but was able to effectively 
deliver cargoes to IL-6 expressing cells [14].

Aptamers toward other cytokines, such as IL-4R or tumor necrosis factor alpha (TNF-α), have 
been selected. A human and murine RNA cross-reactive aptamer was isolated toward IL-4R 
able to induce apoptosis in myeloid-derived suppressor cells (MDSCs). The IL-4R-mediated 
signaling in MDSCs and tumor-associated macrophages (TAMs) resulted in an increased 
number of TILs and reduction of tumor burden in a mammary carcinoma tumor model [72]. 
Finally, a TNF-α DNA-blocking aptamer has been isolated that is able to inhibit its activity 
in vitro [73]. These antagonistic and the remaining aptamers used to date in cancer immuno-
therapy are summarized in Table 2.
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2.2. Agonistic aptamers directed to trigger activating signals

T lymphocytes need at least two signals to be properly activated. The first one comes from the 
engagement of major histocompatibility complex (MHC) class I in the case of CD8+ and MHC 
class II in CD4+ cells with the T-cell receptor (TCR) along with CD3. The second signal, well 
known as co-stimulatory signal, comes mainly from the engagement of CD28 expressed on 
the surface of T lymphocytes and its ligand B7 expressed on antigen-presenting cells (APCs). 
Within the tumor microenvironment, lack of co-stimulatory ligands leads to T-cell exhaus-
tion, what turns them into anergic cells unable to trigger an immune response. Thus, the 
search for agonistic agent has always been of great interest in cancer immunotherapy. The 
first agonistic aptamer was not described until 2008. It was isolated by conventional SELEX 
toward murine 4-1BB, which is one of the major co-stimulatory receptors expressed in T lym-
phocytes. Its ligand 4-1BBL is expressed on the surface of APCs, and their engagement leads 
to T-cell proliferation [74, 83]. This aptamer was dimerized with the intention of displaying 
agonistic functions. To that end the agonistic aptamer was generated by adding a comple-
mentary 21 nt length to the 3′ end of each monomer using polymerase chain reaction (PCR). 
After in vitro transcription, monomers were hybridized by pair-wise fashion generating a 
dimer with a double-stranded linker, which provides a more rigid structure and mirrors the 
average distance of the two Fv of an IgG (represented on Figure 3a). The use of this 4-1BB 
agonistic RNA aptamer in murine tumor models resulted in inhibition of tumor growth [19]. 
This work strengthened the idea of using aptamers as novel agents for cancer immunother-
apy. Moreover, a human and murine cross-reactive aptamer has been recently published 
[4]. In this work, they describe a parallel both human- and murine-specific target selection 
against IL-10RA and 4-1BB followed by identification of common sequences by HTS. This is 
a “toggle-type” SELEX, which shows a very feasible manner to isolate cross-reactive species 
aptamers [4].

CD28 is one of the main co-stimulatory receptors with a very important role in immuno-
therapy. Our research team has generated multimerized CD28 agonistic RNA aptamers able 
to provide proper CD28 what lead CD4+ and CD8+ proliferation in vitro [20]. Two different 
dimeric structures were generated to evaluate their effect on T-cell co-stimulation and there-
fore optimize the strategy. The first dimer was generated as previously described [19] by 
pair-wise annealing fashion. However, the dimeric structure generated by in vitro transcrib-
ing two contiguous monomer units exerted in this case the highest co-stimulatory capacity in 
CD4+ and CD8+ T lymphocytes [20]. This dimer provides a shorter linker reducing the dis-
tance to the minimum and a more flexible structure (represented in Figure 3b). This agonistic 
CD28 aptamer was able to induce both cellular and humoral response in mice in a context of 
idiotypic vaccination. The use of this agonistic aptamer as adjuvant in an already established 
idiotypic vaccination protocol to treat B-cell lymphoma resulted in decreased tumor growth 
and increased survival rate. This aptamer showed a similar effect to that of the mAb [20].

OX-40 is another co-stimulatory receptor upregulated on the surface of CD4+ T cells upon 
activation, and the engagement with its natural ligand OX-40L expressed on APCs promotes 
T-cell proliferation, increased cytokine release, and long-term survival [75]. An RNA aptamer 
toward murine OX-40 was isolated and engineered to exert agonistic functions (represented 
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After in vitro transcription, monomers were hybridized by pair-wise fashion generating a 
dimer with a double-stranded linker, which provides a more rigid structure and mirrors the 
average distance of the two Fv of an IgG (represented on Figure 3a). The use of this 4-1BB 
agonistic RNA aptamer in murine tumor models resulted in inhibition of tumor growth [19]. 
This work strengthened the idea of using aptamers as novel agents for cancer immunother-
apy. Moreover, a human and murine cross-reactive aptamer has been recently published 
[4]. In this work, they describe a parallel both human- and murine-specific target selection 
against IL-10RA and 4-1BB followed by identification of common sequences by HTS. This is 
a “toggle-type” SELEX, which shows a very feasible manner to isolate cross-reactive species 
aptamers [4].

CD28 is one of the main co-stimulatory receptors with a very important role in immuno-
therapy. Our research team has generated multimerized CD28 agonistic RNA aptamers able 
to provide proper CD28 what lead CD4+ and CD8+ proliferation in vitro [20]. Two different 
dimeric structures were generated to evaluate their effect on T-cell co-stimulation and there-
fore optimize the strategy. The first dimer was generated as previously described [19] by 
pair-wise annealing fashion. However, the dimeric structure generated by in vitro transcrib-
ing two contiguous monomer units exerted in this case the highest co-stimulatory capacity in 
CD4+ and CD8+ T lymphocytes [20]. This dimer provides a shorter linker reducing the dis-
tance to the minimum and a more flexible structure (represented in Figure 3b). This agonistic 
CD28 aptamer was able to induce both cellular and humoral response in mice in a context of 
idiotypic vaccination. The use of this agonistic aptamer as adjuvant in an already established 
idiotypic vaccination protocol to treat B-cell lymphoma resulted in decreased tumor growth 
and increased survival rate. This aptamer showed a similar effect to that of the mAb [20].

OX-40 is another co-stimulatory receptor upregulated on the surface of CD4+ T cells upon 
activation, and the engagement with its natural ligand OX-40L expressed on APCs promotes 
T-cell proliferation, increased cytokine release, and long-term survival [75]. An RNA aptamer 
toward murine OX-40 was isolated and engineered to exert agonistic functions (represented 
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in Figure 3c) [75]. It was generated as a two-copy scaffold with 18 nt length polycarbon 
units between the two 3′ aptamer end of the complementary sequences that will anneal by 
pair-wise fashion [75, 84]. Further, a human OX-40 aptamer has been described which in its 
dimeric form provided a co-stimulatory effect as demonstrated by cellular proliferation and 
increased INF-γ production [84].

CD40 is a receptor expressed on the surface of APCs, and its ligand is expressed on T lym-
phocytes. Their engagement promotes clonal expansion, isotype switching, maturation, pro-
liferation, generation of plasma cells in the case of B cells, and increased antigen presentation 
on dendritic cells [85, 86]. We have recently published two different agonistic CD40 RNA 
aptamer-based constructs able to recover bone marrow aplasia while increasing antigen pre-
sentation [21]. As mentioned above, in this work, one of the isolated aptamers acted as an 
antagonist which by simple dimerization was turned into agonist (represented in Figure 3d).

2.3. Bi-specific aptamers to target the immune response to the tumor site

The use of agonistic mAbs has been demonstrated to exert severe toxicities as happened with 
the CD28 superagonistic mAb TGN1412, which resulted in cytokine storm leading a multi-

 Figure 3. Agonistic aptamers. (a) 4-1BB, (b) CD28, (c) OX-40, and (d) CD40.
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organ failure forcing the clinical trial to be concluded [47]. Another example is the elevated 
liver toxicity displayed by the 4-1BB mAb [48]. Moreover, the use of immune-checkpoint 
blockade mAbs raises the major concern of the appearance of several side effects such as hep-
atotoxicity, lymphopenia, and thrombocytopenia [76]. Thus, targeting the immune response 
to the tumor site would reduce the toxicity owed to the off-target effects while increasing the 
therapeutic index. This approach was published for the first time in 2011 by generating the 
first bi-specific aptamer, which consisted of both the PSMA and the agonistic 4-1BB aptamers 
(represented in Figure 4a) [77]. This new approach displayed a more potent antitumor immu-
nity at lower doses than that of the corresponding mAbs or the nontargeted co-stimulation. 
Targeting the immune response to the tumor site is a strategy that requires less amount of 
reagent as demonstrated in this work, which shows that targeted co-stimulation works as 
effectively as 10-fold levels of the corresponding controls [77]. A new bi-specific aptamer has 
been published with the intention of targeting 4-1BB co-stimulation to the vascular endothe-
lial growth factor (VEGF). This new construct consisting of both the VEGF and the agonistic 
4-1BB aptamers (represented in Figure 4b) showed less toxicity than the rest of the controls 
while obtaining the same therapeutic effect [87]. In fact, this therapeutic index widening was 
mirrored in a similar antitumor effect while reducing CD8+ T-cell hyperplasia as well as 
spleen, lymph node, lung, and liver weights [78, 88]. These described works demonstrate the 
feasibility of the strategies based on targeting co-stimulation to the tumor site using aptamers.

We have recently published a bi-specific CD28-MRP1 aptamer to target CD28 co-stimulation to 
cancer stem cells (represented in Figure 4c) [89]. The targeted co-stimulation to cancer stem cells 
which imply chemotherapy resistance would exert a selection pressure on these cells usually 
responsible for tumor metastasis and tumor relapses [79, 90]. We isolated an aptamer that rec-
ognizes multidrug-resistant protein 1 (MRP1) with high affinity, and we used it to generate the 

 Figure 4. Bi-specific aptamers. (a) 4-1BB-PSMA, (b) 4-1BB-VEGF, (c) CD28-MRP1, and (d) CD16α-c-Met.
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CD28-MRP1 bi-specific aptamer together with the already published agonistic CD28 aptamer. 
This bi-specific aptamer was able to target and properly provide co-stimulation signal to MRP1-
overexpressing cells in vitro and in vivo. It was tested in a murine tumor model in the presence 
of a vaccine (Gvax) and a transient inhibitor peptide of FOXP3 resulting in higher T-lymphocyte 
tumor infiltration, slower tumor growth, and longer survival [89]. Further, we developed a new 
vaccination strategy consisting in irradiated MRP1-overexpressing cells coated ex vivo with the 
CD28-MRP1 bi-specific aptamer termed CD28 Aptvax. CD28 Aptvax exerted delay in MRP1-
expressing tumors as well as 50% survival after 50 days of follow-up [89].

Finally, targeted antibody-dependent cell-mediated cytotoxicity (ADCC) can be achieved as 
well. To that purpose, a DNA aptamer against the Fcγ receptor III (CD16α) was developed 
to generate a bi-specific aptamer to target ADCC to c-Met-overexpressing tumor cells (repre-
sented in Figure 4d) [91]. This bi-specific aptamer was tested in both human gastric and lung 
cancer cell lines resulting in specific c-Met-targeted ADCC [91].

2.4. Aptamer-based approaches to enhance tumor immunogenicity

Despite efforts invested in blocking immunosuppressive signals and activating positive signals, 
tumor antigenicity is a challenge that remains mostly unsolved. In 2010, a feasible approach 
was described to increase tumor antigenicity by expressing new tumor antigens. In this work 
published by Pastor et al. [92], new and therefore more potent antigens are expressed by the 
tumor triggering a powerful immune response [92, 93]. This approach was based on generat-
ing an aptamer-based chimera consisting of the PSMA aptamer and an siRNA for one of the 
NMD factors. Nonsense-mediated RNA decay (NMD) is a mechanism that controls abnormal 
transcripts in charge of deleting mRNAs that encode premature termination codons (PTCs). 
This targeted NMD inhibition resulted in triggering an increased tumor antigenicity leading to 
a potent immune response in vivo, thereby reducing tumor growth [92]. Moreover, it has been 
demonstrated that higher lymphocyte infiltration in the tumor is correlated with lower NMD 
expression, as was shown by the inverse correlation between the accumulation of CD3+ and 
the expression of the NMD in colorectal cancer with microsatellite instability [94]. Since tumor 
regression has been demonstrated by the expression of new antigens in the tumor by NMD 
inhibition [92–94], we decided to apply this strategy to B-cell lymphoma. In this work recently 
published by our research team, we generated a chimera with the CD40 agonistic aptamer cou-
pled with an shRNA aimed at inhibiting the NMD [21]. In this work, the optimized chimera 
led to the expression of new powerful antigens, thus triggering an immune response against 
the tumor. This chimera was able to generate higher lymphocyte infiltration, decreasing tumor 
growth and increasing mice survival in a B-cell lymphoma tumor model [21].

The expression of new antigens is in some cases insufficient due to the immunosuppressive 
microenvironment. In fact, the expression of new antigens induces regulatory T-cell (Treg) 
infiltration indicating that the combination with other aptamer-based strategies would serve 
to optimize the antitumor immune responses. Signal transducer and activator of transcrip-
tion 3 (STAT-3)-targeted inhibition can be achieved using Toll-like receptor 9 (TLR9) natural 
ligands such as CpG. It has been demonstrated that this targeted inhibition triggers a strong 
antitumor immune response mediated by the activation of tumor-associated immune cells 
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[80, 95]. In addition, STAT-3 is upregulated in immunosuppressive cells and favors CD4+ Treg 
expansion. Aptamer-based CTLA-4 delivery strategies have been demonstrated to target both 
CD4+ Tregs and CD8+ infiltrated lymphocytes [81]. CTLA-4 aptamer-based-targeting delivery 
of STAT-3 siRNA to T lymphocytes results in inhibition of tumor growth and of metastasis 
[81]. STAT-3 promotes tumor cell survival and proliferation in tumor cells, as well as invasion 
and immunosuppression [81]. This work shows an increase of CD8+ T-effector response in 
vivo thanks to the blockade of CTLA-4 in the first place and subsequently to STAT-3 silenc-
ing. STAT-3 inhibition provided a systemic antitumor response leading to inhibition of tumor 
growth in various cancer cell lines as well as metastasis [81].

mTOR is an intracellular mediator associated with the presence of immune-system shod-liv-
ing cells [3]. A strategy that demonstrated the agonistic 4-1BB optima coupled with an siRNA 
for a key factor of the mTOR complex 1(mTORC1) was called raptor [3]. This strategy resulted 
in mTORC1 downregulation in vitro, and its combination with an already established vac-
cination protocol promoted a protective immunity in a murine tumor model. This achieved 
antitumor response showed memory features with cytotoxic effect function [3].

Moreover, an RNA aptamer toward DEC205 has been recently published able to delivery in vitro 
deliver-specific cargoes for cross-presentation. DEC205 is a surface receptor expressed on CD8+α 
dendritic cells, which promotes antigen cross-presentation and the subsequent CD8+ activation. 
The use of this aptamer in vivo displayed strong T-cell-mediated tumor immunity [96].

Our research team has recently shown a new strategy to increase tumor immunogenicity by 
targeting the inhibition of FOXP3. We generated a CD28 aptamer chimera coupled with the 
already published FOXP3 transient inhibitory peptide P60 [82, 97]. This peptide is able to pen-
etrate into Tregs and inhibits its function [82]. Due to the absence of specificity of the P60 pep-
tide, we decided to couple it with one of our CD28 described aptamers and therefore target 
FOXP3 inhibition to CD28-expressing cells. This targeted inhibition counteracted Treg immu-
nosuppression activity while reducing the concentration hundreds of times up to 0.5 mictoM 
[82, 97]. A very similar antitumor effect in a colon carcinoma tumor model was achieved using 
625 pmol of the CD28-P60 chimera compared with 500 nmol of the P60 control [97].

3. Conclusion

Aptamers have gained a large spot among therapeutic agents [5] in several research fields. 
They have colonized experimental approaches for the treatment of several metabolic and vas-
cular diseases, and their preclinical use in cancer treatments has been widely used. Aptamers 
can be used to face the three major challenges that immunotherapy poses today [51]. To 
address the blockade of immunosuppressing signals, aptamers toward CTLA-4, PD1, TIM3, 
IL-10R, or IL-6 can be used. With the purpose of activating positive signals, agonistic aptam-
ers directed to trigger CD28, 4-1BB, OX40, or CD40 receptors can be utilized. In order to 
increase tumor immunogenicity, several aptamer-based strategies can be used, such as target-
ing the NMD inhibition to the tumor, STAT-3-targeted inhibition in TILs, or FOXP3-targeted 
inhibition in Tregs. Finally, it is to be noted that bi-specific aptamers such as 4-1BB-PSMA, 
4-1BB-VEGF, CD28-MRP1, or CD16α-c-MET can be utilized to direct the immune response 
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to the tumor site. To conclude, despite the youth of this emerging platform, aptamers might 
feasibly serve as a promising therapeutic tool for cancer immunotherapy.
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Abstract

In recent years, there has been a considerable interest in the development of immuno-
therapeutic approaches for treating cancers, including strategies for inducing antigen-
specific cytotoxic T cells (CTLs) capable of killing tumour cells in situ. These approaches 
include both the active induction of CTLs by vaccination of tumour bearing patients, 
and the ex vivo expansion of tumour-specific CTLs for adoptive cellular transfer. One 
promising approach has been through the generation of hybrid cells, formed by fusion 
of professional antigen presenting cells (pAPCs) with tumour cells expressing relevant 
tumour associated antigens. Dendritic cells (DCs) represent the most potent form of 
pAPCs, and have been widely used in the generation of APC/tumour cell hybrid vac-
cines, in the context of a range of tumour types. Studies of fusion cell vaccines in animals 
have demonstrated not only the induction of tumour-specific CTLs, but also protection 
against subsequent tumour challenge and regression of established tumours. Results of 
clinical trials in patients have been less dramatic, but have shown the ability of hybrid 
vaccines to induce tumour-specific T cell responses, in some instances associated with 
disease stabilization or tumour regression. In addition to dendritic cell fusion vaccines, a 
number of non-DC fusion vaccines have been described.

Keywords: antigen-presenting cell, cancer, tumour, hybrid, fusion, vaccine

1. Introduction

Recently, there has been significant interest in the development of immunotherapeutic 
approaches for cancer management. This has been strengthened by the approval of the first 
therapeutic dendritic cell-based vaccine explicitly prepared for the management of cancer by the 
Food and Drug Administration (FDA) in 2010 [1]. Many experimental cancer immunotherapy 
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studies depend on the use of professional antigen-presenting cells (pAPCs), such as dendritic 
cells, as inducers of tumour-specific immune responses, in particular for inducing tumour anti-
gen-specific cytotoxic T-lymphocytes (CTLs) capable of targeting and killing tumour cells. One 
such strategy has been the development of APC/tumour fusion cells as candidate cancer vac-
cines. The approach was first described by Guo and colleagues [2], who showed that a vaccine 
made by fusion of hepatoma cells and activated B-cells protected rats against subsequent tumour 
challenge, and induced rejection of established tumours, by a mechanism that was mediated by 
CD4+ and CD8+ T-cells. In this chapter, we shall review the status, prospects and limitations of 
APC/tumour cell fusion vaccines for immunotherapy of cancer.

2. The concept of APC/tumour cell hybrids

The idea behind APC/tumour cell fusion hybrids as immunotherapeutic agents is relatively 
straightforward (Figure 1). Tumour cells express mutated proteins or overexpress proteins 
that the immune system recognizes as antigenic, and which differentiate them from normal 
somatic cells. However, they fail to present these to the host immune system in a way that 
elicits an effective anti-tumour immune response. In addition, many tumours evade immune 
responses [3] by a number of mechanisms, including downregulation of antigen processing, 
reduced or failure to express major histocompatibility complex (MHC) molecules, and fail-
ure to express co-stimulatory molecules. By contrast, professional APCs are potent inducers 
of antigen-specific T-cell responses, due to a high level of expression of MHC class I and 
MHC class II molecules, efficient antigen processing and expression of T-cell co-stimulatory 
molecules. In vitro fusion of tumour cells and professional APCs produces hybrid cells that 
express tumour-associated antigens (TAAs), and process and present them in a way that 
induces tumour-specific immunity (Figure 1). Fusions of tumour cells and APCs therefore 
represent potential agents for cancer immunotherapy, as they express multiple tumour anti-
gens, process and present them to CD4+ and CD8+ T-cells, and provide effective T-cell co-
stimulation [4].

3. Sources of tumour antigens—why use whole tumour cells

The first step in developing a tumour vaccine is to provide a source of tumour-specific anti-
gens. There are a variety of tumour antigen sources, including peptides, exosomes, dead 
or dying tumour cells, recombinant viruses, DNA or RNA transfection or whole tumour 
cells. The latter represents an effective way for pAPC to present the entire range of antigens 
expressed in a given tumour, stimulating anti-tumour responses against a broad array of 
antigens, including mutations relevant to the oncogenic process [5]. Dendritic cells (DCs) rep-
resent the most potent form of pAPCs, and DCs pulsed with whole tumour cells or their 
derivatives have been used in clinical trials of cancer immunotherapy. Unlike vaccines using 
known tumour-associated peptides or antigens, whole tumour cell-derived vaccines may also 
present undefined tumour-specific antigens, extending the range of potential targets for the 
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derivatives have been used in clinical trials of cancer immunotherapy. Unlike vaccines using 
known tumour-associated peptides or antigens, whole tumour cell-derived vaccines may also 
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immune system, resulting in the polyvalent stimulation of both CD8+ CTLs and CD4+ T-cells 
against a range of tumour antigens. Thus, by using whole tumour cells as a source of tumour 
antigens, a multi-antigenic response will be produced, and the probability of tumour escape 
via loss of antigens should be reduced.

4. Choice of pAPCs—the role of dendritic cells

Dendritic cells are the most potent antigen-presenting cells for naive T-cell activation. To 
understand the therapeutic use of DC vaccination strategies, it is important to understand the 
biology of DCs and how they regulate the innate and the adaptive immune systems—particu-
larly in the context of the tumour microenvironment [6].

DCs are bone marrow-derived cells, which are found in a resting or immature state in non-
lymphoid tissues, where they capture antigens. Stimulation of the immature DCs with a 
range of factors, including microbial products, inflammatory cytokines or cognate receptor-
ligand interactions, induces the DCs to undergo maturation, resulting in increased antigen 
presentation, increased expression of MHC and co-stimulatory molecules, and migration to 

Figure 1. Principle of APC/tumour cell hybridization. (Figure adapted with permission from Ref. [4].).
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secondary lymphoid organs, where they present the antigens to naive, antigen-specific T-cells 
[7]. DCs present the captured antigen to the T-cells in the form of peptide bound to self-MHC 
molecules in lymphoid tissues. DCs are the most potent type of pAPC, and can elicit immune 
responses even where very low numbers of antigen-specific T-cells are present. In mice and 
humans, there are two major subsets of DCs: myeloid DCs (mDCs) and plasmacytoid DCs 
(pDCs). The majority of studies of cancer immunotherapy have focussed on the use of mDCs.

DCs capture antigens in the periphery by a variety of mechanisms. The DCs then migrate 
into the lymph nodes (LNs), whilst processing the protein antigens into peptides that bind to 
MHC class I and MHC class II molecules. Antigens can also reach DCs resident in the lym-
phoid tissues through the lymphatic system [8].

On interaction with DCs, naive CD4+ and CD8+ T-cells (expressing appropriate T-cell recep-
tors, with specificity for the peptide-MHC complex presented by the DCs) are activated to 
differentiate into effector T-cells with a variety of functions. Depending on additional sig-
nals that they receive, CD4+ T-cells can differentiate into helper T-cells with different pat-
terns of cytokine release (TH1, TH2, TH9 or TH17 cells), or into T-follicular helper (TFH) 
cells that help B-cells to differentiate into antibody-secreting cells, or regulatory T (TReg)-cells 
that have suppressive effects on the functions of other lymphocytes. Naïve, antigen-specific 
CD8+ T-cells differentiate into effector cytotoxic T-lymphocytes on activation. The nature of 
the T-cell response produced is dependent at least in part on the subset and differentiation 
status of DCs presenting the antigen [9].

DCs also play a role in controlling antibody responses. They do so by interacting both directly 
with B-cells and indirectly by activating cytokine-releasing CD4+ helper T-cells. The mech-
anism of direct presentation of (unprocessed) antigens by DCs to B-cells is incompletely 
understood [8]. Through these properties of DCs, activating both T-cell and B-cell arms of the 
immune response, DCs and their derivatives represent ideal candidates for cancer vaccines [9].

5. DCs in the tumour microenvironment

DCs are found in most tumours in humans and mice. Tumours, however, can avert antigen 
presentation and the establishment of tumour-specific immune responses through a variety 
of mechanisms, causing an imbalance between immunity and tolerance [10]. By switching 
the differentiation of monocytes to macrophages, rather than DCs (through the interplay 
of interleukin (IL)-6 and macrophage colony-stimulating factor; [11]), tumours can prevent 
the induction of tumour-specific T-cell responses. In addition, tumour glycoproteins such 
as carcinoembryonic antigen (CEA) and mucin 1 (MUC1) are endocytosed by DCs into early 
endosomes, bypassing the normal pathway of processing and presentation of antigens to 
T-cells [12]. Tumours also interfere with DC maturation. Firstly, they can inhibit DC mat-
uration through the secretion of IL 10 [13], leading to antigen-specific anergy. Secondly, 
tumour-derived factors may subvert the normal maturation of mDCs, in ways that lead to 
the promotion of tumour growth (‘pro-tumour’ DCs). For example, tumour-derived TSLP 
induces OX40 ligand expression by DCs, which supports the differentiation of CD4+ T-cells 

Immunotherapy - Myths, Reality, Ideas, Future154



secondary lymphoid organs, where they present the antigens to naive, antigen-specific T-cells 
[7]. DCs present the captured antigen to the T-cells in the form of peptide bound to self-MHC 
molecules in lymphoid tissues. DCs are the most potent type of pAPC, and can elicit immune 
responses even where very low numbers of antigen-specific T-cells are present. In mice and 
humans, there are two major subsets of DCs: myeloid DCs (mDCs) and plasmacytoid DCs 
(pDCs). The majority of studies of cancer immunotherapy have focussed on the use of mDCs.

DCs capture antigens in the periphery by a variety of mechanisms. The DCs then migrate 
into the lymph nodes (LNs), whilst processing the protein antigens into peptides that bind to 
MHC class I and MHC class II molecules. Antigens can also reach DCs resident in the lym-
phoid tissues through the lymphatic system [8].

On interaction with DCs, naive CD4+ and CD8+ T-cells (expressing appropriate T-cell recep-
tors, with specificity for the peptide-MHC complex presented by the DCs) are activated to 
differentiate into effector T-cells with a variety of functions. Depending on additional sig-
nals that they receive, CD4+ T-cells can differentiate into helper T-cells with different pat-
terns of cytokine release (TH1, TH2, TH9 or TH17 cells), or into T-follicular helper (TFH) 
cells that help B-cells to differentiate into antibody-secreting cells, or regulatory T (TReg)-cells 
that have suppressive effects on the functions of other lymphocytes. Naïve, antigen-specific 
CD8+ T-cells differentiate into effector cytotoxic T-lymphocytes on activation. The nature of 
the T-cell response produced is dependent at least in part on the subset and differentiation 
status of DCs presenting the antigen [9].

DCs also play a role in controlling antibody responses. They do so by interacting both directly 
with B-cells and indirectly by activating cytokine-releasing CD4+ helper T-cells. The mech-
anism of direct presentation of (unprocessed) antigens by DCs to B-cells is incompletely 
understood [8]. Through these properties of DCs, activating both T-cell and B-cell arms of the 
immune response, DCs and their derivatives represent ideal candidates for cancer vaccines [9].

5. DCs in the tumour microenvironment

DCs are found in most tumours in humans and mice. Tumours, however, can avert antigen 
presentation and the establishment of tumour-specific immune responses through a variety 
of mechanisms, causing an imbalance between immunity and tolerance [10]. By switching 
the differentiation of monocytes to macrophages, rather than DCs (through the interplay 
of interleukin (IL)-6 and macrophage colony-stimulating factor; [11]), tumours can prevent 
the induction of tumour-specific T-cell responses. In addition, tumour glycoproteins such 
as carcinoembryonic antigen (CEA) and mucin 1 (MUC1) are endocytosed by DCs into early 
endosomes, bypassing the normal pathway of processing and presentation of antigens to 
T-cells [12]. Tumours also interfere with DC maturation. Firstly, they can inhibit DC mat-
uration through the secretion of IL 10 [13], leading to antigen-specific anergy. Secondly, 
tumour-derived factors may subvert the normal maturation of mDCs, in ways that lead to 
the promotion of tumour growth (‘pro-tumour’ DCs). For example, tumour-derived TSLP 
induces OX40 ligand expression by DCs, which supports the differentiation of CD4+ T-cells 

Immunotherapy - Myths, Reality, Ideas, Future154

into TH2 cells, and promotes tumour development through the secretion of IL 4 and IL 13, 
inhibiting tumour cell apoptosis and stimulating tumour-associated macrophages to secrete 
factors that promote tumour growth, such as epidermal growth factor (EGF) [14, 15].

Thus, DCs can have direct pro-tumour effects by promoting the survival and progression 
of tumour cells in a variety of ways [16]. The complex interactions between DCs and the 
tumour microenvironment can lead to the dysfunction of endogenous DCs in cancer-bearing 
patients. However, culture conditions have been defined by which DCs can be differentiated 
in vitro to optimize their APC functions, allowing such cells to be used effectively as cancer-
immunotherapeutic agents.

6. In vitro differentiation of DCs for use as vaccines

The goal of cancer immunotherapy is to elicit tumour-specific CD8+ T-cell-mediated immune 
responses that will be sufficiently robust and long-lasting to generate durable tumour regres-
sion and/or eradication. The application of ex vivo-educated DCs emerged in an effort to 
avoid possible interferences in therapeutic efficacy due to the dysfunction of endogenous 
DCs commonly observed in cancer patients [17]. Ex vivo DCs are mainly generated through in 
vitro differentiation of peripheral blood mononuclear cells (PBMCs) in the presence of granu-
locyte-macrophage colony-stimulating factor (GM-CSF) and IL-4 or IL-13 [18]. DC-based vac-
cines should present a ‘mature’ phenotype in order to activate an antigen-specific immune 
response upon T-cell encounter. This differentiated state is characterized by the expression of 
several co-stimulatory molecules (such as CD80 and CD86, CD40, CD70, or inducible T-cell 
co-stimulator ligand), the necessary activating ‘second signals’ in the immunological synapse 
[19]. Mature DCs also have high levels of expression of the antigen-presenting molecules, 
MHC class I and MHC class II (and CD1 for presentation of lipid antigens). In addition, a 
third signal is required to trigger an efficient CD8+ T-cell response, which is the presence of 
an immunostimulatory cytokine profile [17]. This process is accompanied by an augmented 
chemokine-driven migratory capacity, with increased chemokine receptor 7 (CCR7) expres-
sion, which favours lymph node homing and T-cell encounter, and allows antigen presenta-
tion and T-cell activation [20]. This complex context has required the exploration of various 
strategies. A ‘standard’ maturation cocktail, composed of tumour necrosis factor (TNF)-α, 
IL-1β, IL-6, and prostaglandin E2 [21], has been extensively used to develop conventional 
DCs. This ‘standard’ mature DCs acquire an activated phenotype, respond to LN-homing 
signals and secrete moderate amounts of T helper (Th)1 cytokine IL-12p70, but with low 
immunoregulatory cytokine production [21]. Targeting the innate danger signal pathway 
of Toll-like receptors (TLRs) improved migration, cytokine profiles and immune responses 
[22]. Alternative approaches use type-1 polarized DCs, generated in the presence of inter-
feron (IFN)-γ, which show a mature state with IL-12 release, chemotactical response to the 
LN-homing chemokine CCL19 and generate Antigen-specific T-effector cells [23]. Alternative 
strategies for the production of ‘clinical grade’ DCs include ‘Fast DCs’, which are generated 
in a 3-day culture, show similar performance [24, 25], and DCs derived from CD34+ blood 
progenitor cells [26]. Taken together, considerable progress has been made over the years in 
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generating DCs suitable for use as cancer-immunotherapeutic agents, although the potential 
impact of ex vivo-generated DCs on immunotherapy requires additional studies to be fully 
understood.

7. DC/tumour cell fusion approaches

Several approaches have been used to generate APC/tumour cell hybrids, including electro-
poration, chemical fusion using polyethylene glycol or viral fusion. Fusion efficiencies can 
vary greatly. Other limitations of DC/tumour cell hybrids include a lack of replicative capac-
ity of the fusion cells, and poor standardization of the resulting fusion products [27]. Methods 
of separating heterokaryons of the APC and tumour cells from unfused cells and cellular 
debris are an important consideration following the fusion. In many studies describing DC/
tumour fusion vaccines, no definitive evidence of heterokaryonic fusion cell formation was 
given, and the effects described cannot, therefore, be directly ascribed to the hybrid cells 
themselves. Corroboration of this conclusion comes from reports that fusion hybrids gener-
ated from autologous (syngeneic) and allogeneic DCs displayed equivalent immunological 
function and therapeutic effects in vitro and in vivo. This suggests that at least part of the 
therapeutic effect of the DC/tumour fusion vaccines in these studies may depend on tumour 
antigen scavenging and presentation by antigen-presenting cells of host origin within the 
vaccine preparation. In support of this, a recent study showed that the presence of unfused 
(syngeneic) DCs in the vaccine preparation enhanced the immunogenicity of the vaccine, pos-
sibly by a combination of uptake and processing of necrotic tumour cells by the DCs and their 
differentiation to mature DCs following the electrofusion process [28].

8. Dendritic cell/tumour fusion hybrids and their utility in cancer 
immunotherapy

DC/tumour hybrid fusion cells may be more effective in cancer immunotherapy than other 
DC-based vaccine approaches. DC-tumour cell fusion potentially confers not only the DCs' 
professional APC capacity but also the endogenous expression of a range of TAAs for pro-
cessing and MHC-restricted T-cell sensitization. Many investigators have shown, in animal 
models, that vaccination with DC/tumour fusion hybrids protected against challenge with 
the relevant tumour and mediated the regression of established tumours of a wide range of 
tumour types, including renal, colon, lung, breast, hepatic and cervical carcinomas,  melanoma, 
sarcoma, neurological and haematological tumours [29–35]. In addition, studies in tumour-
prone mouse strains vaccinated with fusion cell vaccines showed protection against, or delay 
in the development of, tumours [36–38]. Both syngeneic and allogeneic DCs were shown to 
be effective as APCs for fusion hybrids for vaccination, and the mechanisms of protective 
immunity induced by DC/tumour fusion vaccines depended on their ability to induce both 
CD4+ and CD8+ T-cells, with CD8+ antigen-specific CTLs representing the major mediators 
of tumour rejection [30, 31, 33, 34, 37].

Appropriate antigen loading is a crucial parameter for optimizing the efficacy of anti-tumour 
immunotherapy. Using a murine colon cancer model, Yasuda and his colleagues evaluated 
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the anti-tumour efficacy of four different preparations of DC vaccines, including DCs pulsed 
with tumour lysate, DCs pulsed with necrotic tumour cells, DCs pulsed with apoptotic 
tumour cells and DC/tumour fusion hybrid cells. Their results showed that DC/tumour cell 
fusion hybrids and DCs pulsed with apoptotic tumour cells induced stronger anti-tumour 
protection than DCs pulsed with necrotic tumour cells, whilst vaccination of DCs pulsed 
with tumour lysate failed to elicit any anti-tumour effect [35]. DC/tumour fusion hybrid 
cells induced the most effective anti-tumour response in animals receiving higher doses of 
tumour-cell challenge. DC/tumour cell fusion hybrids also induced the strongest cytotoxic 
T-lymphocyte activity and in vitro production of IFN-gamma of the preparations tested. 
These results suggest that DC/tumour fusion hybrids are stronger stimulators of protective 
immunity against solid tumours than other antigen-loading strategies using whole tumour 
cell materials [35]. Furthermore, DC/tumour cell fusion hybrids have been shown to dem-
onstrate superior efficacy for the treatment of murine tumour models than other DC-based 
vaccination strategies in other studies [39–43]. Parameters that may require further adjust-
ment to maximize the anti-tumour effect of DC/tumour cell fusion hybrids include the DC 
maturation state, fusion efficiency between DC and tumour cells, and the use of appropriate 
adjuvants.

In clinical trials for patients with a variety of metastatic diseases, fusion hybrid vaccines were 
well tolerated, but the overall objective response rate was less might have been expected from 
the animal studies. For example, in a study of DC/tumour cell hybrid vaccination in patients 
with stage III/IV melanoma, Trefzer et al. reported 1 complete clinical remission, 1 partial 
response and 6 cases of disease stabilization in 17 patients studied, with 11 of 14 patients ana-
lysed demonstrating T-cell responses to tumour-associated T-cell epitopes [44, 45]. Similarly, 
in a study of 21 renal cell cancer patients vaccinated with autologous tumour/allogeneic den-
dritic cell fusions, 2 showed partial clinical responses and 8 showed disease stabilization [46]. 
In this study, of the 21 patients included, 10 showed increased anti-tumour immune responses 
in response to the vaccine, with increased CD4 and/or CD8 T-cell expression of interferon-
gamma on stimulation of cells with tumour cell lysate [46]. Avigan showed disease regres-
sion in 2 patients with breast cancer, and disease stabilization in 6 more of the vaccinated 
patients, in a study of 23 patients with breast or renal cancer, vaccinated with autologous 
DC/tumour cell fusions [47]. Finally, in 17 patients with multiple myeloma, immunized with 
autologous DC/tumour cell fusion vaccines, T-cell responses to autologous tumour cells was 
seen in 11 patients, with disease stabilization seen in the majority of evaluable patients [48]. 
Although the clinical responses seen in these phase I/II clinical trials have been less  dramatic 
than the responses seen in the animal studies, the vaccines have proved to be safe, and larger, 
 placebo-controlled studies are needed to demonstrate whether these DC/tumour cell vaccines 
offer significant therapeutic benefit.

9. Future cancer regimens using DC/tumour fusion cells

Effective and selective targeted therapies with little toxicity are urgently needed for patients 
with advanced cancer. Treatment of cancer patients with DC/tumour fusion cells alone 
may be limited by the induction of immunosuppressive mechanisms. DC/tumour fusion 
cells can induce not only antigen-specific CTLs but also Tregs, which may counteract their 
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therapeutic effects [49]. Some chemotherapeutic agents, such as cyclophosphamide and 
gemcitabine, can activate anti-tumour immunity by depleting Tregs and myeloid-derived 
suppresser cells (MDSCs) [50], leading to improved clinical outcomes. Recent reports have 
shown that CTLs induced by vaccination may express the marker programmed death 1 
(PD1, and that its ligand, PD-L1, is upregulated in tumour cells by IFN-γ produced by 
activated CTLs) [51]. The interaction of PD1 (on the CTL) and PD-L1 (on the tumour) leads 
to impaired CTL function. In a recent preclinical study, it was shown that the use of an 
anti-PD1 antibody was associated with enhanced CTL activity, and decreased Tregs [52]. 
Moreover, inactivation of CD4+CD25+Foxp3+ Tregs by an anti-CD25 antibody following 
DC/tumour fusion cell vaccination significantly improved anti-tumour immunity in a 
murine model [53]. Therefore, the inhibition of immune checkpoint blockade may enhance 
CTL activity and reduce induction of T-cell anergy in DC cancer vaccination strategies, 
and a therapeutic regimen combining DC/tumour fusion hybrid cells, chemotherapy, 
Treg depletion and/or antibody blockade of PD1-PD-L1 signalling may have potential in 
advanced cancer patients [54]. Further work will be required to identify which combina-
tions of such strategies will provide optimum benefit, and in which patients and tumour 
types [55].

10. Fusion of DCs and cancer stem cells

It is well accepted that cancer stem cells (CSCs) are resistant to standard therapies, such 
as chemotherapy and irradiation [56]. Therefore, small populations of chemoresistant 
CSCs may result in tumour relapse and growth, following conventional cancer thera-
pies [57]. Importantly, chemoresistant CSCs preferentially express stem cell markers, 
including OCT3/4, ABCG2, nestin, SOX2, Bmi-1, Notch-1, CD44, CD133 and CD177 [56]. 
CSCs also overexpress a range of known tumour-associated antigens, such as survivin, 
MUC1, hTERT, HER2, CERP55, COA-1 and WT1 [58]. In addition, MUC1 expression is 
upregulated in chemoresistant CSCs which are efficiently lysed by MUC1-specific CTLs 
in mice [59].

Thus, CSCs remain potential targets for cancer vaccines, and the success of cancer vac-
cines may at least partly depend on the efficient induction of anti-CSC immunity. Fusions 
of DCs with pancreatic tumour cells with CSC characteristics were shown to process and 
present multiple endogenous CSC-specific antigenic peptides on MHC class I and II mol-
ecules, and to induce CSC-specific CTL responses [57]. Moreover, fusions of DCs and both 
CD133+ and CD133- glioma tumour cells were equally effective at inducing cytotoxic anti-
tumour immunity against autologous glioma cells [60]. These data suggest that fusion 
cells generated with DCs and CSCs (DC/CSC-FCs) can process and present CSC anti-
gens, and induce CSC-specific CTLs, without the need to identify CSC-specific antigens. 
Therefore, DC/CSC fusion cell vaccines may provide an approach capable of eliminating 
residual, chemoresistant CSCs that would otherwise result in disease relapse following 
conventional cancer therapies.
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11. Other APC/tumour cell hybrids

Most studies of hybrid cell vaccines have used autologous or allogeneic DCs as the APC 
to fuse with tumour cells. However, non-DC APCs have also been used to generate hybrid 
cell vaccines. As mentioned above, Guo et al. used activated B-cells as APCs in their study 
of fusion cell vaccines against hepatocellular cancer in rats [2]. Several phase I clinical 
trials have been reported using non-DC APCs as fusion cell vaccine partners, including 
activated autologous B-cells, and activated allogeneic peripheral blood lymphocytes [61, 
62]. As with the clinical trials using DC/tumour fusion cell vaccines, clinical or immuno-
logical responses were reported in individual patients, and the approaches were safe with 
minimal toxicity.

11.1. The use of EBV B-lymphoblastoid cells as pAPC

It is important that the hybrids express multiple tumour antigens in the context of MHC 
class I and/or class II molecules as well as co-stimulatory molecules essential for T-cell 
activation, and that careful characterization of the vaccine cell lines should be carried out 
prior to their use as immunotherapeutic agents. To address the limitations of poor stan-
dardization and replicative capacity of DC/tumour cell fusion hybrids, we have used an 
EBV B-lymphoblastoid cell line (B-LCL) as APCs in generating APC/tumour hybrid cell 
lines. EBV B-LCLs show many of the characteristic features of professional APCs, includ-
ing high levels of expression of MHC class I and class II molecules, and important T-cell 
co-stimulatory molecules, such as CD80, CD86 and CD40 [63], and are immortalized for 
growth in cell culture. They therefore represent an attractive alternative to DCs as the APC 
partner in APC/tumour hybrid vaccine cells. The LCL that we have used (HMy2; [64]) has 
been modified to allow for double chemical selection of the fusion cells, facilitating the 
selection of stable, self-replicating LCL/tumour hybrid cell lines following fusion. Fusion 
of HMY2 with a range of haematological tumour cells and cell lines resulted in hybrid 
cell lines that expressed high levels of MHC class I and class II molecules, as well as rel-
evant T-cell co-stimulatory molecules [27, 63, 65, 66]. Interestingly, these hybrid cell lines 
expressed TAAs not only associated with haematological malignancies, including TAAs 
that are commonly expressed in solid tumour cells, and widely expressed tumour anti-
gens such as hTERT and survivin [27, 63, 65, 66; Khalaf et al., unpublished]. Stimulation 
of peripheral blood T-cells from both healthy donors and tumour-bearing patients in vitro 
using LCL/tumour hybrid cell lines induced tumour antigen-specific CTLs that secreted 
interferon-gamma and killed tumour cells presenting the relevant antigen(s), demonstrat-
ing the potential of these hybrid cell lines to induce tumour-specific immune responses 
in humans, in vitro at least [27, 66, 67; Khalaf et al., unpublished]. An important feature 
of the HMy2/tumour cell fusion system is that it produces stable hybrid cell lines, which 
proliferate spontaneously in tissue culture. This means that detailed phenotypic and anti-
genic characterization of the hybrid cells can be carried out, and that large numbers of 
standardized cells can be produced. So far, however, there have been no clinical trials of 
LCL/tumour hybrid cell vaccines.
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12. Adoptive immunotherapy

An alternative use of APC/tumour fusion cells in cancer immunotherapy is as in vitro stimu-
lators of tumour-specific CTLs for adoptive cellular immunotherapy [27, 48, 68]. Adoptive 
CTL therapy has been used with clinical benefit in a range of malignancies, including hae-
matological and non-haematological tumours [69–71]. As outlined above, we have shown 
that LCL/tumour hybrid cell lines can induce tumour antigen-specific CTLs in PBMCs from 
both healthy individuals and tumour-bearing patients [27, 66, 67]. Given some of the current 
uncertainties of APC/tumour cells as therapeutic cancer vaccines in humans, and the dem-
onstrated ability of APC/tumour hybrid cells to induce tumour antigen-specific CTL in vitro, 
[27, 66, 72–76], the use of APC/tumour hybrid cells as inducers of tumour-specific CTLs for 
adoptive immunotherapy merits further investigation.

13. Future challenges and directions

Many animal studies over the previous two decades have shown the ability of APC/tumour 
cell fusion vaccines to protect against tumour challenge, to eliminate established tumours, 
and to prevent tumour development in genetically prone animals. Phase I/II clinical trials 
have shown that vaccination with APC/tumour hybrid vaccines is both safe and well tol-
erated, although the efficacy of the approach in human subjects remains to be established. 
Outstanding questions remain in relation to the optimization of the approach for use in 
humans, the nature of the APC used for the production of hybrids, tumour types where it may 
be effective, and whether it should be used in conjunction with other forms of cancer therapy. 
Further investigation is required to address these questions. In addition, APC/tumour fusion 
cells have been shown to induce tumour antigen-specific CTL in vitro, and in this capacity 
they may have a role in generating antigen-specific effector T-cells for adoptive T-cell cancer 
immunotherapy [4].

The limited efficacy of DC/tumour cell hybrid vaccines in clinical trials may be due to a 
number of factors. Firstly, genuine DC/tumour fusion cells need to be verified and iso-
lated or selected. A number of clinical studies did not demonstrate clear verification of DC/
tumour fusion cells, making assessment of resultant clinical impact difficult. Secondly, the 
optimal-dosing schedule and number of fusion cells per injection remain uncertain. This 
may differ in patients with different tumour types and burdens, and immunological sta-
tus. Furthermore, the site of vaccine delivery may affect the treatment response. In a clinical 
study, the  intradermal injection of DC-tumour hybrid vaccine resulted in superior anti-
tumour response compared to other routes [77]. Other pre-clinical data suggest that the pro-
vision of a third signal with the hybrid vaccines may generate a better response rate [78, 79]. 
Finally, the use of DC/tumour fusion vaccines may demonstrate significant efficacy when 
combined with other treatment modalities. There is evidence that radiation as well as chemo-
therapy combination synergizes with immunotherapy vaccines [80]. Moreover, targeting the 
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immunosuppressive immune mechanisms such as regulatory T-cells and myeloid-derived 
suppressor cells may also improve the vaccine efficiency [81]. The immune system, and 
its interaction with normal and tumour cells, is complex and the advances that are being 
made in immunotherapy field are numerous. Although these advances have been fewer to 
date in the field of cancer vaccination than in other forms of cancer immunotherapy, such 
as monoclonal antibodies against immune checkpoint control molecules, the potential of 
harnessing and directing the immune system to eliminate tumours through antigen-specific 
 immunotherapy remains the goal of many researchers. APC/tumour fusion cells represent a 
promising approach to realizing this goal.
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Abstract

Adoptive therapy of malignant diseases by chimeric antigen receptor (CAR) redirected 
T cells takes advantage of the patient’s own immune system to recognize and destroy 
cancer cells. This is impressively demonstrated by the induction of complete and last-
ing remissions of leukemia with CAR-engineered T cells in early phase trials. Recent 
developments in optimizing the CAR design, in the recognition of target cells and the 
production of modified cells for clinical use, have paved the path for a broader applica-
tion than currently explored. The chapter reviews the differences in CAR design, the suc-
cess in the treatment of hematologic malignancies, the challenges in treating solid cancer, 
the treatment-related toxicities, and strategies to improve safety of CAR T cell therapy. 
Challenges for future applications are discussed.

Keywords: adoptive cell therapy, chimeric antigen receptor, T cell, clinical trial, 
costimulation, cancer

1. Synopsis

Adoptive cell therapy with redirected T cells has recently shown spectacular success in the 
treatment of hematologic malignancies supporting the concept that patient’s own T cells can 
control cancer in the long term. A current strategy to specifically redirect patient’s immune 
cells toward cancer is based on the adoptive transfer of cytolytic T cells which are ex vivo 
engineered with a chimeric antigen receptor (CAR) to provide both targeting specificity and 
T cell activation upon cancer cell recognition. The CAR is a composite transmembrane recep-
tor molecule with a single-chain fragment of variable region (scFv) antibody binding domain 
in the extracellular part for recognizing a “tumor-associated antigen” on the surface of the 
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 targeted cancer cell (Figure 1). The CAR transmits a T cell activation upon cancer cell recogni-
tion. The CAR is a composite transmembrane–activating signal through its intracellular part 
which is mostly derived from the T cell activation upon cancer cell recognition. The CAR is a 
composite transmembrane receptor (TCR)/CD3ζ signaling moiety with or without a costimu-
latory domain. Engagement of the cognate antigen on cancer cells initiates immune cell acti-
vation resulting in a lasting anti-tumor cell response [1, 2].

The prototype CAR for redirecting T cell activation has several advantages which are due to 
the modular design, in particular the combination of the antigen recognition by an antibody 
with the T cell activating machinery of the TCR. The antibody-mediated CAR recognition is 
independent of MHC presentation of antigen, which is in contrast to the TCR, and allows 
recognizing any target for which an antibody is available, including carbohydrates, lipids, or 
structural variants of an antigen. In contrast to the TCR recognition of antigen presented by the 
MHC, the CAR recognizes only antigens on the cell surface. However, by using an antibody 
which recognizes a specific peptide in the context of MHC, CARs can also gain TCR-like speci-
ficity; one example is a CAR recognizing a MHC class I presented NY-ESO-1 peptide [3, 4].

Adoptive therapy with CAR-modified T cells takes advantage of the power of cytolytic T cells that 
actively migrate through vascular endothelia and penetrate tissues, are activated upon antigen 
recognition, amplify, eliminate cognate target cells and have the capacity for repetitive killing. 
Once activated CAR T cells can moreover induce a secondary immune response by the release 
of a variety of pro-inflammatory factors which attract innate immune cells to the targeted tissue. 
After target elimination and without further re-stimulation, most CAR T cells undergo apoptosis; 
however, some CAR T cells can persist over years and provide an antigen-specific memory.

The efficiency of CAR-mediated T cell activation depends on various parameters; most of them 
are empirically defined, including the CAR design, the CAR primary and costimulatory moi-
eties, the binding affinity, the targeted antigen epitope and its accessibility, the density of the 
cognate antigen on the target cell, and others. Bispecific CARs were engineered to target cancer 
cells which lost one antigen but retained the other. Several other modifications of the proto-
type CAR design were explored to increase treatment safety, targeting selectivity, and clinical 
efficacy. T cells were engineered with two CARs which recognize defined patterns of target 
antigens and complement in signaling to provide only full T cell activation when both antigens 
are engaged. Inhibitory CARs (iCARs) provide an inhibitory signal when engaging an anti-
gen on healthy cells, thereby preventing unintended T cell activation against healthy tissues. 
Switch CARs provide an activating signal while engaging an inhibitory ligand on the target 
cell, thereby “switching” a suppressor signal to an activating signal for the engineered T cell.

In clinical applications, patient’s T cells are ex vivo engineered with the CAR, mostly by lenti- or 
retroviral gene transfer, amplified to relevant numbers and re-administered to the patient who, 
prior T cell therapy, received a non-myeloablative lymphodepleting treatment to provide favor-
ite conditions for the transferred CAR T cells. While the genetic modification of T cells by viral 
transduction is permanent, T cells can be transiently modified by RNA transfection in order to 
display the CAR for short term on the cell surface. In the majority of trials, the entire population 
of T cells is genetically modified; apart thereof, T cell subsets such as CD8+ T cells, CD4+ T cells, 
γδ T cells, cytokine activated killer (CIK) cells, or NK cells are also used. CAR-engineered regu-
latory T cells (Treg cells) are explored in experimental models to treat autoimmune diseases.
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Figure 1. Modularity of the Chimeric Antigen Receptor (CAR) design. The CAR is an artificial composite receptor 
in order to bind a target in a specific fashion and to provide host cell activation in a predictable manner. The 
extracellular CAR binding domain, the spacer, the transmembrane and the intracellular signaling domains can be 
swapped with diverse other domains. On the extracellular side, various recognition domains were used, mostly 
single chain fragment of variable region (scFv) antibodies, or receptor derived binding modules. On the intracellular 
side, a panel of signaling domains can be used; the primary activating signaling domain is mostly derived from 
the TCR CD3ζ, Fc ε receptor-I (FcεRI) or downstream kinases. The costimulatory domain providing the secondary 
activating signal is linked to the primary signaling domain. Alternatively, inhibitory signals can be used to block T 
cell activation.

CARs on the Highway: Chimeric Antigen Receptor Modified T Cells for the Adoptive Cell Therapy of Malignant
Diseases

http://dx.doi.org/10.5772/66496

171



Currently, an overwhelming number of clinical trials has been initiated, and most of them 
are extraordinary successful in the treatment of hematologic malignancies [5]. As a treatment 
with “living drugs”, the CAR T cell therapy provides a significant advancement toward a spe-
cific and individualized cell therapy of cancer which is going to establish in clinical practice. 
However, the CAR T cell treatment of solid tumors is still challenging demanding further 
developments of the basic strategy. CAR T cells with the inducible release of a transgenic 
payload, so-called TRUCKs, are envisaged to overcome some of the current hurdles [6]. In 
the following, recent developments are reviewed in the context of clinical applications, safety 
concerns, and challenges for future applications.

