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2. Abbreviations 
AlphaLISA Amplified luminescent proximity homogeneous assay 

APC Antigen presenting cell 

BCR B-cell receptor 

CD Cluster of Differentiation 

CDR Complimentary determining region 

CSR Class switch recombination 

DGP Deamidated gliadin peptide 

ELISA Enzyme-linked immunosorbent assay 

Fab Fragment antigen-binding 

FACS Fluorescence-activated cell sorting 

Fc Fragment crystallizable 

FWR Framework regions 

GC Germinal center 

HLA Human Leukocyte Antigen 

IFN Interferon 

Ig Immunoglobulin 

IL Interleukin 

MEM Mendelian Inheritance in Man (http://www.omim.org/) 

MHC Major Histocompatibility Complex 

SCSs Single-cell suspensions, obtained from intestinal biopsies 

SHM Somatic hypermutation 

TCR T-cell receptor 

TG2 Transglutaminase 2 

TGF Tissue growth factor 

V(D)J Variable, Diversity, Joining.  
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4. Introduction 
Celiac disease, a common disease affecting approximately 1% of the European population, is 

recognized as an intolerance to gluten found in wheat, barley and rye [1]. The heterogeneous 

presentation of the disease can make the diagnosis challenging. However, studies have shown 

that this intolerance is caused by an improper immune response to gluten proteins, which again 

have given rise to several efficient diagnostic tools. These studies have also given valuable 

insight into how the immune system can elicit a harmful response to body’s own cells and 

molecules, and how foreign agents that are non-pathogenic to most people can activate the 

immune system in certain individuals. 

The objective of this doctoral thesis is to characterize how the immune system produces 

antibodies to gluten in celiac disease and to explore the potential of these antibodies as 

diagnostic markers. This introduction will focus on general concepts of how the immune system 

generates antibodies, and discuss previous findings on the immune response in celiac disease 

that are relevant for the gluten-specific antibody response. 

 

4.1. The immune system 

The body is protected from pathogens like infectious agents by a variety of effector cells and 

molecules that together make up the immune system. Pathogens that elicit an immune 

response are named antigens. The immune system is classically divided into the innate and the 

adaptive immune system, and the cells and receptors constituting these two systems are 

different.  

The innate immune system consists of cell types like macrophages, granulocytes, mast cells and 

dendritic cells. Innate immune cells express receptors recognizing pathogenic molecular 

patterns that are found on many microorganisms but not on the body’s own cells [2]. The 

receptor repertoire is limited and invariant, meaning that pathogens not expressing these 

molecular patterns could evade the innate immune system. In contrast, the adaptive immune 

system evolves during the course of the immune response to better target such pathogens [3]. 
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The adaptive immune system consists of the humoral and cellular immune system. B cells are 

the chief cells of the humoral system, and produce antibodies (also named immunoglobulins) 

that recognize soluble antigens. T cells are the chief cells of the cellular adaptive immune 

system. The T-cell receptor (TCR) recognizes antigen peptide fragments bound to Major 

Histocompatibility Complex (MHC) molecules presented by other cells. Macrophages, dendritic 

cells and B cells are antigen presenting cells (APCs), meaning that they can capture and present 

antigens on the cell surface to specialized T cells [4]. Importantly, T-cell help is often necessary 

for mounting a proper antibody response. 

 

4.1.1 B cells and antibodies of the humoral adaptive immune system 

B cells play an important role in the immune response to a diverse spectrum of antigens as 

APCs and as antibody-producing cells. The B cells are classically divided into naïve B cells and 

antigen-experienced memory B cells and plasma cells. The antibody is the key molecule of the 

humoral adaptive immune system, and is only produced by B cells. The quality and quantity of 

antibodies produced in the body change during the course of the immune response, such that 

later antigen-specific antibodies usually exhibit improved binding affinity [3]. Each B cell 

produces antibodies that are uniquely different from antibodies of other B cells. Affinity 

maturation is a result of selective expansion of B cells producing antibodies with high affinity to 

the antigen [5].  

The antibody protein is made of two identical heavy (H) chains and two identical light (L) chains. 

The two H chains are connected to each other with disulfide bonds, and disulfide bonds also 

connect one H and one L chain together [6]. The antibody can be divided into two functionally 

different fragments: the Fab (fragment antigen-binding) fragments and the Fc (fragment 

crystallizable region) fragment. The antibody has two identical Fab fragments and one Fc 

fragment (Figure 1). The Fab fragment is made of one L chain and parts of one H chain, and 

contains complimentary determining regions (CDRs) separated by framework regions (FWR). 

The CDRs constitute the antigen-binding sites of the antibody. There are three CDRs on both H 

and L chain, defined as H-CDR1, H-CDR2 and H-CDR3, and L-CDR1, L-CDR2 and L-CDR3 
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respectively. The Fc fragment contains parts of the two H chains, and is important for the 

effector function of the antibody. The Fc fragment can be expressed with a hydrophilic or a 

hydrophobic tail. Antibodies with a hydrophilic Fc tail are soluble, whereas antibodies with a 

hydrophobic tail are anchored in the membrane of the B cell and make up the B-cell receptor 

(BCR) together with the invariant signaling moiety of Ig  (CD79a) and Ig  (CD79b)[7]. 

The H and L chains are encoded by separate gene loci. The H chain is located on chromosome 

14 [8]. There are two different L chain genes, Ig  and Ig , situated on chromosome 2 [9, 10] and 

22 [11]. B cells only express one of the two L chain genes [12], and approximately two thirds of 

human B cells express Ig  [13]. Each of the three gene loci has a variable and a constant region, 

where the variable region encodes the FWRs and the antigen-binding CDRs of the antibody.  

 

The variable region of the antibody gene 

The variable region of the H chain gene locus consists of different segments that group in three, 

namely the variable (V), diversity (D) and the joining (J) segments with approximately 123-129 

VH, 27 DH, and nine JH segments [14]. The L chain loci have similar organization with V and J 

segments. Ig  has approximately 40 V  and 5 J  gene segments, and 30 V  and 4 J  gene 

segments are found on the Ig  gene [15]. There are individual differences in the number of 

segments, and there are different variants (alleles) of each segment [16].  

The antibody gene of B cells has deletions of large amounts of the V, (D), and J segments. The 

expressed H chain encompasses one single VH, DH, LH segment that are joined to form a 

contiguous sequence [17], and the L chain use one single VL and JL in the same manner. The 

segments are joined through successive V(D)J rearrangements in B cell progenitors before they 

develop into mature naïve B cells (Table 1, Figure 1) [18]. Notably, this happens without 

interaction with foreign antigens. The segment usage differs from B cell to B cell, and the 

ligation of the V(D)J segments is inaccurate. The CDR1 and CDR2 are encoded by the V-

segments and CDR3 by DH segment flanked in either side by parts of VH and JH of the H chain, 

and in the L chain the CDR3 is composed of parts of VL and JL gene. Thus, the antibody gene of 
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each B cell is unique, and the B cell population constitutes a wide repertoire of antibodies with 

different antigen-binding sites. 

 

Table 1 H chain L chain Receptor expressed 

Early pro-B cells D-J 

rearrangement 

  

Late pro-B cells V-DJ 

rearrangement 

  

Large pre-B cells VDJ V-J 

rearrangement 

Pre-B cell receptor 

(Rearranged H chain and surrogate 

L chain (VpreB and 5) 

Small pre-B cells VDJ VJ Intracellular H chain 

Immature B cells VDJ VJ B cell receptor 

Mature naïve B cells VDJ VJ B cell receptor 

Rearranged H and L chain 

Memory B cells or 

plasma cells 

SHM and CSR SHM  

 

Table 1: B-cell development and successive recombination of the antibody H and L chain genes. 
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Figure 1: Rearrangement of the antibody H and L chain genes in B cells. The rearranged genes 

are expressed as antibody molecules consisting of two H chains and two L chains.  

