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Preface

About 100 years ago, there was the very real fear of allograft rejection reactions
when deciding on organ transplantation and blood transfusion. On facing this
fear, scientists began to unravel the way tissue rejection occurs and find possible
implications for its inhibition. The observation of excellence in tissue transplanta-
tion between identical twins suggested a genetic component to donor-recipient
compatibility. Consequently, incompatibility of ABO blood groups—which are
inherited—emerged as the fundamental factor for rejection reactions. This initial 
realization was among the first clues to the crossword of immunogenetics. However, 
the determining factor that yielded the fruit of immunogenetics dates back to the
late twentieth century when human leukocyte antigen (HLA) molecules and genes
controlling their expression were introduced as the heart of the allograft rejection
problem. In this manner, immunity and genetics are closely linked with the discov-
ery of hereditary varieties of immune responses.

The introductory chapter of Immunogenetics provides an overview of the most
important implications of immunogenetics after a brief introduction to the HLA 
system and its immunological function.

Despite its initial rejection, the manuscript introducing Western blotting, also
known as immunoblotting, was published in the early 1980s. Since then, the scien-
tific community is still interested in adopting different Western blotting approaches
to detect immunologic proteins in biological samples. The second chapter explores
in detail the value of Western blotting as an immunoassay in today’s world.

In addition to rejection reactions, HLA molecules expressed by tumor cells can drive
tumor development and play a critical role in avoiding detection by the immune
system. In Chapter 3, the dynamic interaction between immune escape mechanisms
and HLA regulation is presented.

Psychoneuroimmunology is a discipline with roots that connect the brain, behavior, 
and immunity. Findings of immunogenetic abnormalities that influence neurocir-
cuitry and behavior have made this field especially interesting. Chapter 4 is dedi-
cated to reviewing such research.

Tuberculosis is a potentially serious global health problem caused by Mycobacterium 
tuberculosis (Mtb) in humans. Different immune cells, for example, macrophages, 
dendritic cells, neutrophils, and natural killer cells, are induced in response to
Mtb infection. Genetic alteration of antituberculosis immune responses has been
associated with predisposition to different forms of tuberculosis. The last chapter
discusses the immunogenetics of tuberculosis along with potential implications for
immunotherapy.

We are very pleased to have had the opportunity to write this book on immunoge-
netics for IntechOpen, which is continuously attempting to open scientific minds

   
 

  

 
 

        
  

  
  

 

  

 

  
 

   

          
 

 

 

 

 
 
 

 

  
 



   
 

  

 
 

        
  

  
  

 

  

 

  
 

   

          
 

 

 

 

 
 
 

 

  
 

Preface 

About 100 years ago, there was the very real fear of allograft rejection reactions 
when deciding on organ transplantation and blood transfusion. On facing this 
fear, scientists began to unravel the way tissue rejection occurs and find possible 
implications for its inhibition. The observation of excellence in tissue transplanta-
tion between identical twins suggested a genetic component to donor-recipient 
compatibility. Consequently, incompatibility of ABO blood groups—which are 
inherited—emerged as the fundamental factor for rejection reactions. This initial 
realization was among the first clues to the crossword of immunogenetics. However, 
the determining factor that yielded the fruit of immunogenetics dates back to the 
late twentieth century when human leukocyte antigen (HLA) molecules and genes 
controlling their expression were introduced as the heart of the allograft rejection 
problem. In this manner, immunity and genetics are closely linked with the discov-
ery of hereditary varieties of immune responses. 

The introductory chapter of Immunogenetics provides an overview of the most 
important implications of immunogenetics after a brief introduction to the HLA 
system and its immunological function. 

Despite its initial rejection, the manuscript introducing Western blotting, also 
known as immunoblotting, was published in the early 1980s. Since then, the scien-
tific community is still interested in adopting different Western blotting approaches 
to detect immunologic proteins in biological samples. The second chapter explores 
in detail the value of Western blotting as an immunoassay in today’s world. 

In addition to rejection reactions, HLA molecules expressed by tumor cells can drive 
tumor development and play a critical role in avoiding detection by the immune 
system. In Chapter 3, the dynamic interaction between immune escape mechanisms 
and HLA regulation is presented. 

Psychoneuroimmunology is a discipline with roots that connect the brain, behavior, 
and immunity. Findings of immunogenetic abnormalities that influence neurocir-
cuitry and behavior have made this field especially interesting. Chapter 4 is dedi-
cated to reviewing such research. 

Tuberculosis is a potentially serious global health problem caused by Mycobacterium 
tuberculosis (Mtb) in humans. Different immune cells, for example, macrophages, 
dendritic cells, neutrophils, and natural killer cells, are induced in response to 
Mtb infection. Genetic alteration of antituberculosis immune responses has been 
associated with predisposition to different forms of tuberculosis. The last chapter 
discusses the immunogenetics of tuberculosis along with potential implications for 
immunotherapy. 

We are very pleased to have had the opportunity to write this book on immunoge-
netics for IntechOpen, which is continuously attempting to open scientific minds 



by publishing open access books. We hope that this book has, though concisely, 
answered some immunogenetic questions. 

Nima Rezaei 
Tehran University of Medical Sciences, 

Tehran, Iran 
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Chapter 1 

Introductory Chapter: 
Immunogenetics 
Amene Saghazadeh and Nima Rezaei 

1. Major histocompatibility complex (MHC): the master system for 
self-/nonself-recognition 

It is a gene family found in many vertebrates. In humans, the “HLA” is inter-
changeably used with MHC. The MHC gene family is composed of three main 
subfamilies clustered near one another on chromosome 6. As shown in Figure 1, 
MHC class III genes space between MHC class I and class II genes. Glycoproteins 
encoded by MHC class I genes are present on the surface of all nucleated somatic 
cells, while the expression of MHC II glycoproteins is largely restricted to the spe-
cialized antigen-presenting cells (APCs) such as dendritic cells, macrophages, and B 
cells. Both have extracellular domains that form the peptide-binding region. Those 
of MHC class I molecules govern the presentation of peptide (antigen) primarily 
derived from intracellular sources (endogenous) to CD8+ cytotoxic T lymphocytes 
(CTLs), while those of MHC class II molecules are particularly effective at presenta-
tion of peptide primarily originated from extracellular sources (exogenous) to CD4+ 

helper T (TH) cells. In the following, the specific mechanisms of action appear: 

2. MHC class I 

T-cell receptor (TCR) on the surface of CTLs interacts with peptide-MHC class 
I complex. It has the ability to discriminate self from foreign. CTLs are stimulated 
upon TCR recognition of foreign peptides. Stimulated CTLs promote T-cell prolif-
eration and lysis in peptide-pulsed target cells. Also MHC class I molecules interact 
with NK cell receptors, e.g., killer-immunoglobulin-like receptors (KIRs), thereby 
controlling effector functions of NK cells that can damage self-components, for 
example, cell cytotoxicity and excessive inflammation [1]. In this manner, MHC I 
molecules induce self-tolerance via a NK cell-dependent mechanism as well. 

3. Class I MHC restriction of CTLs 

Because both self and foreign peptides can bind to class I MHC molecules, so a 
question to ask is what would happen to class I MHC molecules loaded with self-
peptide. The answer lies within the process by which T lymphocytes are selected in the 
thymus. Thereby, CTLs can enter circulation if their surface TCR is reactive to self-
class I MHC molecules loaded with foreign, not self, peptides. This reaction is known 
as class I MHC restriction of CTLs, because it occurs only in the presence of self-class 
I MHC molecules (for review see [2]). As if, class I MHC molecules act as parent to 
CTLS. Two possibilities arise [3]. First, self-class I MHC compatibility is necessary for 
sensitizing of the foreign peptide and thereby for binding and lysis of the target cell 
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Immunogenetics 

Figure 1. 
The genetic architecture of human major histocompatibility complex (MHC). 

by CTLs. In this case, there might be specific MHC gene products and the interactions 
between them that function to distinguish self from foreign. Second, self-components 
undergo changes in composition on encountering foreign antigen, so that their recog-
nition is not possible unless a compatible class I MHC system is available. 

4. MHC class II 

4.1 Macrophages 

Extracellular peptides or pathogens are engulfed by phagocytosis into macro-
phages and assembled into a vesicle, called phagosome. Lysosomes combine with 
the phagosome to digest substances in order to extract their antigens. MHC class 
II molecules orient antigens to the outer surface of cell membrane, where TH cells 
stand ready to bind and assist with recognition of antigens. Recognition of a foreign 
antigen by TH cells would force more macrophages to phagocyte pathogens. 
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4.2 B lymphocytes 

Immunoglobulins are attached to the surface of B cells. Binding of a foreign 
antigen to these immunoglobulins induces the engulfment of that particular antigen 
by B cells. B cells prepare ingested antigen for presentation by MHC class II mol-
ecules. Peptide-MHC II complex would engage TH cells that promote proliferation 
of antibody-producing plasma cells. Antibodies produced by plasma cells enter the 
circulation and form complex with matching antigens. Matching antigen-antibody 
complexes are susceptible to cleavage. 

In this manner, MHC class I and class II molecules are very important in the 
initiation of cell-mediated and antibody-mediated immune responses. As a result, 
they have always been in the center of attention of immunogeneticists. 

5. The genetic architecture of human MHC 

Figure 1 shows three main MHC classes of genes. Occupying about 0.1% of the 
human genome [4], the MHC ranks as the most gene-dense region in the human 
genome. Two hundred and twenty-four MHC loci have been so far isolated from 
humans, among which 20–30% [5] are associated with a known or putative func-
tion in innate and adaptive immune responses [4], while the rest act as mediators of 
growth, development, mating, reproduction, odor, and olfaction [6]. This would 
imply that MHC is working on contextually different aspects of the evolution. As 
in mammalian genome, some MHC genes related to adaptive immune system are 
present in invertebrate genomes. This would tell us that the origin of the adaptive 
immune system dates back to at least 400 million years ago [7]. 

6. Evolution and selection of MHC polymorphisms 

The MHC class I and class II genes continue as the most polymorphic genes in 
mammals. However, there are specific loci that exhibit a higher level of polymor-
phism compared with other loci studied in the same population. Mounting evidence 
supports that selective MHC polymorphisms might play a role in evolution, so 
that they will be maintained within one species or even command one species to 
be transformed into another [8]. Different hypotheses exist regarding profitable 
variations that are provided by MHC polymorphisms making them favorable to 
be accumulated by natural selection. For example, in the context of immunity, the 
overdominance hypothesis states that individuals being heterozygous for those 
certain MHC polymorphisms, the so-called extraordinary polymorphisms, will 
have an advantage over the homozygous individuals that the MHC function is 
more powerful in terms of types of peptides that they can bind to and recognition 
of more peptide types, in turn, would mean protection against a broader range of 
pathogens. This is known as heterozygous advantage or overdominance selection. 
For more information regarding other hypotheses, please see [2, 9–12]. 

7. Challenges in mapping MHC genes 

MHC loci are difficult to map due to a number of reasons including: 

1. There are many sequences and structural variations that can be extracted from 
MHC. 
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Immunogenetics 

2. There is strong linkage disequilibrium between different loci that can influence 
the accuracy of analysis of the immunogenetic data. 

3. There are nonadditive effects within the MHC loci and also epistatic interac-
tions between the MHC and other genes that are able to affect total genomic 
variance [4]. 

As detailed in [5], different approaches have been developed for sequencing the 
MHC and discovery of potential copy-number variation (CNV) and of SNP regions. 
Sanger sequencing combined with next-generation DNA sequencing technologies 
can be used to detect SNPs, describe their characteristics, and obtain information 
for haplotype phasing. 

Serological techniques and solid-phase immunoassays offer HLA typing 
with an appropriate resolution [13]. However, it is noteworthy to mention that 
despite about one century of effort, HLA (class I and II) typing—which is used to 
match donor and recipient for transplantation of the stem cells, cord blood, and 
kidney—might be challenging for bioinformaticians in some instances. Therefore, 
external proficiency testing (EPT) is performed to resolve ambiguities in HLA 
typing. According to a report of the Ad-Hoc Committee of the American Society for 
Histocompatibility and Immunogenetics, there is no need to resolve all ambiguous 
results [14]. The committee recommends that if there is more than one possible 
HLA genotype at the time of clinical decision-making, then we only need to refer 
to the criteria of EPT, which is attached to a list of common and well-documented 
(CWD) HLA alleles. For each HLA locus, e.g., HLA-A, HLA-B, HLA-C, HLA-DRB1, 
HLA-DQB1, HLA-DRB3/4/5, HLA-DQA1, and HLA-DPB1, CWD alleles consist of 
about 27–47% of the total alleles. 

8. The international ImMunoGeneTics information system 

For almost 30 years, the international ImMunoGeneTics (IMGT) information 
system has been made available free on http://imgt.cines.fr. IMGT is composed of 
immunogenetic information on sequences, nucleotides, genes and their polymor-
phisms, and proteins of the immune system including immunoglobulins or antibod-
ies, TCR, and MHC. It can be useful for diagnostic, therapeutic, and engineering 
purposes and also research in the different fields of medicine, in particular, autoim-
mune diseases, infectious diseases, acquired immunodeficiency syndrome (AIDS), 
and blood cancers. In this manner, IMGT helps operationalize the continuum 
between specialist and generalist databases. 

9. Immunogenetics and inherited risk of multifactorial diseases 

9.1 HLA loci 

Genetic studies have provided evidence for association of loci on HLA and: 

1. Autoimmune and inflammatory diseases: acute anterior uveitis, alopecia areata, 
asthma, atopic dermatitis, eczema, rheumatoid arthritis, Behçet’s disease, celiac 
disease, collagenous colitis, granulomatosis with polyangiitis (Wegener granu-
lomatosis), generalized vitiligo, IgA nephropathy, primary biliary cirrhosis, 
psoriasis, ankylosing spondylitis, systemic lupus erythematosus, vasculitis, type 1 
diabetes, Crohn’s disease, ulcerative colitis, dermatomyositis, and Graves’ disease 
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2. Infections: human immunodeficiency virus (HIV) set-point viral load (spVL), 
HIV-1 control, acquired immunodeficiency syndrome (AIDS) progression, 
chronic hepatitis B infection and viral clearance, hepatitis B, hepatitis B and 
C virus-related hepatocellular carcinoma, hepatitis B-related liver cirrhosis, 
chronic hepatitis C infection, human papillomavirus (HPV) seropositivity, 
dengue shock syndrome, leprosy, M. tuberculosis infection, malaria, resistance 
to enteric fever, and visceral leishmaniasis 

3. Gastrointestinal diseases: Barrett’s esophagus 

4. Neurological disorders: Parkinson’s disease, narcolepsy, juvenile myoclonic 
epilepsy, spinocerebellar ataxia, myasthenia gravis, and multiple sclerosis 

5. Psychiatric disorders: schizophrenia and autism 

6. Joint diseases: knee osteoarthritis 

7. Cancers of the nasopharynx, cervix, colorectum, lung, blood cells, and bone 
marrow (lymphoid cancers) 

8. Adverse drug reactions: Stevens-Johnson syndrome/toxic epidermal necrolysis 
(carbamazepine), agranulocytosis (clozapine), pancreatitis (thiopurine), and 
liver injury (terbinafine, fenofibrate, ticlopidine, and pazopanib) 

9. Response to vaccines: hepatitis B 

10. Male infertility due to nonobstructive azoospermia 

9.2 Non-HLA loci 

Generally, loci on non-HLA genes are involved in genetic predisposition to a 
variety of autoimmune and inflammatory disorders, among which the most associ-
ated have been identified in three genes: cytotoxic T-lymphocyte-associated antigen 
4 (CTLA4), protein tyrosine phosphatase (PTPN22), and tumor necrosis factor-α 
(TNF). In particular, it is noticeable that patients who receive hematopoietic stem 
cell transplantation (SCT) from matched sibling donor might develop acute graft-
versus-host disease (GVHD). This reflects that non-HLA components have a part in 
making the immunogenetic profile that needs special attention in patients sched-
uled to undergo stem cell transplantation. 

10. Immunogenetics and the spectrum of immune disorders 

By engaging pattern recognition receptors (PRRs)—including Toll-like receptors 
(TLRs) and nucleotide-binding oligomerization domain-like receptors (NLRs)—and 
signal-transducing molecules, e.g., interleukin-1 receptor-associated kinase 4 (IRAK4), 
the innate immune system forms the center of recognition of molecular patterns and 
therefore the first line of defense against foreign antigens. Abnormally low activity of 
this system causes underdetection of foreign agents that makes individuals susceptible 
to being infected, while the unwanted action of this system is being reactive to self-com-
ponents, which is seen in autoimmune situations. In this manner, if anything hinders 
the proper functioning of the immune system, for example, genetic factors, then it is 
most likely that the body is prone to autoimmune and infectious diseases. 
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Immunogenetics 

Immunogenetics aims to cover HLA and non-HLA effects for all the aforemen-
tioned categories with emphasis on autoimmune disorders and infections, two ends 
of the spectrum of immune disorders. 

11. Autoimmune diseases 

11.1 Psoriasis 

Psoriasis was initially known as a disease of abnormal keratinocyte prolifera-
tion presented with chronic plaque in the majority of instances that can predispose 
patients to cardiovascular, psychiatric, and joint complications. It is already consid-
ered an immune-mediated skin disease where both innate and adaptive immunities 
play a role in initiating psoriatic lesions. Of note, Th1 pathway is overstimulated; 
there are high levels of Th1 cytokines and chemokines including IL-2, IL-12, and 
IFN-γ in psoriatic plaques. T cells, natural killer cells, natural killer T cells, and, to a 
lesser extent, neutrophils contribute to cutaneous inflammation in psoriasis as well. 
More interestingly, dendritic cells through antigen presentation to T cells can lead to 
plaque formation. 

Consistent with its different clinical facets, there is a catalog consisting more 
than 60 loci identified as risk genes for psoriasis. In particular, the risk allele at 
MHC class I gene is present in about half of patients with psoriasis. Generally, HLA 
and non-HLA genetic loci associated with psoriasis are important mediators of 
antigen presentation, Th17/IL-23 axis, T-cell function, antiviral immunity, mac-
rophage activation, and nuclear factor-κB (NF-κB)-dependent signaling. A simple 
mechanism for these genetic risk alleles in pathogenesis of psoriasis is likely to be 
mediated through reducing the threshold for activation of the innate immunity. 

11.2 Rheumatoid arthritis (RA) 

RA is a chronic inflammatory disease of synovial joints characterized by syno-
vial hyperplasia, production of autoantibodies such as rheumatoid factor (RF) 
and anti-citrullinated protein antibody (ACPA), bone deformity, and systemic 
manifestations. Collectively, RA is associated with unfavorable long-term progno-
sis. Different cells such as macrophages, monocytes, fibroblasts, and T cells act to 
make an orchestra of cytokines, e.g., IL-1, IL-6, and TNF-α, which are central to the 
abnormal signaling pathways underlying this inflammatory arthritis. 

RA has a long-recognized association with alleles at MHC class II gene that 
contain a common amino acid sequence in the HLA-DRB1 region, e.g., HLA-
DRB1*0404 and DRB1*0401. In addition, there are non-HLA genetic loci associated 
with RA in ACPA-positive patients. As reviewed in [15], RA-associated genes are 
known to play a role in the nuclear factor-κB (NF-κB)-dependent signaling, TCR 
signaling, and JAK-STAT signaling. 

