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Summary 

     The mucosal immune system protects the human body on anatomic sites serving 

to transport and exchange gases and nutrients with the outer environment. This makes 

them exposed to pathogens more than any other tissue type, and to protect it, many 

phenotypically and functionally different cell types contribute to the immune response 

in the mucosal tissues. Maintaining the balance between an excessive and insufficient 

immune response in such environmental conditions is key to homeostasis in the 

mucosa. When disrupted, illnesses like Crohn’s disease (CD) or Eosinophilic 

esophagitis (EoE) may develop.  

My PhD thesis aimed to describe the changes in the phenotype and function of 

immune cells associated with CD and EoE. Both of these diseases represent chronic 

immune-mediated disorders with worldwide increasing incidence. T cells are thought 

to play a key role in CD and EoE pathogenesis, and my research was therefore 

primarily focused on their investigation.  

I established an anti-CD45 mAbs-based barcoding approach to simultaneously 

analyse hundreds of surface molecules expressed on cells isolated from intestinal 

tissue samples. It led to identifying unique T cell populations in inflamed intestinal 

tissue of CD patients and functional characterization of these T cells. In the EoE part, 

I established a multicolour flow cytometry panel, which allowed the description of 

changes in immune cell subsets composition, activation, and functional maturation 

associated with EoE. In addition, I unraveled the possible existence of a vicious circle 

in EoE where eosinophils present bacterial ligands to MAIT cells, which than produce 

soluble factors stimulatory and chemotactic for eosinophils. Such a mechanism can 

contribute to the perpetuation of chronic inflammation in EoE. 

These results increase our understanding of the pathobiology of the studied diseases, 

paving the design of novel successful targeted therapies in the future. 
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Introduction 

 
Immune system 

     The immune system is a complex network consisting of effector cells and 

molecules that protect our body against pathogens and toxins and against our 

modified malfunctioning cells. It should be able to recognize and eliminate danger 

while it should tolerate its own tissues and commensal organisms. Multiple control 

mechanisms of immune cell development evolved to ensure these goals will be 

achieved. The immune system is organized into two main parts: innate immunity and 

adaptive immunity (1). Cooperation between both of these elements is required for the 

adequate protection of the organism. Notably, some immune cell subsets are 

functionally located rather between innate and adaptive immunity than strictly 

belonging to only one part, which further underscores the importance of the connection 

between these two arms of the immune system.  

 

Mucosal immunity 

     Mucous membranes represent specific surfaces covering the urogenital tract, 

gastrointestinal tract, airways, inner ear, conjunctiva of the eye, and all exocrine 

glands. These tissues enable the exchange between the body and the outer 

environment, which expose them to toxic elements and high numbers of potentially 

harmful pathogens. Mechanical, chemical, and biological mechanisms that protect 

against these harms allow to identify, kill, degrade and repel the pathogens present at 

mucosal surfaces. While chemical and mechanical mechanisms are highly unspecific, 

the cellular component of the immune system allows specific recognition of pathogens 

and specific responses. Many different cell types vastly differing in their phenotype, 

function, origin, and spatial distribution contribute to immune response occurring in the 

mucosal tissues (2).  
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The innate immune system  

     The innate immune system represents the evolutionary ancient part of the host 

defense mechanisms and is the first barrier against invading pathogens. Most 

pathogens trying to enter through mucosal surfaces fail to cross it or are rapidly 

eliminated thanks to the innate immune system consisting of physical barriers, 

chemical substances, and innate immune cells.  

Cell-to-cell adhesion among mucosal epithelia through tight junctions formed by 

occluding and claudin family of proteins represents a strong physical barrier against 

pathogens (3). In addition, the mucosal surface is covered by a layer of large 

glycoproteins called mucins, which forms further physical and chemical barrier (4). The 

layer of mucus is difficult to penetrate for pathogens, and they can also be expelled 

out of the body by the rhythmic beating of cilia of the mucosal epithelium of the 

respiratory tract or by peristaltic of the intestine (5, 6). Mucus is also essential for 

antigen-specific IgA antibodies responses at mucosal surfaces (7).   

The acidic pH of the stomach, secretion of enzymes such as pepsins in the gut, 

lysozyme, and phospholipase in the oral cavity, nasal cavity, and tears or the secretion 

of pulmonary surfactants in the lungs represent additional mechanisms of chemical 

protection (1). While unspecific anti-microbial peptides produced by mucosal surfaces 

such as pepsin, lysozyme, or defensins destroy bacteria directly (1, 8), proteins of the 

complement system can induce both direct lysis, phagocytosis by cells of the innate 

immune system and activation of the adaptive immune system (1, 9, 10).  

Cellular immunity is required once the physical and chemical mechanisms are not 

sufficient. Cells of the innate immune system, such as macrophages, dendritic cells, 

neutrophils, eosinophils, basophils, or mast cells, respond to conserved features of 

pathogenic microorganisms recognized via a limited number of germline-encoded 

pattern-recognition receptors (PRRs) (11). PRRs are a broad family of conserved 

intracellular, cell-surface, or secreted proteins recognizing products of microbial 

metabolism not produced by the host. Intracellular nucleotide oligomerization domain 

(NOD) receptors and protein kinase R (PKR), surface-expressed Toll-like receptors 

(TLR), macrophage scavenger receptor (MSR), and macrophage mannose receptor 

(MNR) or secreted mannan-binding lectin (MBL), serum amyloid protein (SAP) and C-

reactive protein (CRP) are examples of important PRRs in human body (12). Binding 

of microbial antigens such as dsRNA (PKR), muramyl dipeptide (NOD2 receptor), 
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lipopolysaccharides (NOD receptors and MSR), peptidoglycan (TLR2), LTA (MSR), 

mannose (MMR, MBL), phosphorylcholine (SAP, CRP) by PRRs activate downstream 

signaling pathways and induces the expression of pro-inflammatory cytokines and 

antimicrobial genes (12). This set of evolutionarily conserved danger sensors allows 

the innate immune system to react and efficiently and rapidly destroy intruding 

pathogens (13).  

The ability to respond quickly makes the innate immune system critical during the first 

hours and days of exposure to the new pathogen because effective adaptive immune 

system responses take up to seven days to develop. In response to pathogen 

recognition, innate immune system cells release small chemical mediators called 

cytokines and chemokines, which attract other immune cells to the site of infection and 

facilitate their activation. Soluble factors produced by innate immune cells are 

essential for the effective activation of the adaptive arm of the immune system. 

 

The adaptive immune system  

     The adaptive immune system is evolutionarily younger than innate immunity and 

plays a crucial role when the innate immune system is ineffective in eliminating 

infectious agents. The advantage of the adaptive immune system lies in its specificity 

and immunological memory. It consists of B cells and T cells, which action is based 

on their TCR and BCR receptors. The basis of specificity lies in the potentially 

unlimited variability of surface receptors achieved through the mechanisms involving 

the rearrangement of DNA segments and their joining by random N nucleotides (1). 

Additional variability of BCRs is later introduced based on the somatic hypermutations 

and class-switching reactions during B cell maturation in germinal centers (14). 

Similarly, as with all hematopoietic cells, the initial development of B and T cells starts 

in the bone marrow. 

 

B cells 

     Naïve (IgM+, IgD+) B lymphocytes leave the bone marrow and migrate through the 

bloodstream to the secondary or tertiary lymphoid organs. These organs are the site 

of proliferation, affinity maturation, and selection of B cells, which occurs in their 

specialized compartments called germinal centers (GCs) (15). After early GC is 
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established in the follicle center next to the follicular dendritic cell zone, it is divided 

into light and dark zones. The dark zone is the place of proliferation, somatic 

hypermutations, and, eventually, class switching. In contrast, the light zone is where 

the selection occurs based on the affinity of BCRs to antigens stored on follicular 

dendritic cells. B cells bearing low-affinity BCRs are eliminated, and those with higher 

affinity for antigen either recycle, become effector plasma cells, or memory B cells 

(14). All of the fate decisions seem to be strictly related to the absolute affinity of BCR 

of each B cell to antigen and to the affinity of BCR of each B cell to antigen compared 

to BCRs of other B cells in the germinal center (14). Plasma cells are unique producers 

of soluble antibodies, contributing to humoral immunity. The heavy chains of 

antibodies can be of IgM, IgD, IgG, IgE, or IgA isotype, which significantly influences 

their function. IgA molecules are the most abundant class in the mucosal tissues (16). 

Secreted antibodies significantly contribute to the activation of the complement 

system, opsonization of pathogens, their neutralization and phagocytosis by 

specialized immune cells, and the antibody-dependent cell-mediated cytotoxicity (17). 

 

T cells  

     T cells are responsible for the coordination of many aspects of adaptive immunity. 

They play a key role in eliminating cells infected with intracellular parasites, mutated 

cells and in the maturation of B cells to memory B cells and plasma cells. The primary 

mediator of T cell activation is the T cell receptor (TCR). In addition, costimulatory 

signals are needed for T cell survival, proliferation, and differentiation (18). Maturation 

of T cells starts in the thymus, where T cell precursors undergo rearrangement of TCR 

receptor genes as well as the expression of TCR-associated proteins such as CD3 

complex and co-receptors CD4 and CD8.  

Interacting with the stroma of the thymus, T cell precursors undergo an initial phase of 

differentiation. After one week of development, they are called double-negative 

thymocytes. Despite expressing T cell-specific molecules such as CD2 or CD7, they 

still lack markers of mature T cells such as TCR:CD3 complex as well as CD4 and 

CD8 co-receptors. However, in this stage, two populations of more mature lineages 

can be differentiated from the main population – γδ T cells and type I NKT cells – both 

bearing TCR of minimal diversity and giving rise to a population of so-called 
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unconventional T cells, which lies on the border of the innate and adaptive immune 

system.  

A critical step in the development of T cells is the TCR rearrangement. TCRs are 

heterodimers linked in most cases by disulfide bonds. Double-negative thymocytes 

first rearrange their β chains, which pair with the pre-T cell α chain forming the pre-T 

cell receptor. The interaction between pre-T cell α chain and conserved residues on β 

chains of other pre-T cell receptors triggers the expression of CD4 and CD8 co-

receptors and rapid proliferation of these double positive thymocytes. When they stop 

proliferating, they become small double-positive thymocytes, and most of them 

successfully rearrange their α chains. At this moment, they undergo positive selection, 

ensuring that only T cells capable of recognizing self:peptide:self MHC molecular 

complexes survive. Thymocytes recognizing MHC class I lose expression of CD4, and 

those recognizing MHC class II lose expression of CD8 coreceptors. TCR expression 

increases and negative thymic selection begin to eliminate self-reactive cells. Only 2% 

of thymocytes pass the selection (1).  T cells leave the thymus as CD4 or CD8 single 

positive naïve cells exhibiting CD45RA+CCR7+ phenotype (1).   

Mature T cells then migrate to secondary lymphoid organs, many of which (Peyer’s 

patches, mucosal lymph nodes, gut-associated lymphoid tissue, nasal-associated 

lymphoid tissue, and bronchus-associated lymphoid tissue) are associated with 

mucosal surfaces (19, 20). In addition, tertiary lymphoid tissues can form in mucosal 

tissue in case of infections or autoimmunity (20). In these specialized tissues, T cells 

encounter antigens presented on the MHC molecules of antigen-presenting cells 

(APCs) (21, 22). Naïve T cells, primed by antigens presented by APCs (primarily 

dendritic cells), expand and differentiate into effector and memory T cells and migrate 

to the site of the infection (21, 22).  T cells in tissues might gain tissue-resident memory 

phenotype (CCR7-CD69+), which hinders their migration to the blood (23). These T 

cells may remain in tissues for years without recirculation (23, 24).  

The process from encountering the pathogen for the first time to generating an efficient 

adaptive immune response takes up to seven days. However, it leads to the production 

of highly specific BCRs and TCRs and the immunological memory mediated by B and 

T memory cells lasts up to several decades and allows rapid response after repeated 

encounters with the same pathogen (25, 26). 
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MHC-restricted T cells  

     MHC-restricted T cells recognize antigens bound to MHC class I or MHC class II 

molecules. Their TCRs recognize complexes made by one MHC molecule and one 

peptide. MHC-restricted T cells represent the vast majority of circulating T cells in the 

human body and are the primary effectors of adaptive immunity.  

MHC-restricted T cells are divided into two main populations based on the expression 

of CD4 and CD8 coreceptors. CD8+ T cells recognize antigens bound to MHC class I 

molecules. MHC class I molecules are expressed by all nucleated cells and platelets 

and present short peptides (1). CD8+ T cells are, therefore, necessary for tumor 

surveillance and the defense against intracellular pathogens. In response to 

stimulation by antigen, CD8+ T cells rapidly proliferate and develop into effector cells 

producing IFN-γ and TNF-α and releasing cytotoxic granules containing granzymes 

and perforins (27, 28). The persistence and long-term memory of CD8+ memory T 

cells depend on the activity of transcriptional factor eomesodermin. In contrast, 

committed short-term effector CD8+ T cells to rely on the transcription factor T-bet (29).   

CD4+ T cells recognize antigens bound to MHC class II molecules. MHC class II 

molecules are expressed in large numbers only by professional APCs such as 

dendritic cells. These molecules bind peptides derived from engulfed and digested 

pathogens (1). The response of CD4+ T cells following antigen encounter is less 

vigorous than in the CD8+ T cells (28), and their further development is more complex. 

Most CD4+ T cells are T helper cells, which can be divided into Th1, Th2, Th9, Th17, 

Th22, and Treg functionally different populations based on their cytokine production 

capacities coupled with the expression of specific transcription factors (Fig.I-1) (30, 

31). Each of these CD4+ T cell subsets has unique functional properties demonstrated 

mainly by the spectra of cytokines they can produce (Fig.I-1). 

Th1 cells develop under the influence of IFN-γ and IL-12, express transcription factors 

T-bet and phosphorylated STAT4, and produce cytokines IL-2, IFN-γ, TNF-α, and 

lymphotoxin (31). They are efficient stimulators of cell-mediated immunity through 

activating CD8+ T cells and macrophages (1).  

Th2 cells develop under the influence of IL-4, a cytokine produced by activated Th2 

cells but also mast cells, basophils, eosinophils, and TCR γδ cells (31, 32). They play 

an essential role in mucosal immunity, and their actions are highly influenced by 

interactions with epithelial cells and innate immune cells inhabiting mucosal tissues 
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(33). Th2-associated transcription factors are GATA3 and phosphorylated STAT6 

(31), which trigger the expression of Th2 cytokines IL-4, IL-5, or IL-13.  

Th17 cells develop under the influence of TGF-β, IL-6, IL-1, and IL-23, produce IL-17 

cytokine family members such as IL-17, IL-22, IL-21, IL-25, and IL-26 as result of the 

transcriptional activity of RORγT and STAT3 (31). Th9 cell development requires a 

combination of IL-4 and TGF-β (34). The functions of Th9 cells are driven by high 

production of IL-9 mediated by the transcription factor PU.1 and IRF4 activity. IL-9 

induces activation and proliferation of mast cells and eosinophils, making Th9 cells 

essential players in inflammatory processes in mucosal tissues (31, 35). In addition, 

Th22 cells were described as T helper cell subsets evolving under a combination of 

IL-6 and TNF-α, expressing the transcription factor AHR and producing high levels of 

IL-22 (31, 36). This cytokine acts primarily on non-immune cells, and Th22 cells play 

an essential role in several autoimmune diseases (37). Finally, Tregs represent the 

last functionally distinct population of T helper lymphocytes. They either differentiate 

already in the thymus or develop in the tissues under the influence of IL-2 and TGF-β 

(31, 38). Suppression of immune response is crucial for keeping immune reaction 

under control. Tregs contribute to this process by strong IL-10 production triggered by 

the expression of high levels of transcriptional factor FOXP3.  

 

 

Immunity against 
extracellular pathogens 
(parasites such as helminths)
Allergy / Asthma / IgE

Immunosuppression
Tolerance
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Figure I-1. CD4+ T cell subsets. The development of individual T helper cell subsets 
is driven by specific combinations of cytokines, inducing the activation of intracellular 
signaling molecules, which trigger the expression of transcriptional factors. These 
transcription factors are responsible for the functional properties of CD4+ T cells. Each 
CD4+ T cell subset is preferentially involved in different processes. Adapted from (39). 
AHR – aryl hydrocarbon receptor, BCL6 – B cell lymphoma 6, DC – dendritic cell, 
FOXP3 – forkhead box P3, GATA3 – GATA binding protein 3, IFN – interferon, RORγt 
– retinoid acid-related orphan receptor γ isoform t, IL – interleukin, STAT – signal 
transducer and activator of transcription, TGF-β – transforming growth factor β, Th – 
T helper. 

The aging and functional maturation of classical T cells is connected with characteristic 

changes in the expression of surface proteins (40, 41). The most common 

classifications utilize expression of CD45RA and CCR7 to distinguish four main 

populations of T cells - naïve (CCR7+CD45RA+), T central memory (TCM; 

CCR7+CD45RA-), T effector memory (TEM; CCR7-CD45RA-) and terminally 

differentiated CD45RA re-expressing effector memory T cells (TEMRA; CCR7-

CD45RA+). Utilizing changes in telomere length during T cell aging, the expressions 

of CD31, CD27, CD28, KLRG1, PD1, and CD57 were shown to follow distinct 

trajectories during T cell development. They can therefore be utilized to track in a more 

detailed manner T cell proliferative history (Fig. I-2) (41).  

 

 

Figure I-2. Association of T cell surface markers expression with telomere 
length. Adapted from (41). CCR7 – C-C chemokine receptor 7, KLRG1 – killer cell 
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lectin like receptor G1, PD1 – programmed cell death protein 1, TRECs – T cell 
receptor excision circles.  
 

Non-MHC-restricted T cells  

     Non-MHC-restricted T cells represent a heterogeneous group of T cells. They can 

be divided into cells restricted to CD1, MR1, or additional presenting molecules that 

are unknown. In rare cases, some TCRs can directly interact with the antigen (Ag) 

independently of a presenting molecule.  

Mucosal-associated invariant T cells (MAIT cells), MR1T cells, γδ T cells, and CD1-

restricted T cells. In some cases, the TCR heterogeneity of these cells is limited as 

they recognize a few Ags of microbial origin, which are shared among many microbes 

and therefore induce the expansion of T cells with unique TCR heterodimers. Due to 

their continuous interaction with microbial flora, they expand early in life and readily 

react to stimuli. Continuous Ag stimulation prevents the generation of memory cells 

resembling those observed after the recognition of microbial peptides. Furthermore, 

they release a series of cytokines involved in immediate defense. For all these 

reasons, they are frequently indicated as cells with functions of both innate and 

adaptive immunity (42).  

 

CD1 restricted T cells 

     T cells recognizing lipids bound to antigen-presenting molecules from the CD1 

family can be subdivided into invariant natural killer T cells (iNKT cells) and other T 

cells based on their Ag specificities. 

CD1 glycoproteins present lipid antigens to T cells. There are four types of CD1 

antigen-presenting molecules, CD1a, CD1b, CD1c, and CD1d divided into two groups: 

group I contains CD1a, CD1b, and CD1c while CD1d is the only member of group II 

(43). This classification is based on their protein homology. A fifth member of the CD1 

family is CD1e, which promotes antigen processing (44) and presentation by other 

members of the CD1 family (45). While the group I CD1 expression is present only on 

professional APCs and thymocytes, CD1d is expressed on a broad range of cells 

throughout the tissues, including many cells without hematopoietic origin (46). The 

differences in the Ag-binding pockets of CD1 molecules result in the ability of each 
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CD1 antigen-presenting molecule to bind and present different lipid Ags as they all 

have unique sizes and antigen-binding cleft architecture (47, 48). 

T cells restricted to the group I CD1 molecules have been studied in the context of 

their response to lipids derived from Mycobacterium tuberculosis. Several lipid 

antigens are recognized by T cells bearing a relatively broad TCR repertoire. However, 

the TCR repertoire specific for individual lipid antigens seems to be more limited, as 

demonstrated in the example of conserved TRAV1-2+TRAJ9+ TCRs specific for 

mycobacterial glycolipid glucose monomycolate (49). Many CD1a and CD1c restricted 

T cells are also autoreactive (50, 51). Lipid antigens binding CD1 molecules are mostly 

amphipathic, with their lipidic tails anchored into CD1 and hydrophilic heads protruding 

for direct interaction with TCR (52). Another mechanism of CD1a-mediated T cell 

activation was described for squalene or neoantigens derived from the cleavage of 

amphipathic lipids. These molecules can bind deeply in the clefts of CD1a, change its 

conformation and allow effective binding of TCR without direct interaction between the 

CD1a ligand and TCR (53). 

A population of T cells recognizing lipid antigens presented by CD1d is called invariant 

natural killer T cells (iNKT cells) (54). These cells express invariant TCRα chains made 

of TCR Vα24 and Jα18 chains paired to a limited number of TCRβ chains (54, 55). 

The second type of CD1d-restricted T cells also recognize lipidic antigens presented 

by CD1d, but their TCR usage is broad (48).  

The first known antigen of type iNKT cells was a lipidic molecule α-galactosylceramide 

produced by bacteria colonizing the marine sponge Agelas mauritianus (56). Later it 

was reported that other glycosphingolipids produced by other bacteria and carrying an 

α-linked sugar or endogenous peroxisome-derived lipids might stimulate iNKT cells 

(45, 57, 58). Their importance is underscored by the fact that deficiency in type iNKT 

cells might contribute to the development of autoimmune diseases and increased risk 

of cancer (59).  

Less is known about other lipid antigens stimulating CD1d restricted T cells that are 

not iNKT cells. Sulfatide has been shown to stimulate TCR αβ and TCR γδ cells (Most 

CD1d-sulfatide-specific T cells in human blood use a semi-invariant Vδ1 TCR) (45). In 

mice, non-iNKT cells seem associated with inhibition of anti-tumor immunity (60). In 

humans some CD1d-restricted T cells recognize lysophosphatidylcholine, which is 

present in increased concentrations in patients with multiple myeloma, but the direct 

link between these cells and the disease is not proven (61).  
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TCR γδ cells  

     TCR γδ T cells are a unique lymphocyte population preserved alongside TCR αβ 

cells for over the last 450 million years of vertebrate evolution (62). These cells are 

primarily defined by the expression of the TCR gδ and represent 0.2-20% of T cells in 

adult humans (63). The number of Vg (14) and Vδ (8) genes is considerably lower than 

that of Vα (32) and Vβ (25) (64). Several Vg genes are pseudogenes, so only six Vg 

genes (2, 3, 4, 5, 8, and 9) encode functional proteins. The Vγ chains pair with different 

Vδ chains in a non-random fashion. Whether this is due to the unique chromosomal 

localization of Vδ genes, interspersed within the TCR Vα locus (64), or due to unique 

structural features of both chains remains to be investigated.  

Each population of T cells bearing TCR with unique VgVδ chain pairs preferentially 

resides in a particular tissue, suggesting the existence of tissue-specific ligands for 

individual VgVδ combinations (65). A wide variety of heterogenous antigens and 

antigen-presenting molecules were already identified to stimulate TCR gδ cells (66). 

Notably, the activation of TCR gδ cells results in much faster and more vigorous 

responses than MHC-restricted T cells, resembling natural killer cells.  Nevertheless, 

TCR gδ cells may release many different soluble factors (65). Some TCR gδ cells are 

also capable of TCR αβ cell priming, or facilitate IgE production by B cells or may 

contribute to dendritic cell maturation (65). Individual TCR gδ cells may provide local 

protection in some tissues and represent an immediate source of chemokines, 

cytokines, and other mediators and signals, which can significantly impact the 

activation of adaptive immunity.  

The major population of the human peripheral blood TCR gδ cells expresses the TCR 

Vg9Vδ2 (65). These cells are stimulated by phosphorylated metabolites generated in 

the mevalonate pathway of eukaryotic cells or the methyl erythritol pathway of bacteria 

and eukaryotes (66, 67). Activation of TCR Vγ9Vδ2 cells is mediated by binding these 

metabolites to the butyrophilin 3A proteins, which allows interaction with Vg9Vδ2 TCR 

(68).  

TCR Vδ1 cells are more prevalent in tissues, including mucosal surfaces. Vδ1 chain 

often pairs with the Vγ4 chain, which probably mediates the accumulation of TCR 

Vg4Vδ1 cells in intestinal mucosa by interaction with butyrophilin-like molecule 3 (69). 
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TCR Vδ1 cells recognize broad spectra of antigen-presenting molecules such as 

CD1d, CD1c, or even specific MHC molecules presenting a heterogenous array of 

antigens (66). In many cases, these molecules and antigens are induced by stress 

(70). Stressed epithelial cells also express MHC class I-related molecules such as 

MICA, MICB, RAE1, H60, and ULBPs that bind NKG2D expressed on the surface of 

many TCR Vδ1 cells, influencing their activity in a TCR-independent manner (65, 66).  
 
Mucosal-associated invariant T (MAIT) cells 

     MAIT cells represent a population of innate-like T-lymphocytes involved in anti-

bacterial immunity. Porcelli et al. described in 1993 an increased usage of conserved 

TCRα chain gene comprised of TRAV1-2 joined to TRAJ33 among CD4-CD8- T cells 

and suggested that T cells bearing this TCR might be restricted to nonpolymorphic 

antigen-presenting molecules (71). Preferential location of T cells bearing this TCRα 

chain in mucosal tissues led to naming those cells mucosal associated invariant T 

cells (72). Tilloy et al. also discovered that T cells with TRAV1-2 joined to TRAJ33 

required the presence of β2M but not of known MHC class I-like antigen-presenting 

molecules, suggesting the involvement of a novel antigen-presenting molecule (73). 