2. The prototype CAR

A CAR of the classical design consists of an antibody-derived binding domain, a spacer, a 
transmembrane domain, and one or more signaling domains; the attributes for an optimal 
CAR function are so far empirically defined and multiple variations of the prototype CAR 
design were described during the last two decades (Figure 1). Most CARs use an antibody-
derived binding domain in a single-chain format, the so-called single-chain fragment of 
variable region (scFv) antibody. The scFv is engineered by joining the heavy and light immu-
noglobulin (Ig) variable regions by a flexible peptide linker, for example, (Gly4Ser)3, resulting 
in a continuous polypeptide chain in the order VH-linker-VL or VL-linker-VH. Such an antibody 
format facilitates the combination with the transmembrane polypeptide chain for membrane 
anchoring and the intracellular signaling chain. Since the conversion of a natural antibody 
into a scFv format does not always conserve the binding affinity and specificity of the anti-
body, a CAR format was recently reported which uses the entire Ig heavy and light chains 
with their constant domains to form a natural antibody on the surface of the engineered T 
cell; the Ig heavy chain is at the N terminus linked to the transmembrane and intracellu-
lar CAR domain [7]. The two CAR chains form a stable heterodimer, a so-called dual chain 
CAR (dcCAR), and bind with high affinity and in a specific fashion to their cognate antigen. 
The dual chain CAR format seems to be universally applicable and broadens the CAR T cell 
therapy toward a variety of antigens for which a scFv antibody is not available. Instead of an 
antibody, a naturally occurring receptor or ligand can also be used for binding. For instance, 
a CAR with a mutated IL-13 extracellular domain was designed to selectively bind to IL-13 
receptor-α2 which is over-expressed by a broad variety of solid tumors but less by healthy 
tissues [8–10].

The CAR extracellular domain additionally incorporates a spacer of various lengths and a 
hinge domain to provide some flexibility. Various spacers were explored in the context of 
various antigens since the design and length of the spacer domain can be decisive for opti-
mal CAR expression and function (Figure 1). This became obvious through discrepancies in 
the potency of CARs to activate T cells; some CARs are expressed and are active when the 
scFv is directly fused onto the signaling domain, and others are only active with a spacer 
[11]. Targeting of some antigens requires a spacer region between the antigen recognition 
and signaling domains implying some impact of the antigen itself. The spacer is typically 
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derived from the IgG1 or IgG4 constant domain; other spacers such as CD4 or CD8 are also 
used [2, 12]. The spacer length can be varied by using different moieties, for example, IgG1 
CH1-CH2-CH3 vs CH2-CH3 vs CH3; for each antigen, there seems to be an optimal CAR 
design providing the best suitable distance between the interacting CAR T cell and target cell 
[13]. The optimal distance moreover depends on the position of the targeted epitope on the 
antigen; higher order structural requirements and multimerization driven by the extracel-
lular spacer domain may additionally apply demanding a more thorough exploration in the 
context of a particular antigen.

Apart thereof, the commonly used IgG1 constant domain in the extracellular CAR moiety can 
bind to Fc γ receptors (FcγR) (CD64) on myeloid cells, thereby initiating an unintended “off-
target” activation of both T cells and innate cells. It is therefore essential to abrogate binding 
to Fc receptors by either deleting the IgG1 CH2 domain or by replacing through the IgG4 
domain. Alternatively, the FcγR binding motif within IgG1 CH2 was modified by deleting the 
Asn297 glycosylation site [12, 14].

CARs typically have a membrane spanning region consisting of 20–23 hydrophobic amino 
acids, rich in leucines, isoleucines, and valines; a variety of membrane spanning receptor 
domains have been used in CAR design, including those of CD3ζ, CD4, CD8, CD28, or OX40 
[2]. The choice for a transmembrane region is so far empiric, and some evidences imply that 
CARs with CD3ζ transmembrane domain incorporate into the endogenous TCR/CD3 com-
plex and may be more robust in expression and signaling than others [15].

“First generation” CARs used the TCR-derived intracellular CD3ζ or the Fc ε receptor-I 
(FcεRI) derived γ chain for signaling; CD3ζ has become the most widely used signaling com-
ponent [16, 17]. The CD3ζ harbors three immunoreceptor tyrosine activation motifs (ITAMs), 
the γ chain one ITAM. Upon CAR engagement of antigen, the ITAMs become phosphory-
lated and serve as specific adaptors for a panel of signaling proteins, thereby utilizing the 
endogenous TCR downstream signaling machinery for initiating the cascade of activation 
events. In this context, downstream kinases like lck or fyn can also be used as CAR activation 
domains.

Based on the “two signal hypothesis” that sustained T cell activation requires both the pri-
mary TCR-derived signal and a costimulatory signal, researchers added a costimulatory moi-
ety to the primary signaling moiety to improve T cell activation in the long term [18–20]. 
Such “second generation CARs” harbor combined primary and costimulatory signaling 
moieties within the same polypeptide chain (Figure 1). CD28 was initially incorporated as 
a costimulatory domain, and alternative costimulatory molecules are also used including 
4-1BB (CD137) and OX40 (CD134). The specific order of signaling domains within the CAR 
appears to be important for optimal activity; the CD28 domain is located in the membrane 
proximal and the CD3ζ domain in the distal position; the same applies for 4-1BB while OX40 
is also active in a membrane distal position. Due to the modular composition of signaling 
moieties, two costimulatory domains can also be combined within the same CAR providing 
a more complex signaling signature to the engineered cell. Such “third generation” CARs 
incorporating CD28 and OX40, for instance, may be of benefit for T cells during late stages 
of maturation [21].
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The individual costimulatory signals drive T cell activation in a different fashion resulting in a 
fine tuning of the T cell response with respect to T cell amplification, secretion of pro-inflam-
matory cytokines, and cytolysis of antigen-positive target cells [22]. CAR T cells with 4-1BB 
costimulation persisted for more than 6 months in the blood of most patients, whereas CD28 
CAR T cells were mostly undetectable beyond 3 months [23]. CD28 CAR T cells show a repro-
gramming toward CD45RO+ CCR7− effector memory maturation while 4-1BB CAR T cells pre-
dominantly show a CD45RO+ CCR7+ central memory cell differentiation [24]. Costimulation 
moreover orchestrates the metabolism of the CAR T cells; CD28 signals through the PI3K/Akt 
pathway increase glucose uptake through the Glut1 transporter and PDK1 which inhibits the 
pyruvate decarboxylation, all resulting in an increased ATP generation. In contrast, T cells 
with the 4-1BB CAR show an enhanced catabolic activity and oxidative metabolism together 
with an enhanced mitochondrial respiratory capacity. With that respect, the 4-1BB CAR 
initiates a long-lasting central memory and the CD28 CAR a more short-lived effector cell 
response. Both CD28 and 4-1BB CAR T cells in high doses eradicates large established tumors 
in preclinical models; at lower doses, CD28 CAR T cells show larger degree of exhaustion 
than the 4-1BB CAR T cells and treatment with 4-1BB CAR T cells more efficiently eradicated 
tumors [25]. T cells with 4-1BB CAR are still sensitive to tumor-mediated inhibition, however, 
show less exhaustion and decline in cytolytic capacities and cytokine secretion upon repeated 
antigen encounter than CD28 CAR T cells. Therefore, the criteria for selecting a CAR design 
depend on multiple parameters including T cell persistence, resistance to repression, the pat-
tern of costimulatory and co-inhibitory ligands on targeted tumor cells and CAR T cells, the 
CAR density on the modified T cell, and require variations in CAR design such as affinity, the 
spacer, and transmembrane domains among others.

3. TRUCK: a CAR T cell releasing a transgenic product

CAR T cells of the “fourth generation,” so-called TRUCKs, are T cells engineered with a CAR 
and an additional “payload”, that is, a transgenic product (Figure 1) [6]. TRUCKs are aimed 
at depositing a protein in the CAR-targeted tissue in order to locally achieve therapeutic effec-
tive concentrations of the transgenic protein while avoiding systemic toxicity. The transgenic 
product may by a cytokine or any other protein which is produced and released upon CAR 
signaling. Technically, the CAR T cells are engineered with an additional expression construct 
for the transgenic protein directed by a constitutive or a CAR responsive promoter. Such 
TRUCKs deposit the transgenic product at the place of activation as long as the CAR T cell 
remains activated [26, 27]. In a specific development, TRUCKs were engineered to release a 
transgenic immune modifier upon CAR signaling to shape the targeted tumor environment 
in a specific fashion without causing systemic toxicity. In an example, IL-12 TRUCKs were 
shown to release IL-12 upon CAR activation into the targeted tumor tissue where the accumu-
lated IL-12 recruited innate immune cells, such as NK cells and macrophages, which in turn 
drive a secondary immune response [28]. The strategy is of particular interest with respect to 
the fact that cancer cells which have down-regulated the cognate target are invisible to CAR 
T cells and may give rise to tumor relapse despite the presence of CAR T cells. Tumor relapse 
through antigen loss cancer cell variants is becoming an increasing obstacle when solid cancer 
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lesions with a substantial genetic or phenotypic heterogeneity are treated by mono-specific 
CAR T cells. Combining the CAR T cell attack with the local deposition of an immune modi-
fier represents a strategy to initiate a broader immune response. Beyond the treatment of 
cancer, TRUCKs may be envisioned for the therapy of virus infections, autoimmune diseases, 
or metabolic disorders delivering a therapeutic protein into the diseased tissue.

So-called armored CARs include the 4-1BB ligand in addition to the CAR in order to provide 
increased costimulation through the 4-1BB pathway [29]. Recently described examples are 
TRUCKs that co-express catalase to protect T cells from oxidative stress-mediated repression 
[30] and heparanase to improve T cell penetration through tumor stroma [31]. T cells engi-
neered to secrete Toll-like receptor (TLR) ligands including TLR5 ligand can stimulate the 
TLR on T cells and on antigen-presenting cells which then activate a broad panel of tumor-
reactive T cells [32, 33].

4. CAR targetable antigens: neo-antigen, tumor-associated antigen,  
and activation-induced antigen

The CAR T cell treatment of tumors demands both specificity in antigen recognition and 
selectivity in cancer cell targeting to avoid destruction of healthy tissues. Ideally, the targeted 
antigen is required for cancer cell survival and harbors mutations that are large enough to 
produce new epitopes, so-called neo-antigens, which then can be specifically recognized by 
the CAR [34]. Although mutations are thought to occur frequently enough in cancer cells to 
provide multiple new targetable epitopes, the identification of neo-antigens requires deep 
sequencing of the tumor material. Only a subset of such neo-antigens may be presented by the 
MHC to be recognized by the TCR; neo-antigens on the cell surface to be recognized by the 
CAR occur less frequently. Currently, such neo-antigens are rarely identified, asking whether 
the technical ability to predict relevant neo-antigens are sufficiently advanced and whether 
antibody-based binders for the use in a CAR can be engineered in due time. The situation 
is even more complex since the tumor lesion is genetically extremely heterogeneous which 
requires targeting more than one antigen in order to deplete the majority of cancer cells and 
to minimize the risk for a tumor relapse by remaining cancer cells.

Since the peptide processing is frequently impaired in cancer cells, T cell epitopes associated 
with impaired peptide processing and derived from broadly expressed self-antigens are poten-
tial targets for cell therapy since they are not restricted by central tolerance [35]. Since such anti-
gens do not require the cellular peptide transporter, tumors defective in TAP transporter remain 
targetable by CAR T cells despite downregulation of the antigen presentation machinery.

Basically, subpopulations of tumor cells with “stem cell–like” properties, so-called cancer stem 
cells (CSCs), and the expression of stem cell–associated antigens may be good targets since 
CSCs are thought to trigger disease progression and tumor relapse and to be responsible for the 
resistance to conventional therapy. CAR T cells are capable to eliminate those CSCs in experi-
mental models including melanoma; one trial is going to explore the clinical efficacy [36–40]. 
CAR T cell targeting of activation antigens expressed by stem cells may be superior to targeting 
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 lineage-associated antigens since activation associated antigens are transiently expressed during 
maturation. For instance, CAR T cells targeting CD30 spare CD30+ hematopoietic stem and pro-
genitor cells while eliminating CD30+ lymphoma cells in an experimental model [41]. In contrast, 
lineage-associated antigens increase in expression during cell maturation, like folate receptor-β 
and CD123; targeting those antigens increases the risk to destruct tissue stem cells [42].

In the absence of truly tumor-specific neo-antigens, so-called tumor-associated antigens are 
preferred; some of those antigens are expressed in a polarized fashion by healthy cells and 
topologically sequestered from redirected T cells, while uniformly distributed on cancer 
cells. An example of such antigen is carcinoembryonic antigen (CEA) which is expressed on 
the luminal surface of gastrointestinal and lung epithelia but homogenously by cancer cells 
where it can be recognized by CAR T cells.

For the treatment of B cell malignancies, CD19 and CD20 are most frequently targeted by CAR 
T cells with the consequence that healthy CD19+ B cells are also depleted. Although B cell defi-
ciency is clinically manageable, researchers are looking for alternative targets to avoid CAR  
T cell–induced immune deficiency in the long term. In the case of a malignant B cell clone 
with an immunoglobulin κ (Igκ) light chain, CAR T cells targeting Igκ may be of benefit since 
the Igλ B cells and plasma cells remain untouched [43]. Moreover, Igκ B cell deficiency does 
not increase the risk of infection making Igκ a good candidate target for treatment. An alterna-
tive target is the receptor tyrosine kinase-like orphan receptor-1 (ROR1) which is expressed by 
cells of chronic lymphocytic leukemia (CLL), mantle cell lymphoma, B-ALL, and numerous 
types of solid tumors [44–47], however, also by many healthy tissues.

5. CAR T cells recognizing multiple antigens

Cancer cells may lose the expression of particular antigens due to various mechanisms dur-
ing tumor progression making them invisible to specific CAR T cells demanding targeting of 
multiple antigens on the cancer cells. Instead of engineering a panel of CARs with different 
specificities and applying a panel of T cells with different CARs, a CAR with multiple speci-
ficities can be engineered by linking the scFvs to each other (Figure 1). A so-called TanCAR 
is a bispecific CAR which harbors two linked scFvs of different specificities in the same CAR 
polypeptide chain and is aimed at targeting two antigens in order to control tumors with 
a  growing number of antigen loss cancer cell variants [48]. Such TanCAR induces a T cell 
response upon engagement of either antigen; both antigens are not needed to be simultane-
ously present on the same cell to initiate CAR T cell activation. With this respect, CD19-CD20 
bispecific CARs were engineered in order to mitigate a B cell leukemia relapse through cells 
which lost either antigen [49]. In particular, leukemia relapses occurred upon therapy with 
CD19 CAR T cells, and the relapse is predominantly driven by CD19− CD20+ leukemic cells 
which are likely recognized by CD19- and CD20-specific TanCAR T cells. Simultaneous 
engagement of two antigens by a bispecific CAR has moreover the advantage to increase the 
avidity and the interaction of the CAR T cell with the respective target cell which stabilizes the 
formation of the synapse and improves T cell activation toward target cells with low antigen 
levels. Apart from tandem scFvs, diabodies, two-in-one antibodies, and dual variable domain 
antibodies may also be used as bispecific binding domains in the context of a CAR.
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Strategies were developed to increase selectivity in cancer cell targeting. The sensing of an 
antigen pattern is more selective in cancer cell recognition as long as the targeted antigens are 
co-expressed by the cancer cells and less by healthy cells. The antigen pattern is recognized by 
a pair of cooperating CARs; each CAR specific for a different antigen and providing different 
signals, one CAR the primary activating, the other CAR the costimulatory signal; both signals 
need to complement in order to induce a T cell response (Figure 1). CAR T cell targeting of an 
antigen pattern is thought to minimize off-tumor toxicities toward healthy tissues. The design 
is in contrast to a second generation CAR which provides both the primary and costimulatory 
signal through the linked signaling moieties upon engaging the one cognate antigen.

Some examples of combinatorial antigen recognition were reported, for instance, target-
ing ErbB2 by the CD3ζ CAR and Muc1 by the CD28 CAR [50], or targeting mesothelin by 
the CD3ζ CAR and folate receptor-α by the CD28 CAR [51]. T cell activation by combinato-
rial antigen recognition requires a subthreshold primary signaling to ensure a dependence 
on costimulation for a productive T cell response. Such fine-tuning of signaling strength is 
required to avoid unintended activation against cells with one antigen only and to achieve a 
complete T cell response against cells with both antigens. In this situation, de-tuning of the 
primary activation signal can be achieved by using binding domains of lower affinities [52].

6. CARs with exchangeable antigen recognition

In the current situation, each CAR has specificity for a defined antigen; changing specificity 
requires engineering T cells with a new CAR. To obtain some exchangeability in targeting 
specificity once the CAR T cells are applied to the patient, strategies were developed which 
use the CAR for binding a “linker” molecule which targets the cancer cell. In particular, the 
CAR binds, for example, via CD16, to the immunoglobulin Fc region of an antibody which 
binds to the cancer cell; the CAR will bind the antibody and in turn gains specificity for the 
targeted antigen [53]. The strategy allows using an universal CAR which is grafted with 
tumor specificity by an applied antibody. In an alternative approach, the CAR binds to a pro-
tein epitope, which is not encoded by the human genome and which is linked to cancer-tar-
geting antibodies [54]. In another example, folate receptor-positive cancer cells were marked 
by a fluorescein isothiocyanate (FITC)-conjugated folate which binds to the cancer cells and 
is recognized by a FITC-specific CAR [55, 56]. By using more than one FITC-labeled molecule 
which mark the cancer cells, the same CAR T cell can target multiple types of cells within the 
tumor lesion. However, the strategy requires sufficient concentrations of the marking mole-
cule and adequate numbers of CAR T cells in the tumor lesion for productive T cell activation.

7. Conditional CARs to control toxicity

In order to combine primary and costimulatory signal only “on demand”, a conditional CAR 
was designed which consists of two chains: one chain providing the extracellular and trans-
membrane moiety together with the primary signaling moiety and the second chain provid-
ing the costimulatory signaling moiety (Figure 1). Both chains keep “switched off” and are 
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only “switched on” upon adding a small dimerizer molecule which enables the formation of a 
functional CAR heterodimer synapse and the delivery of both signals to the T cell in a tempo-
rally limited fashion [57]. Withdrawal of the dimerizer terminates switch-on of the CAR. The 
strategy is thought to be safe as in the absence of a dimerizer no signaling occurs. Moreover, 
the T cell activity may be fine-tuned by titrating the dose of the dimerizer.

An alternative strategy is based on synthetic Notch (synNotch) receptors which enable the 
conditional expression of a targeting receptor upon engagement with a tissue-specific ligand 
[58, 59]. The strategy is based on Notch, which is composed of an extracellular receptor, a 
transmembrane domain, and an intracellular transcription regulator, and upon activation 
mediates proteolysis of the internal domain which is releasing the intracellular transcrip-
tion regulator. The synNotch receptor activity is cell contact dependent and controls cellular 
responses in a spatially defined fashion [58]. These properties can be used in a CAR-like syn-
Notch receptor which controls the transcription of an authentic CAR and thereby uses com-
binatorial antigen recognition to spatially control CAR T cell function [59]. The CD19-specific 
synNotch receptor was tested in a model recognizing CD19 and releasing a transcription reg-
ulator to induce the expression of a CAR against mesothelin. The described synNotch recep-
tor is composed of a CD19-specific scFv and of the transcriptional effector domains Gal4-VP64 
or TetR-VP64 required to induce CAR expression; the engineered T cell is only activated when 
both the synNotch ligand and the CAR ligand were engaged on the target cell. There is a 
dose-response relationship between ligand concentration and CAR engagement. The kinetics 
of the “on-switch” determines the selectivity in targeting cancer cells while protecting healthy 
tissues; the induction of CAR expression by synNotch ligand binding needs to be fast enough 
to engage the tumor while the decayed CAR expression needs to be timely enough to spare 
healthy tissues expressing the cognate antigen.

8. Switch CARs: converting a suppressor into an activator

Solid tumor lesions display a plethora of inhibitory ligands to T cells, thereby actively sup-
pressing the T cell anti-tumor attack; programed cell death ligand-1 (PD-L1) and PD-L2 
 binding to programed cell death-1 (PD-1) expressed by activated T cells are a major mecha-
nism in this scenario. Kobold et al. [60] and Liu et al. [61] explored the concept to switch the 
inhibitory signal provided upon PD-1—ligand interaction into a T cell activating signal by 
a “switch CAR” which consists of the PD-1 extracellular domain for ligand binding and the 
CD28 intracellular domain for activation (Figure 1). The PD-1:CD28 “switch” CAR increased 
ERK phosphorylation, the release of pro-inflammatory cytokines such as IL-2, IFN-γ and 
TNF-α, the T cell proliferation, and the expression of the cytolytic molecule granzyme B 
upon PD-L1 binding [62]. Obviously, the switch CAR provided CD28 costimulation overruns 
the PD-1 mediated suppressive signal in the engineered T cell. The switch receptor moreover 
competes for available PD-1 ligands on the tumor cells and thereby reduces the number of 
repressive PD-1 interactions. However, other suppressive mechanisms are still in place in the 
tumor lesion, for instance through T cell immunoglobulin and mucin-domain containing pro-
tein-3 (TIM-3), cytotoxic T lymphocyte-associated antigen-4 (CTLA-4), B and T lymphocyte 
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 attenuator (BTLA), or lymphocyte-activation gene-3 (LAG-3), which all need to be overrun in a 
sufficient fashion to sustain the T cell anti-tumor attack in the long term.

9. CARs providing inhibitory signals: iCARs

Based on the modular composition of the prototype CAR, the intracellular activating domain 
can be exchanged by a moiety which delivers inhibitory signals to the T cell, including PD-1, 
CTLA-4, or CD45 [63]. Such an inhibitory CAR (iCAR) represses T cell activation upon bind-
ing to cognate antigen (Figure 1). The rationale for iCARs in the context of anti-tumor immu-
notherapy is to suppress T cell activation when engaging an antigen expressed by healthy 
cells. T cells which co-express a dominant iCAR along with an activating CAR recognizing a 
tumor-associated antigen are activated when engaging the cancer cells and repressed upon 
contact with healthy cells. In this context, the inhibitory CAR signal is aimed at avoiding off-
tumor toxicities by overrunning the activating CAR signal when engaging healthy tissues.

10. Universal CAR T cells

The fundamental idea of an “off-the-shelf” CAR T cell is a genetically edited CAR T cell with 
deleted endogenous αβ TCR and HLA molecules which can be achieved by the zinc finger 
nuclease technology [64]. Such CAR T cells are expected to be applied to a number of patients 
without causing graft-versus-host disease (GvHD) and without being eliminated by the host 
immune cells while providing CAR-mediated effector functions against cancer cells. Based 
on the same rationale, T cells were genetically edited by TALEN technology in the TCRα and 
CD52 locus [65] for the treatment of ALL. In a first in-human application, gene-edited CAR 
T cells were administered for the treatment of pediatric CD19+ ALL in a patient for whom 
autologous CAR T cells could not be produced. CAR T cells from an unrelated donor were 
genetically edited by deleting the endogenous TCR to prevent GvHD and by deleting CD52, 
present on the patient’s malignant B cells, which allowed to eliminate recipient lymphocytes 
while sparing the infused CD52-negative CAR T cells. Donor-derived, gene-edited  allogeneic 
T cells may have the potential to provide CAR T cell products for numerous recipients; how-
ever, the safe treatment with allogeneic CAR T cells still requires additional editing of self-
recognition molecules.

11. CAR T cells are successful in first clinical explorations

Almost 100 early phase trials in the adoptive therapy of cancer with second generation CAR 
T cells have been initiated pushing the field into a new era [66]. During the last years, good 
manufacturing practice (GMP) procedures have been developed for genetically engineering 
patient’s T cells from autologous leukapheresis products and for amplifying the modified 
cells by CD3/CD28 bead stimulation during a 10-day period to clinically relevant numbers. 
In the majority of trials, retro- or lentivirus transductions are used to genetically modify the 
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T cells; electroporation-mediated DNA or RNA transfer is also applied in some trials. DNA 
transposons have been used to efficiently insert gene cassettes into the host genomic DNA 
[67–69]. DNA transposon-based systems, such as the Sleeping Beauty (SB) and the PiggyBac 
transposon, have been used to engineer CAR T cells for clinical applications [70–72]. Although 
there is a theoretical risk of insertional oncogenesis, no transforming event in mature T cells 
after viral or non-viral gene transfer was so far observed.

The ex vivo amplification of CAR T cells is currently performed in the presence of IL-7 and 
IL-15 or IL-21 [73] which favors a more rapid expansion of less matured T cells which provide 
a more robust persistence, cytokine release, and cytolytic activity compared with anti-CD3 
antibody and IL-2-amplified T cells. While static culture systems have been traditionally used, 
shaking reactors or bags, and gas-permeable rapid expansion culture-ware (G-Rex) [74] are 
sustaining T cell expansion to much higher densities. The currently entirely manual process 
is going to be translated into a closed, fully automated and supervised system. Automated 
systems will allow the production of multiple batches in parallel which will be required when 
clinical exploration in trials transforms to standard applications to a huge number of patients.

In a number of trials, CAR T cells targeting CD19 produced significant therapeutic efficacy 
in the treatment of B cell malignancies, including so far refractory B cell chronic lymphocytic 
leukemia (CLL), acute lymphocytic leukemia (ALL), and various other types of B cell malig-
nancies [5, 66]. The success, however, is rather heterogeneous; CAR T cell therapy of pediatric 
and adult ALL achieved complete remission rates of about 90% and sustained remissions for 
more than 4 years [75]; in CLL, about 63% overall remissions and 19% complete remissions 
were achieved [76]. T cells were effective upon one application only and even at low dosage 
levels of about 1.5 × 105 cells per kg. CAR T cells were capable to expand more than 1000-fold 
after administration and to persist in the peripheral blood and bone marrow for months and 
in some patients for years. Clinical trials targeting B cell leukemia/lymphoma are currently 
entering phase II development by pharmaceutical companies.

The trials have been performed by academic centers and major pharmaceutical companies; 
some of the CAR T cells provided by Novartis, Juno Therapeutics, and Kite Pharma received 
“breakthrough designation” by the US Food and Drug Administration in 2014 and 2015. More 
than 50 trials are currently open to treat B cell malignancies with CD19-specific CAR T cells 
[66]. While the anti-CD19 CAR used in clinical exploration contains a murine scFv domain, 
fully human CARs are currently developed to avoid an anti-CAR immune response and finally 
depletion of CAR T cells through the host immune system. Most currently active trials use CARs 
with CD28 or 4-1BB costimulatory domain, alternative costimulation by OX40 [77], ICOS [78, 
79], CD27 [80], CD40-MyD88 [81], CD2 [82], CD244 [83], and others are currently being studied.

Current efforts are aiming at sustaining engraftment and improving CAR T cell amplification 
and persistence in vivo. A key factor is thought to be the “preconditioning” of the patient’s 
immune system through non-myeloablative lymphodepletion. A number of trials are explor-
ing modifications of the basic regimens, and only a small minority of them does not perform 
preconditioning. Patient treatment furthermore includes reducing the bulk of tumor mass 
prior therapy, CAR T cell administration, systemic cytokine supplementation, and clinical 
managing of comorbidities and toxicities.
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While a number of centers are performing clinical trials, a direct comparison of therapeutic 
efficacies is difficult to make due to a number of differences in the CAR design and study pro-
tocols. However, a recent meta-analysis of CD19 CAR T cell trials confirmed lymphodepletion 
and CAR T cell dose as key factors for successful treatment, while IL-2 co-administration is 
not recommended [23]. Most patients with 4-1BB-CD3ζ CAR T cell therapy did not receive 
further treatment; patients treated with CD28-CD3ζ CAR T cells frequently underwent sub-
sequent allogeneic stem cell transplantation; the clinical decision is partly based on the obser-
vation that 4-1BB-CD3ζ CAR T cells persist over years while CD28-CD3ζ CAR T cells persist 
only for a few months.

CAR T cell persistence is crucial to obtain lasting remission of the disease; no patients with 
B-ALL relapsed 1 year after CAR T cell infusion. If the CAR T cells do not persist that long, 
a consolidation approach such as allogeneic stem cell transplantation may be required. To 
improve CAR T cell persistence in vivo, virus-specific T cells are applied which engage viral 
antigens through their TCR in a repetitive fashion and thereby obtain survival signals inde-
pendently of CAR engagement of tumor target. For instance, Epstein-Barr virus (EBV) spe-
cific, autologous CAR T cells persisted longer after infusion than non-virus specific CAR T 
cells from the same patient [84]. T cells of other specificities toward endogenous virus anti-
gens are also envisaged. In addition, the stage of maturation impacts the T cell persistence. 
Less differentiated T cells such as naïve, stem cell memory, and central memory T cells seem 
to provide a more persistent anti-tumor response as compared with effector T cells [85–87]. 
In particular, CD4+ CD45RO+ CD62L+ memory T cells seem to be superior in the long-term 
providing the rationale to explore CD62L+-enriched CAR T cells for clinical application.

Apart from CD19, alternative targets for B-cell malignancies such as CD20, CD22, the Igκ light 
chain, ROR-1 for B-NHL and B-ALL, and CD30 for Hodgkin’s lymphoma are being actively 
studied as CAR T cell targets. The Fcμ receptor seems to be a more selective candidate target 
for the treatment of CLL in experimental settings in order to spare healthy B cells from a CAR 
T cell attack [88].

12. CAR T cell therapy of solid cancer is still challenging

The capability of T cells to home to specific targets throughout the body basically allows the 
elimination of widespread and metastatic tumor lesions. However, the treatment of larger 
solid cancer lesions is challenging due to multiple reasons.

First, CAR T cells need to traffic to the tumor lesion in the periphery which depends on a 
number of soluble and cell bound factors, in particular chemokines. Extensively amplified 
CAR T cells often express an altered panel of chemokine receptors; transgenic co-expression of 
chemokine receptors can enforce specific trafficking, for example, transgenic CXCR2 (CXCL1 
receptor) improves trafficking to melanoma [89] and CCR2b to neuroblastoma [90]. On the 
other hand, blocking of migration inhibitory receptors like endothelin-B receptor improves T 
cell infiltration into the tumor lesion [91]. Targeting vascular endothelial growth factor (VEGF) 
receptor-2, which is over-expressed by tumor endothelial cells, improves vascular evasion of 
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CAR T cells [92]. Normalization of vasculature by low-dose angiogenesis inhibitors may also 
be efficacious in the long term [93]. T cells can penetrate the central nervous system (CNS) by 
migrating through the blood-brain barrier [94]; T cells also infiltrate other immune-privileged 
sites such as the testes and eyes [95]. The profound migratory capacity of T cells allows the 
treatment of tumors which are otherwise difficult to access like brain tumors and prostate can-
cer. However, T cell extravasation and migration are frequently inhibited by various means 
including the loss of adhesion molecules on vascular endothelial cells [96–98], an altered che-
mokine milieu [99, 100] and immune suppression by a plethora of inhibitory molecules. Thus, 
the risk of targeting healthy tissues and the localization of bulky tumor mass demands to 
decide between local and systemic application of T cells. In some trials, CAR T cells are locally 
applied by endoscopy or puncture into or in near vicinity of the tumor lesion [101].

Second, tumor tissues execute immune suppression by various means through cells like reg-
ulatory T (Treg) cells or myeloid-derived suppressor cells (MDSCs), suppressive cytokines 
such as IL-10 or TGF-β, or other factors such as IDO, glucose depletion, nutrient deprivation, 
and acidosis. The inhibitory ligands in tumors are furthermore increased upon an immune 
attack. On the other hand, CAR T cells express immune repressive receptors upon activa-
tion, including programed cell death-1 (PD-1), cytotoxic T lymphocyte-associated antigen-4 
(CTLA-4), or Fas, which upon ligand interaction repress the T cell response. To overcome the 
situation, a growing number of strategies are explored to make CAR T cells more resistant 
to repression. For instance, the anti-tumor activity of CAR T cells in the presence of Treg 
cells is improved by abrogation of IL-2 release through deletion of the lck binding site in the 
CD28 CAR signaling domain [102]. On the other hand, CAR-mediated CD28 costimulation 
overcomes TGF-β repression resulting in an improved tumor cell killing [103]. Suppression 
by TGF-β can moreover be prevented by engineering T cells with a dominant negative mutant 
of TGF-β [104, 105]. PD-1 upregulation within the tumor suppresses the T cell anti-tumor 
response; blocking the PD-1/PD-1 ligand pathway through PD-1 antibody checkpoint block-
ade, cell-intrinsic PD-1 shRNA blockade, or a PD-1 dominant negative receptor, improves 
CAR T cell activity in a preclinical model [25].

PD-1 expression correlated with exhaustion is moreover triggered by the CAR provided 
costimulation. In particular, CAR T cells with 4-1BB costimulation are less exhausted upon 
repetitive re-stimulation and retained their cytotoxic and cytokine secretion functions longer 
than CD28 CAR T cells. PD-1/PD-L1 blockade may be an effective strategy for improving the 
potency of CAR T cell therapies. Accordingly, antibody-mediated checkpoint blockade is cur-
rently explored in a clinical trial; PD-1 and CTLA-4 blockade are also explored in combination. 
In addition, antibodies to neutralize immune suppressive cytokines including GM-CSF, IL-6, 
IL-10, and VEGF may also improve the CAR T cell response. In the end, the best combination of 
checkpoint blockades to tackle the complex network of immune repression needs to be explored 
in clinical trials.

Third, some solid tumors have a strong stroma barrier which hampers the penetration of CAR 
T cells into the lesion. Evidences are increasing that successful treatment of advanced tumors 
requires breaking the barrier and eliminating the stroma cells; the latter is mediated by IFN-γ 
accompanied by M1 macrophage infiltration [106]. Costimulation increased IFN-γ release 
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into the targeted tumor lesion which then acted on stroma cells in an antigen-independent 
fashion by both stroma destruction and activating the non-T cell immune compartment.

13. CAR T cell therapy-associated toxicities

CAR redirected T cell targeting is antigen specific, however, mostly not tumor selective as 
long as antigens are targeted which are also expressed by healthy cells. For instance, targeting 
CD19 produced a lasting depletion of healthy B cells which is clinically manageable by substi-
tution with immunoglobulins and by antibiotic protection. In addition, antigen-independent 
toxicities may occur when a huge number of CAR T cells are heavily activated. The following 
toxicities are frequently observed (Table 1).

Limitations & challenges Potential solutions

CAR design Identify best suitable combination of CAR domains for targeting, T cell 
activation and counter-acting suppression in the specific tumor tissue by 
evaluating a panel of results effective variables, including the targeted epitope, 
the distance of the epitope from the membrane, the affinity of the targeting 
scFv, the spacer and transmembrane domains, the primary and co-stimulatory 
signaling, the number of CARs on T cell surface

T cell suppression Make CAR T cells more resistant toward repression, for instance 
by secreting inhibitors of immunosuppressive cytokines such as IL-6, IL-10, and 
TGF-β; 
by secreting inhibitors of factors involved in the induction of MDSCs or Treg 
cells; 
by modified CD28 signaling deficient in IL-2 induction

PD-1/PD-L1 upregulation within the 
tumor tissue

Interfere PD-1/PD-L1 pathway through antibody checkpoint blockade; 
PD-1 suppression by shRNA; 
coexpression of a PD-1 dominant negative receptor

Impaired T cell migration and 
trafficking 

Engineer CAR T cells to express chemokine receptors such as CXCR2 or CCR2b 

Cytokine release syndrome (CRS) Apply fractionated T cell doses; 
neutralize IL-6 function by application of tocilizumab

Vascular leakage syndrome (VLS) Substitute peripheral blood volume; 
deplete serum from cytokines by plasmapheresis

Tumor lysis syndrome (TLS) Reduce CAR T cell dose; 
split CAR T cell dosing; 
de-bulk tumor mass before CAR T cell therapy

Macrophage activation syndrome 
(MAS)

Neutralize IL-6 function by application of tocilizumab

Neurotoxicity No specific treatment so far available; 
toxicity is transient and fully reversible

Anti-CD19 CAR T cell induced B cell 
aplasia

Replace immunoglobulins;  
provide antibiotic prophylaxis; 
co-express an inhibitory CAR to protect normal B cells; 
target an alternative, more selective antigen
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(i) “On-target on-tumor” toxicity describes a tumor lysis syndrome which is mediated 
through the rapid destruction of a large tumor mass in response to therapy. The release 
of tumor cell components into the circulation causes electrolyte and metabolic distur-
bances which can induce multi-organ failure.

(ii) “On-target off-tumor” toxicities occur when CAR T cells engage their cognate antigen 
on healthy tissue. Such autoimmune toxicity can be life-threatening, in particular, when 
targeting lung, heart, liver, or other essential organs. In the case of anti-CD19 CAR T cell 
therapy of B-cell malignancies, “on-target off-tumor” toxicity consistently causes last-
ing B cell aplasia and hypo-gammaglobulinemia which are clinically manageable and 
considered as biomarkers for the anti-CD19 CAR T cell function. “On-target off-tumor” 
toxicity is more serious when targeting ErbB2 expressed by a broad variety of epithelia 
resulting in fatal cardio-pulmonary failure [107]. The strength of T cell activation clearly 
impacts the severity of “on-target off-tumor” symptoms; reducing CAR signaling and a 
more cautious dose-escalation regimen lowers the risk of toxicities [108].

(iii) “Off-target off-tumor” toxicity can be induced by CAR T cells independently of cognate 
target recognition. For instance, the extracellular IgG1 Fc spacer in the CAR can activate 
cells of the innate immune system such as NK cells and macrophages through binding to 
the IgG Fc receptor (FcγR) resulting in a systemic inflammatory reaction. Modification of 
the CAR IgG1 Fc domain [14] or the use of the IgG4 domain reduces the risk of this type 
of side effects.

Limitations & challenges Potential solutions

“on-target off-tumor” toxicities Identify more tumor-selective antigens, e.g., tumor-specific antigens, neo-
antigens, antigens expressed only by non-essential healthy tissues, antigens 
physiologically expressed on apical surfaces, activation associated antigens; 
block target antigen with high dose of a specific antibody; 
co-express iCARS to prevent activation against healthy tissues; 
use combinatorial antigen recognition by two complementing CARs;  
use CARs with optimized recognition of cancer cell associated antigens; 
express the CAR transiently by RNA transfer; 
activate the CAR conditionally by a dimerizer; 
administer CAR T cells intratumorally 

CAR T cell elimination Co-express suicide genes, e.g., HSV-TK, iCasp9; 
deplete epitope marked CAR T cells by antibodies, e.g., targeting truncated 
CD34, EGFR, CD20;  
use a conditional CAR which is inactive in the absence of a dimerizer

GvHD after allogeneic T cell therapy Engineer T cells with genetically edited endogenous TCR and HLA molecules

Commercialization Provide “off-the-shelf” CAR T cell products with genetically edited allogeneic 
T cells

Tumor relapse by antigen escape 
cancer cells

Target more than one antigen by applying a CAR T cell mixture or T cells 
engineered with bispecific CARs

Poor in vivo expansion Improve patient’s pre-conditioning and/or cytokine supplementation

Table 1. Limitations, challenges, and potential solutions of CAR T cell therapy.
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(iv) Activation of a huge number of T cells results in the release of extensive amounts of pro-
inflammatory cytokines, in particular IFN-γ and TNF-α, and the release of IL-6 upon ac-
tivation of monocytes or macrophages, causing a cytokine release syndrome (CRS) with 
the risk of multiple organ failures. CRS is clinically characterized by fever, nausea, and 
supra-physiological serum levels of pro-inflammatory cytokines and is closely associ-
ated with the systemic macrophage activation syndrome, resembling hematophagocytic 
lymphohistiocytosis. CRS may also occur together with the vascular leakage syndrome 
(VLS). The occurrence of CRS is associated with clinical efficacy, a high tumor burden 
and the dose and potency of applied CAR T cells. However, CRS constitutes a major limi-
tation of CAR T cell therapy, and the clinical management of cytokine-related toxicities 
is still challenging. The clinical symptoms can be reduced without diminishing the thera-
peutic efficacy by applying the anti-IL-6 receptor antibody tocilizumab which blocks the 
IL-6 receptor without eliminating the CAR T cells [109]. An algorithm of treatment has 
recently been proposed based on tumor burden, age, comorbidities, and other factors to 
standardize grading of CRS and to develop clinical guidelines for treatment [110, 111].

(v) Apart from CRS, neurotoxicity with aphasia, hallucinations, and delirium, is observed 
in about 40% of treated patients after CAR T cell application [112]. Neurotoxicity was 
mostly reversible and may be due to a diffuse encephalopathy caused by IL-6 released by 
brain infiltrating CAR T cells.

14. Strategies to improve safety of the CAR T cell therapy

Strategies were developed to improve safety while maintaining efficacy against tumors; these 
include target recognition, CAR design and expression as well as CAR T-cell elimination.

(i) Combinatorial antigen recognition

While truly tumor-specific antigens are rare, a pattern of antigens may be more indicative 
for cancer cells than the expression of a single marker. Redirecting CAR T cells specifically 
toward such an antigen signature is thought to provide more selectivity for cancer cells while 
sparing healthy cells. Therefore, two CARs recognizing two different antigens on cancer cells 
are co-expressed as follows: one CAR providing the primary activating signal and the other 
CAR providing the costimulatory signal [50–52]. Since both signals are required, only simul-
taneous engagement of both antigens initiates a productive T cell anti-tumor response while 
binding to one antigen is not sufficient.

(ii) Inhibitory CARs

A co-expressed inhibitory CAR (iCAR) is aimed at avoiding T cell activation when engaging 
healthy cells. The iCAR inhibitory signaling moiety is derived from the intracellular PD-1 or 
CTLA-4 signaling domain, provides a suppressor signal to the T cell upon recognition of an 
antigen present on healthy, but not on tumor cells, and is dominant over the activating signal 
provided by tumor-specific CAR, thereby preventing T cell activation against healthy tissues 
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[63]. The inhibitory effect by iCARs is present as long as the iCAR engages its cognate target; 
without iCAR signaling the co-expressed activating CAR triggers the T cell response toward 
the cognate cancer cell.

(iii) Optimized antigen recognition domain

To make a CAR more tumor selective the antigen binding domain was mutated with respect 
to improve binding to a variant antigen which is expressed by the cancer cells and less by 
healthy cells. For instance, a CAR was optimized in binding to the IL-13 receptor-α2 of cancer 
cells but less to the IL-13 receptor-α1 on healthy tissues [8, 9].

(iv) Transient CAR expression

The transient expression of the CAR by T cells transfected with in vitro transcribed RNA lim-
its the CAR T cell response. The transfected RNA is diluted upon T cell division and degraded 
with time resulting in a half-life of CARs on the T cell surface in the order of several days. 
With this rationale, RNA-modified CAR T cells were applied with some anti-tumor efficacy 
so far [113]; however, repeated doses of CAR T cells produced an anti-CAR response due to 
xenogenic CAR components [114]. Upon activation of CAR T cells, the time of CAR expres-
sion is moreover shortened thereby limiting a potential side effect on healthy tissues [115].

(v) CAR T cell elimination

In case of non-controlled toxicity, CAR T cells can be eliminated by various means including a 
high-dose steroid treatment as applied in a trial with carboanhydrase IX-specific CAR T cells 
[116]. Another strategy takes an advantage of marking CAR T cells with a unique cell surface 
molecule to which an approved therapeutic antibody binds. For instance, the truncated EGFR, 
co-expressed with the CAR by the same T cell, can be targeted by the antibody cetuximab 
which efficiently eliminates those marked cells [117]. Efforts are also being undertaken to co-
express the targetable epitope within the extracellular part of the CAR, thereby making the 
CAR itself a target of a depleting antibody [118]. An anti-idiotypic antibody directed against 
the scFv of the CAR itself may be used for depleting CAR T cells as well [119]. Alternatively, 
CAR T cells can be eliminated by the action of suicide genes. Basically, two strategies are 
currently explored, the co-expression of the herpes simplex virus thymidine kinase (HSV-tk) 
which phosphorylates the guanosine analog gancyclovir into a toxic derivative, or the co-
expression of a truncated caspase-9 and a mutated FK506 binding protein which mediates 
dimerization through a non-toxic synthetic drug, thereby initiating the caspase-9 apoptotic 
cascade [120].

(vi) Routes of T cell administration

CAR T cell–associated toxicities are mitigated by applying the T cells in tumor burden-adapted 
doses or in fractionated doses. Usually CAR-modified T cells are administered by i.v. injec-
tion upon which the cells accumulate in the lung within 30 min and later on in the liver and 
spleen [121, 122]. Where possible, more localized routes of CAR T cell administration may 
avoid off-tumor T cell activation to some extent. For instance, CAR T cells are administered by 
endoscopic injection into the tumor lesion or liver metastases in some trials [123, 124].
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15. Future perspectives

CAR T cell therapy of hematological malignancies is likely to become established in clinical prac-
tice within the next years; CAR T cell therapy for the treatment of solid tumor lesions or for the 
elimination of residual cancer cells is still in its infancy. The situation is even more complex 
since the currently accumulating clinical results are difficult to compare due to a number of dif-
ferences in CAR T cell engineering, clinical protocols, preconditioning of patients, and other rel-
evant factors, demanding a more rigorous standardization of CAR T cell trials in the near future.

(i) Identification of the most suitable target

Tumor-selective antigens are preferred targets, however, are rare demanding the use of tumor-
associated antigens as targets for a redirected T cell therapy. An example of a tumor-selective 
antigen is a glycosylation variant, like Muc1, or a specific mutation of protein identified by 
deep sequencing the cancer cell transcriptome. By decreasing selectivity, the risk of targeting 
healthy tissues with life-threatening toxicities increases demanding a thorough preclinical 
evaluation of potential other target cells and a cautious dose-escalation regimen when enter-
ing clinical exploration. Combinatorial antigen recognition, transient CAR expression, and 
inhibitory CARs are some examples which are expected to increase the safety in CAR T cell 
targeting, however, still need clinical exploration in a specific tumor context.

(ii) Optimizing the CAR design

There is obviously no universal CAR design which equally fits to each potential antigen; each 
CAR needs to be optimized with respect to both the particular target and to the T cell subset 
which is used for the anti-tumor attack. So far, the binding affinity, the targeted antigen epitope, 
and the extracellular length and transmembrane domain of the CAR as well as the provided 
costimulation were identified to be crucial for optimal T cell activation in the specific context.

(iii) T cell stage of maturation

CAR T cells with 4-1BB costimulation are primed toward a central memory phenotype, have 
a more enhanced catabolic activity and oxidative metabolism together with an enhanced 
mitochondrial respiratory capacity. With that respect, the 4-1BB CAR initiates a long-last-
ing central memory response while the CD28 CAR mediates a more short-lived effector cell 
response with enhanced glycolysis [24]. Moreover, the required co-signaling for optimal acti-
vation seems to be different for T cells in various stages of maturation; different co-stimuli are 
needed in different stages of maturation upon repetitive re-stimulation. For instance, T cells 
in the CCR7− maturation stage benefit from CD28-OX40 costimulation while CD28 costimula-
tion is sufficient in younger stages of maturation [21].

(iv) Patient preconditioning

Non-myeloablative lymphodepletion of patients prior to T cell therapy seems to be manda-
tory to allow extensive amplification of CAR T cells after application. There may also be an 
additional impact of the preconditioning chemotherapy on the tumor milieu by depleting 
suppressor cells and/or releasing antigens recognized by patient’s T cells. With that respect, 
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the clinical protocols substantially differ and need further standardization to allow conclu-
sions with relevance for future trials.

(v) Clinical exploration and control of side effects

CAR T cell therapy-associated toxicities are life-threatening and need intensive care treat-
ment. With the establishment of a CRS screening and grading protocol [110–112], first steps 
toward a more standardized clinical management are being made which need further atten-
tion in future trials. With the progression in the clinical exploration of CAR T cells, there is a 
need for novel pharmacokinetic and pharmacodynamic models to sustain the development of 
optimized mono- and combo-immunotherapies in the near future.

(vi) Hematopoietic stem cell transplantation

A number of patients in clinical remission after CAR T cell therapy were subsequently treated 
by hematopoietic stem cell transplantation, in particular patients treated with CD28 CAR T 
cells. While the anti-leukemia efficacy of CAR T cells is clearly documented, the benefit of 
stem cell transplantation to control the disease in the long term needs to be established.

(vii) SynNotch receptor-mediated immune cell activation

In a broader sense CARs are tools in the growing field of synthetic biology to engineer immune 
cells with defined specificity and to redirect a cellular response. As such, a modular receptor 
was designed on the basis of the Notch. At the extracellular side, the receptor binds to tar-
gets by an scFv or any other binding domain and at intracellular side effector domains such as 
transcriptional activators or repressors are released upon proteolytic cleavage which enter the 
nucleus for function [59, 125, 126]. Such receptors can be used in a broad variety of cells includ-
ing immune cells to direct the induction of complex cellular responses [59]. The benefit and 
potential of such receptor types in the adoptive T cell therapy need further exploration.

(viii) CAR T cell–induced anti-tumor immunity

The CAR T cell response against targeted cancer cells can induce a second wave of anti-tumor 
immune response which is potentially capable of eliminating non-targeted cancer cells. In 
particular, mice treated with anti-EGFRvIII CAR T cells were shown to resist EGFRvIII nega-
tive tumor challenge [127]. The perception rises that a redirected T cell anti-tumor response 
may additionally have substantial impact on the host immune response itself than rather 
targeting the cognate cancer cells. Such secondary host response needs to be explored and 
improved toward a long-term control of cancer.
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ACT adoptive cell therapy
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CRS cytokine release syndrome

CTLA-4 cytotoxic T lymphocyte-associated antigen-4

CSC cancer stem cell

GMP Good Manufacturing Practice
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PD-1 programed cell death-1

scFv single-chain fragment of variable region
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Abstract

Cancer remains a main cause of mortality, despite the research efforts to unravel molecu-
lar mechanisms and for developing personalized targeted therapies with acceptable side 
effects. In cancer, both players, the aggressor (tumor cells) and the endogenous defend-
ers (immune cells), are key therapeutic targets. Immunotherapy is nowadays considered 
the fourth therapeutical approach in cancer, complementing and sometimes replacing 
surgery and chemo‐ and radiotherapy. Natural killer (NK) cells, generally considered 
part of the innate immune system, play a critical role in defense against pathogens and 
tumors. Immunological memory is a hallmark of the adaptive immune system. However, 
NK cells have been shown to mediate Ag‐specific recall responses and acquire immuno-
logical memory in a manner similar to that of T and B cells. This chapter summarizes evi-
dence for NK cell immunotherapy, evidence and characteristics of NK cell memory and 
mechanisms involved in the generation and survival of these cells. There is no doubt that 
NK cells have major role in cancer treatments and viral infections, and in the future, NK 
cell immunotherapy from “a new hope” may become “a reality” for malignant diseases.

Keywords: immunotherapy, natural killer (NK) cells, innate memory, adoptive cell 
transfer, cancer

1. Introduction

Cancer represents one of the major causes of mortality, despite huge research efforts for deci-
phering the molecular mechanisms of disease and for developing new targeted and personal-
ized therapeutic approaches with acceptable side effects. There are still problems to overcome, 
which are linked to the following: (a) heterogeneity of cancer cells within tumors, which is 
mirrored in their response to a specific therapy; for example, cancer stem cells possess inher-
ent mechanisms for self‐repair and renewal and are therefore often responsible of tumor 
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recurrence and metastasis; (b) complex mechanisms by which tumor cells avoid the innate 
and adaptive immune responses (adaptability, versatility, mimicry), including by immune 
suppression induction [1].

In addition to conventional therapeutic approaches (chemo‐ and radiotherapy), we face the 
shifting of the attention to the immune antitumor defense mechanisms which might offer a 
steady improvement to conventional therapies for tumor cells eradication. Cancer defiantly 
induces immune suppression and this is further deepened by anticancer therapies, which 
weaken the immune response, apart from killing tumor cells [2, 3].

In the last decade, immunotherapy gained a leading position in cancer research and manage-
ment, due to promising results recently reported in clinical studies for (a) vaccines (sipuleu-
cel‐T) and monoclonal antibodies (ipilimumab), (b) recombinant cytokines and hematopoietic 
growth factors, and (c) cellular and gene therapies.

The adoptive transfer of lymphocytes with high antitumor reactivity can trigger tumor 
regression in metastatic melanoma [4–6]. Nowadays, autologous T lymphocytes are clinically 
used. Ex vivo multiplied tumor infiltrating lymphocytes (TILs) are adoptively transferred at 
the very patient from which they have been harvested and IL‐2 is concomitantly adminis-
tered in order to enhance T lymphocyte activation. This kind of immunotherapy is not fitted 
for all cancer patients, as TILs with antitumor reactivity are only seldom found in patients 
with other types of cancer than melanoma. Even in melanoma, TILs harvested from certain 
patients cannot be sufficiently expanded ex vivo, and this undermines the odds for their adop-
tive transfer. Moreover, there are some cases when tumor cells do not express class I major 
histocompatibility complex (MHC) molecules and therefore cannot be recognized by T lym-
phocytes. Natural killer (NK) cells might be an alternative to T lymphocytes, as they are able 
to kill tumor cells independently of MHC.

Natural killer cells are a component of the innate immune response against viruses and malig-
nant cells. Individuals having low NK cells activity are at risk to develop cancer [7]. The pres-
ence of high NK cells number within the tumor confers a good prognostic for cancer patients 
[8]. NK cells represent a relatively poor population, about 1–32% from the peripheral lympho-
cytes in healthy individuals [9]. As opposed to T cells, which hold MHC‐restricted antigen 
specificity, NK cells are able to directly and quickly lyse target cells without the need of an ini-
tial sensitization. It was proven that many types of tumor cells express high levels of ligands 
for NK cells receptors [10], which leads to their recognition and killing by NK cells [11]. The 
role of NK cells is regulated by (a) cytokines and chemokines which interact with inhibiting 
or activating receptors on NK cells [12, 13]; (b) communication with other immune cells, such 
as dendritic cells [14], effector TCD4+ lymphocytes [15] and regulatory T lymphocytes [16].

Until now, therapies with NK cells have been successful mainly for patients with leukemia 
[17–22], but adoptive transfer of interleukin (IL)‐2‐activated NK cells in patients with solid 
tumors (melanoma or renal carcinoma) did not show clear clinical benefits [23]. Based on the 
fact that NK cells possess the memory of being previously activated [23–29], new strategies 
can be developed for enhancing ex vivo the antitumor activity of NK cells intended to be trans-
ferred in patients with solid tumors. The use and clinical efficiency of immune therapy with 
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NK cells have been limited by the difficulty to obtain sufficient cells for adoptive transfer. NK 
cells represent only a small fraction of blood leukocytes, have a low ex vivo proliferation rate 
and have a limited lifetime in vivo. Identifying the optimal activator for expanding NK cells 
in vitro is difficult, due to the high number of activating and inhibiting receptors, pairs of 
cooperative receptors, overlapping of the signaling transduction pathways involved in their 
maturation, activation and proliferation.

It was shown that the multiplication of NK cells can be achieved by modulation with cytokines 
[30–38]. The development of the methods for growing human NK cells in vitro has incited a spe-
cial interest for immunotherapy [32, 36, 39–41]. With the development of methods for multipli-
cation of human NK cells in vitro, these cells have incited a special interest for immunotherapy.