Although the initial antibody repertoire of naïve B cells caused by V(D)J rearrangement is large, 

a secondary diversification can occur that enhances binding qualities of the antibodies in terms 

of affinity and specificity. This mechanism, achieved through somatic hypermutation (SHM) of 

the variable regions of the antibody [19], takes place in mature B cells and is largely driven by 

antigen. SHM that alter the amino acid sequence may affect the affinity and specificity of the 

BCR, and an affinity driven competition would favor expansion of mutant B-cell clones with 

higher-affinity antibodies to the causative antigen [5].  
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The constant region of the antibody gene 

The constant regions of the H and L chains are not mutated during B-cell development, but the 

constant region of the H chain can undergo mutations in activated mature B cells. The heavy 

chain encompass a cluster of five major segments that are named C , C , C 1-4, C  and C 1-2, 

where C  is proximal to the variable region and C 1-2 is distal [13]. The H chain only encodes the 

constant segment proximal to the variable region (except C  and C , which both can be 

expressed by the same B cell). The H chain constant segments encode a constant part of the 

Fab and the whole Fc fragment. As mentioned, the Fc fragment is important for the effector 

function, and the different segments encodes antibodies of different classes or isotypes with 

specific effector functions [20, 21]. The five major isotypes encoded by C , C , C , C  and C  

constant segments are immunoglobulin M (IgM), IgD, IgG, IgE and IgA, respectively. Two 

different splice variants of each segment are found, such that the isotypes can be produced 

either as soluble or membrane bound antibodies as described previously [22]. 

In B cells activated by antigen, constant segments proximal to the variable region can be 

deleted through a mechanism named class switch recombination (CSR) [23]. Mature naïve B 

cells, in which the C  and C  segments are proximal to the variable region, express IgD and IgM. 

CSR is regulated by many of the same enzymes as SHM [24], but is not necessarily induced in B 

cells undergoing somatic hypermutation [25]. Thus, isotype switch is not a general phenotype 

of antigen-experienced B cells. The degree of SHM [26] and CSR [27] relates to the type of B-cell 

response elicited. 

4.1.2. T cells of the cellular adaptive immune system 

T cells constitute the effector cells of the cellular adaptive immune system, and recognize 

peptides bound to Major histocompatibility Complex (MHC) molecules on the surface of APCs. 

Some T cells are important at assisting B cells to generate a proper antibody response. There 

are two classes of MHC molecules, class I and II, which are recognized by different T cell subsets 

[28]. Self-peptides and viral peptides are typically presented on MHC class I, whereas MHC class 

II display peptides of antigen taken up from the extracellular environment [29]. MHC class I is 
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constitutively expressed on all nucleated cells, while MHC class II is only expressed on 

professional APCs like macrophages, dendritic cells and B cells [30, 31]. The human MHC 

molecules are termed Human Leukocyte Antigens (HLA) and the genes encoding these 

molecules (except 2-microglubulin) are located on the short arm of chromosome 6. Of the 

class I there are molecules of the HLA-A, HLA-B and HLA-C series, whereas of the class II there 

are molecules of the HLA-DR, HLA-DQ and HLA-DP series. Of each series there exist multiple 

polymorphic variants (allotypes) [32]. The HLA molecules have in the membrane distal parts a 

peptide binding groove. In the groove there are pockets which accommodate side chains of 

amino acids of bound peptides. The different variants of HLA molecules have different 

composition of their pockets in the groove. Hence a variety of peptides can bind a single HLA 

molecule, but they share structural features, or motifs, which dictate specific peptide binding 

[33]. The polymorphism of the MHC system has been shaped in evolution by representing MHC 

molecules on the population level that could bind peptide fragments of threatening pathogens. 

The TCR is composed of two variable chains in complex with the invariant CD3 signaling moiety. 

In addition, T cells express one of the two co-receptor proteins CD4 and CD8 that play 

important roles in recognition of HLA molecules. The two variable chains comprise the antigen-

binding sites of the T-cell receptor. Four different variable chains are described. Most 

commonly used are the  and  chains, and CD4+ and CD8+ T cells expressing  dimer 

recognize peptides presented on MHC class II and I, respectively [34]. A minority of T cells 

expresses the gamma and delta chains, and is referred to as  T cells. Less is known about 

what kind of antigen and in which context the antigen is recognized by these cells [35].  

CD4+  T cells 

The CD4+  T cells, also named T helper (TH) cells, can be grouped based on previous antigen-

experience as naïve T cells and memory T cells. The memory T-cell population consists of 

subsets with different cytokine production profiles [36], and despite some lineage plasticity [37, 

38], there is a high degree of clonal commitment to a given subset [36, 39]. The four major 
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subsets characterized by cytokine production are TH1 (IFN- ), TH2 (IL-4, IL-13), TH17 (IL-17) and 

Treg (IL-10, IL-35 and TGF ) [40]. The T-cell subsets induce different antibody responses [41]. 

Like the antibody Fab fragments, the  and  chains comprise variable regions important for 

antigen recognition [42]. The  and  chains are encoded by the Tcra and Tcrb genes on 

chromosome 14 and 7, respectively [43, 44]. The variable region of Tcra clusters more than 70 

V segments and 61 J segments (MIM: 186880) and the Tcrb comprises 52 V genes, two D genes 

and 13 J genes (MIM: 615446). The T cell progenitors undergo V(D)J rearrangement in a similar 

fashion as the B cell progenitors do [45], which provides a T cell population with a wide 

repertoire of antigen specificities. In contrast to the SHM and CSR of the antibody gene in B 

cells, the TCR in mature T cells does not undergo secondary diversification. 

4.1.3. B-cell response to antigen 

Mature naïve B cells can proliferate and develop into two major subsets upon antigen 

stimulation, namely memory B cells and plasma cells [46]. Memory B cells are rapidly engaged 

in a secondary immune response, and activated memory B cells can proliferate and either 

retain their memory phenotype or develop into plasma cells [47]. Plasma cells are non-dividing 

and can serve as long-lived antibody secreting cells in the bone marrow or in mucosal tissues 

like in the small intestine [48, 49].  

B cells can be stimulated by two principally different antigens: T-cell dependent and T-cell 

independent antigens. T-cell dependent antigens are protein antigens, which are taken up by 

the B cells and presented to CD4+ T cells. T-cell independent antigens are typically non-protein 

antigens like carbohydrates. As MHC class II only display peptides, B cells activated by non-

protein antigens will not receive cognate T-cell help.  

B cells encounter antigen in specialized tissue named secondary lymphoid organs (SLOs), such 

as the spleen and lymph nodes [50-54]. SLOs are organized into B-cell follicles and T-cell zones. 

Mature naïve B cells and memory B cells from blood migrate to SLOs. Upon antigen encounter, 

these B cells meet CD4+ T cells at the T/B-border for cognate interaction [55]. Later, B cells 
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begin to follow one of three alternate fates (Figure 2), as they either migrate to the B cell 

follicle to form germinal centers (GCs), generate extrafollicular response or recirculate into 

blood as early memory B cells [56].  

In GCs, the B cells clonally expand and undergo secondary diversification of their antibody 

genes through SHM and CSR [57, 58]. Although GCs can be formed in the absence of T cells 

(Figure 2, 1a) [59, 60], GCs induced by T-cell independent antigen collapse just a few days after 

immunization [61]. Thus, GCs are typically formed in response to T-cell dependent antigens 

(Figure 2, 1b) [62]. GC B cells take up and present antigen to specialized CD4+ T follicular helper 

(TFH) cells, and the B cells that most efficiently capture and present antigen are favored for 

proliferation [63]. In such model, high-affinity BCR that gives increased uptake of relevant 

antigen would be advantageous. Accordingly, expanded GC B-cell clones are characterized by a 

drift to higher-affinity somatic variants of the germline-encoded antibody genes [64]. Affinity 

matured B cells leave the GC either as circulating memory B cells or as plasma cells homing to 

the bone marrow or mucosal tissue [48, 65]. T-cell dependent GC responses are associated with 

extensive SHM [62]. In contrast, B cells expanding in a T-cell independent GC response acquire 

few or no mutations, as also seen in the parallel extrafollicular response [66]. 

In contrast to in GCs, B cells committed to an extrafollicular route down-regulate surface 

proteins involved in antigen uptake and presentation [67], and the extrafollicular response to a 

T-cell independent antigen (Figure 2, 2a) does not abort as seen for the parallel T-cell 

independent GC response [61]. Still, T-cell dependent antigens can induce an extrafollicular 

response (Figure 2, 2b) [56], and there are increased SHM [68] and B-cell proliferation [69] in 

the presence of extrafollicular CD4+ T cells. In summary, successful expansion of GC B cells 

requires cognate T-cell help, whereas extrafollicular B cells can proliferate and differentiate into 

plasma cells independently of cognate T cells. The degree of secondary antibody diversification 

relates to the type of response elicited. 
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Figure 2: Upon antigen encounter, B cells meet T cells for cognate interaction. Activated B cells 

follow one of three alternate fates. 1: GCs of B cells activated by 1a) T-cell independent or 1b) T-

cell dependent antigens. 2: Extrafollicular response 2a) without or 2b) with cognate T-cell help. 