This molecule was unraveled by discovering MAIT cell restriction to the MHC-related 

protein 1 (MR1) (72). It was later discovered that their TCR α chain pairs preferentially 

with a limited number of Vβ chains (74). Human MAIT cells also express high levels 

of CD161 (75), IL-18 receptor (76) and CD26 (77). Importantly, most of them express 

co-receptor CD8 (80%), only much smaller fraction is CD4-CD8- (10-20%) and very 

few MAIT cells are CD4+ or CD4+CD8+ (78). MAIT cells represent the most abundant 

innate-like T cell population in humans (79, 80), and their role in immune response 

remains only partially clarified.  

MR1 is an evolutionarily highly conserved molecule resembling classical MHC class I 

molecules and consisting of three domains: the α1 and α2 domains determine an 

antigen-binding pocket, while the α3 domain interacts with β2M (81, 82). The gene 

encoding MR1 is ubiquitously transcribed in human cells (83), and the surface 

expression of the protein is often very low. The reason is that MR1 refolds as a stable 

protein and exits the endoplasmic reticulum in the presence of a ligand. It has been 

speculated that the low abundance of MR1 ligands limits its maturation and traffic to 

the plasma membrane (84, 85). 
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The MR1 ligands stimulating MAIT cells were first suggested to be of microbial origin, 

according to the observation that MAIT cells can be activated in an MR1-dependent 

manner by bacteria-infected APC (86, 87). Later it was found that only riboflavin-

producing bacteria stimulate MAIT cells  (82). These findings pointed out the potential 

role of MAIT cells in controlling microbial infections. This possibility is supported by 

the ability of MAIT cells to readily produce large amounts of pro-inflammatory 

cytokines (IFN-g, TNF-α, IL-17) upon antigen recognition, as well as by the increased 

susceptibility of MR1-deficient mice to bacterial infections (87, 88). MAIT cells may 

also kill cells infected with specific bacteria species (74, 89). Their cytotoxic capacity 

is documented by an increase in the production of granzyme B and perforins after 

activation (90).  

Metabolites derived from riboflavin and folic acid synthetic pathways were identified 

as MR1 ligands (82, 91). Importantly, MR1 ligands significantly differ in their ability to 

activate MAIT cells. The photosynthetic breakdown product of folic acid - 6-formyl 

pterin (6-FP) is non-stimulatory (82, 91). Others like 6, 7-dimethyl-8-D-ribityllumazine 

(RL-6, 7-diMe) can activate MAIT cells but with low potency, whereas pyrimidine-

related 5-(2-oxoethylindenamino)-6-D-ribitylaminouracil (5-OE-RU) and 5-(2-

oxopropilidenamino)-6-D-ribitylaminouracil (5-OP-RU) (92-95).  

MAIT cells are scarce in the thymus, suggesting that they expand after migration to 

the mucosa or liver tissues and after encountering bacterial ligands presented by 

APCs (96, 97). Adult MAIT cells resemble effector memory T cells (express 

CDR45RO, IL7-Rα and low levels of CD62L), have distinct homing receptor profiles 

regulating their migration in mucosal tissues expressing often CXCR3, CCR5, CXCR1, 

CCR3, CXCR4 and CCR6 (98). The vast majority of MAIT cells also express the 

costimulatory molecules CD26, CD27, CD28, and CD150; tetraspanin family 

costimulatory molecules (CD53, CD63, CD81, and CD9) and receptors for IL-12, IL-

18, and IL-23 (98). Interestingly, adult MAIT cells are less responsive to TCR 

stimulation than other T cell subsets (99), which could be overcome by co-activation 

with CD28 or IL12 addition (99). Transcriptomics profiling revealed that the 

mechanisms controlling TCR signaling in MAIT cells differ from those observed in 

anergic or exhausted T cells. Substantial MAIT cell activation was also reported in 

chronic viral infections, even though viruses and virus-infected cells do not produce 
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known MAIT cell ligands. In this case, a significant role may be played by cytokines 

IL-12, IL-15, and IL-18 released by infected cells (76).  

 

MR1T cells  

     The fact that other MR1-restricted T cell populations than MAIT cells exist was 

discovered only recently when MR1-restricted TRAV1-2(-) T cells recognizing folate 

and riboflavin derivatives (100) and a TRAV12-2 clone reacting to riboflavin auxotroph 

Streptococcus pyogenes infected cells in MR1 dependent manner were described 

(101). Later a population of T cells, which do not react to microbial antigens or folate 

derivates and instead potently respond to various tumor cell lines, was discovered and 

named MR1T cells (102). MR1T cells are heterogenous, express a polyclonal TCR 

repertoire, and occur with frequencies comparable to peptide-specific T cells (<0.1%) 

(103, 104). While recognizing a broad range of tumor cell lines, at least some MR1T 

cells remain inert to nonmalignant cells (105). These observations suggest that MR1T 

cells might represent a population of unprecedented cancer fighters (104).  

 

The immune system of the gastrointestinal tract  

     The primary role of the gastrointestinal tract is the digestion of food and the uptake 

of nutrients. Commensal bacteria play a crucial role in the functioning of the 

gastrointestinal tract, including the generation of metabolites required for metabolic 

and structural functions of the epithelial barrier (106). To protect the gastrointestinal 

tract against pathogenic bacteria, viruses, and potential food-derived compounds, an 

efficient mucosal immune system is needed, such as the mucosa-associated lymphoid 

tissues, which represent the largest mass of immune cells in the whole body (107, 

108). Immune cells must dynamically interact with an epithelial barrier, microbiome, 

and luminal food antigens to ensure homeostasis in all parts of the gastrointestinal 

tract (109). Maintaining the balance between excessive and insufficient immune 

response in such environmental conditions is key to homeostasis in the intestine. 

When disrupted, chronic inflammatory conditions like Inflammatory bowel disease 

(IBD) or eosinophilic esophagitis (EoE) may develop.  
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Inflammatory bowel disease 

     Inflammatory bowel disease is an idiopathic, chronic remitting, and relapsing 

disease resulting from aberrant activation of the mucosal immune system (110). The 

peak onset of IBD is associated with early adulthood, but it also occurs in pediatric 

and geriatric populations (111). Familial occurrence of IBD has been observed (112, 

113), and several allelic variants of genes and SNPs were identified to be associated 

with IBD development (110). IBD was originally a disease associated more commonly 

with Western countries; however, with the lifestyle changes also in developing 

countries, IBD incidence is rising worldwide (114). It suggests an important role of 

environmental factors in IBD pathogenesis. Interestingly, IBD development is rather 

connected with the dysregulation of commensal microbiome composition and activity 

than the presence of conventional pathogens (110, 115). IBD is traditionally 

dichotomized into Crohn’s disease (CD) and Ulcerative colitis (UC).  

  

Crohn’s disease 

     Crohn’s disease (CD) is a progressive and destructive transmural disease that can 

affect any part of the gastrointestinal tract. Approximately one-third of CD patients 

present with small-bowel, one-third with ileocolonic, and one-third with large-bowel 

manifestation or perianal manifestation (116). However, the involvement of the upper 

gastrointestinal tract (esophagus, stomach duodenum, jejunum) substantially differs 

among the studies (116). The etiology of CD remains unclear, although the 

contribution of genetic, epigenetic, immunological, and environmental factors has 

been identified (116). Genetic contribution to CD is relatively strong, with the 

concordance rate among monozygotic twins at 58.3% (113). 

Several molecular mechanisms with important roles in CD pathogenesis are known 

(Fig. I-3). Initially, CD susceptibility was found to be associated with variants of NOD2 

leucine-rich repeat domains responsible for increased activation of NF-κB in 

monocytes and macrophages (117). In genome-wide association studies, however, 

more than 200 other loci were identified to be associated with CD risk (118, 119). Most 

of these loci increase CD risk very modestly, are in regulatory regions of the genome, 

and the majority of them are shared by other immunological disorders (118-120). 

Nevertheless, a significant fraction of the heritable risk of CD development is explained 
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by the variability of variance in only several loci, including NOD2, IL-23R, or ATG16L1 

(118, 121-123). NOD2 and ATG16L1 mutations impair autophagy and bacteria 

recognition (121, 124). IL-23 receptor bind pro-inflammatory cytokine IL-23 leading to 

activation of innate and adaptive immune responses mediated mainly by STAT3 

activation (125). Interestingly, some rare IL23R variants leading to the hypomorphic 

function of the protein are protective against IBD development (122). In general, only 

slightly over 13% of CD heritability is explained by genetic factors, which underscores 

the importance of epigenetic and environmental influence (116, 126). 

Smoking and diet are among the most important environmental factors (127, 128). 

Other environmental factors associated with increased risk of CD development include 

early childhood exposure to antibiotics, oral contraceptives, aspirin, or nonsteroidal 

anti-inflammatory drugs and low dietary fiber content (129-131). Many of these risk 

factors influence the microbiome composition in the intestine or epithelial barrier 

function (115).  

Changes in the microbiome seem to have an essential role in the development of CD 

(132). They are also likely connected with reported differences in the virome of CD 

patients, especially the increase of temporal phages (133). The alpha diversity of CD 

patients' fecal microbiome is significantly reduced (134, 135). Similarly, microbiome 

diversity is decreased in inflamed tissue compared to uninflamed tissue of the same 

patient (136). The decrease of gut microbiome diversity in CD is mainly associated 

with a reduction of diversity within bacteria from phylum Firmicutes (137), which 

generally represent most of the gut microbiota (138). Firmicutes are the leading 

producers of butyrate in the human colon, while propionate and acetate are produced 

more by Bacterioidetes (139). The abundance of many butyrate-producing species 

from phylum Firmicutes is reduced in CD (140-143). Faecalibacterium prausnitzii and 

several species from the genus Roseburia appeared in most of the studies as 

significantly decreased in CD (140-143). The lack of these bacteria is likely related to 

lower short-chain fatty acids (SCFAs) in the intestine and stool of patients with active 

CD (140). SCFAs are necessary for intestinal epithelial cell renewal (144). Butyrate 

represents the primary energy source for colonocytes (145) and has crucial anti-

inflammatory functions (146). In addition, butyrate contributes to intestinal barrier 

function, and decreased presence of butyrate-producing bacteria might contribute to 

reduced gut barrier integrity in CD (146). Unlike butyrate-producing bacteria, 

Enterobacteriaceae (147), some particularly adherent-invasive Escherichia coli strains 
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(148) and mucolytic bacteria (149) are more abundant in the intestine of CD patients 

than in healthy people. Fecal microbial transplantation is in experimental use in IBD. 

In patients with UC, transplanting of the stool of donors with high microbial diversity 

improves clinical response (150). However, such data are currently missing for CD 

patients. 

In a healthy gut epithelium, the mucous layer and the tight junction between adjacent 

epithelial cells collectively prevent the entrance of bacteria deeper into the tissue (1). 

Barrier function defects in CD allow bacterial penetration, which plays an essential role 

in the disease development (127). Paradoxically, despite the increased abundance of 

mucolytic bacteria, the mucus layer is thicker in CD than in healthy intestine (151). CD 

is the only inflammatory disease of the gut in which goblet cells are not depleted (152). 

MUC3, MUC4, and MUC5 expression is decreased in CD compared to healthy 

controls, and the expression of MUC1 is significantly reduced in inflamed areas 

compared to uninflamed areas of CD patient’s intestine (153, 154). In contrast, the the 

expression of MUC2 is significantly increased in patients with severe CD (155). This 

suggests that an increase in mucus layer thickness might be associated with increased 

MUC2 production. The protective function of the mucus layer in CD can be potentially 

heavily impacted by reported abnormal glycosylation of mucins (155). Disruption of 

the mucus layer can be initiated by emulsifiers present in the western diet and might 

be also related to the mutations in the MUC2 gene (156, 157). Finally, an aberrant 

distribution and changes in the expression of claudins cause dysfunctional tight 

junctions and contribute to increased epithelial barrier permeability in CD (158). 

Neutrophil accumulation within the gut epithelium may also increase epithelial barrier 

permeability, further accelerating the inflammation (159).  

Penetration of bacteria into tissue triggers an immediate vigorous immune response, 

primarily mediated by PRRs-induced activation of innate immune system. NOD2 is 

PRR that binds muramyl dipeptide found in all bacteria species. NOD2 variants leading 

to impaired bacteria recognition are the strongest genetic predisposition for CD 

development (121). NOD2 has important roles also on non-immune cells. Epithelial 

cells developed a mechanism preventing the dissemination of pathogens in healthy 

epithelium by destroying the dangerous content of cytoplasm in a lysosomal 

compartment in the process known as autophagy (160). Autophagy is significantly less 

efficient when people bear some allelic variants of NOD2 and ATG16L1 genes (121, 

123, 124). Defective autophagy can also lead to increased endoplasmic reticulum 
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stress caused by the accumulation of unfolded proteins (161). The same allelic 

variants of NOD2 and ATG16L1 also alter the ability of Paneth’s cells to produce 

antimicrobial proteins (162) and, in the case of NOD2, associate with low transcription 

of anti-inflammatory cytokine IL-10 (163).  

Another change of epithelial cells in CD is decreased production of lymphopoietin, 

which conditions dendritic cells (DCs) to non-inflammatory phenotype (164). In line 

with increased bacterial infiltration, DCs in CD express markedly increased TLR levels, 

produce more IL-6 and IL-12, and express surface CCR7 which drives them to 

secondary lymphoid organs (165, 166). DCs from Peyer’s patches imprints the gut 

tropism on T cells they activate (167). Leukocyte’s ability to attach to intestinal 

epithelium depends on the expression of integrin α4β7, which bind MAdCAM1 

molecules expressed on intestinal epithelial cells (168, 169).  

 
Figure I-3. Main molecular mechanisms in the pathogenesis of CD. A) CD is more 
likely to develop in people with genetic predispositions (such as NOD2 mutations) and 
(B) it is associated with microbial dysbiosis, decreased microbiome diversity and 
increased levels of AIEC. C) Environmental factors such as smoking and diet 
contribute to epithelial barrier disruption. D) There are two main theories about how 
defective NOD2 protein contributes to CD development. The first is based on the 
inability of defective NOD2 to efficiently trigger innate immune responses normally 
initiated by the binding of MDP to NOD2. This results in less efficient anti-bacterial 
responses and the persistence of intracellular bacteria. The second theory (E) is based 
on the inability of defective NOD2 to suppress cytokine effect (such as that of IL-23), 
which results in enhanced Th17 responses and inhibition of Tregs (F). G) Some 
microbes, such as SFB, preferentially induce Th17 responses, while others, like those 
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from genus Clostridium (reduced in CD) potently induce Treg cell responses. H) 
Mutated ATG16L1 leads to defective autophagy. I) Autophagy and UPR regulate ER 
stress as compensatory mechanisms. When autophagy is disrupted high ER stress 
can negatively affect functions of Paneth cells. Adapted from Boyapati et al. (170).  
AIEC – adherent invasive E. coli, AMP – antimicrobial peptides, CD – Crohn’s disease, 
ER – endoplasmic reticulum, MDP – muramyl dipeptide, N – nucleus, SFB – 
segmental filamentous bacteria, UPR – unfolded protein response, PC – Paneth cell, 
UC – Ulcerative colitis. 

CD is associated with aberrantly increased responses of CD4+ T cells, specifically of 

Th1 and Th17 cells (171, 172). Development, activation, and expansion of Th1 and 

Th17 cells in CD are triggered by IL-12- and IL-23-producing APCs and macrophages 

(116, 173, 174). Macrophages generally display an anergic signature in the gut 

mucosa, but in the CD, they display pro-inflammatory phenotype secreting IL-6, IL-23, 

and TNF-α (164). Th17 cells produce multiple cytokines, including IL-17 and IL-22 

(175). Notably, IL-21 can further promote Th1 signaling and the production of IFN-g 

(176). The pro-inflammatory cytokines IL-17, TNF-α, and IFN-g increase inflammation 

by stimulating the production of IL-1, IL-6, IL-8, IL-12, and IL-18 by macrophages, 

monocytes, and epithelial cells (174). Finally, CD4+ T cells with Treg phenotype and 

functional capacities are also expanded in the CD lesions (177). Although Tregs do 

not fully inhibit inflammation, they might prevent disease development and 

acceleration. Mutations in the gene for major Treg cytokine – IL-10 –  and its receptor 

are associated with the early onset of IBD (178).  

The proportion of CD8+ T cells among intestinal intraepithelial lymphocytes is 

decreased, but among lamina propria lymphocytes is increased in CD (179). Analysis 

of heterogeneity of CD8 T cells in CD revealed that in CD patients, the transcriptional 

profile of CD8+ T cells expressing gut residence marker CD103 is shifted towards a 

Th17-like (180). Concomitantly, the KLRG1+ CD8 T cells proportion is higher in the 

intestine of CD patients than in healthy controls (180). And these cells show higher 

cytotoxic and proliferative potential compared to KLRG1- CD8 T cells (180). An 

increase of CD8+ T cells expressing the cytotoxic molecules granzyme B and perforin 

was also documented in the blood of patients with active CD compared to those in 

remission and healthy controls, and they are associated with postoperative 

endoscopic recurrence (181). Finally, the importance of CD8+ T cells in CD is well 

demonstrated by the ability of their gene expression profile to predict the prognosis of 

CD patients (182).  
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The involvement of TCR gd cells in CD was studied regarding circulating as well as 

intestinal mucosa resident TCR gd cells. Studies performed with a small number of 

patients (<10) documented an increase in TCR gd cells in the blood of CD patients 

mainly driven by an increased presence of TCR Vd1+ cells (183, 184). A more recent 

study based on larger patient numbers (40 inflamed and 40 healthy) documented the 

exact opposite – a profound decrease in TCR gd cells in the blood of CD patients (185). 

At the same time, according to Mann et al., TCR gd cells isolated from the blood of CD 

patients express increased levels of the colon-homing chemokine receptor CCR9 

(186). 

Similarly contradictory are also the results from the studies of TCR gd cells found in 

the intestinal mucosa. The first study mentioning TCR gd cells in CD documented no 

differences in their proportion as compared to the control sample (187). On the 

contrary, later studies reported a decrease of TCR gd (179) or specifically of TCR Vd1 

cells (184) in the inflamed intestinal mucosa of CD patients. Paradoxically, TCR Vd1+ 

cells expressing IFN-γ are more frequent in inflamed areas of CD patients’ intestines 

than in non-inflamed areas (188). Recently it was demonstrated that the proportion of 

CD39+TCR Vd2-TCR gd cells decreases in inflamed regions of CD patient's intestine 

(189). These pieces of knowledge suggest that TCR gd cells might play a role in CD 

pathogenesis, but more information is needed for its understanding. 

Crohn’s disease treatment 

     Currently, in patients with CD, corticosteroids, immunomodulators such as 

methotrexate or thiopurine, and biologics represent the main pillars of the drug 

treatment (190, 191). Numerous serious side effects of thiopurines and corticosteroids 

and limited success in achieving clinical remission stressed the importance of the 

development of novel, safer, and more efficient therapies.  

The Association of increased TNF-α in mucosa and lamina propria with CD led to the 

development of the first targeted therapy and its successful test on 10 CD 

patients(192). This small study promoted the use of monoclonal antibodies against 

cytokines and their receptors involved in CD pathogenesis. Infliximab was the first 

broadly used anti-TNF-α antibody. In comparison with previous therapies, Infliximab 

was significantly safer and, if combined with the thiopurine drug azathioprine, induced 

higher remission rates in patients with CD (191, 193, 194). The drawback of this drug 
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is its immunogenicity in a small fraction of IBD patients. Meanwhile, other TNF-α 

blockers are approved for the treatment of patients with IBD (191, 195).  

Understanding that the interaction of specific types of adhesion molecules on T cells 

with their ligands on the intestinal epithelium is needed for T cell migration to organs 

in the body suggested that blockage of such interaction might represent a successful 

strategy for the elimination of local inflammatory processes. Indeed, targeting gut 

homing α4β7 integrin showed some benefit even for patients with previous anti-TNF-

α failure (196). Finally, the CD is a Th1 and Th17 mediated disease, and the 

development of T helper cells to Th1 and Th17 phenotype requires IL-12 and IL-23, 

produced mainly by myeloid cells. Inhibition of IL-12/IL-23 using the monoclonal 

antibody Ustekinumab resulted in safe and successful biological therapy for CD 

patients whose previous therapies failed (191, 197). 

Eosinophilic esophagitis 

     Eosinophilic Esophagitis (EOE) is a chronic inflammatory Th2-mediated condition 

of the esophagus defined clinically by esophagus-related symptoms in combination 

with a dense esophageal eosinophilia (198). The first descriptions of the disease are 

dated to the late 1970 decade, reporting patients with achalasia connected with 

smooth muscle hypertrophy and eosinophilic infiltration of the esophagus (199). 

Patients often have allergic predispositions, and the immune reaction is in a significant 

fraction of them related to food allergens and only in a minor fraction to environmental 

antigens (200, 201). EoE has a worldwide increasing incidence (4.4-4.7/100000) and 

prevalence (43/ 100000) (202).  

The inflammation in EoE is associated with impaired epithelial barrier integrity and the 

accumulation of many immune cell types (Fig. I-4) (203-205). The importance of 

esophageal barrier integrity for protection against EoE development is underscored 

by SNPs in genes involved in epithelial barrier function (filaggrin, calpain 14, 

desmoglein or periostin) associated with increased risk of developing EoE (206, 207). 

Recently, it was also shown that loss of esophageal epithelial barrier integrity through 

diminishing of filaggrin could be promoted by alterations in IL-20 subfamily cytokines 

production (208). In addition, the loss of esophageal epithelial barrier integrity can be 

further accelerated by a decrease of bacteria from phylum Firmicutes in EoE (209). 

These bacteria are an important source of butyrate, which can protect and restore the 
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esophageal epithelial barrier function (139, 210). Epithelial damage induces the 

expression of the TSLP gene encoding thymic stromal lymphopoietin, which is 

associated with atopy and Th2 cell activation and basophil mobilization (204, 211). 

Genetic variants of TSLP are also associated with an increased risk of developing EoE 

(211). Basophils presence is increased in EoE biopsies and contributes to eosinophil 

recruitment in mice model (212, 213). Barrier defect thus seems to significantly 

contribute to inflammation in EoE; however, whether it precedes the inflammation or 

is a consequence remains unknown.  

Increased expression of IL-4, IL-5, or IL-13 in EoE biopsies suggests the involvement 

of Th2 cells in the disease (203). Th2 cells promote class switching from IgM to IgE, 

IgG2, or IgG4, and Th2 cytokines IL-4 and IL-13 have a significant role in these 

process (1, 214). Strikingly, despite IgE being the predominant antibody class in 

allergic responses, a substantial fraction of patients with EoE do not have increased 

levels of IgE (203). Possibly low importance of IgE in EoE pathogenesis was 

suggested by induction of experimental EoE in mice in the absence of IgE (212) or by 

failures of anti-IgE therapy in EoE treatment (215). A 45-fold increase of IgG4 in the 

homogenates of esophageal tissue in patients with active EoE compared to healthy 

tissue suggests that IgG4 might be an immunoglobulin class with high importance in 

EoE (215). This suggestion was recently supported by an observation that IgG4 levels 

are significantly higher in active EoE compared to Gastroesophageal reflux disease 

(GERD) (216). 

Th2 cytokines are also crucial for the migration of eosinophils to the esophagus and 

their activation. IL-5 is essential for the maturation and differentiation of eosinophils in 

humans (217). IL-4 and IL-13 expression trigger STAT-6-dependent production of 

eotaxin by epithelial cells (204, 218). Eosinophils are usually absent in the healthy 

esophagus, and eotaxin is a ligand for CCR3 expressed in eosinophils. Therefore, Th2 

cytokines-induced eotaxin production attracts eosinophils to the tissue. Migration of 

eosinophils to the esophagus is essential for EOE development. The distribution of 

eosinophils in the esophageal tissue of EoE patients is often patchy, but the granule 

proteins can be found distributed over the tissue even where no eosinophils occur 

(219-221). Eosinophils can also secrete a wide range of cytokines, chemokines, and 

growth factors influencing the inflammatory environment in the esophagus (204, 222). 

IL-9 produced by eosinophils increases mast cell influx in the murine model (223). 

Mast cells are abundant in EoE biopsies, and their activity results in smooth muscle 
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hypertrophy (224, 225). Importantly, eosinophils can serve as APCs for MHC-II 

restricted T cells, but whether they also can present antigens to other T cell types was 

not investigated until now (226). 

Genetic predisposition and environmental factors may contribute to a dysfunctional 

epithelial-immune barrier, leading to increased exposure to environmental or food 

antigens and the development of an abnormal Th2 accumulation-associated 

inflammatory response in the esophagus. However, the interplay of different immune 

cell types in the esophagus of patients with EoE and many pathophysiological aspects 

of this chronic disorder remain largely unknown.   
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Figure I-4. Main molecular mechanisms in the pathogenesis of EoE. Schematic 
representation of: A) esophageal epithelium of person who does not suffer from EoE 
created by solid layer of stratified squamous epithelium. B) esophageal mucosa of 
person suffering from EoE. Epithelial barrier integrity is disrupted which triggers 
production of soluble factors such as IL-33 and TSLPs by injured epithelial cells. 
Disrupted epithelial layer increases the tissue exposure to food antigens. These 
changes promote Th2 mediated inflammation, eosinophil infiltration, esophageal 
inflammation, fibrosis and tissue remodeling. Adapted from (205). 
CAPN14 – calpain 14, IL – interleukin, DSG1 – desmoglein 1, FLG – fillagrin, Treg - T 
regulatory cell, Th2 - T helper 2 cell, TSLP - thymic stromal lymphopoietin 
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Eosinophilic esophagitis treatment 

     EoE is driven by the activation of the immune system in the esophagus. The first 

treatment approaches, therefore, included suppression of the immune system using 

systemic and topical corticosteroids (202, 227). Initial usage of topical corticosteroid 

formulations designed for asthma was suboptimal for EoE treatment, but the 

introduction of orodispersible tablets with effervescent properties, as the first 

esophagus-targeted formulation, significantly improved their effects on EoE 

patients(228). Corticosteroids were able to cause remission in patients with EoE, 

which was, however, promptly relapsing after cessation of treatment (202). In addition, 

in some patients, EoE is refractory to steroid treatment. A fraction of EoE patients also 

suffer from gastric acid reflux to the esophagus (229). This condition can be treated 

by proton pump inhibitors (PPI). EoE patients can also benefit from PPI treatment, and 

interestingly, this is not restricted to those with concomitant gastroesophageal reflux 

disease (230). The therapeutic effect of Azathioprine and 6-mercaptopurine was 

observed only in a few cases of patients with EoE (231). Although these treatments 

reveal some efficacy, they are not routinely used in the clinical practice of the EoE 

(231).  