2. NK cells biology

NK cells are large granular cells that play a major role in the innate immune response against 
viruses, bacteria, as well as malignant cells [12, 24, 42]. They were first identified in 1975 by 
their ability to kill tumor cells without MHC restriction or prior sensitization to tumor antigens 
[43–45]. The name “natural killer” refers to their natural occurrence and spontaneous ability to 
kill malignant cells in non‐immunized animals. NK cells are found in a variety of lymphoid and 
nonlymphoid tissues, including bone marrow, lymph nodes, spleen, peripheral blood, liver 
and lung. NK cells develop in the bone marrow from a common lymphoid progenitor cells.

2.1. Phenotypes

NK cells are characterized by the expression of CD16 and CD56 surface antigens and the lack 
of CD3/T‐cell receptor molecules. In humans, there are two subsets of NK cells based on CD56 
expression levels: CD56dim and CD56bright. Morphologically, the CD56dim NK cells are large 
granular lymphocytes, while CD56bright NK cells are small lymphocytes. The CD56dim subset 
represents the majority of NK cell population in the peripheral blood and spleen (90–95%), 
exhibit a high cytotoxic potential after interaction with target cells [46, 47]. They produce neg-
ligible amounts of cytokines and bear the Fc receptors (CD16) to mediate antibody‐dependent 
cell‐mediated cytotoxicity (ADCC). In contrast, the CD56bright subset predominates (approxi-
mately 90%) in lymph nodes and tonsils, have poor cytotoxic activity and produce very signif-
icant amounts of cytokines and chemokines [48]. The CD56bright NK cells produce chemokines 
and cytokines in response to cytokine stimulation, while the CD56dim population chemokines 
and cytokines production is stimulated by target cell recognition.

These subsets also differ in the expression of interleukin (IL)‐2 receptor α chain (IL‐2Rα/CD25). 
CD56bright subset exclusively expresses CD25, while the CD56dim subset lacks CD25 expression. 
There are differences in receptor expression between the two subsets of NK cells. As opposed 
to the CD56bright NK cells, CD56dim NK cells express high levels of killer‐cell immunoglobulin‐
like receptors (KIRs) and low levels of CD94/natural killer group 2 (NKG2) receptors. These 
differences have been correlated with the specific alloreactive properties of CD56dim NK cells 
due to their high KIR levels and their ability to kill various tumor cells [49].
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The murine NK cells do not express CD56 marker, but they can be divided in four subsets 
according to the expression of CD11b and CD27 markers: CD11blowCD27low, CD11blowCD27high, 
CD11bhighCD27high, CD11bhighCD27low [50]. Mouse CD27high NK cells predominate in lymph 
nodes and produce large amounts of cytokines, but in contrast with CD56bright NK cells, 
they have cytotoxic potential. In humans, expression of CD11b and CD27 markers have also 
revealed four subsets of NK cells with distinct maturation stages, tissue distribution patterns 
and functional properties [51, 52].

The NK cell activating receptor NKp46 (Ncr1), in contrast to other human NK cell markers 
(CD56, CD16) or murine NK cell markers (NK1.1, DX5), is almost exclusively expressed by 
NK cells, and it can be used as an additional marker for identify NK cells [53, 54].

2.2. Receptors

NK cells do not express rearranged, antigen‐specific receptors, but they express a variety of 
germ‐line encoded receptors that can recognize ligands on their cellular targets.

NK cell function, including proliferation, production of cytokines and chemokines, natural 
killing, lymphokine‐activated killing and ADCC, depends on an intricate balance between 
signals from inhibitory and activating receptors. The activating receptors interact with ligands 
expressed on stressed, infected, or transformed cells, or antibody‐opsonized targets (CD16/
FcγRIIIa), while inhibitory receptors recognize MHC class I or class I‐like molecules [11].

Inhibitory receptors include killer immunoglobulin‐like receptors (KIRs), the c‐type lectin, 
NKG2A/CD94 and leukocyte immunoglobulin‐like receptors (LILRs) [55]. The ligands for 
these inhibitory receptors are mostly the major histocompatibility complex class‐I (MHC‐I) 
molecules. Inhibitory signals prevent NK cells from becoming activated, blocking degranula-
tion and cytokine production. Ligation of MHC‐I molecules to the inhibitory receptors acts as 
a form a NK cell tolerance. By this mechanism, NK cells save healthy cells from killing as long 
as they express normal levels of MHC class I molecules and low amounts of stress‐induced 
self‐molecules. During the NK cell development, signals coming from inhibitory receptors 
help NK cells to be “educated” to respond to MHC‐I deficient cells [56].

Activating receptors include the natural cytotoxicity receptors or NCRs, the c‐type lectins, 
NKG2D and NKG2C/CD94, the SLAM family receptors and others. NK cells express the 
low‐affinity Fc receptor or CD16 and the death ligands FasL and tumor necrosis factor 
(TNF)‐related apoptosis‐inducing ligand (TRAIL) that after interaction with death recep-
tors induce apoptosis of the target cell. Although some of the ligands to activation recep-
tors are already present on healthy cells, the expressions of many of them are induced 
upon cell stress [57].

In case of cellular transformation or viral infection, surface MHC class I expression on the cell 
surface is downregulated or lost to escape from recognition by T cells. When mature NK cells 
encounter that cell, their inhibitory receptors are not engaged, and the unsuppressed activat-
ing signals can trigger cytokine secretion and attack of the targeted cell. In parallel, cellular 
stress and DNA damage upregulate “stress ligands” that can be recognized by activating NK 
receptors.
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NK cells kill tumor targets through a variety of mechanisms, including release of cytoplasmic 
granules containing perforin and granzyme, expression of tumor necrosis factor (TNF) fam-
ily members FasL or TNF‐related apoptosis‐inducing ligand (TRAIL), that induce tumor cell 
apoptosis by interacting with their respective receptors Fas and TRAIL receptor (TRAILR) as 
well as ADCC [58].

During tumor progression, tumor cells develop the ability through which they escape 
from NK cell response. These mechanisms include downregulation of adhesion molecules, 
costimulatory ligands or ligands for activating receptors, upregulation of MHC‐I molecules, 
soluble MIC, FasL or NO expression [59, 60], secretion of immunosuppressive factors such as 
IL‐10, transforming growth factor (TGF)‐β or indoleamine 2,3‐dioxygenase (IDO) and resist-
ing Fas‐ or perforin‐mediated apoptosis [61]. In cancer patients, there are observed some 
NK cell defects, including decreased numbers in peripheral blood and in tumor infiltrate, 
reduced expression of activation receptor or intracellular signaling molecules and overex-
pression of inhibitory receptors, decreased cytotoxicity, defective proliferation and cytokine 
production.

2.3. Cytokines

Cytokines are the main regulators of growth, proliferation, survival and differentiation for 
various cell types involved in the innate and adaptive immunity. The exhibition of NK cells to 
cytokines induces enhanced proliferation, augmented cytokine production, higher cytotoxic-
ity against target cells and upregulation of cytotoxic and adhesion molecules. The common 
γ‐chain interleukins (ILs) such as IL‐2, IL‐15, IL‐21 can activate NK cells, and the combination 
of IL‐12 and IL‐18 is especially potent to trigger interferon (IFN)‐γ.

IL‐2 and IL‐15 are the best studied cytokine activators of NK cells; they have central role for 
NK cell development and homeostasis, induce proliferation, costimulate cytokine production 
and enhance cytotoxic effector mechanisms. The both cytokine share the IL‐2/15Rβ and γc as 
the primary signaling subunits, but these cytokine require α receptor subunit for efficient liga-
tion of the IL‐2/15Rβγc. IL‐15 plays an important role in the maturation, survival and homeo-
static expansion of NK cells. For generating in vivo functional NK cells, IL‐15R signaling is 
required [62]. The first surface marker exhibited by NK cell progenitors is IL‐2/15R β (CD122), 
which is expressed even before the cell lineage marker, NK1.1 (CD161c or NKR‐P1C) [63]. The 
factors which further regulate differentiation and homeostasis of mature NK cells are largely 
unknown. Mature NK1.1+ cells continuously need IL‐15 for survival [64–66] and NK cells can 
be stimulated in vitro by IL‐15 or IL‐2. Once NK cells are activated, their differentiation can be 
induced/increased by cytokines. It has been shown that IL‐15 is a powerful ex vivo stimulator 
for immune cells. Preclinical studies have shown that NK cells, naïve/memory T CD8+ lym-
phocytes and dendritic cells cultivated with IL‐15 develop enhanced functions when being 
adoptively transferred in animals [67–69]. Several studies shown that coadministration of 
IL‐15/IL‐15Ra complexes on NK cells enhanced in vivo activity, and the use of IL‐15/IL‐15Rα 
complexes remains highly promising as an IL‐15 immunotherapy [70–72]. IL‐2 and IL‐15 are 
also used in ex vivo activation and/or expansion of NK cells for adoptive therapy and to sup-
port the expansion and function of NK cells after infusion.
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IL‐21 is a cytokine structurally‐related to IL‐2, IL‐4, IL‐15. IL‐21Rα is expressed by lymphoid 
tissues, shows similarities with IL‐2/IL‐15R β chain and forms a complex with the common γ 
chain [73]. IL‐21 exerts antitumor effects through its ability to induce activation and prolifera-
tion of cytotoxic cells (T CD8+ cytotoxic lymphocytes, NK cells, NKT cells). Meanwhile, IL‐21 
suppresses Foxp3 expression and the expansion of immunosuppressive Treg lymphocytes. 
Accordingly, IL‐21 was associated with antitumor activity in clinical practice [74]. The discov-
ery of IL‐21 was linked to its role in NK cells proliferation and maturation. Further studies 
have provided however contradictory data, highlighting both the activator and the sup-
pressor role of IL‐21. Soluble IL‐21 alone does not induce significant proliferation in mature 
mouse NK cells, and IL‐21R knockout mice possess normal NK cells number. Meanwhile, 
IL‐21 synergizes with IL‐2, IL‐15 and Flt‐3L for NK cells generation in the bone marrow and in 
umbilical cord blood. IL‐21 can activate the cytotoxic activity of NK cells through over expres-
sion of costimulating receptors and cytolytic molecules (perforin, granzymes). IL‐21 enhances 
multipotent progenitor maturation from bone marrow and activates peripheral NK cells in 
the absence of other stimuli.

IL‐12, originally identified as “NK cell stimulatory factor (NKSF)” based on its ability to 
enhance NK cell cytotoxicity. The primary effects of IL‐12 on NK cells are IFN‐γ and TNF‐α 
production. In vitro and in vivo studies have shown that IL‐12 acts on NK cells in concert with 
other activating cytokines, such as IL‐2 and IL‐18, or with receptor‐based interactions from 
pathogenic cells.

Although the IL‐18Rα is constitutively expressed on unstimulated NK cells and can induce 
NK cell proliferation alone, IL‐18 has been described as a costimulatory cytokine that func-
tions synergistically with IL‐12 and IL‐15. NK cells from IL‐18 deficient mice have impaired 
cytotoxicity and IFN‐γ production. These findings indicate the importance of IL‐18 to NK‐
mediated host defense.

Successful adoptive cell transfer (ACT) and ex vivo modulation of cellular functions with cyto-
kines has aroused the interest for immunotherapy in cancer. Currently, immunotherapy is 
known as the forth treatment alternative in cancer, after surgery, chemo‐ and radiotherapy.

3. NK cells for adoptive transfer

3.1. Autologous NK cells

Based on results from experimental animal models, adoptive transfer of autologous NK cells 
seems to be safe and promising for cancer therapy. Initial trials of adoptive NK cells involved 
infusion of CD56 bead‐selected autologous NK cells from a leukapheresis product followed by 
administration of systemic cytokines [75]. Upon cytokine stimulation, NK cells become lympho-
kine‐activated killer (LAK) cells and exhibit greater cytotoxicity against tumor cells. Although 
administration of cytokines improve the antitumor activity of NK cells in vitro, only limited 
antitumor activity of LAK cells was observed in cancer patients [23]. Similar results were also 
obtained when autologous NK cells and systemic IL‐2 were administrated to patients with lym-
phoma. Partially effective clinical outcomes were observed in metastatic renal cell carcinoma 
(RCC) patients that received a combination of high‐dose IL‐2 and LAK cell infusions, while 
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treatment of non‐Hodgkin's lymphoma and RCC patients with ex vivo IL‐2‐activated autologous 
NK cells followed by daily subcutaneous IL‐2 injection shown no improvement in the disease 
status. In patients with recurrent malignant glioma infusion of NK cells combined with IFN‐α 
was safe and partially effective. It is known that high IL‐2 doses induced severe toxic side effects 
such as vascular leak syndrome and also promote expansion of regulatory T cells that directly 
inhibit NK‐cell functions and induce activation‐induced cell death of NK cells. The adoptive 
transfer of IL‐2‐activated LAK cells was more successful rather than administering IL‐2 sys-
temically. Other cytokines, such as IL‐12, IL‐15, IL‐18 and IL‐21, have been successfully tested in 
preclinical cancer models [76]. Adoptively transferring autologous NK cells has been evaluated 
clinically for cancer immunotherapy and was found to greatly improve clinical responses with-
out any obvious adverse side effects in metastatic renal cell carcinoma (RCC), malignant glioma 
and breast cancer patients. However, these autologous NK cells could not yet exhibit their full 
cytotoxic capacity in vivo and were not consistently effective in cancer patients; this may be due 
to MHC class I expression in cancer patients that suppress autologous NK cells in vivo.

As was shown, adoptively transferring autologous NK cells was found to greatly improve 
clinical responses without any obvious adverse side effects in some cancers. However, these 
NK cells could not yet exhibit their full cytotoxic capacity in vivo, this may be due to many 
tumors expressing high levels of human leukocyte antigen (HLA) class I receptor and/or low 
levels of ligands for activating receptors that suppress autologous NK cells in vivo. For these 
reasons, they are focused on therapies using allogenic NK cells from related donors or other 
strategies to prevent such NK cell resistance.

3.2. Allogeneic NK cells

Using the allogeneic NK cells has the advantage of the inherent alloreactivity afforded by the 
“missing self” concept. When donor NK cells encounter an altered MHC environment, the NK 
cells can be “re‐educated” by host HLA and can acquire cytotoxicity against host tumor cells 
without causing graft versus host disease (GVHD). Allogenic NK cells with KIR mismatch 
have greater tumor‐killing activity and the ability to control acute myeloid leukemia (AML) 
relapse [77, 78]. Adoptively transferred human‐mismatched (haploidentical) allogeneic NK 
cells have been shown to be a safe therapy with minimal toxicity and have been more suc-
cessful for cancer immunotherapy, including against leukemia and solid cancers. In some 
clinical trials using adoptively transferred haploidentical allogeneic NK cells to treat AML 
patients, including pediatric AML patients and older AML patients no graft‐versus‐host dis-
ease (GvHD) response was observed and NK cell therapy was well tolerated. Besides hemato-
poietic‐derived tumors, strategies using adoptively transferred haploidentical allogeneic NK 
cells can also expand in patients with various malignancies, including metastatic melanoma, 
renal cell carcinoma, Hodgkin's disease and poor‐prognosis AML

3.3. Memory‐like NK cells

NK cells are traditionally considered members or the innate branch of the immune system 
that responds rapidly but lack immunologic specificity in the form of a clonal antigen recep-
tor and memory of prior activation. Recently several groups have challenged this paradigm 
of NK cells as pure innate lymphocytes and demonstrated memory‐like functions in NK cells.

The Memory Activation of NK Cells: New Methods in Cancer Immunotherapy
http://dx.doi.org/10.5772/66555

207



The immune system capacity to learn from previous encounters with pathogens, and respond 
more rapidly and effectively upon secondary infection has been termed adaptive immunity 
or immunological memory. After primary encounter with antigen, naïve antigen‐specific T 
or B cells proliferate vigorously and some of them differentiate into memory cells [79]. This 
stage represents the expansion phase, when the naïve cells clonally expand. Following the 
primary response, in the contraction phase, the majority of effector cells die and surviving 
cells enter the memory phase. Upon reencounter with their cognate antigen, memory cells 
exert their functional responses more rapidly than do naïve cells. This response to a second 
antigen exposure called the “recall response.”

Antigen‐specific responses and memory responses, both are hallmarks of adaptive immunity. 
Innate responses do not require pre‐sensitization and rely on germline encoded receptors 
and do not require clonal expansion. NK cells have long been categorized as a component 
of innate immunity. Although NK cells lack the ability to undergo somatic rearrangements 
of their receptors, these cells are developmentally and functionally more related to adaptive 
immune lymphocytes than innate immune cells.

Initially it was believed that NK cells act in the first days of infection, but now we know 
that NK cells function in parallel and complementary to the adaptive immune response over 
extended periods of time. Moreover, there are many evidences for adoptive‐like features of 
NK cells. Evidence for adoptive‐like features of NK cells has come from a variety of studies, 
and NK cell‐mediated memory can be generated in response to haptens, viruses and follow-
ing combined cytokine activation.

3.3.1. NK cell response to haptens

NK cell memory was first described in a mouse model of hapten‐induced contact hypersen-
sitivity (CHS), induced by chemical haptens such as 2,4‐dinitro‐1‐fluorobenzene (DNFB) and 
4‐ethoxymethylene‐2‐phenyloxazol‐5‐one (oxazolone) and picryl chloride [25]. T‐ and B‐defi-
cient mice developed vigorous specific contact hypersensitivity responses to haptens and 
response persisted for at least four weeks. The mice exhibited enhanced recall responses to 
the same chemical, but not to a different one, demonstrating antigen specificity. Furthermore, 
contact hypersensitivity responses could be conferred to naive mice by adoptive transfer of 
natural killer cells from sensitized mice.

These responses possessed the hallmarks of adaptive immunity: they were sensitization 
dependent, persisted for at least four weeks and were only elicited by haptens to which mice 
had previously been sensitized. These observations indicate that natural killer cells can medi-
ate long‐lived, antigen‐specific adaptive recall responses independent of B cells and T cells. 
It was shown that transfer of a subset of liver‐derived NK cells, not splenic or naïve NK 
cells, could confer the recall response. NK cell memory to haptens depended on expression 
of CXCR6, a chemokine receptor on hepatic NK cells critical for intrahepatic survival and 
homeostasis [80]. CXCR6 is a chemo‐attractant receptor which is expressed on roughly 50% of 
liver NK cells. The molecular mechanism leading to the generation of antigen‐specific mem-
ory NK cells remained elusive.
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3.3.2. NK cell response to viruses

Also, NK cells could mount recall responses to diverse viral antigens such as vesicular stomati-
tis virus (VSV), virus‐like particles (VLP) containing influenza A‐derived hemaglutinin and/or 
matrix protein 1, or VLP containing the HIV‐1‐derived Gag protein and/or Env protein [80]. In 
order to confer the recall response, liver NK cells had to express the CXCR6. Blocking CXCR6 
with antibodies can impair the recall response. NK cells can respond more vigorously upon 
secondary stimulation against challenges with additional irritants (such as fluorescein iso-
thiocyanate [FITC]), as well as the viruses vaccinia, and herpes simplex virus (HSV)‐2 [81–83].

A central issue that remains unresolved is how NK cells can recognize and differentiate 
between all these different antigens, since there are no known VSV, vaccinia, HSV‐2, or HIV‐
specific NK receptors. The ability of NK cells to respond to such a wide diversity of distinct 
antigens, including pathogens that are not endemic to mice, such as HIV1, is puzzling and 
suggests that a hitherto unknown recombination‐activating genes (RAG)‐independent recep-
tor diversification mechanism may exist in NK cells [84].

Most of the evidence that NK cells exhibit a memory‐like adaptive response has come from 
studies involving mouse cytomegalovirus (MCMV) infection. NK cells play a crucial role in 
the protective immune response to herpesvirus family members, especially to CMV infection. 
It have been shown that a subset of NK cells in the C57BL/6 strain of mice bearing the activat-
ing receptor Ly49H, specifically recognize the MCMV‐expressed ligand m157 and prolifer-
ate in response to viral infection [85–87]. Ly49H, a germ‐line encoded receptor, is expressed 
by a very large fraction of NK cells in naïve mice (~50% of NK cells). During viral infection, 
a Ly49H‐expressing subset of NK cells is extended and rapidly responds upon reinfection 
with MCMV, similar to classic lymphocytes memory. The germ‐line encoded MCMV‐specific 
receptors exist too in mouse strains, such as Bagg Albino (BALB/c), non‐obese diabetic (NOD) 
and others, and that clonal expansions of MCMV‐specific NK cells could also be observed in 
those strains [88]. Similar to CD8+ T cell response, the proliferation was Ag‐specific because 
infection of mice with a mutant MCMV lacking m157 did not cause expansion of Ly49H+ NK 
cells [25]. Ly49H+ NK cells adoptively transferred in mice lacking functional Ly49H recep-
tor proliferate 100‐1000‐fold after MCMV infection, and after a contraction phase, persist for 
months. When these cells are restimulated ex vivo with agonistic antibodies against NK1.1 or 
Ly49H, they respond more robustly and offer increased protection against MCMV infection 
then naïve NK cells. MCMV‐induced NK cell memory is critically dependent on the IL‐12; NK 
cells that lack the IL‐12 receptor do not proliferate in response to MCMV [89].

In human, studies have focused on the memory NK cell response in infection with cytomegalo-
virus (CMV), Hanta virus or Chikungunya virus [90–92]. The results shown that NK cells that 
express the germ‐line encoded NKG2C receptor appeared in increased frequency in response 
to infections with these viruses. During acute HCMV infection, NKG2C+ NK cells expanded 
in number, and diminished partially in numbers after the resolution of the acute phase. These 
memory NK cells persisted for up to a year. After expansion, the NKG2C+ NK cells produced 
significantly more IFN‐γ in response than NKG2C- NK cells. A follow‐up study demonstrated 
that after adoptive transfer of NKG2C+ NK cells from CMV‐seropositive donors exhibited 
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enhanced effector function against a secondary CMV challenge [93]. In the Hanta virus infec-
tion or Chikungunya virus infection, NKG2C+ NK cells expanded three‐ to fourfold compared 
to uninfected controls. In both cases, these increases were only seen in patients who were 
HCMV seropositive, raising the possibility that the increase in NKG2C+ NK cells reflected 
reactivation of latent CMV. It has been noted that in HCMV‐infected patients, after the acute 
infection was cleared, NKG2C+ NK cell numbers remained elevated in contrast with unin-
fected individuals. It is possible that these NKG2C+ NK cells present in HCMV‐seropositive 
individuals respond to other infections. Another study has demonstrated that the combina-
tion of CMV‐infected fibroblasts plus IL‐12‐producing monocytes induced the expansion of 
NKG2C+ NK cell in vitro [94].

3.3.3. Cytokine‐induced NK cell responses

Memory‐like NK cells could be induced in vitro by cytokines activation in both mice and 
humans. NK cells from Rag 1‐deficent mice were pre‐activated overnight in vitro with IL‐12, 
IL‐18 and IL‐15, and then adoptively transferred into syngeneic Rag‐1‐/‐ recipients. After rest-
ing in vivo, when the NK cells had reverted to a quiescent state, the cytokine pre‐activated NK 
cells were phenotypically similar to control NK cells. They expressed similar levels of CD69, 
CD11b, CD27, B220, as well as the cytokine receptors CD122, IL12Rβ1, IL‐15Rα and CD127. 
Also, they expressed comparable levels of granzyme B and lysed target cells similar to control 
NK cells in vitro [27, 95]. However, up to 3 weeks following adoptive transfer, the cytokine 
pre‐activated NK cells were found to respond more robustly compared to resting NK cells. 
These pre‐activated NK‐cells displayed enhanced IFN‐γ production upon either activating 
receptor ligation (Ly49H or NK1.1 receptors) or cytokines (IL‐12 and IL‐15) restimulation. 
This enhanced ability to produce IFN‐γ occurs in cells that have not undergone division and 
those that have replicated. It has been demonstrated that the enhanced functionality of mem-
ory‐like NK cells is not due to alteration in IFN‐γ transcription or mRNA stability.

Adoptively transferred cytokine pre‐activated NK cells proliferated rapidly in an IL‐2‐depen-
dent manner into recipient mice bearing MHC class I‐deficient RMA‐S lymphoma or B16‐
Rae1ε melanoma cell lines [96]. Exposure of NK cells to cytokines upregulated the IL‐2Rα 
chain, making these cells more responsive to IL‐2. It was observed a significantly reduced 
tumor growth and prolonged survival in recipient mice, pre‐activated NK cells exhibited 
enhanced functionality months following adoptive transfer, and were able to mediate more 
effective in vivo antitumor responses.

Human NK cells also exhibit enhanced IFN‐γ production after short‐term pre‐activation with 
various combinations of IL‐12, IL‐15 and IL‐18 [97]. Both NK cell subsets, CD56bright and CD56dim, 
exhibited cytokine‐induced memory‐like NK cell. Cytokine pre‐activation led to extensive pro-
liferation, and memory‐like NK cells maintained their capacity for enhanced recall responses. 
Similar to mice, IFN‐γ mRNA transcript levels did not differ between control and memory‐like 
NK cells. In contrast to murine memory‐like NK cells, phenotypic differences were identi-
fied between pre‐activated NK cells and controls. Human memory‐like NK cells had increased 
CD94, NKG2A, NKp46 and CD69 surface expression and reduced KIR and CD57 expression. 
Human memory‐like NK cells were also shown to be responsive to low concentrations of IL‐2.
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A pre‐clinical study has shown that human memory‐like NK cells also have potential as anti‐
leukemia cellular therapy [98]. They exhibited enhanced IFN‐γ production and increased 
cytotoxicity when restimulated with leukemia cell lines or acute myeloid leukemia (AML) 
blasts in vitro. Following adoptive transfer into immunodeficient NOD‐severe combined 
immunodeficiency (SCID)‐γc

‐/‐ mice, human cytokine‐induced memory‐like NK cells exhib-
ited increased IFN‐γ production following restimulation [99].

Therefore, human NK cells can acquire memory‐like properties after a brief cytokine pre‐ 
activation.

4. Conclusion

Although, the concept of NK cell memory is rather new, many studies in recent years have 
provided substantial evidence for adaptive features of the NK cell response. The enhanced 
function of memory NK cells makes them an area of interest for future use in preventing or 
treating inflammatory diseases, infectious diseases and cancer.
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Abstract

Inflammation causes debilitating human conditions and older treatments rely on global
immunosuppression that non-specifically alleviates symptoms. Currently, several mono-
clonal antibodies (mAbs) are available that specifically block pro-inflammatory cytokines.
These include mAbs specific to tumour necrosis factor (TNF), interleukin (IL)-1β, IL-6,
IL-17 and IL-12/IL-23. The chapter summarises the key elements in human inflammatory
disease conditions, including various forms of arthritis, psoriasis, Crohn's disease and
ulcerative colitis, plus pyrin-associated inflammatory syndromes and periodic fevers, to
explain the benefit of cytokine neutralisation through mAb-type reagents. The chapter
reviews the efficacy and safety of the current repertoire of anti-cytokine/cytokine receptor
mAbs. It also discusses the known side effects and adverse events that are sometimes
associated with systemic blockade of cytokines in vivo, and concludes that the accumulat-
ing knowledge of treatment failures can reveal unappreciated aspects of cytokine biology
and even new treatment opportunities. The chapter includes mention of the rapidly
expanding cohort of biosimilar mAbs and the mAbs to IL-4, IL-5 and IL-13 that are now
emerging, in addition to the need for treatments for disorders that remain refractory to the
current repertoire of anti-cytokine mAbs and conventional treatments. Thus, here we
summarise the current status of anti-cytokine mAbs for human inflammatory diseases.

Keywords: arthritis, asthma, crohn's disease, cytokines, biosimilar, inflammation, inter-
leukin (IL), IL-1β, IL-4, IL-5, IL-6, IL-13, IL-12, IL-17, IL-23, monoclonal antibodies
(mAbs), periodic fevers, psoriasis, pyrin, tumour necrosis factor (TNF), and ulcerative
colitis
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1. Introduction

Human inflammatory diseases are among some of themost debilitating conditions described and
they inflict varying degrees of functional impairment and may be long-lasting, causing chronic
pain. Some examples of inflammatory conditions include rheumatoid arthritis (RA) and other
related or non-related arthritides, skin diseases such as psoriasis, or intestinal conditions such as
Crohn's disease (CD) and ulcerative colitis (UC), as well as pyrin-associated inflammatory syn-
dromes and periodic fevers. These conditions generally present as acute bouts of inflammation,
but are in most cases active as chronic conditions with periods of worsening or ‘flares’. Intense
research, over many decades, has revealed important details regarding the mechanisms that
contribute to the pathology of these conditions, although in many situations the initial trigger
continues to remain undefined. This knowledge led to the use of broad-acting anti-inflammatory
agents that exert benefit due to global immune suppression. Thus, drugs such as corticosteroids
became the mainstream treatment option. Over time, however, as knowledge of the underlying
pathobiologydeepened, so the role of individual cytokines emerged as critical drivers of the in vivo
inflammatory processes. Eventually, as it became known thatmicrobes, especially viruses, encode
and express cytokine-receptor mimics that block the biological effects of specific cytokines, and
inhibit cytokine-mediated inflammation [1, 2], thus it became obvious to trial soluble receptor
proteins as inhibitors of pro-inflammatory cytokines to treat human inflammatory diseases.
Although the microbial products themselves are potent neutralising reagents, they were viral in
origin—not human—and therefore immunogenic (not suitable for long-term human use). The
use of neutralising cytokine-specific monoclonal antibodies (mAbs), and/or recombinant forms
of soluble cytokine receptors, however, efficiently solved this problem, because these recombi-
nant Ig-based molecules are essentially identical copies of endogenous human protein—purified
monoclonal Ig. Thus was born the era of cytokine-neutralising mAb-based therapeutic reagents
for the treatment of human inflammatory diseases.

2. Clinical presentation and processes of inflammatory diseases
amenable for treatment with cytokines targeted neutralising mAbs

Inflammation is a natural and spontaneous process that occurs in response to an insult causing
tissue damage. It involves the activation of innate and adaptive immune system components,
including both vascular and cellular responses. Essentially, there are four signs that represent
the clinical manifestations of inflammation: redness (Latin: rubor), warmth/heat (calor), swell-
ing (tumour) and pain (dolor), and when unresolved, inflammation frequently results in the loss
of physiological function (function laesa). Systemic symptoms such as fever also frequently
occur. Together, these are the universal or classical hallmarks of inflammation in mammals.

The magnitude of the response is initially directly proportional to the severity of the insult, but
reactivation of inflammation can be triggered, either by a reoccurrence of the same or similar
event, or sometimes via an unrelated event. During times of exacerbation, the severity of symp-
toms escalates dramatically, and this is often referred to as an inflammation ‘flare’. In either
instance, the physiological events that follow are becoming increasingly well understood
at a molecular level and this detailed mechanistic understanding has revealed a number of

Immunotherapy - Myths, Reality, Ideas, Future224



1. Introduction

Human inflammatory diseases are among some of themost debilitating conditions described and
they inflict varying degrees of functional impairment and may be long-lasting, causing chronic
pain. Some examples of inflammatory conditions include rheumatoid arthritis (RA) and other
related or non-related arthritides, skin diseases such as psoriasis, or intestinal conditions such as
Crohn's disease (CD) and ulcerative colitis (UC), as well as pyrin-associated inflammatory syn-
dromes and periodic fevers. These conditions generally present as acute bouts of inflammation,
but are in most cases active as chronic conditions with periods of worsening or ‘flares’. Intense
research, over many decades, has revealed important details regarding the mechanisms that
contribute to the pathology of these conditions, although in many situations the initial trigger
continues to remain undefined. This knowledge led to the use of broad-acting anti-inflammatory
agents that exert benefit due to global immune suppression. Thus, drugs such as corticosteroids
became the mainstream treatment option. Over time, however, as knowledge of the underlying
pathobiologydeepened, so the role of individual cytokines emerged as critical drivers of the in vivo
inflammatory processes. Eventually, as it became known thatmicrobes, especially viruses, encode
and express cytokine-receptor mimics that block the biological effects of specific cytokines, and
inhibit cytokine-mediated inflammation [1, 2], thus it became obvious to trial soluble receptor
proteins as inhibitors of pro-inflammatory cytokines to treat human inflammatory diseases.
Although the microbial products themselves are potent neutralising reagents, they were viral in
origin—not human—and therefore immunogenic (not suitable for long-term human use). The
use of neutralising cytokine-specific monoclonal antibodies (mAbs), and/or recombinant forms
of soluble cytokine receptors, however, efficiently solved this problem, because these recombi-
nant Ig-based molecules are essentially identical copies of endogenous human protein—purified
monoclonal Ig. Thus was born the era of cytokine-neutralising mAb-based therapeutic reagents
for the treatment of human inflammatory diseases.

2. Clinical presentation and processes of inflammatory diseases
amenable for treatment with cytokines targeted neutralising mAbs

Inflammation is a natural and spontaneous process that occurs in response to an insult causing
tissue damage. It involves the activation of innate and adaptive immune system components,
including both vascular and cellular responses. Essentially, there are four signs that represent
the clinical manifestations of inflammation: redness (Latin: rubor), warmth/heat (calor), swell-
ing (tumour) and pain (dolor), and when unresolved, inflammation frequently results in the loss
of physiological function (function laesa). Systemic symptoms such as fever also frequently
occur. Together, these are the universal or classical hallmarks of inflammation in mammals.

The magnitude of the response is initially directly proportional to the severity of the insult, but
reactivation of inflammation can be triggered, either by a reoccurrence of the same or similar
event, or sometimes via an unrelated event. During times of exacerbation, the severity of symp-
toms escalates dramatically, and this is often referred to as an inflammation ‘flare’. In either
instance, the physiological events that follow are becoming increasingly well understood
at a molecular level and this detailed mechanistic understanding has revealed a number of

Immunotherapy - Myths, Reality, Ideas, Future224

opportunities for therapeutic blockage of specific mediators of inflammation. In many cases, the
results of these specific interventions have been truly remarkable, such that previously debilitat-
ing disease conditions are now entirely manageable or, in some cases, almost unnoticeable. The
following sections provide a summary of current knowledge of the molecular basis of the events
that occur in several human inflammatory disorders together with a description of the mAbs and
recombinant protein-based reagents that can be applied to successfully ameliorate inflammation.

2.1. Inflammatory cytokines in the pathology of arthritides: rheumatoid arthritis (RA),
idiopathic juvenile arthritis (IJA) and ankylosing spondylitis (AS)

Rheumatoid arthritis (RA) is an autoimmune disease that comprises both systemic and tissues-
specific inflammation, primarily inflammation of joint synovium, leading ultimately to erosion
of the joint tissue. The initial trigger of the inflammation is usually unknown. Once present,
however, it usually progresses and is characterised by episodes of greater intensity or flares.
The systemic nature of the condition is exemplified by the fact that diverse tissues may be
involved, including skin and kidneys. It is generally believed that there are three main phases
of pathology in RA: (i) an initial induction phase of non-specific tissue inflammation, (ii) an
expansion phase involving T lymphocyte (T cell) responses and (iii) a chronic systemic inflam-
mation phase mediated by the production of cytokines such as interleukin (IL)-1β, tumour
necrosis factor (TNF) and IL-6 [3] and the production of citrullinated fibrinogen among other
substrates. The ‘unnatural’ citrullinated proteins are frequently the targets of rheumatoid
factor IgM and IgG autoantibodies [4]. Although the systemic phase is debilitating in its own
right, the inflammatory destruction of joint synovium results in immobile and dysfunctional
joints, and this is often amplified by the involvement of multiple affected joints, that is,
polyarthritis (Figure 1); for most patients, the painful chronic synovitis ultimately results in
irreparable joint destruction.

RA occurs not only in adults but also in children [5]. There are many presentations of juvenile
arthritis and most are idiopathic in nature, and include polyarticular and/or systemic arthritis, as
well as fever, skin rash, anaemia, spleen, liver and sometimes even cardiac tissue inflammation
[6, 7]. The inflammation is thought to be due to activation of macrophages and other immune
cells (monocytes, dendritic cells, T cells, etc.), which may explain the different subtypes of
juvenile idiopathic arthritis (JIA) [8], and in all cases there is inflammation mediated primarily

Figure 1. Clinical presentation of rheumatoid and psoriatic arthritis. (A) Long-standing RA characterised by ulnar
deviation, metacarpal phalangeal joint subluxation and boutonniere deformity, and (B) Psoriatic arthritis with bouton-
niere deformity. (Images generously provided by Prof. Manolios, Westmead Hospital, Sydney, Australia).
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by the production of soluble mediators—especially pro-inflammatory cytokines such as TNF
[9, 10]. Systemic JIA (SJIA) is thus considered a multifactorial auto-inflammatory disease [6].

Previous treatments for SJIA have traditionally comprised non-steroidal anti-inflammatory
drugs (NSAIDs) or corticosteroids in more severe cases, but these drugs can have significant
side effects and are often poorly tolerated in children, sometimes causing lifelong sequelae
such as sterility. Fortunately, most anti-TNF-based mAbs have yielded promising results,
although efficacy rates and treatment retention rates decrease with treatment time [11]. With
the emergence of IL-6 neutralising mAbs, such as tocilizumab, other effective treatment
options also now exist [12]. However, IL-1β-blocking agents such as anakinra or canakinumab
also show significant efficacy in JIA [13, 14]. Taken together, these findings support the current
dogma that the pathobiology of JIA is not entirely identical to adult RA even when joint
arthropathy is the primary common lesion. Secondly, these results suggest that there exists an
inflammation hierarchy among the contributing cytokines—some being critical to the produc-
tion of other cytokines or inflammatory mediator substances, and others less significant, that is,
some are ‘non-drivers’of the pathology but elevated nonetheless [9]. Furthermore, the presence
of TNF, IL-6 and IL-1β strongly points to the involvement of macrophages—particularly type-I
macrophages (M1 MØ) which, when activated, produce this combination of cytokines. Inter-
estingly, a polymorphism in macrophage migration-inhibitory factor (MIF) has been found to
be associated with SJIA [15, 16]. Indeed, the diverse presentation of juvenile arthritis suggests
that there is still much more to learn about the aetiology of arthritis in children.

Ankylosing spondylitis (AS) is another type of inflammatory arthritis that usually involves
the sacroiliac joint and spine [17]. As this disease worsens, shoulders can also be affected. The
predominant symptoms are joint stiffness and pain caused by a chronic low-grade inflamma-
tion [17]. In advanced cases, vertebra can actually fuse and remain in a fixed and immobile
position, explaining why many AS patients frequently present with a classical ‘forward-lean-
ing’ posture or limited flexion in the lumbar spine and inter-vertebral calcification (Figure 2A
and B). Despite a long-known association to HLA-B27, and other immune gene loci [18], and
an increased prevalence in males, the trigger for this condition remains unknown [17]. The
disease can be either undifferentiated or more specific in its presentation, for example,
presenting in a more defined manner such as with reactive arthritis, psoriatic arthritis (see
Figure 1) or more dispersed symptoms such as arthritis with an associated inflammatory

Figure 2. Clinical presentation of ankylosing spondylitis (AS) and psoriasis. (A) AS in a 30-year-old male with limited
flexion of lumbar spine, (B) AS involving cervical spine; X-ray features show calcification of anterior longitudinal
ligament, (C) psoriatic erosions involving proximal interphalangeal joints and second distal interphalangeal joint and
(D) psoriatic skin lesion characterised by flacking and silver scales. (Images generously provided by Prof. Manolios,
Westmead Hospital, Sydney, Australia).
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by the production of soluble mediators—especially pro-inflammatory cytokines such as TNF
[9, 10]. Systemic JIA (SJIA) is thus considered a multifactorial auto-inflammatory disease [6].
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bowel disease (IBD) condition. The link with IBD is intriguing, and although this has long been
a rather poorly understood AS disease association (or presentation), recent evidence suggests a
potential role of IL-17-family cytokines.

Early treatments for AS have been focused primarily on relieving pain, for example, through
non-steroidal anti-inflammatory drugs such as aspirin, ibruprofen or voltaren and so on. Cox-2
inhibitors have also been used. As these are broad inhibitors of inflammation and pain-reducing
mimetics, they do not specifically target the specific factors that are critical to the underlying
aetiology of the condition. Similarly, drugs, such as sulfasalazine, methotrexate or corticoste-
roids, while offering some degree of efficacy in the treatment of AS, are, again, broad-acting
immune suppressants. As knowledge of the molecular aetiology of this disease has increased, it
was found that TNF-neutralising drugs etanercept, adalimumab, certolisumab pegol, infliximab
or golimumab can be effective [19]. Yet, precisely how anti-TNF mAbs provide benefit in AS
patients, however, is still not entirely clear, due essentially to the gaps in knowledge surrounding
this disease; the ability of the anti-TNF agents to prevent new bone formation, for example, is still
controversial and poorly explained through existing knowledge. Moreover, anti-TNF mAbs are
not beneficial in all AS patients. Thus, most clinicians conclude that while TNFmay be produced
in certain circumstances in AS pathology, it may or may not be the driving factor in AS disease
pathology [20].

There is currently much excitement surrounding the role for cytokines IL-17 and IL-23 in AS.
Indeed, the demonstrated efficacy of IL-17 and IL-23 neutralising mAbs in clinical trials has
recently cemented these cytokines as central mediators of AS inflammation. Several previously
unexpected immune cells are now therefore strongly implicated as being critical components of
the pathobiology of AS, specifically Th-17 cells and lineage-negative innate-like immune cells
(ILC) type 3 [21]. The different subsets of ILC3 cells typically produce not only IL-17-type
cytokines but also other cytokines such as IL-6, TNF and IFNγ (thus explaining the partial benefits
of treatment with anti-TNF mAbs, and global immune-suppressive treatments). These ILCs are
interesting in AS because they are exposed to bacteria and microbial products as they are found in
skin and in gut and recognised for their role in preserving barrier function. Moreover, the
detection of these innate cell types in the blood of AS patients [22] thus provides a mechanistic
link with the AS arthritis and the inflammatory bowel disease-type symptoms that occurs in
many AS patients. Moreover, both TNF and IL-17 have long been implicated in the structural
bone damage and remodelling that is evident in AS [23, 24]. More research will be required to
define the precise pathogenic mechanisms of IL-17-producing innate immune cells in AS.

2.2. Inflammatory cytokines in psoriasis (and psoriatic-type arthritis)

Psoriasis is an autoimmune skin condition where patches of scaly skin accumulate. The locations
of these patches are usually elbows, knees or scalp, although the location is not a diagnostic
feature per se, and the psoriatic skin lesions can occur almost anywhere on the body. A propor-
tion of people with chronic skin psoriasis will also develop a type of psoriatic arthritis of joints
(Figure 1). Like RA, this can result in significant joint erosion (Figure 2) but this type of arthritis
is rheumatoid factor negative, and thus distinct from RA [25]. Psoriasis is also different from
eczema, in that there is a thickening of the epidermis and the condition almost always persists,
whereas eczema often fades spontaneously, for example, as children grow older. In fact, there are
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various forms of psoriasis, including the most common form—plaque psoriasis, comprising an
accumulation of dead skin cells building up, forming a cracked ‘plague’ skin lesion (Figure 2).
Some patients, however, develop smooth, shiny skin lesions; these usually being on the knee or
under the arm. In addition, guttate psoriasis is a form of the psoriatic disease that sometimes
form after Streptococcal sp. bacterial infections. Erythrodermic psoriasis is the most severe form of
the disease, and in this condition large areas of skin eventually sloth off.

In psoriasis treatment, a number of systemic immunosuppressive agents have been used,
for example, cyclosporine or methotrexate. Nevertheless, the dysfunction of cytokines,
especially IL-13, IL-17 and IL-23, appears to be integral to the pathology of all forms of
psoriasis—consistent with the broad benefits of cyclosporin in psoriatic pathologies [26].
Benefit has long been established with mAb-based reagents that neutralise TNF [27], and
more recently, new IL-23-neutralising mAbs are demonstrating considerable efficacy
[28, 29]. The IL-17A-neutralising mAbs secukinumab and ixekizumab, and IL-17R-blocking
mAbs brodalumab are also showing significant efficacy in ameliorating psoriatic-based
skin conditions [30–32]. This is consistent with the observations of elevated IL-17A within
psoriatic plaques (skin lesions), being produced from many immune cell types [33], as well
as IL-13 [34]. In fact, it has also been recently demonstrated that IL-17 is intimately linked to
IL-13 biology, whereby IL-13 regulates IL-17A production in Th17 cells [35, 36]. These
findings are also consistent with the observation that transgenic IL-17A expression mice
develop psoriatic-type skin lesions that resembles human psoriasis [37]. The striking effi-
cacy of anti-IL-17 mAbs indicates that IL-17-producing cells, such as Th-17 cells, are integral
to the pathobiology of many forms of psoriasis. Recently, however, IL-17-producing ILC3s
have been shown to be present in psoriatic tissues [38, 39]. It has also been shown that
CD1a-restricted IL-17-producing lipid antigen recognising T cells are present both in skin
and in blood of psoriasis patients [40]. Hence, the dramatic success of these new mAbs not
only brings psoriasis patients the promise of relief of their symptoms but also simulta-
neously reveals new and otherwise unappreciated knowledge of the critical aspects of the
disease mechanisms at play in psoriasis.

Other interesting recent developments are new oral treatments for psoriasis [41]. For example,
a small molecule phosphodiesterase-4 inhibitor (apremilast) works by preventing cAMP acti-
vation in immune cells, thereby limiting pro-inflammatory cytokine production [42–45]. It
should be noted, however, that initial clinical trials were discontinued due to unexpected side
effects such as diarrhoea, headache and nausea, although careful re-examination of dosing
regiments and/or new molecular modifications may still be possible. Nonetheless, phosphodi-
esterase-4 has itself been found to be elevated in psoriatic lesion inflammatory cells [44], and
thus the amelioration of symptoms correlates perfectly with its potent inhibition in vivo. In
summary, these findings again strongly substantiate the involvement of inflammatory cyto-
kines, especially IL-17 and IL-23, in the aetiopathology of human psoriasis. It is no exaggera-
tion to conclude that newly developed mAbs blocking IL-17 and IL-23 pathways have
completely revolutionised the treatment of chronic psoriasis— they now already comprise the
‘standard of care’ in plaque psoriasis treatments [46]. Even so, there is much more to learn
about this complex condition, such as the roles of IL-12 versus IL-23, for example, in limiting
IL-17 production, and the role of IL-17-producing skin γδ T cells [47].
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2.3. Cytokines in the pathology of inflammatory bowel disease (IBD): Crohn's
disease (CD) and ulcerative colitis (UC)

There are several autoimmune-based chronic inflammatory bowel diseases (IBD) involving the
gastrointestinal tract (GIT) and these most frequently include Crohn's disease (CD) and ulcer-
ative colitis (UC). Generically speaking, CD is considered to involve the distal junction of the
small intestine and thus primarily involves inflammation in the large intestine, whereas UC
inflammation can occur anywhere within the entire GIT. These conditions are both progressive
and characterised by relapsing inflammation [48]. CD lesions usually involve only the super-
ficial mucosal tissue layers, whereas UC inflammation is often more extensive, even presenting
through the full-tissue thickness of the intestine. A less-well-known feature of CD is that the
inflammation may involve non-GIT mucosa, for example, skin, eyes or joints, and even liver
can be affected. The pathological processes in CD and UC are complex, with a deep and
interconnecting interplay between inflammation and fibrosis as there is often a constant need
for tissue healing [49]. For both CD and UC, the differential diagnosis is usually confirmed
through endoscopy, as this procedure permits the delineation of the anatomical location that is
affected (site of the inflammation). Importantly, the endoscopy also provides the opportunity
for the grading of lesion severity.

In both CD and UC the immune system is highly activated, explaining the clinical benefits
experienced from treatments that induce global immune suppression. Cytokine-specific
mAb-based treatments are also effective at blocking and preventing IBD inflammation. It
has become increasingly evident that environmental triggers are both constitutive and
exacerbating during times of inflammatory flares, and hence the systemic presence of ther-
apeutic mAbs provides a long-lasting inhibition towards the chronic inflammation. There is
also a growing appreciation of the role of the gut microbiota in IBD [50]. Although the
intestinal (mucosal) immune system is meant to remain unresponsive to commensal micro-
organisms, just as it is to food-based antigens, it retains a capacity to respond to intestinal
pathogens. The current theory, however, is that there is an inappropriate, and potentially
constitutive, activation of innate immune cells within the bowel and these activated cells
constitute the basis of chronic IBD inflammation [48]. Theoretically, IBD inflammation may
involve almost any innate immune cell residing within the GIT mucosa, but Th1- and/or Th-
17-type pro-inflammatory cytokines appear to be involved—and these cells produce both
TNF and/or IL-17 plus IFNγ [48]. Also, there is currently a high level of interest in the ILC3
cells in acting as the initial triggers of IBD inflammation [51, 52]. However, changes in
commensal gut microflora are also now in focus, and especially the ability of bacteriophage
viruses, due to their capacity to lyse bacteria and thereby alter the GIT microbiome diversity
[53]. Thus, both a dysbiosis and inflammation-mediated disruption of the GIT epithelial
barriers are currently thought to be integral to both UC and CD conditions. Fortunately,
there are already several neutralising mAb-based therapies for IBD patients, especially for
those who are refractory to traditional treatment of aminosalicylates and corticosteroides.
These include the anti-TNF mAbs (infliximab, adalimumab, golimumab and certolizumab
pegol) and two anti-integrin-blocking mAbs (natalizumab and vedolizumab). In contrast to
the benefit evident in neutralising TNF, a contributing role for IL-17 in IBD is still uncertain,
and IL-12/IL-23 are likely not the driver cytokines as there is only marginal efficacy from
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ustekinumab (anti-12/IL-23) in CD patients, and no benefit was evident in initial trials with
briakinumab (anti-IL-12/IL-23 p40-neutralising mAbs) [54]. Indeed, brodalumab (anti-IL-
17RA-neutralising mAb) caused worsening symptoms in CD [55]. Clearly, further investiga-
tion into the complex interactions between the normal and altered microbiome, and the
endogenous intestinal cells, including resident innate and adaptive immune cells, is
required to better understand these IBD pathologies.

2.4. Autoinflammatory diseases: TNF-receptor-associated periodic syndrome (TRAPS),
cryopyrin-associated periodic syndrome (CAPS) and Muckle-Wells syndrome

One of the clearest cases of the mechanistic role of cytokines in the aetiology of human
inflammation concerns the hereditary periodic fever conditions. Here, an autoinflammatory
trigger (or triggers) involves genes that are embedded within the innate immune system, but
the response occurs in the absence of demonstrable infection—although there still remains the
possibility that a subclinical and undetectable infection is present [56]. For example, patients
with TNFR1 mutations are usually classified as TNF-Receptor-Associated Periodic Syndrome
(TRAPS) [57]. TRAPS fevers typically last more than a week and exhibit a range of symptoms,
such as myalgia, arthritis, fasciitis, abdominal pain, skin rashes and patches (Figure 3), or
periorbital oedema, and even amyloidosis in severe cases [58, 59]. The precise mechanism(s)
of pathology resulting in TRAPS has continued to mature over time, as TRAPS mutant TNFRs
have been successively thought to result in altered activation of a key transcription factor
within the immune system (NF-κB), an inability to bind to TNF, reduced surface expression
of TRAPS TNFRs, the incorrect folding of the receptors leading to an ‘unfolded protein
response’ which appears to activate the inflammasome and lead to mitochondrial reactive
oxygen species, and ultimately to inflammation [56, 60]. Despite the varied presentations, a
unifying presentation in TRAPS patients is the elevated levels of serum TNF, IL-1β and IL-6
cytokines. TRAPS treatment options vary but broad immunosuppression, such as with colchi-
cine, is no longer generally recommended, as it is accepted that there is significant benefit in
treating patients only at the times of inflammation, that is, during disease flares, and poten-
tially monitored via levels of serum S100 proteins, IL-18, serum amyloid A, and even miRNA
molecules [61, 62]. With the number of inflammatory cytokines that are elevated, the treatment
options range from generic immune suppressants (e.g. colchicine) to the use of specific cyto-
kine-neutralising mAbs. Unexpectedly perhaps, anti-TNF mAbs have largely proven ineffec-
tive in TRAPS, and they may even unexpectedly sometimes provoke a cytokine storm via the
activation of the cRel (a component of the NF-κB system), and thereby escalating the inflam-
mation [63]. Interestingly, the current standard treatment for TRAPs and the majority of
hereditary autoinflammatory diseases is the neutralisation of IL-1β, and either recombinant
IL-1 receptor antagonist (anakinra) or human IgG1 anti-IL-1β mAb (canakinumab) alleviates
inflammation in TRAPS [64, 65]. Hence, it appears that targeting only IL-1β is beneficial in
TRAPS. This, again, implies that there exists a hierarchy of inflammatory cytokines, such that
blocking one cytokine has a broader effect of reducing the production of others. In fact, the
administration of recombinant human TNF in human clinical trials for cancer and sepsis
clearly demonstrated this principle: the administration of TNF induced elevated IL-1β and
IL-6 [66, 67] (recently reviewed in Ref. [68]).
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Other autoinflammatory syndromes include Muckle-Wells syndrome (MWS), which presents
with periodic episodes of skin rashes (Figure 3), sensorineural deafness, hives, episodal fever,
joint pain and/or amyloidosis and other symptoms. These conditions are collectively known as
cryopyrin-associated periodic syndrome (CAPS) and they are all universally associated with
activation of pro-caspase-1 [70, 71] and thus also with mutations in NLRP3/CIAS1 and LNRC4
genes [72, 73] (see www.autoinflammatory-search/diseases). The central mechanism of patho-
genesis of CAPS-type diseases is the elevated production of IL-1β, usually from activated
monocytes/macrophages, and because of the involvement of caspase-1, there is usually a
concomitant elevated production of IL-18. Thus, the neutralisation of IL-1β as the fundamental
driver of the inflammation is proving to be beneficial in these conditions, that is, either with
mAb canakinumab or with recombinant IL-1Ra protein (anakinra). Even deafness in Muckle-
Wells syndrome patient was alleviated by neutralising IL-1β [74]. Finally, NLRP3 activation
also results in elevated IL-1β in other unrelated sterile inflammatory conditions such as those
involving monosodium urate (gout) and calcium pyrophosphate dihydrate (CPPD) (pseudo-
gout) crystalline-induced arthritis (Figure 3) [75, 76]. Thus, neutralising IL-1β is effective in
nearly all CAPS-type autoinflammatory conditions [60].

3. Biological therapeutics for inflammation

There are currently more than 20 recombinant cytokine receptor- and mAb- based protein
drugs that have been developed and widely approved for the treatment of human inflamma-
tion (see Boxes 1–5). These can be classified as recombinant cytokine receptor-based proteins,
or cytokine- or cytokine receptor-specific-neutralising mAbs (Figure 4).