11.3 Autoimmune thyroid diseases (AITDs) 

As for other autoimmune disorders, AITDs such as Graves’s disease and 
Hashimoto’s thyroiditis are of T-cell-mediated autoimmune disorders mainly 
characterized by production of autoantibodies against and T-cell infiltration in the 
thyroid gland. Thereby, the immune system cannot correctly maintain a constant 
battle causing the gland to malfunction, which can be manifested as hyper- or 
hypothyroidism. Generally, AITDs are of special importance in practice because of 
their comorbidities with other autoimmune diseases. 
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Among risk alleles for AITDs are genetic variants associated with thyroid 
function. However, a variety of AITDs-related genetic loci occur within immune-
modulating and HLA genes, which are known to contribute to peripheral tolerance, 
T-lymphocyte activation, and antigen presentation. In this manner, a mechanism 
of immunogenetic susceptibility to AITDs is maintained through interference with 
central and peripheral tolerance, APCs, and subsequent activation of T cells. 

11.4 Primary biliary cirrhosis (PBC) 

It is a disease of small intrahepatic bile ducts regarded as an autoimmune liver 
disease with the presence of the antimitochondrial antibody (AMA) in all except a 
minority of patients (up to 10%). Supporting this is that the infiltration of auto-
reactive CD4+ T cells and CD8+ T cell specific to AMA has increased manifold in 
the liver of patients with PBS. T cells along with other immune cells such as B cells, 
macrophages, eosinophils, and natural killer cells take part in the composition of 
the portal inflammation. Eventually, such a chronic inflammation would progress to 
the loss of biliary epithelial cells. 

Genetic studies have detected HLA variants conferring susceptibility to 
PBC. However, there were HLA variants that seemed protective against PBC. Non-
HLA loci associated with PBC mainly involve genes associated with T cells. In 
particular, they contribute to IL-12-JAK-STAT4, CD80/CD86, and IL7R-α/CD127 
signaling pathways, which are known to play a role in Th1 T-cell polarization, TCR 
signaling, and T-cell homeostasis, respectively. Other PBC-associated non-HLA loci 
are related to B-cell function, TNF signaling, and NF-κB signaling. 

11.5 Type 1 diabetes mellitus (T1DM) 

T1DM is a T-cell-mediated autoimmune disorder characterized by the presence 
of autoantibodies against islet cells. Increasing incidence of T1DM and its potential 
microvascular and macrovascular complications have shed light on the need for 
identifying more effective prevention strategies and new treatment targets. To this 
end, it is essential to enhance our understanding of the pathogenesis of T1DM. 

It is a polygenic disorder where the HLA class II genes account for almost half of 
genetic susceptibility for T1DM. Interestingly, there are loci of these genes that have 
also been associated with protection from T1DM. Of the so-far-identified non-HLA 
genes are a variable number of tandem mini-satellite repeats (VNTR) and CTLA-4. 

11.6 Systemic lupus erythematosus (SLE) 

It is a chronic autoimmune disease affecting multiple organ systems includ-
ing the skin, heart, blood, muscle and joints, kidneys, and lungs. As if, SLE is 
the winner of all fights with the immune system that is not possible unless the 
immune tolerance against self-components is broken. Activation of innate immune 
responses and of inflammatory processes along with production of type I interfer-
ons and autoantibodies favors pathogenesis of SLE, while mechanisms of clearance 
of immune complexes such as apoptosis, neutrophil extracellular traps (NET), and 
nucleic acid sensing are defective. In particular, evidence indicates the multifaceted 
role of neutrophils in SLE. Lupus neutrophils undergo epigenetic changes causing 
them to produce higher levels of cytokines that would induce T- and B-cell abnor-
malities. Also, neutrophils directly contribute to the formation of NET, which is 
increased in SLE, while clearance of NET materials is impaired in SLE. 

As expected, such a complex situation involves contribution by both HLA 
and non-HLA genes. Several HLA genes including HLA-DRB1, HLA-DQB2, 
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HLA-DQA2, and HLA-DR3 have been associated with susceptibility to SLE and 
with the autoantibody profile (anti-dsDNA, anti-Ro, and anti-La) in patients 
with SLE. Genes encoding interferon regulatory factors (IRFs), STAT4, IFIH1, 
and osteopontin (OPN) contribute to polygenic high IFN signatures, while 
TREX1, STING, SAMHD1, and TRAP are known to give rise to monogenic high 
IFN signatures in SLE. Monogenic SLE results from mutation(s) in genes related 
to classical complement pathway, apoptosis, and antinucleosome antibody 
production. SLE-associated genes that occur in regulatory regions (e.g., exons, 
splice sites, introns, and intergenic sites) are TNFAIP3, TNIP1, BLK, ETS1, 
PRDM1, and IKZF1. Finally, there are SNPs located within the coding region of 
genes PTPN22 and immunoglobulin-like transcript 3 receptor (ILT3) that have 
been linked with SLE. 

11.7 Systemic sclerosis (SSc) 

SSc is considered a complex multisystem disease characterized by a heteroge-
neous spectrum of clinical manifestations ranging from limited to diffuse cutane-
ous SSc. Both innate and adaptive immune systems, fibroblasts, and small vessels 
show abnormal function in SSc. 

There is a long list of HLA genes conferring susceptibility to clinical and auto-
antibody subgroups of SSc. Also, some HLA genes appear to be protective of SSc. 
Non-HLA genes associated with SSc are known to play a role in innate immunity, 
interferon signature and inflammation, adaptive immune responses, B- and 
T-cell proliferation, survival and cytokine production, apoptosis, autophagy, and 
fibrosis. 

12. Neurological diseases 

There is sufficient evidence to support the immunogenetic basis for some neu-
rological diseases, in particular, multiple sclerosis, Alzheimer’s disease, Parkinson’s 
disease, neuromyelitis optica, myasthenia gravis, and amyotrophic lateral sclerosis. 
Below provides a rapid overview of the immunogenetics of MS as the prototype of 
such neurological diseases. 

12.1 Multiple sclerosis (MS) 

It is the most common inflammatory disease of the CNS, which after inter-
fering with normal myelination results in axonal degeneration. The pathologic 
characteristics of MS are demyelinating lesions, which can be broadly classified 
according to whether or not autoimmune processes precede demyelination. 
In this manner, there are lesions arising from T-cell-mediated and T-cell plus 
antibody-mediated autoimmune encephalomyelitis, while sometimes demy-
elination is an initial clue resulted from viruses and toxins. Generally, MS is 
considered a chronic autoimmune disease, which is primarily characterized by 
activation of CD4+ autoreactive T cells and Th1 T-cell polarization and then by 
the production of antibodies, complement factors, and CD8+ T cells damaging 
the CNS tissues. 

Studies suggest a strong genetic component for MS; more than 100 genetic loci 
have been so far identified to confer MS susceptibility. HLA genes totally account 
for about 10% of the genetic variance of MS. In particular, MHC class II gene HLA-
DRB1*1501 is present in about 50% of patients with MS. After that, the IL-7R-α 
chain gene can explain about 30% of all cases. Also, IL-2RA is another non-HLA 

8 



  
 

 

 
 

  
  

   
 

  
 

 
 

 

 
 

 

  
  

 

 

 
  

 

Introductory Chapter: Immunogenetics 
DOI: http://dx.doi.org/10.5772/intechopen.85505 

gene implicated in MS. Fresh evidence emerged that supports the potential of KIR 
genes as a risk or protective factor in the immunogenetics of MS. Both CD4+ T cells 
and NK cells express KIRs. CD4+ T cells that express KIRs are involved in antibody 
production and NK cells that express KIRs mediate antiviral and antitumoral innate 
immune responses. Therefore, KIR polymorphisms can affect the individual’s risk 
for MS through the impact they have on antiviral immunity and antibody produc-
tion. Now there is a big hope for the future of pharmacogenomics of MS when the 
immunogenetic information may help to predict treatment response, but it is not 
fulfilled yet! 

13. Infectious diseases 

13.1 Human immunodeficiency virus (HIV) 

There is a variable degree of immunity to HIV. Genetic factors account for 
about one-fourth of this variation, among which are HLA genes that through 
interaction with CD8+ cytotoxic T and CD4+ helper T cells help the initia-
tion of anti-HIV adaptive immune responses, thereby conferring resistance to 
HIV. Studies have shown associations of HLA genes with accelerated disease 
progression, slow disease progression, protection against infection, reduced viral 
load levels, and increased susceptibility to infection. In addition, KIR genes have 
been implicated in resistance to HIV. More interesting is that the development of 
TB in people with HIV is, at least in part, determined by individual immunoge-
netic constitution. 

13.2 Hepatitis B virus (HBV) and hepatitis C virus (HCV) infection 

Infection with HBV or HCV influences the expression of intrahepatic genes, 
thereby leaving patients liable to chronic liver disease, cirrhosis, and hepatocellular 
carcinoma. Virus-specific T-cell responses are central to the removal of infected 
hepatocytes, and therefore, the kinetics of these responses can aid in monitoring 
clinical recovery. In 1 year, about 2% of patients with chronic HBV infection will 
experience spontaneous viral clearance, which is characterized by HBV-specific 
T cells temporary appearing in the peripheral blood. Such an experience does not 
occur at all in the case of chronic HCV. 

Genetic factors contribute to interindividual variation in clinical course of HBV 
and HCV infection. GWASs have identified HLA and non-HLA that confer suscep-
tibility to persistent HBV infection, progression of disease, and risk of HBV-related 
hepatocellular carcinoma. Again, both HLA and non-HLA genes have been linked 
with spontaneous clearance of HCV. Two genes MICA and DEPDC5 demonstrated 
association with HCV-related hepatocellular carcinoma. 

13.3 Tuberculosis (TB) 

Mycobacterium tuberculosis is recognized by innate immune receptors including 
TLRs, C-type lectin receptors (CLRs), and NLRs. Upon its recognition, different 
mechanisms by which immune cells (macrophages and T cells) and cytokines 
(IL-12, IFN-γ, IL-4, TNF-α, IL-10, IL-6, and TGF-β) can mediate antimycobacterial 
functions are engaged. Consistently, increasing evidence supports the individual 
genetic contribution to the control of tuberculosis infection, severe primary tuber-
culosis, and pulmonary tuberculosis. Genetic risk factors for developing TB include 
both HLA and non-HLA genes. 
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14. Immunogenetics and immunosenescence 

Immunosenescence refers to immune decline with age, which causes increased 
infection risk and related morbidity and mortality in the elderly. It is characterized 
by a chronic low-grade inflammation that arises from aberrant innate and adaptive 
immune responses, playing a role in a myriad of diseases including, but not limited 
to, atherosclerosis, obesity, type 2 diabetes, osteoporosis, osteoarthritis, neurode-
generative diseases, major depression, and malignancy. In the last four decades, 
immunosenescence has received great attention from geneticists. However, due 
to heterogeneous methodology, we are still unable to generalize the findings to all 
elderly people. In addition to HLA genes, non-HLA genes related to adaptive immu-
nity and to innate immunity appear to contribute to the immunogenetic network of 
human longevity. 

15. Immunogenetics of atopic diseases 

The most common chronic diseases afflicting children are asthma, hay fever 
(allergic rhinitis), and eczema (atopic dermatitis). Due to their strong associa-
tion with concurrent atopic dermatitis, both asthma and allergic rhinitis can 
be defined as a type of atopic diseases. In this manner, atopy can be used as an 
umbrella term that describes a group of diseases, e.g., asthma, allergic rhinitis, 
food allergy, and urticaria. Atopy is considered a result of a Th2-mediated pro-
cess, where Th2 cytokines promote the production of IgE by IgE+ memory B cells 
and plasma cells. 

Genome screens show that, in general, atopic diseases are largely heritable 
(60%) and suggest that shared genes for atopy and other autoimmune diseases lie 
on the short arm of chromosome 6 where MHC gene are. In particular, the airway 
epithelium undergoes changes in asthma, and as a result, common genes are likely 
to cause asthma and other epithelial-based diseases, e.g., Crohn’s disease and pso-
riasis. In addition, genes encoding innate immune receptors and cytokines, which 
are central to the initiation and progression of allergic responses, contribute to the 
immunogenetic network of atopy. 

16. Vaccinomics and adversomics: immunogenetics and response to 
vaccination 

Immune responses to vaccines vary between individuals. The main goal of 
vaccinomics is to deal with genes that may explain a substantial part of this varia-
tion. For example, studies estimate the variation in antibody response to hepatitis 
B surface antigen (HBsAg), measles virus, mumps virus, and rubella virus to be 
about 60, 88, 38, and 45% hereditary based. Generally, HLA and non-HLA genes 
encoding cytokines, cell surface receptors, and TLRs affect immune responses to 
vaccines, e.g., HBV, smallpox, MMR, and seasonal influenza. Moreover, there is 
evidence that genetic factors play a role in determining vaccine safety and adverse 
events, and consequently, it led to the emergence of adversomics. Overall, vac-
cinomics and adversomics facilitate prediction of vaccine efficacy and safety 
by using immunogenetic knowledge, and this in itself helps in developing more 
effective vaccines. 

In this manner, immunogenetics aims to specify situations in which genetic muta-
tions cause the immune system to be functionally imperfect and secure solutions for 
them. 
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Chapter 2 
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Immune Escape Mechanism and 
HLA-Ib Regulation 
Gia-Gia Toni Ho, Funmilola Heinen, Florian Stieglitz, 
Rainer Blasczyk and Christina Bade-Döding 

Abstract 

HLA molecules scan the intracellular proteome and present self- or non-self-
peptides to immune effector cells. HLA-Ia (HLA-A, HLA-B and HLA-C) are the 
most polymorphic genes, resulting in various numbers of allelic variants expressed 
on the surface of almost all nucleated cells. In contrast to HLA-Ia molecules that 
activate the immune system during pathogenic invasion, the marginal polymorphic 
HLA-Ib molecules (HLA-E, HLA-F and HLA-G) are upregulated during pathogenic 
episodes and mediate immune tolerance. A fine tuning between downregulation 
of HLA-Ia and upregulation of HLA-Ib can be observed through immunological 
episodes that require to remain unrecognized by immune effector cells. While 
HLA-Ia molecules collaborate by presenting a wide range of peptides, every HLA-Ib 
molecule is highly specialized in its protective immune function and seems to be 
restricted in the presentation of peptides. Additionally, Ia molecules are expressed 
ubiquitously while the expression of HLA-Ib molecules is strictly restricted to 
certain tissues and occurs instantly on demand of the cells/tissue that attempt to 
be hidden from the immune system. The more knowledge becomes available for 
the function of HLA-Ib molecules; the question emerges if the molecular typing 
of HLA-Ib molecules would be reasonable to take a decision post treatment for 
personalized cellular therapies. 

Keywords: HLA-Ia, HLA-Ib, immune modulation, immune escape 

1. Introduction 

Human leukocyte antigens (HLA) are responsible for the regulation of the 
immune system. HLA molecules scan the proteome and present self- or non-self-
peptides to immune effector cells [1]. T cells are highly specific and genetically 
restricted to recognizing HLA molecules. The capability of immune effector cells to 
recognize HLA-bound peptides is called MHC restriction and was first discovered 
by Zinkernagel and Doherty [2]. During pathogenic episodes, e.g. viral infection, 
the interaction between peptide and HLA-Ia (HLA-A, HLA-B and HLA-C) mol-
ecules with T cell receptors activates the immune system and enables the surveil-
lance of the health statues of the cell. HLA molecules present an abundance of 
peptide antigens to T cells for a continuous immune surveillance through different 
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infectious/pathogenic stages. Peptides are bound by certain amino acids (AAs) 
located in the α1 and/or α3 domain of the HLA heavy chain (hc), those AAs form 
a cleft, the peptide-binding region (PBR). Alterations in the PBR are crucial to 
achieve maximum diversity of the selectable and presentable antigen repertoire [3, 
4]. Consequently, HLA-Ia molecules are the most polymorphic genes in the human 
genome, resulting in various numbers of allelic variants expressed on the surface of 
almost all nucleated cells [1]. 

Furthermore, the human genome contains HLA-Ib genes like HLA-E, HLA-F 
and HLA-G. Contrary to HLA-Ia molecules, they exhibit only a few polymorphisms 
[5]. HLA-Ib molecules differ not only in their limited polymorphisms from HLA-Ia 
molecules but also in their restricted peptide repertoire and their distinct tissue 
distribution [6–8]. Typically, the function of classical HLA-Ia molecules is the 
presentation of peptide antigens to immune effector cells, yet HLA-Ib molecules 
exhibit a diverse range of functions in innate and adaptive immunity. In recent 
years, HLA-Ib molecules play a fundamental role in the understanding of virus-
induced immunopathology, pathogen recognition, tumor immunosurveillance and 
regulation of autoimmunity [9–11]. In contrast to HLA-Ia molecules that activate 
the immune system during pathogenic invasion, the marginal polymorphic HLA-Ib 
molecules are upregulated during pathogenic episodes and mediate immune 
tolerance. A fine tuning between the downregulation of HLA-Ia molecules and the 
individual upregulation of highly specialized HLA-Ib molecules can be observed 
through immunological episodes that require to remain unrecognized by immune 
effector cells [12–14]. 

HLA-E features a specialized role between HLA and the immune system 
through engagement between innate and adaptive immunity; its interaction 
with an NK cell receptor or the T cell receptor could be distinguished [6, 15, 16]. 
During viral infections, viral immune evasion proteins disable through distinct 
actions: (i) the loading of peptides on HLA molecules, (ii) the trafficking of 
peptide-loaded HLA molecules to the cell surface or (iii) the retention of imma-
ture or mature peptide-HLA complexes in the endoplasmic reticulum. These 
entire virus-mediated actions result in infected cells that do not present peptide-
HLA complexes on their surface and would be susceptible to NK cell-mediated 
lysis. HLA-E is upregulated in infected cells during infection and protects infected 
HLA-Ia empty cells from being recognized by NK cells [17, 18]. HLA-G is only 
expressed in restricted tissue, exclusively in immune-privileged sites. The protec-
tive potential of HLA-G is expressed through the capability of HLA-G to alter the 
phenotype of cytotoxic T cells towards non-reactive Tregs. HLA-G is the ligand 
for different NK cell receptors dependent on the tissue where it is expressed. 
Additionally, HLA-G can be found as membrane bound and soluble isoforms. 
In comparison to the other Ib molecules, HLA-G exhibits a unique molecular 
structure and diverse modulatory function in immune response [19, 20]. The 
presence of HLA-G is associated with immune tolerance. It is expressed in 
immune-privileged tissues, e.g. cornea and placenta [21]. It confers protection to 
the fetus from destruction by the maternal immune system during pregnancy and 
displays an immune checkpoint molecule in tumor immune evasion strategies [22, 
23]. Among the Ib molecules, HLA-F is still an enigma. It is known that HLA-F 
molecule is a ligand for KIR3DS1 receptor on NK cells [24]. One remarkable 
immune function is its upregulation on the surface of HIV-infected CD4+ T cells 
[25] where it enables NK cells to recognize the infection and destroy the infected 
host cells. 