3: Migration to blood as early memory B cells. 
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4.2. Celiac disease 

The immune system protects against dangerous pathogens, but sometimes it starts an 

unwanted response that is harmful to the body. Occasionally, usually nonpathogenic agents can 

cause such a response. Another unwanted situation is when the immune system targets the 

body’s own cells or molecules and causes an autoimmune response. Celiac disease is an 

example of an inappropriate immune response to gluten proteins that otherwise is well 

tolerated by most people. Gluten is however not the only antigen. Celiac disease is also 

recognized as an autoimmune disease, and antibodies to both gluten and the self-antigen 

transglutaminase 2 (TG2) are characteristic for the disease. 

4.2.1 History of celiac disease 

Celiac disease may have an ancient history, as indicated by the work entitled “Coeliac 

Affection” by the Greek physician Areateus of Cappadocia: 

Diarrhoea consists in the discharge of undigested food in a fluid state; and if this does not 

proceed from a slight cause of only one or two days' duration; and if, in addition, the patient's 

general system be debilitated by atrophy of the body, the Coeliac disease of a chronic nature is 

formed. 

In 1888, Samuel Gee gave a precise clinical description of the disease in the publication “On the 

Coeliac Affection”. Here, he also speculated whether substances in food could be involved in 

the pathogenesis: “The causes of the (celiac) disease are obscure (…) Errors in diet may perhaps 

be a cause, but what error?” [70]. Many years later, Willem Karel Dicke and colleagues 

observed that patients with celiac disease improved in health when wheat was removed from 

the diet, and they experienced relapse when it was reintroduced in the diet [71]. Since then, 

several observations followed, pointing to gluten, the composite of wheat storage proteins 

named glutenins and gliadins, as the culprit wheat antigen eliciting the harmful immune 

response in the celiac disease patients. 
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4.2.2 Epidemiology and clinical presentation of celiac disease 

Celiac disease is a multifactorial disorder with influence of genes and environment, and 

considered as one of the most common immune mediated chronic disorders worldwide. The 

global prevalence is approximately 1%, but the estimates from different parts of the world vary 

greatly, with highest rates reported in Europe and North America [1] . Serologic studies suggest 

the disease may be significantly underdiagnosed in many of the countries where the disease is 

considered rare [72], but a similar discrepancy between the seroprevalence and the number of 

diagnosed patients is also reported in high-prevalent countries [73, 74]. 

The prevalence of celiac disease has increased considerably over the recent years [75, 76]. The 

gluten content in wheat has not changed [77]. It has been proposed that other, non-gluten 

environmental factors may have caused this increase. Feeding of infants has been a subject of 

investigation since the mid-80s, when Sweden experienced a large increase in celiac disease 

among children that was attributed to early introduction of gluten in the diet [78]. A 

prospective study in the U.S. some years later reached the same conclusion, that the time point 

when gluten was implemented in the infants’ diet was critical for the risk of disease 

development [79]. However, a recent European study did not report the same tendency [80]. 

Other non-gluten environmental factors that have shown association with increased risk of 

disease, are certain infections like rotavirus among infants [81], caesarean section [82] and 

antibiotic use [83]. The relative risk associated with each of these factors is small, suggesting 

that the non-gluten environmental factors are still not fully understood [84]. 

Celiac disease shows a high degree of heritability, as demonstrated by the increased prevalence 

among first-degree relatives [85], and by the higher concordance in monozygotic compared to 

dizygotic twins [86]. Genetic studies have reported altogether 40 risk loci for celiac disease [87-

89], of which many contain genes coding for molecules thought to be implicated in the adaptive 

immune system, and in particular the function of the B and T cells. MHC is the single most 

important genetic factor, and may account for as much as half of the genetic risk. One or more 

of the MHC class II genes encoding for HLA-DQ2.5 (DQA1*05, DQB1*02), HLA-DQ8 (DQA1*03, 

DQB1*03:02) and HLA-DQ2.2 (DQA1*02:01, DQB1*02:02) are carried by all patients. However, 
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many healthy individuals also carry one of these MHC allotypes. Thus, MHC is a necessary but 

not sufficient factor for celiac disease development. The risks for celiac disease associated with 

the various MHC allotypes are widely different. DQ2.5 confers the highest risk whereas DQ2.2 

and DQ8 confer much lower risks [90]. 

4.2.3. Gluten 

Gluten is the composite storage proteins found in wheat, barley and rye. Gluten consists of 

numerous different proteins that in wheat are divided into glutenins and gliadins. The glutenin 

proteins are connected with disulfide bonds and form polymeric structures, which is in contrast 

to the monomeric gliadin proteins [91]. Glutenin is further subdivided into high-molecular and 

low-molecular weight fractions, whereas gliadin is subdivided into -, -, and -gliadin [92]. In 

barley and rye, the gluten proteins are named hordeins and secalins, respectively. Similar to the 

wheat gluten proteins, the hordeins and secalins also group into polymeric and monomeric 

proteins.  

The content of glutamine and proline residues in the gluten proteins is high, and the gluten 

proteins typically contain multiple copies of identical or similar motifs. The -gliadins consist 

almost entirely of repetitive glutamine- and proline-rich sequences like PQQPFPQQ. For the - 

and -gliadin the proportions of glutamine and proline is much lower. The N-terminal domains 

of these proteins consist mostly of repetitive sequences rich in glutamine, proline, 

phenylalanine and tyrosine. The repetitive units of -gliadins are dodecapeptides such as 

QPQPFPQQPYP which are usually repeated five times, whereas for the -gliadins the typical unit 

is QPQQPFP, which is repeated up to 16 times and interspersed by additional residues [92].   

Notably, proline-rich peptides are resistant to digestive breakdown, and proteolytic stability has 

thus been suggested to be an important feature of the antigenic gluten peptides in celiac 

disease [93, 94]. The gluten T-cell epitopes in celiac disease cluster in the proline-rich regions 

[95], and by testing a peptide library of the - and -gliadins sera of celiac disease patients 

demonstrated preferential antibody reactivity to the proline-rich N-terminal domain of the 

proteins [96].  
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4.2.4. The immune response to gluten in celiac disease 

In celiac disease, gluten elicits a mucosal inflammation that creates characteristic lesion of the 

small intestine [97]. Infiltrates of plasma cells secreting gluten-specific IgA antibodies [98-101] 

and autoantibodies to the enzyme transglutaminase 2 (TG2) [102] are found in these lesions. 

Serum antibodies to gluten and TG2 are specific markers for celiac disease [103], and the 

antibody titers are highly predictive for disease development [104]. This suggests an important 

role of the humoral adaptive immune system in celiac disease. Yet, little is known about how 

these antibodies are generated and what role they play in the disease pathogenesis. More is 

known about the T-cell response in celiac disease. Importantly, several observations suggest a 

close relation between the formation of gluten-specific CD4+ T cells and both TG2- and gluten-

specific antibodies. 

4.2.5. T-cell response to gluten 

The strong association with the MHC class II allotypes HLA-DQ2.5, HLA-DQ2.2, and HLA-DQ8 

[105] suggests that CD4+ T cells are important in the pathogenesis. As previously described, 

CD4+ T cells recognize peptide/MHC class II complexes, and the gluten-specific CD4+ T cells of 

celiac disease patients specifically recognize gluten peptides in the context of the disease 

susceptible HLA-DQ molecules [106]. 

Despite that gluten consists of many different proteins, the T-cell response in celiac disease 

only targets certain epitopes (peptide sequences) of the whole gluten proteome. The gluten-

specific CD4+ T cells of patients with identical HLA-DQ exhibit convergent specificities, whereas 

the characterized gluten T-cell epitopes of the different HLA allotypes are different [107]. Most 

of the characterized T-cell epitopes are from gliadins [108], and some of the gliadin epitopes 

seem to be particularly immunodominant [109].  