Th2 profile of T cells activated in EoE and known food allergy background in a fraction 

of patients suggested that diet therapy might also be a successful approach for EoE 

treatment. Diet-based therapies' success underlies the importance of dietary antigens 

in EoE pathogenesis. Indeed, the meta-analysis revealed that exclusive feeding with 

amino acid-based elemental formulas proved high (90.8%) histological elimination of 

the disease (<15 eosinophils per high power field) (232). More common is to use a 6-

food/4-food elimination diet approach (no wheat, milk, egg, nuts, soy, and 

fish/shellfish). Direct food elimination diet based on allergy tests resulted in histological 

remission in 70,2% vs. 45.5% of cases (232). The problem is that correctly identifying 

the allergen based on the allergy test result is not always warranted.  

An increased understanding of disease pathogenesis might instruct attempts to 

develop targeted therapies. However, the development of successful targeted 

treatment for EoE remained an unmet goal for many years. It is mainly focused on 

targeting mast cells, eosinophils, and Th2 inflammatory pathways. Monoclonal 

antibodies directed against IL-5 (mepolizumab and reslizumab) and Siglec-8 

(lirentelimab) demonstrated reduction of esophageal eosinophils or improvement of 
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endoscopic features, but no significant improvement in clinical symptoms was 

achieved (202, 233). Monoclonal antibodies against IL-13 (cendakimab) and IL-4 

receptor alpha (dupilumab) lead to both histological improvement and improvement of 

symptoms (233). Importantly, in May 2022, dupilumab was approved in the US as the 

first biological therapy of EoE. A more accurate understanding of the disease 

pathogenesis might contribute to the development of novel and more successful 

therapies. 
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Materials and Methods 

Human blood samples 

     Blood samples were obtained from IBD patients, EOE patients, patients with 

GERD, and healthy donors. Individual studies were approved by the local ethical 

review board (EKNZ PB_2016-02242; EKBB 2019–00273).  

Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient 

centrifugation using Lymphoprep (Stemcell). Isolated PBMCs were washed 2x in 

phosphate buffer saline (PBS) (Bio concept) and immediately used for experiments or 

viably cryopreserved in a solution containing 90% of heat-inactivated fetal calf serum 

(FCS) and 10% of dimethyl sulfoxide (DMSO). PBMCs were stored at -70°C for up to 

3 days and then transferred to liquid nitrogen for long-term storage. 

Granulocytes were isolated by density gradient centrifugation using lymphoprep 

(Stemcell). After aspirating the ring of PBMCs, all serum and lymphoprep were 

aspirated and trashed. Granulocytes and red blood cells were left in the tube and were 

resuspended in volume ratio 1:9 in ammonium chloride (Stemcell) and incubated on 

ice for 15min and washed twice in PBS containing 0.5% bovine serum albumin (BSA) 

and 1mM ethylenediaminetetraacetic acid (EDTA). Eosinophils were isolated from 

granulocytes by negative selection using an EasySep human eosinophil isolation kit 

(Stemcell). Monocytes were isolated from PBMCs by positive selection of CD14 

expressing cells using EasySep human CD14+ selection kit (Stemcell). B cells were 

isolated by negative selection using an EasySep human B cell enrichment kit 

(Stemcell). MAIT cell enriched subset of T cells was separated by negative enrichment 

of T cells using EasySep human T cell enrichment kit (Stemcell) followed by high-

speed sorting of CD161 high (clone HP-3G10, APC, Biolegend) T cells on BD FACS 

Aria. 

 

Human tissue samples 

     Patient samples were collected during regular gastroscopies at the Division of 

Gastroenterology and Hepatology at the University Hospital Basel (Basel, 

Switzerland).  
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Patient samples – Crohn’s disease 

     Intestinal biopsies were collected from Crohn’s disease patients and non-IBD 

donors suffering from diarrhea and predominant irritable bowel syndrome. Eight 

biopsies were obtained from each patient from inflamed or not inflamed segments, 

kept in physiological solution for transfer to the laboratory, and immediately processed. 

The project was approved by the ethical committee of the northwestern part of 

Switzerland (EKNZ PB_2016-02242). All patients involved provided written informed 

consent. 

 

Patient samples – Eosinophilic esophagitis 

     Esophageal biopsies were collected from EoE patients, patients with GERD, and 

healthy donors. Five biopsies were obtained from each patient, kept in a physiological 

solution for transfer to the laboratory and immediately processed. The project was 

approved by the ethical committee of the northwestern part of Switzerland (EKBB 

2019–00273). All patients involved provided written informed consent. 

 

Intestinal and esophageal tissue processing 

     Tissue biopsies were cut into pieces of ± 0.5 mm in diameter using a sterile scalpel 

and incubated in 4 ml Gibco Roswell Park Memorial Institute 1640 media (Bioconcept) 

supplemented with 25mM HEPES (Cambrex), 200U collagenase IV (Sigma Aldrich), 

0.5 mg/ml of DNAase I (Roche), 2,5 µg/ml of Amphotericin B (Life Technologies), 5 

µg/ml of Vancomycin (Teva Pharma Ag), 30 µg/ml of Piperacillin/Tazobactam (mass 

ratio 8:1; Sandoz) and 10 µg/ml of Ciprofloxacin (Bayer) at 37°C for 2 hours. 

Digested tissue was disrupted by pipetting, filtered through a 40 µm nylon strainer, 

washed 2x in PBS (Bioconcept), and viably cryopreserved in a solution containing 

90% of heat-inactivated fetal calf serum (FCS) and 10% of dimethyl sulfoxide (DMSO). 

Samples were stored at -70°C for up to 3 days and then transferred to liquid nitrogen 

for long-term storage. 
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Flow cytometry analysis of surface markers on cells isolated from biopsies and 

blood 

     Cryopreserved cells were thawed in complete medium (RPMI media supplemented 

with 10 µg/ml of DNAase I, 10% heat-inactivated FCS, 100U/ml Kanamycin, 2mM 

stable glutamine, 1% of minimal essential medium [MEM] nonessential amino acids 

and 1mM sodium pyruvate [all from Bioconcept]) and immediately stained.  

 

Screening of surface markers on IBD samples 

     Cells were stained with Zombie Aqua (Biolegend) diluted in PBS for 20 min at 21°C. 

All further steps of this protocol took 20 min each. They were performed at 4°C and 

with minimal exposure of cells to light. Cells were incubated and resuspended in a 

blocking buffer (50% PBS, 50% human AB serum). After washing in staining buffer 

(PBS containing 0.02% NaN3 and 0.5% bovine serum albumin), each biopsy was 

barcoded by staining with a combination of 1-3 anti-CD45 monoclonal antibodies 

(clone H30, Biolegend) conjugated with 5 different fluorochromes (Tab. M-1). Cells 

from all biopsies were pooled and stained with a combination of antibodies against 

surface lineage, activity and developmental markers (Tab. M-1). Cells were washed 

2x and diluted in 5940 µl of staining buffer. 15 µl of cell suspension was added to each 

well of four 96-well U-bottom plates. Cells in each well were stained with different PE-

conjugated antibody against one of the 360 surface markers contained in 

LEGENDScreen™ Human PE Kit (Biolegend) according to manufacturer 

recommendations. In addition, 1x105 THP1 cells stained with Cell Trace Far Red 

(1:100; Biolegend) were added to each well after staining to decrease the loss of 

sample cells during washing. Cells were washed with staining buffer, fixed with fixation 

buffer (Biolegend), and analyzed using BD LSR Fortessa flow-cytometer with FACS 

Diva software (BD Biosciences). 
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Analysis of surface markers on immune cells from IBD and EOE biopsies and blood  

     Cells were stained with Zombie NIR (Biolegend) for 30 min at 21°C to exclude dead 

cells. Fc receptor blocking was done using Fc Receptor Binding Inhibitor Antibody 

(eBiosciences) at 4°C for 20 min. Staining of surface markers was performed by the 

mixture of monoclonal antibodies diluted in staining buffer at 4°C for 20 min (Tab. M-
2-4). Cells were washed with staining buffer and immediately analyzed using Cytek 

Aurora flow-cytometer with SpectroFlo® Software (Cytek Biosciences). 

Autofluorescence of cells was treated as a separate fluorescence parameter to 

minimize its effect on the signal from fluorochromes. Quality control beads were run 

before each sample analysis to ensure the uniform performance of the machine.  

 

Table M-1. Monoclonal antibodies used for the initial screening of surface markers on 

IBD samples. 

specificity clone  fluorochrome ref. no manufacturer 
CD3 UCHT1 BV510 300448 Biolegend 
CD137 4B4-1 PE-CY7 309818 Biolegend 
CD14 M5-E2 PE-CY5 301864 Biolegend 
CD161 HP-3G10 BV605 339916 Biolegend 
CD19 H1B19 APC-CY7 302218 Biolegend 
CD25 BC96 BV650 302634 Biolegend 
CD28 CD28.2 AF700 302920 Biolegend 
CD4 RPA-T4 PE-Dazzle 594 300548 Biolegend 
CD45 HI30 APC 982304 Biolegend 
CD45 HI30 APC-CY7 304037 Biolegend 
CD45 HI30 BV711 304050 Biolegend 
CD45 HI30 BB515 564586 BD Biosciences 
CD45 HI30 BB700 746090 BD Biosciences 
CD8 RPA-T8 PE-CY5.5 35-0088-42 Termo Fisher 
CXCR3 1C6/CXCR3 BUV395 565223 BD Biosciences 
KLRG1 14C2A07 BV421 368604 Biolegend 
live/dead   Zombie Aqua 423102 Biolegend 
γδ TCR 11F2 BV785 744743 BD Biosciences 
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Table M-2. Monoclonal antibodies used for the analysis of T cell populations defined 

by markers identified in screening of IBD samples. 

specificity clone  fluorochrome ref. no manufacturer 
CCR7 GO43H7 AF647 353218 Biolegend 
CD127 eBioRDR5 PE-CY5.5 35-1278-42 Termo Fisher 
CD14 63D3 PE-Fire640 367154 Biolegend 
CD155 SKII.4 PE- Dazzle 594 337616 Biolegend 
CD161 DX1 BUV661 750382 BD Biosciences 
CD162 KPL-1 PE-CY7 328816 Biolegend 
CD19 HIB19 PE-CY5 302218 Biolegend 
CD226 11A8 BV510 338330 Biolegend 
CD25 CD25-3G10 PE-AF700 MHCD2524 Termo Fisher 
CD27 M-T271 PE 356406 Biolegend 
CD3 UCHT1 AF700 300424 Biolegend 
CD357 108-17 BV421 371208 Biolegend 
CD38 HIT2 APC-Fire 810 303550 Biolegend 
CD39 A1 BV711 328228 Biolegend 
CD4 SK3 Spark Blue 344656 Biolegend 
CD45RA HI-100 Spark NIR 685 304168 Biolegend 
CD45RO UCHL1 BV750 304262 Biolegend 
CD49d 9F10 BV785 304344 Biolegend 
CD49e 11A1 BUV737 741849 BD Biosciences 
CD56 NCAM16.2 BUV563 612928 BD Biosciences 
CD57 HNK-1 PerCP-Cy5.5 359622 Biolegend 
CD71 CY164 BV650 334116 Biolegend 
CD73 AD2 BUV805 748584 BD Biosciences 
CD8 RPA-T8 BUV495 612943 BD Biosciences 
KLRG1 13F12F2 PerCP-eFluor 710 46-9488-42 Termo Fisher 
live/dead   Zombie NIR 423106 Biolegend 
PD1 MIH4 BUV395 745619 BD Biosciences 
TIGIT A15153G BV605 372712 Biolegend 
Vα7.2 TCR OF-5A12 BV480 749493 BD Biosciences 
Vδ1TCR TS-1 FITC TCR2055 Termo Fisher 
Vδ2 TCR B6 Pacific Blue 331414 Biolegend 
γδ TCR 11F2 BUV395 745681 BD Biosciences 
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Table M-3. Monoclonal antibodies used for the analysis of PBMCs of IBD patients and 

control subjects. 

specificity clone  fluorochrome ref. no manufacturer 
CCR7 G043H7 Spark NIR 685 353258 Biolegend 
CCR9 L053E8 APC 358908 Biolegend 
CD103 Ber-ACT8 APC-Cy7 350228 Biolegend 
CD127 eBioRDR5 PE-CY5.5 35-1278-42 Termo Fisher 
CD14 63D3 PE-Fire640 367154 Biolegend 
CD155 SKII.4 PE- Dazzle 594 337616 Biolegend 
CD161 DX12 BUV661 750382 BD Biosciences 
CD162 KPL-1 PE-CY7 328816 Biolegend 
CD19 HIB19 Pe-Fire 640 302274 Biolegend 
CD226 11A8 BV510 338330 Biolegend 
CD25 CD25-3G10 PE-AF700 MHCD2524 Termo Fisher 
CD3 UCHT1 AF700 300424 Biolegend 
CD357 108-17 BV421 371208 Biolegend 
CD38 HIT2 APC-Fire810 303550 Biolegend 
CD39 A1 BV711 328228 Biolegend 
CD4 SK3 Spark blue 344656 Biolegend 
CD45RA HI-100 Spark NIR 685 304168 Biolegend 
CD45RO UCHL1 BV750 304262 Biolegend 
CD49d 9F10 BV785 304344 Biolegend 
CD49e 11A1 BUV737 741849 BD Biosciences 
CD56 NCAM16.2 BUV563 612928 BD Biosciences 
CD57 HNK-1 PerCP-Cy5.5 359622 Biolegend 
CD71 CY164 BV650 334116 Biolegend 
CD73 AD2 BUV805 748584 BD Biosciences 
CD8 RPA-T8 BUV495 612943 BD Biosciences 
Integrin β7 FIB504 

FIB27 
PE 321204 Biolegend 

KLRG1 13F12F2 PerCP-eFluor710 46-9488-42 Termo Fisher 
live/dead   Zombie NIR 423106 Biolegend 
TIGIT A15153G BV605 372712 Biolegend 
Vα7.2 TCR OF-5A12 BV480 749493 BD Biosciences 
Vδ1TCR TS-1 FITC TCR2055 Termo Fisher 
Vδ2 TCR B6 Pacific Blue 331414 Biolegend 
γδ TCR 11F2 BUV395 745681 BD Biosciences 
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Table M-4. Monoclonal antibodies used for analysis of esophageal samples from 

patients with EoE, GERD and control subjects. 

specificity clone  fluorochrome ref. no manufacturer 
CCR3 5E8 PE 310706 Biolegend 
CD27 O323 BV510 302836 Biolegend 
CCR7 HI-100 Spark NIR 685 353258 Biolegend 
CD117 YB5.B8 BUV615 751618 BD Biosciences 
CD11c B-ly6 BUV805 741827 BD Biosciences 
CD123 6H6 PE-CY7 306010 Biolegend 
CD127 eBioRDR5 PE-Cy5.5 35-1278-42 Termo Fisher 
CD14 TuK4 Pacific orange MHCD1430 Termo Fisher 
CD16 3G8 NF Blue 610-70S H006T03B06 Termo Fisher 
CD161 DX12 BUV737 748948 BD Biosciences 
CD181 8F1/CXCR1 PerCP/Cy5.5 320622 Biolegend 
CD19 HIB19 PE-Fire640 302274 Biolegend 
CD203c NP4D6 PE/Dazzle 324624 Biolegend 
CD25 CD25-3G10 PE-AF700 MHCD2524 Termo Fisher 
CD3 UCHT1 BV711 300464 Biolegend 
CD38 HIT2 APC/Fire810 303510 Biolegend 
TIGIT A15153G BV605 372712 Biolegend 
CD4 SK3 Spark blue 344656 Biolegend 
CD45 2D1 NF Blue 660-120S H005T03B08 Termo Fisher 
CD45RA HI100 BUV661 741616 BD Biosciences 
CD49d 9F10 BV785 304344 Biolegend 
CD56 NCAM16.2 BUV563 612928 BD Biosciences 
CD69 6B11 APC-CY7 310914 Biolegend 
CD7 CD7-6B7 AF700 343126 Biolegend 
CD8 RPA-T8 BUV495 612943 BD Biosciences 
FcεR1 13F12F2 percp-efluor710 46-5898-82 Termo Fisher 
HLADR L203.rMAb BV650 752489 BD Biosciences 
IgA IS11-8E10 APC 130-093-073 Miltenyi Biotec 
IgD 11-26c.2a Pacific blue 405712 Biolegend 
KLRG1 2F1/KLRG1 PE-Fire810 138437 Biolegend 
live/dead   Zombie NIR 423106 Biolegend 
panγδ TCR 11F2 BUV395 745681 BD Biosciences 
Siglec-8 837535 BV421 747875 BD Biosciences 
Siglec-3  WM53 BV570 303417 Biolegend 
TIM-3 F38-2E2 BV750 345056 Biolegend 
Vα7.2 TCR OF-5A12 BV480 749493 BD Biosciences 
Vδ1 TCR TS-1 FITC TCR2055 Termo Fisher 
Vδ2 TCR B6 APC 331418 Biolegend 
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Cell culture 

     All cells were cultured at 37°C, 5% CO2 and 95% humidity in Heracell 150i 

incubators (Termo Fisher). Stable tumor cell lines and freshly isolated eosinophils, B 

cells, and monocytes were cultured in complete RPMI media – RPMI media 

supplemented with 10% heat-inactivated FCS, 100U/ml Kanamycin, 2mM stable L-

glutamine, 1% of minimal essential medium (MEM) nonessential amino acids and 

1mM sodium pyruvate (all from Bioconcept). PCR analysis confirms the negativity of 

all used cell lines for mycoplasma. Transductants were generated by lentiviral 

transductions, and EGFP, and mCherry reporters or puromycin resistance were used 

to select successfully transduced cells. Expression of the transgene was, in each case, 

verified by flow cytometry.  

T cells were expanded in RPMI media supplemented with 5% AB-positive human 

serum (Blutspendezentrum SRK beider Basel, Basel, Switzerland), 2mM stable L-

glutamine, 1% of minimal essential medium (MEM) nonessential amino acids, 1mM 

sodium pyruvate (all from Bioconcept) and 100 U/ml recombinant human IL-2 

(Peprotech). Functional assays with T cells were performed in the media used for 

stable tumor cell lines (no IL-2, no human serum), and in case surface marker 

expression was the readout of the assay, T cells were cultured in this media 24h prior 

to assay. Details of functional assays are later described separately for each 

experiment. 

 

Analysis of T cells cytokine production by flow cytometry 

 

     Intracellular detection of cytokine production requires a relatively short (4-12h) 

incubation time, and blocking of cytokine excretion is also necessary. Protocols were 

optimized in regards to the type of stimulus and analyzed cytokines. 

 

Stimulation of CD biopsies derived T cells for detection of cytokine production by 

intracellular staining 

 

     Cells isolated from intestinal tissue samples were thawed and cultivated in RPMI 

media supplemented with 10 µg/ml of DNAase I, 10% heat-inactivated FCS, 100U/ml 
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Kanamycin, 2mM stable glutamine, 1% of minimal essential medium (MEM) 

nonessential amino acids and 1mM sodium pyruvate (all from Bioconcept), 2,5 µg/ml 

of Amphotericin B (Life technologies), 5 µg/ml of Vancomycine (Teva Pharma Ag), 30 

µg/ml of Piperacillin/Tazobactam (mass ratio 8:1; Sandoz) and 10 µg/ml of 

Ciprofloxacin (Bayer) at 37°C and 5% CO2 for 12 hours. Cells were washed and 

resuspended in a complete medium containing PMA (50 ng/ml), calcium ionophore 

ionomycin (1 µg/ml), Brefeldin A (5 µg/ml), and Monensin (1mM) (all from Sigma-

Aldrich) for 5 hours.  

 

Stimulation of MAIT cells by 5-OP-RU pulsed eosinophils, monocytes, or B cells for 

detection of cytokine production by intracellular staining 

     Eosinophils, B cells, and monocytes (106/well of flat-bottom 96 well plates) isolated 

from blood were pulsed for 3h with serial dilution of 5-OP-RU. T cells (MAIT cell clone 

or MAIT enriched population [CD161high negatively enriched T cells] from blood) were 

added in APCs:T cells ratio 5:1 for 9h. After 1h of incubation, Brefeldin A (5 µg/ml; 

Sigma Aldrich) was added.  

 

Intracellular staining of cytokines 

     Live/dead staining and surface receptor staining (Tab. M5) was performed as 

described above. Cells were subsequently washed with staining buffer, fixed with 

fixation buffer (Biolegend), and permeabilized using permeabilization buffer 

(Biolegend). Cytokine staining was performed on permeabilized cells (Tab. M5). 

Staining of surface markers downregulated on the surface after PMA/ionomycin 

stimulation (CD3, CD4, CD38, CD39, TCR Vd1) was performed again also on 

permeabilized cells (Tab. M5). Cells were washed with staining buffer and immediately 

analyzed using Cytek Aurora flow-cytometer with SpectroFlo® Software (Cytek 

Biosciences).  
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Table M-5. Monoclonal antibodies used for experiments analyzing cytokine production 

specificity clone  fluorochrome ref. no manufacturer 

Stimulation of T cells isolated from IBD biopsies 
CD14 63D3 PE-Fire640 367154 Biolegend 
CD161 DX1 BUV661 750382 BD Biosciences 
CD19 HIB19 PE-Fire 640 302274 Biolegend 
CD3 UCHT1 AF700 300424 Biolegend 
CD39 A1 BV605 328236 Biolegend 
CD4 SK3 Spark Blue 344656 Biolegend 
CD45RA HI100 APC-CY7 304128 Biolegend 
CD73 AD2 BUV805 748584 BD Biosciences 
CD8 RPA-T8 BUV495 612943 BD Biosciences 
IFN-γ 4S.B3 BUV737 612845 BD Biosciences 
IL-10 JES3-9D7 PE 501404 Biolegend 
IL-13 JES10-5A2 APC 501907 Biolegend 
IL-17a BL168 Pe- Dazzle 594 512336 Biolegend 
IL-2 MQ1-17H12 BV650 564166 BD Biosciences 
IL-21 3A3-N2 PerCP-Cy5.5 513012 Biolegend 
IL-4 MP4-25D2  BV510 500836 Biolegend 
IL-5 TRFK5 BV421 504311 Biolegend 
IL-6 MQ2-13A5 PE-CY7 501120 Biolegend 
IL-9 MH9D1 eFluor450 48-7098-42 Termo Fisher 
live/dead   Zombie NIR 423106 Biolegend 
TNF-α Mab11 BV785 502948 Biolegend 
Vδ1TCR TS-1 FITC TCR2055 Termo Fisher 
Vδ2 TCR B6 BV711 331412 Biolegend 
γδ TCR 11F2 BUV395 745681 BD Biosciences 

Stimulation of MAIT cells by 5-OP-RU treated eosinophils 
GM-CSF BVD2-21C11 Pacific blue 502314 Biolegend 
CD161 HP-3G10 APC 339912 Biolegend 
CD3 UCHT1 AF700 300424 Biolegend 
CD66b 6/40c PE 392904 Biolegend 
IFN-γ 4S.B3 BV605 502536 Biolegend 
live/dead   Propidium Iodide P1304MP Termo Fisher 
TNF-α Mab11 PE-CY7 502930 Biolegend 
Vα7.2 TCR OF-5A12 BV480 749493 BD Biosciences 
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Activation of T cells for detection of surface markers expression changes and 
cytokine excretion  
 
     APCs were pulsed with tested compound for 3h, washed and co-cultured with T 

cells for 18h in ratio APCs:T cells 2:1. Cells were pelleted by centrifugation after 

incubation and stained for lineage and activation markers (Tab. M-6). The supernatant 

was used for the detection of cytokines by ELISA. 

 

Table M-6. Monoclonal antibodies used for the analysis of changes in surface 
markers' expression after activation. 

marker clone fluorochrome Ref. No Manufacturer 
CD66b 6/40c PE 392904 Biolegend 
CD137 4B4-1 PE-CY7 309818 Biolegend 
CD161 HP-3G10 APC 339912 Biolegend 
CD3 UCHT1 BV421 300434 Biolegend 
CD69 6B11 APC-CY7 310914 Biolegend 
CD94 DX22 FITC 305504 Biolegend 
live/dead   Propidium Iodide P1304MP Termo Fisher 

 

Detection of cytokines by ELISA 

     Cytokine detection by ELISA was performed using direct sandwich ELISA on 

Maxisorp 96 or 384 well plates (all volumes used for 384 well plates are half of those 

for 96 well plates). In 96 well plates, 50 µl 2.5 µg/ml of PBS diluted anti-cytokine 

antibody (all from Biolegend) was added per well and incubated overnight at 4°C. The 

plate was washed, and 100 µl of 1% TOP BLOCK solution (diluted in PBS; Lubio 

Science) was added per well for 1h at room temperature. Plates were washed, and 50 

µl of supernatant from the assay was added per well and incubated for 2h at room 

temperature. A standard curve was obtained using 1:2 serial dilution of recombinant 

cytokines (Peprotech). Plates were washed, and 50 µl of 0.5 µl/ml of biotinylated anti-

cytokine antibody diluted in 1% TOP Block was added per well and incubated for 1h 

at room temperature. Plates were washed, and 50 µl of 0.25 µg/ml of horse radish 

peroxidase-conjugated streptavidin (Biolegend) diluted in 1% TOP Block was added 

per well and incubated for 1h at room temperature in the dark. Plates were washed, 

and the presence of cytokines was revealed by incubation with 100 µl of the solution 

of SIGMA FAST OPD (o-Phenylendiamin-dihydrochloride; Sigma-Aldrich) prepared 
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according to manufacturer recommendation and for the time optimized for each 

cytokine. The reaction was stopped by 10% H2SO4, and the absorbance was read at 

490nm on Synergy H1 (Hybrid Reader, Biotek). 