The aim of this chapter is to focus on the role of HLA-Ib during pathogenic 
episodes and their position in immunomodulatory mechanisms. 
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2. HLA-E 

The HLA-E gene is located on the short arm of chromosome 6 and is composed 
of eight exons. In contrast to the other HLA-Ib molecules, HLA-E shows a broad 
tissue distribution. HLA-E is expressed in all nucleated cells [26]. Among the HLA 
molecules HLA-E is the least polymorphic; and proteins only 27 allelic variants 
enoding for 8 proteins are known [27]. However, of the described coding HLA-E 
variants, only two functional variants HLA-E*01:01 and HLA-E*01:03 are predomi-
nately distributed in the population. The frequency of both allelic variants in the 
population is approximately equal [28]. HLA-E*01:01 and HLA-E*01:03 differ only 
in one amino acid (AA) substitution at position 107 located in the α2 domain. An 
arginine for HLA-E*01:01 is substituted by a glycine for HLA-E*01:03. Interestingly, 
this polymorphism in contrast to the classical HLA molecules is not located in the 
PBR. A substitution at this position is unlikely influencing peptide presentation. We 
recently, however, demonstrated that this single polymorphism affects its immune 
function considerably [14]. Peptide studies utilizing soluble HLA technology 
revealed a shift in the peptide-binding repertoire between these two alleles [13, 29]. 
Despite the availability of the same proteomic content, HLA-E*01:03 selected and 
presented a smaller set of peptides than E*01:01; moreover, the C-terminal peptide-
binding motif was altered towards a preference for lysine [13]. In comparison to 
HLA-E*01:01, the allelic variant HLA-E*01:03 shows higher thermal stability and 
higher level of surface expression [5]. Furthermore, clinical studies that analyzed 
the role of HLA-E allelic subtypes in hematopoietic stem cell transplantation 
(HSCT) showed the clinical relevance of HLA-E matching and recommended 
prospective HLA-E screening pre-HSCT. The analysis of the overall survival, non-
relapse mortality and disease-free survival revealed that HLA-E incompatibility 
however significantly improves these factors [30]. 

Like classical HLA-Ia molecules, HLA-E forms a trimeric complex consisting of 
the heavy chain, β2-microglobuline (β2m) and a peptide (pHLA) that is presented 
on the cell surface [31]. The main protein source of HLA-E-restricted peptides is 
the leader sequence derived from other HLA molecules. Thus, the expression level 
of other HLA molecules determines the surface expression of HLA-E. Peptide 
binding studies with random peptide libraries show that HLA-E is also capable 
of binding peptides from stress signals or pathogens [32]. The peptide-binding 
features of HLA-E indicate its special immunomodulatory qualities. Due to the low 
polymorphism of HLA-E, the fine tuning of HLA-E immune response is exclusively 
dependent on the bound antigenic peptide. 

2.1 Immunomodulatory qualities of HLA-E 

HLA-E exhibits a dual role in the immune system. On the one hand, HLA-E 
regulates the innate immunity through interaction with the NK cell receptor, and on 
the other hand, it can activate the adaptive immunity through interaction with the 
T cell receptor. The interaction of HLA-E with the respective immune effector cell 
depends considerably on the peptide presented on HLA-E (Figure 1) [6, 15, 16]. 

HLA-E is a mediator of NK cell inhibition and activation. HLA-E constitutes a 
ligand for both the inhibitory CD94/NKG2A and the stimulatory CD94/NKG2C 
NK cell receptor on NK cells. The reason for the differential binding to these 
functionally diverse receptors could be explained by the presentation of a diverse 
set of peptides. We could demonstrate an unknown HLA-E peptide-driven NK cell 
reactivity [14]. Through surface plasmon resonance (SPR) binding studies where 
the same peptide sequence derived from leader peptides of HLA-Ia molecules have 
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been used to assemble pHLA-E complexes, it could be demonstrated that the HLA-
E-binding affinity differs between these two NKG2 subunits. HLA-E binds CD94/ 
NKG2A with a higher affinity than CD94/NKG2C [33]. The main peptide source of 
HLA-E is the leader sequence of HLA-Ia molecules; therefore, the role of HLA-E in 
innate immunity is to present HLA-E bound to these peptides to NK cells to inhibit 
NK-mediated lysis through pHLA-E/CD94/NKG2A engagement [7]. 

In adaptive immunity, certain HLA-E peptide complexes can be recognized 
by CD8+ T cells [34]. In addition to the presentation of self-peptides, HLA-E can 
also present a various number of pathogen-derived peptides, and these pHLA-
E complexes elicit specific T cell responses. Although peptides presented by 
HLA-E are very restricted, it could be demonstrated that peptides derived from 
Epstein-Barr virus (EBV) [35], Cytomegalovirus (CMV) [36] or hepatitis C virus 
(HCV) [37] can be presented by HLA-E and recognized by virus-specific T cells. 
Furthermore, it has been reported that HLA-E also binds bacteria-derived peptides 
from Mycobacterium tuberculosis (Mtb) [38] and Salmonella enterica serovar 
Typhi [39]. These bacteria-derived peptides do not prevent NK-mediated lysis; 
instead, they elicit CD8+ T cell response [40, 41]. Like HLA-Ia-activated T cells, they 
combat intracellular bacteria through lysis of infected target cells [41]. However, 
interestingly, the HLA-E-specific CD8+ T cells uniquely produce Th2 (Il-4, Il-5, 
IL-13) cytokines instead of Th1 cytokines. Through B cell activation assays, it could 
be demonstrated that the T cells activate B cells that are able to induce cytokine 
production (Figure 1; [41]). These findings emphasize the important role of HLA-E 
in the adaptive immune response. It becomes obvious that also viruses and tumor 
cells use HLA-E for their own advantage to escape T cell recognition. 

2.2 HLA-E in tumors 

In order to evade CTL recognition due to tumor-peptide presentation, the 
downregulation of HLA molecules is a widespread mechanism of tumor cells. 

Figure 1. 
The multiple roles of HLA-E in immune system. (A) HLA-E presents leader peptides to the unique inhibitory 
heterodimeric CD94/NKG2A receptor present on NK cells. (B) As part of immune evasion, HCMV 
glycoprotein UL40 provides a peptide mimicking the leader sequence of HLA-Ia molecules, thus inhibiting the 
NK cell by providing a ligand for CD94/NKG2A receptor. (C) As part of tumor immune evasion, the expression 
of the inhibitory NK cell receptor CD94/NKG2A is upregulated on tumor infiltrating CD8+ T cell leading to 
an inhibitory effect on these cells. (D) HLA-E can bind pathogenic peptides and elicit a CD8+ T cell response. 
Through HLA-E binding, CD8+ T cells release Th2 cytokines (IL-4, IL-5 and IL-13) and activate B cells. 
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Interestingly, the expression of HLA-E and HLA-G is upregulated in various types 
of cancers [42], indicating the use of these molecules as a special mechanism 
for immune evasion [9]. The cellular surface expression of pHLA complexes is 
required to avoid NK cell-mediated lysis. During tumor escape episodes, pHLA-
Ia expression is downregulated; however, the expression of the HLA hc remains 
mostly unaffected, enabling the assembly of HLA-Ia hc and HLA-E. Since those 
pHLA-E complexes inhibit the NK cell reaction through its interaction with CD94/ 
NKG2A, HLA-E expression provides an advantage for survival of the tumor cell. 
Furthermore, novel insights from cancer research suggest that the expression of 
HLA-E contributes to disease progression and is associated with a poor clinical 
prognosis [43, 44]. In patient with cervical and ovarian cancer, tumor infiltrating 
CD8+ CTLs showed a higher expression of the CD94/NKG2A inhibitory receptor, 
and only a very low number of NK cells were found in tumor tissues (Figure 1) 
[45–47]. Regarding to the high expression of HLA-E in these tissues, those find-
ings lead to the assumption that HLA-E plays a protective role and benefits the 
tumor through inhibition of CD94+/NKG2A+ CTLs and recognition of NK cells. 
Additionally, immunohistochemically stained breast cancer tissues showed that 
HLA-E expression is a prognostic marker for tumor progression [48]. Also in 
patients with non-small cell lung cancer (NSCLC), immunohistochemical stain-
ing demonstrated the association of HLA-E expression with a worse outcome for 
survival especially in the cells that are HLA-Ia negative and HLA-E positive [49]. 
In studies on colorectal cancer, an overexpression of HLA-E correlated with the 
malignancy stage. Remarkably, the release of soluble HLA-E could be detected in 
these cells [50]. In recent years, the focus of soluble HLA-Ib molecules as potential 
biomarker increased. In particular, soluble HLA-E and HLA-G are in the focus, 
because their expression is highly associated with the disease progression in tumor 
cells. In case of HLA-E, soluble molecules were significantly increased in neuro-
blastoma [51], melanoma [52] and chronic lymphocytic leukemia [53]. However, 
the overexpression of HLA-E is associated with the inhibition of tumor infiltrating 
NK cells and CD94+/NKG2A+ CTLs and contributes as one factor for the immune 
evasion strategies of tumor cells. 

2.3 HLA-E in viral infections 

Downregulation of HLA-Ia molecules is not only an escape mechanism of tumor 
cells but also a mechanism of pathogens like viruses. Human cytomegalovirus 
(HCMV) is one of the most intensive investigated pathogen related to HLA immune 
evasion. HCMV encodes several proteins that interfere with the antigen presenta-
tion and HLA expression. The glycoproteins US2 and US11 redirect the HLA hc 
from endoplasmic reticulum (ER) to the cytosol and induce the proteasomal 
degradation of the molecule. US3 inhibits the tapasin-dependent peptide loading 
leading to the retention of the HLA hc in the ER. Glycoprotein US6 inhibits the 
function of TAP. The loss of ligands for the inhibitory receptor increased the risk 
of NK cell recognition of the infected cells and for that reason HCMV developed 
mechanisms that inhibit NK cell responses [54]. One of these mechanisms involves 
the expression of HLA-E. HCMV encodes for the glycoprotein UL40. This protein 
has the same nonapeptide sequence (VMAPRTLIL) as the leader sequence of dif-
ferent HLA-C alleles that can bind to HLA-E [17] and thus inhibit NK cell-mediated 
lysis. TAP is a protein from the peptide loading complex (PLC) that is fundamen-
tal for the loading of peptides into the HLA PBR. TAP deficiency results in the 
presentation of empty HLA molecules on the cell surface. Interestingly, HLA-E 
expression analysis in TAP-deficient cells showed that HLA-E binds the HCMV 
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peptide TAP-independently [17, 55]. Thus, UL40 can inhibit the NK cell recognition 
via HLA-E, even when the other HCMV glycoproteins prevent the presentation of 
pHLA-Ia complexes. HCMV utilizes the protective effect of HLA-E towards NK cell 
lysis through molecular mimicry (Figure 1). Furthermore, it could be demonstrated 
that UL40 polymorphism in HCMV impacts the recognition of HLA-E by NK cells. 
SPR analysis and cytotoxicity assays with 14 UL40 polymorphisms were performed 
to confirm that the binding affinity of HLA-E and CD94/NKG2A or CD94/NKG2C 
and the mediated reaction depend on the presented peptide [56]. These stud-
ies show that the alteration of the peptide sequence influences the recognition 
by CD94/NKG2A or CD94/NKG2C significantly and consequently impacts NK 
cell-mediated cytotoxicity. The HCV protein YLLPRRGPRL also binds into the PBR 
of HLA-E. Thus, peptides of other viruses also stabilized the HLA-E expression on 
infected cells and reduced the NK cell-mediated toxicity [57]. These findings show 
that the peptide presentation on HLA-E impairs the interaction with NK cell recep-
tors considerably. 

3. HLA-G 

Among the very oligomorphic family of HLA-Ib molecules, HLA-G is the most 
polymorphic representative with 58 different alleles compared to 27 and 30 alleles 
of HLA-E and HLA-F, respectively [27]. The HLA-G gene is located on chromosome 
6p21.3 close to HLA-A locus and is composed of eight exons with an internal stop 
codon after Exon 6. Through intron variability, those 58 encode eventually for 17 
proteins. HLA-G*01:01 resembles the most common variant worldwide; in Europe, 
it is followed by HLA-G*01:04 and HLA-G*01:03 [58]. Mediated by alternative 
splicing, four membrane-bound (HLA-G1-G4) and three (HLA-G5-G7) soluble 
isoforms of HLA-G exist [59, 60]. The full-length membrane bound molecule is 
resembled by the HLA-G1 isoform, and its soluble equivalents are either generated 
by a stop codon after Exon 4 (HLA-G5) or by cleaving the membrane bound HLA-
G1 from cell surface (soluble HLA-G1). The cleaving process of HLA-G1 is medi-
ated by IL-10-dependent matrix metalloproteinase-2 (MMP2) [61]. The cleaving 
process was verified through coincubation of MMP2 with HLA-G-expressing cells 
and IL-10. A sharp increase in soluble HLA-G1 could be detected, whereas HLA-G5 
mRNA levels remain constant [61]. MMP2 is predominantly expressed in the pla-
centa and the lung [6]. The other membrane-bound isoforms are generated through 
elimination of one or more α-domains and for the soluble equivalents a stop codon 
after Exon 4 or Exon 2 (HLA-G7) (Figure 2). So far, receptors are reported only for 
the isoforms HLA-G2 and HLA-G6 [62]. The most expressed isoforms appear to be 
HLA-G1 and HLA-G5 [63–65]. For the membrane-bound isoforms (HLA-G2–HLA-
G4), it could be shown that they could be detected on cell surface of transfected 
cells [66], whereas for the soluble isoforms only HLA-G5 and HLA-G6 (only after 
transplantation [67]) could be detected in supernatant of transfected cells as well as 
in the blood [65]. Nevertheless, it could be demonstrated that the membrane-bound 
isoforms convey also a protective status as well as HLA-G1 despite their different 
α-domain composition [33]. In addition, a recent study could demonstrate that 
HLA-G2 and HLA-G6 could bind to ILT4 through their α3 domain [62] but not to 
ILT2 due to the fact that the ILT2 binding to HLA-G is β2m-dependent [68]. Those 
findings suggest that the biological function and implementation of HLA-G are 
crucially depending on its structure. Nevertheless, despite those findings, it is not 
known yet whether the isoforms of HLA-G1 and HLA-G5 are relevant in vivo under 
physiological conditions [62]. 
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In terms of peptide presentation, HLA-G differs from other HLA-Ib molecules 
like HLA-E that presents a very restricted peptide repertoire derived from the signal 
sequence of other HLA molecules irrespectively of the HLA-E-expressing tissue 
[7]. In contrast, HLA-G is considered to be a classical peptide presenter like HLA-Ia 
molecules; however, its peptide repertoire is restricted to the tissue distribution and 
cell type [7, 69, 70]. Peptide identification of HLA subtypes is usually performed by 
affinity purification of the desired HLA molecule from a selected tissue/cell type 
followed by peptide isolation and mass spectrometric sequencing. A reason for the 
detection of a restricted HLA-G peptide repertoire might therefore be the selection 
of the HLA-G-expressing tissue/cell type or the unintended selection of HLA-
G*01:01 exclusively. We recently demonstrated that the HLA-G-restricted peptide 
repertoire is distinctively determined by the HLA-G allelic subtype. Despite the fact 
that the allelic variants HLA-G*01:04, HLA-G*01:03 and HLA-G*01:01 differ from 
each other by a single AA in an outer loop position outside the PBR, the selected 
peptide repertoire and the peptide binding motif are fundamentally different [12]. 

While the HLA-Ib molecule HLA-E and HLA-Ia molecules are ubiquitously 
expressed on every nucleated cell, HLA-G expression is restricted under physiologi-
cal conditions to immune privileged sites. HLA-G is expressed in placenta [71], 
thymus [72], cornea [21], nail matrix [73], pancreas [74] and erythroid and endo-
thelial precursors [75]. Also, HLA-G is ectopically expressed in transplanted organs, 
tumors, monocytes, viral infections and autoimmune diseases [76–78]. 

3.1 HLA-G in pregnancy 

Under healthy conditions, the main expressing site of HLA-G is the placenta 
[79]. In the placenta, extravillous cytotrophoblast (EVT) cells are the only cells 
expressing membrane-bound HLA-G (G1) and secreting soluble HLA-G (G5) [79, 
80]. The fetus can be considered a semi-allograft; hence the immune system of the 
mother has to be regulated in tolerogenic direction to avoid rejection. Here, HLA-G 

Figure 2. 
Structural isoforms of HLA-G. Generation of HLA-G isoforms is done by alternative splicing of the HLA-G 
mRNA. HLA-G1 resembles the full-length membrane-bound HLA-G molecule. Membrane-bound isoforms are 
generated by abundance of certain α domains. Soluble isoforms are achieved by a stop codon after Exon 4 and 
Exon 2, respectively. Modified after Foroni et al. [7]. 
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is the key element for maternal-fetal tolerance induction [80–82]. Interaction 
with HLA-G leads commonly to an inhibition of the interacting immune effector 
cells [83–86]. Those interactions are mediated through inhibiting receptors like 
KIR2DL4 and ILT2 on NK cells [87], ILT2 on T cells, ILT4 on macrophages and 
ILT4/CD160 on dendritic cells [88]. The binding site for those receptors is suggested 
to be the alpha-3 domain of HLA-G (G1 or G5) [89]. KIR2DL4 and ILT2 interaction 
leads to inhibition of NK-mediated lysis [87]. Additionally, it has been reported 
that at the maternal interface decidual NK cells (a unique immunosuppressive 
and proangiogenic subset of NK cells [90]; dNK) are up-taking and internalizing 
HLA-G from the EVT cellular surface via trogocytosis mediated by a yet not clearly 
identified receptor [91]. Internalization of HLA-G is necessary for maintaining a 
low cytotoxicity and immunosuppressive status of dNK cells. It could be shown that 
the disappearance of internal HLA-G leads to cytokine production and an overall 
higher cytotoxicity of dNK cells, the functional background of this mechanism 
is still unclear and further research has to be performed [91, 92]. Although, it is 
assumed that KIR2DL4, through its highly intracellular occurrence, is involved in 
an intracellular cascade leading to this immunosuppressive status [91]. Moreover, 
alloproliferative response of CD4+ T cells is inhibited by ILT2 interaction with 
HLA-G [93], and the population is driven to a suppressive and passive phenotype 
[94]. Furthermore, it is known that HLA-G5 induces in ILT4+ dendritic cells (DCs) 
the production of the immunosuppressive cytokine IL-10 and an arrest of matura-
tion [95, 96] as well as the induction of Tregs (CD4+ CD25highFOXP3+) [97] and Tr1 
cells by IL-10-producing dendritic cells [96, 98]. Moreover, through interaction 
with the ILT2 receptor on B cells, HLA-G inhibits proliferation, differentiation and 
antibody secretion [85]. In addition, HLA-G5 induces apoptosis of CD8+ T cells and 

Figure 3. 
HLA-G binding inhibiting immune effector cell activation. HLA-G regulates the immune system to an 
immunosuppressive and tolerogenic status by inducing the development of CD4+ and CD8+ to regulatory T cells 
and IL-10 production by DCs. Furthermore, HLA-G is able to inhibit CD4+ and pNK cells directly through 
binding to ILT2. In addition, soluble HLA-G induces apoptosis in CD8+ T cells by activation of the FasL/FasR 
pathway. Decidual NK cells are up-taking HLA-G from the extravillous cytotrophoblast cell surface by a yet 
unidentified receptor. Intracellular KIR2DL4 is assumed to be responsible for an intracellular cascade that leads 
to immunosuppressive status of decidual NK cells. Treg: T regulatory cell; pNK: peripheral natural killer cell; 
DC: dendritic cell; DC10: IL-10-producing dendritic cell; TR1: type 1 T regulatory cell; dNK: decidual natural 
killer cell; CD4: CD4+ T cells; CD8: CD8+ T cells. Modified after Rizzo et al. [78]. 
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endothelial cells through interactions with CD8 receptor and activation of FasR/ 
FasL pathway in CD8+ T cells and CD160 on endothelial cells (Figure 3) [69]. To 
conclude, HLA-G has a strong immunosuppressive impact and thus plays a critical 
role in maintaining an immunotolerant status in pregnancies. 