Importantly, the gluten-specific CD4+ T cells predominantly recognize gluten peptides in which 

certain glutamines are converted to glutamic acid [110]. TG2 is an enzyme that through a 

mechanism named deamidation, catalyze the conversion of glutamine residues to glutamic 

acid. Gluten peptides are good substrates for the enzyme [111], and TG2-mediated 
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deamidation creates gluten T-cell epitopes [112]. Most of the characterized gluten T-cell 

epitopes involve one or more deamidated residues [108]. In fact, most of the preferred gluten 

targets of TG2 harbor T-cell epitopes [113].  

TG2 also cross-link proteins by means of an isopeptide bond between glutamine to lysine. 

Cross-linking of TG2 and gluten peptides are reported [114, 115], and formation of gluten/TG2-

complexes would conceivably allow TG2-specific B cells to present gluten antigen to CD4+ T 

cells [116].  

4.2.6. Antibody responses to TG2 and gluten in celiac disease 

Serum antibodies to TG2 is a hallmark of celiac disease [103]. How these antibodies are 

generated has been of particular interest since TG2 was identified as the autoantigen in 1997 

[115]. Notably, TG2-specific antibodies disappear from serum when gluten is removed from the 

diet [117] and reoccur shortly after gluten challenge [118]. Together with the strong HLA-

association in which TG2 antibodies were found to selectively occur in HLA-DQ2 and HLA-DQ8 

positive individual [119], this indicates that the antibody response to TG2 is generated in a HLA- 

and gluten-dependent manner. One plausible explanation could be that cognate interaction 

with gluten-specific CD4+ T cells is necessary for generating the TG2-specific B cells. It was 

proposed that this could happen through a B-cell receptor mediated uptake of gluten/TG2-

complexes and subsequent presentation of gluten peptides on HLA-DQ2 or HLA-DQ8 [120], as 

demonstrated in the in vitro model described above [116]. 

Serum antibodies to gluten show similar features as the TG2 antibodies. The antibody titer 

drops below detection level in patients on a gluten-free diet [121] and increases simultaneously 

with the anti-TG2 IgA titer upon gluten challenge [118]. Whether these antibodies originate 

from a T-cell dependent response, remains obscure. However, disease specific gluten 

antibodies only recognize certain peptides of the whole gluten proteome [96], and show 

enhanced reactivity to peptides containing deamidated residues [96, 122, 123] in positions 

known to be targeted by TG2 [124]. This indicates a selection for B cells recognizing TG2 

deamidated gluten peptides. As mentioned, most of the gluten peptides targeted by TG2, 

21 



harbor gluten T-cell epitopes [113]. Conceivably, these B cells would preferentially take up and 

present gluten T-cell epitopes. Whether this selection is driven by the ability to receive help 

from gluten-specific T cells is not known, but it indicates that the gluten-specific B cells are able 

to take up and present gluten T-cell epitopes. Altogether, this may suggest that both gluten-

specific B cells and TG2-specific B cells receive help from gluten-specific T cells, despite having 

different BCR specificities (Figure 3). 

Figure 3: Model of the B-cell responses to gluten and TG2 in celiac disease. (A) Gluten peptides 

(yellow) are substrates for TG2 (blue), and (B) deamidated gluten (red) and complexes of gluten 

peptides and TG2 are encountered by (C) a gluten-specific B cell and (D) a TG2-specific B cell. 

Both B cells receive help from gluten-specific T cells. 
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5. Serologic testing in the diagnostic of celiac disease

The diagnosis of celiac disease can be challenging because of variable clinical presentation. 

However, the prevalence of diagnosed patients has increased steadily over the last decades 

[125, 126]. A major reason for that is the development of better serologic tests, and disease-

specific anti-gluten and anti-TG2 antibodies have become more and more central in the clinical 

guidelines of celiac disease [127-130]. 

The clinical guidelines are not entirely consistent in their recommendations on the use of 

gluten- and TG2-specific antibodies in the diagnostics. The American College of 

Gastroenterology advise to use anti-TG2 IgA as single initial test to minimize the number of 

false positives due to lower specificity of serologic assays for gluten antibodies [130]. The World 

Gastroenterology Organisation and the British Society of Gastroenterology are less strict in their 

recommendations, and suggest that both tests should be considered equally valuable [128, 

129]. In a population screening study, single testing of anti-TG2 IgA severely underestimated 

the population frequency of celiac disease. Combined testing of both anti-TG and anti-gluten 

antibodies was estimated to be the most efficient and cost-beneficial strategy in celiac 

diagnostic, at least in low-risk populations [131].  

Serum antibodies to gluten have been detected with principally three different antigens: 

gluten, gliadin and deamidated gliadin peptides. In serologic assays using these antigens, gluten 

demonstrates the lowest [132, 133] and DGP the highest [103, 134] levels of sensitivity and 

specificity. Today, only assays using the DGP antigen are recommended for use [129]. Several 

reports have emphasized a specific diagnostic role of anti-DGP assays in detecting patients that 

are anti-TG2 IgA negative, in particular in young children and in IgA-deficient patients [135-

137]. Although highly sensitive, a recent study questioned the diagnostic value of the anti-DGP 

assays, in terms of low positive predictive value [80] in disease susceptible individuals. 

Secondly, high false discovery rates are reported in control groups that have  autoimmune 

diseases and inflammatory bowel disease [138-140], and meta-analyses generally describe the 

anti-DGP assays as less specific compared to the anti-TG2 assays [103, 141]. Low specificity was 
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also a documented problem with former anti-TG2 test kits [142, 143], but use of pure 

recombinant TG2 seems to have diminished this problem considerably [144]. 

As a consequence of the improved diagnostic accuracy, anti-TG2 IgA has gained a particularly 

central role in the diagnosis. In 2012, the European Society of Paediatric Gastroenterology, 

Hepatology and Nutrition (ESPGHAN) published new diagnostic guidelines [127]. What was new 

was that in some cases the diagnosis could be established without gastroendoscopy and 

histological examination of intestinal biopsy specimens. In paediatric celiac disease patients 

with particularly high anti-TG2 IgA titer, HLA-DQ2 and/or HLA-DQ8 positive screening, positive 

endomysium test (a different way to test for anti-TG2 antibodies), as well as clinical 

improvement and symptom recovery on a gluten-free diet, the endoscopy could be omitted. 

The new guidelines have raised some concerns, including the problem with variable 

performances of different anti-TG2 test kits and how to uncover high-titer false-positive anti-

TG2 IgA results [145]. A second problem is that additional diagnoses might be overlooked [146]. 

In summary, serologic testing has become more central in the diagnostics of celiac disease over 

the years, as development of improved diagnostic assays has been central for the increased 

prevalence of celiac disease patients over the last decades. In particular testing of anti-TG2 IgA 

antibodies has gained a central role in the diagnostic workup. Many reports though, claim 

gliadin-specific serum antibodies to be important complement to the anti-TG2 IgA. Thus, 

development of more specific serologic assays for anti-gliadin antibodies could have important 

implications for detecting patients with active celiac disease. 
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6. Aims
The main objective of this study was to examine the mucosal antibody response to gluten in 

celiac disease by characterizing IgA of gluten-specific plasma cells from small intestinal lesions. 

Initially, the motivation was to shed light on the limited SHM in the IgA of TG2-specific plasma 

cells [116].  

In addition, generation of monoclonal antibodies from gluten-specific plasma cells allowed us to 

pursue several questions that are relevant for the disease pathogenesis. The aims addressed in 

this study were as follows: 

To examine the SHM and VH/VL repertoire of mucosal IgA antibodies to gluten in celiac

disease.

To investigate how TG2-mediated deamidation of gluten affects the affinity to gluten-

specific antibodies.

To characterize disease-specific gluten B-cell epitopes by employing gluten-specific

hmAbs and synthetic gluten peptides or gluten extract of wheat.

To develop a serologic competition assay where serum antibodies competes with

gluten-specific hmAb for binding to gluten antigen.
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7. Summary of papers
This section contains a brief description of the main findings that are discussed in detail in 

chapter 8.  