3.1. Recombinant cytokine receptors and receptor-Ig fusion proteins

Etanercept (trade name Enbrel; www.enbrel.com) was the first human cytokine-receptor immu-
noglobulin chimeric fusion protein approved for the treatment of human diseases. Etanercept
comprises the extracellular region of human TNFR2 and the Fc region of human IgG1, and is
produced in Chinese hamster ovary (CHO) cells. As a TNFR2-based-Ig protein, it has properties
of both a human cytokine receptor and human Ig protein: the TNFR2 component binds to TNF
and lymphotoxin-α, whereas the human IgG1 portion confers serum longevity and Ig Fc recep-
tor (FcR)-binding capacity. Etanercept is thus a TNF inhibitor capable of neutralising soluble

Figure 3. Clinical presentation of auto-inflammatory syndrome skin rashes and pseudo-gout inflammation. (A) TRAPS
skin rash (from [69]), (B) Muckle-Wells syndrome / CAPS rash (image from autoinflammatory.org) and (C) joint and tissue
inflammation due to pseudo-gout flair after total knee arthroplasty of right knee, both before (left) and after (right)
antibiotics for potential culture-negative post-operative infection (Images used with permission).
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Box 1. Current therapeutic TNF and TNF-receptor-specific inhibitory agents.

TNF-receptor Ig fusion proteins and anti-tumour necrosis factor (TNF)

Drug name and structure Brand name
Usual
delivery Approved disease indications

Additional
potential uses

Etanercept
Recombinant fusion protein:
Human TNFR2:IgG1-Fc

Enbrel® s.c. injection Rheumatoid arthritis
Polyarticular juvenile
idiopathic arthritis (PJIA)
Psoriatic arthritis
Ankylosing spondylitis
Plaque psoriasis

Cognitive
impairment
(peri-spinal
delivery)?

Infliximab
Humanised (chimeric)
IgG1κ

Remicade® i.v. infusion Rheumatoid arthritis*
Psoriatic arthritis*
Ankylosing spondylitis
Plaque psoriasis
Crohn's disease
Paediatric RA
Paediatric Crohn's disease

Adalimumab
Human IgG1κ

Humira® s.c. injection Rheumatoid arthritis*
Psoriatic arthritis*
Plaque psoriasis
Active ankylosing spondylitis
Crohn's disease
Juvenile idiopathic arthritis
Ulcerative colitis

Golimumab
Human IgG1κ

Simponi® s.c. injection Rheumatoid arthritis*
Psoriatic arthritis*
Plaque psoriasis
Ulcerative colitis

Certolizumab Pegol
Pegylated-Fab’ of humanised
IgG1κ

Cimzia® s.c. injection Rheumatoid arthritis*
Psoriatic arthritis*
Ankylosing spondylitis
Crohn's disease

Biosimilars: (Among others)

Erelzi
TNFR2-IgG1
Etanercept biosimilar

etanercept-szzs®
(Sandoz)

i.v. infusion Same indications as per
etanercept

Brenzys (SB4)
TNFR2-IgG1
Etanercept biosimilar

(Samsung Bioepis;
Merck and Biogen)

i.v. infusion Same indications as per
etanercept

CTP-13
Humanised IgG1κ
Infliximab biosimilar

Remsima® (Infliximab)
Inflectra® (Hospira)

i.v. infusion Same as per infliximab

BOW015
Human IgG1κ
Infliximab biosimilar

Infimab® (Reliance
Life Sciences)

i.v. infusion Same as per infliximab

SB2
Human IgG1κ
Infliximab biosimilar

(Samsung Bioepis;
Merck and Biogen)

i.v. infusion Same as per infliximab
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Plaque psoriasis
Ulcerative colitis

Certolizumab Pegol
Pegylated-Fab’ of humanised
IgG1κ

Cimzia® s.c. injection Rheumatoid arthritis*
Psoriatic arthritis*
Ankylosing spondylitis
Crohn's disease

Biosimilars: (Among others)

Erelzi
TNFR2-IgG1
Etanercept biosimilar

etanercept-szzs®
(Sandoz)

i.v. infusion Same indications as per
etanercept

Brenzys (SB4)
TNFR2-IgG1
Etanercept biosimilar

(Samsung Bioepis;
Merck and Biogen)

i.v. infusion Same indications as per
etanercept

CTP-13
Humanised IgG1κ
Infliximab biosimilar

Remsima® (Infliximab)
Inflectra® (Hospira)

i.v. infusion Same as per infliximab

BOW015
Human IgG1κ
Infliximab biosimilar

Infimab® (Reliance
Life Sciences)

i.v. infusion Same as per infliximab

SB2
Human IgG1κ
Infliximab biosimilar

(Samsung Bioepis;
Merck and Biogen)

i.v. infusion Same as per infliximab
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TNF-receptor Ig fusion proteins and anti-tumour necrosis factor (TNF)

Drug name and structure Brand name
Usual
delivery Approved disease indications

Additional
potential uses

Adalimumab-atto
Human IgG1κ
Adalimumab biosimilar

Amjevita® (AMGEN) s.c. injection Same as per adalimumab

Adalimumab (India)
Human IgG1κ
Adalimumab biosimilar

Adfrar® (Torrent
Pharma)

s.c. injection Same as per adalimumab

SB5
Human IgG1κ
Adalimumab biosimilar

(Samsung Bioepis;
Merck and Biogen)

s.c. injection Same as per adalimumab

Note: *These agents can be used alone or in combination with methotrexate or other non-biologic disease-modifying anti-
rheumatic drugs.

Box 2. Current therapeutic IL-1β-specific mAb, or IL-1-receptor antagonist, inhibitory agents.

Anti-interleukin-1β or IL-1-receptor-antagonist

Drug name and
structure Brand name

Usual
delivery Approved disease indications Additional potential uses

Anakinra
Recombinant human
IL-1Rα (E. coli-
derived protein;
non-mAb)

Kineret®
(AMGEN/
Biovitrum)

s.c.
injection

Adult rheumatoid arthritis (moderate-
to-severe, monotherapy or with
DMARDS)

Lupus nephritis
Inflammatory joint
diseases: psoriatic arthritis,
spondyloarthritis,
osteoarthritis, etc.
Periodic fevers
Gout
Asbestosis
Epilepsy
Stroke

Rilonacept
Recombinant IL-1R
accessory protein
(E. coli-derived)

Arcalyst®
(Regenron
Pharmaceuticals)

s.c.
injection

Cryopyrin-associated periodic
syndromes (CAPS), including familial
cold auto-inflammatory syndrome
(FCAS) and Muckle-Wells syndrome
(MWS)

Canakinumab
Humanised
anti-IL-1β IgG1κ

IlarisTM

(ACZ885)
(Novatis)

s.c.
injection

Cryopyrin-associated periodic
syndrome (CAPS)
Familial cold auto-inflammatory
syndrome (FCAS) and Muckle-Wells
syndrome (MWS)
Systemic juvenile idiopathic arthritis
(SJIA)

Rheumatoid arthritis
Chronic obstructive
pulmonary disease
Coronary artery disease
Gout
Schizophrenia

Gerokizumab
Humanised mouse
anti-human IL-1β
IgG2κ (Fab)

EyeguardTM

(XOMA Corp.)
No approved medical indications at
present

Behçets Uveitis
Non-infectious uveitis
Pyoderma gangrenosum
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serum TNF and LTα, engaging with cytokine-expressing cells (i.e. membrane-bound TNF), and
simultaneously also in engaging with FcR-expressing cells and henceforth of triggering FcR-
mediated cell signalling (for a recent review, see [68]). An analogous TNFR1 p55-IgG1 Fc fusion
protein (Lenercept) was similarly produced and tested in a double-blind placebo-controlled
clinical trial for multiple sclerosis (MS). This disease choice was based on the fact that TNF is
produced inMS and has demonstrable cytotoxic activity against oligodendrocytes—the cells that
are destroyed by the immune system in MS—and because TNF neutralisation had been shown
to be beneficial in mice with experimental autoimmune encephalitis (a murine model for MS-like
disease). However, MS patients reported no benefits from the Lenercept treatment and

Box 3. Current therapeutic IL-6 and IL-6-receptor-specific inhibitory agents.

Anti-interleukin-6 and IL-6Rα

Drug name and
structure Brand name

Usual
delivery

Approved disease
indications

Additional potential
uses

Tocilizumab
Humanised mouse
anti-IL-6R IgG1κ

Actemra®
(Hoffmann–La Roche)

i.v. infusion
(monthly) or
more usually
s.c. injection

Rheumatoid arthritis
Systemic juvenile
idiopathic arthritis (SJIA)
Crohn's disease
(moderate/severe)
Castleman's disease

Neuromyelitis Optica
(Devic's disease)
GVHD?
TRAPS?

Sarilumab
Human anti-IL-6R IgG1κ

VelocImmune®
(Sanofi & Regeneron)

s.c injection Rheumatoid arthritis
(with methotrexate)
Plaque psoriasis
(moderate/severe)

AS?*
(**failed trials)

Sirukumab
Human mAb IgG1κ

(GlaxoSmithKline) s.c. injection Rheumatoid arthritis (with
or without methotrexate)

Giant cell arteritis
(vasculitis)
Non-eosinophilic asthma

Box 4. Current therapeutic IL-17 and IL-17-receptor-specific inhibitory agents.

Anti-interleukin-17 and IL-17R

Drug name and structure Brand name Usual delivery Approved disease indications
Additional
potential uses

Brodalumab
Human anti-IL-17R IgG2κ

(KHK4827, AMG827)
(Valeant Pharmaceutical
& Kyowa Hakko Kirin)

s.c. injection Psoriasis (severe)
Psoriatic arthritis
Rheumatoid arthritis
Asthma
Crohn's disease
(moderate/severe)

None yet
known

Ixekizumab
Humanised anti-IL-17A
and anti-IL-17A/F IgG4

Taltz® (LY2439821
Eli Lily & Co).

s.c. injection Plaque psoriasis
(moderate/severe)

None yet
known

Secukinumab
Human anti-I7A IgG1κ

Cosentyx® (Novartis
Pharma AG)

s.c. injection Plaque psoriasis
(moderate/severe)
Psoriatic arthritis
Ankylosing spondylitis

None yet
known
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unfortunately many trial patients experienced an unexpected worsening of their disease [77].
Lenercept also failed clinical trials for sepsis [78]. The reasons for this failure, especially in the
face of the success of etanercept, were enigmatic at the time and remain incompletely explained
even today; it is not clear whether ligand-binding differences, or even minor differences in the Ig
component, explain the divergence in in vivo behaviour and therapeutic efficacy. Onercept, a
TNFR1-extracellular region without an FcR component was also created by molecular biology
engineering. Onercept neutralised TNF in vitro, but it failed in clinical trials for psoriasis [79]. In
fact, several other human TNF-inhibitory TNFR-based reagents have also been developed, such
as pegsunercept (a pegylated recombinant soluble TNFR1 protein), but these were not licensed
for various reasons, primarily a lack of efficacy for the disease situations in which they were
tested (reviewed in Ref. [68]).

In an analogous manner, a recombinant bio-therapeutic IL-1β inhibitor comprising a purified
recombinant IL-1 receptor antagonist protein, anakinra (trade name Kineret; www.kineretrx.
com), has been developed and approved for the treatment of adult RA, usually administered
as a weekly subcutaneous (s.c.) injection. Moreover, another IL-1RA (accessory) protein,
rilonacept (trade name Arcalyst; www.arcalyst.com), is a dimeric fusion protein comprising

Box 5. Current therapeutic IL-12/IL-23 and common receptor-specific inhibitory agents.

Anti-interleukin-12 and interleukin-23 (IL-12 and IL-23)

Drug name and
structure Brand name

Usual
delivery

Approved disease
indications Additional potential uses

Ustekinumab
Humanised mAb
anti-IL-12/IL-23
p40 IgG1κ

Stelara® (CNTO 1275)
(Centocor & Jassen-Cilag)

s.c. injection Plaque psoriasis
(moderate/severe)

RA
AS
CD
Systemic lupus erythematosis
Ankylosing spondylitis

Briakinuman
Human mAb
anti-IL-12/IL-23
p40 IgG1κ

ABT-874 (Abbott) s.c. injection Plaque psoriasis
Psoriatic arthritis

RA,
CD?
MS?

Tildrakizumab
Humanised mAb
Anti-IL-23 p19
IgG1κ

(Merck; and now Sun
Pharma)

s.c. injection Plaque psoriasis
(moderate/severe)

CD?

Guselkumab
Humanised mAb
Anti-IL-23 p19
IgG1κ

(Janssen Research &
Development)

s.c. injection Plaque psoriasis
(moderate/severe)

CD?

AMG139
Human mAb
anti-IL-12/IL-23
p40 IgG1κ

(Amgen) In Phase II trial for CD

BI655066
Human mAb
anti-IL-12/IL-23
p40 IgG1

(Boehringer Ingelheim
Pharmaceuticals)

In Phase II trial for
psoriasis
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IL-1R1, and an IL-1RA linked to IgG1-Fc. It is approved for the treatment of Cryopyrin-
Associated Periodic Syndromes, including Muckle-Wells syndrome in adults and in children
of 12 and older. It should be noted that these IL-1β receptor-based inhibitors are specifically
contraindicated for simultaneous use with anti-TNF agents due to a dramatically increased
risk of infection (see below for a full list of contraindications).

3.2. Cytokine-neutralising mAbs

Infliximab (trade name Remicade; www.remicade.com) was the first anti-human cytokine
mAb to be approved for therapeutic use. Infliximab binds to both soluble and membrane-
bound human TNF, and this interaction prevents TNF from binding to either of its receptors
TNFR1 or TNFR2. Since antibodies are high-affinity reagents, infliximab is thus a potent
inhibitor of TNF's biological activities. Infliximab is administered by intravenous (i.v.) infusion,
usually 5 mg/kg, every 8 weeks (see Box 1). Other human TNF-specific therapeutic mAbs now
also exist. Adalimumab (trade name Humira; www.humira.com) and golimumab (trade name
Simponi; www.simponi.com) are both human and humanised anti-human TNF IgG1 mAbs.
These mAbs are generally administered by s.c. injection, every 1–2 weeks (see Box 1).
Certolizumab pegol (trade name Cimzia; www.cimzia.com) is a pegylated human immuno-
globulin Fab’ fragment of an anti-TNF IgG1mAb. It is also administered by s.c. injection, usually
monthly. These agents are all approved for use in a broad array of arthritic- and psoriatic-related
human inflammatory conditions (see Box 1). In the USA, Adalimumab has also recently been
approved for hidradenitis suppurativa (apocrine acne). This is a chronic inflammatory condition
that affects apocrine gland-bearing skin, such as that found in the axillae and groin, where
recurrent boil-like nodules develop and fail to heal.

More recently, neutralising IL-1β-specific mAbs have also emerged, canakinumab (trade name
Ilaris; www.ilaris.com) and gerokizumab (trade name Eyeguard). These are approved for
CAPS-type auto-inflammatory conditions, including MWS, as well as systemic JIA (see Box 2).
Similarly, blocking mAbs specific to IL-6R, tocilizumab (trade name Actemra; www.actemra.
com), sarilumab and sirukumab, have also been developed (Box 3). Sarilumab has recently
successfully completed a phase III clinical trials in combination with methotrexate for RA, and

Figure 4. Examples of recombinant protein mAb-based drugs. (A) Soluble (extracellular region) cytokine receptor,
(B) soluble (extracellular region) cytokine receptor—Ig Fc fusion protein, (C) humanised or fully human mAb and
(D) biosimilar human or humanised mAb.
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its approval appears to be imminent in the USA. These anti-IL-6 mAbs are being used in
combination with methotrexate to slow RA and JIA progression in patients who do not benefit
from anti-TNF agents, or especially when methotrexate monotherapy is less efficacious than
expected. Tocilizumab is additionally approved for the B cell tumour Castleman's disease [80],
and there is preliminary evidence that it might be effective against treating the refractory
neuromyelitis known as Devic's disease [81].

Other recent additions to the repertoire of human cytokine-neutralising mAbs are those that
inhibit IL-17 and IL-23 which are showing efficacy in the treatment of psoriasis and psoriatic-
related conditions (see Box 4). Brodalumab, an IL-17RA-specific mAb, is one such reagent that
acts by preventing IL-17-family cytokines from binding to the IL-17 receptor (Box 4). Recent
Brodalumab data, derived from phase II and III clinical trials, have demonstrated effectiveness in
the treatment of psoriasis [32], and reportedly with superior skin clearance than the anti-IL-12/
IL-23 mAb ustekinumab [55, 82]. These are long-awaited treatment for a skin condition that has
previously proven to be difficult to treat. However, the clinical trials with Brodalumab were
unpredictable, in that trial-related adverse events apparently included suicidal ideation with
trial-related harmful behaviours in some patients even suicide [83]. This unexpected outcome
may translate to limitations with its use and has necessitated restrictive labelling and specific
cautions in its use. On the other hand, ixekizumab (trade name Taltz; www.taltz.com), an IL-17A
cytokine-neutralising mAb, is already approved for plaque psoriasis without any noted psycho-
logical symptoms or unfavourable behavioural side effects [30]. These IL-17-family cytokine-
neutralising drugs represent a major breakthrough in psoriasis treatment.

Finally, the most recent addition to cytokine-neutralising mAb-based reagents are those that
neutralise IL-12 and IL-23 (Box 5), which act, for example, by binding to the shared p40
subunit of these cytokines. Ustekinumab (trade name Stelera; www.stelerainfo.com) is an
IL-12- and IL-23-neutralising mAb, and as mentioned, it is now approved for the treatment of
moderate-to-severe plaque psoriasis, psoriatic arthritis and moderately active CD [46].
Ustekinumab offers improved efficacy over anti-TNFs agents in CD patients, and, moreover,
requires only tri-monthly administration (after an initial monthly dosing induction).
Briakinuman, guselkumab and tildrakizumab also all block IL-23; briakinuman is a human
IgG anti-IL-23p40 mAb, and tildrakizumab is a humanised IgG1κ anti-IL-23p19 mAb and both
are effective and approved for psoriasis [46, 84]. Finally, guselkumab, an IgG1λ anti-IL-23p19
mAb, is reported to be safe in early-stage trials, and is also intended for use in psoriasis [85],
where it outcompeted the anti-TNF mAb adalimumab in phase II trials [86]. As these are
recently developed mAbs, their safety profiles will require ongoing monitoring, although early
data suggest that they do not represent an increased risk of infection [87].

4. New ‘biosimilars’ antibody reagents—biosimilars and interchangeables

It is now well over a decade since the first anti-cytokine mAbs have been used internally to treat
human inflammatory conditions and already the next generation of reagents are emerging.
These are the ‘copy’ reagents and they are generally known as ‘biosimilar’ reagents [88]. As the
initial cohorts of biologics are all now nearing the end of their patent protection, many
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pharmaceutical companies currently dedicate a large effort towards producing their new gener-
ation of mAbs. This is not just of benefit to the pharmaceutical companies that produce these
drugs, but potentially hugely advantageous for mankind. The greater the competition in the
marketplace the more downward pressure on the current high costs of cytokine-neutralising
mAbs and protein biologics [89]; in other words, the development of biosimilar mAbs should
ultimately translate into significant savings for the patient/consumer. The production of
biosimilar reagents should therefore quickly provide access to these drugs for a much larger
proportion of patients who might not otherwise be able to afford them. Already, the estimates of
the monetary savings are being generated and they are in the order of over Euro 20Mwithin the
first 3 years, which equates to at least an additional estimated 1200–1800 patients [90].

A ‘biosimilar’ reagent is defined by the US Federal Drug Administration (FDA) as a biological
product that is approved on the basis that it has highly similar physical and functional properties
to an existing FDA-approved biological product—known as the ‘reference’ product. The US FDA
guidelines for biosimilars and other drugs are available online (http://www.fda.gov/) and a
review of the current guidelines for the production of biosimilar regents has recently been
published [91]. Theoretically, there are no clinically meaningful differences between a biosimilar
reagent and its reference product in terms of either safety or efficacy. While this is essentially true
in reality, it is important to note, however, that a biosimilar and reference product may not be
entirely identical; minor differences in clinically inactive components are allowable in a
biosimilar product [88]. Another term that is used in this field is that of an interchangeable
product. This is a biosimilar that meets additional standards, that is, that it produces essentially
the same clinical results as the referenced product within an identical patient cohort. This was
achieved, for example, with Remsima (infliximab biosimilar), both in RA and in SA patient
cohorts [92, 93]. An interchangeable biological can therefore be substituted for the reference
product by a clinician or a pharmacist with essentially no discernable impact.

The establishment of the degree of similarity of a given candidate biosimilar is determined
through extensive physical, chemical and functional characterisation—directly comparing the
biosimilar product against the original reference product [94–96]. This includes a formal
demonstration of the similarity of the primary, secondary and tertiary structure of the
biosimilar, and examination of the similarity of the structural motifs that determine its mech-
anism of action. Firstly, the affinity of a given mAb for its cognate antigen needs to be identical,
or closely similar, to that of the reference product, and analytical techniques such as surface
plasmon resonance (SPR) are used to provide real-time-binding kinetic assessments (on- and
off-rates) of the biosimilar and reference mAbs. Secondly, the biosimilar mAb must possess
inherent properties integral on the reagent as a whole, for example, the capacity of the mAb to
induce immune effector functions such as antibody-dependent cytotoxicity (ADCC) or com-
plement-dependent cytotoxicity (CDC) [97], and the class of the mAb Ig is therefore an essen-
tial aspect that much be matched in the biosimilar; if the original reference mAb is an IgG1,
then the biosimilar must also be an IgG1. Thirdly, glycosylation patterns are being increasingly
recognised as critically important, as differences in sugars can interfere with an Ig's biological
activity [98]. Taken together, the similarity of the biosimilar mAb is essential as it ensures
identical interactions with (i) antigen, (ii) FcRs and (iii) its in vivo half-life. Often, more than 30
analytical methods may be required to establish a new product as a bone fide biosimilar [99].
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4.1. Approval processes for biosimilar mAbs

The US FDA recommends a step-wise approach for approving a biosimilar [100]. (Note:
biosimilars are not generic drugs, and their development and licensing do not fall under the
same regulatory pathways as generics.) The first step is the assessment of the critical quality
attributes (CQAs) of the molecule, that is, those that are relevant to the clinical outcomes. Factors
thought to be affecting the identity, purity and potency of a biosimilar molecule constitute its
CQA. The FDA also suggests that CGQs should be classified into three tiers and there is a
statistical approach for assessing CQAs, namely an equivalence testing for Tier 1, a quality-range
approach for Tier 2 and descriptive testing (raw data and graphical comparison) for Tier 3. The
processes are relatively similar worldwide, although there are differences in how biosimilars are
assessed in different countries or regions throughout the world with respect to the need for
in vivo toxicity testing [101]. There is also a need to provide evidence that all batches of the
biosimilar will fall within the established range. This challenge occurs because recombinant
mAbs are usually produced using a variety of host cell types and the newly generated recombi-
nant biosimilar protein may be associated with production impurities including host cell pro-
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have not already been documented in the original reagent. This process permits attention to be
focused on testing the immunogenic potential of the biosimilar, for example, via close attention
to the production processes, the mAb's physical similarity (glycosylation, etc.), and the pres-
ence (and quantity) of any co-purifying entities. Only time will determine if there are any
subtle differences in the new-generation biosimilar mAbs, that is, compared to original prod-
uct, and, henceforth, whether specific prescription guidelines need to be developed.

4.2. New cytokine-neutralising biosimilar reagents and mAbs

Two etanercept (Enbrel®) TNFR-IgFc biosimilar reagents have been approved to date: Erelzi
(etanercept-szzs) was approved in the US in mid-2016 and Brenzys (also known as SB4) was
approved in Korea in 2015. SB4 is also now approved in Europe, Australia and Canada (See
Box 1). Furthermore, there are several biosimilar anti-TNF mAbs that are either approved or in
development (see Box 1). For example, CTP-13 (trade name Remsima) was the worlds’ first
registered biosimilar anti-TNF infliximab (Remicade®) mAb therapeutic, first registered in
Europe and Korea in 2013. Additionally, inflectra (infliximab-dyyb) was approved in the US
in early 2016 and Infimab is produced in India. Similarly, Adalimumab-atto (trade name
Amjevita) and SB5 are other adalimumab (Humira®) biosimilars. For approval, Remsima was
extensively evaluated in comparison to infliximab. It was found to have (i) virtually identical
primary and higher-order structures, (ii) similar monomer and aggregate content, (iii) some
less basic variants due to C-terminal lysine amino acid residues (but these appear to be rapidly
removed in serum) and (iv) highly similar glycosylation patterns, to infliximab [105]. Never-
theless, the situation at present is that these new biosimilar drugs exist, but they are not
commercially available because the original US patent for anti-human TNF mAb does not
expire until late 2018. In fact, it has been estimated that there may already be as many as 20
anti-TNF biosimilar mAbs and mAb-based reagents in development, or under clinical assess-
ment. It is expected that these drugs will be marketed for the treatment of RA, JIA, AS and
psoriatic arthritis, that is, the indications as their reference drug(s) [106]. It is expected that
eventually biosimilars will be produced for all of the anti-IL-1β-, IL-6-, IL-17- and IL-12/23-
therapeutic mAbs (see Box 1–5).

Arguably, the most pressing issue with respect to the use of biosimilars and interchangeables is
when and how to use them. Since there appears to be equivalent efficacy between these first-
and second-generation drugs, then it can be assumed that either the original or the new-
generation reagent can provide immediate benefit to treatment-naïve patients. Furthermore,
initial studies also suggest that it is safe to switch to a biosimilar drug in anti-drug antibody-
naïve patient [107]. However, a recent study has demonstrated that virtually all patients who
developed anti-infliximab antibodies react to both inflectra and remsima—the infliximab
biosimilar mAbs [108]. This suggests that epitopes that are present in infliximab that elicit the
drug-specific antibodies are also present in the biosimilar mAbs [108]. It is also possible that
new epitopes are present in the biosimilar, and, similarly, that unique drug epitopes can be
present in the reference product. Data also exist showing that adalimumab-treated patient
serum does not show cross-reactivity with either infliximab or its biosimilar remsima [109].
Thus, the cross-reactivity appears to be drug specific.
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5. mAb and biosimilar Ig effector functions

Igs are complex tetrameric molecules comprising two glycosylated heavy chains and two light-
chain polypeptide molecules, bound together by disulphide bonds. The structure has different
domains, termed ‘constant’ (C) and ‘variable’ (V) domains (Figure 5). The domains are encoded
by different gene segments: C gene segments, plus a unique combination of V, plus ‘diversity’
(D) and ‘joining’ (J) gene segments conferring the antigen-binding site specificity.

5.1. mAb-antigen specificity and neutralisation

mAbs are highly specific reagents due to their extremely high affinity to their cognate Ag.
Biochemically, the reactivity is generally nanomolar to picomolar (108–1011 KD). When anti-
bodies bind to epitopes that block the antigen's normal Ag reactivity, that is, to their naturally
occurring ligand, their on- and off-rates define them as blocking reagents. Thus, mAb reagents
that are specific to cytokines or cytokine receptors can be strong inhibitors of cytokine biology
in vivo. Therapeutic mAbs are long lasting (approximately 15 days) due primarily to the
normal longevity of Ig in human plasma. Thus, the high affinity, neutralising capacity and
longevity of mAbs make them ideal therapeutic reagents.

5.2. mAb-FcR binding

Ig molecules bind to their antigens, and also to Fc receptor (FcR) proteins that are typically
expressed on many cells in the hematopoietic system, especially myeloid-lineage cells. FcγR1
is a high-affinity receptor (typically KA >107M), whereas FcγRIIA/B/C (CD32) and FcγRIIIA/B
(CD16) are low-affinity receptors (typically KA <107M) for human IgG1 [110] (See Table 1) and
this difference means that low-affinity FcRs generally exist unbound by high-plasma circulat-
ing Ig [111]. The Ig affinity difference of FcRs also explains why FcγR1 can bind to monomeric
IgG, whereas FcγRII and III tend to bind to IgG complexes.

Figure 5. Immunoglobulin (Ig) and antibody fragments. (A) Soluble intact mAb, (B) Fab and Fc fragments and (C) single
(light-chain) domain antibodies (Dabs), mAB Fv antigen-binding fragment and intact whole light-chain (kappa, κ or
lambda, λ).
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FcR binding to Igs can be activating to the cells that express them (e.g. typically FcγRIIA or
FcγRIIIA) or, alternatively, Ig binding of FcRs can trigger inhibitory signals (e.g. FcγRIIB and
FcγRIIIB). This is due to FcR-activating receptors containing intracellular immunoreceptor
tyrosine-based activation motifs (ITAM) defined as YXXL/I(X6-8)YXXL/I amino acids, while
inhibitory FcRs contain cytoplasmic immunoreceptor tyrosine-based inhibitory motifs
(ITIMs) defined as (S/I/V/LxYxxI/V/L). The capacity to trigger activation or inhibitory FcR
signalling also explains why circulating monomeric IgGs are generally not as stimulatory to
immune cells as compared to Igs when they exist as immune complexes. Although thera-
peutic mAbs were initially designed to bind and neutralise cytokines, it is clear that these
mAbs also bind to FcRs, and that this property is required for ADCC or CDC. However, FcRs
are themselves associated with and regulated by additional proteins such as the immuno-
globulin-like receptor (LIRs) [112]. LIRs fall into two basic categories: those that contain
ITAMs (defined above), for example, LIR-6 and LIR-7, and those that contain inhibitory
ITIMs, for example, LIR-1, -2, -3, -5 and -8. Some LIRS also contain asparagine (NxYxxL/V)
or a serine residue (SxYxxL/V) [113, 114]. LIR-1, LIR-6 (a and b) and LIR-7 associate with the
γ-chain of FcRs for human IgG, IgA and IgE (see Table 1) [112, 115]. The co-association of
these molecules results in the LIR's intracellular region being physically close to the FcR, and

Ag presentation Ig type Fc receptor type and function LIR type Refs.

1 T-independent IgM Polymeric IgR
Fcα/μR
FcμR

? [118]
[111, 119]

2 T-dependent IgG1 All FcγRs LIR-1/2 [120]

3 T-independent and carbohydrate Ag's IgG2 FcγRIIA H131 (high affinity)
FcγRIIA R131 + V158 (low affinity)

4 T-dependent IgG3 All FcγRs ? [121]

5 Chronic Ag and allergic responses IgG4 *FcγRI (CD64)—high affinity
FcγRIIA (CD32)—low affinity
FcγRIIB
FcγRIIC
*FcγRIIIAV158 (CD16)

LIR-1/2

6 IgG (all isotypes) FcγRIIIB (CD16) low affinity
inhibitory receptor; GPI-linked

?

7 IgA FcαR1 (inhibitory and activating)
Fcα/μR

? [121–124]

Notes: (1) High affinity Ig receptor (*) [120].
(2) FcγRIIA and FcγRIIC are single-domain-activating receptors [120].
(3) FcγRIIB is a single-chain inhibitory receptor [120].
(4) Other human variants:
FcγRIIA: two alleles H131 (low responder) and R131 (high responder).
FcγRIIIA: two variants—V158 and F155.
FcγRIIIB: two variants at four positions—R36, N65, D82 and V106; S36, S65, N82 and I106.
Plus point mutant A78D (SH) [120].

Table 1. Human immunoglobulin interactions with FcR and LIRs.
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this permits the LIRs ITIM to dampen the FcR-signalling capacity [112]. Thus, interactions
between Igs with an FcR are influenced by FcR-adjacent LIRs.

Since the LIRs themselves have not been extensively studied, the potential function(s) of LIRs
with respect to mAb therapeutics is only now emerging. Nevertheless, the interactions of
mAbs with FcRs, as well as the FcR-associated LIR molecules, are becoming increasingly
appreciated as vitally important in understanding and predicting mAb effector function
[116]. It is therefore equally important to consider the expression of both FcRs and LIRS in
various disease settings. It is known, for example, that LIRs are expressed in the synovium of
RA or AO patients [117]; however, how they modulate autoantibody-dominated diseases is
only now emerging.

6. Adverse events related to cytokine-neutralising and biosimilar mAbs

6.1. Antigenicity of anti-cytokine mAbs and development of drug-immune complexes

mAb-based therapeutics and related agents represent some of the most biologically complex
drugs currently available. The most common bio-manufacturing process involves the production
of cell culture-expressed Ig proteins, most frequently a Chinese hamster ovary cell lines
engineered to express the human, humanised or chimeric Ig-type mAbs. Unlike classic small-
molecule drugs, these intact Ig-type drugs are large multicomponent proteins that are essentially
similar to natural molecules: mAb, or unique molecules generated by recombinant technology,
for example, fusion proteins comprising two (or more) naturally encoded proteins such as
cytokine receptor proteins with or without an Ig Fc. Nevertheless, these mAb-based agents and
their biosimilar counterparts can vary in numerous ways from the naturally existing component
(see Section 4.1). This includes alterations in post-translational modifications of proteins as well
as contamination by host cell proteins [103]. This, in part, explains why factors intrinsic to the
drug production can contribute to the immunogenicity of the drug, even though mAbs (and
biosimilar mAbs) are highly similar to human endogenously produced Ig proteins.

The formation of therapeutic mAb-type drug reagent-immune complexes can be significant
to the patient for a variety of reasons. Drug-immune complexes can alter the activation
threshold for FcRs; note that high-affinity FcγRII and FcγRIII preferentially bind to
immune-complexed Ig [120] and the activation threshold for FcR signalling is lowered when
engaging with higher-ordered complexes—meaning that smaller or mid-sized immune-
complexed mAb drugs can have extended in vivo half-lives and engage with what would
otherwise normally be low-affinity FcRs. This explains, at least in theory, the potential for
mAb-based reagents to sometimes induce inflammatory reactions despite the fact that they
are otherwise virtually identical to naturally produced endogenous Igs. (There is decreasing
identity to endogenous host Ig for whole mAb, then Mab fragments, recombinant soluble
receptor proteins, and finally receptor-IgG Fc proteins.) Moreover, tissue deposition of
immune-complexed mAbs can lead to vascular thrombosis, neutrophil recruitment or tissue
monocyte/macrophage cell activation resulting in the release of inflammatory and chemo-
tactic molecules, cytokines and chemokines—in this case exactly the opposite to what the
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anti-cytokine or cytokine-receptor mAb is designed to achieve. Ultimately, the immune-
complexed-mAb drug can eventually elicit the anti-drug antibodies (ADAs) and cross-link
B cell receptors, amplifying immune activation.

The production of anti-drug antibodies has long been debated as being either harmful or
irrelevant. For example, the presence of anti-drug Igs might decrease the half-life of the mAb
drug (when bound to the mAb drug), or the anti-drug Ig could bind to an epitope located
within the Fv region of the mAb such that it naturally competes with its antigen specificity of
the mAb drug, thereby rendering the drug incapable of neutralising (blocking) antigen bind-
ing. It is generally considered that there are two types of antibodies-drug mAb reactions: (i)
mAb interactions with natural antibodies (usually IgM isotypes) and (ii) mAb interactions
with matured, isotype class-switched IgG effector Igs. Natural antibodies exist in most indi-
viduals and are usually low-affinity IgM antibodies with broad specificity, secreted by CD5+

B1 lymphocytes. Because they are IgM, they have an innate propensity to form immune
complexes. On the other hand, immune-complexed mAb drugs can be taken up by antigen-
processing cells, such as marginal zone macrophages, and presented to naïve B cells, eventu-
ally resulting in the production of high-affinity IgG. This type of ‘mature’ anti-drug Ig can
ultimately involve the activation of T cells and thus also to drug-based T cell-mediated inflam-
mation. In clinical practice, there is little evidence of Ig-based adverse drug reactions to
therapeutic mAbs, thus the anti-mAb-based drug Abs, even when present, are often not
pathological per se—although they may block the mAbs capacity to bind and neutralise
cytokines thus rendering the mAb drug ineffective.

The evidence of mAb immune complexes, and B- and T-cell reactivity, is arguably best consid-
ered with respect to the anti-TNF-neutralising antibodies, as these agents have now been used
for well over a decade and in various disease populations. Thus with time it has become clear
that mAb-specific Igs are (i) not infrequent (they occur in as many as 14% of patients taking
anti-TNF mAb-type drugs) [125], (ii) capable of immune clearance of the mAb drug, (iii) can
alter the pharmacokinetic profile of the mAb (e.g. drug half-life), (iv) capable of inducing
immune cross-recognition to the endogenously arising protein—particularly, a cytokine-recep-
tor component of the drug and (v) capable of inducing an array of adverse events spanning
less significant infusion-type reactions to severe hypersensitivity reactions. It is evident, there-
fore, that any patient with a history of prior sensitisation to mAb-type reagents should care-
fully consider the safety of using another mAb-type drug.

6.2. Adverse events related to cytokine neutralisation

The vast majority of conditions requiring cytokine blockade by neutralising mAbs are
chronic conditions. This raises the important issue of what happens when the normal func-
tion of the cytokine is being blocked in vivo. Indeed, most of the cytokines highlighted here
are central to inflammation that is beneficial to the host, especially that which is central to an
efficient antiviral and/or antibacterial immune response, such as IL-1β, IL-6 and TNF—all of
which are produced during the normal response to infection. This is because IL-1β helps
initiate immune responses during infected-related inflammation (since RIG-I activates NF-
κB and the inflammasome, and thus contributes to the aetiopathology of viral arthritis
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[126, 127]), IL-6 and TNF are produced by activated macrophages in vivo [128], and TNF and
IFNγ are produced at virtually all stages of infection where they have potent antiviral
effector functions [129]. IL-6 also aids Ig development, especially IgA at mucosal sites [130].
Neutralising these cytokines therefore necessarily significantly compromises the host's nat-
ural ability to effectively combat infections. This explains why anti-TNF therapy recipients
are at serious risk of more severe acute virus infections [131], and reactivation of chronic
viral or bacterial infection, especially tuberculosis [132]. This explains why there are numer-
ous reports of reactivation of chronic virus infections such as varicella zoster virus (‘shin-
gles’) in patients using anti-TNF mAbs [133]. It also explains why all therapeutic mAbs that
neutralise IL-1β, IL-6 and TNF are naturally contraindicated for the use during times of
active acute infection (Boxes 6, 7 & 8).

There is also evidence, albeit less convincing, that long-term use of anti-TNF therapeutics
might be associated with an increased risk of certain cancers, especially lymphomas [134].
However, many of the chronic inflammatory conditions that triggered the use of anti-
cytokine mAbs occur in older patients, and these are people who might also naturally be
at risk of certain cancers. Thus, without this type of clinical trial data health professionals

Box 6. Contraindications and adverse events associated with anti-cytokine/cytokine receptor mAbs.

Therapeutic anti-cytokine and cytokine receptor reagents:
Anti-tumour necrosis factor (TNF)

Drug name and reagent Known adverse event Specific contraindication

Etanercept
(Human TNFR2:IgG1-Fc)
Infliximab
(Humanised mouse IgG1κ)
Adalimumab
(Human IgG1κ)
Golimumab
(Human IgG1κ)
Certolizumab Pegol
(Pegylated-Fab’ IgG1κ)

• Common side effects and cautions:
Injection-site reactions (redness)
Upper respiratory infections (sinus)
Headache.

• Serious side effects:
Infection (new) infections, especially
Tuberculosis, histoplasmosis, influenza
and other viral infections, e.g. chickenpox
Hepatitis B (reactivation)
Nervous system demyelination
Blood pressure
Heart failure
Psoriasis
Lupus-like syndrome
Lymphoma and other cancers
Autoimmune hepatitis

• Existing (chronic) infections,
especially Tuberculosis, HIV,
Hepatitis B but also varicella
(chickenpox) and influenza or
other respiratory infections

• Vaccination with live microor-
ganisms

• Co-use of certain other immuno-
suppressant agents, e.g. anti-IL1β
agents, e.g. anakinra (Kineret®),
anti-CLTA4 mAbs, e.g. abatacept
(Orencia®), or Cytoxan (cyclo-
phosphamide)

• Multiple sclerosis
• Guillain-Barré syndrome
• Pregnancy
• Confirmed drug hypersensitivity

BIOSIMILARS:
CTP-13
(humanised mouse IgG1κ)
Adalimumab biosimilar
(human IgG1κ)
Infimab
(human IgG1κ)

Expected to be similar to those listed above Expected to be similar to those listed
above
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and epidemiologists only have access to patient data that are predominantly anecdotal in
nature. Arguably, the lack of overwhelming evidence of increased tumour incidence in
patients using anti-TNF mAbs-type drugs is consistent with the fact that clinical trials with

Box 7. Contraindications and adverse events associated with anti-cytokine/cytokine receptor mAbs.

Therapeutic anti-cytokine and cytokine receptor reagents:
Anti-interleukin-1β or IL-1-receptor-α

Drug name and reagent type Known adverse event Specific contraindication

Anakinra
(Recombinant IL-1R)
Rilonacept
(Recombinant IL-1R)
Canakinumab
(Humanised mouse IgG1κ)
Gerokizumab
(Humanised mouse IgG2κ)

• Common side effects and cautions:
Injection-site reactions (redness)
Upper respiratory infections (sinus)
Headache
Latex allergy (needle cover contains latex)

• Serious side effects:
Infection (new) infections
Vertigo
Nasopharyngitis/respiratory tract infec-
tion, especially Tuberculosis

• Existing infections, especially
Tuberculosis, HIV, Hepatitis B
but also varicella, influenza or
other respiratory infections

• Vaccination with live microor-
ganisms

• Co-use of TNF- inhibitory
agents: e.g. anakinra
(Kineret®)

• Pregnancy and breastfeeding
• Confirmed drug hypersensi-

tivity

Box 8. Contraindications and adverse events associated with anti-cytokine/cytokine receptor mAbs.

Therapeutic anti-cytokine and cytokine receptor reagents:
Anti-interleukin-6 or IL-6-receptor

Drug name and reagent type Drug name and reagent type Drug name and reagent type

Tocilizumab
(Human IgG1κ)
Sarilumab
(Human IgG1κ)
Sirukumab
(Human IgG1κ)

• Common side effects and cautions:
Injection-site reactions (redness)
Upper respiratory infections (sinus)

perforations of stomach or intes-
tines/prior diverticulitis, espe-
cially if taking other NSAID,
corticosteroids or methotrexate

Changes in blood tests (platelet and
neutrophil count, LFTs, increased
cholesterol)

• Serious side effects:
Infection (new) infections
Nasopharyngitis/respiratory tract
infection especially Tuberculosis

• Existing infections, especially Tuber-
culosis, HIV, Hepatitis B but also var-
icella and influenza or other
respiratory infections

• Vaccination with live microorganisms
• Co-use of TNF- inhibitory agents, for

example:
Etanercept (Enbrel®), Adalimumab

(Humira®), Infliximab
(Remicade®), Golimumab
(Simponi®) or Certolizumab
(Cimzia®)

• Co-use of B cell suppressive agents,
e.g. rituximab (Rituxan®)

• Co-use of T cell suppressive agents,
e.g. anti-CTLA4 abatacept (Orencia®)

• Pregnancy and breastfeeding
• Confirmed hypersensitivity
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TNF as an anticancer agent induced systemic inflammation rather than controlling the
tumour [135]. Yet, this is countered by clear in vivo evidence that TNF is tumouricidal
[136]. It would seem wise, therefore, for patients to remain vigilant to the potential risks
where practicable.

6.3. Unexpected anti-cytokine mAb adverse events—negative neurological events

Evidence comprising over a decade of use of anti-TNF-blocking reagents (TNFR-IgFc fusion
proteins and anti-TNF mAbs) has substantiated that in some patients there is the unpredictable
adverse event of developing demyelinating lesions in brain white matter (Figure 6). The
spectrum of clinical presentation of demyelinating events includes optic neuritis, MS-like
symptoms of paralysis, demyelinating neuropathies, or Guillain-Barre syndrome (for a recent
review, see [137]). The incidence of these conditions in the general populations is normally
quite low, but it is accepted that some patients develop these conditions within a few months
of starting anti-TNF therapies [138, 139]. In fact, MS as an existing condition is strongly
contraindicated for the use of anti-TNF therapeutics, and, as expected, cessation of anti-TNF
drugs is mandated if demyelinating symptoms occur [140]. Alternative MS treatments such as
glatiramir acetate (an undefined mixture of decoy CNS substrates) or interferon-β are
recommended in these patients. For the most part, demyelination events are transitory, how-
ever, in a small subset of patients the neurological symptoms persist.

Another unexpected concern is that with the use of the IL-17-inhibiting reagent, soluble IL-
17RA (Brodalumab), there have been unexpected reports of an increased incidence of depres-
sion and suicidal ideation-type behaviours in some trial patients (https://www. aad.org/
eposters/Submissions/getFile.aspx?id=1146&type=sub) (Box 9). These unfortunate adverse
events resulted in a decision by Amgen and AstraZeneca to offload the drug to another
pharma company, the Canadian-based multinational Valeant Pharmaceuticals and Kyowa
Hakko Kirin Company in Japan [83]. Nevertheless, the lack of any negative psychological
symptoms when using Ixekizumab (an IL-17A-neutralising mAb) indicates that IL-17A itself

Figure 6. Two patients showing MRIs of demyelinating CNS lesions associated with anti-TNF agents. (A) A 46-year-old
Caucasian female taking etanercept for 4 years for psoriatic arthritis developed multiple periventricular and subcortical
lesions (arrows), and (B) a 57-year-old Caucasian female with AS treated with etanercept for 6 years developed multiple
periventricular and subcortical frontal, parietal and temporal lobe lesions and level a C4–C5 cervical spine lesion (arrow).
(Images adapted from [138] in compliance with copyright).
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is not the culprit per se. Thus, other IL-17-related cytokines, or other IL-17R-binding partners
(but not IL-17A), may be necessarily required for the development of negative emotions,
especially those related to depression and suicide. This unexpected trial outcome, although
highly unfortunate, may have simultaneously inadvertently illustrated a previously
unappreciated role for the IL-17/IL-17R axis in depression and suicidality. Although the
mechanism is currently unknown, it has been reported that inflammatory cytokines IL-1β
and IL-6 are elevated in blood of suicide victims [141], and recombinant interferon-α therapy
has been associated with depression in chronic hepatitis patients [142, 143]. There is growing
evidence that cytokines such as IFN-α drive neuroinflammation via triggering the trypto-
phan pathway [144], and high levels of the downstream tryptophan metabolite, quinolinic
acid, has been linked to microglia expression in suicide victims [145, 146]. Furthermore, one
might hypothesise that blocking IL-17, but not IFNs, might still leave type-I IFN levels high,
and promoting depression and suicidality by mechanisms described above. However,
another possibility could be that IL-17R agonistic mAbs, or IL-17 small-molecule agonists,
might have value in potentially preventing depression, suicide and other negative emotions.
It is currently unknown, for example, whether the brodalumab-IL-17RA interactions
completely block all IL-17-related cytokines, prevent IL-17RA from interactions with one or
more of its potential hetero-complexed IL-17 receptors, for example, IL-17 receptor RB, IL-
17RC or IL-17R. Nevertheless, it is clear that the clinical use of brodalumab must likely only
occur with a clear ‘suicide-risk’ warning for those who choose to use it to ameliorate inflam-
matory conditions such as psoriasis. Additionally, it remains a plausible possibility that
altering the IL-17R mAb epitope may generate a non-'suicide-risk’ next-generation reagent,
that retains its anti-inflammatory properties. Even more intriguing, the current FDA sub-
missions claim that the latest clinical data do not replicate the initial finding of an increased
risk of suicidal ideation. Further investigation will be needed to determine the broader and

Box 9. Contraindications and adverse events associated with anti-cytokine/cytokine receptor mAbs.

Therapeutic anti-cytokine and cytokine receptor reagents:
Anti-interleukin-17 and IL-17Rα

Drug name and structure Known adverse events Specific contraindications

Brodalumab**
(Human IgG2κ)
Ixekizumab
(Human IgG4)
Secukinumab
(Human IgG1κ)

Common side effects and cautions:
Injection-site reactions (redness)
Upper respiratory infections and/or

nasopharyngitis
Headache
Arthralgia
Serious side effects:
Major cardiovascular events (including
myocardial infarction)
Cholelithiasis
Suicidal ideation and behaviour**

• Patients suffering from psoriasis are
sometimes afflicted with co-morbidities
including psychiatric conditions (depres-
sion, anxiety, suicidality**). Patients with
these conditions are not excluded; how-
ever, depression (PHQ-8) and suicidality
(eC-SSRS) test monitoring are
recommended

• Drug hypersensitivity
• Infection
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usual spectrum of adverse events of brodalumab. No adverse events are known yet for IL-
12/IL-23 neutralising mAbs.

7. Expanding treatment indications for existing cytokine-neutralising
and biosimilar mAbs—current realities and exciting futures

mAb-type drug development procedures in the US and Europe typically involve small-scale
clinical trials demonstrating safety followed by trials showing efficacy relative to a specific
disease(s) indication. These so-called landing indications are often followed by fast-tracked
priority review. The expanded use may include a different disease indication or a different use
of the mAb, such as the delivery of a radio-isotype conjugated to the mAb drug, such as was
the case for the anti-CD20 mAb rituximab. The fast track and priority review is justified
primarily because of the availability of existing safety and toxicity data.

With existing safety data in place, there is the ability to file for expanded use of mAb-based
drugs. This is particularly the case for cytokine- and cytokine-receptor-specific mAbs, as the
target cytokine/cytokine receptor may be elevated and involved in additional pathologies, apart
from the disease indication directly assessed in the original clinical trials. (In some cases, a mAb
drug has even failed in the original trial, but has been successful in subsequent trials, e.g., the
TNF-neutralising mAb infliximab failed in clinical trials of sepsis, but is successful when used in
RA and Crohn's disease patients, etc.; see Box 1). Most often, the expanded use label is related to
diseases or conditions that are similar in terms of aetiopathology. For example, anti-TNF mAb-
based reagents Enbrel, infliximab and adalimumab are recommended for a spectrum of arthritis
and tissue-related inflammatory diseases: RA, psoriatic arthritis, plaque psoriasis, AS, JIA, CD
and UC.

7.1. Anti-TNF mAb-based reagents in neuroinflammation and cognition

Etanercept (a TNFR2-Ig Fc) has additionally been used in off-label situations, most notably, in
the treatment of cognitive decline after brain injury or Alzheimer's disease, and also in stroke.
These uses are consistent with evidence that activated microglia produce TNF and with the
idea that TNF is important in modulating neuronal synaptic function and neuropathic pain. In
fact, there is an extensive literature base demonstrating important roles for TNF in the devel-
opment and homeostasis of neurological systems [147]. One unifying hypothesis is that TNF
causes glutamate excitotoxicity in neurones in a number of neurodegenerative diseases, and it
is sobering to consider that cerebral TNF is elevated in degenerative CNS conditions, traumatic
brain injury and even situations of post-operative delirium with cognitive decline [148]. So too,
the levels of neuronal and microglial glutamate are important in these diseases, but it is also
known that either TNF or IL-1β induces high level of neuronal glutamate and neurotoxicity
[149]. Despite the growing body of evidence implicating TNF in neuroinflammation, there is
still debate about the effectiveness and strategy of neutralising TNF in neurodegenerative
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disorders. One of the reasons for this likely surrounds the difficulties in delivering the TNF-
neutralising mAb-based reagents to the brain, although it appears that this can be successfully
achieved by peri-spinal administration [150]. Moreover, the recent discovery of the brain
lymphatics [151] provides an avenue for drug removal away from brain tissue.

Another off-label use of mAbs that neutralise cytokines in inflammation is stroke and traumatic
brain injury. The main focus of treatment in stroke is thrombolytic therapy with an emphasis to
reduce stroke size and reverse localised ischaemia. Nevertheless, there is evidence that the stroke
penumbra region evokes or experiences an inflammatory response that comprises microglial
TNF production and subsequent neurotoxicity. Peri-spinal-delivered etanercept appears to ame-
liorate this inflammation, even years after the neurological injury [152, 153]. Moreover, even a
single injection of etanercept has been reported to alleviate symptoms of aphasia, speech apraxia,
a hemiparesis in a patient with non-recent traumatic acute brain injury [154]. In animal models,
traumatic brain injury induces both microglial and astrocytic activation with increasing produc-
tion of TNF that can be neutralised by etanercept [155]. In humans, there is also strong evidence
of elevated pro-inflammatory cytokine IFNγ, TNF and IL-1β and IL-6 which is associated with
poorer cognitive outcomes [156]. This is an area of increasing investigation and current models
suggest a key role for reactive oxygen species, matrix metalloproteases, angiogenic factor,
inflammatory cytokine and leukocyte adhesions such that in early stages neuroprotection may
be mediated by neurotrophic factors such as brain-derived neurotrophic factor, nerve growth
factor and vascular endothelial growth factor, plus cytokines TGFβ, IL-1Ra, IL-4 and IL-10,
among others, with a switch to neurodegenerative changes in chronic inflammation involving
cytokines TNF, IL-1β and IL-6 [157]. Hence, brain microglia are essential for both neurores-
toration and neurorecovery, but prolonged activation is more likely to be disadvantageous, that
is, to have pathological sequelae [158]. With the apparent efficacy of etanercept treatment to
neutralise TNF, even years after the initial insult or injury, it remains plausible that the adminis-
tration of IL-1Ra might also be beneficial in early stages, that is, to block inflammation by IL-1β,
with subsequent administration of mAb-based neutralisation of TNF, IL-1β and IL-6 in later
stages. This is consistent with documented TNF immune reactivity in brain tissues from early
times, extending to 18 days or more after ischaemic stroke in humans [159]. A greater under-
standing of the processes that regulate microglial activation and function will critically inform
the potential standardised use of anti-cytokine treatments to neutralise inflammation-mediated
tissue injury after TBI and stroke.

One of the most intriguing uses of anti-TNF mAbs has been in the treatment of cognitive
impairment, a concept already introduced above. In infectious situations, prolonged activation
of the transcription factor NF-κB and the sustained expression of TNF have been linked to
AIDS-related dementia complex [160]. In particular, the regional location of TNF-producing
cells correlated with HIV gp41-reactive cells, and correlated with increasing cognitive impair-
ment and dementia [161]. In animal models, increased TNF is associated with cognitive decline
that is linked to non-enzymatic glycation of proteins, for example, modification by D-glucose
[162]. Similarly, exposure to certain anaesthetics is associated with the potential for post-surgery
delirium and with later cognitive dysfunction [163], and this is especially apparent in the
elderly [164]. Surgery-associated cognitive dysfunction has suggested to be linked to the pro-
duction of pro-inflammatory cytokines [165], the activation of caspases, and to the increased
synthesis and accumulation of β-amyloid (Aβ) protein, and thus to the induction of
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hyperphosphorylation of tau [166, 167], although contradictory studies also exist [168]. Recent
studies further suggest that TNF and IL-6 are components of the pro-inflammatory response
[169]. Furthermore, another recent study has even suggested that high IL-6 prior to surgery is a
risk factor for post-operative delirium onset in the elderly [170]. Therefore, there is a potential
use for TNF- and/or IL-6-neutralising mAbs in these conditions, although they are not currently
a component of the standard treatment. At present, one can only surmise that these drugs
might be beneficial to elderly patients, especially long term, particularly because of the possi-
bility that post-operative delirium is associated with subsequent cognitive impairment [171] or
indeed, potentially even, as a possible trigger for subsequent neurodegenerative pathologies.