3.2 Interactions of HLA-G 

In recent years, the impact of the presented peptide on the interaction between 
HLA-G and its cognate receptors is controversially discussed. It has been reported 
that the interaction between HLA-G and its receptors is mediated exclusively by the 
HLA-G α3 domain and not by the α1 and/or α2 domain. Therefore, it was concluded 
that the presented peptide has no influence on the receptor-HLA-G interaction [68, 
99], whereas we could demonstrate that the HLA-G alleles, HLA-G*01:01, G*01:03 
and G*01:04, differing from each other by single AA polymorphism within the α2 
region and a variability in peptide-binding features, convey a different degree in 
protection from NK cell-mediated lysis [12]. These results imply that the available 
membrane-bound HLA-G for a given NK cell receptor is influenced by the peptide-
mediated alteration of the molecule [12]. Supporting our functional results, a recent 
study describes the x-ray structure of the D3D4 domain of the ILT2 receptor; this 
structural insight indicates that ILT2 would be theoretically able to interact with 
the α1 and α2 domain of an HLA-G molecule [100]. Taken all those findings into 
account, it seems apparent that the α3 domain is the main receptor-binding site of 
HLA-G; however, it should be considered that the α1 and α2 domain as well as the 
bound peptide directly or indirectly have a great impact on the HLA-G-NK-receptor 
interactions; therefore, it becomes obvious that the HLA-G allele has more func-
tional impact than previously thought. 

3.3 HLA-G in cancer 

As a consequence of its immunosuppressive abilities, the ectopic expression 
of HLA-G1 is a part of immune evasion strategies of many tumors to escape 
immunosurveillance by T and NK lymphocytes [101]. In esophageal squamous 
cell carcinoma, heighten IL-10 and HLA-G levels could be detected and corre-
lated with a poor outcome [102]. HLA-G was found to be an independent factor 
for overall survival in colorectal cancer [103]. Heighten soluble HLA-G levels 
were found in plasma levels of patients with chronic lymphatic leukemia, T-non-
Hodgkin lymphoma (NHL), B-NHL [104], multiple myeloma [105] and breast 
cancer, whereas in the later one heighten soluble HLA-G levels are associated with 
a better outcome of neoadjuvant chemotherapy [19] In pancreatic cancer, HLA-G 
expression is common and positively correlated with metastasis and a worse 
overall survival [106]. In essence, HLA-G ectopic expression in tumors is common 
and correlated with tumor progression and patients’ survival as recent studies 
could demonstrate [101]. 

3.4 HLA-G in transplantations 

In past years, HLA-G has received more and more attention as a potential 
biomarker in transplantations due to its immunomodulatory abilities [107]. It 
could be shown that myocardial HLA-G expression is correlated with low risk of 
acute cellular rejection in heart transplant recipients [108]. In lung transplantation, 
acute rejections were observed in patients without HLA-G expression in the donor 
lung, whereas in stable patients, HLA-G expression was frequently detected. Also, 
in long-term follow-ups, HLA-G expression correlated significantly with a lower 
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occurrence of steroid-resistant acute rejection and bronchiolitis obliterans syn-
drome [109]. Furthermore, HLA-G expression in biliary epithelial cells is positively 
correlated with an overall better acceptance in liver-kidney transplantations [110]. 
Moreover, it could be shown that HLA-G expression in endomyocardial biopsies is 
negatively correlated with C4d staining, a marker for antibody-mediated rejection, 
implying that HLA-G expression protects the graft from antibody-mediated rejec-
tion [111]. Contrastingly, heighten levels of membrane-bound isoforms (G1 and G3) 
combined with lower amount of G5 corresponded with acute rejection in end-stage 
renal disease [107, 112]. Although HLA-G seems to play a critical role in terms of 
graft acceptance and long-term survival, it is however not comprehensively used as 
a biomarker, yet. 

Given the fact that HLA-G expression is often correlated with a better graft 
acceptance, LeMaoult et al. investigated HLA-G as a potential therapeutic target 
to improve graft acceptance. By utilizing synthetic HLA-G molecules, they could 
demonstrate that synthetic HLA-G molecules are capable of improving skin graft 
survival and tolerance induction in mice [113]. These findings underline the pivotal 
role of HLA-G for transplantations in the future. 

3.5 HLA-G in autoimmune diseases and inflammation 

In the context of autoimmune and inflammatory diseases, several studies have 
investigated the role of HLA-G that controls the disease progression [101]. In 
return, HLA-G polymorphisms and expression levels have been linked to several 
autoimmune/inflammatory diseases such as ulcerative colitis (UC) [78], Crohn’s 
disease [101], celiac disease [114], psoriasis [115], pemphigus vulgaris [116], 
rheumatoid arthritis [117] and multiple sclerosis [78, 101]. Ulcerative colitis and 
Crohn’s disease are both inflammatory gastrointestinal diseases in which sHLA-G 
secretion by peripheral blood mononuclear cells (PBMCs) could serve as a marker 
to distinguish between them and further could be utilized for controlling treat-
ment progression [118]. PBMCs from healthy patient and patients with UC do not 
secrete sHLA-G under physiological conditions, whereas PBMCs from patients 
with Crohn’s disease secrete sHLA-G. This pathological pattern reverses under 
immunosuppressive treatment PBMCs from UC patients start secreting sHLA-G 
whereas secretion is reduced in Crohn’s disease patients [78, 119]. In chronic skin 
inflammation such as pemphigus vulgaris, heighten HLA-G expression could be 
observed [120] together with a higher frequency of HLA-G 14 bp DEL allele [116]. 
These findings advocate the role of HLA-G expression as a pivotal determinant 
in the evolution of pemphigus vulgaris [101]. In multiple sclerosis (MS), several 
studies indicate that HLA-G downregulates the autoinflammatory reaction in the 
microenvironment of the brain, and it could be shown that HLA-G suppresses 
cytokine production and CD4+ T cell proliferation of MS patients in vitro. In 
addition, it has been found that sHLA-G serum levels are heighten post-partum 
in patients without clinical attacks [121], and a suppressive subset of CD4+CD8+ 

HLA-G secreting and expressing regulatory T cells could be observed in MS 
patients [122–124]. Contrastingly, a recent correlation analysis could find no 
significant evidence for an impact of sHLA-G levels on any parameter of multiple 
sclerosis [125]. 

3.6 HLA-G in infection diseases 

Infection diseases can be divided into three groups (bacterial, parasitic and viral 
infection) in which HLA-G is associated with different outcomes and different 
diseases progression [126]. 
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3.7 HLA-G in bacterial infections 

As consequence of a far advanced bacterial infection, a septic shock leads to a 
systemic inflammation and is defined by a high fatality rate [127]. In this scenario, a 
highly increased HLA-G5 expression is correlated with a higher chance for survival 
by supporting the anti-inflammatory feedback loop [127]. 

3.8 HLA-G in parasitic infections 

Toxoplasma gondii infection leads often to adverse pregnancy outcomes such as 
miscarriage and still birth [128]. It has been shown that Toxoplasma gondii infection 
leads to a higher secretion of sHLA-G by extravillous cytotrophoblast. Notably, 
those heightened sHLA-G expression leads to apoptosis of dNK cells when they 
were co-cultured with Toxoplasma gondii-infected extravillous cytotrophoblast 
[101]. Contrastingly, in healthy pregnancies, sHLA-G is a necessary factor for dNK 
cells to maintain their immunosuppressive and cytokine production status in order 
to sustain a correct placentation [91]. In conclusion, this differing mechanism could 
be one key determinant for a poor outcome of pregnancies while Toxoplasma gondii 
infection. 

A recent study has observed a correlation of high maternal HLA-G serum levels 
with low birth weight and a higher risk of Plasmodium falciparum infection in 
infancy. Suggesting sHLA-G levels could be utilized as biomarker for sensitivity of 
infants for malaria infection [129]. 

3.9 HLA-G in viral infections 

Commonly, sHLA-G levels are uprising during viral infection such as infections 
with HIV, hCMV, HCV and HBV [126]. This is due to heightened levels of cytokine 
production especially due to interferon secretion that stimulates HLA-G shed-
ding from cell surface mediated by metalloproteases during viral infection [126]. 
During viral infection, IL-10 serum levels rise to dampening the proinflammatory 
TH1 immune response [130]. As a consequence, the IL-10-dependent MMP2 is 
activated and cleaved HLA-G1 from cell surface; this leads to a rise in soluble HLA-
G1 levels [61]. 

In hCMV, increased membrane bound and soluble HLA-G levels could be 
detected during infection. It could also be shown that macrophages derived from 
latency infected monocytes upregulating HLA-G expression when the hCMV infec-
tion reactivates in order to avoid recognition by the immune system [131]. Further, 
sHLA-G serum level correlates with IL-10 and IFN-γ concentration due to IL-10-
and interferon-dependent MMP [126]. 

In HBV and HCV infections, HLA-G serum levels also correlate with IL-10 and 
IFN-γ concentration. Furthermore, sHLA-G levels were observed to be higher in 
the chronic HBV situation than in the acute infection. In addition, higher HLA-G 
expression has been correlated with fibrotic areas within the liver in patients with a 
chronic HCV infection [132–135]. 

In context of HLA-G and viral infections, HIV infection is currently the most 
widely researched [126]. In HIV infections, HLA-G is expressed on nearly all 
monocytes and on 34% of T-cells [136]. HLA-G serum levels increased during 
first phase of infection and lowered to normal again when infection progresses 
to a chronic stage [136, 137]. If HLA-G serum levels remain high during infec-
tion progression, it indicates a fast progressor [136]. On basis of this change in 
HLA-G serum levels, it is proposed that HLA-G can be utilized as a biomarker 
for disease progression [126]. In addition, under antiretroviral therapy, serum 
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HLA-G levels decreased significantly and are correlated with virus clearance and 
an increase of CD4+ T lymphocytes [126]. This is probably due to a decrease of an 
immune response and decreasing IL-10 and interferon levels. Furthermore, it is 
suggested that HLA-G-expressing monocytes serve as reservoir in HIV-infected 
patients, since they are protected from an immune response through their HLA-G 
surface expression [136]. In coherency to those findings, it is reported that 
HLA-G null allele, HLA-G*01:05 N allele, correlates with a lower risk of a HIV 
infection, whereas HLA-G*01:01:08 correlates with a higher risk of getting a HIV 
infection [138, 139]. Null alleles are characterized by a mutation that leads to a 
non-functional molecule [140]. Consequently, in patients with the allelic variant 
HLA-G*01:05 N, monocytes could not be served as HIV reservoir in an infection, 
because they are no longer protected from the immune system by a functional 
HLA-G expression [126]. 

4. HLA-F 

The HLA-F gene is located on chromosome 6p21.3 telomeric to the HLA-A locus 
and is composed of seven exons. Exon 6 contains an internal stop codon leading 
to the exclusion of Exon 7 from the mature mRNA transcript. The association of 
HLA-F hc with β2m forms a 40–41 kDa protein with a truncated cytoplasmic tail 
[141, 142]. It has been proposed that this distinct cytoplasmic tail enables HLA-F to 
conquer the cell surface independent of the classical peptide-loading pathway in the 
ER [143]. 

Like HLA-E and HLA-G, HLA-F has limited allelic polymorphism when com-
pared to the allelic variances of HLA-Ia molecules. Until now, 30 alleles encoding 
for five proteins (HLA-F*01:01, F*01:02, F*01:03, F*01:04, F*01:05) have been 
described [27]. 

AA residues within the PBR of HLA class I molecules determine their biophysi-
cal properties and thereby the feature of bound peptides. Ten of these amino acid 
residues are highly conserved in all HLA class I PBRs, except HLA-F that shows 
alterations in five of them, implying an unidentified immune function of HLA-
F. Four of these alterations are located within the α1 domain where a methionine is 
substituted by a leucine at position 5, a tyrosine by a phenylalanine at position 22, 
a glycine by a glutamine at position 26 and a tyrosine by an arginine at position 84. 
The fifth alteration is located within the α1 domain with a substitution of phenyl-
alanine for leucine at position 146 [141]. On this account, the electrostatic charac-
teristics of the PBR are modified and HLA-F exclusive. It could be demonstrated 
that HLA-F-presented peptides are not restricted by length, because the A pocket of 
the PBR is blocked off due to the aforementioned substitutions. This allows bind-
ing of peptides of 7 to >30 AA in length that is more consistent with HLA class II 
molecules [144]. 

HLA-F expression is highly cell- and tissue-specific. Expression of HLA-F has 
been detected intracellularly in leukocytes, including monocytes, B cells, T cells 
and NK cells, as well as on the cell surface of activated lymphocytes excluding Treg 
cells [145]. As well as HLA-G and HLA-E, HLA-F has been detected on extravillous 
trophoblasts invading maternal decidua [146], even though its function during 
pregnancy is still unclear. It has been found that HLA-F underexpression due to 
single nucleotide polymorphisms (SNP) within the HLA-F gene correlates with 
reduced fecundity [147], suggesting a role in maternal-fetal tolerance. 

In contrast to other HLA class I molecules, HLA-F has been described to be 
expressed as an open conformer (OC) without association with β2m and peptides; 
however, the usual trimeric hc/β2 m/peptide complexes could be detected as well. 
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These distinct HLA-F conformers are recognized by various binding partners of 
the NK cell receptor (NKR) family. While HLA-F OCs are mainly recognized by the 
killer cell immunoglobulin-like NKRs (KIR) KIR3DL2, KIR3DS4 [148] and KIR3DS1 
[25], peptide-bound HLA-F complexes are ligands for the NKRs of the leukocyte 
immunoglobulin-like receptor (LIR) family, ILT2 and ILT4 [8, 144]. 

4.1 HLA-F in viral infections 

HLA-F is the most enigmatic HLA-Ib molecule and little is known about its 
function. It has been found that through interaction with the KIR3DS1 receptor, 
HLA-F has a beneficial effect on HIV outcome. 

Stimulation of KIR3DS1+ and KIR3DS1− NK cell lines (NKCLs) with recom-
binant HLA-F monomers elicits downstream immune responses as production of 
antiviral cytokines (IFNγ, TNFα and MIP1β) measured by intracellular staining and 
NK cell degranulation measured by surface expression of the lysosome-associated 
marker CD107a in KIR3DS1+ NKCLS, but not in KIR3DS1− NKCLs. Moreover, in 
vitro studies showed that KIR3DS1+ NKCLs reduce the quantitative frequency 
of HIV-infected cells elucidating that KIR3DS1-HLA-F ligation inhibits HIV-1 
replication (Figure 4). Interestingly, HLA-F transcription is upregulated in HIV-
1-infected activated CD4+ T cells. However, recognition of HLA-F by KIR3DS1 is 
weakened in ‘early’ infected cells that are characterized by low HIV p24 expression, 
CD4 positivity and HLA-Ia and tetherin expression and particularly diminished in 
‘late’ infected cells with high p24 expression, low CD4 positivity and low HLA-Ia 
and tetherin expression, implying the involvement of HLA-F in an immune evasion 
strategy of HIV-1 [25]. 

4.2 HLA-F in tumors 

Tumor cells evolved strategies to evade the immune system. One of the most 
frequently used mechanisms is the alteration of HLA expression, including the 
downregulation of HLA-Ia molecules to escape from recognition by cytotoxic T 
cells. HLA-Ib molecules exhibit protective features that protect the cells from NK 
cell lysis, and based on this, tumor cells upregulate these molecules for their own 
advantage. 

In contrast to HLA-E and HLA-G, little is known about the function of HLA-F 
in tumor. Until now, HLA-F has been detected immunohistochemically in various 
cancers, i.e. non-small cell lung cancer (NSCLC) [149], esophageal squamous cell 
carcinoma [150], gastric adenocarcinoma [151] and breast cancer [152]. 

It has been reported that HLA-F detection is associated with a poor outcome 
in NSCLC and gastric adenocarcinoma. In patients with gastric adenocarcinoma, 
HLA-F detection leads to a more invasive carcinoma type and further lymph knot 
involvement and infiltration into blood vessels [151]. HLA-F has been found to 

Figure 4. 
Effect of HLA-F-KIR3DS1 interaction on AIDS disease progression. 
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interact with the inhibitory NKRs, ILT2 and ILT4 [8], indicating its expression on 
tumor cells as protection against anticancer responses by the immune system. Yet 
in NSCLC, positive HLA-F expression is not associated with disease progression 
and differentiation status of the tumor [149]. The occurrence of HLA-F in breast 
cancer correlates with the size of tumor, but there is no evidence for nodal involve-
ment [152]. 

Taken together, these findings imply organ-specific effects of HLA-F-positive 
tumors. Further investigation is necessary to verify and decode the underlying 
mechanism of tumor evasion strategies by cancers. 

The immunomodulatory potential of HLA-F subtypic variants is still unknown. 
For that reason, we developed a typing strategy for typing HLA-F in certain patients 
(Ho et al., manuscript in preparation). It seems that the function of HLA-F as well 
as that of the other HLA-Ib molecules is influenced by the AA composition of the 
heavy chain. A single AA mismatch seems to tip the immunological balance (Ho 
et al., manuscript in preparation). 

Taken together, the previously assumed invariability of the HLA-Ib heavy chain 
has to be rethought, and HLA-Ib typing seems to support intelligent patient man-
agement protocols. 
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Chapter 3

Psychoneuroimmunology and 
Genetics
Rama P. Vempati and Hemakumar M. Reddy

Abstract

Psychoneuroimmunology is a study that investigates the interaction between
human emotions and the immune system, which is mediated by the endocrine
and nervous systems. The nervous and immune systems maintain extensive
communication, including communication to lymphoid organs from deep-rooted
sympathetic and parasympathetic nerves. Genetic factors are responsible for
individual variation in emotional reactivity, and neuroendocrine stress responses
were shown by earlier studies in humans. Several gene-environment studies have
shown that long-term effects of stress are being moderated by genetic variations
in the hypothalamic-pituitary-adrenal (HPA) axis. There is a large interindi-
vidual variability of HPA axis stress reactivity on variants of the glucocorticoid
(GR) or mineralocorticoid receptor genes, and it documents a sex-specific
association between different GR gene polymorphisms and salivary cortisol
responses to acute psychosocial stress. In conclusion, many kinds of mind-body
behavioral interventions are effective in improving mood, quality of life, reduc-
ing stress, and anxiety, thereby altering neuroendocrine and immune functions,
and ultimately altering the genetic aberrations. However, the question remains
as to whether these latter effects are sufficiently large or last long enough to
contribute to health benefits, or if they are even relevant to the development of a
disease.

Keywords: psychoneuroimmunology, immunology and genetics, emotional stress,
genetic factors involved in stress, epigenetics involved in stress

1. Psychoneuroimmunology

Psychoneuroimmunology is an area that examines the interaction between
human emotions and the immune system, which is mediated by the endocrine and 
nervous system. The brain controls the immune system by hardwiring sympathetic
and parasympathetic nerves to lymphoid organs. Further neuroendocrine hor-
mones such as a corticotropin-releasing hormone or substance P regulate cytokine
balance. The immune system controls some brain activities such as sleep and body
temperature. Based on anatomical and a close functional connection, the nervous
and immune systems act in a very mutual way. Over recent decades, reasonable evi-
dence has emerged that these brain-to-immune interactions are highly modulated 
by psychological factors which influence immunity and immune system-mediated 
disease [1].