 

MR1 upregulation assay 

     Tumor cell lines were incubated with the tested compound for 3-6h in a complete 

medium. Cells were stained for 30min on ice with 2µg/ml of APC labeled anti-MR1 

antibody (Biolegend) or respective isotype ctrl (Biolegend). Cells were washed with 

staining buffer, resuspended in 0.5µg/ml of DAPI in staining buffer, and immediately 

analyzed using BD LSR Fortessa flow-cytometer with FACS Diva software (BD 

Biosciences). 

 
Analysis of ERK phosphorylation  

     APCs were pulsed with antigen for 3h and washed with RPMI (no serum). APCs 

were resuspended in 50 µl/well (4x106/ml) in U-bottom 96 well plate and incubated at 

37°C for 5min. 4x104 T cells in 20 µl of RPMI media were added per well and spun on 

short spin (10sec, max. acceleration) to settle down. Cells were incubated in a water 

bath for 2min. 200 µl/well of cold PBS was added, and plates were spun down in a 

pre-cooled centrifuge (4°C) for 2min at 400g. Cells were fixed by pre-warmed fixation 

buffer (Biolegend) for 10min at 37°C and permeabilized using permeabilization buffer 

(Biolegend) for 30 min on ice. Staining of phosphorylated ERK was done using an anti-

pERK antibody (Biolegend, clone 6B8B69, PE) diluted in permeabilization buffer at 

room temperature for one hour. Cells were washed with staining buffer and 

immediately analyzed using BD LSR Fortessa flow-cytometer with FACS Diva 

software (BD Biosciences).  
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Analysis of TCR-mediated activation using activation assay of TCR-transduced 

Jurkat β2M-KO NFAT-Luciferase  

     105 APCs per resuspended in 50 µl of complete media and, if needed pulsed or 

pre-incubated with antigen were plated in the flat-bottom 96-well non-transparent plate 

(Costar). 105 TCR-transduced Jurkat β2mKO NFAT-Luciferase cells were added on 

top and incubated for 8h at 37°C. Cells are resuspended in 100 µl of Bio-GloTM reagent 

and incubated at room temperature for 30min. The luminescence was read with gain 

175 and 185 and exposure 1s on Synergy H1 (Hybrid Reader, Biotek). 

 

Flow cytometry data analysis 

     Flow cytometry data were analyzed using FlowJo software (TreeStar) followed by 

Prism and R. Thresholds for single stained samples, and small panels were performed 

based on isotype control-stained samples. Determining thresholds for complex panels 

was done by FMO controls or a combination of isotype controls and computational 

deconvolution of Gaussian distributions. 

 

Flow cytometry data analysis – IBD patient samples 

     Gating of positive cells for each marker, except that expression of which was 

bimodal with clearly separated populations (CD3, CD19, CD14, Vd1 TCR, Vd2 TCR, 

Va7.2 TCR), was done based on a combination of fluorescence minus one controls 

(FMOs) and isotype controls performed on cells pooled from 5 intestinal biopsies.  

We identified markers that could potentially discriminate between inflamed and not 

inflamed phenotypes in IBD biopsies from gated T cell flow-cytometry data. We 

reduced the data to counts of cells from each donor with positive and negative 

phenotypes for each marker in the screening. The fold change difference and 

significance of phenotype counts were determined with a binomial mixed effects model 

using the lme4 package in R (234). Processes enriched for proteins with significantly 

changed expression in inflamed tissue on analyzed cell subsets were identified using 

gene ontology enrichment by the topGo package in R (235). 

In the screening validation experiments, we used the percentage of positive cells for 

individual markers in all analyzed T cell lineage subsets (CD4+, CD8+, Vd1 TCR+, Vd2 
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TCR+, Vdx TCR+, [gd TCR+ & Vd1 TCR- & Vd2 TCR-], MAIT cells [Va7.2 TCR+ & 

CD161+]). These were analyzed in Prism using statistical tests suitable for each data 

set based on the study design, number of groups to compare, type, and data 

distribution. If multiple comparisons were performed, the results' significance was 

assessed based on the false discovery rate approach using Benjamini, Krieger, and 

Yekutieli method (236) and family-wise alpha threshold and confidence levels were 

set on 0.05.  

For identifying unique populations in inflamed tissue, we utilized clustering through the 

R implementation of the Phenograph method(237). Markers associated with enriched 

cell populations were then used for functional characterization. To counteract the 

difference in available cells for each donor before the clustering, the data were down-

sampled by randomly selecting 1000 cells for each donor in the CD4+ T cells and 500 

cells for each donor in the TCR Vd1+ cells. To perform clustering with Phenograph, we 

used the expression data for nine markers in the CD4+ T cells (CD38, CD39, CD73, 

CD161, CD71, CD45RO, CD45RA, CCR7, CD25) and six markers for the TCR Vd1+ 

cells (CD45RA, CCR7, CD45RO, CD27, KLRG1, CD57). Clusters with similar marker 

expressions were manually merged. Enrichment for inflamed cells in each cluster was 

defined by comparing the distribution of the fractions of the cells of each donor present 

in the cluster between inflamed and healthy through a one-sided Mann–Whitney U 

test, performing multiple testing correction with the Benjamini Hochberg method (238) 

on all the clusters defined by Phenograph (237). To lessen the effect of sampling error, 

the downsampling and clustering steps were repeated five times for both the CD4 and 

the TCR Vd1 dataset, selecting only clusters repeated in all the iterations. 

  

Flow cytometry data analysis – EoE patient samples 

     Gating positive cells for each marker was done based on gaussian mixture 

modeling with the threshold set on gaining 5 % of the predicted false positivity (239). 

Isotype controls were also performed for control purposes, and all thresholds 

determined by computational modeling were higher than those specified by staining 

by isotype controls. All cells below the cutoff were assigned to 0 for that marker. Such 

an approach allowed staining of 2 markers by the same fluorochrome if their 

expression was lineage-specific (staining of IgA and TCR Vδ2 by antibodies 
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conjugated with APC [IgA is expressed on CD19+, CD3- cells, TCR Vδ2 is expressed 

on CD19-, CD3+ cells]). Unmixing fluorochromes with similar spectra in the complex 

panel can in some cases lead to a diagonal spread of the negative population. Based 

on that observation, cells negative for marker A below the ad hoc threshold were 

assigned as negative also for marker B. We then conducted hyperbolic arcsine 

(arsinh) transformation on the raw data with a coefficient of 150. Clustering and 

differential cluster abundance analysis was performed using the functions provided by 

the diffcyt package, adapting the workflow described in Nowicka et al., 2019 (106, 240, 

241).  

We performed clustering for all CD45+ cells and single subsets defined through pre-

gating on the transformed data through FlowSOM (242), using specific marker panels 

for each subset (pan gd TCR, CD8, CD56, CD117, CD161, CD11c, Siglec-8, IgD, 

Vα7.2 TCR, CD14, HLA-DR, CD3, α4 integrin, Vd1 TCR, CD4, FCεR, CCR3, CD16, 

CD19, CD123, Vd2 TCR, CD7, CD38, IgA and CD127). The number of clusters used 

for the clustering process was also determined according to the number of cells and 

markers. After unsupervised clustering, we conducted a step of the manual merging 

of clusters that presented high similarity and, in the case of the CD45 clustering, 

according to known immune cell subsets.  

For each clustering instance, differential abundance analysis was conducted through 

the diffcyt implementation of the edgeR package (240, 241, 243), which fits models 

and calculates moderated tests at the cluster level, sharing information on variability 

across the clusters to account for the difference in the number of events for each donor 

and between conditions. In clustering CD45+ cells, we used the trimmed mean of M-

values (TMM) method from the edgeR package (Robinson and Oshlack, 2010) to 

calculate normalization factors and adjust for the skewed abundance between 

conditions in some clusters, according to the diffcyt documentation. The differential 

abundance analysis was conducted for all conditions compared to the active EoE 

state, and we performed multiple testing corrections through the Benjamini-Hochberg 

method (238) for each cluster between the p-values extracted from the analysis for 

each condition. We considered only the clusters that resulted in significantly different 

in healthy compared to active disease and added to them whether or not they also 

carried significant differences for remission compared to active disease or for GERD 

compared to active disease. 
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We also conducted a more supervised activation, inhibition and tissue residence 

markers-centered analysis and/or functional maturation markers-centered analysis for 

all subsets based on the markers suitable for each subset and through a similar 

differential abundance analysis methodology by defining each cell in the subset as 

either part of a positive cluster if they expressed the marker above cutoff or a negative 

cluster if they didn’t.  
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Aims 

The studies described below had two aims: 

1. Describe Crohn’s disease-associated changes in the composition of immune 

cell subsets, focusing on T cells and their functional capabilities.  

2. Describe changes in the esophageal immune cell population connected with 

EoE  

 

Both studies were performed on tissue biopsies, in order to investigate the changes 

occurring in the tissue during disease. 
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T cells in Crohn’s disease 

Introduction 

     CD is associated with changes in the activity and the presence of T cell subsets 

usually present in intestinal mucosa.  Aberrantly increased Th1 and Th17 responses 

leading to high secretion of IL-17, TNF-a and IFN-g cytokines are a typical 

characteristic of the CD (244). Development of Th1 and Th17 cells requires the 

presence of IL-12- and IL-23-producing myeloid cells (173). Indeed, inhibition of TNF-

a and IL-12/IL-23 with monoclonal antibodies resulted in successful biological 

therapies, as described above. Despite these successes, in many patients with CD, 

no response is observed during these treatments suggesting alternative 

pathophysiological mechanisms. In the near past, the role of other T cell subsets 

(CD8+, gd TCR+) in CD pathogenesis was discussed, and comprehensive screening-

based studies revealed that immune cell subsets with unique plasticity and immune-

regulatory properties accumulate in CD patients (182, 245-247). 

Here, a flow-cytometry-based approach and in vitro stimulation assays were used to 

identify phenotypes and functional capacities of T cell populations enriched or 

diminished in inflamed intestinal tissue of patients with CD.  

 

Patient characteristics 

     Patient samples were obtained from a total of 84 subjects; their characteristics are 

summarized in Table 1-1. From each patient with active Crohn’s disease, bioptic 

tissue from areas with visible inflammation (defined as inflamed biopsies) and, if 

possible, from visually normal tissue (defined as not inflamed tissue) were collected. 

Finally, visually apparently normal tissue was collected from patients in clinical 

remission and healthy controls. No significant differences between patients with active 

disease, patients in remission, and healthy donors regarding age and gender were 

observed.  
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Table 1-1. Clinical and demographic data of patients included in the study of CD.  

Variable CD active (%) 
(n= 52) 

CD in remission (%) 
(n = 19) 

HC (%) 
(n = 13) 

Male 36 (69.2%) 9 (47.4%) 8 (61.5%) 
Median age at sample, 

y (range) 

41 (17-67) 53 (19-70) 42 (19-61) 
Median age at 
diagnosis, y, (range) 

23.5 (10-64) 28 (8-43) - 

Smoker, current 19 (36.5%) 3 (15.8%) 5 (38.5%) 
Montreal Class    

A1 9 (17.3%) 2 (10.5%) - 
A2 33 (63.5%) 12 (63.2%) - 
A3 10 (19.2%) 5 (26.3%) - 
B1 33 (63.5%) 12 (63.2%) - 
B2 8 (15.4%) 6 (31.6%) - 
B3 7 (13.5%) - - 
B3p 3 (5.8%) 1 (5.3%) - 
L1 7 (13.5%) 4 (21.1%) - 
L2 12 (23.1%) 2 (10.5%) - 
L3 33 (63.5%) 13 (68.4%) - 
L4* 11 (21.2%) - - 

HBI Score    
Remission (0-4) 22 (42.3%) 17 (89.5%) - 
Mild (5-7) 16 (30.8%) 2 (10.5%) - 
Moderate (8-16) 11 (21.2%) - - 
Severe (>16) 3 (5.8%) - - 

Medications    
Steroids (oral) 5 (9.6%) - - 
Anti-IL-12 IL-23 

Antibody 

2 (3.8%) 1 (5.3%) - 
Azathioprine 7 (13.5%) 4 (21.1%) - 
Anti-TNF-α Antibody 28 (53.8%) 11 (57.9%) - 
No treatment 15 (28.8%) 3 (15.8%) - 

Extraintestinal 
Manifestations 

24 (46.2%) 7 (36.8%) - 

Previous surgery, intra-
abdominal 

16 (30.8%) 8 (42.1%) - 

 

CD, Crohn’s Disease; HC, healthy control; TNF, tumor necrosis factor. 

Among active CD, 44 samples were paired inflamed and not inflamed tissue and 8 

samples only from inflamed tissue 

 L4* concomitant upper gastrointestinal disease 
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Expression of surface markers involved in T cell regulation is altered in inflamed 

mucosa 

     To identify differentially expressed markers on the surface of immune cells isolated 

from inflamed and not inflamed areas of the CD patient’s intestine, these cells were 

stained with 360 monoclonal antibodies specific for different surface markers. Cells 

were labeled with a panel of 12 monoclonal antibodies (mAbs) specific for seven cell 

lineages (CD3, TCR gd, CD14, CD19, CD4, CD8, and CD161), two activation markers 

(CD25, CD137) and three functional maturation markers (CD28, KLRG1, CXCR3). To 

simultaneously follow the presence and the expression level of hundreds of markers 

on the small number of cells isolated from intestinal biopsies (on average 105 cells 

were recovered from each tissue sample), a barcoding multicolor flow cytometry-

based assay was established. Pre-staining of biopsies with combinations of 5 anti-

CD45 mAbs allowed analysis of cells of hematopoietic origin from up to 24 biopsies in 

one tube (Fig.1-1A), followed by demultiplexing using analytical software. This 

approach, in combination with the use of 360 PE-labelled mAbs, enabled the 

assessment of multiple samples simultaneously in the same tube (Material and 

Methods section for a detailed description of the method). The first round of screening 

performed on ten pairs of biopsies from inflamed (I) and not inflamed (NI) tissue 

identified 131 markers enriched in I or NI tissue. The second round of screening 

compared ten additional paired samples from inflamed and not inflamed tissue of 

patients with active disease. This second screening was performed to validate the 131 

markers using the same multiplexing technique. Significant changes were confirmed 

for 87 markers on at least one of the analyzed immune cell subsets (monocytes, B 

cells, CD4+ T cells, CD8+ T cells, TCR gd cells) (Tab.1-2).  

Table 1-2. Proteins with significantly different expression in at least one out of 

investigated immune cell lineages (B cells, monocytes, CD4+ T cells, CD8+ T cells, 

TCR gd+ T cells) in the second round of the screening.   

Negl2fc – negative binary logarithm of fold change between expression of protein in 

inflamed and uninflamed tissue; Neglfdr – negative decadic logarithm of false 

discovery rate. 

Names of proteins chosen for further analysis are highlighted in bold. All significant 

FDR (negative decadic logarithm of FDR > 1.33) are highlighted in bold. 
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B cells monocytes CD4+ Τ cells CD8+ Τ cells TCR γδ+ Τ cells 

 
marker negl2fc neglfdr negl2fc neglfdr negl2fc neglfdr negl2fc neglfdr negl2fc neglfdr 

1 CCR8 0.29 1.89 -0.04 0.02 0.55 6.32 0.21 0.41 0.22 0.14 

2 CD100 -0.64 1.95 -0.87 0.38 -0.03 0.03 0.01 0.01 -0.13 0.06 

3 CD119 -0.40 1.35 -0.04 0.01 -0.21 0.34 -0.65 0.24 1.05 0.82 

4 CD11C -0.38 0.77 0.77 1.03 -0.19 0.38 -1.01 3.06 -0.54 0.43 

5 CD127 -0.40 0.04 0.25 0.07 -0.66 5.72 0.15 0.19 0.59 0.62 

6 CD129 0.41 0.66 -0.36 0.29 1.14 5.01 0.66 0.41 -0.30 0.05 

7 CD134 -0.19 0.10 -1.21 0.57 0.92 9.31 0.04 0.01 0.96 0.62 

8 CD158 0.91 0.65 -2.70 2.25 0.88 0.59 0.52 0.32 1.19 0.27 

9 CD162 2.33 3.89 0.53 0.19 0.75 3.15 0.45 0.26 0.74 0.51 

10 CD163 0.78 8.90 -0.03 0.01 0.39 1.80 0.67 1.48 0.79 0.65 

11 CD191 -1.17 3.25 NA NA 1.67 2.71 0.27 0.06 1.58 0.28 

12 CD192 -1.09 24.91 1.99 4.28 -0.97 19.59 -0.49 1.80 -0.10 0.05 

13 CD194 0.61 4.67 -0.41 0.16 0.72 7.82 0.61 1.23 1.66 2.96 
14 CD195 -0.01 0.01 0.69 0.25 -0.87 6.81 -0.34 0.38 -1.13 0.84 

15 CD196 -0.70 8.39 -0.30 0.18 -0.29 1.21 0.34 0.25 1.05 0.74 

16 CD197 0.10 0.20 -0.55 0.25 0.11 0.24 0.77 2.73 -0.25 0.14 

17 CD1B 1.58 0.89 -1.42 0.64 0.92 1.50 0.37 0.06 NA NA 

18 CD200 -0.05 0.08 -2.18 1.10 0.72 4.14 0.21 0.04 -0.55 0.20 

19 CD203C 0.84 2.50 -1.60 1.76 -0.65 6.32 -1.39 6.53 -0.44 0.40 

20 CD207 NA NA NA NA 2.54 5.44 1.06 0.13 2.48 1.17 

21 CD213A1 0.55 1.64 -1.24 0.15 0.35 0.28 -1.34 0.47 1.46 0.31 

22 CD220 -1.27 20.03 -0.46 0.20 -0.14 0.05 1.92 1.40 1.69 0.13 

23 CD226 0.77 1.54 -0.47 0.16 -0.90 11.81 -1.42 9.96 0.23 0.14 

24 CD227 1.62 4.88 -0.31 0.10 0.05 0.02 0.41 0.14 0.91 0.36 

25 CD231 -0.25 0.14 0.16 0.03 0.90 1.68 0.91 0.67 1.51 0.48 

26 CD24 0.60 7.68 -0.06 0.03 0.47 1.60 0.17 0.31 0.65 0.32 

27 CD258 -0.14 0.06 -2.91 4.36 0.07 0.02 1.11 0.62 -0.42 0.04 

28 CD261 2.04 1.22 -0.22 0.03 1.08 1.69 0.32 0.12 1.27 0.64 

29 CD269 -0.37 0.44 -0.54 0.26 1.12 0.89 0.66 2.29 1.01 0.30 
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B cells monocytes CD4+ Τ cells CD8+ Τ cells TCR γδ+ Τ cells 

 
marker negl2fc neglfdr negl2fc neglfdr negl2fc neglfdr negl2fc neglfdr negl2fc neglfdr 

30 CD276 -0.88 3.14 -1.00 0.61 0.76 1.99 0.32 0.14 0.26 0.07 

31 CD278 -0.69 0.29 -2.12 3.26 0.32 0.59 -0.07 0.06 0.00 0.00 

32 CD279 -1.23 0.39 -2.02 2.63 -0.10 0.17 -0.03 0.02 -0.16 0.06 

33 CD300C 1.00 8.95 1.04 0.65 0.71 4.73 1.10 2.27 0.82 0.63 

34 CD301 0.33 2.09 1.29 2.27 0.10 0.20 -0.03 0.03 0.24 0.14 

35 CD314 0.01 0.01 0.52 0.31 0.58 2.13 -0.31 0.34 -0.04 0.02 

36 CD317 0.08 0.13 0.47 0.18 0.43 1.46 0.20 0.13 0.48 0.33 

37 CD35 0.76 6.45 2.70 4.20 0.37 0.36 0.37 0.14 0.60 0.19 

38 CD357 -1.38 14.26 -0.43 0.13 1.27 14.59 -0.09 0.09 0.45 0.35 

39 CD36L1 -0.08 0.10 -1.27 0.33 1.14 1.99 1.49 1.12 3.00 1.70 
40 CD39 0.14 0.11 2.08 2.65 0.48 3.06 -0.36 0.56 -0.97 1.08 

41 CD49d -1.10 4.01 -0.34 0.10 -0.81 6.61 -0.91 2.27 -0.75 0.44 

42 CD49e -0.68 3.04 1.67 5.17 0.02 0.03 0.97 5.80 0.92 1.37 
43 CD49F -0.56 6.59 0.91 1.27 0.87 19.67 0.93 6.84 0.69 0.98 

44 CD54 0.26 0.56 2.06 2.59 0.05 0.08 -0.30 0.48 -0.10 0.04 

45 CD57 -0.41 0.31 -1.71 0.77 0.54 1.59 0.53 1.12 -0.51 0.29 

46 CD62E -0.24 0.34 NA NA 1.54 3.73 0.44 0.22 0.05 0.01 

47 CD64 -0.23 0.14 3.03 6.15 0.46 1.05 1.12 0.74 2.15 0.40 

48 CD69 -0.73 5.99 -1.74 1.62 0.03 0.03 0.14 0.12 0.66 0.36 

49 CD7 -0.53 0.42 -1.32 1.63 0.45 1.21 0.45 0.06 -0.35 0.04 

50 CD71 -0.04 0.09 0.13 0.05 1.22 22.82 2.39 7.75 1.99 4.57 
51 CD73 -0.60 4.34 -0.22 0.07 -0.55 3.04 -0.19 0.28 1.00 1.42 
52 CD74 -0.49 3.16 1.31 1.64 0.34 0.54 0.02 0.01 0.80 0.44 

53 CD83 0.33 1.62 -0.97 1.13 0.18 0.31 -0.24 0.20 0.94 0.70 

54 CD85A -5.02 0.67 -0.03 0.01 1.43 1.81 0.22 0.10 1.06 0.15 

55 CD85D 0.15 0.34 0.71 0.76 0.44 1.56 0.76 2.51 1.70 1.43 
56 CD85H -0.08 0.02 0.93 0.53 1.20 1.80 0.86 0.60 -3.49 1.26 

57 CD85J -1.09 18.61 2.11 6.64 0.58 1.03 1.21 1.97 0.55 0.20 

58 CD87 -0.23 0.16 1.31 1.52 -0.10 0.09 0.09 0.04 0.03 0.01 



 

 54 

 

 

 
  B cells monocytes CD4+ Τ cells CD8+ Τ cells TCR γδ+ Τ cells 

 
marker negl2fc neglfdr negl2fc neglfdr negl2fc neglfdr negl2fc neglfdr negl2fc neglfdr 

59 CD88 -0.36 0.25 0.98 1.22 0.85 1.70 0.07 0.02 1.20 0.47 

60 CD89 -0.71 6.42 1.87 2.91 0.25 0.45 0.41 0.77 0.43 0.19 

61 CD90 -0.02 0.00 -0.11 0.02 -1.10 6.22 0.19 0.08 0.57 0.10 

62 CD92 -0.71 8.48 1.49 2.53 -0.42 1.57 0.32 0.35 0.02 0.01 

63 CD93 0.42 0.14 0.28 0.12 0.89 1.67 0.71 0.84 0.62 0.18 

64 CD99 -0.89 6.94 0.41 0.22 -0.64 4.45 -0.50 0.89 0.91 0.24 

65 CXCR1 -0.55 0.42 0.47 0.26 0.41 1.16 0.44 0.72 -1.29 1.83 
66 CXCR7 -0.12 0.11 -1.10 2.16 0.47 0.90 1.82 4.95 -0.09 0.01 

67 DOP 0.60 0.58 -0.92 1.09 0.65 3.40 1.48 2.53 -0.37 0.08 

68 EGFR -2.02 14.31 -3.79 0.48 2.08 16.71 1.03 0.77 0.86 0.80 

69 GPR19 -0.01 0.00 -0.37 0.06 0.91 3.26 0.37 0.25 0.88 0.33 

70 GPR83 0.10 0.31 -0.13 0.07 0.26 1.40 0.43 0.94 0.75 1.03 

71 IFN-γRB -0.38 0.40 -1.14 0.98 0.71 2.90 0.99 0.83 0.24 0.08 

72 IL15R 0.64 0.69 -0.18 0.08 0.40 0.30 1.48 5.27 1.07 1.28 

73 IL21R 0.16 0.06 -0.85 0.34 1.40 2.38 0.22 0.21 1.07 0.25 

74 KLGR1 1.02 1.37 -0.82 0.66 -0.32 1.79 1.28 12.68 1.05 3.13 
75 LTBR 1.06 1.19 0.37 0.26 0.28 0.46 1.37 4.09 1.77 0.95 

76 MERTK -0.02 0.02 -0.52 0.40 0.62 0.83 0.86 2.92 -0.51 0.08 

77 MRGX2 0.43 0.46 -0.25 0.12 0.66 1.08 1.41 1.70 -0.22 0.03 

78 MUC13 -0.67 1.52 -1.34 0.98 0.14 0.11 0.19 0.24 -0.08 0.02 

79 NOTCH1 -0.46 0.38 -2.57 1.56 0.81 1.52 0.49 0.93 0.56 0.27 

80 NOTCH2 0.33 0.19 0.33 0.13 0.98 5.34 0.72 0.55 1.15 1.39 
81 PDPN -0.04 0.00 -2.93 1.62 1.31 1.19 0.72 0.31 -0.85 0.10 

82 SIGLEC7 0.46 0.28 1.92 1.99 0.47 0.72 -0.03 0.02 -0.97 0.35 

83 SIGLEC10 -0.14 0.25 -1.19 0.98 0.58 1.51 0.22 0.20 -0.15 0.04 

84 SLAMF6 -0.49 3.31 0.13 0.05 0.66 1.38 -0.13 0.15 0.34 0.12 

85 TIGIT -0.23 0.05 -1.05 0.65 1.04 27.57 0.70 3.15 0.04 0.02 

86 TMEM8A 0.21 0.09 0.24 0.09 1.23 2.47 0.68 0.74 -0.20 0.03 

87 XCR1 0.07 0.13 -0.27 0.16 0.57 1.99 0.96 3.57 0.69 0.34 
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Gene ontology enrichment revealed that proteins involved in regulating leukocyte 

proliferation are the most significantly enriched on CD4+ T cells (Tab.1-3). Similarly, 

proteins involved in endocytosis were most enriched among CD8+ T cells, those 

involved in the chemokine-mediated signaling pathway among CD161+ T cells, and 

those involved in the cellular defense response among TCR gd cells (Tab. 1-3). 