Paper 1 

Here we report that IgA of gluten-specific plasma cells from celiac lesions have limited SHM and 

restricted VH/VL usage. The plasma cells were isolated from small intestinal biopsies of patients 

with untreated disease, and human monoclonal antibodies (hmAbs) were generated by cloning 

of the variable regions of these cells on a single-cell level [147]. A panel of 38 gluten-specific 

hmAbs from eleven different donors was produced. Most of these antibodies showed enhanced 

affinity to deamidated gluten peptides, and many of them did not recognize the native, non-

deamidated counterpart at all. Although these hmAbs specifically recognized gluten, several 

were found to be cross-reactive with different gluten peptides. The mutation rate of these 

antibodies was significantly lower than in the control group (IgA of intestinal plasma cells from 

the same patients), but similar to what was observed in TG2-specific plasma cells [116]. Finally, 

the antibody panel contained a restricted repertoire of VH/VL genes. Gene segments of the 

VH3-family were found in all but one, and approximately 75% of the hmAbs used VH3-23/VL4-

69 or VH3-15/VK4-1. 

Paper 2 

Here we investigated the specificity of a panel of the hmAbs established in Paper 1. In total 14 

of the antibodies were tested as follows: each antibody was incubated with enzymatically 

digested and TG2-treated wheat gliadin, antibody-peptide complexes were pulled down, and 

the antibody-bound peptides were eluted and analyzed by mass spectrometry. For eleven of 

the antibodies, different gliadin peptides were successfully identified in the pull-down analyte 

(range = 21 – 381). The majority (nine of eleven hmAbs) enriched for long and deamidated 
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gliadin peptides. The nine hmAbs shared another striking feature. Each of the hmAbs typically 

enriched peptides sharing one or several copies of a core sequence. The most common 

sequence was the QPQQPFP motif, which was seen in more than 90% of peptides pulled down 

by five of the hmAbs. Competitive assays demonstrated that the hmAbs had better binding to 

peptides that contained two or more motifs than peptides with only one motif, suggesting that 

the display of multiple epitopes was crucial for binding and uptake of gliadin peptides by 

gliadin-specific B cells. 

 

Paper 3 

We employed the hmAb 1002-1E03 from Paper 1 to develop a serologic competition assay. In 

this assay, we measured the binding of the gluten-specific hmAb to synthetic peptide in the 

presence of competing serum antibodies. In order to find a well-suited target peptide, we 

searched among peptides identified as primary targets of the hmAb in antibody pull-down 

experiments with TG2-treated wheat gliadin in Paper 2. The majority of the 381 peptides 

identified after pull-down were long deamidated peptides from - and -gliadins as well as low-

molecular weight glutenins, containing one or several identical motifs. Two of the 381 peptides, 

two -gliadin fragments, were synthesized with glutamic acid substitutions of glutamine 

residues known to be deamidated by TG2. These synthetic peptides were compared to a third 

peptide containing three copies of the QPEQPFP motif, as target peptide in the assay. One of 

the synthetic peptides of -gliadin origin, a 34-mer long peptide with several different potential 

binding sites of the hmAb 1002-1E03, showed best diagnostic performance of the three 

peptides. 

The competitive assay of the hmAb 1002-1E03 and the 34-mer -peptide showed better 

specificity than the anti-DGP IgG (QUANTA Lite Gliadin IgG II, INOVA), higher sensitivity than the 

anti-TG2 IgA (Celikey Varelisa tTG IgA, Phadia) assays tested, and detected the majority of the 

anti-TG2 IgA negative celiac disease patients. 
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8. Methodological considerations

8.1. Identification and isolation of gliadin-specific IgA+ plasma cells 

Intestinal plasma cells producing gliadin-reactive IgA were identified by two different methods. 

8.1.1. Intestinal plasma cells secreting gliadin-reactive IgA 

In the first method, supernatants from in vitro cultures of single plasma cells were screened for 

IgA reactivity to antigen of interest. First, intestinal biopsies were treated to obtain single-cell 

suspensions (SCSs). On average 2-5% of these cells were IgA+ plasma cells. In co-cultures of SCSs 

and non-homologous fibroblasts of intestinal origin, the plasma cells survived for weeks. The 

plasma cells did not survive if the fibroblasts or non-plasma cells of the SCSs were removed 

from the cultures.  

Next, the cultures of SCSs and fibroblasts were scaled down to obtain in average one plasma 

cell per well (10-20 cells of SCSs per well). Supernatants were collected after one week and 

screened for IgA reactivity to TG2 and gliadin antigen. The gliadin, extracted from wheat, was 

digested and chemically deamidated (CT-gliadin from now), and should in principle cover all 

potential gliadin B-cell epitopes. We found that plasma cells secreting TG2-reactive IgA were 

three to four times more frequent than those positive for CT-gliadin. Given that 10% of IgA+ 

plasma cells were TG2-specific [116], we estimated that 2-4% of lesion-resident IgA+ plasma 

cells were gliadin-specific. This number is in line with a previous report, employing ELISPOT and 

crude gliadin in their study [98].  

Only B cells express antibody genes. The plasma cells was the dominant B-cell population in 

these SCSs, and transcripts of the antibody gene from cultures containing one plasma cell 

would most likely originate from the same cell. Gliadin-positive cultures were harvested and 

prepared for cloning of the antibody gene transcripts (8.2.). Similar systems have been applied 

to detect influenza-specific plasma cells [148] and HIV-specific memory B cells [149] from 

peripheral blood. 
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8.1.2. Gliadin-positive IgA+ plasma cells in flow cytometry 

In the second method, we took advantage of the observations that mucosal IgA+ plasma cells 

express surface bound antibodies, as also observed for IgA+ plasma cells from peripheral blood 

and bone marrow [150-152]. Two biotinylated synthetic peptides, the -gliadin peptide 

PLQPEQPFP and the deamidated 33-mer of the -gliadin, 

LQLQPFPQPELPYPQPELPYPQPELPYPQPQPF, were employed in this study. Both were 

synthesized with deamidated residues (bold) in positions known to be targeted by TG2. For the 

first peptide, it was documented that patient sera show high IgG and IgA reactivity to this 

peptide and peptides with similar sequences [96, 153]. The latter peptide was chosen as it 

contained several immunodominant T-cell epitopes and was found to be a target of serum 

antibodies in celiac disease patients [108]. Tetramers of biotinylated peptides and fluorescent 

streptavidin were used to stain tetramer-positive population of SCSs in flow cytometry. When 

combining both peptides, approximately 1-2% of all IgA+ plasma cells stained positive. 

Fluorescence-activated cell-sorting (FACS) was used to isolate single tetramer-positive IgA+ 

plasma cells. 

8.1.3. Differences between the two methods and choice of antigen 

IgA+ plasma cells stained with the two peptides in flow (1-2%) seemed to be less frequent than 

plasma cells secreting IgA reactive to CT-gliadin (2-4%). One likely explanation was that these 

peptides did not cover all epitopes. However, of eight gliadin-specific hmAbs (8.2.) generated 

from in vitro cultured plasma cells, only two were non-reactive to any of these two peptides, 

suggesting that plasma cells specific to dominant gliadin B-cell epitopes were identified with 

both methods. It should be mentioned though, that the estimate of the frequency of gliadin-

specific IgA+ plasma cells from in vitro cultures was probably less accurate the numbers found in 

flow cytometry.  

In both methods glutenin-specific plasma cells could be overlooked as only gliadin and gliadin 

peptides were used as antigens. A comparative study of serum antibody reactivity to different 

fractions of gluten showed that IgA in patient sera predominantly targeted gliadins [154]. 
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Accordingly, serologic assays based on glutenin peptides [155] have yet to obtain as good 

sensitivity and specificity as the assays using peptides of gliadin motifs. Thus, we would argue 

that characterization of gliadin-specific plasma cells give a representative picture of the 

antibody response to gluten in celiac disease.  