The nervous and immune systems maintain extensive communication, includ-
ing communication to lymphoid organs from deep-rooted sympathetic and
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parasympathetic nerves. Acetylcholine, norepinephrine, vasoactive intestinal 
peptide, substance P, and histamine such as neurotransmitters modulate immune 
activity. Corticotropin-releasing factor, leptin, and alpha-melanocyte-stimulating 
hormone such neuroendocrine hormones regulate cytokine balance. The brain 
activity mainly body temperature, sleep, and feeding behavior is influenced by the 
immune system. The major histocompatibility complex directs T cells to immu-
nogenic molecules held in its cleft and also controls the development of neuronal 
connections. Neurobiologists and immunologists are exploring common ideas like 
the synapse to understand properties such as memory which is shared between 
these two systems [2]. 

Both neuronal (direct sympathetic innervation of the lymphoid organ) and 
neuroendocrine (hypothalamic-pituitary-adrenal axis) pathways are involved 
in the control of the humoral and cellular immune responses. There is a recent 
evidence on the immunosuppressive effect of acetylcholine-secreting neurons of 
the parasympathetic nervous system which influences the central nervous system 
primarily through cytokines. Neuroimmune signal molecules such as hormones, 
neurotransmitters, neuropeptides, cytokines, or their receptors enable mutual 
neuroimmune communication. Subcellular and molecular mechanisms of cyto-
kine-neuropeptide/neurotransmitter interactions were extensively investigated. 
At the neuroanatomical level, neuroimmune communication in the role of discrete 
brain areas related to emotionality has been established. Immuno-enhancement, 
including the antitumor cytotoxic activity and antiviral activity, related to the 
“brain reward system,” limbic structures, and neocortex, offers a new direction for 
therapy in immune disorders [3]. 

2. Immunology and genetics 

Genetic predisposition is important for this immune function. Stress-mediated 
inflammation is a common feature of many hereditary disorders, due to the proteo-
toxic effects of mutant proteins. Harmful mutant proteins can induce dysregulated 
IL-1β production and inflammation. Depressive disorders are often accompanied by 
profound changes in immunity. Clinical observations in depression disorders showed 
that immune dysfunction is the main cause of increased risks in other oncological, 
inflammatory, and infectious diseases. Immunological reactions in psychoemotional 
stress play an important role. Studying Antidepressant-Sensitive Catalepsy (ASC) 
in mice showed a decrease in IgM immune responses and sensitivity to the admin-
istration of antidepressants. Unlike their non-depressive parental CBA strains, ASC 
lines show the difference in T-lymphocyte distribution and changes in IgG and IgM 
immune responses, low antibody production, abnormal CD4+ T-cell content in 
blood and spleen, and variations in CD4+/CD8+ T-cell ratio [4]. 

Stress-induced inflammation is a key pathogenic factor in inherited diseases and 
autoinflammatory syndromes. The stress contributes severity of the symptoms in 
these diseases. A study showed the correlation among basal stress, disease severity, 
and antioxidant response in two different cryopyrin-associated periodic syndrome 
(CAPS) patients sharing same nucleotide-binding domain, leucine-rich-containing 
family, pyrin domain-containing 3 (NLRP3) mutation [5]. Hence, similar stress-
related mechanisms may operate in other genetic diseases, where inflammation 
causes disease progression and mutant protein present in monocytes. Improving the 
responses to stress represents a promising therapeutic opportunity for this kind of 
serious diseases, while considering the genetic factor (individual tolerance levels) 
may play a major role. 
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3. Molecular mechanisms of emotional stress 

Identification of mechanisms underlying a dysregulation of major components 
of the stress response system is a very challenging task as it involves complex 
cellular interactions at the level of different organs and systems. One of the main 
features of the stress response is the activation of the hypothalamic-pituitary-
adrenal axis (HPA) [6]. The main regions of the brain that shows stress response 
are hippocampus, amygdala, and prefrontal cortex. Decreased activity and neuro-
nal atrophy in the hippocampus and in the prefrontal cortex, as well as increased 
activity and neuronal growth in the amygdala, are involved in post-traumatic 
stress disorder (PTSD) [6]. The changes that stress induces mainly affect the 
levels of cortisol and catecholamines (epinephrine, norepinephrine, dopamine). 
Catecholamines are released shortly after stress onset and go back to normal 
levels upon stress termination. Glucocorticoids act by binding to two types of 
receptors—mineralocorticoid receptors (MR) and glucocorticoid receptors (GR). 
Molecular mechanisms involving this stress response are genetic, epigenetic, and 
immunological nature. 

4. Hormonal and immunological factors in stress response 

The primary hormonal end product of the HPA axis is cortisol. A longitudinal 
study of 358 Dutch adolescents with a mean age of 15 years over 3 years showed that 
cortisol awakening response (CAR) moderated the effects of depressive symptoms 
on violent adult outcomes. The results showed that depressive symptoms were 
positively associated with violent outcomes when CAR levels are low [7]. 

Mental and physical stress can suppress the immune system in both humans 
and animals. Chronic stress-induced alterations in immune responses could 
result from increased cell death and apoptosis or decreased cell proliferation. It 
is well known that exhausting physical activity and mental stress lead to immu-
nosuppression of the immune system by steroid hormone regulation. Chronic 
stress significantly enhances corticosterone production and induces lymphocyte 
apoptosis [8, 9]. Stress hormones like cortisol play a fundamental role in regulat-
ing immune responses and the balance of T helper (Th) 1 and Th2 cytokines, 
thereby modulating the susceptibility of various immune-related disorders. 
Toll-like receptors (TLRs) play a key role in modulating immune responses, cell 
apoptosis, and cell survival. Among 11 known TLRs in mammals, TLR9 plays a 
major role in chronic stress-induced immune suppression by modulating cortico-
steroid levels [10]. 

Psychosocial stressors increase peripheral cytokine production, a potentially 
important factor in the development of depression or anxiety [11, 12]. Subsets 
of patients with the major depressive disorder (MDD) and post-traumatic stress 
disorder have higher levels of multiple inflammatory markers, including the 
cytokine interleukin 6 (IL-6) [11, 13]. Preexisting differences in the sensitivity of 
an individual’s peripheral immune system like cytokine interleukin 6 (IL-6) dictates 
their subsequent vulnerability or resilience to social stress [14]. 

5. Genetic factors involved in stress 

Molecular studies of the stress phenomenon have found some genes which 
are differentially expressed in stressed individuals and control subjects. Studies 
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involving effect at individual genes as well as genome-wide studies at cellular, tis-
sue, and individual levels are reported. 

A study of DNA microarray from circulating leucocytes showed that the 
stress causes some genes upregulated and some other genes downregulated. The 
downregulated genes are mainly related to apoptosis, cell cycle inhibitors, NF-KB 
inhibitor (Apo J), and antiproliferative cytokines. The upregulated genes are 
involved in cell cycle activation, and enzymes involved in nucleic acid biosynthe-
sis and proteins. Other upregulated genes are transcription factors that control 
chromatin structure and cell growth [15]. The transcription factor that controls 
many of these genes is NF-KB. Hence, NF-KB plays a key role in the cellular stress 
response. 

Researchers have attempted to attribute genetic variation among individuals to 
their neuroendocrine responsiveness to environmental stimuli like stress by study-
ing how the immune system interacts with the nervous and endocrine systems and, 
together, how they impact upon the course and outcome of disease [16]. As early as 
1992, Gatz et al. studied the importance of genes and environments on the symp-
toms of depression [17]. 

Genetic factors are responsible for individual variation in emotional reactivity, 
and neuroendocrine stress responses were shown by family and twin studies in 
humans and by the study of inbred strains and selection experiments in animals 
[18]. A twin study revealed the significant genetic impact on the cortisol awak-
ening response with heritability estimates between 0.40 and 0.48 for the mean 
cortisol increase after awakening and the area under the curve, respectively [19]. 
An increased cortisol awakening response in individuals reporting chronic stress 
includes social stress and lack of social recognition [19]. 

Several gene-environment studies have shown that long-term effects of stress 
are being moderated by genetic variations in the hypothalamic-pituitary-adrenal 
(HPA) axis. Studies by Wust et al. investigated contribution of large interindi-
vidual variability of HPA axis stress reactivity on variants of the glucocorticoid 
or mineralocorticoid receptor genes and documented a sex-specific association 
between different GR gene polymorphisms and salivary cortisol responses to acute 
psychosocial stress [20]. Single-nucleotide polymorphisms (SNPs) associated with 
stress vulnerability and resilience are found in the GR (e.g., through regulation by 
the FK506 binding protein 5 [FKBP5]), the corticotropin-releasing hormone factor 
receptor 1 (CRHR1), and the MR genes [21]. 

The genetic component is often complex in these studies and involves several 
genes and, hence, should study the quantitative trait loci (QTL). It is easy to study 
QTL in plants and animals where you can easily get the inbred lines where the 
genetic makeup is similar among individuals. Quantitative genetic analysis to 
behavioral responses to environmental challenges like stress in humans is done 
mainly on the large cohorts of families and twins. 

Another approach is the utilization of genome-wide association studies 
(GWAS) that would facilitate identification of new genes involved in stress 
development and elucidate the molecular pathways which are dysregulated. In 
contrast to candidate gene studies that are based on prior biological knowledge, 
in GWASs common variants across the whole genome are screened concerning 
the contributing genes. GWASs for human stress-related phenotypes are rare 
[21]. A meta-analysis on plasma cortisol levels in 12,597 participants found a 
genome-wide association of SNPs in the SERPINA6/SERPINA1 locus. GWAS 
and individual gene studies are often underpowered owing to smaller sample 
sizes. There is a need to test whether the identified candidate genes appear to be 
nominally significant in the GWASs in larger samples [21]. 
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6. Epigenetics involved in stress 

Even though genome is the blueprint for biological activity, the epigenome 
adds another layer on top of the genome and serves to modulate gene expression 
in response to environmental cues. Epigenetic modification induced by environ-
mental factors could influence the development of chronic pain by modulating 
genomic expression of one or more biological systems associated with pain and 
psychological stressors. Recent studies demonstrate that adverse psychosocial 
environments like stress can affect gene expression by altering the epigenetic 
pattern of DNA methylation, chromatin structure by histone modifications, and 
noncoding RNA expression [22]. 

Most of the epigenetic studies employ animal models at early life experiences 
that demonstrate epigenetic modification that occurs in response to stressors, which 
alter the developing epigenome in the hippocampus. Some studies evaluate epigen-
etic modification using adult models of stress and depression as well as consider-
ation of the role of epigenetics in resilient versus susceptible phenotypes. Adverse 
events such as stress or maltreatment at early stages of development can more read-
ily trigger epigenetic alterations which can adversely affect physiological function 
and behavior in adult life. Studies involving human samples from different models 
like suicide victims with and without child abuse, prenatal depression, and post-
traumatic stress disorder showed altered DNA methylation patterns at the gluco-
corticoid receptor gene (NR3C1) [22]. The salivary cortisol response which in turn 
leads to altered central regulation of the HPA axis consequent to maternal depressed 
mood. Epigenetic changes due to stress affected the gene expression of several 
genes including estrogen receptor alpha (ER-A), trichostatin (TSA), N-methyl-d-
aspartate (NMDA), nerve growth factor-inducible protein-A (NGFI-A), arginine 
vasopressin (AVP), brain-derived neurotrophic factor (BDNF), and cyclic-AMP 
response element-binding protein (CREB) [22]. Telomere shortening is one of the 
molecular indicators as an epigenetic effect on stress and chronic pain [23]. 

7. Biomarkers for diagnosis and treatment of stress 

The hypothalamus-pituitary-adrenal axis (HPA axis) is a vital part of the 
human stress response system. The endocrine marker cortisol is a useful index 
of HPA axis activity, and it shows good intraindividual stability across time and 
appears to uncover subtle changes in HPA regulation. Cortisol activity and the 
response are important biological indicators of emotional and behavioral responses 
to environmental stressors. Low cortisol activity is hypothesized to be linked to 
antisocial behaviors [24]. Several studies demonstrated the role of age and gender; 
endogenous and exogenous sex steroid levels; pregnancy, lactation, and breastfeed-
ing; smoking, coffee, and alcohol consumption; as well as dietary energy supply in 
salivary cortisol responses to acute stress [25]. Salivary cortisol levels are a reliable 
measure of HPA axis adaptation to stress and hence are a useful and valid biomarker 
in stress research [26]. 

The knowledge of the molecular bases of genetic variability points to the 
biochemical pathways responsible for the differences in stress responses will allow 
the development of new therapeutic strategies for pathological conditions [18]. 
Interventions aimed at manipulating the epigenome are a real and promising 
possibility to circumvent the stress-related psychoneuroimmunology disorders. 
Epigenetic and telomere changes may offer an array of targets that can be exploited 
for prevention and treatment interventions [27]. 
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In conclusion, many kinds of mind-body behavioral interventions are effective 
in improving mood, quality of life, reducing stress, and anxiety, thereby altering 
neuroendocrine and immune functions, and ultimately altering the genetic aber-
rations. However, the question remains as to whether these latter effects are suf-
ficiently large or last long enough to contribute to health benefits or if they are even 
relevant to the development of a disease. Unfortunately, there is no strong body of 
evidence that supports the clinical correlation between psychoneuroimmunology 
and genetics and reaping the health benefits through behavioral interventions. 
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Abstract 

Diagnosis of autoimmune diseases is crucial for the clinician and the patient 
alike. The immunoassay techniques most commonly used for this purpose are 
immunohistochemistry, ELISA, and Western blotting. For the detection of more 
specific biomarkers or the discovery of new ones for diagnostic purposes and as 
therapeutic targets, microarray techniques are increasingly used, for example, 
protein microarray, Luminex, and in recent years, surface plasmon resonance 
imaging. All of these technologies have undergone changes over time, making them 
easier to use. Similar technologies have been invented but responding to specific 
requirements for both diagnostic and research purposes. The goals are to study 
more analytes in the same sample, in a shorter time, and with increased accuracy. 
The reproducibility and reliability of the results are also a target pursued by manu-
facturers. In this chapter, we present these technologies and their utility in the 
diagnosis of immunogenetic diseases. 

Keywords: immunoassay, protein biomarkers, autoimmune diseases, IHC, 
ELISA, WB, protein microarray, SPRi, Luminex 

1. Introduction 

An autoimmune pathology occurs when the immune system loses its ability to 
distinguish between its own cells and nonself cells, inducing the attack of self-
tissue. This mechanism involves both the environmental factors and the genetic 
predisposition of the individual. 

Proteomic technologies identify and separate different proteins of interest from 
biological samples, thus enabling their characterization as biomarkers, establishing 
their interactions, their role and the mechanisms in which they are involved, the 
identification of new diagnostic and therapeutic targets. The identification of pro-
tein biomarkers may be the basis for developing new methods of early diagnosis and 
treatment [1]. In general, an ideal biomarker should meet certain characteristics: be 
specific to a particular disease, be validated and confirmed as having specificity for 
that pathology, be able to early identify the disease, its testing to be easy and cheap 
as far as possible, reliable, and noninvasive [2, 3]. 
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Although important advances have been made in deciphering immune func-
tion, the understanding of this function dysregulation and the specific autoim-
mune response remains limited. The domain is complex and includes, besides 
the disturbance of immune system functioning, gene alterations that regulate 
and control the self-tolerance. In this chapter, we will describe the techniques of 
highlighting the proteomic biomarkers involved in the pathogenesis of immuno-
genetic diseases. 

In the case of immunogenetic diseases, one of the tissues that are first tested 
for specific biomarkers is blood, namely, the serum, which contains approximately 
60–80 mg/mL proteins, besides amino acids, lipids, salts, and carbohydrates [4]. 
Applying proteomic immunoassay techniques for the diagnosis of immunogenetic 
diseases may also predict the course of disease, or result in a personalized treatment 
for patients [5, 6]. 

Proteomic biomarkers are particularly useful for providing the information on cel-
lular signaling pathways, bringing early disease data, monitoring treatment response 
or adverse effects. They can be monitored from body fluids other than blood, such as: 
urine, saliva, cerebrospinal fluid and from different tissues (biopsies) [7]. 

The necessity to analyze very small amounts of proteins present in biological 
samples [8], as well as the increase in the number of proteins requiring simultane-
ous, reliable, reproducible, and significant investigations led to the moderniza-
tion of the existing techniques and to the appearance of some new methods of 
biomarker investigation and analysis. Immunohistochemistry, ELISA, and Western 
blotting are of the old methods that changed, adapted, modernized over time, but 
remained “on barricades” for protein biomarker investigation, especially in autoim-
mune disorders. Immunoassay methodologies are the most commonly used tools 
in protein research, using the properties of antibodies to bind different protein 
domains and to mark them. Next, the methods abovementioned are the other high 
sensitivity technics for validating proteomic biomarkers such as protein microarray, 
surface plasmon resonance, and Luminex multiplex assays. In recent years, many 
multiplexed immunodetection techniques have been developed to simultaneously 
investigate multiple proteins (from several tens to several hundreds), in the same 
sample, and which are in very low amounts (Figure 1). 

Figure 1. 
The schematic representation of the immunoassay methods presented in this chapter, more or less in the order 
in which they appeared in time and how they evolved. These methods are based on the protein/antigen-
antibody reaction that is shown on the left side—here is the indirect method: antigen → primary antibody → 
secondary antibody conjugated with a fluorochrome or an enzyme. 
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In many cases, the immunoassay techniques are used in conjunction for diagnos-
tic, to confirm the presence of autoantibodies and then to characterize the expres-
sion of one or more specific biomarkers for a certain disease. More of this, these 
techniques can validate their mutual results. 

2. Immunohistochemistry 

The technique of immunohistochemistry (IHC) is a basic one, both in the 
anatomopathological diagnosis and in the research. It allows viewing of a pro-
tein of interest in a tissue section, specifying its location. This last aspect is very 
important and distinct IHC from other immunodetection techniques. The pres-
ence, reduction or the absence of the target protein allows a precise diagnosis 
or a personalized one. We do not intend to describe the technique itself, but we 
would like to mention it as the method of identifying immune antigens of interest, 
including immunogenetic diseases. 

Based on the principle of the antigen-antibody reaction, this technique has 
undergone improvements over time. It started with a direct IHC method, the reac-
tion antigen (target protein)-antibody, coupled with a fluorochrome. The first data 
on an attempt to use the direct IHC are from 1934 [9], but the use of fluorochrome 
for the first time was described in 1941 [10]. The introduction of an enzyme con-
jugated with an antibody and the visualization of the protein in light microscopy is 
due to Nakane and Pierce team [11]. The disadvantage of the IHC direct method is 
its low sensitivity. 

Afterwards, an IHC indirect method was developed as follows: antigen-primary 
antibody, nonconjugated-secondary antibody (anti-primary antibody), conjugated 
with a fluorochrome or an enzyme, which convert a soluble substrate into an 
insoluble colored substrate [12, 13]. This method allowed the visual signal to be 
intensified. 

The need to improve more the signal amplification has led to new changes. Thus 
the secondary antibody has been conjugated with other substances, such as biotin 
molecules, which in turn form complexes with streptavidin, forming a complex 
with an enzyme (e.g., horseradish peroxidase) [14]. More recently, an even more 
sensitive method was used in which a large number of secondary antibodies and 
enzymes are conjugated to a polymer chain (e.g., dextran) [15]. 

In the IHC technique, even an array-like reaction can be carried out on the same 
tissue section by targeting several proteins by using antibodies from different spe-
cies (mouse, rabbit, goat, etc.), different enzymes coupled to the secondary anti-
body (e.g., horseradish peroxidase and alkaline phosphatase), different chromogens 
(e.g., 3,3′diaminobenzidine or 5-bromo-4-chloro-3-indolyl phosphate/nitro blue 
tetrazolium) or fluorochromes (e.g., FITC and rhodamine) with different colors. 