7.2. IL-17- and IL-17R-related mAbs and negative emotions: anxiety and suicidal ideation

A recent and unexpected complication of IL-17 cytokine blockade via IL-17R-specific mAbs
was a report of self-harm ideation and suicidality, as noted above (Box 9). This appears specific
to IL-17R blockade, rather than IL-17A neutralisation alone, although a recent re-evaluation of
the phase II and II trial data, literature and expert opinion has refuted these findings [172], and
others interpret the data to imply accidental findings, rather than being suggestive of a direct
suicidal causation [173]. Nevertheless, further investigation will clearly be required, and close
monitoring of its use, in a broader population, will be required to confirm a role for IL-17-
related cytokines, or other IL-17R-interacting molecules, in the propagation of negative emo-
tions, especially depression and anxiety. In this regard, it is nevertheless intriguing that anxiety
has previously been negatively correlated with serum levels of TGF-β1 and IL-17 [174],
whereas others have reported increased TNF and IL-17 in individuals with generalised anxiety
disorder [175]. Moreover, increased levels of dopamine-induced glucocorticoid-resistant Th-17
cells are reported in multiple sclerosis—a condition where depression is a frequent co-morbid-
ity [176]. Although these intriguing observations clearly warrant further investigation, it
remains possible, although quite controversial, that this represents a new opportunity: to
target IL-17R in individuals experiencing suicidal ideation.

8. Inflammatory conditions still requiring new treatments

8.1. Other inflammatory diseases amenable to mAb cytokine blockade: anti-IL-4, IL-5
and IL-13 in asthma, allergy and atopic dermatitis

Asthma is a chronic disease of airways where pre-exposure and complement result in cyto-
kine- and allergen-triggered inflammation that is characterised by the dysregulation of IL-4,
IL-5 and/or IL-13. Mepolizumab (Nucala) and reslizumab (Cinquair) are IL-5-specific-
neutralising mAbs that have recently been demonstrated to be capable of preventing and
controlling moderate to severe asthma [177, 178]. Since eosinophilia is a feature of this condi-
tion, mepolizumab is also indicated for other hyper-eosinophilic conditions, such as eosino-
philic airway inflammation, allergic rhinitis, atopic dermatitis, and eosinophilic oesophagitis
[179]. Similarly, benralizumab is an IL-5Rα-neutralising mAb currently in development [180].
However, it is clear that asthma is more accurately defined as a heterogeneous syndrome,
which explains why many patients do not respond well to older, more conventional asthma
therapies. Apart from targeting IL-5, mAbs that target and neutralise IL-13 (e.g. tralokinumab,
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produced by LEO Pharma) are also emerging as effective reagents in clinical trials for atopic
dermatitis, and are additionally being considered for conventionally unresponsive asthma
patients. Lebrikizumab neutralises IL-4 and IL-13 and prevents airway inflammation, mucous
secretion and airway remodelling that occurs in chronic asthma [181, 182]. As with the other
inflammatory conditions discussed in this chapter, the challenge for clinicians is to determine
which of these recently developed anti-IL-4, -IL-5 and -IL-13 cytokine and IL-5Rα cytokine-
receptor-neutralising reagents are optimal for a given disease condition. Comorbidities may be
highly informative in this regard, and already it has been suggested that the lebrikizumab is
most effective in patients with serum periostin, a potential predictor of airway eosinophilia
[183, 184] and a correlate for IL-13 bioactivity in vivo [185]. Moreover, recent studies indicate
that in the context of asthma, allergy and atopic dermatitis, Th-2 cytokines producing ILC2
cells play an important role in modulating IL-3, IL-5 and IL-13 functions at the lung mucosa or
skin [186, 187]. ILC2 subsets may vary considerably accordingly to the anatomical location. For
example, lung-resident IL-33R+ ILC2s produce IL-5 and IL-13, whereas skin ILC2s express
thymic stromal lymphopoietin (TLSP) and IL-4 [188]. Indeed, vaccine adjuvants such as IL-
13Ra2 or IL-4R antagonist can significantly alter ILC2 function at vaccination sites, acting
within the first 24 h after administration [189, 190]. Thus, designing drugs that target the
different ILC2 subsets at the lung mucosa or skin has high potential to provide the next-
generation therapeutics for asthma, allergy and atopic dermatitis. So, too, the therapeutic value
of the current Th-2 cytokine-neutralising antibodies will become clearer with time, and a
current challenge is the paucity of treatments available for asthma patients who present with
little or no evidence of Th-2 cytokine-based inflammation.

8.2. Remaining challenges including neurological inflammation

Still, there are several conditions or situations where treatments remain suboptimal, or diffi-
cult, and where treatment failure is inexplicably common. For example, despite advances in
the current understanding of SJIA, up to 50% of cases experience a chronic disease and many
patients appear to be refractory to existing treatments—including cytokine-specific mAbs [6].
This reality may again highlight the possibility that there exists a spectrum of aetiologies, some
of which are not sufficiently affected by existing treatments. Alternatively, it is possible that the
mechanisms that regulate checkpoints and exert inhibition of the immune system require
additional specific enhancement. Other classic autoimmune diseases such as Scleroderma,
although uncommon, involves systemic immune attack of tissues, including vascular endothe-
lium, that remains extremely challenging to treat and can even require in-limb amputation by
end-stages, in extreme cases. Even today, there remains no durable effective treatment for
scleroderma. Other rare immune-destructive conditions such as myasthenia gravis, involving
autoantibody blockade of neuromuscular junctions, urgently require better treatments rather
than global B-cell immune suppression.

Remaining high on the list of current clinical challenges in neuroinflammatory conditions is
multiple sclerosis, especially the chronic progressive forms of multiple sclerosis where patients
experience progressive worsening with each disease flare. Also, there are other neurodegener-
ative conditions, such as amyotrophic lateral sclerosis (also known as Lou Gehrig's disease, or
motor neurone disease) that present with elements of neuroinflammation, even if inflammation
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8.2. Remaining challenges including neurological inflammation
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the current understanding of SJIA, up to 50% of cases experience a chronic disease and many
patients appear to be refractory to existing treatments—including cytokine-specific mAbs [6].
This reality may again highlight the possibility that there exists a spectrum of aetiologies, some
of which are not sufficiently affected by existing treatments. Alternatively, it is possible that the
mechanisms that regulate checkpoints and exert inhibition of the immune system require
additional specific enhancement. Other classic autoimmune diseases such as Scleroderma,
although uncommon, involves systemic immune attack of tissues, including vascular endothe-
lium, that remains extremely challenging to treat and can even require in-limb amputation by
end-stages, in extreme cases. Even today, there remains no durable effective treatment for
scleroderma. Other rare immune-destructive conditions such as myasthenia gravis, involving
autoantibody blockade of neuromuscular junctions, urgently require better treatments rather
than global B-cell immune suppression.

Remaining high on the list of current clinical challenges in neuroinflammatory conditions is
multiple sclerosis, especially the chronic progressive forms of multiple sclerosis where patients
experience progressive worsening with each disease flare. Also, there are other neurodegener-
ative conditions, such as amyotrophic lateral sclerosis (also known as Lou Gehrig's disease, or
motor neurone disease) that present with elements of neuroinflammation, even if inflammation
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is not necessarily the primary driver of neuronal loss. The recent intriguing success of anti-TNF
therapies in stroke and brain injury [152–154] highlighted above suggests that the cytokine/
cytokine-receptor blockage in the brain is possible. Innovation for easier brain-specific delivery
methods, and a considerably deeper knowledge of immune cells with their extensive tissue- and
cell-specific interactions in the brain, in both normal and disease settings, should accelerate the
development of new treatment options and address this opportunity and serious clinical need.

Food intolerances and food-related atopy also remain a clinical challenge. Ranging from peanut
allergies to rawmeat intolerance that arises after tick-bite, the current treatments remain global in
nature and need to better embrace the microbiome, including dysbiosis exerted by viruses
(especially bacteriophages) rather than just the diversity in bacteria communities. Hence, there
remains a critical need for more information, that is, a more detailed mechanistic understanding
of these immunological diseases and food allergies. Despite the successes of mAb-based
biotherapeutics for human inflammatory diseases, a challenge for the global pharmaceutical
companies who have benefited from these biotechnology successes is thus to direct more funding
into these research areas.

9. Summary

Nearly 20 years have passed since the first cytokine-specific biological reagent, Enbrel
(etanercept), was FDA approved in 1997, and, as reviewed here, there are already now more
than 20 cytokine- or cytokine-specific mAbs and recombinant soluble cytokine receptor pro-
teins in clinical use, or on the verge of approval, for inflammatory diseases. Thus, the treatment
of human inflammatory diseases has experienced a watershed era. Arguably, three challenges
now remain. The first is to address the less common but nevertheless devastating conditions
for which there are no cures or effective treatments—irrespective of the number of people
affected by them. The second is to determine how to better stratify the existing treatments for
optimum use in selected subconditions. Thirdly, the overwhelming concern is that these
treatment breakthroughs remain out of reach for millions of people worldwide; there are still,
undoubtedly, millions of patients who cannot afford them. With the era of biosimilars upon us,
there is an opportunity to provide cheaper mAb-based therapeutics to affected people. Yes, the
opportunity is there, but whether it will change the unsustainable appetite for large financial
gains and reduce costs in developed countries remains to be seen.
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Abstract

In recent years, innovative treatment for patients with autoimmune and autoinflamma-
tory diseases has advanced in concert with our increased understanding of molecular 
and clinical immunology. Deeper understanding of autoimmunity has allowed for the 
development of cutting-edge biologic drugs for patients with relatively common autoim-
mune diseases. During this same period, knowledge regarding the molecular bases of 
autoinflammatory genetic diseases has also greatly expanded. Biologic immunothera-
peutic agents developed for autoimmune diseases that primarily target cytokines that 
are also dysregulated in the uncommon autoinflammatory diseases are the focus of 
this article. In the following pages, selected genetic autoinflammatory diseases and key 
immunotherapeutic treatment approaches are addressed. The current understanding of 
these diseases and mechanisms by which therapeutic agents may benefit patients are 
reviewed. Indications, risks, and additional considerations for the use of these agents in 
treatment of autoinflammatory disorders are addressed as well.

Keywords: biologic agents, autoinflammatory diseases, cytokines, inflammasome, IL-1, 
TNF, IL-6, interferon

1. Introduction

Over the past 20 years, scientific work that uncovered the genetic basis of autoinflammatory 
diseases (AutoIDx) has expanded knowledge about pathways of the innate system. Important 
discoveries have linked autoinflammation to defects in the innate immune system and autoim-
munity largely to changes in adaptive immune function. Immunotherapeutic agents which tar-
get cells, cytokines, and mediators of immunologic responses are part of our current “toolbox” 
to treat autoimmune diseases. These pharmacological agents also target and treat the excess 
downstream inflammatory mediators produced by genetic mutations in the innate immune 
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system that cause the syndromes identified as AutoIDx. This review addresses key immuno-
therapeutic biologic approaches for treating selected AutoIDx. Current therapeutic approaches, 
as well as risks and additional considerations in the use of these agents, are addressed.

2. Innate and adaptive immunity

The innate and adaptive immune systems normally work together in integrated fashion uti-
lizing antigen-specific and antigen-independent mechanisms. The host’s first line of defense 
is the innate system which recognizes nonspecific immunologic signals and then directs fur-
ther innate system activities in concert with the adaptive immune system. In this way, the 
extent and complexity of the overall immunologic response is enhanced. Genetic defects in 
the function and control of the innate immune system cause the AutoIDx. These disorders 
produce unprovoked, often self-limited episodic inflammation that is not associated with 
antigen-specific T cell reactions or with autoantibody production. AutoIDx have no associa-
tion with specific Major histocompatibility complex (MHC) alleles, unlike autoimmune dis-
eases. Research and newer genetic techniques as exemplified by next-generation sequencing 
have uncovered the etiologies of multiple AutoIDx, although mutations underlying some 
AutoIDx remain unknown. Each discovery has furthered our understanding of pathways and 
therapeutic targets in the innate immune system [1].

The innate immune system is composed of effector cells, such as activated macrophages, as 
well as receptors, cytokines, and downstream response proteins. Surface pattern recogni-
tion receptors including Toll-like receptors (TLRs) and pathogen-associated molecular pat-
terns (PAMPS) can activate inflammasome assembly through effects on NF-κB production 
and subsequent immunological signaling (Signal 1 activation). Molecules such as crystals 
in gout, heat-shock proteins, damaged tissue (such as with burns), as well as other PAMPS 
and damage-associated molecular patterns (DAMPS) (Signal 2 activation) can also provoke 
this response. Following Signal 1 and 2 triggers, intracellular pattern recognition proteins, 
including nucleotide-binding oligomerization domain-like receptors (NOD-like receptors, 
NLRs such as NOD-like receptor P3 (NLRP3), and NOD-like receptor C4 (NLRC4)) and cyto-
plasmic DNA receptors [2], are then activated. Cytoplasmic NLRs oligomerize in response 
to these initial signals, forming inflammasomes that are multimeric scaffolded structures 
that further activate cytokines [3, 4]. Inflammasomes specific to different NLR structures 
perpetuate cascading downstream signals. NLRP3 specifically is associated with apoptosis-
associated speck-like protein containing (ASC) a caspase recruitment domain (CARD) and 
procaspase-1. Inflammasome NLRP3 is key as it leads to production of the central cytokine, 
interleukin (IL)-1, via the caspase-1 activation cascade. This is followed by conversion of 
IL-1β and IL-18 from inactive to enzymatically active proteins (see Figure 1) [5, 6]. Loss-
of-function or gain-of-function gene mutations that code regulatory proteins which control 
inflammasome scaffold formation and subsequent cytokine activity are among the causes of 
AutoIDx.

Unlike AutoIDx, relatively more common autoimmune disorders, including systemic lupus 
erythematosus (SLE) and rheumatoid arthritis (RA), are largely caused by defective tolerance, 
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but the innate immune system plays a key role as well. Some autoimmune diseases, especially 
early-onset Crohn’s disease (CrD) and sarcoidosis, are caused by innate system dysregulation 
occurring in concert with adaptive immune dysfunction [7]. Autoimmune diseases today are 
regularly treated with pharmaceutical biologic agents that target relevant inflammatory path-
ways. These therapies have changed the lives of the many people affected by such diseases. 
AutoIDx affect fewer individuals, but these populations nonetheless have benefitted from cur-
rent-day immunologic therapeutic discoveries which are the focus of this review (for detailed 
reviews of the adaptive and innate immune systems and autoimmunity, see Refs. [8–12]).

3. Autoinflammatory diseases

The AutoIDx were identified through translational research efforts starting with uncovering the 
genetic cause of familial Mediterranean fever (FMF) [13] followed by identification of genes for 
cryopyrin-associated periodic syndromes (CAPS). AutoIDx may present with typical monthly 
episodes, or may be more unpredictable, with exacerbations no more than 2–3 times per year. 
Typical spells can be set off by seemingly innocuous triggers such as vaccination or cool envi-
ronmental temperature [14]. Each disease has well-characterized features, usually including 
fevers, hence the former term “periodic fever syndromes” (see Tables 1 and 2). Below, repre-
sentative conditions for which biologic therapies have been used are addressed in some detail.

3.1. Cryopyrin-associated periodic syndromes

CAPS are monogenetic dominant disorders due to the defective cold-induced autoinflamma-
tory syndrome 1 (CIAS1) or NLRP3 gene which alters the protein cryopyrin. CAPS exhibit a 
range of severity based on variable penetrance of the mutations: familial cold autoinflammatory 
syndrome (FCAS) is the mildest, Muckle-Wells syndrome (MWS) has moderate features, and 
neonatal-onset multisystem inflammatory disease (NOMID, also termed chronic infantile neu-
rological, cutaneous, articular syndrome CINCA) is the most severe and potentially life-threat-
ening disease. Features are usually present in newborns with rash and fever; additionally, 
in MWS and NOMID, arthritis develops. In FCAS a cold environment precipitates exacerba-
tions of symptoms. NOMID may cause severe arthritis with destructive bony overgrowth, as 
well as chronic meningitis and developmental delays. NOMID and MWS may lead to hear-
ing loss; amyloidosis and renal failure develop in 25% of untreated individuals [1, 14].

In CAPS, gain-of-function dominant mutations occur in NLRP3, a member of the NLR protein 
family. Somatic mosaicism may also be associated with typical symptoms. In NOMID sporadic 
mutations are frequent, with up to 40% having no identifiable mutation [1]. In CAPS, spon-
taneous activation of cell surface TLRs and cytoplasmic sensors occurs followed by antigen 
unprovoked assembly of the inflammasome complex. Caspase-1 is then activated and converts 
both pro-IL-1ß and pro-IL-18 to operational cytokines [3, 5]. Excess activity of the assembled 
multimolecular inflammasome results in unregulated production of IL-1ß, causing CAPS. 
Overproduction of IL-1β causes further downstream excess inflammatory responses. If left 
untreated CAPS can lead to increased serum amyloid A (SAA) protein accumulation, amyloido-
sis, and renal failure [1, 14].
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Disease (acronym) Gene; heritance Affected protein

Functional changes

IL-1β activation disorders of the inflammasome

Cryopyrin-associated periodic syndrome

• Familial cold autoinflammatory  
syndrome (FCAS)

• Muckle-Wells syndrome (MWS)

• Neonatal-onset multisystem  
inflammatory disease (NOMID)

NLRP3, CIAS1 (1q44); AD Cryopyrin NALP3/PYPAF1
Inflammasome activation
Excess IL-1β production

Deficiency of the interleukin-1 receptor 
antagonist (DIRA)

IL-1RN (2q14.2); AR Lack of IL-1Ra
Unopposed IL-1 signaling

NOD-like receptor C4-MAS NLRC4; AD IL-1β and IL-18 produced
Macrophage activation

Familial Mediterranean fever (FMF) MEFV (16p13.3); AR (AD) Defective pyrin (marenostrin)
Increased IL-1 activation

Hypergammaglobulinemia D syndrome  
(HIDS)

MVK (12p24); AR Defective mevalonate kinase
IL-1β dysregulation

Pyogenic arthritis, pyoderma gangrenosum,  
and acne (PAPA)

PSTPIP1 (15q24-25.1); AD PSTPIP1 dysfunction
Cytoskeletal changes stimulates 
inflammasome

TNF disorders of the innate immune system

TNF receptor-associated periodic syndrome 
(TRAPS)

TNFRSF1A (12p13); AD Mutant TNF receptor activates 
Inflammation via Il-1

Deficiency of adenosine deaminase (DADA) CERC1; AR Lack of activity of ADA2
Stimulate TNF dysregulation

Interferon activation disorders

STING-associated vasculopathy of infancy 
(SAVI)

TMEM173; AD STING activation
Increased IFN-β transcription

Chronic atypical neutrophilic dermatosis 
with lipodystrophy and elevated temperature 
(CANDLE)

PSMB8; AR Proteasome dysfunction
Induced IFN response genes

AD, autosomal dominant; ADA, adenosine deaminase; AR, autosomal recessive; CANDLE, chronic atypical neutrophilic 
dermatosis with lipodystrophy/elevated temperature; CAPS, cryopyrin-associated periodic syndromes; CNS, central 
nervous system; DADA2, deficiency of adenosine deaminase 2; DIRA, deficiency of the IL-1 receptor antagonist; 
FCAS, familial cold autoinflammatory syndrome; FMF, familial Mediterranean fever; HIDS, hyper-IgD syndrome; 
IFN, interferon; IL-1, interleukin-1; ILD, interstitial lung disease; JAK, Janus kinase; MAB, monoclonal antibody; 
MAS, macrophage activation syndrome; MKD, mevalonate kinase deficiency; MWS, Muckle-Wells syndrome; NLRC4, 
NOD-like receptor C4; NOMID, neonatal-onset multisystem inflammatory disease; NR, not reported; PAPA, pyogenic 
arthritis, pyoderma gangrenosum, and acne; SAVI, STING-associated vasculopathy with onset in infancy; TNF, tumor 
necrosis factor; TRAPS, TNF receptor-associated periodic syndrome

Table 1. Classification of selected autoinflammatory disease (adapted from Refs. [15–17]).
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Disease (acronym) Gene; heritance Affected protein

Functional changes
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NLRP3, CIAS1 (1q44); AD Cryopyrin NALP3/PYPAF1
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Excess IL-1β production

Deficiency of the interleukin-1 receptor 
antagonist (DIRA)

IL-1RN (2q14.2); AR Lack of IL-1Ra
Unopposed IL-1 signaling

NOD-like receptor C4-MAS NLRC4; AD IL-1β and IL-18 produced
Macrophage activation

Familial Mediterranean fever (FMF) MEFV (16p13.3); AR (AD) Defective pyrin (marenostrin)
Increased IL-1 activation

Hypergammaglobulinemia D syndrome  
(HIDS)

MVK (12p24); AR Defective mevalonate kinase
IL-1β dysregulation

Pyogenic arthritis, pyoderma gangrenosum,  
and acne (PAPA)

PSTPIP1 (15q24-25.1); AD PSTPIP1 dysfunction
Cytoskeletal changes stimulates 
inflammasome

TNF disorders of the innate immune system

TNF receptor-associated periodic syndrome 
(TRAPS)

TNFRSF1A (12p13); AD Mutant TNF receptor activates 
Inflammation via Il-1

Deficiency of adenosine deaminase (DADA) CERC1; AR Lack of activity of ADA2
Stimulate TNF dysregulation

Interferon activation disorders

STING-associated vasculopathy of infancy 
(SAVI)

TMEM173; AD STING activation
Increased IFN-β transcription

Chronic atypical neutrophilic dermatosis 
with lipodystrophy and elevated temperature 
(CANDLE)

PSMB8; AR Proteasome dysfunction
Induced IFN response genes

AD, autosomal dominant; ADA, adenosine deaminase; AR, autosomal recessive; CANDLE, chronic atypical neutrophilic 
dermatosis with lipodystrophy/elevated temperature; CAPS, cryopyrin-associated periodic syndromes; CNS, central 
nervous system; DADA2, deficiency of adenosine deaminase 2; DIRA, deficiency of the IL-1 receptor antagonist; 
FCAS, familial cold autoinflammatory syndrome; FMF, familial Mediterranean fever; HIDS, hyper-IgD syndrome; 
IFN, interferon; IL-1, interleukin-1; ILD, interstitial lung disease; JAK, Janus kinase; MAB, monoclonal antibody; 
MAS, macrophage activation syndrome; MKD, mevalonate kinase deficiency; MWS, Muckle-Wells syndrome; NLRC4, 
NOD-like receptor C4; NOMID, neonatal-onset multisystem inflammatory disease; NR, not reported; PAPA, pyogenic 
arthritis, pyoderma gangrenosum, and acne; SAVI, STING-associated vasculopathy with onset in infancy; TNF, tumor 
necrosis factor; TRAPS, TNF receptor-associated periodic syndrome

Table 1. Classification of selected autoinflammatory disease (adapted from Refs. [15–17]).
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3.2. Deficiency of the IL-1 receptor antagonist (DIRA)

The naturally occurring protein, “IL-1 receptor antagonist,” attenuates downstream activation of 
IL-1 produced by normal function of the inflammasome. Loss-of-function gene mutations cause 
DIRA due to dysfunctional IL-1 receptor binding to this defective protein which normally would 
prevent dampening of IL-1 activity [3]. DIRA differs from CAPS possibly due to uninterrupted 

Ethnicity Duration of 
episodes

Clinical features Amyloid

FMF Arab, Turkish, Jewish, 
Armenian

1–3 days Erysipeloid rash,
serositis, peritonitis,
episodic inflammatory 
arthritis

Variable; significant 
risk

TRAPS No specific group >7–10 days Rash, myalgia, serositis, 
arthritis, conjunctivitis, 
periorbital edema

10%

HIDS Dutch, French, other 
Europeans

3–7 days Maculopapular rash,
abdominal pain, diarrhea,
polyarthritis, ulcers, 
adenopathy

Rare

CAPS: FCAS Mainly European Often <24 h Cold triggered urticarial-like 
rash; nausea; arthralgia

Uncommon

CAPS: MWS Northern European 2–3 days Urticarial-like rash, arthritis, 
conjunctivitis, hearing loss

Up to 25%

CAPS: NOMID No specific group Continuous with 
flares

Urticarial-like rash, chronic 
arthritis and overgrowth, 
uveitis, meningitis, 
developmental delay

Up to 25%

PAPA NR Early joints; later 
skin lesions

Fever, sterile arthritis, skin 
ulcerations, pyoderma 
gangrenosum, severe cystic 
acne

NR

DIRA Lebanon, Brazil, 
Turkey, and others

Continuous from 
onset

Fever, pustular neutrophilic 
dermatitis, aseptic osteitis

NR

SAVI NR Continuous from 
onset

Fever, ischemic skin, digital 
necrosis, arthritis, myositis, 
ILD

NR

AD, autosomal dominant; ADA, adenosine deaminase; AR, autosomal recessive; CANDLE, chronic atypical neutrophilic 
dermatosis with lipodystrophy/elevated temperature; CAPS, cryopyrin-associated periodic syndromes; CNS, central 
nervous system; DADA2, deficiency of adenosine deaminase 2; DIRA, deficiency of the IL-1 receptor antagonist; 
FCAS, familial cold autoinflammatory syndrome; FMF, familial Mediterranean fever; HIDS, hyper-IgD syndrome; 
IFN, interferon; IL-1, interleukin-1; ILD, interstitial lung disease; JAK, Janus kinase; MAB, monoclonal antibody; 
MAS, macrophage activation syndrome; MKD, mevalonate kinase deficiency; MWS, Muckle-Wells syndrome; NLRC4, 
NOD-like receptor C4; NOMID, neonatal-onset multisystem inflammatory disease; NR, not reported; PAPA, pyogenic 
arthritis, pyoderma gangrenosum, and acne; SAVI, STING-associated vasculopathy with onset in infancy; TNF, tumor 
necrosis factor; TRAPS, TNF receptor-associated periodic syndrome

Table 2. Features of selected autoinflammatory diseases (adapted from Refs. [15, 17]).
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overactivity of both IL-1β and IL-1α in DIRA. Presentation during the newborn period is typical 
with fever, skin pustulosis, with neutrophilic infiltrates, and a characteristic pattern of osteitis of 
ribs, clavicles, vertebrae, and hips. If the excess cytokine levels are untreated in DIRA patients, 
there is significant morbidity and mortality due to uncontrolled IL-1 effects [16].

3.3. NLRC4-related macrophage activation syndrome (MAS)

Inflammasome dysregulation from a mutation in NOD-like receptor C4 (NLRC4) causes 
NLRC4-MAS. Analysis shows spontaneous inflammasome operability and activation of cap-
sace-1 causing deregulated release of IL-1β as well as production of extremely high levels of 
IL-18. Fever, colitis, arthralgias, and life-threatening MAS, similar to systemic juvenile idio-
pathic arthritis (JIA), develop in these children [4, 18]. In MAS, presentation includes coagulopa-
thy, pancytopenia, and hyperferritinemia, with significant morbidity and mortality. Extremely 
high levels of IL-18 are characteristic of this disorder but not CAPS. Anti-IL-1 therapies are 
currently on the market, but there are no available anti-IL-18 blockers, a limitation in optimally 
treating this disorder.

3.4. TNF receptor-associated periodic syndrome

TNF receptor-associated periodic syndrome (TRAPS) is due to dominant mutations in the 
TNFRSF1A gene [14, 19]. Irregular 2–4 week cycles occur 2–6 times a year [20, 21]. Symptoms 
include fever, rash, periorbital swelling, arthritis, and conjunctivitis. Serositis, similar to FMF, 
is reported, but in contrast, renal failure due to amyloidosis is uncommon.

Pathogenesis appears to be due to varying mutational effects on the activation of NF-κB (Signal 1) 
and caspace which each cause increased cytokine release. NF-κB dysregulation promotes inflam-
mation by inducing cytokine production and also by leading to inflammatory cell apoptosis [16]. 
Unchecked IL-1β release in TRAPS patients is due in part to effects of exaggerated production of 
mitochondrial reactive oxygen species (Signal 2) as well as increased caspace-1 activity. In addi-
tion, impaired mutant TNF receptor shedding occurs. Mutant 55 kDa TNF receptor 1a surface-
based receptors appear to have several defects: abnormal protein-folding responses, binding TNF 
less effectively causing defective TNF-associated apoptosis, prolongation of immune responses to 
non-mutated receptor-bound TNF, and uncontrolled downstream signaling [22]. Abnormal p55 
receptors shed in TRAPS are unable to serve as naturally occurring decoys for circulating TNF 
[20]. These mechanisms suggest benefit of anti-TNF as well as anti-IL-1 approaches [3, 20–25].

3.5. Familial Mediterranean fever

FMF is due to recessive Mediterranean fever gene (MEFV) mutations and is the most common 
AutoIDx. It is characterized by self-limited episodes of fever, serositis, arthritis, and renal fail-
ure due to amyloidosis. It is theorized that pyrin has a role in IL-1 activation by suppressing 
pro-caspase-1 activation possibly through competition for ASC. Defective pyrin does not bind 
normally to ASC, weakening its negative regulator function in NLRP3 inflammasome activa-
tion [16]. Mutations hence cause uncontrolled activation of capsace-1 via the IL-1 inflamma-
some [23, 26]. A unique pyrin-related inflammasome also leads to activation of IL-1 and seems 
to be important in FMF as well [1].
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Colchicine has been a standard FMF treatment since the 1970s. Its mechanism is due to inhi-
bition of both cytoplasmic microtubules and inflammasome activity [27]. Pyrin also binds 
microtubules; this pyrin-like action of colchicine in FMF may explain its efficacy in part [16]. 
About 10% of FMF patients fail colchicine therapy. Given the high morbidity in FMF, alterna-
tive biologic therapies addressing cytokine dysregulation are used in such cases.

3.6. Interferonopathies

A group of AutoIDx related to uncontrolled type I interferon (IFN) activity has been recently 
described including stimulator of IFN genes (STING) associated with vasculopathy of infancy” 
(SAVI)” [1, 2, 28]. Early-onset livedo reticularis, ulcerative skin lesions, pulmonary symptoms, 
and Raynaud’s disease with vasculopathy are described. SAVI is due to mutations in STING 
transmembrane proteins increasing IFN levels [28]. The abnormal STING induces IFN regula-
tory factor that translocates to nuclei and promotes transcription of IFN [2]. The overproduc-
tion of type I IFN binds to receptors [IFN associated receptor IFNAR-1 or IFNAR-2], leading 
to unchecked protein kinase signaling and increased IFN-induced cytokine release. Targeting 
this pathway may be effective for SAVI and other interferon-driven inflammatory diseases, 
such as SLE, a more common primarily autoimmune disorder [1].

4. Immunotherapeutic agents

Early immunologic intervention has evolved from the use of vaccines in the late 1800s to 
administration of intravenous immunoglobulin in the 1980s to current-day immunother-
apeutics. Advances such as production of monoclonal antibodies (MABs) by creation 
of hybridomas and molecular cloning have paralleled our growing understanding of 
immunology. Innovative work identifying receptors and signaling pathways to iden-
tify new therapeutic targets for autoimmunity paralleled the discovery of the genetic 
AutoIDx. Widespread production and utilization of immunotherapeutics are directly 
attributable to these efforts [11, 29–31].

Food and Drug Administration (FDA)-approved medications are regularly tested for appli-
cability for additional disease processes. Therapies marketed for relatively common autoim-
mune diseases, such as RA, are studied as potential treatment of AutoIDx “orphan diseases.” 
The following is a review of selected immunotherapeutic medications used to treat AutoIDx 
based on scientific evidence and immunologic pathways (see Table 3; see Figure 1). Side 
effects, toxicities, and additional considerations with the use of these therapeutic agents are 
also addressed.

4.1. Anti-IL-1 therapy

The central mediator for multiple AutoIDx, IL-1, was one of the first identified cytokines. It 
was termed the “endogenous pyrogen” since fever is one of its main consequences. Inactive 
IL-1β is cleaved to its active form by the IL-1 inflammasome complex. Its naturally occur-
ring receptor antagonist, IL-1Ra, was engineered into an immunotherapeutic, anakinra, and 
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Generic name Brand name Approved indications Type Mechanism of action

Adalimumab Humira RA, Ps, AS, PsA, 
uveitis, CrD, JIA

Human MAB Inhibits TNF-α

Anakinra Kineret RA, CAPS Recombinant protein IL-1 receptor 
antagonist

Canakinumab Ilaris CAPS, JIA Human MAB Inhibits IL-1β

Certolizumab Cimzia RA, AS, PsA, CrD Humanized FAB Inhibits TNF-α

Etanercept Enbrel RA, JIA, Ps, PsA, AS Fusion receptor Soluble TNF-α receptor 
antagonist

Golimumab Simponi RA, Ps, AS, PsA, CrD, 
UC

Human MAB Inhibits TNF-α

Infliximab Remicade RA, AS, PsA, UC, CrD Chimeric MAB Inhibits TNF-α

IFN-β 1a Rebif MS Cytokine inhibitor Targets type 1 IFN

IFN-β 1b Betaseron MS Cytokine inhibitor Targets type 1 IFN

Rilonacept Arcalyst CAPS Fusion receptor Targets IL-1R1/IL-R 
accessory receptor

Tocilizumab Actemra RA, JIA, sJIA Humanized MAB Inhibits IL-6 receptor

Tofacitinib Xeljanz RA Small molecule;
JAK inhibitor

Specifically blocks JAK-
STAT pathway

AS, ankylosing spondylitis; CAPS, cryopyrin associated periodic syndromes; CrD, Crohn’s disease; FAB, antibody 
fragment; IFN, interferon; JAK, Janus kinase; MAB, monoclonal antibody; MS, multiple sclerosis; JIA, juvenile idiopathic 
arthritis; Ps, psoriasis; PsA, psoriatic arthritis; RA, rheumatoid arthritis; sJIA, systemic JIA; SLE, systemic lupus 
erythematosus; TNF, tumor necrosis factor; UC, ulcerative colitis

Table 3. Selected immunotherapeutic agents for autoinflammatory diseases (adapted from Refs. [11, 17]).

approved by the FDA in 2001 for treatment of RA. This agent is a competitive inhibitor of 
IL-1α and IL-1β receptor binding because the drug itself adheres to the receptor but does not 
produce downstream signaling. While its benefit in RA has never been dramatic, anti-IL-1 
therapy is key in management of CAPS as well as other AutoIDx. Three anti-IL-1 agents are 
FDA approved and used in CAPS. Approved in 2009, canakinumab is a MAB to IL-1β with a 
long half-life that enables dosing every 1–2 months. Rilonacept is a fusion protein made from 
IL-1R accessory protein linked to the Fc portion of an IgG1 molecule which inhibits IL-1β and 
downstream signaling. It also acts as a soluble decoy for IL-1α, also preventing this cytokine 
from binding with the receptor. These agents control FCAS and MWS and are partly benefi-
cial in NOMID [32–37].

Dysregulation of IL-1 as a key mediator is important in other disorders including systemic JIA 
and adult-onset Still’s disease (AOSD) [38–40]. These diseases are also thought to be part of the 
spectrum of AutoIDx and respond well, sometimes dramatically, to anti-IL-1 agents. Given the 
presence of MAS and similarity to systemic JIA, NLRC4-MAS has been treated and responds, 
at least in part, to anti-IL-1 therapy [1, 3, 41]. The predominance of high IL-18 levels, which are 
not diminished with this approach, may explain the partial response to anti-IL-1 treatment. 
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Unfortunately, no anti-IL-18 agents are currently marketed although efforts to develop such 
agents are underway. In DIRA, excessive IL-1β and IL-1α are both released. Based on pathogen-
esis of this disorder, and the understanding that some available agents inhibit both IL-1β and 
IL-1α actions, anti-IL-1 agents have been successfully used in DIRA [16].

In several other AutoIDx, pathogenesis involves activation of the IL-1 inflammasome by 
Signal 2 mechanisms including elevated reactive oxygen species, PAMPS and DAMPs. In 
TRAPS, caspace-1 is activated in vitro even while treated with anti-TNF therapy [23]. Hence, 
anti-IL-1 treatment may be ideal for treating these patients [42]. In FMF, defective pyrin fails 
to suppress inflammasome behavior, and pro-IL-1 is increasingly activated. Reports detail 
response to anti-IL-1 therapy in FMF [6, 14, 43]. All these observations confirm response to 
anti-IL-1 therapy by a spectrum of AutoIDx [3, 21, 25, 43, 44].

Figure 1. Targeted sites for therapeutic agents used in autoinflammatory diseases. Signal 1 inflammasome activation: 
surface pattern recognition receptors such as Toll-like receptors (TLR) and pathogen-associated molecular patterns 
stimulate production of molecules such as NF-κB and activate inflammasome assembly through downstream 
immunologic processes. Signal 2 inflammasome activation: molecules such as crystals in gout, heat-shock proteins, 
or damaged tissue (such as burns) as well as other pathogen-associated molecular patterns and damage-associated 
molecular patterns activate inflammasome assembly through production of reactive oxygen species (ROS) as well as 
downstream immunologic processes. ASC, apoptosis-associated speck protein; ER, endoplasmic reticulum; IFNAR, 
interferon-associated receptor; IFN, interferon; IL-1, interleukin-1; IL-1 R, IL-1 receptor; IL-1Ra, IL-1 receptor antagonist; 
IL-6, interleukin 6; IL-6R, IL-6 receptor; IL-18, interleukin-18; JAK, Janus kinase; NLRP3, NOD-like receptor P3; ROS, 
reactive oxygen species; TLR, Toll-like receptor; TNF, tumor necrosis factor; TNF-R, TNF receptor.
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4.2. Anti-TNF therapy

TNF is part of a superfamily of cytokines that induce necrosis of cancer cells, leading to the 
term “tumor necrosis factor.” TNF-α is present on the surface of cells as a transmembrane pro-
tein, and its cleavage leads to release of soluble TNF-α. Two receptors regulate this cytokine’s 
function – TNF receptor TNFR1 55 kd and TNFR2 75 kd. The 55 kd receptor is membrane 
bound, and upon stimulation by TNF-α, cells release other cytokines such as IL-2 and IFN. 
Extracellular TNFR2 75 kd receptors deactivate soluble TNF, blunting its action. The anti-TNF 
agent, etanercept, an injectable biologic approved for the treatment of RA in 1998 and JIA in 
1999, is an engineered fusion protein comprised of two naturally occurring soluble human 
75-kd TNF receptors linked to an Fc portion of an IgG1. Etanercept mimics the natural recep-
tor by binding extracellular TNF, limiting activation of the inflammatory response. In CrD, 
pathogenesis involves innate immune system activation through membrane-bound TNF. 
Especially in early-onset disease, NOD gene mutations and dysfunctional NF-κB activation 
are also pathogenic [7]. In CrD, etanercept has been found to be less effective likely due to 
the predominance of membrane-bound TNF in this disorder rather than soluble TNF that is 
inhibited by this agent [45]. Differences in receptor localization, binding, and downstream sig-
naling explain therapeutic differences between anti-TNF agents. Infliximab is a chimeric MAB, 
whereas golimumab and adalimumab are humanized MABs; all three have inhibitory effects 
at both TNF locations. Certolizumab is an antibody fragment (FAB) that attaches to membrane-
bound as well as membrane-soluble TNF. All four are more effective in CrD than is etanercept.

In TRAPS, as etanercept is a soluble p75 kd receptor, it binds extracellular, soluble TNF 
unbound by dysfunctional p55 mutant receptors. Some TNFR1 mutations effect cysteine resi-
dues increasing risk of amyloidosis. Successful use of etanercept minimizes this complication 
[20, 46]. Etanercept may be beneficial in TRAPS patients but has a variable effect; other bio-
logic agents, especially IL-1 blockers, may be more beneficial [47]. Anti-TNF MABs such as 
infliximab may cause paradoxical increased inflammation due to varying effects on both TNF 
receptors. Infliximab is therefore not used in etanercept failures [23, 48, 49].

Anti-TNF therapy has a role in FMF in colchicine failures [27, 50]. Etanercept and MAB anti-TNF 
therapies have been reported to be of some benefit in these patients. Good clinical and biological 
responses suggest these agents are options for more resistant FMF cases to prevent amyloidosis.

4.3. Anti-IL-6 therapy

By binding to its cell surface receptor and subsequent activation of DAMPS, TLRs, and 
intracellular protein kinase signaling, IL-6 has been shown to be an important cytokine 
in the inflammatory cascade. Complex interactions exist between IL-1 and Il-6 regulatory 
pathways. IL-6 also stimulates the adaptive immune system through B cell immunoglobulin 
production, elevated inflammatory markers (C-reactive protein), and promotion of Th17 
cell maturation. Tocilizumab is a humanized MAB that blocks IL-6 signaling by adhering to 
membrane-bound IL-6 and its soluble receptors. This agent blocks downstream activation 
of adhesion molecules, osteoclasts, and maturation of both T and B cells [51]. As IL-6 is a 
key cytokine in RA, AOSD and systemic JIA (now thought to be part of the AutoIDx family), 
and inhibition of its function by tocilizumab has clinical benefit, this cytokine antagonist 
was approved by the FDA [52].
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Tocilizumab is not as effective in CAPS as anti-IL-1 inhibitors, with lack of response in 
NOMID possibly due to the extremely high IL-1 levels in this disease that requires more direct 
blockade of IL-1 that cannot be achieved through anti-IL-6 approaches. In TRAPS and FMF, 
several case reports detail clinical response to tocilizumab following inadequate response to 
etanercept; however, cytokine levels did not change appreciably [27, 49, 53, 54]. The benefit of 
anti-IL-6 therapy in other AutoIDx remains to be determined.

4.4. Interferons

Induced IFNs bind to IFN-α receptors on plasmadendritic cells. These cells upregulate many 
IFN-induced genes and are termed the “IFN signature” [55]. These gene products have inhib-
iting and/or activating effects on downstream immunologic activity. As a therapeutic agent, 
IFN-α has been used in hepatitis C and relapsing and remitting multiple sclerosis, an autoim-
mune neurologic disease. IFN-α therapy in colchicine-resistant FMF was reportedly beneficial 
but not confirmed in subsequent studies [27]. The IFN signature correlates with disease activ-
ity in autoimmune diseases and identifies response subsets. The IFN signature may also be 
important in the pathogenesis of subsets of AutoIDx, as well [56]. Treatments that inhibit IFN 
signaling pathways continue to be sought for the more common autoimmune diseases [11, 57, 58] 
which should then result in additional agents for study in AutoIDx.

4.5. Cytokine signaling

Strategies that employ cytokine receptor blockers or that provide decoys for soluble cyto-
kines have been reviewed above. Alternatively, reducing effects of cytokines can be achieved 
through interference with post-receptor intracellular downstream signaling pathways. As 
suggested above, targeting IFN pathways may be a successful approach for some AutoIDx. 
Recently, AutoIDx related to IFN dysregulation, the interferonopathies, have been identified. 
Normally, IFN binding to receptors exerts downstream effects through intracellular path-
ways via protein kinases. JAK-STAT signaling transmits extracellular information to nuclei 
influencing DNA transcription and increasing IFN and cytokine production. Tofacitinib is 
the first JAK inhibitor recently approved for treatment of RA. The AutoIDx SAVI is due 
to a mutation affecting STING membrane receptors leading to excessive IFN production. 
Overstimulation of downstream immunologic activity due to abnormally high levels of 
IFN-IFNAR binding can lead to increased signaling that can be blocked by tofacitinib JAK-
inhibition. In this way, overabundant downstream IFN effects are limited. Studies show 60% 
improvement in inflammation in vitro. Clinical trials in patients with this rare disorder are 
underway [2, 28].

5. Considerations in the use of immunotherapeutics

Some patients with AutoIDx have severe illnesses, and treatment is necessary to alleviate 
morbidity and prevent mortality. However, concerns regarding potential toxicity of immu-
notherapeutics must be addressed. Risks are present with all agents: infection, induction of 
carcinogenesis, autoantibody formation, and development of demyelination. Additionally, 
infusion or injection site reactions, as well as generally transient side effects, such as increased 
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liver function tests, decreased blood cell counts, and abnormalities in lipid profiles, have been 
attributed to these agents. Dose adjustments, premedication administration, and address-
ing concomitant risk factors often minimize side effects. Depending on concerns due to the 
patient’s underlying disease, toxicity fears may or may not take precedence in medication 
selection.

5.1. Infections

Immunotherapeutic agents all produce some degree of immunosuppression in addition to 
their disease controlling effects. Development of opportunistic infections with viruses, fungi, 
atypical bacteria, and prion associated complications (such as progressive multifocal leukoen-
cephalopathy) are potential concerns. FDA warnings advise against prescribing these drugs 
for patients with active infections including hepatitis C or B [51, 59]. Continued vigilance by 
patients and assessment by health care providers for any possible infectious complication is 
necessary when using immunotherapeutic agents.

Given concerns about risk of reactivation of tuberculosis (MTB), all patients are screened for 
MTB prior to starting biologic therapies [60, 61]. MTB confinement in granulomas requires 
normal CD8+ T cells and TNF activity; infliximab and biologics that effect receptor-bound 
TNF inhibit this function [62]. Little data exists regarding MTB risk for agents other than anti-
TNF drugs [61]; however, screening for MTB is requested for most patients prior to starting 
biologic therapy.

5.2. Neoplastic disease

Patients with RA, psoriatic arthritis, and CrD are at risk of developing disease-related malignan-
cies over their lives. The concern has been raised that biologic agents increase this risk. Large epi-
demiologic studies have not substantiated this concern for the most part. The rate of lymphoma 
in RA patients treated with biologic agents is similar to those who have never been treated. Those 
with prior cancer diagnoses are not at increased risk of recurrence [63, 64]. In 2008, a report from 
the FDA raised concerns about biologic agents and neoplastic disease in pediatric CrD and JIA 
patients. The pediatric rheumatology community worldwide has questioned this interpretation 
of JIA data [65]. Continued surveillance and monitoring of malignancies is crucial post-market-
ing for all biologic agents as the medical community, and patients remain vigilant regarding 
this important issue.

5.3. Demyelination

Studies using early anti-TNF-α agents in multiple sclerosis patients detected worsening dis-
ease, and trials were halted. The development of demyelinating toxicity in RA patients also 
has been reported. The mechanism of this side effect may be related to blocking effects on TNF 
receptor2 75 kd which is required for oligodendrocyte growth. Current anti-TNF therapies 
block TNFR2 75 kd as well as TNFR1 55 kd; the latter of which is linked more tightly to other 
autoimmune diseases as well as to TRAPS. Given that some anti-TNF blockers inhibit both 
receptors, improved control of inflammation may be met with worsening demyelination – an 
unacceptable trade-off. Future agents that selectively block TNFR1 55 kd might alleviate this 

Immunotherapy - Myths, Reality, Ideas, Future282



liver function tests, decreased blood cell counts, and abnormalities in lipid profiles, have been 
attributed to these agents. Dose adjustments, premedication administration, and address-
ing concomitant risk factors often minimize side effects. Depending on concerns due to the 
patient’s underlying disease, toxicity fears may or may not take precedence in medication 
selection.

5.1. Infections

Immunotherapeutic agents all produce some degree of immunosuppression in addition to 
their disease controlling effects. Development of opportunistic infections with viruses, fungi, 
atypical bacteria, and prion associated complications (such as progressive multifocal leukoen-
cephalopathy) are potential concerns. FDA warnings advise against prescribing these drugs 
for patients with active infections including hepatitis C or B [51, 59]. Continued vigilance by 
patients and assessment by health care providers for any possible infectious complication is 
necessary when using immunotherapeutic agents.

Given concerns about risk of reactivation of tuberculosis (MTB), all patients are screened for 
MTB prior to starting biologic therapies [60, 61]. MTB confinement in granulomas requires 
normal CD8+ T cells and TNF activity; infliximab and biologics that effect receptor-bound 
TNF inhibit this function [62]. Little data exists regarding MTB risk for agents other than anti-
TNF drugs [61]; however, screening for MTB is requested for most patients prior to starting 
biologic therapy.

5.2. Neoplastic disease

Patients with RA, psoriatic arthritis, and CrD are at risk of developing disease-related malignan-
cies over their lives. The concern has been raised that biologic agents increase this risk. Large epi-
demiologic studies have not substantiated this concern for the most part. The rate of lymphoma 
in RA patients treated with biologic agents is similar to those who have never been treated. Those 
with prior cancer diagnoses are not at increased risk of recurrence [63, 64]. In 2008, a report from 
the FDA raised concerns about biologic agents and neoplastic disease in pediatric CrD and JIA 
patients. The pediatric rheumatology community worldwide has questioned this interpretation 
of JIA data [65]. Continued surveillance and monitoring of malignancies is crucial post-market-
ing for all biologic agents as the medical community, and patients remain vigilant regarding 
this important issue.

5.3. Demyelination

Studies using early anti-TNF-α agents in multiple sclerosis patients detected worsening dis-
ease, and trials were halted. The development of demyelinating toxicity in RA patients also 
has been reported. The mechanism of this side effect may be related to blocking effects on TNF 
receptor2 75 kd which is required for oligodendrocyte growth. Current anti-TNF therapies 
block TNFR2 75 kd as well as TNFR1 55 kd; the latter of which is linked more tightly to other 
autoimmune diseases as well as to TRAPS. Given that some anti-TNF blockers inhibit both 
receptors, improved control of inflammation may be met with worsening demyelination – an 
unacceptable trade-off. Future agents that selectively block TNFR1 55 kd might alleviate this 

Immunotherapy - Myths, Reality, Ideas, Future282

concern [11]. Current approaches include close monitoring all patients treated with anti-TNF 
agents for any concerning neurologic signs.

5.4. Human anti-chimeric antibody and autoantibody formation

In theory, more human-like MABs might be less immunogenic and less susceptible to human 
anti-chimeric antibody (HACA) formation [51, 66]. HACAs are thought to be responsible for 
side effects, interference with laboratory testing, as well as potential decrease in efficacy of 
these therapies. Decreased response to treatment due to HACAs has been of specific concern 
following the use of certain agents, such as infliximab in CrD and RA [67, 68]. Patients who 
developed anti-infliximab HACAs are also more likely to have infusion reactions and pos-
sibly reduced therapeutic benefit. Awareness of the risk of HACA formation and its conse-
quences is crucial information for prescribing clinicians [69, 70].

Autoantibody formation in patients receiving immunotherapeutic agents is well described 
[70]. Development of antinuclear antibodies (ANAs) is reported in patients in biologic trials. 
HACAs may produce false-positive autoantibody results due to interference in laboratory 
tests [70]. Autoimmune syndromes have been triggered by the use of immunotherapeutic in 
patients with RA and, in theory, also may develop in similarly treated patients with AutoIDx 
[51, 71]. One must be aware of the potential for these agents to cause false-positive autoanti-
bodies or to trigger onset of autoimmunity. These concerns must be recognized by patients 
and be part of surveillance by practitioners caring for individuals on biologics.

5.5. Selection of immunotherapeutics

Immunotherapeutic agents currently available are often administered parenterally. 
Intravenous and self-injected formulations of these agents are typically prescribed for 
patients. Infusion medications tend to be even more expensive due to nursing and infusion 
center costs in addition to the price of the drug itself, making treatment cost prohibitive for 
some patients. Studies also show that patient preferences regarding medication choices (oral 
versus injection versus infusion therapy) often do not coincide with providers’ intuition about 
patient choices. Access to medical care, attentive nursing, insurance coverage and cost are key 
factors for patients’ choice of therapy [72]. “Biosimilar” generic-type biologic agents are soon 
coming to the US market with estimated savings of 20–35% off name-brand charges. These 
agents will be economically advantageous to insurers and patients, assuming these “similar” 
medications are truly as effective as name-brand biologic agents [73]. These less expensive 
immunotherapeutics could potentially be accessed by more patients, improving disease con-
trol for a greater number of afflicted individuals.

6. Future directions/outlook

Safe and effective treatment options are the goals of biologic drug development and utiliza-
tion. In the future, scientific advances in precision medicine and next-generation sequencing 
will enable precise identification of disease phenotypes/genotypes to predict response to and 
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toxicity from biologic agents for autoimmune diseases [74, 75]. This advance will increase our 
ability to tailor immunotherapeutic selection for those with AutoIDx to target recognized con-
sequences of genetic mutations. As knowledge about autoinflammation continues to expand, 
new and more directed therapies will be trialed and utilized to treat these rare disorders. In 
this era of the “triple aim” in patient care, attention to patient experience, improving popula-
tion health, and minimizing complications of disease and treatment, including cost, one can 
predict that the outlook for this population with rare genetic inflammatory diseases will be 
much brighter with greater opportunities for them to be treated with disease-specific and tar-
geted therapies. Increasingly, these therapies have changed the lives of patients with AutoIDx 
in recent years and will be able to make even more of a difference in the future.
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Abstract

Opportunistic fungal infections are a major health problem being appointed by some 
studies as the fourth main cause of hospital-acquired infection in susceptible popula-
tions. The constantly growing incidences of these diseases are associated with the 
growing number of susceptible individuals, such as immunocompromised individuals 
(leukemia, AIDS, etc) and treatment-induced immunodeficiency (hematopoietic stem 
cell, solid organ transplant, anticancer therapy). Furthermore, other advances in medical 
care, patient’s long-term hospitalization and antimicrobial therapies have created sev-
eral vulnerable populations to fungal infections. Currently, antifungal drug therapies 
are several times inefficient, and the poor outcomes are linked to difficulties in the early 
diagnosis of fungal infections and drug resistance among fungal pathogens. In this con-
text, novel therapeutic approaches are welcome to stimulate efficiently the host immune 
response to eliminate the fungal pathogen. This chapter is intended to review advances 
in immunotherapy strategies for fungal infections.

Keywords: immunotherapy, vaccination, immune enhancement, fungal infections, 
antifungal

1. Introduction

Fungi are eukaryotic organisms ubiquitous in the environment, are considered the major 
decomposers in certain ecosystems, are essential to the survival of many organisms which 
they can be associated and are sources of food, several enzymes and drugs. There is an esti-
mate of the existence of more than 5 million of fungal species, of that around 70,000 were 
described [1]. However, only a few hundred of them can also cause disease in healthy and 
immunocompromised humans [2, 3]. It was accepted that fungi and other pathogenic micro-
organisms can cause disease all by themselves through four basic conditions, also known as 
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“virulence factors”: (i) tolerance to the host body temperature; (ii) ability to colonize and/
or invade the host; (iii) production of secreted components such as toxin and proteolytic 
enzymes associated with the processes of lysis and absorption of host tissue and (iv) evasion 
and/or resistance to the host immune system [2, 4].

Based on this germ theory, antimicrobial therapies options targeted these virulence factors 
and have focused on the development of pharmacological products designed to kill the 
pathogenic microorganisms and immunological interventions that overcame the deleterious 
effects of their virulence factors [5]. Interestingly, the Damage-Response Framework theory, 
which was first proposed in 1999, emphasizes that disease state is not unidirectional and that 
both the pathogenic microorganism and the host contribute to pathogenicity and virulence 
[6]. Additionally, recent studies on the human mycobiome, that is, the collection of fungi 
distributed across and within the body, show that despite being as low as ≤0.1% of the total 
microbiota, these microorganisms can participate and modify several physiological functions 
of the host, including the maintenance of microbiota community structure, metabolic func-
tions and in the development and function of the immune system [7].