 

8.2. Gliadin-specific human monoclonal antibodies 

Human monoclonal antibodies (hmAbs) were generated from the expressed antibody genes of 

the isolated IgA+ plasma cells (8.1.). The variable regions of the H and L chains were cloned on a 

single-cell level to obtain authentic VH/VL paring, and the hmAbs were expressed with IgG1 

constant region as previously described [147, 152]. Our collaborators in Patrick Wilson’s lab did 

the cloning of the hmAbs. The specificity was controlled with two different methods. First, 

ELISA was used to identify hmAbs that were reactive to the selecting antigen (CT-gliadin or the 

synthetic gliadin peptides PLQPEQPFP and LQLQPFPQPELPYPQPELPYPQPELPYPQPQPF) but not 

to CpG. These hmAbs were then tested in a competitive AlphaLISA assay. Here, the synthetic 

peptides previously used in the FACS isolation were used as tracing antigens. Cell lysate or a 

combination of several antigens (LPS, Jo-1, TG2 and CpG) was used as competitors, and CT-

gliadin was used as positive control. Based on these two analyses, 38 hmAbs were defined as 

gliadin-specific. Thirty of these hmAbs originated from plasma cells isolated by FACS, where the 

-gliadin peptide was used in the selection of thirteen of them. The remaining eight derived 

from in vitro cultured plasma cells. Two of the eight hmAbs were not reactive to any of the two 

synthetic peptides in AlphaLISA and the specificity was only controlled with ELISA reactivity to 

CT-gliadin, CpG and BSA for these two hmAbs. For the remaining 36 hmAbs, specificity was 

ascertained with both methods. 

To explore how TG2-mediated deamidation affected antibody-binding, deamidated and non-

deamidated homologs of the tracing peptide were used as competitors in a similar AlphaLISA 

assay as described above. This method performed well for a direct comparison of two 

competitors (deamidated versus non-deamidated peptide). In theory, it could also be used to 

estimate affinity. However, in this system the tracing peptide is biotinylated and attached to 
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streptavidin beads whereas the competitor is in solution, and the peptide that were used as 

tracing antigen might not contain the optimal binding motif for the hmAb tested. Thus, the 

EC50 values from these studies were not considered valid. 

 

8.3. Specificity characteristics of the human monoclonal antibodies 

Of note, although the gliadin-specific hmAbs showed reactivity to the selecting antigen (8.2.), 

many of the hmAbs also recognized other synthetic gliadin peptides The gluten proteome is 

highly complex and consists of multiple gliadin and glutenin proteins, and each protein typically 

consists of several copies of identical or highly similar motifs. Thus, either this observation 

could relate to promiscuous binding properties, or that the hmAbs specifically recognized 

sequences of such motif repeats. 

To investigate this, a panel of the hmAbs was examined in a pull-down experiment, where each 

hmAb was incubated with enzymatically digested and TG2-treated gliadin from wheat. 

Subsequently, immune complexes of hmAb and gliadin peptides were isolated, and the 

antibody-bound peptides were eluted and analyzed by mass spectrometry sequencing. In brief, 

most of the hmAbs enriched for long and TG2-deamidated gliadins. Peptides identified for each 

hmAb typically harbored one or several identical motifs, and we thus hypothesized that these 

motifs were important for antibody recognition. This was confirmed by using synthetic peptides 

containing motifs and truncated motifs in ELISA (Paper 3). 

Although the majority of the hmAbs enriched several different gliadin fragments, many 

peptides had overlapping sequences and originated from the same parts of the gliadin proteins. 

I.e. two different peptides could be identical except from one being just a few amino acids 

longer. 

In a complex mixture of gliadin fragments, the peptides with highest antibody affinity could 

potentially be present at much lower concentrations than peptides with lower affinity. 

Consequently, the high-affinity peptides might not be detected in the pull-down analysis 

because they are outcompeted by low-affinity peptides due to higher initial concentrations. For 
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most of the hmAbs, the high frequency of peptides with identical motifs and the confirmatory 

results with synthetic peptides in ELISA suggested a highly specific enrichment. For some of the 

hmAbs, such motifs could not be readily identified. Thus, for the hmAbs where such common 

motifs could not be identified, the antibody affinity or the relative frequency of the primary 

target peptides could have influenced on the negative result.  
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9. Discussion
In the following discussion, the term gluten-specific is equivalent to gliadin-specific (plasma 

cells and hmAbs) that were used in the chapters 6. Summary of papers and 7. Methodological 

considerations.  

9.1. Limited SHM in IgA of TG2- and gluten-specific plasma cells 

Serologic studies (4.2.6.) and the strong association with HLA-DQ2/8 in celiac disease (4.2.2) 

suggest that the antibody response to TG2 is generated in a T-cell dependent manner. As 

described earlier, a T-cell dependent GC response is associated with high mutation rates of the 

antibody gene [62]. Surprisingly, IgA of TG2-specific plasma cells were found to have relatively 

few mutations, and the limited SHM thus required an alternative explanation for how these 

antibodies are generated [116]. It was argued that this could be due to the properties of TG2 as 

being a self-antigen. Limited mutation rate could relate to early termination of GCs or 

generation of extrafollicular response, similar to what was reported for antibody responses to 

self-antigens in other systems [156, 157]. Under these circumstances the expected outcome 

would be relatively few mutations even in a T-cell dependent response, because somatic 

mutations accumulate with time [64], and because extrafollicular responses are associated with 

few mutations compared to GC responses [66]. A third possibility was that the enzymatic 

activity of TG2 was responsible. The TG2-specific antibodies were cross-linked by TG2 when 

expressed as IgD or IgM, but not as IgA1 or IgG1 [116]. If a beneficial TG2-mediated cross-

linking of IgD and IgM BCRs actually occurred, one could think that naïve TG2-reactive B cells 

were recruited to become plasma cells on the cost of isotype-switched TG2-specific memory B 

cells [116].  

None of these mechanisms should apply to IgA antibodies of gluten-specific plasma cells. 

However, in our study we found that the mutation rate in IgA of gluten-specific plasma cells 

was low and similar to IgA of TG2-specific plasma cells [99]. In contrast, IgA of control plasma 

cells were highly mutated, suggesting that the limited mutation rate in IgA of TG2- and gluten-

specific plasma cells was influenced by factor(s) not involved in other antibody responses. If the 
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B-cell responses to both TG2 and gluten depend on help from gluten-specific T-cell help (4.2.6.), 

there could be two factors uniquely involved in these two responses, namely cognate 

interaction with gluten-specific CD4+ T cells and gluten/TG2 complexes. 

It has been reported that T cells located at the T-B border in lymph nodes are required for B-cell 

priming to form extrafollicular antibody responses [158]. Sustained interaction between B cells 

and T cells can induce a plasma cell fate rather than GC B-cell development [159], and 

administration of a CD40 agonistic antibody, mimicking a strong T-cell help, was shown to 

ablate GC reaction and induce a pattern of extrafollicular B-cell differentiation [160]. Although 

these studies report different antibody responses, they show that cognate interaction with T 

cells is pivotal for how B cells develop in response to a T-cell dependent antigen. Hence, one 

could think that gluten-specific CD4+ T cells influence on the level of SHM in both TG2- and 

gluten-specific B-cell populations generated. Encountering complexes of TG2 and gluten would 

likely increase uptake and presentation of gluten peptides by both gluten- and TG2-specific B 

cells due to multivalent display of epitopes of such complexes. This may result in strong T-cell 

help and thus generation plasma cells with few mutations in their antibody genes for both 

gluten- and TG2-specific B cells. 

In contrast to most antigens, gluten has no bacterial or viral origin. Lack of strong concomitant 

innate signals along with BCR triggering could result in extrafollicular response, as immunization 

with T-cell dependent antigen without adjuvant was reported to be insufficient for GC 

formation [161].  

In summary, the similar feature regarding SHM in IgA of both gluten- and TG2-specific plasma 

cells does not support that the antigenic property of TG2, either as being self-antigen or its 

enzymatic activity, alone can explain the low mutation rate in the IgA of TG2-specific plasma 

cells. However, we cannot exclude that the limited SHM in IgA of both TG2- and gluten-specific 

B cells is influenced by several mechanisms taking place at the same time. 
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9.2. Heavy and light chain usage of gluten-specific antibodies 

Several of the gluten-specific hmAbs had identical VH and VL pairing, even though they were 

generated from IgA+ plasma cells of different individuals. Approximately three quarters of the 

38 antibodies used either VH3-23/VL4-69 or VH3-15/VK4-1, suggesting that the antibody 

response to gluten typically employs a restricted repertoire of VH and VL genes. Of note, the 

hmAbs were generated from IgA+ plasma cells identified with three different gluten antigens. 

Each of the three antibody panels had different VH/VL distribution (Figure 4). Thus, VH/VL usage 

seemed to be important for the specificity of these antibodies. Accordingly, binding studies to 

different synthetic gluten peptides showed that VH and VL usage correlated with epitope 

specificity of the gluten-specific hmAbs (Paper 1). 