Sometimes, especially when the protein of interest is low and the immunohisto-
chemical signal is weak or with interruptions, a confirmation for protein expression 
by Western blotting is required. This confirmation is also required when we are not 
sure whether the antibody specifically binds to the protein of interest or if there is a 
nonspecific antibody labeling. The Western blot technique allows the identification 
of the protein as it is shown below. 

3. Enzyme-linked immunosorbent assay (ELISA) 

Old traditional ELISA technique was developed in 1971 by Engvall and Perlmann 
[16] and Van Weemen and Schuurs [17] and continues to be nowadays widely used 
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as a routine diagnostic method allowing quantitation of a large variety of proteins 
[18]. The single-plex ELISA, the most utilized assay method performed in 96- or 
384-well plates, has played a prominent role in the quantitative and qualitative 
identification of analytes. 

Direct ELISA, the simplest type of ELISA, could accurately quantify a specific 
molecule with high sensitivity from a wide variety of samples, and it is faster [19]. 
But the signal is less amplified. 

Indirect ELISA detection is a two-step ELISA which involves a primary antibody 
and a labeled secondary antibody [20]. This method presents a higher sensitivity and 
flexibility (different primary detection antibodies can be used with a single labeled 
secondary antibody). The disadvantage is the occurrence of nonspecific signals. 

Beside direct and indirect detection models, two other ELISA methods 
appeared, to avoid false positive or false negative results, with a high specificity, 
suitable for complex samples, with more sensitivity and flexibility: sandwich ELISA 
(quantify antigens between the two layers of antibodies) [21] and competitive ELISA 
(based on a competitive binding process between the original antigen in the sample 
and the add-in antigen, the more antigen in the sample, the less labeled antigen is 
retained in the well and the weaker the signal) [22]. 

Another ELISA method is ELISpot assay, widely used to evaluate an immune 
response, for example, in allergies or in autoimmunity [23, 24]. This technique, 
performed on PVDF membranes, has advantages like specificity, sensitivity, and 
wide range of detection. 

However, the use of ELISA for assessing multiple analytes might be time con-
suming due to the large number of workflows occurring simultaneously. Moreover, 
ELISA is designed as a solid-state immunoassay, and the use of a planar matrix can 
restrict immunoassay capacity, sensitivity, and detection quality [25]. 

Conventional single-target assays ELISA and Western blot are suitable for bio-
marker validation, but could be expensive, time consuming, and sample limiting. 
While most of the disease conditions may arise when only one single molecule is 
altered, more often it is the consequence of the interaction between several mol-
ecules within the inflammation milieu; therefore, studying the diseases necessitates 
a comprehensive perspective. 

ELISA on a chip. In order to improve the method, in terms of using smaller quan-
tities of samples, shortening the reaction time, avoiding sophisticated reading equip-
ment, and reducing costs, a group of researchers tried to miniaturize the ELIZA 
platform [26]. They developed an ELIZA lab-on-a-chip system (ELIZA-LOC), which 
allows the use of only 5 μl of sample on a miniaturized 96-well plate combined with a 
CCD camera [27]. This system combines three functional elements: (i) reagent load-
ing fluidics, (ii) assay and detection well plate, and (iii) reagent removal fluidics. 
The description of LOM technology (laminated object manufacturing) to obtain this 
system using polymer sheets was made by Rasooly et al. [28]. 

Besides miniaturization, another novelty is the washing step that is integrated 
directly in ELISA plate. The authors state that using this technology, there is no 
need for a specialized laboratory to perform the ELIZA test. 

4. Western blot 

The Western blot (WB), also known as immunoblot, is an analytical and 
quantitative technique for identifying specific proteins in many biological samples, 
liquid or tissue/cellular homogenates [29]. The WB technique brings concrete 
and useful information that cannot be offered by other immunoassay methods. If 
the target protein, present in the sample, is altered qualitatively or quantitatively, 
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the band thickness is changed compared to a control being downregulated or 
overexpressed. The WB results can also guide us to a genetic investigation in case 
of partial deletion or duplication in the protein gene [30]. In addition, the WB 
method allows a quick comparison of target protein expression in many patients in 
medical diagnosis. 

The WB technique was invented by Harry Towbin and co-workers in 1979. They 
used the method to identify bacterial or chicken ribosomal proteins separated on 
polyacrylamide gels containing urea. They called this method “electrophoretic blot-
ting technique” [31]. The WB name was given 2 years later by Neal Burnette, which 
also brought some improvements to this method, including the use of SDS-PAGE 
gels [32]. The name “Western” was inspired by the earlier name of other blotting 
methods, “Southern”, named after the name of Edwin Southern, who published in 
1975 a method for detecting specific DNA sequences [33], and “Northern” whose 
name was inspired by the name of the first blotting technique, “Southern”, a RNA 
detection technique, developed in 1977 by Alwine et al. [34]. 

Over time, the method has improved and has become easier to achieve, with 
nearly all materials commercially available: transfer devices, antibodies, pre-casting 
gels, digital imaging devices, and so on. However, in the most part, as methodology, 
the technique proposed by the Towbin team remains valid after 38 years. Burnette, 
Stark, and Towbin said after many years that they were surprised by the success and 
longevity of the method [35]. 

In summary, the Western blot method is a way to identify a target protein from a 
biological sample, a mixture of proteins, running it on polyacrylamide gel. The pro-
teins in the sample are separated by SDS-PAGE gel electrophoresis, depending on 
their molecular weight. Because the gel is hard to handle, being fragile, the proteins 
are transferred to a membrane, usually nitrocellulose or PVDF (polyvinylidene 
fluoride), that maintains the gel pattern as a copy [7]. The electrical current causes 
the transfer. For visualization of the protein of interest, the membrane is probed 
by a specific primary antibody, it binds the specific epitope of the protein, and it 
is labeled by addition of a secondary antibody recognizing the primary antibody 
conjugated with a detection reagent (fluorophore, enzyme, and radioisotope). The 
visualization is done colorimetric, by chemiluminescence, on X-ray film, or directly 
in the membrane with the aid of an imaging system. 

In order to be able to reuse a WB membrane that has already been exposed to 
primary and secondary antibodies, it is necessary to wash it. This operation is called 
stripping. Only membranes that have been treated with ECL (enhanced chemi-
luminescence kit) for protein visualization by chemiluminescence can be reused. 
This method is useful when we want to investigate more proteins on the same blot, 
for example, a protein of interest and a loading control protein. It saves biological 
samples, time, and substances. For stripping, special buffers are using that can 
efficiently remove antibodies but do not remove too much amount of the proteins 
on the membrane. 

The WB system size may vary, with electrophoresis/transfer tank, gels, and 
membrane: mini, midi, and large, depending on the investigated protein size and 
the time needed for separation. However, the vast majority of investigators use now 
the mini system, sometimes the midi one, because of the existence of gradient gels 
and more sophisticated devices (see below). Transfer systems were developed by 
few companies to allow proteins the migration from gel to the membrane in dif-
ferent ways, using varying amounts of buffers: wet, semidry, or dry systems. New 
digital technologies offer a good and rapid bands visualization, avoiding underex-
posure or overexposure, as in the case of X-ray film developing. The images can be 
stored in a computer database and can be analyzed with software that measures the 
optical density of the bands. 
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4.1 Other methods based on the Western blotting technique 

4.1.1 Multiplex Western blot 

In the last few years, it has become a necessity to analyze multiple target proteins 
at the same time, in order to compare the expression of proteins involved in a spe-
cific pathology. First Multiplex WB experiment (multiplex Western blot (MWB)) 
was optimized by Anderson and Davison [36] to study different muscle proteins 
involved in muscular dystrophies. This method allowed a simultaneously screen-
ing of multiple proteins with a different size on a pair of blots, using a cocktail of 
monoclonal antibodies which permitted the identification of primary deficient and 
second deficient proteins in several muscle pathologies, knowing that the primary 
reduction of a protein causes the secondary reduction of another protein. The use 
of a MWB allowed establishing a biomarker profile for each patient, providing 
valuable information for diagnosis as well as for phenotype-genotype correlations. 
The MWB method proposed by Anderson used a biphasic polyacrylamide gel (with 
different concentrations) system electrophoresis, which separated the proteins with 
different molecular weights: molecular mass more than 200 kDa in the upper part 
of the gel, with 5.5–4% polyacrylamide gradient, while proteins with molecular 
mass under 150 kDa are separated in the lower phase, 7% polyacrylamide gel. 

Introduction of this technique has revolutionized the medical diagnosis and 
opened new perspectives in biomedical research. Simultaneous analysis of several 
proteins involved in different pathologies by MWB reduced the cost and time for 
analysis. By this method, it could be determined and compared proteins in the same 
sample as well as a secondary reduction of other proteins in a specific disease [37, 38]. 

4.1.2 Capillary electrophoresis and capillary Western blotting 

By this method, the molecules are separated by the size inside a capillary filled 
with an electrolyte. The advantage of the method is that the separating sieve matrix 
can be automatically pumped in and out because it contains rather unknown 
polymers than the typical cross-linked polymers for the gels. The big difference 
between the classical method and this one is that many samples can be run over and 
over again in an automated manner that saves a lot of time [35]. 

Capillary electrophoresis (CE) needs a smaller amount of sample than SDS-
PAGE and offers a better resolution of a protein size. Proteins travel down the 
capillaries and are spaced according to the size. When the individual proteins 
reach the end of the capillary, they drop on a blotting membrane that moves along 
the capillary opening. It has been shown that classical protein standards such as 
carbonic anhydrase and lysozyme can be separated within an hour using only a few 
nanoliters of the sample [39]. 

O’Neill et al. [40] have been able to capture the resolved proteins on the capillary 
wall by photochemically activated molecules. This method allowed immune complexes 
to be formed after electrophoresis, in the capillary. Chemiluminescence reagents 
flowed through the capillary, and the image was taken with a CCD camera [40]. 

4.1.3 Microfluidic Western blotting 

This technology reduces much more the amount of the sample required for 
WB and also the length of the capillaries from centimeters to microns, using 
microfluidic channels. He and Herr, in 2009, developed an automated immunob-
lotting method using a single streamlined microfluidic assay. A glass microflu-
idic chip, which has integrated a PAGE electrophoresis with subsequent in situ 
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immunoblotting, allowed a rapid protein separation, directed electrophoretic 
transfer of resolved proteins to an in-line blotting membrane, and a high-efficiency 
identification of proteins of interest using antibody-functionalized membranes 
[41, 42]. The system requires only 0.01–0.5 μg of protein. 

4.1.4 Dot blot 

It is a method very similar to WB, but the proteins are not separated by gel elec-
trophoresis. The samples are applied in small dots directly on the membrane and 
then spotted through circular templates. After membrane drying, the antibodies are 
applied. The visualization of target protein is made like at WB, chemiluminescent 
or colorimetric. Dot blot is used to test the specificity of some antibodies, to test the 
antibody concentration used for WB, or to evaluate the presence of a target protein 
in the sample before WB. 

4.1.5 Far-Western blotting 

It is used to detect a protein-protein interaction in vitro. Instead of the primary 
antibody for detecting the protein of interest, this method uses a nonantibody 
protein that binds to the protein of interest. Far-Western blotting detects proteins 
on the basis of the presence or the absence of binding sites for the protein probe. 
This method is important in characterization of protein interactions in biological 
processes such as signal transductions [43], receptor-ligand interactions, or screen 
libraries for interacting proteins. 

5. Protein microarray 

Protein microarray analysis has an increasingly use both for research purposes as 
well as for various biomedical applications, including the niches ones like evaluating 
markers of apoptosis activated by various therapies such as photodynamic therapy 
(PDT), assessment of epigenetic milieu, or transcriptional activity in treated cells 
[44]. Thus, protein microarray is a proteomic tool that can deliver high-throughput 
data for revealing new therapeutic targets [45]. 

Protein microarray history has spanned the last two decades, the basic principle 
being identical with ELISA, but there are several advantages such as spotting 
in terms of miniaturization, multiplexing, and large data obtained in an ELISA 
equivalent time. Briefly, biological samples of interest (e.g., serum, plasma, etc.) are 
incubated on a slide containing immobilized antibodies, proteins, or peptides. An 
antigen-antibody reaction occurs between an analyte from the tested sample and the 
corresponding antibody from slide followed by the detection step through various 
methods (e.g., fluorescence-based detection). The slide is further scanned, followed 
by image acquisition, data processing, and analysis. There are several classifica-
tions of this technique, but it could fall into two main categories: direct phase (e.g., 
antibody-, protein-, peptide array) and reverse or indirect phase where sample of 
interest is spotted on a slide and the corresponding antibody is further added. 

Among all these variants, the antibody array type is preferred in tumor research 
domain or in biomarkers discovery/quantification due to technique’s high versatil-
ity and reproducibility [46]. The reverse phase array format could also be used for 
biomarker discovery because it is specificity but has the disadvantage of being more 
laborious. 

It is worth to emphasize that protein microarray could be customized in terms of 
number and multiplicity of tested analytes one achieving new research and clinical 
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benefits through this technology. Thus, although fundamental research purposes 
prevail when it comes to array platforms, there is also a recent increasing trend in 
clinical research, diagnostics, and even industry applications such as pharmacy or 
food. For instance, recent attempts are made in using array platform for autoim-
mune disease insights. Thus, novel antigen arrays have been developed in order to 
discover new autoantibody targets, providing analysis for hundreds of samples and 
of their reactivity pattern against thousands of antigens simultaneously [47]. 

Customizing an array in relation to clinical purpose confirms the flexibility of 
these platforms in assisting molecular management of the disease. A customized 
platform was designed in order to monitor severe acute respiratory syndrome 
(SARS) infection by screening hundreds of sera based on the reactivity against 
certain selected proteins from SARS coronavirus. Authors have reported that with 
this customized array, viral infection could be monitored for many months after 
infection [48]. This type of microarray platform has been further updated to a 
serological assay for the specific detection of IgM and IgG antibodies against the 
S1 receptor-binding subunit of the spike protein of emerging human coronavirus 
hCoV-EMC and SARS-CoV as antigens [49]. 

Protein microarray is a technology in continuous evolution offering multiple 
possibilities in updating other proteomic techniques. Therefore, the development 
of the “microwestern array” is a clear proof how traditional methods like Western 
blot can be linked to novel technology, thus significantly expanding the research 
technological arsenal [50]. 

Data generated by ELISA and WB require sometimes additional complementary 
proteomic methods to supplement and even support the scientific information. 
Such supportive task is often accomplished by protein microarrays providing 
important evidence on modulation of signaling networks and potential targets (or 
pathways); these factors or networks must first be identified, and array platforms 
allow exactly this development by exploring dozens of targets simultaneously 
within a single sample, providing lots of data which may be further investigated 
using traditional ELISA or WB techniques [51]. 

6. Luminex xMAP array 

An important improvement in the biological assay field was made in the late 
1990s when Luminex xMAP technology was launched. xMAP technology combines 
the principles of ELISA and flow cytometry, but goes beyond the limitations of 
solid-phase reaction kinetics and is suitable for high throughput, multiplex, and 
simultaneous detection of different biomarkers within a very small volume sample. 
Bringing together advanced fluidics, optics, and digital signal processing with 
proprietary microspheres, xMAP technology became one of the fastest growing 
multiplex technologies. Featuring a flexible open-architecture design, xMAP 
technology enables the configuration of various assays, quickly, cost effectively, and 
accurately, useful in clinical and research laboratories [52]. 

A key component of Luminex xMAP technology is represented by proprietary 
color-code polystyrene microspheres (beads) internally dyed with precise concen-
trations of two or three spectrally distinct fluorochromes. Through precise concen-
trations of these specific dyes, up to 500 distinctly bead sets can be developed, with 
a different spectral signature. 

Based on fluorescent reporter signals, high-speed digital-signal processors 
identify each individual microsphere and quantify the result of every bioassay. The 
capability of adding multiple conjugated beads to each sample results in the ability 
to obtain multiple results from each sample [53]. 
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There are different types of advanced detection platforms (as depicted in Table 1), 
and therefore, various biomarker panels could be analyzed. Accordingly, validation 
of novel biomarkers into multiplex immunoassay panels confers an attractive pros-
pect of simultaneous measurement of multiple analytes in a single patient sample, 
enabling progres-sion monitoring and outcome prediction, even detecting major 
diseases in its earliest stages [54]. 

Technique Advantages Disadvantages Use 

IHC Qualitative Medium specificity Routine diagnstic tool 
Fast Possible cross reactivity Shows the localisation of antigen 
Easy to detect 
Relatively 
inexpensive 

ELISA Quantitative One protein/analyte at To quantify a single protein 
High sensitivity a time Confirmation of other screening 
Medium specificity False positive results method/validation 
Higher throughput Labor intensive/time 
than Western blot consuming/high reagent 
Automation use 
potential Costly setup for 

automation 

Western blot High specificity 
High sensitivity 
Quantitative 
Automation 
potential 

One or a small number To identify the presence of a 
of proteins/analytes at small number of proteins in the 
a time same sample (multiplex WB) or 
Labor intensive/ the presence of protein-protein 
time consuming for interactions (Far-WB) 
the classical method. Confirmation of other screening 
Resolved by the new method/antibodies validation 
equipments 
Qualitative, quantitative, 
especially with the newest 
equipments 
Difficult to transfer 
large or hydrophobic 
proteins—false negative 
results 
Difficult to automate— 
for the classical method. 
Resolved by the new 
equipments 

Bead-based 
array (e.g., 
Luminex® 

technology) 

High sensitivity 
High throughput 
and speed 
Multiplex and 
customizable panels 
of analytes 
Open-architecture 
design 
Low time, labor, 
and reagent use over 
traditional methods 
Versatility 
Flexibility 

High cost for a specialized To quantify (quantitative) 
equipment and a multiple proteins/panels of 
validated antibody pair analytes, in the same well from a 

small amount of sample 
Clinical implementation— 
available IVD kits 

Protein High sensitivity High cost for a specialized To screen for changes across a 
microarray Medium specificity equipment and a large number of proteins, in the 

Highest throughput validated antibody pair same well from a small amount 
Low time and of sample 
reagent use 
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Technique Advantages Disadvantages Use 

SPRi Very high sensitivity High cost for a specialized To screen and quantify 
Label-free equipment (quantitative) multiple protein 
Real time method Suitable for liquid interactions (and not only)/ 
High throughput biological probes panels of analytes, from the 
and speed same sample 
Multiplex and Clinical implementation 
customizable panels 
of analytes 
Open-architecture 
design 
Low time, labor, 
and reagent use over 
traditional methods 
Low time and 
reagent use 
Biochip reusable 

Table 1. 
Advantages and disadvantages of immunoassay methods presented in this chapter: IHC, ELISA, Western blot, 
bead-based array—Luminex technology, and chip-based array—protein microarray, SPRi. 

Some of our studies illustrate significant dysregulation in circulating levels of 
cytokines and angiogenic factors in brain tumors, with over threefold upregula-
tion of IL-6, IL-1 beta, TNF-alpha, and IL-10 and up to twofold upregulation of 
VEGF, FGF-2, IL-8, IL-2, and GM-CSF, with implications in tumor progression and 
aggressiveness, and also involved in disease-associated pain [55, 56]. 