Proteins involved in the regulation of TCR αβ cell activation were among the most 

significantly enriched in both B cells and CD14+ cells, revealing the importance of T 

cells in Crohn’s disease (Tab. 1-3). 

Table 1-3. Two processes (defined by GO Terms) the most significantly enriched for 

proteins with significantly changed expression in inflamed tissue are depicted for each 

investigated immune cell subset (B cells, CD14+ cells, CD4+ T cells, CD8+ T cells, TCR 

gd+ T cells).   

 

Further studies were thus focused on T cells, and the relevant markers differentially 

expressed in at least one T cell lineage (CD4+, CD8+, or TCR gd+ cells) are depicted in 

Fig. 1B. Inflammation was associated with an increased proportion of T cells 

expressing CD71 independently of T cell lineage subset (Fig. 1B). CD71 is transferrin 

receptor, and its increased presence on T cells is associated with increased iron 

usage, DNA synthesis and ultimately T cell proliferation (248). CD4+ T cells showed 

increased expression of receptors for IL-9, IL-21, EGFR, IFN-g and opioid peptides 

Cell subset GO ID GO Term   pval 

CD4+ T cells 

GO:0070663 regulation of leukocyte proliferation 0.035 

GO:0006968 cellular defense response 0.037 

CD8+ T cells 

GO:0006897 endocytosis 0.012 

GO:0098657 import into cell 0.012 

TCR gd+ cells 

GO:0006968 cellular defense response 0.005 

GO:0002377 immunoglobulin production 0.006 

B cells 

GO:0002460 

adaptive immune response based on 

somatic hypermutations 0.004 

GO:0046631 alpha-beta T cell activation 0.006 

monocytes 

GO:0050865 regulation of cell activation 0.017 

GO:0046634 regulation of alpha-beta T cell activation 0.023 
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(IL-9R, IL-21R, EGFR, IFN-g-R, DOP) in inflamed tissue, which pointed to increased 

responsiveness of CD4+ T cells to these soluble factors (Fig. 1-1B). CD4+ T cells in 

inflamed tissue also showed increased expression of the activation marker molecule 

CD357, chemokine receptors CCR8 and CCR4, inhibitory molecule CD57, and the 

ectonucleotidase CD39. The expression of these markers is associated with TCR-

mediated activation (249). None of these markers were significantly increased in other 

T cell populations (Fig. 1-1B, Tab.1-2). The same analysis also showed a significant 

reduction in the CD4+ T cells expressing the ectonucleotidase CD73 and the 

chemokine receptors CD192 and CD195. A significant decrease in CD127 and KLRG1 

suggested a decrease of terminally differentiated as well as naïve and/or central 

memory CD4+ T cells. 

CD8+ T cells in inflamed tissue express lymphotoxin receptor (LTBR) and IL-15 

receptor more often, which is in line with the known role of these cytokines in 

inflammation (Fig. 1-1B). This observation underlines the differences in cytokine 

sensitivity between CD4+ and CD8+ cells. CD8+ T cells also expressed more CCR7, 

TIGIT, and KLRG1, pointing to their increased activation and increased presence of 

terminally differentiated CD8+ T cells. They also expressed more CD49e, and 

surprisingly in inflamed tissue, also CXCR7 (Fig. 1-1B). 

TCR gd cells showed an increase in CCR4-positive subset and increased expression 

of KLRG1 (Fig. 1-1B). Importantly, changes in the expression of ectonucleotidases 

CD73 and CD39 were opposite to those observed in CD4+ T cells. CD73+ subset of 

TCR gd cells was enriched in inflamed tissue. In contrast, CD39+ TCR gd cells were 

almost half in inflamed tissue, although this difference did not reach statistical 

significance (Fig. 1-1B).  

Based on their association with the expression of activation or exhaustion markers 

observed in the screening or based on their expected roles in mucosal T cell immunity, 

13 significantly changed T cell surface proteins, including immunosuppressive 

ectonucleotidases (CD39, CD73), proteins related to cell migration (CD162, CD49d, 

CD49e), T cell activation (CD71, CD226, TIGIT, CD357) and functional maturation 

(CCR7, CD127, KLRG1, CD57) (Fig. 1-1C) were chosen for further studies. These 13 

markers were used together with 18 lineage, activation, and functional maturation 

markers (Tab. M-2) to evaluate the phenotypic heterogeneity and functional 

maturation stages of T cells in CD biopsies.  
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Figure 1-1. Screening and marker selection. A) Labelling of cells isolated from 
biopsies using differently labeled anti-CD45 mAbs was performed using a unique 
combination for each patient, thus allowing donor identification. B) Log2 fold change 
of the estimated probability of expression between inflamed and not inflamed tissue 
(x-axis) and -log10 of FDR corrected p-values (y-axis) of 131 proteins analyzed in the 
2nd screening on CD4+, CD8+, and TCR gd+ T cells from 10 paired (inflamed / not 
inflamed) CD biopsies. C) Scheme of screening steps up to the final selection of 16 
markers. Each screening was performed on different patient cohorts.  
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Accumulation of CD4+ and proportional decrease of Vd1 TCR+ cells accompany 

CD-associated inflammation 

     The above-mentioned combination of markers was used to compare T cells in 

inflamed (I) tissue with those in not inflamed (NI) tissue, and also in tissue isolated 

from biopsies of patients in remission (R), and with the biopsies from healthy donors 

(H). Changes in the proportion of T cell lineages are expected in CD because of its 

well-studied association with increased activity and the presence of CD4+ T cells. 

Indeed, the proportion of CD4+ T cells was significantly increased in I and R compared 

to NI and H. On the contrary, CD8+ cells were slightly but not significantly reduced in 

I vs. NI and H, and no significant changes were found in MAIT cell frequencies (Fig.1-
2). Vd1 TCR+ cells showed a significant decrease in R, NI, and I tissue compared to 

H. In I tissue we also observed decreased frequency of TCR Vδ1 cells as compared 

to NI (Fig.1-2). The frequencies of TCR Vd2 cells were unchanged among conditions. 

Cells expressing a TCR γδ with Vδ chains different from Vδ1 and Vδ2, named here 

Vdx were decreased in R, NI, and I tissue compared to the H, but their frequency was 

not further reduced in I compared to NI (Fig.1-2).  

In summary, CD4+ T cells were proportionally increased in inflamed intestinal tissue 

of CD patients, whereas a marginal decrease in CD8+ T cells and several fold 

decrease in the proportions of Vd1 and Vdx TCR+ cells were detected. 
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Figure 1-2. Analysis of T cell populations proportions in intestinal tissue of inflamed 
lesions, not inflamed areas, tissue of patients in clinical remission, and healthy 
controls. Horizontal bars represent median values. *=qval<0.05, ****=qval<0.0001. 24 
paired (I / NI), 8 unpaired I, 19 R, and 13 H samples were used for the analysis.   
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Inflammation is associated with the accumulation of TEMRA T cells 

     The functional maturation stage of T cells strongly influences their capacity to 

perform effector functions and to proliferate. Primary functional maturation stages of 

T cells (Naïve, TCM, TEM, TEMRA) can be determined by the expression of CD45 

isoforms (CD45RO, CD45RA) and CCR7 (Fig. I-1) (41). The comparison of functional 

maturation within main T cell lineages revealed a significant increase of TEMRA CD4+ T 

cells in inflamed tissue and a decrease of TEM cells CD8+ T cells balanced by the rise 

of TCM and TEMRA CD8+ T cells (Fig.1-3A). Vd1 TCR+ cells showed a massive decrease 

in CD45RO+ memory populations in I balanced by the concomitant increase in both 

naïve and TEMRA populations. Strikingly, the TEMRA population was very large and 

represented almost half of total Vd1 TCR+ cells in I (Fig.1-3B). Vd2 TCR+ cells also 

showed a significant decrease in TEM populations in I but only compared to NI and not 

to H and with lower fold change compared to Vd1 TCR+ cells (Fig.1-3B). There is a 

significant increase of TEM Vδ2 TCR+ cells in NI tissue compared to both H and I 

(Fig.1-3B). Naïve and TCM Vd2 TCR+ cells proportion are marginally increased in I 

compared to NI (Fig.1-3B). TCM Vd2 TCR+ are also decreased in both NI and R 

compared to H. Overall, no differences in functional maturation of Vd2 TCR+ cells were 

observed between I and H tissue, but NI and R are different from both I and H. Vdx 

TCR+ cells show similar differences among I and NI as Vd2 TCR+ cells (Fig.1-3B). In 

I tissue there was increased TCM and naïve Vdx TCR+ cells frequencies compared to 

NI (Fig.1-3B). Median frequencies of Vd2 TCR+ and Vdx TCR+ TEMRA cells were 

increased in I, but this increase was not statistically significant (Fig.1-3B). The 

increased presence of TEMRA cells in several T cell subsets likely reflects their intense 

stimulation associated with inflammatory processes. Whether these differences are 

also associated with concomitant changes in the other investigated markers and the 

phenotypical characteristics of T cell subpopulations enriched in inflamed tissue was 

investigated in the following analysis. 
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Figure 1-3. Differences in functional maturation stages of T cell. Median 
proportions of T cells of individual lineage subsets in different functional maturation 
stages (naive, TCM, TEM, TEMRA) derived from I and NI tissue of patients with active 
disease, from R and H. A) CD4, CD8 and MAIT cells B) TCR Vd1+, TCR Vd2+ and 
TCR Vdx+ cells. 
I, NI and R were compared to healthy, and a significant difference (qval <0.05) is 
marked by * at the left upper corner. NI was also compared to I, and a significant 
difference (qval <0.05) is marked by # in the upper right corner. Twenty-four paired 
(I/NI), eight unpaired I, 19 R, and 13 H samples were used for the analysis.  
 

Markers with expression changes on individual T cell subsets related to the presence 

and activity of CD were compared in R, NI, and I to H and in NI to I (Fig.1-4, Fig.1-7). 

Clusters of T cells enriched explicitly in inflamed or healthy tissue were revealed using 

the phenograph clustering-based method (Fig.1-5). Data were spitted into two subsets 

for easier orientation. First, CD4+, CD8+, and MAIT cells were investigated (Fig.1-4-6), 

and subsequently γδ T cells (Fig.1-7-9).  
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Activated TEM CD39+CD73- CD4+ T cells are enriched in inflamed tissue 

     Identifying surface proteins uniquely enriched in inflamed tissue represented the 

basis to reveal phenotypically distinct populations which accumulate or decrease in 

the tissue during disease.  

In CD4+ T cells: i) comparing I and H tissues, CD357, CD27, CD71, CD57, and KLRG1 

were more abundantly expressed in I whereas CD161, CD127, and CD73 were more 

abundantly expressed in H; ii) comparing I and NI, CD357, CD39, CD71, and CD49e 

were increased in I, whereas CD161+ and CD127+ cells were more frequent among in 

NI (Fig.1-4).   

In CD8+ cells: i) comparing I and H, CCR7, CD27, CD71, CD57, KLRG1, and CD45RA 

were more abundantly expressed in I, whereas CD226 in H; ii) comparing I and NI, 

CCR7, CD27, CD71, CD49e, and KLRG1 were increased in I, whereas CD226+ cells 

were more frequent among CD8+ T cells in NI (Fig.1-4). 

Finally, in MAIT cells i) comparing I and H, CCR7, CD71, and KLRG1 were more 

abundantly expressed in I, whereas TIGIT, CD226, CD73, and CD155 in H; ii) 

comparing I and NI, CCR7, CD71, CD25 and KLRG1 were increased in I, whereas 

CD226+ cells were more frequent in NI (Fig.1-4).  
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Figure 1-4. Differences in proportions of CD4+ T cells, CD8+ T cells, and MAIT cell 
populations expressing surface markers were identified by screening in CD patients 
and healthy donors. Heatmap represents median proportions. I, NI and R were 
compared to H, and a significant difference (qval <0.05) is marked by * at the left upper 
corner. NI was also compared to I; a significant difference (qval <0.05) is marked by # 

in the upper right corner. Twenty-four paired (I /NI), eight unpaired I, 19 R, and 13 H 
samples were used for the analysis.  
 

58.0

97.0

63.3

43.6

29.5

75.1

75.6

76.6

52.6

21.9

18.3

42.8

17.4

26.8

3.8

5.6

19.0

1.9

2.0

0.3

2.9

0.4

62.0

96.6

47.3

52.9

38.8

73.9

72.9

76.2

49.9

17.8

21.4

45.6

28.1

32.0

9.1

4.5

8.6

2.4

1.8

0.7

2.4

0.4

50.3

95.6

44.9

50.6

67.9

69.7

73.1

71.9

33.9

27.8

16.0

36.1

29.3

23.5

9.1

4.6

5.8

4.3

3.7

1.3

4.2

0.1

63.9

96.3

59.3

65.3

86.0

57.5

56.9

62.9

31.8

35.1

25.3

45.0

37.3

35.0

20.4

11.6

10.3

4.0

3.5

1.8

3.0

0.2

29.8

89.4

83.9

34.2

45.6

39.2

55.6

55.3

62.5

42.2

39.1

13.3

11.2

16.2

1.3

2.1

6.0

1.7

7.4

1.9

10.2

0.4

24.7

89.5

80.1

34.2

63.0

41.8

56.0

45.2

52.5

45.3

50.6

17.4

20.9

28.5

4.5

0.8

4.6

3.2

4.0

5.5

10.2

0.3

32.1

85.1

65.9

36.7

91.0

39.2

50.8

61.4

56.5

39.3

31.9

12.0

17.8

19.7

4.2

0.2

3.7

5.5

14.0

4.1

14.8

0.1

24.9

77.2

71.0

28.3

97.4

31.9

37.7

60.4

54.8

39.9

34.7

25.8

33.3

29.0

10.5

1.1

8.4

10.6

11.0

15.1

21.2

0.1

2.9

98.4

77.2

43.2

36.9

100.0

58.7

68.2

62.0

20.6

45.5

6.7

15.3

21.4

2.9

4.7

29.3

9.5

6.5

4.0

1.3

1.5

2.5

99.4

49.4

49.6

42.3

100.0

56.0

69.0

45.7

26.6

50.5

7.9

21.4

23.9

11.4

1.2

11.6

7.6

3.6

6.5

0.5

0.3

1.0

98.4

53.7

35.6

49.1

100.0

46.3

68.2

38.8

20.1

33.0

11.8

21.4

15.4

8.0

0.1

10.9

6.3

7.3

2.1

1.6

0.0

1.5

98.2

44.5

58.1

88.6

100.0

25.0

68.5

35.0

30.4

52.1

17.8

19.3

28.6

27.9

3.2

14.2

3.9

18.5

22.7

1.7

0.0

H R NI I H R NI I H R NI I

out of Tcells

CD45RO

TIGIT

CD357

CD162

CD161

CD226

CD127

CD73

CD38

CD39

CCR7

CD27

CD49d

CD71

CD25

CD49e

CD57

CD56

KLRG1

CD45RA

CD155
0

20

40

60

80

 %
 of parent  population

100* *

*

**

* **

* *

*

*

*

*

* *

* * *

*

*

*

*

*

*

*

CD4+ CD8+ MAIT 

#

#

* #

* #

#*

#

#

**

* #

#

#

#

*

#

#

#

* * #

* * *

#

* *

#

* * *

#

** *
*

97.0 96.6 95.6 95.6

86.0

89.4 89.5 85.1 98.4 99.4 98.298.4

88.691.0 97.4

100.0100.0100.0100.0



 

 64 

CD4+ T cells were considered the subset with the most striking changes when looking 

at frequency, functional maturation, and surface marker expression (Fig.1-2, Fig.1-3, 
Fig.1-4). Therefore, an analysis of surface maker co-expression was performed based 

on the functional maturation markers (CD45RA, CCR7, and CD45RO), the activation 

markers (CD38 and CD25), and other surface proteins (CD161, CD73, CD39, and 

CD71) considered potentially relevant based on the previous analysis to reveal the 

phenotype of clusters accumulating in I resp. H tissue (Fig.1-5A). Ten clusters were 

significantly more frequent in H compared to I, NI, and R (Fig.1-5A). From the 

perspective of functional maturation, more than half (6) of these represented 

transitional stages between TEM and TEMRA cells, which is demonstrated by the co-

expression of CD45RA and CD45RO and the absence of CCR7 (Fig.1-5A). Similarly, 

7 out of ten clusters were positive for ectonucleotidase CD73 (Fig.1-5A). Eight clusters 

were more frequent in I vs. H, 2 clusters in I vs. H and NI, 1 in I vs. H and R, and 3 in 

I vs. H, R, and NI. Most of these clusters (11) represent TEM cells, and there was no 

cluster co-expressing CD45RA and CD45RO. The CD161 marker (Fig.1-5A, B), 
which was previously shown to be present in pro-inflammatory intralesional CD4+ cells 

in CD patients(250), was also frequent (in 8 clusters). Only 2 clusters expressed CD73, 

while several expressed the activation markers CD71 or CD25. Clusters 13, 19, 20, 

21, 22, and 23 were significantly enriched in I compared to H and also NI and/or R. 

These observations indicated that they represent cells specifically enriched in sites of 

mucosal inflammation. Five out of these 6 clusters (19, 20, 21, 22 and 23) were 

phenotypically similar (Fig.1-5A, B) and were the only clusters expressing the 

proliferation marker CD71 (Fig.1-5A, B). When we compared the expression of two 

ectonucleotidases (CD39 and CD73), most of these cells were CD39+, and all did not 

express CD73. 
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Figure 1-5. Unique CD4+ TEM populations appear in the inflamed intestinal tissue 
of CD patients. A) Arsinh transformed median expression of CD45RA, CCR7, 
CD45RO, CD161, CD73, CD38, CD39, CD71, and CD25 on the Phenograph clusters 
(defined by the expression of these molecules) significantly enriched (qval <0.05) for 
healthy (H) (1-10) or inflamed (I) (11-24) tissue. B) Histograms of CD45RA, CCR7, 
CD45RO, CD161, CD73, CD38, CD39, CD71, and CD25 expression and boxplots 
showing the fraction of each condition (I, not inflamed [NI], remission [R], H) 
represented by the cluster for the clusters significantly enriched for I tissue compared 
to H, R, and NI (23, 13 20), H and R (22) or H and NI (21, 19). *= qval <0.05.                       
** = qval<0.01. 10 I, 10 NI, 10 R, and 10 H samples were used for the analysis.  

As these two ectonucleotidases were expressed in an almost mutually exclusive 

manner in all conditions (Fig.1-6A), they can be used to identify different CD4+ cell 

populations. Indeed, single positive CD39 or CD73 populations showed highly 

significant differential expression of CD45RO, CD357, TIGIT, CD27, CD38, CD71, 

CD25, CD45RA, KLRG1, CCR7, CD161, CD226 and CD127 (Fig.1-6B). Notably, 

CD39+ cells expressed markers compatible with TEM phenotype, whereas CD73+ cells 

expressed markers compatible with all T cell maturation stages (Fig.1-6B).   
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Figure 1-6. CD39+ and CD73+ CD4+ T cells represent distinct and phenotypically 
highly different cell subsets. A) Expression of CD39 and CD73 on concatenated 
CD4+ T cells from all analyzed biopsies from inflamed (I), not inflamed (NI), remission 
(R), and healthy (H) tissue. B) Comparison of surface markers expression between 
CD39+ CD73- and CD39- CD73+ CD4+ T cell subsets. *=qval<0.05, **=qval<0.01, ***= 
qval <0.001, ****= qval <0.0001. Twenty-four paired (I/NI), eight unpaired I, 19 R, and 
13 H samples were used for the analysis.  

CD39+ TEM Vd1 TCR are diminished in the inflamed tissue while CD39- TEMRA 

cells proportion is increased 

     Analogous analysis was also performed for TCR gd cell subsets. The abnormal 

increase of TEMRA Vd1+ cells in inflamed tissue (41.8% in I vs. 5.3 % in H; Fig.1-3) was 

associated with significantly increased expression of CD27, CD71, CD57, KLRG1, and 

CD45RA on these T cells (Fig.1-7). Furthermore, Vδ1+ cells in inflamed tissue 
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expressed less CD45RO, CD38, CD39, and CD25 (Fig.1-9). Vdx+ and Vd2+ cells 

showed increased expression of CD71 as compared to cells in H tissue, suggesting 

that also these populations are activated and are proliferating in inflamed tissue. 
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Figure 1-7. Differences in proportions TCR Vd1+, TCR Vd2+, and TCR Vdx+ T cell 
populations positive for surface markers identified by screening in CD patients and 
healthy donors. Heatmap represents median proportions. I, NI and R were compared 
to H, and a significant difference (qval <0.05) is marked by * at the left upper corner. 
NI was also compared to I; a significant difference (qval <0.05) is marked by # in the 
upper right corner. Twenty-four paired (I /NI), eight unpaired I, nineteen R, and thirteen 
H samples were used for the analysis. 

 

Numerous significant changes of Vd1+ cells in terms of their proportion, functional 

maturation as well as surface markers expression stressed the importance of 

identification of phenotypically distinct populations enriched in inflamed and healthy 

tissue. Cluster analysis based on proteins related to the functional maturation of T 

cells (CD45RA, CD45RO, CCR7, CD27, KLRG1, and CD57) was used for that 

purpose (Fig.1-8A). Two clusters (1 and 2) were significantly enriched in healthy 

tissue, whereas seven clusters (3-9) were significantly enriched in I vs. H (Fig.1-8A, 
Fig.1-8B). Vd1+ cells enriched in H (clusters 1 and 2) represent almost 50% of all Vd1+ 

cells (Fig.1-8A). Cluster 1 (5 % of Vd1+ cells) represented TCM cells while cluster 2 

(45% of Vd1+ cells) represented TEM cells (Fig.1-8A). Both clusters enriched in healthy 

tissue were CD38+CD39+CD45RO+CD45RA- and no similar phenotype was found 

among those enriched in inflamed tissue. Instead, in the same inflamed tissue, 

CD45RA was expressed by all cells in 6 of 7 clusters, KLRG1 in 5 / 7, CCR7 in 2 / 7, 

and CD57 in 2 / 7 clusters (Fig.1-8C). These findings demonstrated that most of the 

Vd1+ cells enriched in I are TEMRA cells. Intriguingly, a subpopulation of CD45RA+ cells 

expressed very low levels of CCR7 (Fig.1-8D), possibly representing cells in which 

CCR7 was transiently upregulated upon TCR engagement(251). Indeed, true CD4+ 

naïve (CD45RA+CCR7+) cells expressed much higher levels of CCR7 than Vd1+ cells 

(Fig.1-8E). Therefore, the overactivation of Vd1+ cells in inflamed tissue might cause 

their transition from TEM to TEMRA phenotype. Strikingly, in not inflamed tissue, TEMRA-

like Vd1+ cells were only a minor fraction (11.6%) (Fig.1-3B), probably due to reduced 

chronic activation. 
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Figure 1-8. TEMRA TCR Vd1+ cell population is enriched in the inflamed intestinal 
tissue of CD patients. A) Arcsinh transformed median expression of CD45RA, CCR7, 
CD45RO, CD27, KLRG1, CD57, CD38, CD39, and CD73 on the Phenograph clusters 
(defined by the expression of CD45RA, CCR7, CD45RO, CD27, KLRG1, CD57) 
significantly enriched (qval <0.05) for healthy (H) (1, 2) or inflamed (I) (3-9) tissue. B) 
Boxplots showing fractions of each condition (I, not inflamed [NI], remission [R], H) 
represented by the clusters significantly enriched for I (1, 2) or H (3-9). *Cluster 2 was 
stably present in all five iterations of clustering we performed (see methods), but the 
q-value between the H and I condition for this cluster varies between 0.04-0.06 
depending on the iteration. C) Histograms of CD45RA, CCR7, CD45RO, CD27, 
KLRG1 CD57, CD38, CD39, and CD73 expression in the clusters significantly 
enriched for I (1, 2) or H (3-9). D) Representative example of changes in the CCR7 
and CD45RA expression between I and NI tissue of the same CD patient. E) 
Comparison of CCR7 expression levels on concatenated CD45RA+ TCR Vd1+ cells 
from H, R NI and I tissue and on total CD45RA+ CD4+ T cells. *=qval<0.05, 
**=qval<0.01. 10 I, 10 NI, 10 R, and 10 H samples were used for the analysis in A, B, 
and C. 24 paired (I/NI), eight unpaired I, 19 R and 13 H samples were used for the 
analysis in E. 