Figure 4: VH/VL usage of gluten-specific hmAbs generated from isolated IgA plasma cells 

stained positive with gluten antigens PLQPEQPFP (n = 17) and deamidated 33-mer (n = 13) in 

flow cytometry, or identified by IgA reactivity to CT-gliadin in supernatant of single plasma cell 

cultures (n = 8). 

Similar to the VH/VL usage of the gluten-specific antibodies, the response to influenza 

vaccination showed conserved VH usage among participants [162]. Conversely, antibodies to 

dengue showed a heterogeneous VH usage but convergent signature of the H-CDR3 region 

[163]. Reports on antibody-antigen complexes have described that the relative binding of the 
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six CDRs varies, depending on the antigen and the antibody that are studied [164]. Thus, one 

possible explanation for preferential VH and VL usage of gluten-specific antibodies could be that 

the CDRs encoded by both the VH and VL gene segments (CDR1, CDR2 and parts of CDR3) are 

particularly important for binding to gluten of these antibodies.  

Previous studies on the V(D)J usage in the antibody response to gluten are limited phage 

libraries from circulating B cells. There are two studies, reporting conflicting results. In one 

study by Rhyner et al., where gliadin extract from wheat was used as antigen, the majority of 

the reactive clones used VH-3 gene segments [165]. In a second study, using recombinant -

gliadin as antigen, VH-4 was overexpressed in the positive group [166]. Two weaknesses of 

these studies, is that phage induce non-authentic pairing of H and L chain, and that native, non-

deamidated gluten antigens were used as screening antigen. In our study, we controlled for 

authentic H and L chain pairing by single-cell PCR, and we used deamidated gluten antigens in 

the selection process. Thirty-seven of 38 gluten-specific hmAbs used gene segments of the VH-3 

family. Unfortunately, there is no information on the VL usage or level of SHM in the report by 

Rhyner et al. [165].  

 

9.3. B-cell epitopes of gluten in celiac disease 

Since the first report on serum antibodies to gluten in celiac patients in 1958 [167], much effort 

has been made to characterize disease-specific gluten B-cell epitopes. In general, the literature 

reports relatively few dominant epitopes and enhanced antibody reactivity when glutamine 

residues are replaced with glutamic acid in positions that are natural targets for TG2 [96, 122]. 

Previous studies have mainly investigated serum antibody reactivity to synthetic peptides to 

address these questions. However, polyclonal serum antibodies may not give a precise 

characterization if the different B-cell epitopes are partly overlapping. Secondly, the gluten 

proteome contains several motifs (amino acid sequences) that are expressed multiple times on 

different gluten proteins, which obviously makes it difficult to predict the gluten B-cell epitopes. 

By screening serum IgG and IgA reactivity to synthetic peptide libraries of the - and -gliadins, 

it was observed that sera from untreated patients preferentially bound to the N-terminal region 
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of - and -gliadin [96]. Others, using fractionated wheat gluten, reported dominant response 

to the -gliadins [154]. An evolutionary phage peptide library specifically identified a 

deamidated sequence found in both - and -gliadins to be the target of patients’ serum 

antibodies [168]. The motif described in the evolutionary phage library is strikingly similar to 

what was characterized as one of the dominant epitopes in the study using peptide libraries of 

- and -gliadins [96] and later used in the development of a highly specific serologic assay 

[153]. 

 

9.3.1. Multivalent display of gluten B-cell epitopes 

The gluten-specific hmAbs allowed us to study the gluten B-cell epitopes on a monoclonal level. 

The specificity characteristics of the hmAbs were investigated by using two different methods, 

either through identifying the preferred peptide targets in enzymatic digest of TG2-treated 

gliadin, or by measuring antibody reactivity to synthetic gliadin in ELISA (9.3.2. and 9.3.3.). 

As mentioned, the gluten proteome consists of many different proteins that comprise repeats 

of identical or highly similar motifs (4.2.3.). The gluten-specific hmAbs were recovered from IgA 

plasma cells. These plasma cells were isolated after in vitro culture and subsequent screening of 

supernatant IgA reactivity to chymotrypsin digested and heat/acid treated gliadin, or by flow 

cytometry after cell surface staining with synthetic gluten peptides (either PLQPEQPFP or the 

deamidated 33-mer LQLQPFPQPELPYPQPELPYPQPELPYPQPQPF). Although the majority of the 

hmAbs originated from plasma cells sorted by flow cytometry, many of these hmAbs showed 

reactivity to several different synthetic gluten peptides. This suggested that an effort to identify 

the primary target of the hmAbs would be justified. Thus, fourteen of the hmAbs were 

examined in pull-down experiments, where each hmAb was incubated with gel filtration 

fractions of the TG2-treated gliadin digest, antibody-peptide complexes were pulled down, and 

the antibody-bound peptides were eluted and sequenced by mass spectrometry. Notably, the 

gliadin fractions contained substantial amounts of glutenin peptides, and hence the probing 

was towards the gluten proteome.  
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For eleven of fourteen hmAbs, several different peptides (range 21-381) were identified in the 

pull-down analyte. The remaining three hmAbs gave poor results, as for two of the hmAbs no 

peptides and for the third hmAb only four peptides were identified in the pull-down. These 

three hmAbs were excluded in further analyses.  

Nine of the eleven hmAbs enriched long and TG2-deamidated peptides, typically of - and -

gliadin or low-molecular weight glutenin origin. The exact deamidation sites could not be 

unambiguously reported by the MS search engine, but manual inspection of MS fragment 

spectra for some of the peptides confirmed that the deamidation sites typically were in the QXP 

motif, which is in accordance with the reported substrate specificity of TG2 [124]. 

Peptides enriched by the nine hmAbs typically harbored several copies of identical motifs, and 

the majority of the hmAbs pulled down peptides where more than 90% comprised one or 

several copies of the QPQQPFP sequence. The deamidated counterpart QPEQPFP is identical to 

what has been reported as immunodominant gluten B-cell epitope in previous serologic studies 

[96, 153] and highly similar to other sequences reported to give specific serum antibody 

reactivity in celiac disease patients [168, 169].  

When comparing peptide with one single epitope with a peptide with several epitopes in a 

competitive assay, only the peptide with several epitopes were identified after hmAb pull-

down. This clearly demonstrated a critical effect of multivalent display of gluten epitopes, 

suggesting preferential antibody binding to long and proteolytically stable gluten peptides with 

multiple copies of the TG2-targeted QPQQPFP or variants of this motif. Notably, multiple copies 

of the QPQQPFP motif are clustered in regions with several different gluten T-cell epitopes 

(Figure 5). Many of the hmAbs also showed a clear enrichment of peptides harboring several 

different gluten T-cell epitopes, suggesting an important role of the antibody response to 

gluten in amplifying the T-cell response in celiac disease. 
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9.3.2. Epitopes of gliadin-specific hmAbs correlate with VH/VL usage 

In addition to the pull-down study, the reactivity to different synthetic gliadin were tested for 

nine of the hmAbs. Each hmAb recognized peptides different from the other antibodies, with 

the exception of hmAbs with the same VH/VL usage that showed practically identical reactivity 

pattern. Peptides recognized by a hmAb contained identical or very similar motifs, with the 

exception of one hmAb (1130-3B01) that showed a more promiscuous binding property (Table 

2). Thus, there seemed to be a correlation between epitope specificity and the VH/VL usage of 

the gluten-specific antibodies.  

The variation in reactivity to synthetic peptides of the hmAbs was to some extent different from 

the observed convergence of the common QPQQPFP motif in the pull-down study. Four of the 

hmAbs showed reactivity to peptides comprising the motifs QPEQPFP and QPQQPFP, which is 

identical to the motif identified in the pull-down experiments. Two hmAbs showed reactivity to 

most of the peptides where the trimer PEQ was present. One of these hmAbs (1002-1E03) 

clearly enriched for peptides comprising the QPQQPFP motif in the pull-down experiment. 