Currently, Western blot is used to validate/confirm the identified biomarkers, 
and association between the xMAP technology and the Western blot was remarked 
in many studies. Interestingly, one of them emphasized the improvement in diag-
nostic sensitivity of HIV infection in early stages using xMAP technology, increas-
ing the chances of an early accurate diagnosis. Thus, it was observed a superior 
sensitivity of Luminex xMAP compared with Western blot. Out of 87 confirmed 
HIV positive cases, Western blot confirmed 74.7% sensitivity, while Luminex 
xMAP identified 82.8% sensitivity (p < 0.05) [57]. Further advancements will be 
needed for a successful validation of current discoveries, and sustained efforts are 
necessary to expand the translation into clinical applications toward personalized 
medicine [58]. 

7. Surface plasmon resonance imaging, lab-on-a-chip 

Since our goal is not describing surface plasmon resonance imaging (SPRi) 
methodology, we will not insist very much on the description of the technique. We 
will make a brief description of the principle on which SPRi is based. 

The first SPR immunoassay was proposed by the team Liedberg, Nylander, 
and Lundström, in 1983 [59]. The SPR immunoassay method is label-free (unlike 
ELISA); no label molecule is required for analyte detection [60]. Moreover, the 
measurement is done in real time, which allows monitoring of the individual steps 
of this technology. SPRi is currently one of the most sensible platforms for studying 
a wide variety of interaction affinities [61, 62], involving nucleic acid sequences 
[63–65], peptides [66], proteins [67, 68], and carbohydrates [69]. It is possible to 
monitor hundreds of molecular interactions simultaneously. 

The composition of a biochip consists essentially of a glass prism, coated with 
a thin gold film and a pre-functionalized surface chemistry. The sample to be 
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analyzed is injected over the biochip, and the detection of a specific molecule can be 
performed by immobilizing a binding partner on the biochip. SPRi makes a nonla-
beling and a real-time detection of biomarkers [70]. 

The SPRi platform allows the quantitative detection of multiple simultaneous 
multiplex interactions, and many studies are based on this application for screening 
a variety of analytes in different array types. The main advantage of using SPRi in 
immunodiagnostics is the possibility of monitoring the antigen-antibody reaction 
in real-time, estimating kinetics, how quickly it occurs and how durable it is. In 
addition, it does not require any labels. 

In comparison to ELISA and Western Blot, SPRi has the advantage of investigat-
ing a large number of different analytes from the same sample (several hundred dif-
ferent spots can be placed on a biochip), and after washing the biochip, it is possible 
to immediately analyze another sample. SPRi takes less time than other methods. 
The disadvantage of SPRi would be that only liquid biological samples (blood, 
urine, cerebrospinal fluid, and cell culture medium) can be analyzed, and it does 
not analyze biological samples from different tissues/tissue lysates. SPRi is very 
effective when there are many samples and many different interactions to analyze, 
but for a small number of samples or to demonstrate only one type of interaction 
between two proteins, for example, WB is more efficient. 

As a conclusion regarding the technologies presented in this chapter, we show 
Table 1 with the advantages and disadvantages of each method. 

8. Immunoassay methods in immunogenetic disease diagnostic 

Indirect immunofluorescence (IIF) for autoantibody analysis is one of the routine 
diagnostic methods. Different tissue sections or human tumor cell lines—HEp-2— 
are used as the source of antigen over which the serum of patients with specific 
autoantibodies is applied [71]. 

The antinuclear antibody (ANA) test is such a standard screening assay. The 
American College of Rheumatology declared HEp-2 IIF as the preferred method 
for ANA screening [72]. The large amount of ANAs can indicate an autoimmune 
disease, including systemic lupus erythematosus, Sjogren’s syndrome, scleroderma, 
rheumatoid arthritis, idiopathic inflammatory myopathy, and others. 

One of the immunohistochemistry method applications in autoimmune 
disease diagnosis is the detection of the presence of MHC I and, more recently, of 
MHC II in skeletal muscle of patients with idiopathic inflammatory myopathies 
(IIMs). It is a group of autoimmune systemic diseases, of which the most com-
mon forms are dermatomyositis, polymyositis, and inclusion body myositis. The 
study of muscle biopsy makes the difference in diagnosis between subtypes, but 
also among other types of myopathies and IIMs. In addition to other pathological 
features, the presence of MHC I and MHC II in sarcolemma gives the certainty 
of diagnosis, as long as they are not present in normal muscles [73–76]. Their 
overexpression in IIMs is induced by cytokines, including interferon and tumor 
necrosis factor alpha (TNF alpha) [77]. A study of 120 muscle biopsies from 
patients with different forms of IIMs showed a presence of MHC I in all biopsies 
and MHC II in 93% of them [76]. 

The MHC I expression appears early and precedes the lymphocyte infiltrate 
[78], persisting in late disease, and it is not attenuated by immunosuppressive treat-
ment [79–81]. 

MHC II expression on antigen presenting cells activates T-helper cells and initi-
ates an immune response without knowing the mechanism by which MHC II alleles 
mediate susceptibility to a given autoimmune disease [82]. 
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From our experience in IIM cases where the IHC is not conclusive, a WB veri-
fication or validation is of great help in highlighting MHC I and II bands at their 
specific molecular weight. 

From the more recent studies, we mention that the anti-signal recognition 
particle antibodies in the serum of IIM patients have diagnostic and prognostic 
value especially in the forms of immune-mediated necrotizing myopathy [83]. The 
authors draw attention to a mandatory IIF test along with the dot immunoassay 
to avoid false positive results from the latter method in pathologies not associated 
with IIM. The results sometimes depend on the nature of the antigen used in the 
technique and can be denatured. 

ELISA is used as a diagnostic tool in autoimmune diseases, for evaluation of 
serum autoantibodies. Antinuclear antibodies (ANAs) directed against a variety of 
nuclear and cytoplasmic antigens are found with a high frequency in many systemic 
autoimmune disorders like systemic lupus erythematosus, scleroderma, Sjogren’s 
syndrome, myositis, etc. ANA-HEp-2 Screen ELISA is an immunoassay method for 
the qualitative combined detection of IgG antibodies against human serum HEp-2 
cells. Each well is coated with Hep-2 cellular lysate. The test detects in a well plate 
total ANAs against double stranded DNA, histone, SS-A (Ro), SS-B (La), Sm, 
snRNP/Sm, Scl-70, PM-Scl, Jo-1, and centromeric antigens. 

HEp-2 cells allow the recognition of over 30 nuclear and cytoplasmic patterns that 
are given upwards of 50 different autoantibodies [84, 85]. The specificity of the test 
is closely related to the quality of the antigens used [86]. It is one of the most com-
mon methods of diagnosis in organ-specific autoimmune diseases, such as Grave’s 
disease, primary biliary cirrhosis, insulin-dependent diabetes mellitus or systemic 
autoimmune disorders affecting different organs, such as systemic sclerosis, Sjogren’s 
syndrome, and mixed connective tissue disease rheumatoid arthritis [87, 88]. 

From recent research studies [89], we want to mention cortactin antibodies 
as new biomarkers in double seronegative myasthenia gravis (myasthenia gravis 
form dSNMG). ELISA tests validated by WB have demonstrated that the presence 
of cortactin autoantibodies is a biomarker to be taken into account, suggesting 
that the disease will be ocular or mild generalized and could be done routinely in 
the future. 

Another work on rheumatoid arthritis shows that, apart from the autoantibody 
system that recognizes citrullinated proteins, the identification of another antibody 
system against carbamylated proteins has an important early diagnostic value, pre-
dicting a more severe course of disease [90]. The ELISA method used in this study 
could become routine for serum testing of patients with rheumatoid arthritis. 

Western blot. To highlight the importance of WB technique in clinical diag-
nosis, we give some eloquent examples below. The WB method has been used in 
many studies, along with immunoprecipitation, ELISA, and flow cytometry, to 
demonstrate the quantitative or qualitative modification of proteins of interest in 
autoimmune diseases in order to find new biomarkers or therapeutic targets. WB 
has proven to be a good tool for serological tests. 

Line-blot immunoassay is a Western blotting method that uses recombinant anti-
gens immobilized on straight lines on a nylon strip. They are incubated with patient 
serum containing autoantibodies. They bind to the antigens present on the strip 
and are viewed colorimetrically. Interpretation of the results is done by comparing 
the color intensity of strips with the color of strips of a positive standard. There are 
some studies that have shown the utility of this method in the detection of auto-
antibodies present in serum but which could not be identified by IIF, for example, 
anti-SS-A/Ro in Sjogren’s syndrome [91, 92]. 

Haroon et al. have demonstrated using the WB method that there is an interac-
tion between endoplasmic reticulum aminopeptidase 1 (ERAP1) with human 
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leucocyte antigen (HLA)-B *27 in ankylosing spondylitis [93], and that the HLA-
B27 molecules could alter the ERAP1 level. The functional interaction between 
ERAP1-peptide and HLA-B27 could thus be the missing link in the pathogenesis of 
ankylosing spondylitis. 

Stagakis et al. studied whether anti-TNF therapy improves insulin resistance in 
rheumatoid arthritis [94]. Western blot was used to analyze the proteins p-Ser312 

IRS-1 and p-AKT from peripheral blood mononuclear cell lysates. It has been 
established that anti-TNF alpha therapy has a positive effect, improving insulin 
sensitivity and reversing the defects in signaling insulin cascade in this disease. 

Tsui et al. have conducted a study of the serum levels of noggin (NOG) and 
sclerostin (SOST) in patients with ankylosing spondylitis, more specifically, on the 
immune response to these two molecules [95]. The WB method was used to quan-
tify the relative amounts of NOG/SOST-IgG immune complexes. An increased level 
of NOG/SOST-IgG immune complexes was found in patients with this pathology. 

Rizzo et al. [96] showed that the dimeric form of the HLA-G molecule is associ-
ated with the response to methotrexate treatment in patients with early rheumatoid 
arthritis. HLA-G dimeric and monomeric forms have been highlighted by WB. The 
presence of dimeric form in plasma prior to methotrexate therapy could be a 
biomarker for the patient’s response to treatment. 

Protein microarray. Antibody microarrays could provide a real-time vision of 
biological processes, such proteomic instrument being used in clinic to analyze 
serum and plasma in several pathologies including autoimmune disorders. One 
of the autoimmune diseases approached through protein array is systemic lupus 
erythematosus (SLE) where SLE clinical heterogeneity and the absence of robust 
biomarkers to evaluate the disease states and differentiate from other autoimmune 
conditions are yet to be resolved [97]. Thus, using an antibody-based leukocyte-
capture microarray, mononuclear cells isolated from peripheral blood of 60 SLE 
patients were processed for obtaining proteomic patterns to distinguish SLE from 
healthy subjects. With this array platform, it was improved the conventional SLE 
diagnostics and disease states elucidation [98]. Moreover, an “in-house” antibody 
microarray comprising 135 human recombinant single-chain fragment variables 
aiming various immune proteins were used to examine systemic sclerosis (SSc) and 
SLE patients. This tailored array identified a significant number of differentially 
expressed proteins that delineate SLE from systemic sclerosis, thus surpassing 
disease classification through conventional clinical parameters, including, ANA, 
anti-DNA, SLEDAI-2 k, C1q, C3, C4, and CRP [99]. 

Another challenging field for protein array is related to rheumatoid arthritis (RA) 
as it could detect biomarkers specific for arthritis and not for autoimmune diseases 
in general [100]. Some research groups have started to develop different antigen 
arrays for differential diagnosis and even RA molecular classifying. Panels of 
proteins were detected, among these three proteins, namely, WIBG, GABARALP2, 
and ZNF706, were suggested as potential specific markers for RA early stages [101]. 
Hence, protein arrays bring valuable data to immune-disease background allowing 
exploration of numerous samples in parallel and thousands of targets. 

Antibodies against ion channels, receptors, synaptic proteins, etc. confirm 
protein microarrays as a future potential tool in routine diagnosis [102]. Whatever 
commercially available or customized platforms, antibody arrays start to emerge in 
clinic by designing omics disease signatures helping the disease management. 

The protein microarray was used in a study of pemphigus vulgaris, an autoim-
mune skin disease, to identify the entire set of antibodies, bringing extra data 
about the complex relationship between genetics and disease development [103]. 
The results were correlated with those obtained by the ELISA and proved to be 
compatible. The main targets for autoantibodies are desmoglein-3 and 1, but the 
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study showed that there are autoantibodies that are not directed to desmoglein at a 
significant number of patients. 

A study regarding ankylosing spondylitis using the protein microarray, confirmed 
by ELISA, to characterize anti-ankylosing spondylitis autoantibodies, showed that 
anti-protein phosphatase 1A (PPM1A) autoantibodies are present in the serum of 
the patients and that they could serve not only as biomarkers for diagnosis, disease 
severity, and response to anti-TNF therapy, but also as a therapeutic target [104]. 

Luminex xMAP technology has developed as an alternative to planar microarray 
methods. Bead-based immunoassays are one of them. The determinations by this 
method and by ELISA of anti-thyroid peroxidase and anti-thyroglobulin antibodies 
in autoimmune diseases have been shown to be compatibles [105]. 

There is a commercially available kit for ANA detection, which is low cost and 
saves time. Antigens corresponding to autoantibodies are linked to polystyrene 
microspheres labeled internally with different amounts of two different fluoro-
chromes, resulting in 100 different color spectra. Each microbead carries an antigen 
specific for a single antibody [106]. 

Good results were obtained in assessing a number of antinuclear autoantibodies as: 
dsDNA, Sm and Sm/RNP (in systemic lupus erythematosus), SS-A/Ro and SS-B/La 
(in Sjogren’s syndrome), Jo-1 (myositis), ribosome (systemic lupus erythematosus), 
and centromere (systemic sclerosis) [107]. 

One of the problems with this technology could be the lack of a true quantitative 
calibration due to the difference in affinity of the antibodies for the antigen [108]. 
Some authors argue that it is also necessary to validate the results by other immuno-
assay methods [106], while others claim that the accuracy of the technique is similar 
to that observed by ELISA [109, 110]. 

There are studies in which the Luminex methodology is used for the analysis of 
serum biomarkers in various autoimmune diseases. Thus, in an article on ankylos-
ing spondylitis, certain cytokines as hepatocyte growth factor (HGF), CXCL8, and 
matrix metalloproteinases (MMP-8 and MMP-9) identified from a large number 
of biomarkers by Luminex could be diagnostic targets, their serum levels being 
increased in this disease [111]. 

In other chapter regarding ankylosing spondylitis, Luminex bead-based 
technology was used for serum cytokines analysis, and the conclusion was that 
the utilization of TNF alpha inhibitors decreases the number of T cells producing 
proinflammatory cytokines [112]. 

Mou et al. showed, using Luminex technology in combination with PCR, that in 
ankylosing spondylitis patients from Southern China with HLA-B27 in their serum, 
HLA-B2704 subtype predominates. And the HLA-B2715 subtype may have a disease 
prognostic value, early onset being related to this subtype [113]. 

Surface plasmon resonance imaging. Despite its great sensitivity, this technology 
is relatively little used to determine the concentration of some analytes. Improving 
signal amplification methods is one of the research goals in this technique. 

In some autoimmune diseases, such as rheumatoid arthritis (RA), psoriatic 
arthritis, systemic lupus erythematosus, or Sjogren’s syndrome, autoantibod-
ies attack citrullinated proteins, and the presence of anti-citrullinated proteins, 
antibodies is a standard test in these cases. The use of SPRi for monitoring autoanti-
bodies that bind to different citrullinated targets was first described by Lokate et al. 
SPRi has shown its ability to detect the interaction between citrullinated peptides 
and serum autoantibodies in RA patients in one step [114]. 

SPRi microarray technique was also used in a more recent research to identify 
autoantibodies against citrullinated protein (ACPA) profiles in patients with early 
onset rheumatoid arthritis. The authors made a comparative study using citrullinated 
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and noncitrullinated peptides [115]. The study showed that SPRi is a suitable meth-
odology for detecting ACPAs in the serum of patients with this pathology. 

A subsequent study was also revealed by SPRi, the presence of citrullinated 
B-cell epitopes in fibrinogen [116]. 

A research team [117] showed the use of SPRi and gold particles to amplify the 
signal for the detection of inflammation biomarker TNF-alpha in serum. Also, the 
use of a specific buffer solution for sample dilution was utilized to reduce the nonspe-
cific binding in real samples. Thus, a low limit of detection, as well as a good repro-
ducibility and the longevity of chips, is a good motivation to use this immunoassay 
method to detect biomarkers that are in low concentrations in biological samples. 

Buhl et al. reported in a research paper the use of SPRi technology for the anti-
dsDNA detection in systemic lupus erythematosus [118]. 

9. Conclusions 

Immunoassay methods have many advantages but some limitations too. Their 
importance in identifying different biomarkers for diagnosis or personalized 
therapy is essential. That is why they have diversified so much, in order to be able 
to answer all the challenges. Additionally, these methods and technologies have 
also specialized in an advanced degree, so that they can detect smaller amounts 
of molecules with as high a precision as possible in a shorter time. The antigen-
antibody response gives them great sensitivity. The development of more advanced 
equipment leads to the automation of these methods and to a greater efficiency, 
with applicability in diagnosis and therapeutic monitoring, in discovery of new 
biomarkers and even in pharmacology. 

In order to be used for diagnosis in different laboratories, these methods and kits 
should be standardized. The problems to be posed are: the clinical manifestation 
of the disease in different individuals, the source of the antigen, the specificity and 
sensitivity of the autoantibodies for different antigens, the reproducibility of the 
assay, and the precision and the accuracy of the method [91, 119, 120]. 

Some studies show a good correlation between IIF and ELISA methods [84, 121, 122], 
and others, on the contrary, show different results between these methods [71, 123]. 

Multiplex technologies are gaining more and more followers in recent years by 
allowing simultaneous analysis of a multitude of analysts, saving time and costs. 
However, there are studies showing that compared to the old methods, some false 
negative or false positive results are obtained [124–128]. Cross reactivities may also 
occur [129]. 

Assay kits produced by different manufacturers can show variable results also. 
More than this, the methodology used by each laboratory can lead to different 
results, even by using the same kit. International standardization is required. A 
collaboration between an international body and organizations responsible for 
quality of assessment of assays is desirable, so that a collaboration among clinicians, 
diagnostic laboratories, and manufacturers to be established. 
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Chapter 5

Immunogenetic and 
Immunotherapy in Tuberculosis
Gloria Guillermina Guerrero Manriquez

Abstract

Tuberculosis (TB) is an infectious disease caused by Mycobacterium tubercu-
losis (MTb). TB causes mortality of millions of people every year. Mycobacterium 
bovis Bacillus Calmette Güerin (BCG) is the only officially approved vaccine that
protects against miliary TB and children but fails to protect in adulthood presum-
ably because of the lack of long lasting immunological memory. The problem is
even more aggravated because of the emergence of multidrug-resistant strains. 
Therefore, immunogenetics and immunotherapy of antimycobacterial immunity
are complex and poorly characterized. However, several studies either in the mouse
model or in vitro, using derived dendritic or macrophages derived from PBMCs or
human cell lines, have shown that Th1 type cellular immune response represented 
by IFN-γ, IL-12 in conjunction with IL-17, and IL-23 are key players of the immune
protection to M. tuberculosis. It is known that under different settings type I IFNs
promote bacterial virulence and disease exacerbation, since a study with active TB 
patients was concomitant with a dominant neutrophil-driven interferon inducible
gene pattern. Furthermore, in an independent cohort of TB patients, ex vivo experi-
ments with BMDCs (bone marrow–derived dendritic cells) and myeloid from lung 
showed that there is a cross action between the components of IL-1β, eicosanoid 
pathways (prostaglandin, lipoxins, and leukotrienes) in active TB, while excessive
type I IFNs and IL10 induction, concomitant with an inhibition of iNO3 and pros-
taglandin, could be found. These responses could be used as a therapeutic target
instead of any other treatment based on antibiotics. Furthermore, the work from us
has demonstrated that interferon alpha plus BCG vaccine protects against mycobac-
terial infections through modulating the Th1-type cellular immune response, iNOs, 
and IL-1β production. These immunomodulatory properties of interferon alpha
could influence the outcome of the innate and acquired host immune responses in
tuberculosis. 