Fungal infections contribute substantially to human morbidity and mortality, and despite 
the availability of several antifungal drugs, high rates of mortality associated with invasive 
fungal infections often exceed 50% [8]. In this context, in order to achieve a reduction in the 
global burden of fungal infections, is urgent the development of new safer and more effective 
antifungal drugs [9], as well as novel immunotherapeutic strategies that allow the restoration 
of the host immune system [10] and maintain or improve the favorable interactions between 
microbiota and host [11]. In this context, immunotherapy represents a therapeutic modality 
that attempts to augment host immune response and to control the established infection. In 
this chapter, we review the principles of antifungal immunotherapy.

2. Immunological aspects of fungal infections

The host defense mechanisms against fungi range from the protective mechanisms provided 
by skin, mucosa and innate immunity to sophisticated adaptive mechanisms (adaptive immu-
nity), which are specifically induced during the fungal infection/disease. The activation of the 
innate immunity is the first line of host antifungal defenses and is mediated by phagocytic 
cells (polymorphonuclear and mononuclear leukocytes and dendritic cells (DCs)), cellular 
receptors and several humoral factors that act by (i) direct destruction of the fungi through 
phagocytic process or secretion of microbicide compounds and/or (ii) initiation and subse-
quent direction of adaptive immune responses through the production of pro-inflammatory 
mediators (chemokines and cytokines), induction of co-stimulatory activity by phagocytic 
cells and uptake, processing and presentation of antigens [12, 13].

The components of the fungal cell wall are the first structures that interact with the host innate 
immune system, and the response to a fungal invasion is initiated through recognition of 
pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns 
(DAMPs) present during infection by pattern recognition receptors (PRRs). The PRRs are 
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present in the immune cells of the myeloid lineage (dendritic cells, macrophages, monocytes 
and neutrophils) and nonmyeloid (epithelial and endothelial cells) [12]. The binding of PRR 
with fungal PAMPs, such as polysaccharides (chitin, α and β-glucans, mannans) and fungal 
DNA, results in the activation of intracellular signaling pathways promoting phagocytosis, 
cytokine production, respiratory burst and cell maturation [14].

Several families of PRRs are related to the recognition of cell wall components of fungi through 
the use of distinct ligand recognition domains, including Toll-like receptors (TLR), C-type 
lectin receptors (CLR) and proteins of galectins family [12, 15]. The PRRs present in different 
phagocytic cells initiate intracellular events that promote the activation of the immune system 
and clearance of fungi, with the specific immune response generated depending on the cell 
type involved (monocytes, macrophages and neutrophils) [16]. Induction of innate immunity 
by means of PRR activation provides the basis for developing a subsequent adaptive immune 
response, and dendritic cells form the interface between the innate and adaptive immune 
system, since these cell lineages are able to acquire antigens in peripheral tissues, mature and 
migrate to lymphoid organs, where they provide appropriate signals to T lymphocytes [17].

The adaptive immunity is generated by clonal selection of lymphocytes in response to spe-
cific microbial antigens, which can result in the development of immunological memory. The 
production of cytokines that occurs after the interaction of PRRs with fungal PAMPs drives in 
the differentiation of naïve T lymphocyte in different subtypes, such as T helper (Th) 1, Th2, 
Th17 and T regulatory (Treg). During the response process and after the immune activation,  
T cell subtypes express different pro- and anti-inflammatory chemokines and cytokines, 
which mediate different effector functions [18].

It is important to emphasize that a fine balance between pro- and anti-inflammatory signals 
is a prerequisite for successful control of infection. If on one hand, the early inflammation 
prevents or limits the fungal infection, on the other hand, the uncontrolled inflammatory 
response may eventually act in opposition to eradicate the disease [19]. Thus, a successful 
immune response against a fungal infection requires (i) resistance mechanisms, that is, abil-
ity to reduce pathogen burden through innate (e.g., dendritic cells) and adaptive (e.g., Th1, 
Th2, Th9, Th17 and Th22 cells) immunity and (ii) tolerance mechanisms, that is, ability to 
protect and/or limit the host from immune- or pathogen-induced damage (e.g., Treg cells and 
enzymes involved in tryptophan metabolism) [18, 20].

The consensus is that Th1 cellular responses are the main defense mechanism of the host 
against pathogenic fungi, whereas Th2 responses are associated with susceptibility to infec-
tions or allergic responses [21]. Th1 cells are predominantly related to protective immunity 
against fungi and effective antifungal vaccines [12]. Interferon-γ (IFN-γ) is the main cytokine 
produced by Th1 cells and is important for the stimulation of the antifungal activity of neu-
trophils [21]. Interleukin (IL)-4, IL-5 and IL-13 are cytokines produced during Th2 immune 
responses, promote an alternative route of macrophage activation, favor fungal infections and 
allergic responses associated with the fungus and may be related to disease recurrence [12].

Th17 responses are characterized by the production of IL-17, working in the host defense 
against certain extracellular bacteria and fungi [22], and are related to protective vaccine 
responses against experimental fungal infections [23]. However, Zelante et al. [24] described 
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that IL-23 and the Th17 pathway can also promote inflammation and impair antifungal 
resistance. Treg cells by IL-10 production have the function of moderating the inflamma-
tory response during infection to limit damage to the host cells and restore homeostasis [25]. 
However, this response may limit the effectiveness of the protective immune response as a 
result of the reduction of pro-inflammatory activity generating persistence of the fungus in 
the tissue and can lead to immunosuppression [21].

3. Cell-based therapies

3.1. Granulocyte transfusion

Polymorphonuclear leukocytes are specialized cells found in the bloodstream that can 
directly attack microorganisms through phagocytosis, release of soluble antimicrobials and 
generation of neutrophil extracellular traps, playing an essential role in host defense against 
pathogenic bacteria and opportunistic fungal pathogens [26, 27]. Granulocyte transfusion 
is reserved for patients with prolonged neutropenia and life-threatening infections that are 
resistant to conventional treatment and is intended to improve the side effects of neutropenia 
and enhance repopulation of granulocytes [28–31].

Early studies of Strumia [32], Brecher et al. [33] and Freireich et al. [34] are among the pio-
neering research work to propose the infusion of neutrophilic granulocytes from donors as an 
option to enhance host defenses in patients with neutropenia. Pedersen et al. [35] reported that 
the combination of granulocyte transfusion with trimethoprim-sulfamethoxazole resulted in 
the successful treatment of a refractory Pneumocystis carinii pneumonia in an 11-year-old girl 
with chronic granulomatous disease. In a retrospective study, Bhatia et al. [36] evaluated the 
efficacy of granulocyte transfusion in 87 bone marrow transplant recipients during the first 
100 days following the transplantation. No clinical benefit of granulocyte transfusion among 
50 of these patients could be shown in the resolution of candidiasis or noncandidal infections. 
In a meta-analysis of 32 studies, Strauss [37] described that from 63 patients with invasive fun-
gal infections and receiving granulocyte transfusion, only 18 (29%) had successful outcomes.

Based on these and other contradictory results, for a period of time, it has been suggested that 
there is no strong evidence that granulocyte transfusion consistently brings benefits for the 
treatment of invasive fungal infections. However, the advances in the cytapheresis technology 
in the last decades optimize the allogeneic or autologous collection of several types of blood 
leucocytes to be used in transfusion therapies, which renewed the interest in granulocyte 
infusions [38–40].

Price et al. [41], in a phase I/II trial of neutrophil transfusions from donors stimulated with 
granulocyte colony-stimulating factor (G-CSF) and dexamethasone, demonstrated that four of 
the seven patients with candidemia cleared the infection and, in contrast, none of the patients 
with aspergillosis (n = 5) or fusariosis (n = 3) were able to clear the infection. Mousset et al. [42] 
in a prospective, nonrandomized study demonstrated a good clinical efficacy of granulocyte 
transfusions to prevent recurrence of severe fungal infections during hematopoietic stem cell 
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transplantation or intensive chemotherapy (23 episodes). However, in a randomized phase 
III study with 74 neutropenic patients, Seidel et al. [29] concluded that there was no effect on 
survival of 55 patients with invasive fungal infection up to day 100.

Several case series and case reports [31, 43–46] provide evidence for the safety and feasibil-
ity of granulocyte transfusions in patients with severe neutropenia and uncontrolled fungal 
infections. Thus, although the role of therapeutic granulocyte transfusions remains controver-
sial, future randomized controlled studies will clarify the use of the granulocyte transfusion 
as a life-saving treatment option [47].

3.2. Dendritic cell therapy

Dendritic cells (DCs) are the bridge between the innate and adaptive immune system by sens-
ing the fungal pathogen via their PRRs, phagocytizing fungal particles, processing and secret-
ing cytokines and chemokines into the environment and presenting antigens to Th cells to 
induce an adaptive immune response [48]. This remarkable functional plasticity of DCs has 
been explored for the development of fungal vaccines [49], whereas DCs transfected with 
yeast cells, yeast RNA or conidia (but not hyphae or hyphal RNA) induce a protective Th1 
response [50].

Induction of an adoptive immunity to Aspergillus using DCs pulsed with live conidia or 
transfected with conidial RNA [51] or primed with CpG oligodeoxynucleotides and pulsed 
with Aspf16 antigens [52] triggers specific and protective Th1 response in murine models of 
hematopoietic stem cell transplantation (HSCT). DCs transduced with an adenovirus vector 
encoding the cDNA of IL-12 and pulsed with heat-inactivated Aspergillus fumigatus induce 
a protective response (lower fungal burdens and higher survival rate) against a model of 
invasive pulmonary aspergillosis [53]. Stimulation of Asp f16-specific T cell responses are 
more effective by using a protocol of antigen presented on DC followed by Epstein-Barr virus 
(EBV)-transformed B lymphoblastoid cell lines (BLCL) as antigen-presenting cells [54].

Protection against disseminated candidiasis in mice was observed with DCs pulsed with 
cell wall proteins expressed during infection, particularly those derived from fructose-
bisphosphate aldolase, which induced a robust antibody-dependent protective responses 
against Candida albicans [55]. Bone marrow-derived dendritic cells pulsed with an acapsular 
Cryptococcus gattii strongly induced cytokine-producing CD4 T cells and multinucleated giant 
cells, and these were associated with a protection against a Cryptococcus gattii model of pul-
monary cryptococcosis [56].

3.3. Adoptive T-cell transfer

Adoptive T cell transfer is an immunotherapy strategy used to treat cancer and chronic infec-
tions by intravenous injection of autologous T cells, which was, after isolated from the donor, 
stimulated in vitro with antigens or modified with a gene encoding a specific antigen receptor 
and expanded to a large quantity before infusion back into the patient [57]. Th1 lymphocyte 
responses confer significant protection against fungal infections [18], and the pivotal role of 
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CD4+ T cell has led to increasing interest and investigation of the use of adoptive transfer of 
CD4+ cells in the prophylaxis and treatment of invasive fungal infections [58].

Perruccio et al. [59] used heat-inactivated conidia of A. fumigatus to generate specific T-cell 
clones in vitro, which was infused soon after hematopoietic transplantation in 35 patients. 
High-frequency T-cell responses to pathogen within three weeks infusion were associated 
with control of Aspergillus antigenemia and infectious mortality. In contrast, spontaneous 
pathogen-specific T cells in 46 transplant recipient patients who did not receive adoptive ther-
apy occurred in low frequency as late as 9–12 months after transplantation and displayed a 
nonprotective, type-2 cytokine profile. However, commonly used immunosuppressants such 
as cyclosporine A, mycophenolic acid and methylprednisolone decreased the number of anti-
Aspergillus Th1 cells and the expression of CD154 by anti-Aspergillus Th1 cells, which may 
limit using this type of immunotherapy for organ transplant recipients [60].

Prolonged survival rates were observed in a model of mice invasive pulmonary aspergil-
losis after the adoptive transfer of splenic CD4+ T cells from mice previously sensitized with 
a crude culture filtrate antigens of A. fumigatus [61]. In BALB/c mice, the cell glucanase Crf1 
from A. fumigatus induces memory CD4+ Th1 and cross-protection against lethal infection 
with C. albicans [62]. In addition to Crf1, A. fumigatus proteins Gel1 and Pmp20 are described 
as strong inducers of Th1 responses in healthy individuals [63]. Tramsen et al. [64] reported a 
clinical scale generation of multi-specific antifungal T cells protocol based on the use of cellu-
lar fungal extracts of A. fumigatus, C. albicans and Rhizopus oryzae that allow the generation of 
numerous activated memory Th1 cells that respond to a broad spectrum of fungal pathogens. 
The data from these and similar studies [65, 66] support the development of adoptive T-cell 
transfer protocols for the therapy of multiple microbial pathogens as well as in prophylaxis/
vaccination protocols [67].

Despite the main role of CD4+ Th1 cells for host defense against pathogenic fungi, current find-
ings highlight the effector functions of CD8+ T cells against these pathogens [10, 68]. Adoptive 
transfer of Aspergillus f16 peptide-specific CD8+ T cells extended the overall survival time of 
A. fumigatus-infected immunocompromised mice [69], supporting alternative adoptive T-cell 
treatments for hosts with progressive depletion of CD4+ T lymphocytes and at high risk of 
invasive fungal infections.

3.4. B cell and natural killer cell treatment

B cells and natural killer (NK) cells are other cell lineages that have been evaluated for its anti-
microbial activity through adoptive transfer procedures. Hoyt et al. [70] demonstrated that 
adoptive transfer of B cells into mice lacking both lymphocytes and type I IFN receptor and 
with Pneumocystis murina lung infection maintained early hematopoietic progenitor activity 
during immune responses against the infection, thus promoting replenishment of depleted 
bone marrow cells in an IL-10- and IL-27-dependent manner mechanisms possibly by stimu-
lation of dendritic cells/macrophages.

NK cells are innate lymphocytes that exhibit both adaptive and innate features and that can 
be activated in the presence of infected cells, allogeneic cells or transformed cells, for acting 
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on antigen-specific recognition and mounting rapid effector responses such as rapid cytolytic 
and cytokine activity and antibody secretion [71] as well as in the immunological memory 
process [72]. Park et al. [73] described that the NK cells mediate their protective effect in the 
lungs of neutropenic mice with invasive aspergillosis by acting as the most important source 
of IFN-γ during the early stages of infection. Additionally, the transfer of activated NK cells 
from a wild-type host to both IFN-γ-deficient and wild-type recipients resulted in a more rapid 
clearance of A. fumigatus from the lungs. Bouzani et al. [74], similarly, concluded that NK cells 
mediate anti-Aspergillus activity through an alternative mechanism involving IFN-γ and tumor 
necrosis factor (TNF)-α secretion and not through degranulation of their cytotoxic proteins.

NK cells, directly and indirectly (through IFN-γ), showed killing activity against A. fumigatus 
hyphae, but lack activity against infecting conidia [75]. Based on these observations, adoptive 
immunotherapy with NK cells represents a potential alternative to be used alone or in combi-
nation with other antifungal therapies, but should have limited role in prophylactic strategies 
against aspergillosis.

4. Cytokine therapy

Cytokines are intercellular regulatory polypeptides or glycoproteins that promote growth, 
differentiation and activation of normal cells and play an essential role on immunomodula-
tion and inflammatory processes. If on one hand, the determination of a patient cytokine pro-
file may indicate the status of the disease, on the other hand, the therapeutic administration 
of cytokines can result in a favorable immunomodulation for the treatment of autoimmune, 
neoplastic and infectious diseases [76].

4.1. Colony-stimulating factors (CSFs)

Granulocyte colony-stimulating factor (G-CSF), macrophage colony-stimulating fac-
tor (M-CSF) and GM-CSF are used to accelerate myelopoiesis in neutropenic patients and 
as immune enhancing agents. G-CSF is widely used during chemotherapy neutropenia in 
clinical practice to prevent immune dysregulation and accelerated functional immune recov-
ery [77]. G-CSF not only increases neutrophil production but also significantly enhanced 
polymorphonuclear-mediated killing of A. fumigatus and Rhizopus arrhizus but not against  
C. albicans [78]. In a mice model of experimental disseminated candidiasis, the treatment with 
recombinant G-CSF (rG-CSF) leads to significantly reduced mortality. However, it is less 
effective in subacute or chronic disseminated candidiasis. Additionally, combination of rG-
CSF and fluconazole results in an additive effect on the reduction of fungal load in the organs 
[79]. Combination of G-CSF and caspofungin or caspofungin plus amphotericin B-intralipid 
reduced the fungal burden in organs, decreased the detection of serum galactomannan and 
increased survival rate up to 78.9% of infected mice with A. fumigatus [80]. Favorable clinical 
response was also observed in 15 of 18 patients with mucormycosis [81]. While G-CSF clearly 
reduces the neutropenic period of patients, more data about clinical outcomes in  fungal 
 infections are needed [82, 83].
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Human macrophage colony-stimulating factor (hM-CSF) slightly prolonged survival of lethal 
C. albicans infection in mice and enhanced the efficacy of amphotericin B by enhancing the 
growth-inhibitory activities of both macrophages and neutrophils against Candida [84]. In a 
neutropenic rabbit model of pulmonary aspergillosis, M-CSF administered prophylactically 
significantly increased survival and decreased pulmonary injury, probably through increased 
phagocytosis of A. fumigatus conidia by alveolar macrophages [85]. Recombinant human mac-
rophage colony-stimulating factor (rhM-CSF) associated with standard antifungal therapy, 
into a phase I/II trial, was administrated to 46 bone marrow transplant patients from day  
0 to 28 after determination of progressive fungal disease. Survival of these patients was higher 
(27% v 5%) when compared with 58 similar historical controls [86].

GM-CSF significantly enhanced both the killing by neutrophils and monocytes and the 
 collaboration of these cells with voriconazole for killing C. albicans [87]. GM-CSF blocks the 
in vivo immunosuppressive effects of dexamethasone on bronchoalveolar macrophages, kill-
ing of A. fumigatus conidia and suggests its use in patients at risk of pulmonary aspergillosis 
in the course of dexamethasone treatment [88]. Similarly, Quezada et al. [89] demonstrated 
that GM-CSF administered intranasally to immunosuppressed mice infected with pulmonary 
aspergillosis reduced the lung fungal burden compared to the control.

Wildbaum et al. [90] related a patient with chronic mucocutaneous candidiasis that quickly 
went to a complete clinical remission with improvement in his/her monocyte and neutrophil 
functions after intravenous GM-CSF treatment (leucomax, 800 mg twice a week). Safdar  
et al. [91] retrospectively assessed 66 patients in whom GM-CSF was given during antifungal 
therapy, for which more than half of partial or complete response was observed. Wan et al. 
[92], in a prospective multicenter randomized phase IV trial with 206 patients, showed that 
GM-CSG for prophylaxis of infection after allogeneic transplantation was more effective 
than G-CSF alone in decreasing 100-day cumulative-, transplantation- and infection-related 
mortalities. Further studies to assess the use and efficacy of CSFs in the treatment of invasive 
fungal infections are needed.

4.2. Pro-inflammatory cytokines

Several studies demonstrate that immunomodulation with a variety of cytokines can enhance 
the antifungal activity of neutrophils and monocytes/macrophages as well as upregulation of 
protective Th1 immune response [93, 94]. Of these, interferon-γ (IFN-γ) produced by T and 
NK cells is a key cytokine in both the innate and adaptive immune response against invasive 
fungal infections, for which there are randomized controlled clinical trials [95, 96].

IFN-γ, in vitro, effectively primed neutrophils and mononuclear cells for enhanced fungal 
damage against A. fumigatus, Fusarium solani and C. albicans, as well as the stimulation of other 
cytokines [97]. In experimental animal models of fungal infections, IFN-γ had efficacy in a 
systemic cryptococcosis infection in mice, especially in combination with amphotericin B [98], 
and enhances host resistance against acute disseminated C. albicans in mice [99] and in murine 
invasive models of aspergillosis [100, 101]. However, inconsistent results were observed in a 
murine model of candidiasis when different strains of mice were used [102].
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In a phase II, double-blind, placebo-controlled study, Pappas et al. [96] evaluated the safety 
and antifungal activity of adjuvant therapy with recombinant IFN-γ in patients with AIDS 
and acute cryptococcal meningitis. The results suggested that recombinant IFN-γ induces a 
more rapid sterilization of the cerebrospinal fluid and better clinical outcome. Similar results 
were observed in a randomized controlled trial conducted by Jarvis et al. [95]. The addition of 
short course IFN-γ (100 or 200 µg) to conventional antifungal therapy significantly increased 
the rate of negative cerebrospinal fluid culture. Guidelines for management of cryptococcal 
disease suggest that the adjunctive immunological therapy with recombinant IFN-γ can be 
considered for refractory cases [103].

The adjunctive immunotherapy with recombinant IFN-γ partially restored cell-mediated immu-
nity and enhanced antifungal immunity in a prospective case series describing eight patients 
with invasive Candida or Aspergillus infections [104]. Other case reports have described the suc-
cessful treatment of invasive aspergillosis with the combination of IFN-γ and antifungal therapy 
[105–108]. Adjunctive therapy with interferon-γ, GM-CSF or G-CSF showed good functional 
outcome in a case of Scedosporium apiospermum otomastoiditis and in a case of Mucor sinusitis 
and orbital cellulitis refractories to treatment with conventional antifungals [109]. However, for 
invasive mold infections, more data and randomized controlled clinical trials are needed.

IFN-γ, in combination with antimicrobials drugs, is currently recommended in prophylaxis 
of patients with chronic granulomatous disease (CGD), a population for which invasive fila-
mentous fungal infections are a persistent problem [108, 110].

IL-12, IL-15 and TNF-α are other pro-inflammatory cytokines that have been assessed in pre-
clinical trials as candidate adjuvant since they also upregulate the antifungal Th1 response 
[94]. IL-12 plays an obligatory role for the development of a Th1 response to Candida [111] 
and Cryptococcus neoformans [112], enhances the antifungal capacity of monocytes against  
A. fumigatus in vitro and has also been explored in immunotherapeutic proposals for various 
animal models of cryptococcal infections [113]. IL-12 gene therapy enhanced the host response 
against experimental coccidioidomycosis [114] and accelerated the clearance of infection in a 
murine Pneumocystis pneumonia model [115]. However, the use of IL-12 as immune enhancer 
remains controversial because this cytokine may paradoxically increase the susceptibility of 
the host to fungal pathogens [116, 117].

IL-15 is involved in the innate immunity against fungal infections and, similarly like IL-12, 
enhances the antifungal activity of granulocyte or monocyte cells against C. albicans, A. fumig-
atus, Fusarium spp. and Scedosporium spp. [118–121]. Although IL-15 has been potential as 
a new therapeutic option against invasive fungal infections, more information from future 
preclinical and clinical trials is needed.

TNF-α is necessary for the development of effective immunity to fungal infections [94], 
enhancing the activity of granulocyte cells against A. fumigatus, C. albicans and Cryptococcus 
neoformans [93, 122–124]. In a murine invasive pulmonary aspergillosis model, antibody-
mediated neutralization of TNF-α increases mortality, whereas the intratracheal administra-
tion of a TNF-α agonist peptide improved survival [100]. Additionally, stimulatory/protective 
effect of TNF-α is also described against cryptococcal infections [113].
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4.3. Other cytokines

Several other cytokines have been shown to be involved in the immune process during 
fungal infections and may be targets for future immunotherapy proposals. Gresnigt et al. 
[125] described the biological relevance of IL-36 in a pathway involved in the induction of 
Th responses by A. fumigatus. Nlrp3, Asc and caspase-1 mediated Paracoccidioides brasilien-
sis-induced IL-18, and the activation of the inflammasome is associated with a strong Th1-
mediated immune response and, consequently, host antifungal defense against Paracoccidioides 
brasiliensis [126]. IL-7 is potent immunotherapeutic that acts at multiple levels to improve host 
immunity. In mice infected intravenously with C. albicans, the treatment with IL-7 weakened 
the infection and improved the host survival rates [127]. IL-18 contributes to host defense 
against Cryptococcus neoformans and Paracoccidioides brasiliensis [126, 128].

5. Antibody-based therapy

Antibodies or immunoglobulins are heterodimeric proteins composed of two heavy and two 
light chains, which are associated with the specific humoral immunity and primary defense 
against several infectious diseases [129–132]. The protective potential of antibodies produced 
during fungal infections can be accomplished by indirect and direct mechanisms and can vary 
depending on certain factors, such as the isotype, subisotype and title of antibodies and major 
histocompatibility complex background of the host [132, 133].

The interest in the potential benefit of antibody-based therapy for invasive fungal infections 
starts with Dromer et al. [134] describing that the intraperitoneal administration of a monoclo-
nal IgG1 anti-Cryptococcus neoformans antibody could be used as a passive serotherapy, partic-
ipating in the prevention or treatment of experimental cryptococcosis and with Gigliotti and 
Hughes [135] describing that the use of the monoclonal antibody (mAb) M5E312 was capable 
of hindering the development of an experimental murine Pneumocystis carinii infection.

Efungumab (Mycograb®) and the 18B7 (mAb) are two examples of antifungal mAbs evaluated 
in clinical trials. 18B7 mAb is a murine IgG1 that demonstrated acceptable safety in a phase 
I dose-escalation study in subjects with treated cryptococcal meningitis [136], but efficacy 
data for this therapy have not been generated. However, as reviewed by Larsen et al. [136], 
the administration of mAb against C. neoformans capsular polysaccharide to infected mice 
prolonged survival, reduced tissue burden, enhanced granuloma formation and enhanced 
antifungal activity of amphotericin B, fluconazole and flucytosine. These data support the 
continued investigation of this mAb.

Efungumab (Mycograb®) is a human genetically recombinant antibody that binds to the 
Candida heat-shock protein 90 (HSP90), preventing a conformational change needed for fun-
gal viability [137]. Mycograb® showed protective activity against several Candida species and 
synergized with antifungal drugs when evaluated in vitro and in preclinical studies [138–140]. 
In a clinical trial, the treatment with lipid-associated amphotericin B in combination with 
Mycograb® produced significant clinical improvement in outcome for patients with invasive 
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candidiasis [141] when compared with the lipid-associated amphotericin B monotherapy. 
However, due to production difficulties, safety and quality issues, the drug was refused to 
grant marketing authorization.

Another immunoglobulin-based strategy was the production of anti-idiotypic monoclonal 
antibodies [142]. These mAbs that specifically reacting with killer toxins (KT) from Pichia ano-
mala and Williopsis mrakii have broad antimicrobial spectrum and demonstrated in vitro simi-
lar activity to polymorphonuclear neutrophils against the hyphae and germinated conidia 
of A. fumigatus and in vivo protected immunocompromised mice with invasive aspergillosis 
from infection [143]. Similar results were observed against C. albicans in vitro and in vaginal 
and systemic murine models of candidiasis [144, 145].

Radioimmunotherapy uses the interactions between a fungal antigen and antibodies labeled 
with radionuclides to deliver cytocidal amounts of ionizing radiation to the specific target 
[146]. The advantages attributed to this immunotherapeutic method over standard antifungal 
therapy include: (a) it completely destroys the target cell by lethal radiation, delivers without 
the need of interaction with specific metabolism of the pathogen; (b) it is less subject to drug 
resistance mechanisms and does not suffer the drug-drug interactions that can be observed 
with some antifungals and others drugs; (c) it may permit single or a limited number of doses 
for the treatment of fungal diseases in contrast to weeks, months or years required to combat 
certain mycoses with antifungal drugs; (d) mAbs can be radiolabeled to bind antigens shared 
by many pathogenic fungi, such as heat-shock protein 60, β-(1,3)-glucan, ceramide and mela-
nin [146–148].

Protection against experimental Cryptococcus neoformans and Histoplasma capsulatum infec-
tions was described using the radioimmunotherapy, whose mechanisms include killing 
of microorganism cells by “direct hit” and “cross-fire” effects, promotion of apoptosis-like 
death, cooperation with macrophages and modulation of the inflammatory response [149, 
150]. The effects of this therapy on bystander mammalian cells demonstrated minimal effects 
on host cells [151]. Reviews conducted to discuss the efficacy, toxicity, radiation resistance, 
radiobiological mechanisms and comparison with standard antifungal treatments [152] and 
the possibility of developing “panantibodies” for a universal treatment of the fungal diseases 
[148] suggest that this immunotherapeutic modality is a promising alternative for the treat-
ment of invasive fungal infections.

Antibodies like anti-β-glucans demonstrated protection against A. fumigatus, C. albicans and 
Cryptococcus neoformans [153–155]. Similarly, anti-melanin antibodies inhibit the growth and 
protection against C. neoformans and Fonsecaea pedrosoi and potential cross-resistance against 
various other fungi [156, 157].

Although most studies evaluate the antibodies that neutralize or kill the fungal pathogens 
[132], is growing the interest in the development of antibodies that can modulate the immune 
system and bring benefits to the host. For instance, through different immunomodulatory 
processes, 3B4 antibody protected mice from C. albicans-induced death in passive immuni-
zation [158], an agonist antibody CD40 prolonged the survival time of mice infected with 
Cryptococcus neoformans [159], anti-CD25 treatment decreased disease severity in the pro-
gressive and regressive forms of paracoccidioidomycosis [160], anti-PD-1 and anti-PD-L1 
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mAbs improved survival in fungal sepsis by C. albicans [161] and anti-CD3 antibody rapidly 
reversed the pathologic immune response caused by Pneumocystis carinii in a murine model 
of pneumonia [162].

6. Antifungal vaccines

The evaluation of antifungal vaccines has a great interest, but their development is challeng-
ing [10]. Antifungal vaccines are becoming a need in clinical settings, principally of immu-
nocompromised and debilitated patients who are more prone to develop aggressive fungal 
infections. However, its use is limited by the weak immune response of these patients to 
respond vigorously to vaccination [163]. In this way, researchers made considerable progress 
in the last years, leading to more specific and well-characterized vaccines. Indeed, many anti-
fungal vaccine candidates had been reported, and some have undergone preclinical evalua-
tion and at least two are on the phase I clinical trials [164].

Studies on vaccination against fungal infections are conducted with whole-cell inactivated, 
live or attenuated fungi, cell wall subunits and the transfer of passive or adoptive immunity 
[165]. Usually, whole-cell inactivated vaccines are poorly immunogenic and have the disad-
vantage of having a complex chemical composition making it difficult to standardize [163]. In 
contrast, live virulence-attenuated vaccines are the best immunogens to achieve protection, 
but are unsafe in immunocompromised or otherwise debilitated patients, and even attenu-
ated microorganisms can sometime cause disease in this subset [165]. In this way, subunit 
vaccines could be the best choice with regard to standardization and safety, but it lacks the 
natural adjuvant properties of whole-cell or live vaccines and usually needed an adjuvant to 
increase immunogenicity [10]. In animal models, the use of adjuvants is not a problem, since 
various adjuvants, such as Freund and aluminum hydroxide among others, have been very 
useful, but in humans, there is a scarcity of good adjuvants suitable for use in clinical practice 
[165]. Several adjuvants have been tested in recent years like the use of liposomes, virosomes, 
fungal immunogenic moieties and other bioengineered preparations and have proven useful 
[165, 166].

Protective immunity triggered by vaccination depends on both T-cell responses, particu-
larly Th1 and/or Th17, and antibody responses which in turn are dependent on the kind of 
immunogens delivered to immune system [165]. A study conducted with a hyphal sonicate 
of A. fumigatus administered subcutaneously in corticosteroid immunosuppressed mice dem-
onstrated that it was capable of conferring protection against invasive pulmonary aspergil-
losis [167]. Several studies have been conducted using the culture hypha filtrate, sonicated 
or vortexed hypha and demonstrated some degree of protection [168–171]. PitiumVac®, a 
licensed immunotherapy to treat equine pythiosis in Brazil, is an example of the use of dis-
rupted hyphae, and its use reaches a cure rate of 70–80% [172, 173]. Despite the good curative 
properties of PitiumVac®, it does not present protective activity [174].

Various investigations have reported that heat-killed yeasts (HKY) of Saccharomyces cerevi-
siae given subcutaneously in mice are protective against fungi from five genera: Aspergillus, 
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Coccidioides, Cryptococcus, Candida and Rhizopus [175–179]. Analysis of the underlying immune 
responses associated with HKY-induced protection of the host suggested that HKY vaccina-
tion induces significant and specific Th1 response and antibodies to glucan and mannan [180]. 
The components of HKY responsible for the cross-protective response against these infections 
are not known, but several homologous proteins and key cell wall glycan components shared 
among fungi have been described [177, 181, 182]. These results in combination with studies 
that demonstrated the safety of yeast-based vaccines in humans are suggestive that a pan-
fungal yeast-based vaccine is possible [178, 183].

A recombinant live attenuated strain of Blastomyces dermatitidis null for the adhesion BAD1 
(identified as a virulence factor) given subcutaneously as a vaccine protects mice from a lethal 
blastomycosis infection, and a Th1 response was linked with vaccine-induced resistance 
[184]. A study about safety, toxicity and immunogenicity of this vaccine in dogs proved to 
be save, well tolerated and the cytokine profile observed belonging to Th1 response (INF-γ, 
TNF-α and GM-CSF) [185]. Subsequent study, with this same vaccine, demonstrated that a 
Th1 response is dispensable and that Th17 cells are sufficient for vaccine-induced protection 
against a lethal pulmonary blastomycosis in mice [23]. Indeed, other two different live attenu-
ated vaccines prepared with strains of Histoplasma capsulatum and Coccidiodes posodassi were 
tested and were found to protect mice from these endemic mycoses by a mechanism depen-
dent upon Th17 cells [23, 186]. Another experimental live attenuated vaccine has been tested 
against hematogenously disseminated candidiasis, and it is based on a genetically engineered 
C. albicans tet-NRG1. Under certain conditions, this strain remains in the yeast phase and is 
nonpathogenic when administered to mice as a vaccine and resulted in substantial protection 
from virulent strain [187].

7. Fungal antigens

Components from fungal cell are able to modulate the Th response, particularly the mol-
ecules from their cell wall components, notably carbohydrates and glycoproteins, which are 
related to the induction of a Th1 and/or Th17 responses [12, 188]. These carbohydrates include 
β-glucans (β-1,3-linked polymers of glucose with β-1,6 branches), chitin (homopolymer of 
N-acetylglucosamine) and mannans (mannose chains of varying lengths and configurations 
added to fungal proteins through N- or O-linkages) [16]. In addition, some fungal proteins 
appear to activate monocytes and can be used as adjuvants in specific immunotherapy.

Fungal β-glucans activity has been researched for over 50 years with the focus principally 
on the glucans from yeasts (S. cerevisiae) and mushrooms (Lentinan edodes, Schizophyllun com-
mune and Ganoderma lucidum) [189, 190]. Most of the fungal β-glucans markedly stimulate 
the immune system, and they are considered as biological response modifiers with pro-
nounced immunomodulating activity against infectious disease and cancer [191]. Different 
immunological pathways have been related to the biological activities of β-glucans, as well 
as improvement in phagocytosis and proliferative activities of professional phagocytes (i.e., 
granulocytes, monocytes, macrophages and dendritic cells), T and NK cells stimulation, and 
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activation of the alternative pathway of complement [192]. In mammals, β-glucans are recog-
nized by dectin-1 and complement receptor 3 (CR3), and its preparations derived from fungi 
have a record of safety in both preclinical and human trials [193, 194].

Torosantucci et al. [154] were the first to link the use of a β-glucan and the induction of pro-
tective antibodies against different fungal infections. In their study was used the algal glucan 
laminarin conjugated with the diphtheria toxoid CRM197 for mice immunization that showed 
the ability of this glycoconjugate vaccine to confer protection against both lethal infections 
of C. albicans and A. fumigatus. This ability of a nonfungal β-glucan to induce specific anti 
β-glucan antibodies against two different pathogenic fungi highlights the possibility of the 
development of a single vaccine protecting against different fungal infections [195, 196]. This 
β-glucan CRM197 conjugated vaccine is in preclinical phase of development for aspergillosis, 
candidiasis and cryptococcosis [197]. Recent works using highly purified particulate β-glucan 
from S. cerevisiae alone or conjugated with bovine serum albumin (BSA) demonstrated the 
pluripotent activity of this vaccine in protection against experimental aspergillosis and coc-
cidioidomycosis [198, 199]. Once β-glucans are highly conserved molecules, common to many 
fungi and that are able to induce protective antibodies, this implies that β-glucan would be 
an important vaccine component. Therefore, all these findings provide the basis for the future 
development of a pan-fungal conjugate vaccine [197].

Mannans, another carbohydrate from the fungal cell wall, have been implicated a long time 
ago with the host protective response against candidiasis [200]. Pioneering studies demon-
strated that a vaccine containing a liposome-encapsulated mannan from C. albicans was pro-
tective in disseminated candidiasis in mice and that the specific antibodies produced were at 
least partly responsible for the protection with a β-1,2-linked mannotriose being the active 
epitope [201, 202]. Liposomal encapsulation was required because the extract alone was 
poorly immunogenic, and in an attempt to improve this formulation, new studies were made 
by conjugating mannan extract to protein (BSA) [203, 204]. This same C. albicans mannan 
conjugated to BSA presented cross-protective activity against systemic murine aspergillosis 
[205]. A study with S. cerevisiae mannan demonstrated the change of a T-cell-independent 
response when the polysaccharide was administered alone for a T-cell-dependent response 
when it was conjugated to human serum albumin (HSA). This study was conducted in mice 
and showed the increase in specific IgG isotype antibodies, mainly Th1 associated (IgG2a and 
IgG2b), making it a vaccine candidate for preventive immunomodulation treatment [206].  
A synthetic β-mannan trisaccharide conjugated to different peptides found in C. albicans cell 
wall proteins was demonstrated to induce protective immunity in mice against candidiasis 
[55]. A tricomponent conjugate vaccine that associated the β-mannan trisaccharide, tetanus 
toxoid and laminarin was capable to promote multiple immune pathways leading to DC acti-
vation, induction of Th17 response and a potent immunization [207].

Glucuronoxylomannan (GXM), the major capsular polysaccharide of Cryptococcus neoformans, 
exerts many immunoregulatory effects, and in humans, the development of anticapsular anti-
bodies is correlated with improved prognosis [208]. Conjugated vaccines of GXM-tetanus 
toxoid elicit protective antibodies in mice [209, 210], although deleterious antibodies can also 
be induced [211, 212]. This contradictory effect (protective v deleterious antibodies) can be 
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avoided using GXM epitopes that elicit only protective antibodies, and it was observed cou-
pling a derived GXM heptasaccharide to a protein carrier [212] and this vaccine is in phase 
I clinical trial [197]. The mimotope-based immunization can elicit an antibody response to a 
protective epitope on the native antigen [213]. The GXM peptide mimotope P13 conjugated 
to a protein carrier has demonstrated its effectiveness in prolonging survival of mice after a 
lethal challenge with C. neoformans, and the protection was associated with a reduction of 
serum levels of GXM and the production of antibodies to GXM [214–216].

Once carbohydrates are known to produce T-cell-independent immune responses with a 
poor-quality antibody response, the conjugation with immunogenic protein carriers is a strat-
egy to overcome this poor immunogenicity [217, 218]. Immunization with glycoconjugated 
vaccines elicit T cell help for B cells that produce IgG antibodies and can induce memory B-cell 
development and T-cell memory [219]. The main carrier proteins used in licensed conjugate 
vaccines are the enzymatically inactive and nontoxic variant of diphtheria toxin (CRM197), 
diphtheria toxoid (DT) and tetanus toxoid (TT) [220, 221].

On the other hand, protein antigens are highly immunogenic, elicit a strong T-cell response 
and are biochemically defined, which facilitate the large-scale production of recombinant pro-
teins [222]. Indeed, two vaccines based on recombinant proteins of C. albicans are under phase 
I clinical trials [165]. The first vaccine is based on a recombinant N-terminus of the candida 
adhesion, Als3p (rAls3p-N) with alum as adjuvant, and elicits Th1 and Th17 cells [223]. The 
target of this vaccine included systemic and mucosal candidiasis, and the study in human 
subjects has been performed by NovaDigm Therapeutics [224]. Data from safety and immu-
nogenicity have been posted on the web (www.novadigm.net). The second vaccine is based 
on the recombinant secretory aspartyl proteinase2, Sap2 [225] and appears to confer protec-
tion by Sap-neutralizing antibodies. This active vaccine, named PEV7, is targeted to prevent 
recurrent vulvovaginitis and is being developed by Pevion Biotech. Initial report about safety 
and immunogenicity profile of PEV7 in women is strongly encouraging (www.pevion.com).

Protein and glycoprotein from different pathogenic fungi have been studied, and particularly, 
heat-shock proteins (HSPs) represent an attractive candidate due to their association with 
both innate and adaptive immunity [226, 227]. Immunization with HSPs from Paracoccidioides 
brasiliensis has been shown to provide some degree of protection against experimental disease 
[228, 229]. Protective immune response has been also observed with native or recombinant 
(r) HSP60 from Histoplasma capsulatum, and rHSP60 reduced fungal burden and improved 
survival in experimental pulmonary histoplasmosis [230, 231]. Immunization with whole gly-
coprotein gp43 from P. brasiliensis demonstrated a dual response, inducing Th1 and Th2 cells, 
whereas the P10 (15-mer peptide derived from gp43) elicited Th1 response that protected 
mice from experimental paracoccidioidomycosis [232].

Summarizing all these studies with several pathogenic fungi has shown that antibodies 
against cell surface molecules could be implicated in the protective response to infection. The 
goal is to identify which molecules or epitopes are able to produce only protective antibod-
ies and not those isotypes that inhibit host defenses or exert a negative effect on immunity. 
Despite a growing medical need and all efforts made by researchers, there is still no approved 
vaccine against any fungal disease.
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8. Conclusion

Breakthroughs in our understanding of how homeostasis is established, maintained or dis-
rupted during fungal exposure and/or colonization should help to guide the development of 
new therapeutics that target specific inflammatory or metabolic end points. For example, lim-
iting inflammation—through PRR agonism or antagonism—to stimulate a protective immune 
response to fungi should pave the way for the rational design of novel immunomodulatory 
therapies.
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Abstract

Dialyzable leukocyte extracts (DLE) are complexes consisting of a large number of low 
molecular weight substances. These extracts possess immunomodulatory properties, 
which are mainly attributed to small peptides with molecular weight of 3.5–6.0 kDa 
called “transfer factor.” This chapter reviews the nature and immunological charac-
teristics of DLE containing transfer factor (TF), their mechanism of action and the pos-
sible uses as immunomodulators in human and veterinary medicine. A main advantage 
of TF-preparations as immunotherapeutic agents is that they induce a rapid immune 
response against the pathogen (within 24 h) and thereby reduce the time for the patient 
immune response by 9–13 days. The low level of difficulty of the process of obtaining 
protocols determines their relatively low cost and the possibility to combine them with 
other therapeutic agents during treatment makes them subject to medical applications in 
the future, including against some new diseases.

Keywords: animal models, cytokines, chromatography, diseases, dialyzable leukocyte 
extract, lymphocytes, transfer factor, ultrafiltration

1. Introduction

The immune system is extremely effective when it protects the organism from foreign 
(or own, but modified) genetic substances. However, some antigens that trigger the immune 
 system—microbial or cancer cells, have devised a number of techniques to avoid the immune 
reaction. This means that the immune system constantly adapts to new attacks and eliminates 
the antigens by identifying each cell.

Autoimmune diseases occur when the recognition process of cells breaks down, resulting in 
the destruction of healthy cells and tissues. That is, when the immune system is essentially 
“popular up,” which can be difficult to treat.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



This requires the search for new approaches to immunotherapy of infectious, oncological and 
autoimmune diseases. In the recent years, preparations, called “dialyzable leukocyte extracts” 
(DLE), were introduced to immunotherapy.

The dialyzable leukocyte extracts are complexes that are built up by approximately 200 
 substances that have low molecular weight [1–3]. DLE have immunomodulatory properties, 
which are due to small peptides—the “transfer factor” (TF). The rest of the components in 
the extracts have different biochemical and immunological properties and contribute to the 
immunomodulatory effect carried by TF.

In 1955, Dr. H. Sherwood Lawrence defined the transfer factor stating that cell-mediated 
immune response to antigens (allergens) can be passively transferred by DLE of viable human 
leucocytes from a donor of immunity to a naïve recipient [4]. He prepared an intracellular 
extract from circulating leucocytes of patients who had been exposed to tuberculosis (TB) 
and then injected the leukocyte extract into non-exposed to TB volunteer patients. Using a 
delayed type hypersensitivity test, Dr. Lawrence demonstrated that the immune system of 
non-exposed to TB patients treated with leukocyte extract can recognize TB and response 
to it, as if has already fought it. Therefore, the immune response to a certain antigen can be 
“transferred” from one person to another using a leukocyte extract. The transfer factor can 
instruct the immune system to do several different things, thereby influencing immunity via 
different paths and can come in three different sizes. Thus, the induction of a number of dif-
ferent effects on the immune system released by leukocyte extracts implies the presence of 
more than one active factor in it, and there seem to be multiple factors involved in transfer-
ring immunity [5]. One activity is the presence of the inducer and helper functions (the so-
called inducer factor and antigen-specific factor). An additional activity is the presence of the 
 suppressory (regulatory) function (the so-called suppressor factor) [6].

Later on, it was found that the transfer of immunity by leukocyte derivatives is also possible 
from one species to another. This universal ability makes it possible to get the TF-preparations 
from a species which is different to the recipient species.

The discovery of this phenomenon gave new opportunities in the field of medicine. Since cell-
mediated immunity (CMI) is crucial for controlling infections, as well as cancer, autoimmune 
diseases, immunodeficiencies and allergies, the transfer factor can be used in the treatment of 
these cases [1, 3, 7–10].

The author will review the nature and immunological characteristics of DLE-containing TF, 
their mechanism of action and the possible uses as immunomodulators in human and veteri-
nary medicine.

2. Composition, physicochemical and biochemical properties of DLE

Transfer factor, the main component of the DLE, has a molecular weight of 3.5–6.0 kDa. 
It consists of small peptides and oligoribonucleotides [3]. The ribonucleotide is attached to 
the amino terminus of the peptide. The specific activity of TF is due to the peptides weighing 
5.0 kDa [11].

Immunotherapy - Myths, Reality, Ideas, Future326



This requires the search for new approaches to immunotherapy of infectious, oncological and 
autoimmune diseases. In the recent years, preparations, called “dialyzable leukocyte extracts” 
(DLE), were introduced to immunotherapy.

The dialyzable leukocyte extracts are complexes that are built up by approximately 200 
 substances that have low molecular weight [1–3]. DLE have immunomodulatory properties, 
which are due to small peptides—the “transfer factor” (TF). The rest of the components in 
the extracts have different biochemical and immunological properties and contribute to the 
immunomodulatory effect carried by TF.

In 1955, Dr. H. Sherwood Lawrence defined the transfer factor stating that cell-mediated 
immune response to antigens (allergens) can be passively transferred by DLE of viable human 
leucocytes from a donor of immunity to a naïve recipient [4]. He prepared an intracellular 
extract from circulating leucocytes of patients who had been exposed to tuberculosis (TB) 
and then injected the leukocyte extract into non-exposed to TB volunteer patients. Using a 
delayed type hypersensitivity test, Dr. Lawrence demonstrated that the immune system of 
non-exposed to TB patients treated with leukocyte extract can recognize TB and response 
to it, as if has already fought it. Therefore, the immune response to a certain antigen can be 
“transferred” from one person to another using a leukocyte extract. The transfer factor can 
instruct the immune system to do several different things, thereby influencing immunity via 
different paths and can come in three different sizes. Thus, the induction of a number of dif-
ferent effects on the immune system released by leukocyte extracts implies the presence of 
more than one active factor in it, and there seem to be multiple factors involved in transfer-
ring immunity [5]. One activity is the presence of the inducer and helper functions (the so-
called inducer factor and antigen-specific factor). An additional activity is the presence of the 
 suppressory (regulatory) function (the so-called suppressor factor) [6].

Later on, it was found that the transfer of immunity by leukocyte derivatives is also possible 
from one species to another. This universal ability makes it possible to get the TF-preparations 
from a species which is different to the recipient species.

The discovery of this phenomenon gave new opportunities in the field of medicine. Since cell-
mediated immunity (CMI) is crucial for controlling infections, as well as cancer, autoimmune 
diseases, immunodeficiencies and allergies, the transfer factor can be used in the treatment of 
these cases [1, 3, 7–10].

The author will review the nature and immunological characteristics of DLE-containing TF, 
their mechanism of action and the possible uses as immunomodulators in human and veteri-
nary medicine.

2. Composition, physicochemical and biochemical properties of DLE

Transfer factor, the main component of the DLE, has a molecular weight of 3.5–6.0 kDa. 
It consists of small peptides and oligoribonucleotides [3]. The ribonucleotide is attached to 
the amino terminus of the peptide. The specific activity of TF is due to the peptides weighing 
5.0 kDa [11].

Immunotherapy - Myths, Reality, Ideas, Future326

Transfer factor peptides have the same amino acid sequence, regardless of their origin and 
species belonging. In 2000, while analyzing the peptide partial sequences of transfer factors, 
Kirkpatrick [12] found a novel amino acid consensus sequence LLYAQDL/VEDN, which is 
found in each of the analyzed TF-preparations. This novel sequence binds with high affinity 
to specific receptors of target cells (the so-called TF receptors). However, tyrosine and gly-
cine are always more concentrated in TF [9]. The N-terminal region of these peptides is very 
 similar to some neuropeptides, such as the enkephalins [13].

Apart from transfer factor, the extracts also contain cyclic nucleotides, ascorbate, prostaglan-
dins, histamine, serotonin, nicotinamide and some amino acids and purine bases [14]. DLE 
preparations are transparent, pyrogen-free, light yellow fluids, with pH 5.5–7.0 or lower 
(pH 5.6–6.8) depending on the method of obtaining [2, 10, 15]. The ratio OD260/OD280 (absor-
bance index, which represents the ratio of nucleotides to peptides) of the extracts ranges 
from 1.8 to 3.0 depending on the method of preparation [15–18]. The index values show that 
nucleotides are relatively predominant over peptides. The osmolarity of DLE preparation 
was measured by Grob et al. [15] and has a value of 520 ± 90 mOsm/L.

TF is resistant to treatment with DNase, pancreatic RNase and trypsin, but cannot withstand 
snake venom phosphodiesterase. It is stable in conditions of deep freezing, but it is not over 
certain temperatures. In particular, DLE preparations are biologically active for several years 
when kept at temperatures ranging between −20°C and −70°C. The fact that the double-
stranded nucleic acid can melt determines TF’s heat sensitivity [10]. As it is a low molecu-
lar weight mixture, the dialyzable leukocyte extracts are not immunogenic and contain no 
 histocompatibility antigens [3, 10].

3. Mechanism of action and immunological properties of the 
transfer factor

The transfer factor is produced by CD4+Th1 cells during the immune response to an antigen. 
Its biological activity includes different, sometimes opposite effects. Transfer factor contains 
the following constituents: inducer, antigen-specific and suppressor factors [6, 10].

The inducer factor sets the immune system in a state of readiness by sending a specific sig-
nal to the cells. When nonimmune leukocyte populations are cultured with inducer factor, 
they acquire the capacity to respond to a specific antigen [6]. It enhances the antigenic stimu-
lus, which causes the production of interferon gamma (IFN-γ), interleukin (IL)-2 and tumor 
necrosis factor alpha (TNF-α) by CD4+Th1 cells. As a consequence, cell-mediated immune 
response develops against the target antigen [10] and it includes interleukins (Il-6 and Il-8) 
formed by activated monocytes [19, 20].

The regulation of the production of TNF-α, Il-6 and Il-8 is associated with effects on toll-
like receptors (TLR2 and TLR4) expression and nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-κB) and cyclic adenosine monophosphate activities [19]. Subsequently, 
however, the role of the ligands for TLR4 as regulators of the production of these cytokines 
was excluded [21, 22].
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The antigen-specific components help the immune system to identify the antigens by using a 
variety of tags that identify them. They are informational molecules that are involved in the 
immune recognition of antigens that have penetrated the organisms and are also included in 
the formation of the immune memory.

When immune leukocyte populations are cultured with suppressor factor, their response to a 
specific antigen is blocked [6]. The suppressor factor maintains the balance in the immune sys-
tem, preventing its overactivity in the absence of any new threats to the body. This helps to con-
trol the autoimmune diseases and to improve the adaptability of the immune system. In general, 
the mechanism of action of the suppressor factor can be defined as a catalytic immune response. 
Suppressor fractions are involved in the regulation and weakening of the immune response to 
the antigen by stimulating the formation of IL-10 and inhibiting cytokines by Th2 cells [6, 10, 23]. 
According to Burger et al. [23], а component of TF (fraction IV from exclusion chromatography 
on Sephadex G-25) possess immunosuppressive activity. This component was identified as nico-
tinamide. In our study on the immunological activity of rabbit DLE, we found that suppressor 
ingredients of the extract have different molecular masses (in peaks I, II, III, V and VI)—Figure 1.

In the dialyzable leukocyte extracts, molecules with adjuvant-like activity can also be iden-
tified. This component of DLE possesses a nonspecific activity expressed by enhancing the 
immune response to other antigens or allergens [24]. These fractions are with molecular weight 
<3.5 kDa and cause two types of immune response: (1) amplification of the response to antigens 
to which the donor has preexisting immunity and (2) the induction of inflammatory response 
histologically resembling delayed hypersensitivity in the absence of an added antigen. The 
substances mediating these responses could be divided into unique components by the use of a 
long (1 × 150 cm) G-10 column or by hydroxylapatite chromatography. We found fractions with 
adjuvant-like activity in rabbit DLE in peak IV in gel filtration Sephadex G-25 (Figure 1) [25].

Figure 1. Elution profile of DLE, obtained from rabbit lymph nodes and spleen after gel-filtration through Sephadex 
G-25 (column 2.6/70). Liquid chromatography system Pharmacia. The fraction with adjuvant-like activity is marked with 
⊕ and suppressor fractions are marked with ⊖ [25].
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Fractions with hematopoietic activity can also be detected in the extracts [26] as well as with 
in vitro antibacterial activity [27].

In vivo, DLE enhanced recovery of the pool of granulocyte-macrophage hemopoietic pro-
genitor cells (GM-CFC) in the bone marrow of normal or sublethally irradiated mice and 
increased survival of mice exposed to a lethal radiation dose. In vitro, sera of mice treated 
with DLE-induced GM-CFC colony formation in cultures of normal mouse bone marrow 
cells, i.e., produced colony-stimulating activity (CSA) [26].

Low molecular weight fraction of bovine DLE (below 3.5 kDa, the so-called fraction S) has bac-
tericidal and bacteriostatic activity in vitro against pathogenic bacterial strains Staphylococcus 
aureus, Streptococcus pyogenes, Lysteria monocytogenes, Escherichia coli, Pseudomonas aeruginosa 
and Salmonella typhi. These results showed a remarkable in vitro antibacterial property of 
bovine DLE against several pathogenic bacteria [27].