However, the native PQQ timer is typically found the context of QPQQPFP, and the selective 

enrichment of QPQQPFP-comprising peptides could thus relate to the repeated motifs of the 

gluten proteome. The hmAb 1130-3B01 showed binding to peptides comprising QPX1QX2FP (X1 

= Q, E; X2 = Q, S, F, P), QPEQPFP and PQPELPYPQP. More than 98% of the gliadin peptides 

pulled down by this hmAb comprised the QPQQXFP (X = Q, S, F, T, P), which thus was in line 

with the ELISA results. Two of the hmAbs (1130-3B03 and 1130-3G05) showed reactivity to 

peptides comprising the sequence PQPELPYPQP. Only one of the peptides identified in the pull-

down (by 1130-3B03) contained this sequence. However, none of these two hmAbs succeeded 

to enrich peptides with common motifs in the pull-down experiments.  
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a) -gliadin  

 

b) -gliadin 

 

c) -gliadin 

 

Figure 5: The amino acid sequences QPQQPFP (orange) was found a) eight times in -gliadin 

and b) eleven times in -gliadin, but not in c) -gliadin. The -gliadin contained three 

overlapping copies of PQPQLPYPQP (green) - -gliadins contained this 

sequence. From a list of 14 HLA-DQ2.5-restricted gliadin T-cell epitopes [108], eleven (blue) was 

found in at least one of the three gliadin peptide sequences investigated. 

 

9.3.3. Binding affinity and the effect of TG2-deamidation 

Serologic studies suggests that the antibody response specifically targets TG2-deamidated 

gluten, as patient sera show enhanced antibody reactivity to gluten peptides containing 

deamidated residues [96, 122] in positions targeted by TG2 [124]. Similarly, the gliadin-specific 

hmAbs typically enriched for TG2-deamidated gluten peptides in the pull-down experiments 

(9.3.1.). To further address this, we compared binding affinities of the gluten-specific hmAbs to 

a panel of deamidated gluten peptides and the native, non-deamidated counterparts. In brief, 

none of the antibodies had higher affinity to native gluten peptides. Some of the antibodies 

showed similar affinity to both variants, and they were all using VH3-23/VL4-69. Most of the 

antibodies showed markedly increased affinity to deamidated gluten, and for many of these 

antibodies we could not detect any binding to native gluten peptides at all. This suggests that 
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deamidated gluten drives the generation of gluten-specific IgA+ plasma cells, as IgA of many of 

these cells apparently do not recognize native gluten at all. 

 

Monoclonal 
antibody VH/VL Common motifs Gliadin 

1002-1E01 
VH3-23/VL4-

69 QPXQPFP (X = Q, E) - and -
gliadins 

1130-2A02 
1130-3A02 
1130-3B04 
1002-1E03 

VH3-15/VK4-1 PEQ* - and -
gliadins 1114-1G01 

1130-3B01 VH3-21/VK2-
28 

QPX1QX2FP (X1 = Q, E; X2 = Q, S, P) 
QPEQTFP 

PQPELPYPQP 

- and -
gliadins 

1130-3B03 VH3-23/VK3-
11 PQPELPYPQP -gliadin 

1130-3G05 
 

Table 2: ELISA reactivity to 24 synthetic peptides of nine different gluten-specific hmAbs, 

grouped by VH/VL usage. Peptides recognized by hmAbs with the same VH/VL shared similar or 

identical sequences (Common motifs). * Seven of the hmAbs bound to peptides of the respective 

common motifs, whereas the motif PEQ was necessary but not sufficient for binding to the last 

two hmAbs. 

 

 

9.3.4. Serologic testing of antibodies to gluten 

The anti-DGP tests are based on synthetic peptides of deamidated gliadin motifs empirically 

shown to give the highest serum antibody reactivity in CD patients [96]. Although many of 

these assays show excellent performance, they overall show lower specificity than anti-TG2 IgA 

based assays [103]. One potential cause of the lower specificity could be that poly-reactive 

serum antibodies can bind to non-specific epitopes of the synthetic peptide or to other 

reagents and give false positive result [170]. To better control for this, we developed an 
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inhibition assay where serum antibodies competed with a gluten-specific hmAb for binding to 

gluten peptide. In a side-by-side comparison, the inhibition assay performed equally well as a 

commercial anti-DGP IgG test. This was promising, as the assay has an obvious potential for 

improvements. The antibody response with respect to dominating B-cell epitopes may vary 

from patient to patient, and this could be compensated for by using several hmAbs in the 

screening. Second, the hmAb and the synthetic peptide that are used in this study may not be 

the optimal combination. 
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10. Concluding remarks and future perspectives 
How anti-gluten antibodies impact the immune response in celiac disease, has only been 

explored in a handful of examples. Two studies have examined the role of mucosal IgA in 

mediating specific uptake of antigenic gluten peptides at the intestinal border [171, 172]. 

Several studies have documented overlapping T- and B-cell epitopes [96, 122, 123], which may 

suggest that gluten-specific B cells are an integral part of the APCs in celiac disease. 

Importantly, case reports of celiac disease patients successfully treated with rituximab B-cell 

depletion, suggest a more significant role of B cells than previously thought [173, 174]. In this 

sense, we find the restricted VH/VL usage of both TG2- and gluten-specific antibodies 

particularly interesting. It is increasingly acknowledged that polymorphisms in the variable 

regions can influence on the antibody response [175-178]. How such allelic variants affect the 

course of the immune response is poorly understood, though. Genetic studies in celiac disease 

may be particularly well-suited for addressing this question. Celiac disease is a common 

disorder with strong genetic association [179], and it seems that gluten- and TG2-specific 

plasma cells are selected from a subset of B cells using a restricted repertoire of variable gene 

segments across patients. An extensive analysis of gluten- and TG2-specific plasma cells by high 

throughput sequencing (HTS), will give important supplementary information on variations in 

V(D)J usage between patients. Confirmatory results from these studies with respect to variable 

gene usage of the specific antibodies would be a strong motivation for exploring the genetic 

effect of the antibody gene on celiac disease.  

One would think that the predominant recruitment of B cells using certain VH and VL segments 

is a result of a beneficial antibody receptor specificity of these cells. We observed that VH/VL 

usage corresponded with peptide reactivity pattern of the gluten-specific hmAbs, suggesting a 

similar correlation between VH/VL usage and epitope specificity as for the hmAbs to TG2 [180]. 

In this view, structural analyses of the gluten-specific antibodies in complex with the gluten 

antigen should give important knowledge about how these antibodies are generated and why 

the response to gluten seem to recruit only a limited number of B cells expressing certain VH 

and VL segments. This could also give structural insight into why these antibodies acquire so 

few mutations.  
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Given the possible convergent repertoire of VH and VL usage between patients, the correlation 

between variable gene usage and specificity, and the fact that the gluten antigen does not 

evolve as observed for many other (i.e. viral or bacterial) pathogens, motivate for mutation 

analysis of gluten-specific antibodies together with structural data of how these antibodies bind 

the gluten antigen. This should bring important knowledge of the role of somatic mutations on 

the evolution of the anti-gluten antibody response. Although the somatic mutations may have 

influence on the affinity of these antibodies, they may also give a more specific binding and 

uptake of gluten peptides containing certain T-cell epitopes. Thus, combined analyses of HTS 

and structural data may give important knowledge of which factors that drive the anti-gluten 

antibody response. 

The overlapping B- and T-cell epitopes and the observation that the gluten-specific hmAbs 

enrich peptides containing several different T-cell epitopes, strongly suggests that the antibody 

response to gluten is important in amplifying the T-cell response to gluten in celiac disease. This 

could either take place through B cells acting as APCs to CD4+ T cells or through receptor-

mediated uptake of immune complexes of gluten and antibodies by other professional APCs. 

The therapeutic efficacy of B-cell depletion reported in some patients could thus be due to a 

critical role of the anti-gluten antibody response in directing specific uptake and presentation of 

gluten peptides containing antigenic T-cell epitopes. Thus, the role of B cells as APCs in celiac 

disease should be investigated further. A central issue in this matter is how the B cells 

encounter the gluten antigen. As mentioned, TG2 form complexes with gluten peptides, and 

the gluten- and TG2-specific B cells thus may be generated in response to the same complexes. 

Of note, the gluten-specific B cells may encounter both soluble peptides and complexes of TG2 

and gluten. Whether formation of such complexes are important in the pathogenesis of celiac 

disease should be sought, and could give a better understanding of why the celiac disease 

patients develop this harmful immune response the gluten proteins, that otherwise is well-

tolerated to most other people. 
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