The association of CD45RA expression with clusters enriched in I and CD39 with 

those increased in H prompted the analysis of their co-expression. Notably, these two 

markers were largely expressed in a non-overlapping manner (Fig.1-9A), thus 

identifying different cell populations. CD45RA and CD39 populations also differed in 

the expression of many other surface markers, as shown in Fig.1-9B.  

These findings suggested further studies to investigate whether phenotypically distinct 

CD4 and Vd1+ cell populations were also functionally distinct. 
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Figure 1-9. CD39+ and CD45RA+ TCR Vd1+ cells represent distinct and 
phenotypically highly different cell subsets. A) Expression of CD39 and 45RA on 
concatenated TCR Vd1+ cells from all analyzed biopsies from inflamed (I), not inflamed 
(NI), remission (R), and healthy (H) tissue. B) Comparison of surface markers 
expression between CD39+CD45RA- and CD39-CD45RA+ Vd1 TCR+ cells subsets. 
*=qval<0.05, **=qval<0.01, ***=qval<0.001, ****=qval<0.0001. Twenty-four paired 
(I/NI), eight unpaired I, 19 R, and 13 H samples were used for the analysis. In B, 
samples with less than 50 living cells for any of the compared subsets (CD39+ TCR 
Vd1+ cells, CD45RA+ TCR Vd1+ cells) were excluded from the analysis.  
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Unique clusters of CD4+ and TCR Vd1+ cells in PBMCs of patients with active CD 

     Next studies were performed with circulating T cells to investigate whether there 

was a difference in the gut-homing potential of CD4+ and TCR Vδ1+ cells in patients 

with active disease and healthy donors. We stained PBMCs with a flow-cytometry 

panel containing antibodies against CD103 (aE integrin), CD49d (a4 integrin), CD49e 

(a5 integrin), CCR9, b7 integrin, and additional 23 lineage markers, activation 

markers, functional maturation markers and markers considered relevant based on 

tissue analysis. Clustering based on the CD103, CD49d, CD49e, CCR9, b7 integrin, 

and activation marker CD71 revealed the presence of 1 CD4+ and 3 TCR Vd1+ cells 

clusters significantly enriched in the blood of CD patients (Fig.1-10B, Fig.1-11B). A 

cluster of CD4+ cells consisted of cells expressing CD49d, b7 integrin, CD49e, and 

CD71 (Fig.1-10A, C). In addition, these cells are primarily CD45RO+ and CD127+, a 

significant part of them expressed CCR7, and almost none express KLRG1 (Fig.1-
10D). This cluster consists of activated TCM and TEM cells with gut-homing potential. 

All cells in TCR Vd1+ clusters enriched in the blood of CD patients express CD49d and 

CD49e (Fig.1-10E-G). Cluster 1 was also co-expressing b7 integrin and CD71, cluster 

2 only CD71 and cluster 3 was negative for both (Fig.1-10E-G). Cells in all 3 clusters 

were mostly CD45RO-, CD127-, CCR7-, and KLRG1+(Fig.1-1-10H). Cluster 1, 

therefore, represents activated TEMRA cells with gut-homing potential. The homing 

potential of cells in clusters 2 and 3 remain to be investigated with other markers. 



 

 74 

 
 
 

CD71 CD49e CD49d Beta7integrin CCR9 CD103

1

10

2

−10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10

0

100

200

300

0

100

200

0

1000

Vd1 clusters

CD71 CD49e CD49d Beta7integrin CCR9 CD103

5

−10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10
0

500

CD4 clusters

β7 integrin CCR9 CD103CD49dCD49e

-10  0  10 -10  0  10 -10  0  10 -10  0  10-10  0  10 -10  0  10

m
ed

ia
n 

ex
pr

es
si

on

no
rm

al
iz

ed
 c

el
l n

um
be

rE

B

1 2 3

CD71

CD49e

CD49d

β7 integrin

CCR9

CD103
-8

-4

0

4

8

cluster

transformed expression

H CD
0
2
4
8

15
✱✱

H CD
0
2
4
6
8

10
✱✱

H CD
0

10
20
30
40

✱

cluster

CD71

1

2

3

G

cluster

no
rm

al
iz

ed
 c

el
l n

um
be

r

transformed expression

Beta7integrin CCR7 CCR9 CD103 CD127 CD155 CD162 CD25 CD38 CD57 KLRG1

1

10

2

−10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10

0
100
200
300

0

100

200

0

1000

VD1 clusters
Beta7integrin CCR7 CCR9 CD103 CD127 CD155 CD162 CD25 CD38 CD57 KLRG1

1

10

2

−10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10

0
100
200
300

0

100

200

0

1000

VD1 clusters

CD161 CD226 CD357 CD39 CD45RO CD49d CD49e CD56 CD71 CD73 TIGIT

1

10

2

−10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10

0
50

100
150

0

100

0

500

1000

VD1 clusters
CD161 CD226 CD357 CD39 CD45RO CD49d CD49e CD56 CD71 CD73 TIGIT

1

10

2

−10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10

0
50

100
150

0

100

0

500

1000

VD1 clusters
CD161 CD226 CD357 CD39 CD45RO CD49d CD49e CD56 CD71 CD73 TIGIT

1

10

2

−10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10

0
50

100
150

0

100

0

500

1000

VD1 clusters

-10  0  10 -10  0  10 -10  0  10 -10  0  10-10  0  10 -10  0  10 -10  0  10 -10  0  10

cluster

1

2

3

si
ze

 o
f c

lu
st

er
 [%

 o
f t

ot
al

]

1

2

3

cluster

1

2

3

H

CD71

CD49e

CD49d

β7integrin

CCR9

CD103
-8

-4

0

4

8

CCR9 CD103CD49dCD49eCD71

-10  0  10 -10  0  10 -10  0  10 -10  0  10-10  0  10 -10  0  10

m
ed

ia
n 

ex
pr

es
si

on

si
ze

 o
f c

lu
st

er
 [%

 o
f t

ot
al

]

A

C

B

transformed expression

DBeta7integrin CCR7 CCR9 CD103 CD127 CD155 CD162 CD25 CD38 CD49d CD57 KLRG1

5

−10 0 10−10 0 10−10 0 10−10 0 10−10 0 10−10 0 10−10 0 10−10 0 10−10 0 10−10 0 10−10 0 10−10 0 10
0

500

CD4 clusters

CD161 CD226 CD357 CD39 CD45RO CD49d CD49e CD56 CD71 CD73 TIGIT

5

−10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10
0

250

CD4 clusters

Beta7integrin CCR7 CCR9 CD103 CD127 CD155 CD162 CD25 CD38 CD49d CD57 KLRG1

5

−10 0 10−10 0 10−10 0 10−10 0 10−10 0 10−10 0 10−10 0 10−10 0 10−10 0 10−10 0 10−10 0 10−10 0 10
0

500

CD4 clusters
Beta7integrin CCR7 CCR9 CD103 CD127 CD155 CD162 CD25 CD38 CD49d CD57 KLRG1

5

−10 0 10−10 0 10−10 0 10−10 0 10−10 0 10−10 0 10−10 0 10−10 0 10−10 0 10−10 0 10−10 0 10−10 0 10
0

500

CD4 clusters

CD161 CD226 CD357 CD39 CD45RO CD49d CD49e CD56 CD71 CD73 TIGIT

5

−10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10
0

250

CD4 clusters
CD161 CD226 CD357 CD39 CD45RO CD49d CD49e CD56 CD71 CD73 TIGIT

5

−10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10 −10 0 10
0

250

CD4 clusters

no
rm

al
iz

ed
 

ce
ll 

nu
m

be
r

-10  0  10 -10  0  10 -10  0  10 -10  0  10-10  0  10 -10  0  10
transformed expression

-10  0  10-10  0  10

H CD
0
2
4
8

15
✱✱

F

-10  0  10 -10  0  10 -10  0  10 -10  0  10-10  0  10 -10  0  10 -10  0  10 -10  0  10

β7 integrin 

no
rm

al
iz

ed
 

ce
ll 

nu
m

be
r



 

 75 

Figure 1-10. Clusters of activated TEM/TCM CD4+ T cells and activated TEMRA TCR 
Vd1+ cells with gut-homing potential are enriched in the blood of patients with 
active CD. A) Phenotype of CD4+ T cells in cluster enriched in patients with the active 
disease described by arcsinh transformed median expression of CD71, CD49e, 
CD49d, b7 integrin, CCR9, and CD103 B) Histograms of CD71, CD49e, CD49d, b7 
integrin, CCR9, and CD103 on CD4+ T cells from cluster shown in A. C) Histograms 
of CCR7, CD127, CD155, CD162, CD25, CD38, CD57, KLRG1, CD161, CD226, 
CD357, CD39, CD45RO, CD56, CD73 and TIGIT expression on CD4+ T cells from 
cluster shown in A. D) Boxplot showing fractions of both conditions (CD, H) 
represented by the cluster of CD4+ T cells shown in A. E) Phenotypes of TCR Vd1+ 

cells in clusters enriched in patients with the active disease described by arcsinh 
transformed median expression of CD71, CD49e, CD49d, b7 integrin, CCR9, and 
CD103. F) Histograms of CD71, CD49e, CD49d, b7 integrin, CCR9, and CD103 
expression on TCR Vd1+ cells from clusters shown in E. G) Histograms of CCR7, 
CD127, CD155, CD162, CD25, CD38, CD57, KLRG1, CD161, CD226, CD357, CD39, 
CD45RO, CD56, CD73 and TIGIT expression on TCR Vd1+ cells from clusters shown 
in E. H) Boxplots showing fractions of both conditions (CD, H) represented by the 
clusters of TCR Vd1+ cells shown in E. *=qval<0.05; **=qval<0.01. 20 CD patients and 
20 H donors were used for the analysis  
 
CD4+ T cells populations enriched in inflamed tissue are Th17 cells 

T cells in the intestine are stimulated by antigens presented on antigen-presenting 

molecules (CD1, MHCI, MHCII, MR1, Butyrophilins), by molecules with PAMPs, which 

trigger PRRs expressed on T cells or by cytokines and other soluble factors released 

by T and B lymphocytes, by cells of the innate immune system or by adjacent 

nonimmune cells. Upon their activation, T cells release a plethora of soluble factors 

which determine their effector functions. To assess the functional capability of T cells 

in tissue, we activated T cells isolated from inflamed CD lesions with PMA/ionomycin.  

The cytokines produced by functionally mature T cells are determined by the 

expression of transcription factors (EOMES [CD8-cytotoxic T cell], T-bet [Th1 cell], 

GATA3 [Th2 cell], PU.1 [Th9], RORγT [TH17 cell]. The panel of investigated cytokines 

included Th1 (IL-2, TNF-a, and IFN-g), Th2 (IL-4, IL-5, IL-6 and IL-13), Th17 (IL-17, 

IL-21), Th9 (IL-9) and Treg cytokine (IL-10), and cover cytokines released by all major 

Th cells populations. In line with current knowledge of CD pathogenesis, we found that 

T cells producing Th1 and Th17 cytokines were the most common, while those 

expressing Th2 were rare (Fig.1-11). 
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Figure 1-11. Intestinal T cells from patients with active CD express mostly Th1 
and Th17 cytokines. Twenty-eight samples of patients with active CD were used for 
the analysis. 
 

Investigation of CD4+ tSNE clustering based on CD38, CD39, CD73, CD45RA, and 

CD161 showed that IL-21 expression paralleled CD39 expression and was almost 

absent in CD73+ cells (Fig.1-12A). Conversely, CD73+ cells produced TNF-a, IFN-g, 

IL-2, and IL-6 (Fig.1-12A). Paired analysis showed that CD39+ cells produced more 

IL-21 and IL-17 in most donors than CD73+ cells (Fig.1-12B). Furthermore, CD73+ 

cells produced more IFN-g, TNF-a, IL-2, and IL-6 (Fig.1-12B).  These findings 

suggested that the CD4+ T cells population enriched in the inflamed mucosal tissue of 

CD patients is represented by CD39+CD73-CD45RA- Th-17 cells.  
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Figure 1-12. Cytokine expression by CD39+ and CD73+ CD4+ T cells A) tSNE 
clustering plot of CD4+ T cells based on the expression of CD39, CD73, CD38, CD161, 
and CD45RA. Cells expressing markers used for tSNE clustering (top row) and cells 
expressing cytokines IL-21, IL-17, TNF-a, IL-6, IL-2, and IFN-g (bottom row) are 
shown. B) Comparison of proportion of IL-21, IL-17, TNF-a, IL-6, IL-2, and IFN-g 
producing CD4+ T cells on population defined by CD39 and CD73 expression. 
***=qval<0.001, ****=qval<0.0001. Twenty-eight samples of patients with active CD 
were used for the analysis. In B, samples with less than 50 living cells for any of the 
compared subsets here or in figure 1-13 (CD39+ CD4+ T cells, CD73+ CD4+ T cells, 
CD39+ TCR Vd1+ cells, CD45RA+ TCR Vd1+ cells) were excluded from the analysis.  
 

TEM TCR Vd1+ cells express IL-9, IL-6, and IL-17, while TEMRA-like TCR Vd1+ cells 

produce Th1 cytokines  

Cytokine expression was also investigated in TCR Vd1+ cells. tSNE clustering 

confirmed that CD39 and CD45RA are mutually exclusively expressed and revealed 

that they identify cells with differential cytokine production (Fig.1-13A). CD39+ cells 

expressed more IL-9, IL-6, IL-17, and IL-2 than CD45RA+ cells. These cytokines are 

often co-produced by the same cells. Strikingly, no IL-9, IL-6, and IL-17 expression 

were detected in CD45+ TCR Vd1+ cells, which produced more IFN-g and TNF-a 
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(Fig.1-13B). IL-9 expression by TCR Vd1+ cells was the highest among analyzed T 

cell subsets suggesting that loss of IL-9 secreting TCR Vd1+ cells might have a serious 

impact on processes induced by IL-9, such as mucin secretion (252) and intestinal 

barrier function through modulation of claudin expression (253). Analysis of cytokine 

co-production showed that TEMRA-like cells often co-produced pro-inflammatory 

cytokines IFN-g and TNF-a and that expression of other cytokines was minimal.  

 

Figure 1-13. The expression of CD39 and CD45RA defines cytokine expression 
by TCR Vδ1+ cells. A) tSNE clustering plot of TCR Vd1+ cells based on the expression 
of CD45RA, CD39, CD38, CD161, and CD73. Cells expressing markers used for tSNE 
clustering (top row) and cells expressing cytokines IFN-g, TNF-a, IL-9, IL-6, IL-17, and 
IL-2 (bottom row) are shown. B) Comparison of proportion of IFN-g, TNF-a, IL-9, IL-6, 
IL-17, and IL-2 producing TCR Vd1+ cells on populations defined by CD39 and 
CD45RA expression. *=qval<0.05, **=qval<0.01, ****=qval<0.0001. Twenty-eight 
samples of patients with active CD were used for the analysis. In B, samples with less 
than 50 living cells for any of the compared subsets here or in Figure 1-12 (CD39+ 

CD4+ T cells, CD73+ CD4+ T cells, CD39+ TCR Vd1+ cells, CD45RA+ TCR Vd1+ cells) 
were excluded from the analysis. 
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Discussion 

This study revealed alterations in the composition and activity of T cell populations in 

patients with Crohn’s disease. It also identified and functionally characterized various 

T cell subsets proportions, which are the most significantly altered in inflamed areas.  

Using a CD45 antibody-based barcoding approach and multidimensional flow 

cytometry, we screened 360 surface markers and identified and validated markers 

differentially expressed in CD14+ cells, B cells, and T cells (CD4+, CD8+, TCR gd+). 

Analysis of gene ontology enrichment of differentially expressed proteins revealed that 

proteins involved in regulating T cell activation are the most enriched group in B cells 

and CD14+ cells, pointing to the central role of T cells in the CD. Markers identified as 

differentially expressed in T cells and individual T cells lineage subsets are involved 

in T cell activation, cytokine and chemokine signaling, and cellular adhesion. Only 

some of our validated markers were previously identified using single-cell 

transcriptomics (179, 254) and mass spectrometry studies (255) performed on CD 

bioptic tissue. Thus, our approach led to the identification of unique T cell phenotypes 

accumulating in inflamed intestinal tissue of patients with active Crohn’s disease.  

Comparison of T cell lineage proportions revealed accumulation of CD4+ T cells in 

inflamed tissue compared to uninflamed tissue and tissue from healthy donors. This 

increase might be related to the increased proportion of the population of proliferative 

(CD71+) CD4+ T cells with gut homing (a4b7 integrin+) potential that we observed in 

the blood of CD patients compared to healthy donors (169, 248, 256). In the intestinal 

tissue, we observed that CD4+ T cells in patients with active disease expressed more 

activation markers (CD71, CD357) and the functional maturation markers KLRG1 and 

CD57 compared to healthy tissue indicating sustained stimulation and progression 

toward terminal maturation (41). T cells of patients with active disease also showed 

decreased expression of CD73 ectonucleotidase. Interestingly, the expression of 

another functionally related ectonucleotidase, CD39, was increased in inflamed tissue 

compared to the not inflamed and indeed, these two molecules define two not-

overlapping cell populations that also differed in the expression of activation (CD71, 

CD25, CD357, TIGIT, CD38) and functional maturation (CD127, CCR7, CD45RO, 

CD45RA, KLRG1) markers. Clustering analysis of CD4+ T cells revealed that cells in 

the clusters enriched for inflamed tissue showed features of recently stimulated cells 
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(CD45RO+, CD71+, and CD25+), thus supporting the hypothesis of local antigen 

stimulation.  

The functional analysis that we performed also showed that distinct effector functions 

distinguish these two populations. Indeed, CD4+ CD39+ T cells expressed significantly 

more IL-21 and IL-17, whereas CD4+ CD73+ T cells expressed more IFN-g, TNF-a, IL-

2, and IL-6. Such dichotomy might indicate that the two CD4+ T cell populations 

undergo functional maturation in different microenvironments and in the presence of 

other soluble factors. IL-17 and IL-21 are produced by Th17 cells (257). T helper cells 

polarize to Th17 under the influence of TGF-β, IL1β, and either IL-6, IL-21, or IL-23 

(258). Intestinal immune cells produce such Th17-polarizing cytokines in response to 

stimulation by microbiota (259, 260). Thus, the accumulation of CD4+CD39+ T cells in 

inflamed tissue might result from response to unique microbial flora. Indeed, microbial 

dysbiosis has been associated with CD (115).  

The ability of IL-21 to induce Th17 development was demonstrated in mice, and 

whether such an autocrine amplification loop of Th17 development also exists in 

humans remains to be investigated (261). Involvement of IL-21 in CD was previously 

suggested when IL-21 was observed by western blot in all investigated CD tissue 

samples and was higher than in ulcerative colitis (UC) and control tissues (262). 

Enhanced IL-21 was detected in both ileal and colonic CD and fibrostenosing and 

nonfibrostenosing disease, thus indicating a role independent of tissue localization 

and type of lesions (262). In addition, IL-21 might also contribute to the accumulation 

of T cells in intestinal mucosa by promoting the secretion of the chemoattractant MIP-

3α by epithelial cells (263).  

To sum up, the accumulation of Th17-like CD4+CD39+CD73- T cells in inflamed 

intestinal tissue of CD patients can contribute to chronic inflammation of the tissue in 

several ways. If Th17 development bypasses the need of IL-23 by developing in the 

presence of IL-21, as was demonstrated in mice, they cannot be efficiently targeted 

by any immunobiological therapy currently in use. Despite the probable involvement 

of microbiota, the exact type of antigen specificity that drives development, activation 

and expansion of CD4+CD39+CD73- T cells remains to be investigated.  

The analyses of TCR gd cell populations showed a significant decrease in the 

proportion of TCR Vd1+ cells in CD patients, which was more pronounced in patients 

with active disease and the strongest in the inflamed areas of the intestine. This was 
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driven by a massive decrease of TEM (CD45RO+CCR7-) TCR Vδ1+ T cells and an 

increase of TEMRA (CD45RA+CCR7-) TCR Vd1+ T cells. TEMRA cells represented up to 

42% of total TCR Vd1+ in inflamed tissue. These cells also often co-expressed the 

CD57 and KLRG1 markers, identifying cells undergoing chronic stimulation. It was 

previously demonstrated that T cells could develop into TEMRA phenotype under the 

influence of homeostatic cytokines even in the absence of an antigen (264). In this 

latter case, the analysis of the TCR sequences of TEMRA (CD45RA+CCR7-) TCR Vd1+ 

T cells may reveal if their expansion is oligoclonal (antigen-driven) or polyclonal (non-

specifically induced by other factors). 

Interestingly, we observed that TEMRA TCR Vd1+ T cells expressing gut homing 

markers (a4b7 integrin+) are increased in the blood of CD patients with active disease 

(169, 256). The fact that these TCR Vd1+ cells exhibit TEMRA phenotype in the blood 

suggests that they might also shift to this stage under the influence of soluble factors 

before they reach the tissue. TEMRA cells have a lower proliferative capacity (41, 264), 

which might result in the decreased proportion of TCR Vd1+ T cells in the inflamed 

intestine. Alternatively, the presence of these cells in the blood can result from the 

recirculation of tissue-resident cells. It was previously demonstrated that CD4+ T cells 

residing in the skin also migrate out of their organ of residence and are detectable in 

the blood of healthy individuals (265). Tissue egress of resident T cells was also 

thoroughly described in a mice model (266). Lymphocytic choriomeningitis virus-

specific tissue-resident CD8+ T cells were able to egress tissue and home to lymph 

nodes, where they became a source of secondary lymphoid organ tissue-resident 

memory cells (266). Notably, while activation molecules typical for tissue-resident 

memory cells, such as CD69, are rapidly downregulated after tissue egress, the 

expression of some tissue homing molecules remains high for up to a hundred days 

(266). Whether similar protein expression occurs also in human cells remains to be 

studied. 

TCR Vd1+ cells are the largest population of TCR gd in the human gut (267), and they 

co-express several inhibitory molecules (268), which probably counterbalance their 

activation in the gut. So far, the antigens that stimulate TCR gd cells in the human gut 

remain unknown and different mechanisms might contribute to their local activation. 

Exceptional use of the TRDJ3 gene segment in T cells expressing the TRDV1 and 

TRDV3 genes was found in CD patients and not in patients with other chronic 
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inflammatory diseases of the colon, thus implicating recognition of specific ligands 

driving their expansion (269). In addition to antigen recognition, other mechanisms 

might promote the activation of TCR Vd1+ cells. As TCR Vd1+ cells in the human gut 

frequently co-express the Vg4 chain, the interaction of this TCR Vg chain with the 

butyrophilin-like 3 (BTNL3) and butyrophilin-like 8 (BTNL8) dimers expressed on gut 

epithelial cells (69, 270) might facilitate their activation and functional maturation. An 

increase in methylated BTNL3 gene has been reported in the gut of IBD patients (271). 

In patients with coeliac disease, a decreased expression of the BTNL8 gene has been 

reported and is associated with a dramatic reduction of TCR Vg4+Vd1+ tissue resident 

cells (272). If increased methylation decreases BTNL3 and BTNL8 expression in IBD, 

it might represent a potential reason for decreased TCR Vd1+ proportion in the tissue.  

Another non-alternative possibility is that TCR Vd1+ cells co-express activating natural 

cytotoxicity receptors (NCRs) that promote their stimulation in a TCR-independent 

manner. Indeed, the NCR NKp30 was recently found to be expressed by TCR gd cells 

from CD patients in almost 50% of TCR gd+ Vd2- cells (179). Another study showed 

the expression of NCRs NKp46 and/or NKp44 on a vast majority of Vd1+ intraepithelial 

cells in coeliac disease patients (272), further underlining the potential NCR-

dependent stimulation of this cell population in the gut. 

The functional analysis of TCR Vd1+ cells showed strikingly different effector capacities 

of the CD39-TEMRA cells accumulating in inflamed lesions and CD39+TEM cells, which 

are strongly reduced in sites of inflammation. CD39+TEM cells produced IL-9, IL-17, 

and IL-6, while their IFN-g and TNFa production was reduced. IL-9 expression by TCR 

Vd1+ cells was the highest among analyzed T cell subsets suggesting that loss of IL-9 

secreting TCR Vd1+ cells might have a severe impact on processes induced by IL-9 

such as mucin secretion (252) and maintaining the intestinal barrier function through 

modulation of claudin expression (253). 

The second population, represented by CD39-TEMRA-like Vd1+ T cells, was strongly 

stained only with IFN-g and TNFa-specific mAbs, resembling the Vd1+ T cell 

populations found in patients with esophageal adenocarcinoma (273). Thus, TEMRA-

like TCR Vd1+ cells probably exert a pro-inflammatory role. Whether some TEMRA-like 

TCR Vd1+ cells have homeostatic activities and promote local integrity of the epithelial 

barrier remains to be determined. Such a function was elegantly suggested by studies 
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conducted in mice in which TCR gd cells were found to promote barrier surveillance 

proactively through recognition of tissue ligands that remained unknown at that time 

and were predicted to be expressed in the steady state and modulated by cellular 

stress (274). A significant increase in inflamed tissue of TEMRA TCR Vd1+ cells releasing 

pro-inflammatory cytokines represents a novel aspect of IBD immunopathology. 

Understanding the immunological role of TCR gd cells in intestinal inflammation might 

reveal unknown pathogenetic mechanisms in CD. 