DLE regulate the expression of the hBD-2 and LL-37 genes [28]. Since the two peptides (hBD-2 
and LL-37) have antibacterial action, DLE play a major role in the innate immune defense 
against invasive bacterial infections and inflammations. The probability that a microorganism 
shows resistance to these peptides is much lower than presented by antibiotics. However, 
these peptides have the ability to immunoregulate the acquired immune response, thus pro-
motes inflammation without an eye injury.

Furthermore, the lymphocytes of a naïve recipient can serve as a replicator of transfer factor. 
This is achieved by integrating the specifics of the injected TF in the recipient lymphocytes, 
which effectively means that the recipient can be seen as a TF donor as well. This phenom-
enon is known as “the black box effect” and allows us to obtain TF-preparations from donors 
which have been infected with an unknown pathogen [29].

Therefore, TF develops CMI in patients who are suffering from immunodeficient infectious 
diseases, as well as in disorder with certain anergies. It is agreed that transfer factor is more 
efficient in educating naïve cells about the approaching danger [10]. It takes its part in the 
whole process of activation of the immune response by controlling and preventing immune 
overreaction and mistargeted reaction in the development of autoimmune diseases.

4. Obtaining transfer factor preparations

TF-preparations may be obtained from animal and human sources by injecting them with 
certain pathogen to produce specific transfer factor [10]. The first TF-preparations were 
obtained in the laboratory of Dr. Lawrence [4] though dialysis of human leukocyte cryoly-
sates. Furthermore, dialysis as a separation method of low-molecular-weight components 
was replaced by ultrafiltration [8, 26, 30]. Membrane filters with a cutoff of <12 kDa are used 
in the procedure. Apart from human leucocytes, TF-preparations are obtained from ultrafil-
trated animal cryolysed leukocytes or lymphoid organs (lymph nodes and spleen) [17, 18, 26, 
31, 32].
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Transfer factor can also be obtained from bird eggs and the method is patented [33]. TF with 
activity against HBV was extracted from egg yolk [34].

Another source of TF is bovine colostrum. A method for extracting TF from colostrum was 
prepared, which currently has very wide application [35]—the reason is that by using a rela-
tively simple procedure, large amounts of TF can be obtained and the donor cows can be 
immunized with different antigens depending on the purpose. TF which has been obtained 
from bovine colostrum is patented as a commercial product (4life TF) [36].

DLE may be further subjected to purification using column chromatography, high-perfor-
mance liquid chromatography [10, 37] and molecular exclusion liquid chromatography [38]. 
Through these procedures not only a better purification of the preparations can be achieved, 
but also different fractions can be isolated. The figure below presents the elution profile of 
DLE after gel-filtration on Sephadex G-25 (Figure 1).

Six peaks were obtained as the active fractions were eluted in peak IV. Some fractions in peaks 
I, II, III, V and VI possess suppressive activity.

5. Application of DLE preparations in human and veterinary medicine

The application of DLE or TF preparations in medicine is based on the influence of transfer 
factor and other components of dialyzable leukocyte extracts on the function of a number of 
components of the immune system and on regulating the synthesis of cytokine. When the 
immune system of an organism interacts with a pathogen, at least one TF is created in every 
instant and this reaction applies to all pathogens [39].

The rapidity of the reaction against pathogens is a strong advantage of TF-preparations as 
therapeutic agents (the response is within 24 h). This is a fraction of the time for a complete 
cell-mediated response of the immune system to a pathogen, which is 10–14 days.

Cancer, heart diseases, Alzheimer’s, rheumatoid arthritis, hepatitis and other major dis-
eases are caused by abnormalities in the formation of the transfer factor in CD4+Th1 
cells. This determines the wide range of possibilities to use TF preparations in the field of 
medicine.

Another possibility of immunotherapy with DLE and TF is the use of the so-called the black 
box effect. There are two ways to use this effect: (a) initially receiving TF from patients recover-
ing from infection with an unknown pathogen that replicate to naïve experimental animals or 
in tissue culture of lymphoblastoid cell line. The immune system of the experimental animals 
and lymphoblastoid cells from the tissue culture function as an effective copier, which can pro-
duce specific transfer factor activity to the unknown pathogen; (b) unidentified pathogen iso-
lated from the tissues of the patient is injected into a naïve experimental animals that produce 
antigen-specific TF. This method has been used for the preparation of the first human immu-
nodeficiency virus (HIV)-specific preparation TF in1983 before it is established viral etiology of 
AIDS [40].
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In our studies in the 1990s, we have received and tested dialyzable leukocyte extracts of blood 
and lymphoid organs of pigs from farms with considerable respiratory and gastrointestinal 
 diseases in newborn and young animals. Given the polyetiological character of these diseases, 
the approach of obtaining DLE through the “black box effect” proved  successful—mortality 
and morbidity of these diseases on the farm that was treated with DLE were  significantly 
reduced.

5.1. Cancer

There are about 100 reports on the effect of TF on cancer, either in patients suffering from 
cancer, or on animal and in vitro models.

Pineda et al. [41] studied the efficacy of TF as immunotherapy to treat experimental glioblas-
toma (brain cancer involving glial cells) in rats. TF was obtained from immunized swine and 
administered at a dose of 4 × 106, 8 × 105 and 1.6 × 105 cells, respectively. The best dose was 
4 × 106 cells. TF was also combined with carmustine for experimental therapy in rats with C6 
malignant glioma. The authors observed that treating rats reduces the size of the tumor and 
increases the CD2+, CD4+, CD8+ and natural killer cell counts. The percentage of apoptotic 
tumor cells and the percentage of tumor tissue expressing Th1 cytokines were also increased. 
The study demonstrated the beneficial effects of using both TF and chemotherapy, this appli-
cation having a synergic effect. Therefore, it is possible to decrease the doses of chemotherapy 
while preserving the same effect of the treatment.

In vitro research has revealed that the ability of lymphocytes to kill cancer cells is aided 
by transfer factor. DNA fragmentation in MCF-7 breast cancer cells can be caused by DLE 
obtained from cattle. These DLE can also induce the cytotoxic effect and suppression of some 
proteins that are associated with apoptosis (TP53, Bag-1, c-Myc, Bax, Bcl-2 and Bad) at the 
level of mRNA expression in MCF-7 breast cancer cells [42]. Bim mRNA expression was not 
detected. The extract did not affect the viability of normal mononuclear cells. The extract 
had dose-dependent cytotoxic effects and demonstrated an IC50 at a dosage of 0.06 U/mL. 
It induced DNA fragmentation in cancer cells at doses of 0.06 and 0.13 U/mL.

Treatments against cancer with TF were performed about 40 years ago. Fudenberg [43] found 
that treatment of patients with osteosarcoma with transfer factor derived from selected 
donors increased cell-mediated cytotoxicity. It appears that treatment with TF can provide 
prophylaxis against metastases when administered to patients without clinically apparent 
metastases at the time of surgical removal of the primary tumor. However, initial results from 
the viewpoint of whether immunotherapy with TF is more effective than chemotherapy were 
unproven and controversial.

When testing a TF preparation (Transferón®) as an adjuvant to chemotherapy in patients 
with osteosarcoma in stages III and IV, Juarez [44] recorded an increase in the number of 
CD3+ CD8+, CD16+ and CD56+ in the blood of the patients. The author also observed that 
the patients that were treated with Transferón® remained at the same stage without any new 
metastatic lesions.
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Pizza et al. [45] conducted a follow-up investigation, ranging from 1 to 9 years. They were 
treated with TF 50 patients with prostate cancer unresponsive to conventional therapy. In 44% 
of them, a beneficial effect was observed (higher survival rates). The investigation showed 
that complete remission was achieved in 2 patients, partial remission in 5.1, and no progres-
sion of metastatic disease in 14. The median survival was 126 weeks, higher than the survival 
rates reported in the literature for patients of the same stage.

Immunotherapy with TF has been tested in lung cancer patients also. The rationale for using 
TF in this type of cancer is that the possibility of improving their cell-mediated immunity to 
tumor associated antigens may improve their survival. Pilotti et al. [46] obtained beneficial 
results regarding the treatment of lung cancer with TF used as an adjuvant. TF was extracted 
from the lymphocytes of blood bank donors. During 11 years, 99 non–small cell lung cancer 
(NSCLC) resected patients were monthly treated with TF. In the same period, 257 NSCLC-
resected patients were considered as non-treated controls. The survival rates of the treated 
patients were significantly improved compared to untreated both for patients in stages 3a and 
3b and patients with histological subtype large cell carcinoma. Survival of treated patients is 
also significantly higher for patients with lymph node involvement (N2 disease). These results 
suggest that the administration of TF to NSCLC resected patients may improve their survival.

Continuing their previous research, Franco-Molina et al. [47] showed that adjuvant immu-
notherapy with bovine dialyzable leukocyte extract (in the form of the preparation 
IMMUNEPOTENT CRP) against lung cancer can cause an immunomodulatory effect. Twenty-
four NSCLC patients were included in the study and divided into two groups. Group 1 received 
a conventional treatment of 5400 cGy external radiotherapy in 28 fractions and chemotherapy 
consisting of intravenous cisplatin 40 mg/m2 delivered weekly for 6 weeks. Group 2 received 
the conventional treatment plus IMMUNEPOTENT CRP (5U) administered daily. The admin-
istration of IMMUNEPOTENT CRP induced immunomodulatory activity—increasing the 
total leukocytes and T-lymphocyte subpopulations CD4+, CD8+, CD16+ and CD56+ and main-
taining DHT) and increased the quality of the patients’ lives, suggesting immunologic pro-
tection against chemotherapeutic side effects in NSCLC patients. These results suggest the 
possibility of using IMMUNEPOTENT CRP alongside radiation and chemotherapy for main-
taining the immune system and increasing the quality of life of the patients.

Therefore, it can be concluded that the TF-preparations, alone or in combination with con-
ventional anticancer treatments can be applied successfully against some types of cancer. 
However, the scope of research on immunotherapeutic effect of the TF should expand to 
include other cancers.

5.2. Human infectious, parasitic and allergic diseases

5.2.1. Viral infections

5.2.1.1. Retroviral infections (AIDS and simian AIDS)

Since CMI plays a major role in the control of AIDS, it is considered that TF preparations can 
be favorable for patients with this disease. DLE can reduce the transcription of HIV-1 and 
inactivate the NF-κB signaling pathway [32].
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The first clinical trial on a TF preparation for AIDS treatment was conducted by Viza et al. [40]. 
Transfer factor was prepared by immunization of mice with leukocytes from an AIDS patient 
and replicated in the LDV/7 cell line. In the study, three patients took TF orally for 3–5 months. 
The results of the treatment were overall clinical improvement and restoration of the skin test 
reactivity of the patients and a slight increase in their CD4+ cell counts.

Similar results were obtained in the treatment of AIDS patients with non-HIV-specific TF 
preparations where DTH was restored [48–50] (as mentioned in Ref. [29]). This is associated 
with the expression of IL-2 receptors of T-lymphocytes [49].

In later research, Pizza et al. treated 25 seropositive patients with mouse-derived HIV-specific 
transfer factor, which was taken orally by the patients for different time periods ranging from 
60 to 1870 days. The results of the treatment were generally favorable; DTH was restored 
to recall antigen and CD4+ cell counts in 11 of the patients and CD8+ cell counts in 15 of 
the patients was increased [51]. Such an increase in CD8+ (as well as an increase in the total 
 leukocyte number and the Il-2 level) in AIDS patients after treatment with HIV-specific TF has 
also been reported by other authors [52].

The cited data indicate that further studies on immunotherapy of HIV infection should be 
focused on stimulating of cellular, rather than the humoral immune response. This is because 
despite of the higher expenses for research, the initial hopes and expectations of obtaining an 
effective anti-HIV vaccine have been dashed for more than 30 years [29].

Both HIV-specific and non-HIV-specific TF preparations can be used as an adjunctive treat-
ment for AIDS. Since the resistance to HIV infection depends on the functional condition 
of the T cytotoxic lymphocytes, transfer factor can make them “instructed” to resist more 
effectively. Recent data support this thesis. Resistance to HIV depends on genes of the HLA 
complex that play a role in the immune recognition of the virus by the T lymphocytes, and the 
presentation of the viral capsid to the CD8+ T cells is crucial in this process [29].

The simian immunodeficiency virus (SIV) infection, producing simian AIDS (SAIDS) in 
macaques, is the most accessible model, and presents similarities to that of HIV.

Thus, SIV-specific TF was used to investigate its effect on experimental infections with SIV 
on macaques model. SIV-specific TF was obtained by Viza et al. [53] from the helper and/or 
the cytotoxic lymphocyte subpopulations, as well as the total lymphocyte population of mice 
immunized with SIV and reproduced in cell culture by the LDV/7 cells. During a 108-day 
observation period, the authors found that several hematological and immunological param-
eters of treated macaques were significantly different from those of the nontreated with TF. 
The CD4/CD8 ratio, as well as the CD4 cells and platelet counts, showed significant variations 
between the treated and the non-treated macaques. The animals treated with TF derived from 
cells enriched with extracts of CD8+ T showed best results.

5.2.1.2. Herpesvirus infections

TF-preparations have been tested on infections with the Herpes simplex virus (HSV), 
Cytomegalovirus (CMV), Varicella zoster, Hodgkin’s lymphoma and Epstein-Barr virus (EBV) 
in order to prove their efficiency against them.
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Khan et al. [54] were the first to treat HSV with specific TF. In 1981, 16 patients suffering from 
recurrent herpes—HSV-1 (cold sores) and HSV-2 (genital) were injected with TF on a weekly 
or monthly basis. The results of this treatment were encouraging—eight patients stopped 
having outbreaks altogether whereas the remaining eight exhibited a significant reduction in 
the frequency of outbreaks.

It was also found that the treatment with TF has led to an increase in the number of T lympho-
cytes; while in approximately half of the patients, it had been reduced prior to the treatment.

The effects of TF against Varicella zoster infections have been clinically studied in many works 
[55–57]. In summary, it has been established that TF serves both as protection and therapy 
against this type of infections. Compared to untreated patients, patients treated with TF show 
an increase of CD4+ cells, the γ-interferon level and the CD4/CD8 ratio. The main advantage 
of TF compared to other antiviral agents is that it induces the production of γ-interferon, 
which is crucial in the treatment of this infection.

In other herpes infections, transfer factor preparations have shown the best effect against the 
CMV infection. The treatment with TF develops a cell mediated immune response against 
CME and disappearance of viremia which leads to dramatic clinical improvements in the 
patients [29].

The treatment with a specific TF preparation may prevent the re-induction of EVB-induced 
diseases, but it has no clinical effect against Hodgkin’s lymphoma [29].

5.2.1.3. Other viral infections

The effect of specific TF preparations has been tested in cases of infections with other viral 
diseases, such as viral hepatitis and the human papilloma virus. After treatment of patients 
with hepatitis B, the biopsy results were encouraging and at the same time, the data were 
 supported by a number of biochemical and immunological indices [58, 59].

Another application of specific TF preparations is their use as an alternative to vaccines against 
newly occurred deadly influenza viruses. This is due to the fact that they can be  produced con-
siderably quickly and because they do not carry the risk of accidents during the production of 
recombinant vaccine strains of influenza viruses in laboratories [29].

5.2.1.4. Mycobacterial infection

These diseases result from the defect or absence of a cell-mediated immune response to myco-
bacteria. Thus, it can be presumed that TF could be beneficial in cases of these infections, 
enhancing the CMI.

Patients who did not respond to conventional therapy were used to trial the effects of TF 
against Mycobacterium tuberculosis. The test was conducted over 40 years ago and the results of 
the treatment included enhanced CMI reactivity and overall improvement of the participants’ 
clinical condition [60]. Later on, Viza et al. [29] proved that the therapeutic effect of TF against 
M. tuberculosis is dose-dependent. Moreover, TF can be used as adjuvant in cases of ganglionic 
and cutaneous tuberculosis resistant to conventional treatments [61].
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The mechanisms of action of TF against M. tuberculosis were studied using the mouse model. 
The specific TF was produced from tuberculous BALB/c mice following intra-tracheal infec-
tion. The treatment with TF leads to restoration of the expression of the Th1 cytokine pattern, 
whereas the increase of delayed type hypersensitivity leads to inhibition of bacterial prolifera-
tion and animal survival [62].

TF preparations against Mycobacterium leprae, Mycobacterium fortuitum pneumonia and 
Mycobacterium xenori were also tested (quote by Viza et al.) [29]. Treatments with TF prepara-
tions to patients suffering from leprosy were performed for a fairly long time (over 40 years). 
Improvement in the condition of patients was achieved, but the results were not convincing.

5.2.1.5. Fungal infection

TF preparations were obtained and tested against chronic mucocutaneous candidiasis, coc-
cidiodomycosis and fungal keratitis.

The treatment showed a positive effect on Candida albicans, increasing the immunological 
reactivity of the treated patients [63].

Graybill et al. [64] treated three patients with progressive coccidioidomycosis. Prolonged 
clinical remission was found in two of them. Comparable results have been obtained by 
Catanzaro et al. [65].

Thirty-three-year-old man with fungal keratitis was treated with dialyzable leukocyte extract 
as adjuvant. After TF therapy, it was observed diminished infiltration of the corneal stroma 
and epithelial healing; interestingly, the systemic Immunological changes characterized by 
increased frequency of IFN-g+ cells were coincident with the clinical progress observed in the 
patient [66].

5.2.1.6. Parasitoses and allergies

TF have been used in cutaneous leishmaniosis, cryptosporidiosis (in AIDS patients) and echi-
nococcosis [29, 67–70].

Several months of therapy against leishmaniosis with TF has led to a considerable healing of 
the lesions in patients whose disease had persisted for 8–30 years [67].

When treated with TF against cryptosporidiosis, a decrease in bowel movement frequency 
was found, as well as a significant weight gain, with eradication of oocytes from the stool in 
two of them [70].

Influencing these diseases is associated with increasing the CMI response [68], inducing the 
formation of IFN-γ and inhibiting of IL-5 synthesis [69].

Transfer factor may be a beneficial adjuvant in the treatment of allergic rhinitis [71] and atopic 
dermatitis [72].

TF-preparation (Transferon) induced some low-frequency non-serious adverse events during 
adjuvant treatment of patients with immune-mediated diseases [73].
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5.3. Animal infectious and parasitic diseases

The large economic losses caused by outbreaks in domestic animals necessitated the search 
for new approaches to reduce and control them. That is why almost immediately after the first 
attempts to use transfer factor in human medicine, experiments with TF were also initiated in 
veterinary medicine [2, 7]. The first experiments carried out in this area were with TF against 
parasites and intracellular microorganisms.

The first publications on testing TF preparations in the field of animal health are for treating 
coccidiosis. Liburg et al. [74] have shown that treatment with specific DLE from rats, which 
have been experimentally infected with Eimeria nieschulzi, causes a reduction in the number 
of oocysts in their feces. Similar results were received for other types of coccidia in domestic 
animals by Klesius and Kristensen [75] and Klesius and Giamborne [76]—the oocysts in the 
feces were reduced. Specific TF preparations were used to treat Eimeria bovis in calves and 
Eimeria tenella in chickens.

The specific DLE preparations can be successfully used in ruminants to prevent nemato-
doses. Furthermore, Trichostrongylus axei, Trichostrongylus colubriformis, Ostertagia circum-
cinta, Ostertagia ostertagi and Haemonchus controtus were the focus of research on the action 
of both nondialyzed leucocytes lysate and dialyzable TF preparations. The worm burden 
was significantly reduced as a result of the treatment with DLE. Furthermore, nondia-
lyzed leucocytes lysates proved to be more effective compared to dialyzable transfer factor 
preparations [7].

Dialyzable leukocyte extracts were also tested for their ability to prevent salmonella infec-
tions in domestic animals. The first successful studies on the protective effect of TF against 
Salmonella typhimurium were performed on mouse model [17, 77]. Later, Mikula et al. [78] 
and Mikula et al. [2] reported bacteriological, immunological and clinical trials of specific 
and non-specific DLE on calves which have been experimentally infected with a virulent 
strain Salmonella typhimurium. Injecting the calves intravenously with specific DLE pro-
tected them against the experimental infection with a pathogenic strain S. typhimurium 4/5. 
The number of salmonellas in the feces of the calves was reduced, the phagocytic activ-
ity of the leukocytes was activated, the number of lymphocytes in the peripheral blood 
was increased and specific CMI was developed—which proves the protective action of the 
 specific DLE.

The activity of specific preparations against experimental infection with Salmonella cholerae-
suis was tested using the mouse model [25]. The treating of the mice with DLE induced a high 
specific protective effect (70%). Diffuse proliferation of activated macrophages in the lamina 
propria of the small intestine at the place of penetration of Salmonellas has been observed. 
The proliferation of activated macrophages is a manifestation of cell-mediated immune 
response to Salmonellas in the penetrated tissues [79].

DLE-preparation has also been tested against natural Salmonella infection in pigs by us. 
Treatment of animals has led to limiting morbidity and coping with the infection at the farm. 
The effectiveness of specific DLE against infections with Salmonella enterica subsp. enteritidis 
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in chickens has also been examined [80]. It has been found that the treatment of chickens with 
DLE reduces the presence of S. enterica in the caecum.

The protective effect of the transfer factor preparation against some viral and bacterial infec-
tions in piglets was examined [81]. The preparation was obtained from the lymph nodes of 
pigs immunized against the causative agents of respiratory and gastrointestinal diseases as 
piglets. Treatment with the preparation displayed a very good protective effect, triggering a 
significant reduction in morbidity and mortality in the treated piglets.

Similar results were obtained recently in Mexico, where a research group has received highly 
purified swine dialyzable spleen extract with antiviral activity tested on mouse model [82].

When applied to pigs, DLE considerably increased the IFN-γ concentration in their serum 
as measured 30 days after the treatment. This can be used to limit the cases of diarrhea and 
respiratory diseases among the animals—which would lead to definite improvements since 
these are both problematic diseases in weaned pigs. The application of porcine DLE has a 
good effect on weaned pigs [31].

It was received and tested TF preparation against avian influenza [83]. It has been proven that 
the treatment of chickens with specific TF, alone or combined with a vaccine against avian 
influenza, induces the expression of IFN-γ and IL-2.

6. Dosage of TF preparations

One unit of TF preparation is equal to the product obtained from 5 × 108 leukocytes. The 
dosage of TF in immunotherapy depends on the patient’s characteristics, the disease and the 
therapeutic response.

Berrón-Pérez et al. [9] offer a few basic schemes for immunotherapy with TF—for initial treat-
ment for acute and chronic diseases and for short- and long-term maintenance treatment. 
The authors offer various schemes in infectious, non-infectious diseases (allergic and autoim-
mune) and special diseases (sepsis, major surgery and cancer).

7. Conclusion

It can be summarized that dialyzable leukocyte extracts containing transfer factor are promis-
ing immunotherapeutic agents. In a large number of experiments, their protective and thera-
peutic effect has been proven against a number of diseases in humans and domestic animals. 
Understanding the mechanism of action of DLE and determining appropriate dosages deter-
mine the positive effects of their application against a very wide range of diseases—neoplasm, 
immune deficiencies, infectious, parasitic and autoimmune diseases.

The low level of difficulty of the process of obtaining protocols determines their relatively 
low cost and the possibility to combine them with other therapeutic agents during treatment 
makes them subject to medical applications in the future, including against some new diseases.
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Abstract

The  physiological  role  of  EPS  depends  on  the  ecological  niches  and  the  natural
environment in which microorganisms have been isolated. In this chapter, data on EPS
production and the effect of EPS on corrosion of steel produced by Lactobacillus sp. are
presented and discussed. Lactobacillus plantarum Ts was obtained from the Collection of
Department of Biology, Shumen University.  It  was tested for its ability to produce
exopolysaccharides when cultivated in a medium containing 10% sucrose. It could be
underlined that 10% sucrose in the medium stimulated the process of protection of
corrosion. Also, the biofilm in vitro in the combined cultivation of Staphylococcus aureus
and the Lactobacillus plantarum Ts probiotic bacterium on the surface of different metal
materials  for  fixed  dental  prostheses  was  investigated  [unpublished  results].  The
structure of layer over steel plates was analyzed by scanning electron microscopy (SEM)
JSM 5510. In our opinion, more detailed research is needed to be done in the future, and
the possibilities should be analyzed for the creation of a thin biofilm from a probiotic
bacterium or an exopolysaccharide this bacterium has produced, which would protect
the implants against the growth of a pathogenic biofilm.

Keywords: exopolysaccharides, corrosion, microbial biofilms

1. Introduction

According to Reyes et al. reported one of the most complex topics within bacterial anatomy
and physiology is that of exopolysaccharides (EPSs). These molecules have various structures
and functions and also provide different types of advantages to their producing microorgan‐
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isms, including surface variability, resistance to innate and acquired immunity mechanisms,
the ability to adhere to different surface and cell types, and resistance to antibiotic activity [1].

Exopolysaccharides (EPSs) are a term first used by Sutherland [2] “to describe high‐molecular‐
weight carbohydrate polymers produced by marine bacteria.” EPSs can be found as in capsular
material or as dispersed slime in the surrounding environment with no obvious association to
any one particular cell [3].

Many microorganisms produce exopolysaccharides as a strategy for growing, adhering to
solid surfaces, and surviving adverse conditions.

Considerable progress has been made in discovering and developing new microbial EPSs that
possess novel industrial significance [4].

Bacterial EPSs by Reyes [1] are “believed to play an important role in the environment by
promoting survival strategies such as bacterial attachment to surfaces and nutrient trapping,
which facilitate processes of biofilm formation and development. These microbial biofilms
have been implicated in corrosion of metals, bacterial attachment to prosthetic devices, fouling
of heat exchange surfaces, toxicant immobilization, and fouling of ship hulls.” Corrosion of
metals is one of the most serious and challenging problems faced by industries worldwide.
Biofilms composed of a secreted polymeric substance containing microbial population have
shown to inhibit corrosion in metals [5, 6]. Fang et al. and Chongdar et al. reported that “kinetics
of corrosion processes of metals, mineral, and polymeric materials can be influenced by
biofilms. Products of their metabolic activities including enzymes, exopolymers, organic and
inorganic acids, as well as volatile compounds such as ammonia or hydrogen sulfide can affect
cathodic and/or anodic reactions, thus altering electrochemistry at the biofilm/metal interface.
This phenomenon is often referred to as ‘biocorrosion’ or ‘microbially influenced corrosion’.
Microbiologically, influenced corrosion has been documented for metals exposed to sea water,
fresh water, demineralized water, process chemicals, food stuffs, soils, aircraft fuels, human
plasma, and sewage” [7, 8].

In this paper, data on EPS production and the effect of EPS on corrosion of steel produced by
Lactobacillus sp. are presented and discussed. The adhesion in the combined cultivation of
Staphylococcus aureus and the Lactobacillus plantarum Ts probiotic bacterium on the surface of
different metals is presented and discussed. Also, the biofilm in vitro in the combined
cultivation of Staphylococcus aureus and the Lactobacillus plantarum Ts probiotic bacterium on
the surface of different metal materials for fixed dental prostheses (Magnum Splendidum;
Magnum Ni‐Cr‐Fe, Ruby Alloy–P, Ruby Alloy–C, and Ruby Alloy) is investigated [unpub‐
lished results].

2. Materials and methods

Strains: Staphylococcus aureus 745 were obtained from the Collection of the Department of
General and Applied Microbiology, Sofia University. The isolate was checked for purity and
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maintained in slant of Nutrient agar. Nutrient agar (Biolife 272‐20128, Milano, Italia) was the
medium used as the growth medium for the microbe.

Lactobacillus plantarum Ts was obtained from Collection of Department of Biology, Shumen
University. The strain cultivated in medium of MRS (de Mann Rogosa Sharpe, Biolife
272‐20128, Milano, Italia). The pH of medium was adjusted to 6.5 with 1M NaOH. The basic
medium was sterilized by autoclaving at 121°C for 20 min.

Media for study of corrosion protection: The strain cultivated in media of MRS (de Mann
Rogosa Sharpe, Biolife 272‐20128, Milano, Italia) in composition, g/l: Tween 80–1; peptone from
casein–10.0; meat extract–8.0; yeast extract–4.0; K2HPO4–2.0; sodium acetate–5.0; ammonium
citrate–2.0; MgSO47H2O–0.2; and MnSO4–0.05. The pH of the medium was adjusted to 6.5 with
1 M NaOH. The basic medium was sterilized by autoclaving at 121°C for 20 min, and carbo‐
hydrates supplemented were sterilized using 0.22‐μM filters (Manisart®). The basic MRS broth
was supplemented with 10% sucrose to be tested [9–11].

Media for study of microbial biofilm: The strain cultivated in media of MRS (de Mann Rogosa
Sharpe, Biolife 272‐20128, Milano, Italia) with 5% sucrose and congo red. Positive results are
indicated by black colonies with a dry crystalline consistency.

Study of the corrosive stability: The study of the corrosive stability of steel samples was
conducted with the gravimetric method. Before use, steel panels (10 × 4 × 0.2 mm) were treated
with 70% C2H5OH, washed with water and dried in an oven, cooled in a desiccator, weighed
on a balance, and kept in a desiccator unit used. The weight of the samples was measured using
analytical balances. The dimensions of the samples were measured with micrometer. Initially,
the steel samples were added in two variants: deproteinized supernatant and free cell super‐
natant. Then, the steel samples were added in HCl as control probe, and a dilution (3:100) of
the cultural media of the studied strain was added as inhibitor of the corrosion. The duration
of the procedure was 120 h at 18°C. After the treatment, the steel samples were washed with
water and dried to constant weight. The structure of layer over steel plates was analyzed by
scanning electron microscopy (SEM) JSM 5510 [9–11].

Study of bacterial adhesion: Before the assays, the strains L. plantarum Ts and S. aureus 745
were twice pre‐cultured in MRS broth and Nutrient broth, respectively, for 24 h at 37°C.
Exponential cultures in broths were used as inoculum for the adhesion analysis.

Preparation of the metal samples: The steel plates made of low carbon steel are weighed with
an allowance of 0.0001 g with an assay balance. The precise weighing (with an allowance of
0.0001 g) of the metal plates before and after the treatment found a minimum negative change
in their weight, which may be caused by reduction resulting from corrosion processes, on one
hand, or growth because of the forming of a biofilm, on the other. They are put sterilely in a
liquid ambient which contains a mixture of L. plantarum and S. aureus 745 in a proportion 1:1.
The samples were incubated at 37°C for 24 h. The structure of the layer over the metal plates
was analyzed by scanning electron microscopy (SEM) JSM 5510. All experiments were
performed in triplicate [12].
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3. Results and discussion

Corrosion process causes great economic losses in various industries, shipbuilding, jewelry,
archaeological monuments, railway, water channels, and all countries of the world. For
handling this problem are normally applied different physical and chemical methods, but they
often prove toxic. A perspective in this regard can be the application example of exopolysac‐
charides produced by the so‐called good bacteria–probiotics. The presence of EPS associated
with bacterial cells can be recognized by the formation of colonies in mucous solid medium.
Therefore, the presence of a translucent or creamy material involving a mucoid colony is
indicative of EPS production potential. When cultivated in a medium with high content of
saccharides such as 10% sucrose solutions, strain L. plantarum Ts synthesized exopolysacchar‐
ides (Figure 1A).

Figure 1. Congo red agar method exopolysaccharides (EPSs) produced by L. plantarum Ts cultivated in a medium con‐
taining 10% sucrose, which are secreted in the culture medium. (A) Red colonies show non‐EPSs producers; (B) black
colonies show biofilm formation of EPSs L. plantarum Ts. The pictures were taken using stereomicroscope OPTIKA
(Italy).

When they develop microbial biofilm, the organisms are much more resistant and treating
them is much more difficult. For investigation of the microbial biofilm, using different methods
had been proposed, but in our work, we used the method by using the staining congo red.

“Qualitative assessment of biofilm formation is the microorganisms are grown in agar with
5% sucrose and congo red” [13]. Positive results are indicated by black colonies with a dry
crystalline consistency. When cultivated in a medium with high content of saccharides such as
10% sucrose solutions, with 5% congo red, strain L. plantarum Ts formed biofilm (Figure 1B).

In the presence of high concentrations of sugars (as in our case 10% sucrose), lactic acid bacteria
synthesize extracellular exopolysaccharide (Figure 1A), which is displayed as mucoid colonies
on agar medium. By adding the staining congo red, the exopolysaccharides produced by lactic
acid bacteria are displayed in black (Figure 1B).

Our studies also show that the use of sugar supplementation (sucrose was normally used
though similar results were obtained using 5% glucose) is essential for the detection of slime
production using the congo red medium. “The congo red method is rapid, sensitive, and
reproducible and has the advantage that colonies remain viable on the medium” [13].
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Similar experiments have also been demonstrated by other authors [14, 15]. Homopolysac‐
charides produced by generally recognized as safe (GRAS) lactic acid bacteria are often
synthesized by a single extracellular sucrose enzyme, using only sucrose as substrate [15]. The
structure of the layer over the steel plates was analyzed by scanning electron microscopy. The
results from this procedure are shown in Figure 2.

Figure 2. Biofilm formed by L. plantarum Ts on the surface of mild steel, visualized using SEM. (A) Biofilm formed by
EPS from lactic acid bacteria; (B) biofilm formed by lactic acid bacteria; (C) control–steel plates after corrosion in HCl.

Microscope techniques provide information about the morphology of microbial cells and
colonies, their distribution on the surface, and the nature of corrosion products (crystalline or
amorphous). They can also reveal the type of attack (e.g., pitting or uniform corrosion) by
visualizing changes in microstructure and surface features after removal of the covering and
corrosion products (Figure 2).

The pictures in Figure 2B show that there is a biofilm formed on the steel surface which is an
indicator of the good adhesive capacity of L. plantarum Ts type. The biofilm makes it not easily
corrodible in 10% HCl, supplemented with cultivated ambient from the same strain grown in
a composite of 10% sucrose (Figure 2A). Figure 2C shows a picture of a steel surface sample
treated directly with 10% HCl. The observed lamellae are most probably FeCl2 crystals, product
of the corrosion.

Microorganisms can interact with the metal surfaces differently. Most often they form biofilms
on contacting surfaces, but can also react with various metals to form complex compounds.
For this reason, we think that different techniques have to be used to clarify the corrosion
process influenced by microorganisms. When the corrosion process starts, the surface of metals
is deposited large quantities of ferrousions, which are very harmful for all steel materials. If
lactic acid bacteria can immobilized in the microbial biofilm, these ferrousions that could
explain why exopolysaccharides produced by these bacteria protect the metal surface from
corrosion. Similar to our van Geel‐Schutten “biofilm of a polysaccharide‐producing culture”,
delta marina was found to act as a strong corrosion inhibitor with almost complete passivation
of mild steel, reducing the corrosion rate by 95% [16].

In our previous studies [9–11, 17–20], it was shown that the presence of high concentration of
lactose (5 to 15%), high concentration of sucrose 4%, mixed sucrose 4 and 2% maltose, mixed
sucrose 5 and 5% maltose, mixed 5% sucrose and 5% fructose, and mixed 5% sucrose and 5%
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fructose, high concentration of lactose, sucrose and fructose (10%) the strains Lactobacillus
delbrueckii B5, L. delbrueckii K27, L. delbrueckii B8, L. delbrueckii O43, L. delbrueckii K3, L. delbrueckii
K17, and L. delbrueckii K15 and Lactobacillus fermentum Ts synthesized exopolysaccharides
which have inhibitory properties. Moreover, we have shown that some of the end products of
the fermentation process are also able to form a protective layer on the metal surfaces [20]. The
observed inverse relationship between EPS and the corrosion rate of mild steel suggests that
such a metal‐polysaccharide complex was probably involved in developing a protective film
on the metal surface in natural environment.

In recent years, the development of new technologies in medicine and dentistry leads to the
production of various medical materials and prostheses.On these materials, however, when
introduced in the human body, are deposited large number of microorganisms. According to
van Geel‐Schuten, ‘biofilms are a major cause of systemic infections (e.g., nosocomial infec‐
tions) in humans [16]. It is known that the human body consists about 3–4 kg microorganisms–
mostly useful–but there are also the so‐ called ‘pathogens’. In surgery, the probability of
contamination with microorganisms and especially with Staphilococcus sp is rather big. The
microorganisms, in order to survive and to form stable microbial population, create a microbial
biofilm, which, however, makes them much more stable against antibiotics compared to when
they are in a free state, thereby causing biomaterial‐centered infections (BCI). The ability of the
microorganisms to adher to different surfaces is determined on the one hand for the species
and their metabolism and on the other by the type and elemental composition of the material
itself. A powerful tool for the removal of BCIs is could be the use of nanocover of ‘good bacteria’
—probiotics.

The search for biomaterials that are able to provide for the optimal resistance to the infection
can be based only on the deep understanding of the interactions between bacteria and
biomaterials’ [23].

Figure 3. SEM of the tested samples of steel plates.

The adhesion in the combined cultivation of Staphylococcus aureus and the Lactobacillus
plantarum Ts probiotic bacterium on the surface of different metals is investigated [12]. Also,
the biofilm in vitro in the combined cultivation of Staphylococcus aureus and the Lactobacillus
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plantarum probiotic bacterium on the surface of different metal materials for fixed dental
prostheses (Magnum Splendidum; Magnum Ni‐Cr‐Fe, Ruby Alloy–P, Ruby Alloy–C, and
Ruby Alloy) is investigated [unpublished results].

The results obtained from the SEM analysis of the adhesion ability of the tested microorgan‐
isms on the different metals are shown in Figure 3. When a combined culture is used on the
surface of the steel plates, only the probiotic bacterium adheres.

The results obtained from the SEM analysis of the adhesion ability of the tested microorgan‐
isms on the different dental prostheses are shown in Figure 4.

The ability of microorganisms to adhere to the surface of various surfaces is determined by
various physicochemical interaction of forces, such as–Lifshitz –van der Waals forces, Brow‐
nian motion forces, and electrostatic forces. These results are discussed by other authors [21,
22]. On the other hand, the microbial adhesion may be due to the presence of specific active
group sin the microbial exopolysaccharides.

Figure 4. SEM of the tested samples of implants for tooth prosthesis.

After adhesion to biomaterials, most microorganisms start secreting slime and embed them‐
selves in a slime layer, the glycocalix, which is an important virulence factor for BCI and which
explains the extraordinary prevalence of slime producing S. epidermidis in BCI” [21]. According
to Costerson et al., “the glycocalix provides protection against humoral and excreted cellular
immune components, as these can not readily diffuse through the slime layer” [23]. Why it is
only on the some plate that a biofilm of the beneficial bacteria is formed is a question difficult
to answer at this stage. In our opinion, differences are also likely to appear in the adhesion
process under in vitro and in vivo conditions because other processes are going to have an
impact in the living organism, too. Kristopher P. et al. [24] concluded that “hydrophobic and
photo‐induced superhydrophilic surface coatings both have potential as a means of reducing
microbial fouling of surfaces.”

According to “the updated paradigm for biocompatibility”, as redrawn by Williams, a
biomaterial should perform its designed function eliciting the most appropriate tissue
response [25].
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The various metabolic ways and the various end metabolic products of the two types of
bacteria: Staphylococcus aureus and Lactobacillus plantarum, could explain to a certain extent the
different biofilms formed on the different metal surfaces. Different types of complex com‐
pounds are probably formed between the secreted exopolysaccharides or the end metabolic
products and the metal surfaces. The mechanism of this process is still to be explained. The
adhesion according to Page et al. “of microbes to surfaces can be affected by numerous
physicochemical factors, and the complexity of microbial adhesion has been demonstrated.
There is no one clear explanation for the behavior of all of the materials with regard to adhesion
of microbes to their surface” [3]. Anti‐infective biomaterials need to be tailored according to
the specific clinical application. All their properties have to be tuned to achieve the best anti‐
infective performance together with safe biocompatibility and appropriate tissue interactions.
The lack of well‐structured prospective multicenter clinical trials hinders the achievement of
conclusive data on the efficacy and comparative performance of anti‐infective biomaterials
[12].

4. Conclusion

In our opinion, more detailed research is needed to be done in the future and the possibilities
should be analyzed for the creation of a thin biofilm from a probiotic bacterium or an exopo‐
lysaccharide this bacterium has produced, which would protect the implants against the
growth of a pathogenic biofilm.

On the other hand, conduction of more detailed studies on the application of exopolysacchar‐
ides and the development of nanolayers as potential inhibitors of the corrosion process are
needed.
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Abstract

The lack of medication for allergy symptoms at the end of the last millennium has been 
the promoter of the idea of treating allergies as if you were treating an infectious disease, 
by vaccination prophylaxis. Two forms of AIT 1) subcutaneous immunotherapy (SCIT) 
and 2) sublingual immunotherapy (SLIT) are used in the world. Considerable interest has 
emerged in SLIT both scientifically and especially financially. SLIT is not a new treatment 
modality. First description dates back to 1900 when H. Curtis. It was relatively widely 
used until the late 1970’s mainly in US by homeopathic therapists.

A number of case series describing experience with the oral route were published during 
the 1920s and 1930s, but it seems to have been perceived not as efficacious nor as well 
tolerated as subcutaneous immunotherapy. The companies producing allergen immuno-
therapy have an alliance with important opinion leaders on both shores of the Atlantic.

If SLIT did not work for 40 years, why should it work for respiratory allergic diseases 
today? This question is the mother of all questions in the field of respiratory allergic 
diseases. The purpose of this chapter is to provide past and current information about 
immunotherapy, and discuss controversies over efficacy and safety, and dosing consid-
erations for SLIT to grass.

Keywords: subcutaneous immunotherapy (SCIT), Sublingual immunotherapy (SLIT), 
Allergic rhinitis, Grass pollen, Evidence-Based Medicine

1. Background

For everything there is a season. This sentence from the Bible indicates and explains the his-
tory of sublingual immunotherapy (SLIT) in a nutshell. We must remember that allergy 
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treatment is a hybrid specialty. Respiratory diseases that come to the allergist are not 
uniquely his, but are shared with other specialties. Of the two major manifestations of 
respiratory allergic diseases, asthma and hay fever, the internist and pneumologist have 
plenty of opportunities to observe asthma and nose-and-throat specialists have great famil-
iarity with hay fever.

The drugs given for relief of allergic symptoms are familiar to physicians in general. After the 
characterization of immunoglobulin E (IgE) in 1967, a variety of in vitro tests to detect it and 
quantitative serum specific IgE have been developed. In vitro testing has since become more 
common [1].

Consequently, of two areas belong exclusively to the allergist, in vivo testing and allergen 
immunotherapy, only the latter has remained, used exclusively by allergists. Although AIT 
has been used to treat allergic rhinitis for over 100 years, its role remains controversial. AIT is 
accepted in full by most allergists, but only with many reservations by other medical special-
ists of diseases of the respiratory tract. Currently, two forms of AIT (1) subcutaneous immuno-
therapy (SCIT) and (2) sublingual immunotherapy (SLIT) are used in the world. Considerable 
interest has emerged in SLIT both scientifically and especially financially.

Compared with SCIT, SLIT is easy to administer, does not involve administration of injections 
and may be administered at home, avoiding the inconvenience of office visits and finally it can be 
prescribed by general practitioners, otolaryngologists and dermatologists as well as allergists [2].

In the mid-1950s, antedating by several years the more recent publications dealing with SLIT 
by Europeans, [3] a group of Midwestern physicians, headed by Dr. Herbert J. Rinkel, prac-
ticed a form of unconventional allergy that included a technique of administering prepara-
tions of allergenic extract beneath the tongue [4]. Rinkel changed the oral route suggested by 
Curtis 11 years before Noon’s publication on subcutaneous immunotherapy [5].

A number of case series describing experience with the oral route were published during the 
1920s and 1930s, but it seems to have been perceived not as efficacious nor as well tolerated as 
subcutaneous immunotherapy. Subsequently, the method fell out of favor [6, 7].

The genesis of this procedure, like all homeopathic therapies, was engendered by a strong 
belief, considerable imagination and although successful according to anecdotal reports from 
its practitioners, the technique lacked the rigor of scientific proof [8, 9].

The value of SCIT to the allergist was unquestioned until 1998. The allergist often asks 
skeptics of SCIT: how could SCIT has survived to this day, unless it was of genuine value? 
Unfortunately, the value of AIT is not to be determined by the fact that this procedure has 
survived a century. Bloodletting in medicine lasted for a much longer time as a therapy for 
pneumonia [10], but today it is not considered a rational therapy.

However, evidence-based medicine must be taken into account in the field of medicine, 
which is based on rigorous research and the scientific method. The companies producing 
allergen immunotherapy have an alliance with important opinion leaders on both shores of 
the Atlantic [11].
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A search of published literature under the topic “sublingual immunotherapy and RCT” 
revealed 24 citations in English before 2000 and 102 citations after 2000 (inception to July 
30, 2016), demonstrating the growing interest of companies and opinion leaders in SLIT for 
allergic rhinitis.

However, the medication for allergic rhinitis currently in use is highly effective and nasal 
steroids are of particular value [12].

In some ways it would be the same as supporting the use of cromolyn for the therapy of aller-
gic rhinitis rather than nasal steroids. A significant obstacle in evaluating the clinical value 
of SLIT is choosing the best criteria to prove clinical efficacy. Our position is that the best 
indication of efficacy is improvement in symptoms and decrease in medication that contrib-
utes significantly to the patient’s quality of life. The optimal study design for investigating 
clinical efficacy to evaluate SLIT includes pretreatment monitoring of symptom score for a 
season. This gives the advantage of elucidating the clinical relevance of allergen exposure in 
eliciting symptoms, representing the only possible way of ensuring an equal balance of dis-
ease severity in active and control groups. The magnitude of the clinical improvement is also 
important. It is of course critical to document a statistically significant difference between the 
active group and the control group, but p-values do not per se guarantee the effectiveness of a 
specific treatment. In 1991, Varney documented that immunotherapy has a clinical capacity 
to reduce, in actively treated patients, symptoms and drug intake by about 20% compared to 
the placebo-treated group [13].

If sublingual immunotherapy (SLIT) did not work for 40 years, why should it work for respi-
ratory allergic diseases today? This question is the mother of all questions in the field of respi-
ratory allergic diseases. The purpose of this chapter is to provide past and current information 
about immunotherapy and discuss controversies over efficacy and safety and dosing consid-
erations for SLIT to grass. Allergy to grass is the most important form of seasonal pollinosis.

Several persistent misconceptions or “false beliefs” have been built up around AIT and 
its use in allergic rhinitis (AR), in particular regarding sublingual immunotherapy (SLIT). 
These misconceptions largely arose because of improper use of evidence-based medicine that 
was widespread in this field until the 1990s.

2. Evidence-based medicine (EBM)

Initially EBM was identified with the frequency with which you reach health interventions 
proven effective (more helpful than harmful) and which prevents interventions more harm-
ful than useful. Three Doctors, an Englishman, Archie Cochrane, an American, Alan Feinstein 
and a Canadian David Sackett, can be considered the founders of this movement [14].

They identified the combination of carrier EBM in the interaction between research evi-
dence with patient preferences. This paradigm was, however, revised by Sackett in 1996 in 
an article published in the BMJ that clarified that EBM cannot be considered without also 
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considering that clinical expertise. Only research or expertise alone could not be consid-
ered EBM [15].

In 2002, Haynes et al. quoted a famous phrase from Osler, “The value of experience is not 
much to see but see wisely” and then EBM defers to center the patient that must be stud-
ied with the findings that emerge from research and patient preferences that all should be 
handled with the clinical expertise of the physician [16, 17].

A few years later Shekelle et al. classified the literature data on primary sources that include 
expert opinion, observational studies, case studies-final control, cohort studies, clinical tri-
als (RCT) and on secondary sources that include systematic reviews with or without meta-
analysis of RCT [18].

The importance of the evidence is maximum for systematic reviews with meta-analysis and 
the risk is minimal for bias in systematic reviews with meta-analyses. Secondary sources 
are always the representation of primary studies but should be guaranteed from the criti-
cal analysis of who writes them. They use an explicit method and systematic examination 
of primary studies. Finally, the tertiary sources are represented by evidence-based clinical 
guidelines [19].

The limits of primary studies are often related to sponsorships and thus influenced by the 
results, as reported by Ioannidis in this article a few years ago published in PLoS Medicine 
[20]. EBM is in crisis for the misuse and overproduction of primary studies, often useless 
because they duplicate other studies and in publication of therapeutic advantages with mar-
ginal shift of attention from individual research to therapy [21].

For these reasons, the EBM approach must be reevaluated critically, trying to customize the 
decisions not only by referring to the available evidence or patient preferences or adherence 
to therapy but also considering the cultural and financial aspects of the patient who must 
decide, investment in training doctors both in pre and postgraduate education and indicating 
the use of secondary studies rather than primary ones [22–25].

3. From subcutaneous immunotherapy to sublingual immunotherapy:  
the return to the past

In a document published in 1993 in allergy about immunotherapy, the authors wrote in the 
preface: why does a diagnostic etiology in a patient with allergic respiratory disease indicate 
the specific therapy as the only logical solution of this specific diagnosis [26].

Immunotherapy is the scientific path that Leonard Noon published in the Lancet in 1911 
[27]. The route was started by Bostock who described hay fever, i.e., allergic rhinitis and that 
proved to be the one that Backley demonstrated to be caused by grass season [28]. The stud-
ies of immunotherapy by Noon (who died prematurely from a form of tuberculosis), were 
continued by the pioneer John Freeman [29, 30]. It is necessary to remind readers that the use 
of antihistamines was reported in 1952 [31].
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3. From subcutaneous immunotherapy to sublingual immunotherapy:  
the return to the past

In a document published in 1993 in allergy about immunotherapy, the authors wrote in the 
preface: why does a diagnostic etiology in a patient with allergic respiratory disease indicate 
the specific therapy as the only logical solution of this specific diagnosis [26].

Immunotherapy is the scientific path that Leonard Noon published in the Lancet in 1911 
[27]. The route was started by Bostock who described hay fever, i.e., allergic rhinitis and that 
proved to be the one that Backley demonstrated to be caused by grass season [28]. The stud-
ies of immunotherapy by Noon (who died prematurely from a form of tuberculosis), were 
continued by the pioneer John Freeman [29, 30]. It is necessary to remind readers that the use 
of antihistamines was reported in 1952 [31].
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However, the lack of medication for allergy symptoms has been the promoter of the idea of 
treating allergies as if you were treating an infectious disease, by vaccination prophylaxis [32].

In other words, the comparison between immunotherapy and placebo was based for many 
years on two symptomatic criteria: the number of days during the season in which eye symp-
toms were noted; the number of days in which nasal symptoms were noted [27, 29, 30].

Immunotherapy has spread rapidly around the world and the first study compared to pla-
cebo was done by Frankland and published in Lancet in 1954 [33]. Another study was per-
formed on ragweed in the United States and published in the New England J Medicine [34].

From a purely subjective assessment of both the patient and the allergist, the outcome of the 
studies is beginning to consider the evaluation criteria more objectively. At the end of the 
1960s, the number of antihistamine pills taken for the relief of symptoms was evaluated [35].

However, a sort of skepticism around this therapy remained until Ishizaka and Johansson 
discovered IgE and showed that they were the cause of allergic reactions [36, 37].

The fact that the antibodies played a role in patients treated with immunotherapy had already 
been suggested by Sherman et al. [38].

Finally, we must remember that chemical pharmacology was born in the nineteenth century. 
The first antihistamine was synthesized by Bovet and Staub in 1937, the molecule was the 2-iso-
propyl 5 methyl phenoxyethyldiethylamine, demonstrating mild antihistamine action and con-
siderable toxicity. In 1949, Bovet synthesized pyrilamine maleate, a diethylamine essentially free 
of toxic effects. But only in 1972, did Black et al. succeed in synthesizing antihistamines selective 
for the different receptors [39, 40]. Later, in 1974, beclomethasone dipropionate, became, the 
most important goal for the treatment of allergic rhinitis after that of antihistamines [41].

Allergy has been involved in a process of globalization. Before the 1980s there was no allergen 
standardization; this resulted in marked variations in allergenic strength among allergen vac-
cine batches produced in different phases. Immunotherapy was considered “Galenic” drugs, 
because they were prepared upon request of the allergist for a specific patient. The article of 
the Committee on Safety of Medicine challenges the use of ITS in the UK antihistamines and 
nasal steroids are marketed because they have been validated through controlled clinical tri-
als as effective and safe [42].

However, in a study published by Reid et al. the problem of fatal reactions as a result of ITS 
is now widely known [43]. Alarm about the safety of ITS, the use in clinical practice of anti-
histamines and nasal corticosteroids with fewer side effects, the lack of full understanding of 
the mechanisms of action of ITS bring specific immunotherapy into a crisis. International sci-
entific allergy companies, such as EAACI, produce important opinion-based scientific articles 
that, however, enhance the use of immunotherapy [44].

European allergists request single specific allergens for immunotherapy, rather than the 
allergen mixtures that had previously been requested and the companies, operating in 
the manufacturing sector of the allergen, participate more actively in the scientific debate. 
The companies begin to understand that the field of respiratory allergy, particularly that of 
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allergic rhinitis, is very rewarding financially. They also understand, however, that it is a field 
of medicine that is very closed and allergists are very jealous of AIT. They do not believe that 
it can be shared with other doctors [45–48].

In 1998, Malling published: immunotherapy as an effective tool in allergy treatment [49] in 
the allergy: a symposium review. The authors of this review stated on the bases of a number 
of DBPC studies, they could affirm that the clinical efficacy of immunotherapy in rhinitis and 
asthma, when potent and standardized extracts were applied in carefully selected patients, 
was well documented. Immunotherapy has the potential to reduce symptoms and the need for 
drugs significantly and furthermore possibly prevent progression into more severe disease.

SCIT has been evaluated on an arbitrary grading of the magnitude of clinical efficacy (Table 1).

Malling et al. wrote that: “this grading is arbitrary and controversial, but in daily clini-
cal practice it is more operational than statistical P values. Compared with the efficacy of 
drug treatment of allergic diseases, the grading seems sensible. A symptom/medication 
score amelioration of <30% does not seem to justify the immunotherapy involving a poten-
tial risk of side-effects and will probably not be considered worthwhile by patients” [49]. 
Fifteen RCTs investigated the efficacy of SCIT in grass-pollen allergy [13, 50–63], of which 
14 proved clinical efficacy. Only the RCT of Doltz et al. demonstrated a clinical effect of 10% 
improvement [62].

However, we must make two important observations: (1) SCIT is clinically effective, i.e., 
symptom/medication scores diminished by >30% in the actively treated in 72.3% of the 
studies and precisely in 93.3% of RCTs that investigated the efficacy of SCIT in grass-pollen 
allergy, in 69.2% of SCIT in ragweed, in 66.6% of SCIT in various allergens (Mountain cedar, 
Parietaria, Cupressus and Cocos) and in 60% of SCIT in DHM; (2) to satisfy an accurate indica-
tion for immunotherapy, this should be done by an allergist [49].