Keywords: type I IFNs, adjuvants, mycobacterial infections, BCG vaccine,
Th1-type cytokines, IL17, iNOS3

1. Introduction

Tuberculosis is the most serious cause of mortality after HIV/AIDS [1, 2]. 
Until now, BCG is the only officially approved vaccine that protects against
miliary TB in children but it fails to protect in adulthood [1–3]. Therefore, the
search for subunits agents that can boost primarily the central memory is still
an issue of intense research worldwide [1, 2]. Several candidates have been
developed and are under clinical studies [4–8]. Type I IFNs emerge, thus, as a
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potential candidate adjuvant in bacterial infections. More than half century ago, 
interferons were first described like an antiviral “activity” [9–12]. Later on, they 
were recognized as innate inflammatory cytokines, and considered to be major 
connector of the innate and adaptive immunity. In general, type I IFNs could 
be considered like pleiotropic cytokines that belong to a multigenic family as 
outlined in Table 1 [11, 12]. 

Plasmacytoid dendritic cells (pDCs) are known to be major producers of type 
I IFNs producing up to hundred to a thousand times more IFNs-α than other 
cell types [13, 14]. To be produced, a recognition between pathogen-associated 
molecular patterns (PAMPs) on the pathogen surface (viral and bacterial), Toll-
like receptors (TLRs) (bacterial), with the pattern recognition receptor (PRRs), 
antigen-presenting cells (dendritic cells and macrophages) is necessary; followed 
by the activation of Myd88, interferon regulatory factor 3 (IRF3), IRF5 and IRF7 
(IFN-α), and NFκβ [13, 15]. Except leucocytes (which produce primarily IFN sub-
types), all cells are capable of detecting intracellular PAMPs and producing IFN-β 
following activation of IRF3 and NF-κβ [14, 16]. After viral or bacterial infec-
tions, there is an increase in the IFNs production in different types of cells. The 
functions in vivo of type I IFNs are the activation of DCs (dendritic cells), critical 
antigen-presenting cell for initiating immunity [13], in fact, type I IFN-treated 
DCs prime T cells in vitro promote the expression of costimulatory molecules [15], 
stimulate human blood monocytes differentiation into DCs [15]. Regardless of 
its role as an antiviral agent [11, 12], type I IFNs are also able to enhance adaptive 
immunity. A huge body of studies have shown type I IFNs immunomodulatory 
properties either to virus as well as to bacteria infections [12–15]. We think in 
agreement with other groups that type I IFNs have a strikingly dichotomy behav-
ior, since their actions can be either positive or negative depending on the settings 
and the surrounding scenery that will strongly influence the outcome of the host 
immune response. 

Table 1. 
The multigenic family of type I IFNs in nature. 
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2. The type I IFNs in nature 

As outlined in Table 1, several human type I IFNs are already known to be 
selectively produced in a tissue-specific. As a multigenic family, type I IFNs, in 
particular, IFN-alpha, are comprised of 13, while IFN-β, IFN-ε (genital tract), IFN-κ 
(keratinocytes), and IFN-ω are only coded for a single gene. For the signalization to 
be carried out, there are basically two main steps that are common to the 17 IFNs. 
First is the binding to and signal through a shared heterodimeric receptor complex 
composed of a single chain of IFNAR1 and IFNAR2, which is present in almost on 
all nucleated cells [13–15]. Second, a signal is propagated within the cell via the JAK-
STAT signaling pathway [13–15]. This is also common to type III IFNs. As occurred 
in other interaction receptor-ligand, there are low or high affinity binding, and this 
could impact in the stability and the variety of the complex formed and therefore in 
the outcome of the host response [13–15]. This point has been the focus of intense 
research, because many questions arise for this interaction. Thus, for example, it 
is intriguing: why some interferons signal through the same receptor? Is there a 
redundancy of the immune system or is tailoring for each type of pathogen? Is the 
molecular evolution that has an impact also in the transcriptional gene printing, or 
in the adjuvant activities? 

One of the hallmarks of the IFN action in nature is its immunomodulatory 
behavior [7, 10, 17]. These include among others the role of type I IFNs in the 
connection of innate and adaptive immune responses, such as B activation for 
enhancement of Ab responses [7, 10, 18], promotion of Th1 responses in terms of 
IgG2a Ab production, and CD4 + T cells activation and induction of an in vitro 
and in vivo differentiation of monocytes into functionally active DC [8, 19, 20], 
NK and T cytolytic activity, upregulation of histocompatibility antigen class 
I expression, induction of proliferation, and long-term survival of memory 
CD8 + T cells [7, 19, 20]. 

3. Is there any specificity in the type I IFN induction? 

At glance yes, it would seem that there is specificity in the type I IFNs induc-
tion. As highlighted above, type I IFNs induction is a consequence of the host-
pathogen interaction [10, 16]. Thus, while membrane-bound PRRs are endowed 
with the ability to recognize viral or bacterial PAMPS (located in the cell surface, 
and within endosomal compartments [20]), it could be possible that the expres-
sion profile of each cell type in particular of these PRRS on the innate immune 
cells that could potentially give rise to specificity in IFN subtype production—an 
early step during infection inward ultimately fine-tuning the immune response— 
an issue that is challenging because to measure the different profiles of IFN-α 
for each cell type has enormous limitations under physiological conditions, but 
it is true that should be pinpointed whether the IFN responses are qualitatively 
different in response to distinct pathogens [9, 20]. Furthermore, IFN-β and/or 
the IFN-α subtypes signal through TLRs (TLRs are membrane-bound compart-
ments) of cosmopolitan expression in different human cells, which can potentially 
give some specificity to the interaction. Thus, it is known from the literature that 
TLR3, TLR7, TLR8, and TLR9 recognize viral nucleic acids [9, 10, 16]. Another 
type of receptor, specialized in detecting pathogen-derived RNA in the cyto-
plasm, that is also involved in the production of IFN-β in nonimmune cells, is 
the members of the RIG-I-like receptors (RLRs), a family of cytoplasmic RNA 
helicases important for host viral responses and includes retinoic acid-inducible 
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gene I (RIG-I)-melanoma differentiation-associated protein 5 (MDA5) and the 
laboratory of genetics and physiology-2-(LGP3). The signalization through these 
receptors initiates via these intracellular PRRS set in motion a series of events 
that has resulted in IRF3 and NF-κβ activation, both of which are required for the 
production of IFN-β and the release of chemokines that recruit immune cells to 
the site of infection [7, 9, 16]. 

4. How type I IFNs become central players in the connection between 
innate and acquired immune response 

Type I IFNs are the dominant player of the connection between the innate and 
adaptive immune responses through the main interaction with antigen-present-
ing immune cells, such as dendritic cells (DCs), in particular, with plasmacytoid 
dendritic cells (pDCs) [6, 18, 21], which are precisely the major producers of type 
I IFNs producing up to a hundred to a thousand times more IFNs-α than other 
cell types [13, 14]. This is supported from in vitro experiments that have shown 
that type I IFN-treated DCs prime T cells in vitro more effectively [11, 12, 15]. 

5. How to calibrate host immune response to bacterial infections? 

Calibrating host immune system for bacterial infections initiated as outlined 
above through the surface membrane conserved molecules organized in “patterns” 
such as peptidoglycan (PGN), lipopolysaccharide (LPS), and nucleic acid structures 
or pathogen-associated molecular patterns (PAMPs). Whereas, innate cells have the 
counterpart, “PRRS” (pattern recognition pathogen) [8, 10, 16], that automatically 
unlock the unspecificity of the type I IFNs production, the recognition of the “self” 
versus “nonself” [9], one PRRS for a particular type of PAMPs either bacterial, 
fungal, or virus; followed by a more general signalization route through Myd88 
and IRFs (this could be also specific for each type of IFNs), and finally, NF-κβ 
translocation to the nucleus and thus IFNs production [8–10]. The synthesis of type 
I IFNs is not the job of a specialized cell type. However, an important distinction 
must be made between those cells that produce just enough type I IFNs to affect the 
local environment, and those produced by IFN-producing cells (IPCs) which could 
contribute to connect innate and adaptive immune responses more effectively. How 
much is produced or how much should be produced depends mostly on the tissue 
involved and the signal received, in particular, viral, bacterial [6, 18, 21]. Therefore, 
it is intriguing that all IFN-α proteins interact with the same receptor complex and 
have a spectrum of distinct effects, that goes from the specific antiviral capacity of 
individual IFN-α to differences in the activation of natural killer (NK) cells [16, 17]. 
Trying to understand why some types of IFNs, one temptative explanation could be, 
different temporal or spatial regulation of their expression, which might impact in 
the molecular calibration of the host immune response to viral or bacterial infections 
since TLR signaling targets (such as NF-κβ) and IFNAR signaling targets (such as 
STAT) converge at their promoters [10, 16]. Thus, it seems possible to think that it 
is the TLR4 signaling that arises as a key player for type I IFNs production by dif-
ferent cell types in response to Gram-negative pathogens. Several studies have in 
addition highlighted this point, some has been concentrated in the LPS effect [8, 16] 
on the type I IFNS induction, while others have focused in the gene that encode 
inducible oxide nitric synthase (iNOS), which is more evident once a bacterial signal 
through TLR, as demonstrated with Chlamydia spp. [8, 16]. Despite this gap in our 
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knowledge, the gene encoding iNOs is a paradigm for antimicrobial genes requir-
ing type I IFN synthesis and expression downstream of TLR, implying a potential 
important role of type I IFN synthesis during nonviral infection. More recent 
infection studies that have investigated the mechanism behind this type I IFN 
effect demonstrated its importance in generating TNF-α, Il-1β, or bacterial signals 
(Chlamydia spp). IL-12-independent cellular immunity to S. typhimurium. This was 
attributed to the ability of type I IFNs to stimulate STAT-4 tyrosine phosphoryla-
tion in NK cells and Th1 cells. Together with IL-18 signals, this triggers expression 
of the IFN-alpha gene [8, 16]. In addition, it has been described that the induc-
tion of intrinsic immunity to kill bacteria or prevent their invasion and the 
regulation of chemokines, proinflammatory cytokines, and phagocytic cells. The 
mechanism by which IFN-α/β promotes host protective responses or susceptibility 
in bacterial pathogens is poorly defined and the factors that determine whether a 
response will be protective or pathogenic are not yet fully understood. However, it 
is well known that type I IFNs that are released during bacterial infection by IFN-
producing cells (IPDCs) can cause the activation of signal transducer and activator 
of transcription 4 (STAT 4) in natural killer (NK) and T helper (TH1 cells) [5, 8, 
10, 16]. In conjunction with interleukin 18 (IL-18)-derived signals, STAT-4 stimu-
lates the expression of the IFN-alpha genes, which provide antibacterial immunity, 
such as macrophage activation [22, 23]. In addition, type I IFNs make important 
contributions to the maturation and activation of dendritic ells (DCs) [24], and in 
this way, influence antigen presentation, T cell activation, and the development of 
adaptive immune responses. 

6. Dichotomy in the type I IFNs’ action in bacterial infections 

In contrast to viral infections, IFN-α/β can be protective or can have detrimental 
effects for the host during bacterial infections in a bacterium-specific manner, 
although less is known about the role of these. By one side, IFN-α/β-mediated 
signaling primes the production of interleukin-10 (IL-10), proinflammatory 
cytokines, and antimicrobial effector mechanism. But, IL-10 mediates a negative 
feedback loop, suppressing the production of proinflammatory cytokine, includ-
ing IL-12, tumor necrosis factor (TNF), and IL-1 α/β cytokines that are key in the 
host resistance to bacterial infections. Moreover, some studies have addressed to 
decreased bacterial load and/or improved host survival in the absence of IFN-
α/β-mediated signaling. Thus, for example, IFN-α/β contributes to priming the 
host to clear the virus, while increasing host susceptibility to bacterial assault. 
Interestingly, under this scenario, IFN-α/β produced in response to infections is 
damaging to the host but would normally be protecting during a primary infection, 
i.e., S. pneumoniae or E. coli [8, 10, 16]. This would imply that the circumstances 
of IFN-α/β production and action are crucial to determine host protection versus 
pathogenesis and highlight also the dichotomy role of IFN-α/β depending on the 
pathogen. These different issues have been pinpointed and clearly showed that, for 
example, on mycobacterial infections, there is a detrimental effect of type I IFNs 
in active TB patient, which showed in blood a remarkable transcriptional gene 
expression profile in neutrophils that correlated with extensive lesion in lung [25]. 
In a different cohort of patients from Africa, it was also found that this same result, 
the broad signature of IFN-α/β, could be found anywhere [25]. These findings 
have revealed the dark side of these cytokines that is—the ability to suppress host 
immune protective response by downregulating the Th1-type cellular immune 
responses (IFN-gamma IL12 production), iNOS3 synthesis while inducing IL-10. In 
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summary, favorable or unfavorable effect can be determined by the infecting strain, 
the severity of infection, the stage of infection, and the interplay among the differ-
ent immune effector mechanisms. 

7. Signalization pathways of type I IFNs as an adjuvant 

Adjuvants can stimulate innate immunity by interacting with specialized pat-
tern recognition receptors (PRRs) including Toll-like receptors (TLRs) [26, 27] 
and nucleotide-binding oligomerization domain receptors [28]. These PRRs are 
immersed in the membrane surface of the antigen presenting such as DCs or 
macrophages, even in epithelial and B cells. Once this interaction is initiated, it 
is followed by serial reactions that lead to the production of proinflammatory 
cytokines and chemokines that will influence drastically the outcome of the host 
immune response. The shape of this response will be affected by initial stimulus, 
and therefore, the antigen-presenting cells (M1, M2) as well as the T cell popula-
tion will adopt a state of differentiation (Th1/Th2/Th3) [29]. However, many cell 
types, including nonhematopoietic cells, express PRR and produce cytokines dur-
ing innate immunity [30]. In conjunction, adjuvant action could be viewed as the 
contribution of cytokines milieu and the different cellular sources of them in order 
to initiate and potentiate immunity from the native polyclonal repertoire cells and 
molecules. 

The role of IFN-I as natural immune adjuvants for commercial vaccines [18, 21, 31] 
was established by showing that either mucosal or intramuscular administration 
of influenza virus antigen-admixed IFN-I to mice enhances viral resistance and 
increased production of antiviral Ab [18, 21]. The adjuvant activity of IFN-I leads 
to potentiate the adaptive immune response by directly stimulating lymphocytes 
or activating DC that represents the critical antigen-presenting cells governing the 
fate of helper T cell responses [18, 21, 24, 25]. The immunity-promoting activity of 
IFN-I can result from a direct effect on T cells. In this situation, IFN-I acts as “third 
signal” of activation, helping to sustain survival of proliferating cells. IFN-I also 
supports Th1 differentiation, activation of STAT-4 signaling, and IFN-γ production 
[24, 25]. These activities are reminiscent of the biological effects of IL-12 and could 
have a role in the observed adjuvant type I IFN activities. Indeed, the variable need 
for IFN-I to act directly on T cells during activation and differentiation may thus 
arise from a similarly variable production of IL-12. 

8. How type I IFNs shape the host immune system to antimycobacterial 
infection? 

Despite the wealth of studies, shaping the host immune response to bacterial 
infection is complex and still remains to be characterized. Type I IFNs can shape the 
antimycobacterial immunity by enhancing action of dendritic cells and monocytes, 
by promoting CD4+ and Cd8 T cell responses, by enhancing NK cell responses and 
B cell responses [8, 10, 16, 18, 21]. Type I IFNs (IFN-α/β) have a direct effect on the 
maturation of DCs, through increasing cell surface expression of MHC molecules 
as well as costimulatory molecules such as CD80 and CD86, leading to an aug-
mented activation of T cells. Another effect of type I IFNs (IFN-α/β) is to promote 
the migration of DCs to lymph nodes through upregulating chemokine receptor 
expression thus promoting T cell activation. Moreover, direct downregulation of 
IFN-γR expression may not be the central mechanism by which IFN-αβ exerts their 
effects on IFN-γ activity [7–10, 18, 21–23], instead, in both mouse and human cells, 
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it has been shown that IFN-αβ potently suppresses the ability of macrophages to 
upregulate antimycobacterial effector molecules and to restrict bacterial growth, in 
response to both M. leprae and M tuberculosis. The importance of this mechanism of 
action of IFN-αβ is further suggested by experiment using Ifngr 1-/- or Ifnar1-/- 
mice, which suggests that IFN-αβ contributes to host protection in the absence of 
the IFN-γ pathway [16, 17, 22, 23]. In another study, it was observed a natural muta-
tion in the gene ISG15 in humans that conferred host-protective response mediated 
by type I IFNs (IFN-αβ) to M. tuberculosis infection [23]. No further studies were 
made. Similarly, it has been reported that IL-12p70 suppressed type I IFNs (IFN-αβ) 
during M. tuberculosis infection [27, 28, 32]. This suppression could result from the 
presence of IL-10, the downregulation of IFN-γR, and/or the induction of negative 
regulators of IFN-mediated signaling such as protein arginine methyltransferase-
1(PRMT1) [9, 10, 21, 22]. Finally, IFN-αβ, possibly by influencing chemokine 
expression, has been shown to be involved in the generation and trafficking of M. 
tuberculosis permissive innate cells to the lungs in a mouse model thus contributing 
to the exacerbation of infection [8, 9, 26, 31, 32]. 

Several human clinical studies have obtained favorable assessment of using 
aerosolized IFN-α as adjuvant therapy for patients with tuberculosis [33]. 
However, it has been shown that there is a TB reactivation during IFN-alpha 
treatment for hepatitis D infection [33]. In a different study, it has been also dem-
onstrated that in active TB patients, there is a correlation between the extent of 
lung lesion with the transcriptional signature of type I IFNs in blood, in particu-
lar, in neutrophils [25]. This was also found in a cohort of Africa and Indonesia. 
These findings implied that the type I IFNs are common broad signature and 
strengthened the role of these cytokines in the pathogenesis of TB [8, 9, 25, 26, 34]. 
Indeed, seminal work by Giacomini et al., [24] have demonstrated that IFN-β 
improves M. bovis BCG vaccine immunogenic capacity by exerting a strong 
influence of DCs maturation, throughout enhancing costimulatory molecules 
such as CD86, CD83, and therefore, increased IL-12 which will act on macrophage 
killing activities [18, 20, 29, 30]. Later on, further studies by Mayer-Babier et al. 
[34] have demonstrated that the action of type I IFNs in tuberculosis could reside 
in the pathways of IL-1β, arachidonic acids, prostaglandins, and iNOs. Active 
TB patients showed an increased production of these molecules. This constitutes 
the first cue for a clinical therapeutic target of TB [34]. In more recent work by 
us, we found that type I IFNs action, in particular, interferon alpha, could exert 
its action in conjunction with M. bovis BCG vaccine that potentially could be 
signaling through Toll-like receptor and/or tentative through IFN-R1, leading to 
a protective antimycobacterial immune response, i.e., Th1-type cytokines and so 
far to IL-17 and IL23 production [35–37]. 
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