In conclusion, our data indicate a profound alteration in the T cell populations in the 

inflamed colon areas of CD patients. Significant changes affect TEM Th17 cells, TEM 

TCR Vd1+ cells producing IL-9, and TEMRA TCR Vd1+ cells producing IFN-g and TNF-

a. Understanding the mechanisms leading to these alterations of intestinal immune 

system composition may provide the basis for future IBD therapeutic options. 
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Changes in the esophageal immune cell population associated with 
Eosinophilic esophagitis 

Introduction 

     EoE is associated with esophageal eosinophilic infiltration and abnormal Th2 

accumulation-associated inflammatory response in the esophagus (198, 204). A 

dysfunctional epithelial-immune barrier leading to increased exposure to 

environmental or food antigens is a potential reason for this condition's development. 

The epithelial-immune barrier's function is influenced by genetic predisposition and 

environmental factors. The interplay of different immune cell types in the esophagus 

of patients with EoE and many pathophysiological aspects of this chronic disorder 

remain largely unknown. A detailed description of the immune cell composition of the 

esophagus in EoE may be instrumental in understanding the pathophysiologic 

mechanisms involved in this disease. Until now, the cellular composition and 

inflammation-dependent changes of the mucosal immune system in the esophagus 

are largely unknown (201). 

To describe the cellular composition of the immune system in esophageal mucosa and 

simultaneously reveal its changes during active EoE, we applied a multicolor flow 

cytometry-based analysis on the cells isolated from esophageal biopsies of patients 

with active EoE, EoE in remission, gastroesophageal reflux disease (GERD) and 

healthy donors. We provided the first extensive description of EoE-associated 

changes in immune cells in the human esophagus and described changes in all major 

immune cell subsets' presence, activity, and functional maturation. In addition, we 

described the ability of eosinophils to activate MAIT cells, which leads to the 

production of cytokines able to attract and activate eosinophils. Such a mechanism 

might contribute to chronic inflammation in EoE. 

 

Patient characteristics  

     Patient samples were obtained from a total of 70 subjects, and their characteristics 

are summarized in Table 2-1. From each donor, bioptic tissue was collected during 

an endoscopic procedure. No significant differences between patients with active 

disease, patients in remission, and healthy donors regarding age and gender were 

observed. 
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Table 2-1. Clinical and demographic data of patients included in the study of EoE. 

Variable EoE active (%) 
(n= 21) 

EoE in remission (%) 
(n = 20) 

GERD (%) 
(n = 11) 

Healthy (%) 
(n = 18) 

Male 13/21 (61.9%) 13 (65.0%) 7 (63.6%) 11 (61.1%) 

Median age at 

sample, y, (range) 

41.5 (25-71) 39 (25-85) 44 (25-74) 42.5 (22-57) 

Median age at EoE 

diagnosis, y, (range) 

34 (19-69) 37 (19-81) - - 

Median weight (kg), 

y, (range) 

79 (56-130) 76.5 (51-94) 83 (67-103) 71 (55-111) 

Edema 9 (42.9%) 1 (5.0%) 0 (0.0%) 1 (5.6%) 

Exudates 17 (81.0%) 2 (10.0%) 1 (9.0%) 1 (5.6%) 

Furrows 19 (90.5%) 7 (35.0%) 0 (0.0%) 3 (16.7%) 

Rings 13 (61.9%) 9 (45.0%) 0 (0.0%) 1 (5.6%) 

Stricture 4 (19.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 

Moderate to severe 

signs 

21 (100.0%) 14 (70.0%) 1 (9.0%) 4 (22.2%) 

Atopic history 14 (66.7%) 14 (70.0%) 4 (36.4%) 8 (44.4%) 

Alergic asthma 4 (19.0%) 4 (20.0%) 2 (18.2%) 3 (16.7%) 

Food allergies 4 (19.0%) 6 (30.0%) 0 (0.0%) 2 (11.1%) 

Dysphagia 21 (100%) 11 (55.0%) 6 (54.5%) 11 (61.1%) 

Food impaction 18 (85.7%) 9 (45.0%) 4 (36.4%) 4 (22.2%) 

Reflux 2 (9.5%) 4 (20.0%) 6 (54.5%) 9 (50.0%) 

Median peak of 

eosinophils / hpf, y, 

(range) 

76 (25-170) 1 (0-14) 0 (0-10) 0 (0-0) 

Treatments 

Diet 1 (4.8%) 1 (5.0%) 0 (0.0%) 0 (0.0%) 

Steroids 4 (19.0%) 7 (35.0%) 0 (0.0%) 0 (0.0%) 

Steroids / Diet 1 (4.8%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 

Steroids /PPI 0 (0.0%) 6 (30.0%) 0 (0.0%) 0 (0.0%) 

PPI 3 (14.3%) 4 (20.0%) 5 (45.5%) 10 (55.6%) 

Other 0 (0.0%) 1 (5.0%) 1 (9.0%) 0 (0.0%) 
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Immune cells accumulate in the esophageal mucosa of EoE patients 

     A healthy esophagus is sparsely infiltrated by immune cells (CD45+). We 

investigated the changes in the infiltration of immune cells to the esophageal tissue by 

comparing the ratio of CD45+ and CD45- cells in the biopsies. This comparison 

revealed that the immune cells are more frequent in the biopsies from the esophageal 

mucosa of patients with active EoE compared to patients with gastroesophageal reflux 

disease (GERD), EoE patients in remission (R), and healthy donors (H) (Fig.2-1). 

Simultaneously, the relative abundance of CD45+ cells was significantly higher in 

healthy donors than in patients in remission and patients with GERD.  

 

Figure 2-1. Comparison of CD45+ and CD45- cells ratio between esophageal biopsies 

of patients with active EoE (I), gastroesophageal reflux disease (GERD), EoE in 

remission (R), and healthy donors (H). Horizontal line represents mean. *=qval<0.05, 

**=qval<0.01, ****=qval<0.0001  

Phenotypic characterization of major immune subsets infiltrating EOE biopsies 

Phenotypic characterization of cells isolated from esophageal biopsies was done by 

spectral flow cytometry-based immunophenotyping panel, which allowed recognition 

of all major immune cell populations in the esophageal biopsies (Fig.2-2).  
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Figure 2-2. Gating strategy used for separation of immune cell lineage subsets. Data 

shown here represent concatenated living single cells from 70 esophageal biopsies.  

FlowSOM clustering analysis of CD45+ cells was performed based on the expression 

of the following markers (CD3, CD4, CD8, pan gd TCR, Vd1 TCR, Vd2 TCR, Vα7.2 

TCR, CD161, CD56, CD127, CD19, IgA, IgD, HLA-DR, CD11c, CD123, CD14, CD38, 

CD117, FcεR, CCR3, Siglec-8, α4 integrin). Manual merging of clusters corresponding 

to the same immune cell subset allowed comparing relative abundances of immune 

cell subsets (CD4+αβ T cells, CD8+αβ T cells, CD4+CD8+αβ T cells, CD4-CD8- T cells, 

MAIT cells, TCR Vδ1+ T cells, TCR Vδ2+ T cells, CD56+ NK cells, CD16+ NK cells, 

CD16+CD56+ NK cells, ILCs, IgA-IgD- B cells, IgA+ B cells, IgD+ B cells, plasmacytoid 

dendritic cells, myeloid dendritic cells, classical monocytes, intermediate monocytes, 

nonclassical monocytes, basophils, mast cells, eosinophils, neutrophils) between 

active EoE and other investigated conditions (Fig.2-3A). Only 4.7 % of cells were 
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attached to clusters which were impossible to classify into any of these categories 

(Fig.2-3A).   

Eosinophils were significantly more frequent in active EoE than in healthy subjects, 

patients with EoE in remission, and patients with GERD (Fig.2-3A, B). Their presence 

in the esophagus is a diagnostic criterium for EoE, and we, therefore, normalize our 

data for this to be able to observe changes in the other immune cell populations. We 

revealed an increase in the abundance of mast cells and basophils in patients with 

active EoE compared to healthy donors. In addition, all B cell subsets were 

significantly more abundant in active EoE than healthy and IgD-IgA- and IgA+ B cells 

compared to patients in remission (Fig.2-3A, B). Neutrophils were significantly more 

frequent in healthy patients than in patients with active EoE (Fig.2-3A). As expected, 

the viability of neutrophils isolated from EoE biopsies was insufficient; therefore, we 

did not investigate them any deeper in this study. CD4+αβ T cells are considered 

critical mediators of EoE (203) but they were not more frequent in EoE tissue than in 

healthy tissue (Fig.2-3A, B).  

Median expression of 11 activation and functional maturation markers, which were not 

used for clustering, provided deeper information about individual immune cell subsets. 

On most T cell populations high expression of CD69 suggested their activation 

typically observed for tissue-resident T cells (Fig.2-3A). Interestingly, TCR Vδ2+ cells 

did not express CD69 but were highly positive for KLRG1 and negative for TIGIT 

(Fig.2-3A). Our previous analysis of intestinal samples and blood showed that this is 

a typical profile of circulating TCR Vδ2+ cells in the blood. In contrast, TCR Vδ2+ cells 

residing in the intestinal mucosa express TIGIT and lose KLRG1 (Fig.1-7). Thereby, 

it is probable that TCR Vδ2+ cells in the esophageal biopsies represent the population 

of blood cells perfusing inflamed tissue and not tissue-resident cells. In clusters 

corresponding to unconventional T cells, expression of CD45RA was the highest. 

Their concomitant lack of CCR7 and expression of CD57 and KLRG1 markers 

indicated a high proportion of TEMRA in these subsets (41) (Fig.2-3A).  

Expression of CD45RA on the B cell subsets was highest in IgD-expressing B cells 

which were also negative for CD27 and CD38 (Fig.2-3A). This finding aligns with 

current knowledge of B cell development since IgD is expressed immediately after B 

cell maturation. In this developmental stage, B cells do not express CD38 neither 

CD27 (275). CD45RA expression on B cells is also the highest in early developmental 

stages, and transition to CD45RO occurs with differentiation to plasma cells (276). 
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Accordingly, IgA-expressing B cells are dim for CD45RA and express high levels of 

CD27 and CD38, suggesting they are plasma cells (Fig.2-3A) (275). We also found 

that the inhibitory receptor TIGIT was expressed mainly by T cells and monocytes, 

with the highest expression by TCR Vδ1+ cells (Fig.2-3A). The adhesion molecule 

Siglec-3 and the inhibitory molecule TIM3 were predominantly expressed by cells of 

the innate immune system (Fig.2-3A). The expression of IL-2 receptor CD25 was 

mainly detected on CD4+ T cells, CD56+ NK cells, ILCs, and basophils (Fig.2-3A).  

The expression of the adhesion molecule CXCR1 – CD181 - was rare on all analyzed 

cell subsets, with the highest proportion of positive cells on ILCs (Fig.2-3A). 

Autofluorescence of cells was the strongest in dendritic cells, monocytes, and 

granulocytes, with the highest signal in eosinophils, which also represented the 

smallest and the most granular cell subset (Fig.2-3A).  

Taken together, this analysis showed an association of active EoE with the higher 

relative abundance of eosinophils, mast cells, basophils, and B cell subsets and 

provided information on investigated surface markers expression by major immune 

cell subsets in the esophagus.  
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Figure 2-3. Changes in the abundance of immune cell subsets associated with 
EoE.  A) Heat map shows arcsinh transformed median expression of all markers used 
for the analysis. Twenty-four proteins used to cluster the immune cell subsets are 
listed above the black horizontal line. The Z-score of FSC-A and SSC-A represent 
differences in the size and granularity of cells. The horizontal bar on top represents 
the size of the cluster (size in %); the second from the top shows whether the 
abundance of the cluster is significantly different between healthy subjects (H), 
patients with EoE in remission (R and patients with gastroesophageal reflux disease 
(GERD) compared to patients with active disease (I); AF – autofluorescence of cells; 
SSC –side scatter detected by blue laser (represent granularity of cell); FSC-A –
forward scatter detected by blue laser (represent the size of a cell). B) Changes in the 
proportions of eosinophils, mast cells, basophils, IgA-IgD- B cells, IgA+ B cells, and 
IgD+ B cells in patients with active EoE (I), gastroesophageal reflux disease (GERD), 
EoE in remission (R), and healthy donors (H). Major immune cell subsets with 
significantly different abundance in I compared to H are shown. *=qval<0.05, **=qval 
<0.01, ***=qval<0.001, ****=qval<0.0001 
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Eosinophils and basophils in the esophagus of patients with active EoE are 

activated cells  

Our flow-cytometry investigation of EoE biopsies was supportive of the clinical 

diagnosis, showing highly increased eosinophil abundance in patients with active EoE 

(Fig. 2-3B). Low counts of eosinophils in the esophagus of patients with EoE in 

remission, patients with GERD, and healthy donors do not allow for comparing subsets 

of eosinophils among these conditions. We, therefore, decided to investigate the 

activation status of eosinophils in the esophagus of patients with the active disease by 

utilizing the expression of five known eosinophil activation markers (CD4, CD69, 

CD38, CD123, HLA-DR). We found that CD4 (median = 60.5%) and CD69 (median = 

70.8%) were the most frequently expressed activation markers on eosinophils. A 

smaller number of eosinophils expressed CD123 (median = 29.3%), HLA-DR (median 

= 2.1%), and CD38 (median = 0.9%) (Fig. 2-4A).  

Most eosinophils expressed two or more activation markers suggesting that 

eosinophils infiltrating the esophagus of patients with active EoE are activated (Fig. 2-
4B). The primary functional outcome of eosinophil activation is their degranulation. 

Interestingly, we noticed that a small population of CD38+ eosinophils has significantly 

lower side scatter than the rest of the eosinophils suggesting CD38 might be a marker 

of highly activated eosinophils (Fig. 2-4C). This hypothesis was further supported by 

the observation that CD38+ eosinophils express significantly higher levels of CD69 

and CD123 than CD38- eosinophils (Fig. 2-4C). 

Basophils are also significantly more abundant in the esophagus of patients with active 

EoE than in healthy subjects. Because of low counts in healthy donors and in subjects 

with GERD and EoE in remission, we could detect and analyze basophils only in the 

esophagus of patients with active EoE. We clustered basophils based on the 

expression of activation markers CD25 and CD69 as well as inhibitory molecule 

KLRG1 and Sialic acid-binding proteins Siglec-3 and Siglec-8 (Fig. 2-4D). The 

analysis showed that, similarly to eosinophils, most clusters expressed at least one of 

the analyzed activation markers (Fig. 2-4D). No preferential association of activation 

markers was observed. Analysis of individual marker expression showed that Siglec-

3 (median = 87.4%) and CCR3 (median = 92.1%) were the most commonly expressed, 

while the expression of KLRG1 (median = 43.7%) and Siglec-8 (median = 34.6%) was 



 

 93 

lower (Fig. 2-4E). Interestingly, the median expression of activation markers CD25 

(median = 20.3%) and CD69 (median = 32.7%) were relatively low (Fig. 2-4E). The 

presence of CD25 on almost half of the clusters (Fig.2-D), including the biggest on,e 

together with the low median expression of CD25, suggested there might be a 

relationship between basophil infiltration in the esophagus and their activation. Indeed, 

we found a significant correlation between the proportion of basophils in the tissue and 

their expression of CD25+ (Fig. 2-4F). 
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Figure 2-4 Activated eosinophils and basophils are present in the esophagus of 
EoE patients A) Boxplots representing the distribution of proportions of CD4+, CD69+, 
CD38+, CD123+, and HLA-DR+ eosinophils in the esophagus of patients with active 
EoE B) Heat map shows hyperbolic arcsinh transformed median expression of 
eosinophil activation markers CD4, CD69, CD38, CD123 and HLA-DR on eosinophils 
isolated from the esophagus of patients with active EoE. The horizontal bar on top 
represents the size of the cluster. C) Boxplot showing a comparison of median 
intensity (MI) of side scatter (left), median fluorescence intensity (MFI) of CD69 
(middle), and MFI of CD123 (right) between populations of CD38+ and CD38- 
eosinophils. Y axis is linear. D) Heat map shows hyperbolic arcsinh transformed 
median expression of basophil activation markers CD25 and CD69, inhibitory receptor 
KLRG1, chemokine receptor CCR3 and Sialic acid-binding proteins Siglec-3 and 
Siglec-8. The horizontal bar on top represents the size of the cluster. E) Boxplots 
representing the distribution of proportions of KLRG1+, CD25+, Siglec-3+, CD69+, 
Siglec-8+, and CCR3+ basophils in the esophagus of patients with active EoE. 
*=qval<0.05, **=qval <0.01, ***=qval<0.001 F) Correlation between CD25 expression 
on basophils and proportion of CD45+ cells represented by basophils in the 
esophageal biopsies of patients with active EoE. 
 

Esophageal mast cell population is markedly changed in active EoE  

Mast cells were significantly more frequent in active EoE than in healthy donors (Fig.2-
3B). Still, the frequency of mast cells in active EoE was the same in patients with 

remission (Fig.2-3B). These findings differ from what we found in eosinophils and 

indicate that mast cells are not a cell population driving inflammation in EoE. We next 

investigated the phenotypical changes of mast cells among healthy subjects, patients 

with active EoE, those in remission, and those with GERD Fig.2-5). Mast cell 

clustering was based on the expression of KLRG1, CD25, Siglec-3, CD69, Siglec-8, 

CCR3, and CD123. The mast cell subset expressing low KLRG1 levels and Siglec-8, 

but no CD25, Siglec-3, CD69, CCR3, and CD123 was significantly more frequent in 

healthy tissue compared to tissue of patients with active EoE, EoE in remission as well 

as GERD (Fig.2-5A, B). KLRG1bright mast cells expressing Siglec-3, CD69, CD123, 

low levels of CCR3, and no CD25 were significantly more frequent in patients with 

active EoE than healthy subjects and EoE patients in remission (Fig.2-5A, B). A 

comparison of single markers used for clustering revealed the following differences: 

i) Siglec-3-expressing mast cells were more frequent in patients with active EoE 

compared to healthy donors; ii) CD69-expressing mast cells were more frequent in 

active EoE than in healthy donors and GERD patients; iii) CCR3-expressing mast cells 

were more frequent in patients with active EoE patients compared to all other 
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conditions, and iv) CD123 expressing mast cells were more frequent in active EoE 

compared to healthy donors and EoE patients in remission (Fig.2-5C). 

 

Figure 2-5. The mast cell population of the esophagus is markedly changed in 
active EoE A) Heat map shows arcsinh transformed median expression of KLRG1, 
CD25, Siglec-3, CD69, Siglec-8, CCR3, and CD123. The horizontal bar on top 
represents the size of the cluster; the second from the top shows whether the 
difference in the frequency of cells in the cluster is significant between H and I; the 
colour of the cluster name represents whether the cluster is more frequent in donors 
with active EoE or in healthy donors. B) Changes in the proportions of mast cells 
belonging to clusters A and B in patients with active EoE (I), gastroesophageal reflux 
disease (GERD), EoE in remission (R), and healthy donors (H). C) Changes in the 
proportion of mast cells positive for Siglec-3, CD69, CCR3, and CD123 between I, R, 
GERD, and H.  *=qval<0.05, **=qval<0.01, ***=qval<0.001 
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Phenotype and presence of antigen-presenting cell populations are changed in 
active EoE  
 
Canonical antigen-presenting cells, macrophages (and monocytes), dendritic cells 

(DCs), and B cells participate in activating Th2 CD4+ T cells. Therefore, they might 

have a significant role in EoE pathogenesis. We investigated the changes in these cell 

populations by clustering based on the expression of markers related to activation, 

tissue residence, functional maturation, and markers associated with functionally 

distinct subsets.  

First, DCs were clustered based on the expression of CD123, CD11c, α4 integrin, and 

Siglec-3. Subsets of plasmacytoid DCs (CD123+) expressing α4 integrin and Siglec-3 

is significantly more frequent in the inflamed tissue (Fig.2-6A-B). In addition, 

significantly more DCs were positive for Siglec-3 in patients with active EoE. 

 
Figure 2-6. Siglec-3+ α4 integrin+ plasmacytoid dendritic cells accumulate in 
patients with active EoE. A) Heat map shows arcsinh transformed median 
expression of CD123, CD11c, α4 integrin, and Siglec-3. The horizontal bar on top 
represents the size of the cluster; the second from the top shows whether the 
difference in the frequency of cells in the cluster is significant between H and I; the 
color of the cluster name represents whether the cluster is more frequent in active EoE 
or healthy tissue. B) Changes in the proportions of cells from clusters A out of dendritic 
cells in patients with active EoE (I), gastroesophageal reflux disease (GERD), EoE in 
remission (R), and healthy donors (H). C) Changes in the relative abundance of Siglec-
3 expressing DCs between I, GERD, R, and H. *=qval<0.05  
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Monocyte clustering was based on the expression of CD14, CD16, CD11c, CD123, 

and CD38. No significant difference in the relative abundance of cells from healthy 

donors and patients with active EoE was observed in any cluster (Fig.2-7A). As 

expected, most of the cells were conventional monocytes (CD14+CD16-), while 

intermediate (CD14+CD16+) and nonclassical (CD14-CD16+) monocyte cells 

represented minor fractions (Fig.2-7A). CD123-expressing monocytes can develop 

into CD123+ myeloid dendritic cells(277). Since we saw an increase in the subset of 

plasmacytoid dendritic cells in inflamed tissue (Fig. 2-6A, B) we were interested in 

whether the abundance of CD123+ monocytes is higher in active EoE. No significant 

difference, however, was found in the proportion of CD123+ monocytes in different 

tissues (Fig.2-7B). Changes in the activation of monocytes in patients with active EoE 

were investigated through a comparison of the CD38 expression (278), and no 

significant differences were revealed (Fig.2-7B). 

 

Figure 2-7. Classical monocytes are the prevalent monocyte population in the 
esophagus. A) Arcsinh transformed median expression of CD16, CD14, CD11c, 
CD123, and CD38. The horizontal bar on top represents the size of the cluster; the 
second from the top shows whether the difference in the frequency of cells in the 
cluster is significant between H and I; the third bar from the top show whether the 
cluster is more frequent in H or I. B) Changes in the proportions of monocytes 
expressing CD123 and CD38 in patients with active EoE (I), gastroesophageal reflux 
disease (GERD), EoE in remission (R), and healthy donors (H). 
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The proportion of B cells was significantly increased in the esophagus of patients with 

active EoE compared to patients with GERD, EoE patients in remission, and healthy 

subjects (Fig.2-8A). Except for active EoE, B cells are almost non-existent in the 

esophagus (Fig.2-8A). Comparison of B cell subsets inside the B cell population is 

thus impossible because of low numbers of B cells in GERD, remission, and healthy. 