In other words, Malling et al. reiterate that only an allergist can decide if, when and how to do 
AIT. Certainly, this statement has not induced large investments from companies. However, 
the risk that AIT would remain a niche therapy managed only by allergists, is realistic.

In the same year, Malling et al. published a position paper of the European Academy of 
Allergy and Clinical Immunology entitled Local immunotherapy in allergy [3].

In this position paper, the authors examined the noninjective administration of specific immu-
notherapy in allergic disorders such as rhinitis and asthma, recommending to replace the 

1 No efficacy (symptom/medication scores improved by <30%)

2 Low efficacy (improvement 30–44%)

3 Moderate efficacy (improvement 45–59%)

4 High efficacy (improvement of >60%)

Table 1. Arbitrary grading of the magnitude of clinical efficacy by Malling [49].
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term “alternative immunotherapy” with “local immunotherapy” since the former may gener-
ate misleading associations and confusion with other, scientifically undocumented therapies 
used in allergic diseases, e.g., acupuncture, hypnosis, homeopathy and other methods [64]. 
Local immunotherapy included local nasal (LNIT), local bronchial (LBIT), oral (OIT) and sub-
lingual (SLIT) administration of allergen extracts.

Of these routes, both OIT and SLIT, like all homeopathic therapies, were engendered by a 
strong belief, considerable imagination and although successful, according to anecdotal 
reports from its practitioners, the technique lacked the rigor of scientific proof [8, 9].

The companies understand that SCIT would hardly be accepted by patients because the loss 
of time it takes is very significant—the time to go to the Allergist’s office, plus the time of the 
turn to take the shot, then wait at least 30 minutes after the shot. Overall, the time required for 
a shot was about 2 hours. However, it was necessary to give credibility to alternative routes 
of administration of specific therapy, using the methodology of evidence-based medicine. 
For this reason, Malling et al. presented the inclusion criteria of the studies in the chapter, 
reported in Table 2. We will report, as for SCIT (see above), only the studies for allergy to 
grass pollen, performed with four choices of local immunotherapy.

3.1. Nasal immunotherapy

The authors included only five RCTs with grass allergens and all studies showing clinical 
efficacy [65–69]. However, Malling et al. concluded that LNIT demonstrate “The side-effects 
do not appear to present a significant problem” [3].

3.2. Bronchial immunotherapy

RCTs for allergy to grass pollen with local bronchial immunotherapy (LBIT) have not been 
published. However, the comments about LBIT were the following words: “LBIT is not suf-
ficiently documented and there is concern about potentially serious immediate and delayed 
side-effects” [3].

While Crimi’s RCT about LBIT concluded that: “We conclude that LIT may be an effective and 
safe alternative to traditional immunotherapy” [70].

1 Placebo-controlled, double-blind (PCDB) studies

2 Allergen extracts and doses defined

3 Treatment protocol and statistical analysis appropriate including an adequate sample size (over seven 
patients per group)

4 Studies published in peer-reviewed journals in English

5 Symptom/medication scores provided.

Table 2. Criteria used in position paper published in Allergy in 1998 [3].
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3.3. Oral immunotherapy

The authors examined three RCTs with grass [71–73]. None of these RCTs demonstrates clini-
cal efficacy. The authors concluded that: “Only two studies indicate clinically relevant efficacy 
with either birch pollen administered in enteric-coated capsules or after treatment with aque-
ous mite extract for at least 1 year” [3].

3.4. Sublingual immunotherapy

The author considered only two RCTs with grass [74, 75]. Considering these two studies, 
the major innovation in the field of allergy is the presence of employees of the company that 
manufactures and sells the SLIT in the authors of the publication. Another important consid-
eration is that Bjorksten, coauthor of this chapter, wrote an Editorial about the RCT of Sabbah 
entitled: “Local immunotherapy is not documented for clinical use” [76].

The comment of the authors about sublingual immunotherapy was: “Sublingual immuno-
therapy has been shown to reduce rhinitis symptoms and/or medication needs in six RCTs. 
The documentation of efficacy is based on a limited number of studies including around 
120 patients” [3].

However, Malling et al. had excluded two RCTs with grass from their review, because one 
did not supply data on allergen doses [77] and the other did not include a placebo group [78].

After Malling’s position paper, the largest systematic reviews of sublingual immunotherapy, 
which reported on two primary outcomes, i.e., symptom score (SS) and medication score 
(MS), were performed in 2003 [79] and updated in 2010 [80] and published in the Cochrane 
collaboration database.

These two systematic reviews of sublingual immunotherapy suggested that the SLIT benefit 
in symptom improvement and drug use reduction is higher than placebo. But, the conclu-
sions of the above mentioned meta-analyses were based on studies conducted in patients 
with allergies to both perennial and seasonal allergens, while the efficacy of SLIT for grass 
allergens was assessed by a subgroup analysis [79, 80]. However, other RCTs have been pub-
lished on SLIT with grass allergens for AR [81–86]. Two RCTs presented results that remain 
inconsistent and the overall assessment of the treatment efficacy is still difficult to evaluate 
[85, 86]. Fourteen other RCTs on grass were published between 2004 and 2009 [87–100].

Our in-depth meta-analysis found that in seasonal allergic rhinoconjunctivitis, SLIT with 
grass allergens provided a statistically significant improvement of symptoms and a signifi-
cant reduction of anti-allergic medication compared with placebo. The data from 19 RCTs rep-
resenting a pooled total of 1518 patients receiving SLIT and 1453 receiving placebo, indicate 
the available evidence is sufficient to conclude: (1) SLIT with grass allergens improves rhino-
sinusitis symptoms and reduces the use of anti-allergic medications compared with placebo 
but the overall effect is clinically modest, (2) prolonged pre-season treatment significantly 
increases the response rate, and (3) a course of treatment no longer than 12 months with a 
monthly allergen dose of 450mg seems to be the best treatment choice. However, further 
studies are needed to clearly determine the role of SLIT with grass allergens in children [101].
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Several reviews have reported an equivalent clinical efficacy between SCIT and SLIT for sea-
sonal allergic rhinitis to grass pollens [102, 103]. SLIT has also been shown to be relatively 
safe and fairly well tolerated. These features account for the increasing use of SLIT in Europe. 
Improved safety and easy administration compared with SCIT are important advantages 
[104]. However, the relative efficacy of SCIT and SLIT has not yet been clearly shown. The only 
published study comparing the two treatments has been performed without placebo  [85].

Therefore, to clarify this issue, we performed and published a meta-analysis to compare SCIT 
and SLIT with a fairly large number of double-blind, placebo-controlled trials on SCIT and 
SLIT (updating the previous published meta-analysis) [101] in patients with seasonal allergic 
rhinitis to grass pollens [105]. This meta-analysis of data from 36 RCTs, 10 with SLIT drops [75, 
81, 83, 87, 88, 92, 94–96, 98], 12 with SLIT tablets [82, 84, 89, 90, 91, 93, 97, 99, 100, 106–108] and 
14 with SCIT [13, 52, 54, 55, 61–63, 109–115].

These studies included a total of 3014 patients treated with immunotherapy and 2768 con-
trols who received placebo. They provide indirect evidence that in patients with seasonal 
allergic rhinoconjunctivitis to grass SCIT is more effective than SLIT in the control of symp-
toms and in the reduction of anti-allergic medication use. There is significant heterogeneity 
in the results of individual RCTs, in particular for SCIT studies, which raises some concern. 
However, any degree of heterogeneity is acceptable if both the predefined eligibility criteria 
for the meta-analysis are sound and the data are correct [116].

Some of the SCIT trials included in our analysis were performed more than two decades ago 
on small sample sizes, but the quality of the studies has been considered sufficient to justify 
their inclusion not only in our meta-analysis but also in some Cochrane meta-analyses [79, 80, 
117]. Our study suggests that the choice of SLIT is mainly based on safety reasons. In fact, the 
number of reactions requiring epinephrine was higher in SCIT RCTs (12 in 960 patients), than 
in SLIT RCTs (1 episode in 4046 patients). However, the number of mild to severe adverse 
events was higher in SLIT than in SCIT (Table 3).

Moreover, our data provide indirect evidence that SCIT with grass allergens is more effec-
tive than SLIT to improve symptoms and reduce antiallergic medication for seasonal allergic 
rhinoconjunctivitis. However, trials directly comparing the two different routes of immu-
notherapy are needed to confirm these data [105]. An ideal comparative study would be a 

SCIT SLIT

Treated Placebo Treated Placebo

Total EAs, no. 960 456 4046 1856

Total AEs/patients 0.86 0.50 2.13 0.99

Withdrawals for AE, no. 18 5 78 25

Withdrawals for AEs/patients % 0.0019 0.005 0.04 0.0013

Anaphylactic reactions, no. 12 2 1 0

Table 3. Total adverse events (AE) related to SCIT and SLIT [105].
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 randomized, placebo-controlled, double-blind, double-dummy study that enrolls a large 
number of patients from a single center or a single country or a few countries with similar 
pollen exposure and patients of similar ethnicity. The treatment should be started at least 16 
weeks before the expected beginning of the pollen season and last 1 or 2 years. A vaccine with 
a dose of the main extract ≥275 mg for SLIT should be used. The ideal dose for SCIT vaccines 
has yet to be determined. Nonetheless, no one should be surprised by the criticism of our 
meta-analyses because the critics are authors who supported the use of SLIT [118, 119].

The convenience and safety of sublingual immunotherapy (SLIT) are likely factors for its 
widespread use in Europe, where it is now the preferred route of administration of ASI and 
were licensed as drugs in September 2009 (Grazax®, Alk-Abellò; Oralair®, Stallergenes) [120].

The US Food and Drug Administration (FDA) announced approval of the five-grass pollen 
sublingual tablet (Oralair®) in April 2014, followed by the Timothy grass pollen sublingual tab-
let (Grazax®/ALK-Abellò, marketed by Merck in the US under the name of Grastek®) [121–123]. 
SLIT with liquid allergen extracts had been used off-label in the US before FDA approval [2].

Our previous meta-analysis showed that SLIT was effective for seasonal allergic rhinocon-
junctivitis to grass, but its cl vinical benefit compared to placebo was modest [101, 105]. That 
data also showed that SLIT tablets are more effective than drops, probably because of a higher 
allergen content. All of the RCTs of SLIT published at that time had been performed in Europe 
[82, 84, 89–92, 97, 99, 100, 106, 124]. But since then five additional RCTs have been published, 
all conducted in North America. [107, 108, 125–127].

In our meta-analysis on SLIT tablets [128], data on symptom score were available in 13 RCTs [82, 
84, 89, 90, 91, 92, 97, 99, 107, 108, 125–127], and data on medication score in twelve studies [82, 
89, 90, 91, 92, 97, 99, 107, 108, 125–127]. We excluded the Caffarelli study, because he used an 
allergoid, Lais [106] and Horak study because it was performed in an allergen challenge cham-
ber [100] and the Halken study [124], which is a secondary analysis on a previously published 
dataset [102]. The 13 RCTs included a total of 4659 patients. Seven studies were conducted in 
Europe [82, 84, 89, 90, 92, 97, 99] and five in North America [107, 108, 125–127] and one in both 
Europe and Canada [91].

The SS and MS were assessed as outcome measures of the treatment effect. Outcome data 
were continuous, but different scoring systems and scales for symptoms and medication 
were used by the authors. To compare the results, analyses were performed by the method 
of standardized mean difference (SMD), expressing the differences in means between SLIT 
and placebo in terms of units of the pooled SD. The overall SMD among patients treated with 
SLIT and placebo was estimated using models based on both fixed effects and random effects 
assumptions [129]. The magnitude of the overall effect was classified according to Cohen’s 
guidelines: effect size of 0.2, 0.5, and 0.8 correspond to small, medium and large effects [130]. 
Since 11 out of 13 RCTs used the same SS ranging from 0 to 18 points (the higher the score 
the worse the disease severity) as outcome measure, we compared the results of these studies 
using the original SS, reporting the results as mean difference (MD) of SS-points. Excluding 
the studies by Pradalier [82] and Smith [84], we could compare the studies using the original 
SS, which is easier to interpret. Using this method the mean difference between SLIT and 
placebo was −0.83 SS points (95%CI −1.03, −0.63, p = 0.0001) without significant heterogene-
ity (I2= 16%). The SMD excluding these two studies did not change compared to the main 
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analysis performed with 13 studies (SMD −0.28, 95%CI, −0.39, −0.18; p < 0.0001), indicating 
that SMD of −0.28 corresponds to a MD of −0.83 SS points.

Data on medication score were obtained for 12 RCTs (4558 patients) [82, 89, 90, 91, 92, 97, 
99, 107, 108, 125–127]. A statistically significant difference between SLIT and placebo was 
observed only in seven RCTs [89–92, 97, 125, 127]. The pooled estimate of treatment on medi-
cation score was statistically significant (SMD −0.24; 95%CI, −0.31, −0.17; p < 0.0001). An analy-
sis using the original medication score was not performed due to the highly different scoring 
systems used. A total of 1817/2597 (70.0%) of patients receiving SLIT vs. 1137/2555 (44.5%) of 
subjects receiving placebo complained of adverse events. Probable treatment-related adverse 
events were reported in 9 out of 13 studies and there were three times as many adverse 
events in patients receiving SLIT (1384/2259, 61.2%) than in those receiving placebo (477/2279, 
20.9%). Most AEs were moderately severe for both groups. The withdrawal rate for an AE was 
higher in the SLIT group (159 patients, 6.0%) than in the placebo group (56 patients, 2.2%). No 
episode of anaphylaxis was reported in the RCTs; but nine adverse events requiring epineph-
rine were reported in the SLIT group, of which seven were treatment related. Three serious 
adverse events requiring epinephrine were also reported in the placebo group, but none of 
them were treatment related (Table 4). The forest plot and the funnel plot of the data reported 
above can only be seen in the original publication due to copyright [128].

SLIT Placebo OR P

Total AE, # patients (%) 1817/2597 (70) 1137/2555 (45) 2.91 <0.0001

TRAE, # patients (%)† 1384/2259 (61) 477/2279 (21) 5.98 <0.0001

Withdrawals for AE, # patients (%) 159/2658 (6) 58/2587 (2) 2.77 <0.0001

Anaphylactic reactions 0 0 – n.s.

AE requiring adrenaline 9 3 – n.s.

TRAE requiring adrenaline 7 0 – n.s.

Note: AE, adverse events; TRAE, treatment-related adverse events.

Table 4a. Adverse events during treatment [128].

TRAD SLIT n (%) Placebo p #Studies

Oral pruritus 689/2228 (30.9) 84/2126 (3.9) <0.00001 11/13

Throat irritation 418/2045 (20.4) 71/2006 (3.5) <0.00001 9/13

Mouth edema 226/2105 (10.7) 17/2033 (0.8) <0.00001 9/13

Ear pruritus 181/1524 (11.9) 32/1444 (2.2) <0.00001 6/13

Eye pruritus 81/852 (9.5) 20/768 (2.6) <0.00001 4/13

Oropharyngeal pain 122/1306 (9.3) 33/1309 (2.5) <0.00001 4/13

Note: Other side effects, such as headache, cough, tongue pruritus, sneezing, rhinorrhea, nasal discomfort and 
nasopharyngitis, have not been reported in the table since they were reported in less than four studies.

Table 4b. Most common treatment-related adverse events (TRAE), occurring in at least 5% of patients in the treatment group.
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4. The methodological problem used to evaluate the tablets grass

In the last part of this chapter, we will focus on the most critical methodological defect of the 
SLIT RCTs, which is the metric that has been used in RCTs to assess the clinical benefit. This 
metric is mathematically incorrect because, as clearly will explained in the study, it calculates 
the percentage difference between SLIT and placebo, not taking into account the symptom 
score (SS) scale range and leading to a huge magnification of the difference between groups.

By using this metric, a 1-point difference will be the same percentage difference in an 18-point 
scale (the te common SS scale used), a 100-point scale, or any other scale, and this is math-
ematically unacceptable (a detailed explanation has been reported in Figure 1).

The correct metric, which takes into account the scale range, was indicated by the World 
Allergy Organization (WAO) [104].

Recommendations for standardization of clinical trials with allergen and is based on the 
comparison between the pretreatment and post treatment SSs of the active and placebo 
groups. Using this metric, we showed a small difference between SLIT and placebo, which 
is less than the US Food and Drug Administration (FDA) (15%) and WAO (20%) thresholds 
of efficacy. The baseline in the case of SLIT RCTs is the retrospective (prior year) total 
symptom score (RTSS), which is used by the investigators of the original RCTs as inclusion 
criteria. In other words, the RTSS is assumed by the investigators as the SS that the patients 
would have in the absence of any treatment (corresponding to the inclusion criteria). We 
acknowledge that the RTSS might be imprecise, but it should be similar to the SS of the 
treatment season, especially if the pollen count of the two consecutive seasons is similar, 
and we have shown for the Cox study, performed with 300IR 5-grass pollen sublingual 
tablet (Oralair®) in only US sublingual study, that this possible imprecision does not affect 
the results [102].

Figure 1. 18-point scale.
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In our meta-analysis [128], we reported the difference between SLIT and placebo not only 
in terms of the standardized mean difference (SMD) but also in terms of the mean differ-
ence (MD), which is the difference in SS points between SLIT and placebo. We showed that 
this difference is −0.83 SS points (95% CI, −1.03 to −0.63). In a recent work, Devillier and the 
Stallergenes©, an industry that market the SLIT, estimated the minimally important differ-
ence, which is defined as the smallest improvement considered worthwhile by a patient, as 
1.1 to 1.3 SS points in patients with grass pollen-related rhinoconjunctivitis [131].

Therefore, according to the Devillier estimation, the difference that we found (−0.83 SS points) 
between SLIT and placebo is not perceived by the patients as clinically important, confirming 
the conclusions of our previous study. In Figure 2, we reported the 95% CI for the mean value 
(−1.03 to −0.63 for the random effect and even smaller for the fixed effect). This implies that we 
are 95% confident that this interval contains the true value of the parameter. Therefore −1.03 
could be a value for the population parameter: even if it was the true value (the most favor-
able extreme to SLIT), the probability of observing a value of less than −1.1 is only 0.25 (25% of 
patients could benefit significantly from SLIT). In contrast, if the true value was that reported 
in our study as a point estimate, less than 0.5% of patients can show an improvement of greater 
than −1.1. This is in accordance with the calculation using our metric reporting an SS reduction 
to less than the WAO (20%) and FDA (15%) thresholds of efficacy.

Regarding safety of the AIT, on the basis of what is reported in RCTs the majority of adverse 
events are mild to moderate and that “both SCIT and SLIT are very safe” [132] but as we 
showed in our previous meta-analysis [105] indirectly comparing SCIT and SLIT, the with-
drawal rate for adverse events was higher in the SLIT group (78 patients; 0.04% vs 0.013% 
in the placebo group) than in the SCIT group (18 patients; 0.019% vs 0.005% in the placebo 
group). This evidence should also be considered.

Figure 2. Hypothetical 100-point scale, with a hypothetical RTSS (baseline score) = 95, congruent with a 100-point 
scale.) RTSS, retrospective total symptom score (baseline). With the calculation shown in RCTs (horizontal arrow) only 
the mean SS during the treatment is considered, ignoring the scale range. In WAO indicated calculation, the same we 
propose (vertical arrow), the scale range is included. The inclusion of the scale in the calculation changes the percentage 
of the improvement, even if the difference between the two groups remains the same.
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5. Conclusions

Regarding the physician-patient dialog to respect patient preference according to evidence-
based medicine principles [15, 16], we believe that in the case of SLIT, the patient has to be 
informed correctly about the small benefit of the treatment.

In the interest of patients, caution must be exercised when such a small treatment benefit is 
reported, especially if one considers that sponsored studies (as in the case of all SLIT RCTs) 
always show greater benefit compared with independent studies using the same drugs or 
devices [133, 134].

This chapter shows that there is an increasing interest in risk-sharing schemes by both pay-
ers and manufacturers, as they serve as mechanisms for reduce uncertainty in collecting 
evidence once a new drug is already being used in a health care system. In principle, they 
could provide additional options to payers and manufacturers, to boost overall efficiency 
[135]. The ambitious goal is to help reduce the likelihood of payers adopting technologies 
that turn out not to be cost effective, while at the same time helping manufacturers earn 
profitable prices to invest in future innovative technologies. Italy is one of the countries that 
started early with these agreements: AIFA, the Italian drug agency, agreed on its first con-
tract in July 2006 [136].

The regulatory authorities such as the US Food and Drug Administration (FDA), the European 
Medicines Agency (EMA) and the Japanese Medical Device Agency are responsible for the 
approval of any drug. Academia (including universities, scientific institutions and societies) 
is another major stakeholder with an important role in influencing the behavior of prescrib-
ers. Patients and consumer associations have also an important role: patients are involved in 
RCTs, consumers associations are consulted in decision concerning research priorities.

Finally, pharmaceutical companies maintain a sort of monopoly in development of new drugs 
and promote the drug and the sales [137]. In the European Union (EU), as well as in US, 
medicines are authorized by the European Commission (EC) and Federal Trade Commission, 
respectively. After a positive evaluation by the European Medicine Agency (EMA), Food Drug 
Administration (FDA) uses the centralized procedure or the national agencies through decen-
tralized procedures. According to the EU legislation and provisions of the FDA, the evaluation 
of medicines seeking marketing authorization is only based on their quality, safety and effi-
cacy. No information is required on their comparative efficacy with respect to drugs already 
available. In our case, SLIT has been compared only with placebo in all RCTs, the indirect com-
parison between SCIT and SLIT has shown that the SCIT is superior to SLIT [105]. After our 
meta-analysis, other studies have been published that concluded that SLIT has at least non-
inferior efficacy and comparable safety compared to SCIT, but a lower annual cost [138, 139].

Our review provides moderate-grade evidence to support that SCIT is superior to SLIT for 
reduction of allergic rhinoconjunctivitis symptoms. Finally, we do not discuss the consider-
ations on the disease-modifying effects of AIT, because they have been evaluated in another 
study that is difficult to get published because of the obvious conflict of interest in peer review 
which is responsible for reviewing the manuscript [140].
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Abstract

The clinical efficacy of the allergen‐specific immunotherapy (AIT) has been well‐docu‐
mented using inhalant or hymenoptera‐derived allergens in atopic patients with cor‐
responding specific IgE antibodies. AIT is considered as the unique treatment that 
is capable of modifying the natural course of the allergic disease because it induces a 
variety of immunological mechanisms, with emphasis in the production of blocking IgG 
antibodies by IL‐10‐stimulated B cells due to the generation of Treg, Breg, or even Th2 
cells. Thus, the measurement of specific IgG subclasses, particularly IgG4, to the crude 
extract or more importantly to allergen components, might be a useful and potential tool 
to follow‐up objectively the patients undergoing AIT in addition to clinical parameters. 
In this chapter, the authors have emphasized a very sensitive and highly specific reverse 
ELISA, developed by them, to measure IgG subclasses directed to clinically relevant 
natural allergens that are undoubtedly better when compared to those obtained with 
recombinant counterparts. Such a technique may produce more authentic results taking 
into account the IgG subclass binding capacity to a particular allergen and might be a 
valuable and alternative method for monitoring activation of tolerance‐inducing mecha‐
nisms in patients under AIT.

Keywords: allergen‐specific immunotherapy, immunotherapy follow‐up, blocking 
antibody, IgE, IgG4
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1. Introduction

Allergen‐specific immunotherapy (AIT) is indicated for atopic patients with IgE‐mediated aller‐
gic diseases, particularly in allergic rhinitis, mild or moderate asthma and hymenoptera sting 
allergy. AIT is an effective treatment that aims to induce changes in immune response against 
specific allergen components derived from causal agents instead of the exteriorized symptoms, 
helping for modifying the natural course of the allergic disease and improving the patients’ 
quality of life by the reduction of symptoms and medication use when naturally exposed to 
sensitized allergens. It involves a build‐up phase that consists of the administration of gradu‐
ally increasing levels of specific allergens until an effective dose that enables the reduction of 
the severity of the disease is reached, even in the presence of the natural allergen exposure [1].

On the one hand, the classical respiratory allergic disease is mediated by IgE antibodies to 
indoor or outdoor inhalant allergens through the development of Th2 cells that produce a 
well‐known cytokine profile, including IL‐4 and IL‐13 [2]. These cytokines are crucial to cause 
antibody class switch on B cells to induce the synthesis of IgE antibodies, which in turn bind 
to mast cells and basophils that possess Fc epsilon receptor (FcεR types I or II) on their mem‐
branes, inducing the sensitization phase. In subsequent contacts, allergens containing genu‐
ine‐ or cross‐reactive epitopes capable to cross‐link to IgE bound to target cells can activate 
these cells, with consequent release of preformed and newly formed vasoactive mediators. 
The preformed mediators (histamine) are responsible for early phase symptoms and newly 
formed those (leukotrienes and cytokines) for inducing a late‐phase response, characterizing 
the type I hypersensitivity reaction [3].

On the other hand, the administration of allergens by AIT has been proved to cause early aller‐
gen‐specific mast cell desensitization, likely as a consequence of the development of regulatory 
T cells (Tr1 cells) that particularly produce IL‐10, which induces antibody class switch on B cells 
to produce IgG4 antibody subclass. An alternative way to produce other subclasses of IgG can 
be achieved due to the fact that AIT can provoke immune deviation from Th2 in favor of Th1 
responses that culminate in the production of IFN‐γ, which induces B cells to produce IgG1 sub‐
class [4]. In the initial phase of AIT the immunological response involves the production of IgG1 
antibodies whereas IgG4 is the dominant subclass in prolonged AIT. Therefore, IgG antibodies 
induced by AIT may act as blocking antibodies, reflecting in the reduction of mast cell activa‐
tion and degranulation as well as competing with IgE antibodies for allergen binding, blocking 
IgE‐dependent mast cell activation and inhibiting IgE‐facilitated allergen presentation [1].

Currently, there is no routine laboratorial test for the detection of allergen‐specific IgG anti‐
bodies, particularly IgG1 and IgG4 subclasses. Physicians, who assist patients with respira‐
tory allergy that have been submitted to AIT, are following the treatment of such patients 
only by subjective clinical parameters. The possibility of following such patients under 
AIT by laboratorial evaluation of allergen‐specific IgG1 and/or IgG4 levels has stimulated 
researchers to develop objective methods for quantifying allergen‐specific IgG antibodies.

The detection of IgG antibodies, particularly IgG1 and IgG4 subclasses, against specific aller‐
genic components, such as the major allergens of Dermatophagoides pteronyssinus (Der p 1 and 
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Der p 2) would indicate the development of a physiological response, i.e., a defense response 
against dust mite allergens [5]. Production of specific IgG4 antibodies to relevant allergenic 
components has been associated with the protective activity due to its function as blocking 
antibody through mechanisms of competition for allergen between IgG4 and cell‐bound IgE 
antibodies [6]. Thus, the role of specific serum IgG subclasses, particularly IgG4, might be 
considered as a good marker of protective or blocking antibody that may be useful for moni‐
toring activation of tolerance‐inducing mechanisms in patients under AIT.

Therefore, it becomes particularly interesting the development of a method for quantifying 
IgG subclasses against clinically relevant allergens. These antibodies can be detected in the 
serum or other biological fluids, such as saliva from patients with allergic respiratory dis‐
ease using an immunoenzymatic technique (reverse ELISA) and allergen component‐specific 
monoclonal antibodies for monitoring patients under AIT. This assay represents a potential 
tool for monitoring patients with respiratory allergy, especially during AIT.

2. Allergic response

2.1. Sensitization phase

The balance of the different subsets of T helper cells such as Th1, Th2 and Treg with their 
cytokine profiles supports the maintenance of the homeostasis of the immune system. The 
breakdown of this balance among Th1, Th2 and Treg cells leads to excessive activation of Th1 
or Th2 cells, culminating in the development of autoimmune diseases or induction of IgE‐
mediated allergic diseases, respectively [2]. Allergies are one of the most prevalent diseases 
in the world, once they are a result of a breakdown in the immune tolerance that individuals 
usually have to food, inhalant and insect venom allergens [7, 8]. These diseases have a mecha‐
nism of response based on an interaction of the innate and adaptive immune system, with 
interaction of various cell types, cytokines, chemokines and costimulatory signals responsible 
for different T‐cell responses [9].

Th2‐cell subset is induced in a classical respiratory allergic disease, triggering a pathogenesis 
related to several indoor or outdoor inhalant allergens as excretions of house dust mite and 
cockroaches, animal dander, pollens and fungal spores, among others [10]. In addition, the 
dose and function of the allergen are relevant for allergic sensitization [7]. This step is the first 
event of the classical pathogenesis, which is mediated by producing specific IgE antibodies 
directed to epitopes derived from inhalant allergens through the development of Th2 cells. 
First of all, the allergens can pass through the epithelial tissue cells of the respiratory tract 
or directly bind in receptors of innate immune cells. Then, allergens are uptaken and pro‐
cessed by professional antigen‐presenting cells (APCs), as dendritic cells (DCs), that present 
peptides through class II major histocompatibility complexes (MHC II) to naive CD4+ T cells 
located in the submucosal layer, driving to effector and memory T cells of the Th2 phenotype 
(Figure 1) [11]. For that, APCs mediate the production and secretion of crucial cytokines as 
IL‐4, characterizing the occurrence of the third signal of the immune response, which will be 
responsible for the STAT‐6 activation and subsequently GATA‐3 (GATA‐binding protein 3 
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transcription factor) upregulation [12]. Besides the antigenic peptide presentation (first signal 
of the immune response), the participation of costimulatory molecules (second signal) is nec‐
essary to reach the development of Th2 cells by increasing the expression of genes encoded 
on 5q31‐33 chromosome (Figure 1). These genes are associated to IL‐3, IL‐4, IL‐5, IL‐9, IL‐13 
cytokines and granulocyte‐macrophage colony stimulating factor (GM‐CSF) codification, 
related to Th2 pathway [13]. Some of these cytokines, such as IL‐4 and IL‐13, are responsible 
for switching the antibody class on B cell to induce the synthesis of IgE antibodies, which 
bind certain target cells that possess Fc epsilon receptor (FcεR) type I (high‐affinity) or type II 
(low‐affinity) on their membranes like mast cells and basophils, leading to the establishment 
of the sensitization phase [14].

Some allergens, as proteolytic protein or lipopolysaccharide (LPS), can stimulate other bias of 
Th2 response, once the linkage of proteolytic allergens to pattern recognition receptors (PRRs) 
like protease‐activator receptors (PARs), or a linkage of LPS to toll‐like receptors (TLRs), both 
localized in barrier epithelial cells, or even the production of reactive oxygen species (ROS) 
by damaged cells can promote various effects that drive to a proinflammatory response. For 
instance, PARs and TLRs can be a trigger to epithelial cells to produce cytokines, like thymic 
stromal lymphopoietin (TSLP), interleukin‐25 (IL‐25) and IL‐33 related to allergic inflamma‐
tion (Figure 1) [15, 16]. IL‐25 and IL‐33 can upregulate NFκ‐B, together with TSLP that activate 

Figure 1. Innate and adaptive allergic immune response. Sequential events for allergen sensitization and triggering the 
immune response that generates different allergic diseases depending on the affected organs are shown. CD4+: cluster 
of differentiation 4; DC: dendritic cell; GATA‐3: GATA‐binding protein 3 transcription factor; ILC2: group 2 innate 
lymphoid cell; LPS: lipopolysaccharide; NF‐κB: nuclear factor kappa B; PAR: protease‐activated receptor; STAT‐5: signal 
transducer and activator of transcription 5; STAT‐6: signal transducer and activator of transcription 6; TLR4: Toll‐like 
receptor type 4; TSLP: thymic stromal lymphopoietin.
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STAT‐5 promoting an increase of Th2 genes regulation. This way stimulates the production of 
chemokines and cytokine release that contribute to cell migration, especially DCs, basophils 
and eosinophils as well as group 2 innate lymphoid cells (ILC2) involved in allergic responses 
(Figure 1) [17, 18].

Taken together, there are mechanisms that promote a Th2 pathway by GATA‐3 upregulation 
induced especially by IL‐4‐activated STAT‐6, or a Th2 route in which GATA‐3 expression 
is induced in an IL‐4 and STAT‐6‐independent manner [2]. Thus, the maintenance of Th2 
responses by environmental allergens is related to the type of recognition of the allergens 
in the epithelial barrier, which promotes the linkage of innate and adaptive responses [19].

2.2. Effector phase

Allergic subjects besides mast cells and eosinophils with a greater number of IgE receptors, 
have an increase of IgE‐producing B cells stimulated by IL‐4 and IL‐13‐secreting Th2 sub‐
set [20]. In a subsequent contact with allergens that contain genuine‐ or cross‐reactive epit‐
opes capable to cross‐link IgE bound to target cells, calcium‐dependent activation of these 
cells can occur with release of preformed vasoactive mediators as histamine responsible 
for the early phase symptoms and newly formed vasoactive mediators like leukotrienes 
and cytokines for late phase symptoms (Figure 1) [21]. These mediators are character‐
ized by the maintenance of long‐lasting symptoms due to the continued tissue inflamma‐
tion and injury, characterizing typically the type I hypersensitivity reaction. Therefore, 
maturation of eosinophils induced especially by IL‐5 and basophils by IL‐3 and IL‐4 are 
the main secreting effector cells of inflammatory mediators observed in the classical aller‐
gic response [12]. Local symptoms or systemic anaphylaxis may be observed depending 
the affected organ and tissues in a particular individual response to sensitized allergens 
(Figure 1) [21].

The intensity of the immune response to allergens is crucial to develop an allergic condi‐
tion mediated by IgE antibody, or a healthy condition depending on the individual gene 
susceptibility, environmental pollutants, features of allergens, among others [22–24]. Other 
antibody classes have been analyzed because of this variation of response between allergic 
and healthy subjects, such as IgA and IgG subclasses [23–25]. In healthy individuals, B cell 
response to house dust mite allergens ranges from no response to predominantly production 
of IgG antibodies specific to allergens, particularly IgG1 or IgG4 subclass, in the absence or 
low concentration of IgE. Differently, IgG levels, particularly IgG4 subclass, have also been 
detected in allergic subjects in addition to high levels of IgE, but IgG1 levels have been found 
at similar levels in both healthy and allergic individuals [26, 27].

3. Cellular and molecular mechanisms of AIT

Allergen‐specific immunotherapy (AIT) is performed by the administration of increasing con‐
centrations of allergens (build‐up phase) up to maintenance doses, mainly given by subcuta‐
neous, epicutaneous, oral, sublingual, or recently by intralymphatic route. AIT aims to induce 

Allergen-Specific Immunotherapy Follow-Up by Measuring Allergen-Specific IgG as an Objective Parameter
http://dx.doi.org/10.5772/66711

385



changes on the immune response of allergic individuals, drawing a state of allergen‐specific 
tolerance, which contributes with a curative effect for a long period of time [28–32].

The cellular and molecular mechanisms of AIT are diverse, involving the very early mast cell 
and basophil desensitization, effect on antigen‐presenting cells, modulation of T and B cell 
repertories as well as modification of allergen‐specific antibody responses (Figure 2) [32].

Although AIT reduces the allergic inflammation mediated by IgE‐dependent mechanism over 
the time, a very early effect on basophil and mast cell activation status is observed just after 
the initiation of the therapeutic regimen, leading to a lower risk to develop anaphylactic mani‐
festations [33–35]. The subjacent mechanism of basophil and mast cell desensitization has 
not been elucidated yet; however, some clues highlight this issue. AIT leads to a controlled 
releasing of histamine and leukotrienes by basophil and mast cells after allergen adminis‐
tration, producing a gradual reduction of granule content of the inflammatory mediators in 
these cells in patients submitted to immunotherapy [31, 33, 36], although there is not a direct 
evidence of diminution of intracellular vasoactive mediator amount by histological analy‐
sis. Short‐term venom immunotherapy induces desensitization of FcεRI‐mediated basophil 
response. The levels of mRNA and FcεRI cell‐surface expression decreased in basophil cells 
from patients submitted to venom immunotherapy, indicating that the reduction in FcεRI 

Figure 2. Immunological changes induced by allergen‐specific immunotherapy (AIT). Desensitization of basophil/
mast cells and upregulation of markers associated with dendritic cells (DCs) driving differentiation of IL‐10‐producing 
Treg and Breg cells and subsequent activation of B cells to synthesize allergen‐blocking factors, particularly IgG4 and 
suppression of IgE antibodies during AIT are shown. AIT: allergen‐specific immunotherapy; Breg cell: regulatory B 
cell; CTLA‐4: cytotoxic T lymphocyte antigen‐4; DC: dendritic cell; FcεRI: high‐affinity receptor for the Fc region of 
immunoglobulin E (IgE); H2R: histamine H2 receptor; PD1: programmed death‐1 receptor; PDL1: programmed death 
ligand‐1; SCIT: subcutaneous immunotherapy; ORAL/SLIT: oral/sublingual immunotherapy; Treg cell: regulatory T cell.
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expression contributes to the phenomenon of the early basophil desensitization observed 
after AIT [37, 38]. On the other hand, AIT also provokes an allergen‐mediated upregulation 
of the type 2 histamine receptor (H2R) gene, which was associated with the suppression of 
FcεRI‐mediated basophil activation, inducing a tolerogenic response (Figure 2) [34, 39]. The 
engagement of H2R with its agonists prevents further histamine and leukotriene releasing as 
well as IL‐4 and IL‐8 production by basophil cells [34]. The molecular mechanism involved 
in H2R‐dependent basophil desensitization is supposed to be mediated by the cAMP path‐
way because the stimulation with H2R agonist or with a direct cAMP inducer was able to 
inhibit the FcεRI‐mediated basophil activation [34]. In this way, the increase of concentration 
of cAMP activates PKA (Protein Kinase A, the principal intracellular target of cAMP), which 
in turn decreases the intracellular calcium influx, thus preventing FcεRI‐dependent basophil 
and mast cell degranulation [22].

Antigen‐presenting cells, particularly dendritic cells (DC), display an important role in the 
induction of allergic diseases driving Th2 responses and the IgE‐dependent pathophysiologic 
mechanism. Some evidences reveal that AIT can affect directly the phenotype of the anti‐
gen‐presenting cells correlating with clinical improvement in patients with allergic diseases 
[40–42]. A regulatory dendritic cell signature correlating with the clinical efficacy after aller‐
gen‐specific sublingual immunotherapy (SLIT) has been observed in peripheral blood mono‐
nuclear cells (PBMCs) from clinical allergic responders in comparison with nonresponders 
or patients that received only placebo [40]. Likewise, a report using transcriptomic and pro‐
teomic approaches demonstrated that PBMCs from allergic patients downregulate the expres‐
sion of markers related with DC driving the differentiation of Th2 cells, whereas upregulate 
markers associated with DC driving differentiation of T regulatory cells, after only 4 months 
of SLIT. These results indicate that AIT has an early effect on antigen‐presenting cells that 
trigger the Th2 downregulation [42]. Therefore, the changes evoked during AIT regimen on 
antigen‐presenting cells, with a predominance of DC tolerogenic subsets inducing the devel‐
opment of T regulatory (Treg) cells, may be part of the mechanism behind of the therapeutic 
efficacy observed in AIT (Figure 2).

The induction of the allergen‐specific tolerance is a pivotal event required in AIT procedures 
by generating allergen‐specific Treg cells [43], responsible for maintaining immune homeo‐
stasis. Treg cells have been characterized by stable expression of CD25, CD4 and FOXP3 
(Forkhead box protein 3), expression of suppressive surface molecules, such as cytotoxic T 
lymphocyte antigen‐4 (CTLA‐4) and programed death 1 (PD1) and secretion of IL‐10 and 
TGF‐β cytokines [31]. Accordingly, increased numbers of Treg cells were also detected in 
nasal mucosa correlating with clinical efficacy after AIT, supporting the importance of these 
cells on tolerogenic phenomenon observed in patients upon AIT [44].

TGF‐β produced by Treg cells is a potent inhibitor of Th2, Th1 and Th17 effector response and 
has been associated with the suppression of seasonal allergic inflammation [31] and produc‐
tion of mucosal allergen‐specific IgA after AIT [30, 45, 46]. Likewise, IL‐10 produced by Tr1, 
Treg and Breg cells were markedly increased after AIT in allergic individuals and those cells 
were also associated with suppressor effect observed in several immunotherapeutical proto‐
cols [47–49].
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IL‐10 acts as a potent suppressor cytokine, reducing the production of proinflammatory cyto‐
kines by mast cells, decreasing the eosinophil functions and also downregulating the expres‐
sion of MHC class II and costimulatory molecules on surface of monocytes/macrophages and 
DCs, thus preventing allergen‐induced Th2 activation [50–53]. Importantly, IL‐10 is related 
with the antibody class switch on B cells, favoring the production of IgG4 subclass, a dominant 
antibody subclass in late phase response of AIT, which is associated with a gradual decreasing 
of IgE levels. Alternatively, AIT can also provoke immune deviation from Th2 in favor of Th1 
responses that culminate in the production of IFN‐γ, inducing preferentially B cells to produce 
IgG1 subclass directed to allergenic components present in the formulation of the AIT [31].

Therefore, allergen‐specific IgG antibodies induced during AIT may act as blocking antibodies, 
reflecting in the reduction of mast cell activation and degranulation due to its competition with 
IgE antibodies for allergen binding and inhibiting IgE‐facilitated allergen presentation [54].

4. Immunotherapy follow‐up

In addition to clinical parameters like improvement in symptoms and medication scores that 
are subjective, it should be very helpful if the medical assistant had also objective parameters 
such as complementary laboratorial tests for the follow‐up of allergic patients under AIT.

Considering the several cellular and molecular mechanisms involved in AIT described before, 
such as the determination of the type 2 histamine receptor (H2R), basophil activation test, 
or a procedure for measuring regulatory dendritic cell signature, all of which can be cor‐
related with the clinical efficacy of AIT, it becomes evident that complex methods should be 
employed and certainly would be difficult to be applied in the routine analysis.

Therefore, we can accomplish that measurement of specific IgG, particularly of the IgG4 sub‐
class, might be used for monitoring patients receiving AIT, since it will be more simple and 
feasible in any clinical analysis laboratory. In this context, a previous study has demonstrated 
a lack of correlation between venom‐specific total IgG levels and prediction of systemic reac‐
tions, concluding that measuring specific IgG antibodies is not useful for monitoring AIT. In 
this study, the authors postulated that IgG subclasses could be probably involved, since the 
clinical improvement is not necessarily reflected in the total IgG antibody titre [55]. However, 
other investigators have found a correlation between low levels of venom‐specific IgG and a 
greater risk of anaphylaxis in patients submitted to venom allergen immunotherapy during 
4 years and the opposite was also true, a lower risk of systemic reaction could be observed 
in those patients with high levels of venom‐specific IgG, concluding that the measurement 
of specific IgG is useful and beneficial, especially for advising greater risk of anaphylaxis 
in patients who present low levels of specific IgG [56]. An interpretation that we can point 
out is the existence of two groups of patients who are receiving AIT; one group includes the 
good responders and another those patients that are non‐ or low‐responders and such fact 
can be associated to their intrinsic genetic features, particularly related to the specific type of 
HLA (human leukocyte antigen). Also, we need to consider the presence of pre‐existing lev‐
els of allergen‐specific IgG subclasses before AIT, since the patients themselves may present 
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stimulation of their immune system for attempting to synthesize blocking antibodies as an 
autoregulatory mechanism.

Recent experimental study using a high‐dose cutaneous exposure to Dermatophagoides 
 pteronyssinus mite extract has shown to induce effective blocking IgG production, support‐
ing that the detection of increased IgG antibody titres is a promisor marker of clinical effi‐
cacy of AIT [57].

In addition, a study employing a nonclassical allergen intralymphatic immunotherapy using 
a modular antigen transporter Fel d 1 (MAT‐Fel d 1) has found a strong increase in allergen‐
specific IgG4 levels and some increase in IgG2 antibody subclasses, but this procedure was 
not able to stimulate the production of IgG1 and IgG3 subclasses [58].

The production of specific IgG antibodies to allergens, especially IgG4 subclass, is the most 
important immunological change induced by AIT [59–62]. However, in some studies there 
is a lack of correlation between increased IgG4 titres and clinical improvement [55], since 
the induction of IgG4 blocking antibodies may not be reflected in serum or other biological 
fluid samples, requiring bioassays as the inhibition of IgE‐facilitated allergen presentation 
for its possible detection [63]. Accordingly, production of specific IgG4 antibodies to relevant 
allergenic components has been associated with the protective activity due to its function as 
blocking antibody through mechanisms of competition for allergen between IgG4 and cell‐
bound IgE antibodies [6]. In this context, several other investigators have found that clinical 
improvement after mite AIT was associated with increased levels of serum specific IgG4 or 
ratio of specific IgG4/IgG1 [64–66].

Unfortunately, there is no current routine laboratorial test for the detection of allergen‐spe‐
cific IgG antibodies, particularly IgG1 and IgG4 subclasses, against crude allergen extract 
and/or clinically relevant allergen components that could be used as a useful tool for monitor‐
ing AIT. Physicians, who assist patients with respiratory allergy that have been submitted to 
AIT, are following the treatment of such patients only by clinical parameters (symptoms and 
medication scores) that are very subjective. The possibility of following such patients under 
AIT using allergen‐specific IgG1 and/or IgG4 antibody measurements will enable to monitor 
those patients by using objective parameters in association with subjective clinical param‐
eters. This fact has stimulated researchers to develop objective methods for quantifying those 
allergen‐specific IgG antibodies.

In 2001, our group has developed a reverse ELISA technique for quantifying Der p 2 allergen‐
specific IgE antibodies, using capture Der p 2‐specific monoclonal antibodies. This technique 
was developed with the intention of helping the allergy diagnosis by means of a molecular 
allergen component, since the presence of Der p 2 allergen‐specific IgE antibodies indicates 
the occurrence of an allergic response in the patient. It has also been demonstrated that this 
technique has a higher sensitivity related to conventional ELISA [67].

On the other hand, the detection of specific IgG antibodies or particularly IgG1 and IgG4 
subclasses, against Der p 2, or against any other specific allergenic component, would 
indicate the development of a physiological response, i.e., a defense response against dust 
mite allergens.

Allergen-Specific Immunotherapy Follow-Up by Measuring Allergen-Specific IgG as an Objective Parameter
http://dx.doi.org/10.5772/66711

389



Thus, on the basis of the information described above, it becomes particularly interesting to 
develop a method for quantifying IgG antibody subclasses against clinically relevant aller‐
gens. These antibodies can be detected in the serum or other biological fluids, such as saliva 
from patients with allergic respiratory disease using an immunoenzymatic technique (reverse 
ELISA) and relevant monoclonal antibodies for monitoring patients under AIT.

5. Method for measuring allergen‐specific IgG subclasses

Part of our group has developed a reverse ELISA technique as described in the European 
patent application registered as EP 2232265, providing a method for measuring allergen‐
specific IgG antibody subclasses, including IgG1, IgG2, IgG3 and IgG4, for monitoring 
patients with allergic diseases under AIT [68]. As illustrated in Figure 3, allergen‐specific 
monoclonal antibodies, for example, anti‐Der p 1 or anti‐Der p 2, are bound to ELISA 
microtitration plates in order to capture the corresponding natural allergens, Der p 1 or Der 
p 2, respectively, present in the crude D. pteronyssinus extract, which subsequently inter‐
acts with specific IgG antibodies existent in serum samples or other biological fluids from 
allergic patients. Those antibodies are later detected by the addition of mouse monoclonal 
antibodies, against human IgG subclasses, preferentially IgG4, labeled with biotin and, sub‐
sequently are incubated with the streptavidin‐peroxidase enzymatic conjugate. Reaction 
is revealed by the addition of the enzymatic substrate (hydrogen peroxide) diluted in a 
chromogenic buffer [2,2′‐azino‐bis(3‐ethylbenzthiazoline‐6‐sulphonic acid) – ABTS] and 
absorbance is determined in a microtitration plate reader, at 405 nm.

Figure 3. Representative diagram (sequential steps A to F) of the reverse enzyme‐linked immunosorbent assay (ELISA). 
(1) Capture allergen‐specific (Der p 1 or Der p 2) monoclonal antibody; (2) crude Dermatophagoides pteronyssinus extract; 
(3) allergen (Der p 1 or Der p 2) present in crude extract; (4) allergen‐specific IgG antibody present in serum samples 
or other biological fluids from allergic patients; (5) monoclonal antibody against human IgG subclass (preferentially 
IgG4) labeled with biotin; (6) streptavidin‐peroxidase enzymatic conjugate; (7) reaction is revealed by the addition of 
enzymatic substrate (hydrogen peroxide) diluted in a chromogenic buffer (ABTS) and absorbance is determined in a 
plate reader at 405 nm (Taketomi EA and Silva DAO, 2016, found in European Patent Office EP 2232265 [68]).
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The reverse ELISA (rELISA) technique for the detection of IgG antibody subclasses has a great 
advantage over others that use indirect ELISA [69, 70]. It does not require purified allergens or 
antigens, which are often too expensive or difficult to obtain in a purified and isolated form, since 
the natural allergen components present in the crude allergen extract are bound on the microti‐
tration plate by the capture allergen‐specific monoclonal antibody. Another advantage of this 
assay is that it does not require specific and exclusive equipment, avoiding a direct dependence 
between the producers of the diagnostic kits or the diagnostic equipment and the consumers.

The rELISA assay also demonstrated higher sensitivity than the conventional ELISA (cELISA) 
in the measurement of allergen‐specific IgG subclasses, particularly IgG4 antibodies, to the 
crude D. pteronyssinus (Dpt) extract and its major allergens (Der p 1 and Der p 2), using a pool 
of reference sera obtained from mite‐allergic patients (Figure 4). The sensitivity of each assay 
was 15.6 EU/mL for cELISA‐Dpt, 1.9 EU/mL for rELISA‐Der p 1 and 7.8 EU/mL for rELISA‐
Der p 2. Likewise, specificity of rELISA for the measurement of allergen‐specific IgG sub‐
classes, particularly IgG4 antibodies to the major allergens (Der p 1 and Der p 2) was shown 

Figure 4. Sensitivity of cELISA and rELISA for the measurement of IgG4 antibodies to the crude extract of Dermatophagoides 
pteronyssinus (Dpt) and its major allergens (Der p 1 and Der p 2). The sensitivity of each assay is indicated by the asterisk 
(Taketomi EA and Silva DAO, 2016, found in European Patent Office EP 2232265 [68]).
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to be higher than cELISA for the detection of IgG4 to crude Dpt extract as determined by inhi‐
bition assays (Figure 5). All assays showed a dose‐dependent manner inhibition when a pool 
of reference sera containing allergen‐specific IgG4 antibodies was incubated with increasing 
concentrations (0.15–15,000 AU/mL) of the crude Dpt extract as inhibitor antigen. Inhibition 
was higher than 80% for all assays, with 88% for cELISA‐Dpt, 82% for rELISA‐Der p 1 and 
89% for rELISA‐Der p 2, when the highest concentration of Dpt allergen extract was used.

In our previous study [71], rELISA was also employed for monitoring specific IgG4 levels to 
D. pteronyssinus major allergens (Der p 1 and Der p 2) along with cELISA for measuring IgG4 
levels to crude Dpt extract in serum samples of two groups of mite‐allergic patients under 
AIT by subcutaneous route: one active DPT group, receiving the D. pteronyssinus extract and 
another placebo group. Serum samples were analyzed in two time‐points, day 0 and after 1 
year of treatment. As shown in Figure 6, patients of the active group (DPT) had increased 
levels of IgG4 to D. pteronyssinus extract and its major allergens, particularly to the Der p 1 
allergen component, after 1 year of therapy as compared to patients without active immu‐
notherapy (placebo group). Also, there was a significant increase of serum IgG1 levels to D. 
pteronyssinus extract and Der p 1 allergen component in patients that had received active 
immunotherapy in contrast with those patients belonging to the placebo group [71].

Furthermore, we were also able to show a significant increase in IgG1 and IgG4 levels to D. 
pteronyssinus, Der p 1 or Der p 2 allergen components after 12 and 18 months of sublingual 
immunotherapy using D. pteronyssinus extract. In contrast, patients receiving placebo did not 

Figure 5. cELISA and rELISA specificity for IgG4 antibodies to the crude extract of Dermatophagoides pteronyssinus 
(Dpt) and its major allergens (Der p 1 and Der p 2) using competitive inhibition assays. Mite‐allergic patient sera were 
preadsorbed with different concentrations of Dpt inhibitor antigen and then assayed in each cELISA and rELISA for 
measurement of specific IgG4 antibodies. Data represent the percentage of inhibition in each assay (Taketomi EA and 
Silva DAO, 2016, found in European Patent Office EP 2232265 [68]).
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Figure 6. Levels of IgG4 antibodies to the crude extract of Dermatophagoides pteronyssinus (Dpt) and its major allergens 
(Der p 1 and Der p 2) determined by cELISA and rELISA in sera from patients randomized to two treatment groups: 
(A) active DPT (Dpt extract; n = 15) and (B) Placebo (n = 15). Antibody levels are expressed in ELISA indices (EI) as 
individual values on day 0 and after 1 year of treatment and connected with a line; the mean EI values for each of those 
two time‐points are also indicated. Significant differences before and after treatment within the groups were determined 
by the Wilcoxon signed‐rank test (Taketomi EA and Silva DAO, 2016, found in European Patent Office EP 2232265 [68]).
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show any increases in IgG1 or IgG4 antibody levels to crude D. pteronyssinus extract or its 
major allergen components in that studied period of time [30].

Thus, our studies have shown that increased levels of allergen‐specific IgG subclasses, par‐
ticularly IgG4 and IgG1, can be detected after variable period of AIT in the serum of patients 
receiving mite AIT, using major natural components in the ELISA technique that allow better 
reaction than their modified or recombinant counterparts without the need of purified aller‐
gen components. For this reason, the measurement of specific serum IgG subclasses, particu‐
larly IgG4, should be considered as a good marker of protective or blocking antibody that may 
be useful for monitoring activation of tolerance‐inducing mechanisms in patients under AIT.

Therefore, according to the results described above, reverse ELISA has shown to be a sensitive 
and alternative method for measuring natural allergen‐specific serum IgG antibody subclasses, 
especially IgG4, providing valuable information for monitoring patients with allergic respira‐
tory disease during AIT with peptides or native or recombinant allergens of clinical relevance.

6. Conclusion

We can conclude that IgE‐mediated allergic patients submitted to AIT usually demonstrate 
immunological changes, in particular, induction of allergen‐specific IgG that may act as block‐
ing factors competing with IgE antibodies and thus contributing for ameliorating the clinical 
symptoms. In this context, we recommend follow these patients under AIT using clinical (symp‐
toms and medication scores) and laboratorial (allergen‐specific IgG subclass measurement) 
parameters since this technique has shown to be a potential tool for monitoring these patients.
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