We only describe B cells in active EoE based on the IgD and IgA expression in 

combination with the B cell maturation markers HLA-DR, CD27, CD45RA, and CD38 

(Fig.2-8B). Analysis of individual markers showed slight variations in the proportions 

of IgD+ (median = 36.3%), IgA+ (median = 20.2%), and IgD-IgA- (median = 34.5%) B 

cells. Most of the B cells expressed markers of early B cell maturation stages CD45RA 

(median = 87.6%) and HLA-DR (median = 73.9%). In contrast, the markers associated 

with B cell maturation, such as CD27 (median = 14.1%) and CD38 (median = 24.0%) 

were less frequent (Fig.2-8B). There was a strong correlation between the expression 

of the plasma cell marker C38 and IgA expression (Fig.2-8C). Biopsies with high 

proportions of CD38 and IgA-expressing B cells also contained low proportions of 

HLA-DR+ B cells, and the B cell population in these biopsies represented a significant 

part of total immune cells (Fig.2-8C). Clustering analysis showed that, as expected, 

IgD and IgA expression was mutually exclusive, with IgD being associated with high 

HLA-DR expression, suggesting the ability of these cells to stimulate CD4+ T cells, 

and it confirmed the association of IgA with CD38 (Fig.2-8D).  
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Figure 2-8. B cells accumulate in the esophagus during EoE A) Changes in the 
proportions of B cells within all CD45+ cells in patients with active EoE (I), 
gastroesophageal reflux disease (GERD), EoE in remission (R), and healthy donors 
(H). B) Boxplots representing the distribution of proportions of IgD+, IgA+, IgD-IgA-, 
HLA-DR+, CD27+, CD45RA+, and CD38+ B cells in the esophagus of patients with 
active EoE. C) Correlation between the proportion of CD38+ and IgA+ B cells in the 
biopsies. Colour represents the expression of HLA-DR, and size of the circle 
represents the proportion of B cells out of all immune cells in the biopsy D) Heat map 
shows arcsinh transformed median expression of IgD, IgA, HLA-DR, CD27, CD45RA, 
and CD38. The horizontal bar on top represents the size of the cluster. *=qval<0.05, 
***=qval<0.001 
 
TEM CD4+ T cells are activated in active EoE  
  
     Next, we asked whether unique populations of activated CD4+ T accumulate in 

patients with active EOE. As stated above, no differences in the relative abundance of 

CD4+ T cells between patients with active EoE and healthy subjects were found (Fig.2-
3A). Clustering analysis was then performed based on the expression of activation 

markers (CD25, CD38, CD69, HLA-DR, TIGIT, and TIM3). This analysis revealed 11 

clusters significantly enriched in active EoE or healthy tissue (Fig.2-9A-C). Two 

clusters (A, B) were significantly more abundant in healthy donors (Fig.2-9A). Cells in 

both clusters expressed HLA-DR, were negative for all other activation markers, and 

differed in α4 integrin expression (Fig.2-9A). Nine clusters (C-K) proportionally 

increased in patients with active EoE. They contained cells that expressed two or more 

activation markers while not expressing significant levels of CD45RA, CCR7, or CD57, 

suggesting they were mostly TEM cells (Fig.2-9A). Five clusters (G-K) were more 

abundant in patients with active EoE compared to both healthy donors and EoE 

patients in remission (Fig.2-9B). All cells in these clusters expressed CD69 (Fig.2-9A, 
C). Cluster K was significantly more frequent in patients with active EoE than in all 

other conditions (Fig.2-9A-C). Comparison of CD4+ T cells positive for individual 

activation markers between conditions revealed that expression of CD25, CD38, 

TIGIT, and TIM3 was significantly more frequent on CD4+ T cells from active EoE 

compared to all other conditions (Fig.2-9D). Expression of CD25 and TIGIT on 

concatenated CD4+ cells from healthy donors and patients with active EoE showed 

that there is not only a difference in the proportion of positive cells but also the intensity 

of expression was significantly higher (Fig.2-9E). These data provide evidence that 

active EoE is associated with the accumulation of activated TEM CD4+ cells. 
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Figure 2-9 CD4+ T cells in active EoE are activated. A) Heat map shows arcsinh 
transformed median expression of α4 integrin, CD25, CD38, CD69, HLA-DR, TIGIT, 
TIM3, CD45RA, CCR7, and CD57. Proteins used for clustering are above the black 
horizontal line, and for analysis of the functional maturation status below the horizontal 
line. The horizontal bar on top represents the size of the cluster (fraction of cell count 
in the cluster out of total CD4+ T cells count); the second from the top shows whether 
the difference in the frequency of cells in the cluster is significant between H and I and 
the color code represent whether the difference remains significant also for R resp. 
GERD; the color of the cluster name represents whether the cluster is more frequent 
in active EoE or healthy tissue.  B) Changes in the proportions of cells from clusters 
G-K out of CD4+ T cells between patients with active EoE (I), gastroesophageal reflux 
disease (GERD), EoE in remission (R), and healthy donors (H). C) Histograms of 
proteins used for clustering on clusters G-K. D) Changes in the proportion of CD4+ T 
cells positive for CD25, CD38, TIGIT, and TIM3 between I, R, GERD, and H. E) 
Changes in the level of expression of CD25 on CD25-expressing cells and the level of 
expression of TIGIT on TIGIT-expressing cells between I, R, GERD, and H. Median 
fluorescence intensities are compared. Y axis is linear. F) Co-expression of CD25 and 
TIGIT on concatenated CD4+ T cells from healthy donors (Blue) and patients with 
active EoE (red). *=qval<0.05, **=qval<0.01, ***=qval<0.001, ****=qval<0.0001 

Activated TEM CD8+ T cells accumulate in active EoE   
 
     Clustering analysis of CD8+ T cells was performed with the following activation 

markers: CD25, CD38, CD69, HLA-DR, TIGIT, and TIM3. This analysis revealed one 

cluster (A), which is significantly more frequent in H than in I biopsies, while two 

clusters (B-C) were more frequent in I compared to H (Fig.2-10A, B). HLA-DR was 

similar to CD4+ T cells associated with cluster enriched in healthy tissue (A) (Fig.2-
10A). Clusters B and C, enriched in active EoE, represented 2 % and 6 % of CD8+ T 

cells in active EoE (Fig.2-10B). These two clusters both expressed CD69. Cells in 

cluster B also expressed CD38, and those in cluster C expressed TIGIT (Fig.2-10A, 
C). Expression of functional maturation markers CD45RA, CCR7, and CD57 

suggested that cells in clusters enriched in active EoE are TEM cells (Fig.2-10A).   
Comparison of CD8+ T cells positive for individual activation markers between 

conditions revealed that expression of CD38 and TIGIT was significantly more 

frequent in active EoE (Fig.2-10D). These data indicated that active EoE is associated 

with the accumulation of activated TEM CD8+ T cells, which expressed activation 

markers different from those found on CD4+ T cells. 
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Figure 2-10. CD8+ T cells in patients with active EoE are activated. A) Heat map 
shows arcsinh transformed median expression of α4 integrin, CD25, CD38, CD69, 
HLA-DR, TIGIT, TIM3, CD45RA, CCR7, and CD57. Proteins used for clustering are 
above the black horizontal line, for analysis of the maturation status below the 
horizontal line, and for analysis of the functional maturation status below the horizontal 
line. The horizontal bar on top represents the size of the cluster; the second from the 
top shows whether the difference in the frequency of cells in the cluster is significant 
between H and I, and the color code represents whether the difference remains 
significant for R resp. GERD; the color of the cluster name represents whether the 
cluster is more frequent in active EoE or healthy tissue. B) Changes in the proportions 
of cells from clusters A, B, and C out of CD8+ T cells between patients with active EoE 
(I), gastroesophageal reflux disease (GERD), EoE in remission (R), and healthy 
donors (H). C) Histograms of proteins used for clustering on cells in clusters A, B, and 
C. D) Changes in the proportion of CD8+ T cells positive for CD38 and TIGIT between 
I, R, GERD, and H. *=qval<0.05, **=qval<0.01, ***=qval<0.001, ****=qval<0.0001 
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TCR Vδ1+, MAIT cells, and ILCs cells are more activated in patients with active EoE 

     TCR γδ+ cells represent an essential evolutionary conserved arm of unconventional 

T cells. We investigated the activation status of TCR Vδ1+, TCR Vδ2+ T cells, and TCR 

TCR Vδx+ T cells (TCR γδ+TCR Vδ1- TCR Vδ2-). Because low counts of TCR γδ+ 

isolated from healthy tissue do not allow clustering analysis, we decided to test the 

differences in TCR γδ+ cells activation based on the activation marker CD38. CD38 

was chosen because it is strongly associated with the activation of T cells, as also 

previously observed in the IBD studies described above. This analysis revealed that 

all subsets of TCR γδ+ cells showed a trend towards increased CD38 expression in 

patients with active EoE compared to healthy donors. TCR Vδ1+ cells and no other 

TCR γδ+ cells showed a statistically significant increase in CD38 expression (Fig.2-
11).  

Similarly, the proportion of activated MAIT cells expressing CD38 was significantly 

increased in active EOE compared to healthy donors (Fig.2-12). 

The TCR-negative counterparts of T cells belonging to the innate system are ILCs and 

NK cells. ILCs are still relatively unknown cell type, and despite CD38 not being found 

on their surface in previous studies (279), we observed high CD38 expression on ILCs 

isolated from patients with active EoE. CD38 expression was significantly higher 

compared to healthy donors and patients in remission, possibly pointing to increased 

activation of ILCs in active EoE (Fig.2-11).  

CD38 is also a marker associated with NK cell activation (149). We observed that NK 

cells in the esophagus had the highest levels of CD38 compared to all tested lymphoid 

cell lineages, but the proportion of CD38-expressing NK cells was not significantly 

increased in patients with active EoE (Fig.2-11).  
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Figure 2-11 TCR Vδ1+ cells, MAIT cells, and ILCs are more activated in patients 
with active EoE. Changes in the proportion of CD38+ TCR Vδ1+ T cells, TCR Vδ2+ T 
cells, TCR Vδx+ T cells, ILCs, and NK cells between patients with active EoE (I), 
patients with gastroesophageal reflux disease (GERD), patients with EoE in remission 
(R) and healthy donors (H). *=qval<0.05, **=qval<0.01, ***=qval<0.001  
 
The proportions of CD38+ eosinophils and MAIT cells positively correlate  

     CD38 is the marker of highly activated eosinophils in the esophagus (Fig. 2-3C). 

Since we saw that CD38 expression is increased on several T cell subsets in active 

EoE (Fig. 2-9, Fig. 2-10, Fig. 2-11), we investigated whether the expression of CD38 

on eosinophils correlates with the expression of CD38 on some T cell subsets. We 

discovered a significant positive correlation between CD38 expression on eosinophils 

and CD38 expression on the MAIT cells (Tab.2-1, Fig.2-12A) but not on other T cell 

subsets (Tab.2-1). Thus, we tested the correlation of MAIT cell activation with the 

infiltration of eosinophils to the esophageal tissue. Interestingly, this analysis revealed 

a positive correlation between the activation of MAIT cells (expression of CD38) and 

the number of eosinophils per high-power field (Fig. 2-12B). 
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Table 2-1. Correlation between CD38 expression on eosinophils and T cell 
subsets, NK cells, and ILCs.  
Analysis was performed on the samples taken from patients with active EoE (n=21). 
Spearman r > 0.5 and P < 0.05 are highlighted in bold. 

 
 
 

 
Figure 2-12 CD38 expression on eosinophils is associated with CD38 
expression on MAIT cells. A) Correlation between CD38 expression on eosinophils 
and CD38 expression on MAIT cells (data from biopsies of patients with active EoE; 
n=21). B) Correlation between CD38 expression on MAIT cells and number of 
eosinophils per high-power field (hpf); (data from all patients involved in the study; 
n=70). 
 

Eosinophils express MR1, and 5-OP-RU can upregulate its surface levels 

     The fact that only MAIT cell activation correlated with the activation of eosinophils 

prompted us to investigate whether these two cell populations may interact with each 

other and participate in local inflammation. 

We hypothesized that eosinophils might present microbial antigens through MR1 to 

MAIT cells in the EOE mucosa. This possibility is supported by the described 

increased bacterial load in active EoE biopsies (209) and by the fact that eosinophils 

may act as APCs presenting short peptides to MHC-II-restricted T cells (280).  

 

CD38 on 
eosinophils 
vs CD38 on: 

CD8 T 
cells 

CD4 T 
cells 

TCR Vδ1 
cells 

TCR Vδ2 
cells 

TCR Vδx 
cells 

MAIT 
cells 

NK cells 
  

ILCs 
  

Spearman r 0.1793 0.2494 0.3057 0.2325 -0.08866 0.6129 0.001949 -0.2663 

95% 
confidence 

interval 

-0.2862 
to 

0.5763 

-0.2173 
to 

0.6233 

-0.1585 
to 

0.6592 
-0.2343 

to 0.6122 
-0.5113 to 

0.3685 
0.2335 to 
0.8303 

-0.4412 
to 0.4443 

-0.6343 
to 0.2000 

P (two-tailed) 0.4368 0.2755 0.1778 0.3105 0.7023 0.0031 0.9933 0.2432 

0 1 2 3 4
0

20

40

60

CD38 (% of eosinophils)

C
D

38
 (%

 o
f M

A
IT

 c
el

ls
)

r=0.61
p=0.003

0 50 100150200
0

20

40

60

peak eos/hpf

C
D

38
 (%

 o
f M

A
IT

 c
el

ls
)

r=0.45
p=<0.0001

A B



 

 106 

MR1 is a ubiquitously expressed molecule. However, different cell types differ in their 

MR1 surface expression levels and capacity to increase MR1 expression upon 

exposure to MR1 ligands. We found out that the blood-derived eosinophils express 

detectable surface levels of MR1, which significantly increased after incubation of 

eosinophils with 5-OP-RU (Fig.2-13). These studies suggested that eosinophils have 

the potential to present bacterial antigens to MAIT cells.  

 
Figure 2-13. Eosinophils express MR1 and have the capacity to increase MR1 
expression in response to the MR1 ligand. MR1 expression was determined by flow 
cytometry and normalized to staining by an isotype control antibody. Medians of four 
biological replicates are shown. *=qval<0.05, **=qval<0.01 
 

Eosinophils pulsed with 5-OP-RU activate MAIT cells   

     To directly study the antigen-presentation capability of eosinophils to present MR1 

antigens, we isolated these cells from the blood and incubated them with 5-OP-RU - 

a microbial antigen inducing strong MAIT cell response. These activation studies were 

performed using eosinophils and with MAIT cells freshly isolated from the same donor. 

We detected strong MAIT cell activation as indicated by upregulation of the activation 

marker CD137 on MAIT cells (Fig.2-14). Anti-MR1 antibodies significantly blocked 

MAIT cell activation, thus confirming the MR1 presentation of the microbial antigen to 

MAIT cells by eosinophils (Fig.2-14). 
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Figure 2-14. Eosinophils induce MR1-restricted activation of MAIT cells. CD137 
expression on the MAIT clone was determined by flow cytometry. Medians of five 
biological replicates are shown. *=qval<0.05, ****=qval<0.0001 
  

Eosinophils-induced MAIT cell activation is TCR-dependent. 

     We next performed a series of experiments to confirm that eosinophils activate 

MAIT through engagement of the TCR.  

Upon engagement, TCR-CD3 complexes are internalized and degraded, resulting in 

a reduction of their surface expression (281). Therefore, TCR internalization is direct 

evidence of its engagement. MAIT cells were incubated overnight with eosinophils in 

the absence or the presence of 5-OP-RU, and then the surface expression of the TCR 

heterodimer was investigated by staining T cells with a Va7.2-specific mAb. 

Unexpectedly, a significant decrease of TCR was observed after overnight incubation 

with eosinophils alone, without Ag (Fig.2-15A), probably as a result of the capacity of 

eosinophils to engage MAIT cells very efficiently. However, the TCR levels dropped 

significantly lower if eosinophils were pre-incubated with 5-OP-RU (Fig.2-15A) and 

increased when an anti-MR1 antibody was added to the co-culture (Fig.2-15A). These 

results strongly suggested that MAIT TCR is involved in activating MAIT cells by 5-

OP-RU-treated eosinophils.  

Next, we used another assay to confirm that MAIT cells were activated upon 

interaction with eosinophils and Ag. We examined in MAIT cells the phosphorylation 

of ERK, which is also direct and fast evidence of TCR engagement. A significant 
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increase in ERK phosphorylation was observed after 1.5 min of co-incubation (Fig.2-
15B).  

To further confirm the engagement of the TCR, 5-OP-RU pre-incubated eosinophils 

were used to stimulate β2M-deficient Jurkat T cells which had been transduced with 

the MAIT TCR genes and which were selected for expression of the TCR protein. As 

a control, we used Jurkat cells not expressing the MAIT TCR. These model cells do 

not express MR1, thus, their use excludes the possibility of self-presentation. The 

experiment resulted in luciferase production in a 5-OP-RU dose-dependent manner, 

confirming that 5-OP-RU pre-treated eosinophils can trigger activation of MAIT TCR 

(Fig.2-15C). This response was blocked by an anti-MR1 antibody, thus further 

confirming the relevance of MR1-Ag presentation (Fig.2-15C).  

 
Figure 2-15. Eosinophils-induced activation of MAIT cells is TCR mediated. A) 
Eosinophils pulsed with 5-OP-RU (100nM) induce MR1-dependent downregulation of 
Vα7.2 TCR on MAIT cells. MFI of Vα7.2 TCR in all investigated conditions were 
normalized to MFI of untreated T cells. Medians of five biological replicates are shown. 
*=qval<0.05, ***=qval<0.001 B) Phosphorylation of ERK in MAIT cells after incubation 
with 5-OP-RU (100nM) pulsed eosinophils. Medians of four biological replicates are 
shown. **=qval<0.01 C) The luciferase expression by β2M-KO NFAT-Luc Jurkat cells 
transduced with MAIT TCR triggered by 5-OP-RU pulsed eosinophils. Luminescence 
is expressed as the median ± SD of technical triplicates. The data shown are 
representative of three independent experiments, and one representative experiment 
is shown.  
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MAIT cells stimulated by eosinophils produce cytokines that can activate 

eosinophils  

     Activated MAIT cells can produce large amounts of many different soluble factors 

(75, 282). We found that co-culture of eosinophils pulsed with 5-OP-RU and MAIT 

cells led to a significant increase of both GM-CSF and IFN-γ in the supernatant, which 

was blocked by anti-MR1 mAbs (Fig.2-16A, B). As both cytokines can also be 

produced by eosinophils (283, 284), we performed intracellular staining to identify the 

cells producing the soluble factors. These experiments revealed that GM-CSF and 

IFN-γ are produced by MAIT cells in these experimental conditions (Fig.2-16C). 

 
Figure 2-16. Eosinophils induce the production of cytokines by MAIT cells. A-B) 
Eosinophils pulsed with 5-OP-RU (80nM) induce MR1-dependent expression of GM-
CSF and IFN-γ. Medians of five biological replicates are shown. **=qval<0.01, 
***=qval<0.001 C) Examples of intracellular staining of GM-CSF and IFN-γ in MAIT 
cell clone after co-culture with eosinophils pulsed with 5-OP-RU. The data shown are 
representative of three independent experiments, and one representative experiment 
is shown.  
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Eosinophils are less potent and less efficient in MAIT cell stimulation than 

monocytes 

     The capacity of eosinophils to induce cytokine production by MAIT cells was 

compared to that of monocytes, which represent professional antigen-presenting cells. 

This comparison revealed that eosinophils are less efficient than monocytes. (Fig.2-
17). The response of MAIT cells to different Ag doses showed that the Ag potency was 

decreased; thus, more Ag was needed to induce 50% of maximal response. These 

findings might indicate eosinophils' less efficient capacity to generate stimulatory MR1-

Ag complexes. We also observed that the total amounts of produced cytokines were 

lower when eosinophils were the APC. These findings, instead may suggest that 

eosinophils do not express sufficient co-stimulatory molecules or do not produce 

soluble factors that enhance cytokine release by T cells. Similar results were obtained 

using two types of MAIT cells, namely a MAIT cell clone (Fig.2-17A, B) and a bulk 

MAIT cell population derived from blood (Fig.2-17C, D). Similar differences in Ag 

potency and efficacy were observed by measuring IFN-γ (Fig.2-17A, C) and TNF-α 

(Fig.2-17B, D).  
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Figure 2-17. Eosinophils are less potent and less efficient in MAIT cell activation 
than monocytes. A, B) Eosinophils and monocytes pulsed with 5-OP-RU induce GM-
CSF and IFN-γ production by MAIT cell clone. EC50 of 5-OP-RU is lower in monocytes 
for both cytokines. C, D) Eosinophils and monocytes pulsed with 5-OP-RU induce GM-
CSF and IFN-γ production by MAIT cells from the same donor. EC50 of 5-OP-RU is 
lower in monocytes for both cytokines. Cytokine production was determined by 
intracellular staining and flow cytometry. The data shown are representative of three 
independent experiments, and one representative experiment is shown.  

Eosinophils upregulate activation markers after coculture with MAIT cells 

     Eosinophils-induced activation of MAIT cells resulted in the production of cytokines 

that may have an activating function on eosinophils. Analysis of eosinophils 

expressing the activation marker CD69 revealed a significantly increased expression 

on 5-OP-RU pulsed eosinophils co-cultured with MAIT cells (Fig.2-18A). 

Simultaneously, we also observed an increase in CD66b levels in the same 

eosinophils (Fig.2-18B). This marker is associated with the activation and adhesion of 

eosinophils (285). 

 

Figure 2-18. MAIT cells induce the activation of eosinophils. A) Eosinophils pulsed 
with 5-OP-RU (100nM) upregulate activation marker CD69 after co-culture with MAIT 
cells. *=qval<0.05, B) Eosinophils pulsed with 5-OP-RU (100nM) upregulate activation 
marker CD66b after co-culture with MAIT cells. MFI of CD66b in all investigated 
conditions were normalized to MFI of CD66b on untreated eosinophils. **=qval<0.01; 
Medians of five biological replicates are shown.  
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Discussion  

 
     Our studies provide a description of changes in immune cell subsets composition, 

activation, and functional maturation in the esophageal tissue of patients with 

Eosinophilic esophagitis (EoE).   

We discovered an accumulation of CD45+ cells in the esophagus of patients with 

active EoE. When comparing the relative abundance of individual immune cell 

subsets, we confirmed that active EoE is associated with eosinophil infiltration to the 

esophagus. Most eosinophils in the esophagus of patients with active EoE expressed 

activation markers, which fits with the known presence of eosinophil granule proteins 

in the esophageal tissue of EoE patients (286). Also, the esophageal tissue of patients 

with active EoE contains a higher relative abundance of mast cells, basophils, and B 

cell subsets (IgD-IgA-, IgA+, IgD+) compared to healthy tissue.  

Mast cell accumulation is associated with EoE, and mastocytosis often persists after 

the resolution of eosinophilia (287, 288). Our findings indicate that the relative 

abundance of mast cells remains unchanged after the onset of remission in patients 

with EoE. Mast cells in active EoE and EoE in remission are phenotypically different 

with a less mature phenotype (they are more CD123-positive) (289) associated with 

inflamed tissue. Mast cells in inflamed tissue also express more CCR3 than in 

remission, suggesting they might be attracted to the esophagus by CCR3-binding 

chemokines (eotaxins, MCP2-4, RANTES) similarly to eosinophils (290). The 

expression of the activation marker CD69 is higher in active EoE than in healthy 

donors but not higher than in patients with EoE in remission, as previously reported 

(287, 288, 291). Perhaps, mast cells migrate to the esophagus alongside eosinophils, 

become activated in active EoE, and stay activated during remission. 

The adaptive immune system is thought to play a key role in EoE pathogenesis. A 

healthy esophagus is largely deficient in B lymphocytes (292). We found that the 

presence of B cells in the esophagus significantly increases in active EoE. It was 

previously described that IgE-producing B cells are present in the inflamed mucosa 

and that they could have a role in mast cell activation (293). We observed that also 

IgA and IgD-expressing B cells are more abundant in active EoE. Simultaneously, 

most of the B cells in the esophagus of patients with active EoE are in early maturation 

stages, and only a quarter of them expressed plasma cell markers. However, a 

significant part of these plasma cells expresses IgA. IgA is absent in the healthy 
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esophagus (201) and it might contribute to EoE by the induction of eosinophil 

degranulation (294). 

T cells, and mostly the Th2 subset, are important mediators of EoE (203). Their 

activation requires the presence of efficient antigen-presenting cells in addition to the 

presence of antigen. As DCs represent the most efficient antigen-presenting cells, 

changes in the DCs population likely impact T cell activation. We observed the 

accumulation of Siglec-3+ plasmacytoid DCs in patients with active EoE. Interestingly, 

we also noticed that CD123+CD11c+ DCs occur in the esophagus at a much higher 

frequency than was reported for the blood (277). This suggests that the local 

environment in the esophagus may trigger the development of CD123+CD11c+ cells 

or that, in a non-mutually exclusive manner, these cells preferentially migrate from the 

peripheral blood to the esophagus. The functional properties of these cells compared 

to conventional CD123-CD11c+ and CD123+CD11c- DCs remains to be investigated.  

Investigation of T cells was focused on the changes in their activation and functional 

maturation stages. We found that CD4+ T cells are significantly more activated in 

patients with active EoE. The activation is mainly connected with the expression of the 

activation markers CD25 and CD38, and most of the activated CD4+ T cells are 

CD45RA-CCR7-CD57- suggestive of an effector memory phenotype (41). 

Furthermore, a significant increase in the expression inhibitory receptors TIM3 and 

TIGIT suggests intense and persistent activation of CD4+ T cells (295, 296). We also 

showed that both CD25 and TIGIT are largely co-expressed, and the MFI of positive 

cells for both is higher in patients with active EoE. CD127-CD25+TIGIT+ CD4+ T cells 

represent a population enriched in Treg cells with the ability to inhibit Th1 and Th17 

cell responses(297).  

Similarly to CD4+ T cells, also CD8+ T cells expressed more activation markers in 

patients with active EoE. CD38 and TIGIT were predominantly expressed in this T cell 

subset. CD38 was also upregulated in patients with active EoE on TCR Vδ1+ cells, 

ILCs, and MAIT cells pointing to activation of these cells (298). However, when we 

compared the presence of activated T cells with that of activated eosinophils, we found 

a significant correlation only with the activation of MAIT cells. These findings indicated 

that MAIT cells might have a role in local inflammation. 

Furthermore, the published observation that bacterial load is increased in samples 

from the esophagus of EOE patients compared to healthy controls (209) further 

supports a potential local activation of microbial-responsive MAIT cells. MAIT cells 



 

 114 

recognize bacterial antigens bound to the MR1 molecule. It was recently shown that 

MAIT cells have an important role in the pathogenesis of atopic dermatitis, and 

blocking MAIT cell activation led to the improvement of atopic dermatitis in mice model 

(299). Importantly, antagonists of MAIT cells led to diminished recruitment of IL-4 and 

IL-13 producing cells, including basophils and ILCs, and also promoted a decreased 

activation of skin-infiltrating eosinophils (299). Eosinophils can serve as APCs for 

MHC-II restricted T cells (280), but their capacity to present antigens to MR1 restricted 

T cells were never investigated. As eosinophils can represent up to 50 % of immune 

cells isolated from EOE biopsies, we investigated the possible crosstalk between 

MAIT cells and eosinophils exposed to stimulatory MR1 ligand of bacterial origin.  

We demonstrated that eosinophils could upregulate surface MR1 levels upon 

incubation with the bacterial ligand 5-OP-RU. More importantly, 5-OP-RU-pulsed 

eosinophils activated MAIT cells in an MR1-restricted and TCR-mediated manner. In 

response, MAIT cells produced cytokines, including GM-CSF, TNF-α, and IFN-γ. GM-

CSF is chemotactic for eosinophils, induces their activation, and increases their 

survival (300-302). TNF-α induces the production of H2O2 by eosinophils (303) and 

increases their survival (304). Lastly, IFN-γ was shown to enhance eosinophil effector 

function induced by GM-CSF (305). Therefore, we can hypothesize that MAIT cells, 

when activated by microbial antigens locally presented by eosinophils, may contribute 

to the perpetuation of migration of eosinophils to the esophageal tissue in patients with 

EoE. In addition, eosinophils co-cultured with MAIT cells upregulated the activation 

markers CD69 and CD66b on their surface (285, 306), supporting the hypothesis that 

they become activated by soluble factors produced by MAIT cells. Although 

eosinophils are less potent in MAIT cell stimulation than canonical antigen-presenting 

cells such as monocytes, their vast majority in inflamed EOE tissue suggests they can 

play a prominent role in activating MAIT cells in this inflammatory condition. 

These studies revealed a possible crosstalk between eosinophils and MAIT cells in 

EoE, in which eosinophils exposed to increased concentration of bacterial products 

activate MAIT cells. In turn, activated MAIT cells release soluble factors, which attract 

and activate eosinophils. 
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