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ABSTRACT 

Gut resident regulatory CD4+ T (Tregs) cells in mice are mainly specific for intestinal antigens 

and play an important role in the suppression of immune responses against harmless dietary 

antigens and the gut microbiota. In contrast, information about the phenotype and function 

of Tregs in the human gut is limited. Here, we performed a detailed characterization of 

Foxp3+ CD4 Tregs in human small intestine (SI). SI Foxp3+ CD4 T cells were CD45RA-

CTLA4+CD127- and suppressed proliferation of autologous T cells. Approximately 60% of SI 

Tregs expressed the transcription factor Helios. When stimulated, Helios- Tregs produced IL-

17, IFNγ and IL-10, whereas Helios+ Tregs produced very low levels of these cytokines. 

Sampling mucosal tissue from transplanted human duodenum we demonstrated that donor 

SI Helios+ Tregs have a rapid turnover rate whereas Helios- Tregs persisted for at least 1 yr 

post transplantation. In the normal SI, Foxp3+ Tregs constituted only 2% of all CD4 T cells, 

while in active celiac disease both subsets expanded 5-10-fold. Taken together, these 

findings suggest that human SI contains two phenotypically and functionally distinct Treg 

subsets (Helios+ and Helios- Tregs), which are reminiscent of rapidly renewed dietary 

antigen-specific Tregs and microbiota-specific Tregs resident in the mouse gut, respectively. 

Keywords: regulatory T cells (Tregs); CD4 T cells; human small intestine; Foxp3+ Tregs, 

transplantation; Helios+ Tregs, Celiac disease 
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Introduction 

 

The intestine is a challenging environment for the local immune system, which has to 

respond effectively to eliminate infectious pathogens while at the same time avoiding 

detrimental inflammatory responses to ubiquitous food antigens and the normal gut 

microbiome - a function termed oral tolerance (1).The mechanisms underlying oral tolerance 

are not completely clear, but it is thought that Foxp3+ CD4 Tregs residing in the intestinal 

mucosa play a central role in this process (1, 2).  

Our current knowledge about gut Tregs is mainly derived from mouse models. Tregs are 

found in most organs of mice, but those residing in the intestinal mucosa appear to have 

gut-specific phenotypes and functions (2). While Tregs in other tissues are directed towards 

self-antigens (3), intestinal Tregs express a T cell receptor (TCR) repertoire specific for food 

and microbiota antigens (2).  Intestinal Tregs therefore appear well suited to avoid 

unwanted immune reactions to such ubiquitous antigens (1, 2, 4). As can be expected, the 

majority of Tregs in the mouse colon are microbial-specific (5-7), whereas most Tregs in the 

mouse SI respond to food antigens (4).  

Tregs specific for exogenous antigens originate from naïve CD4 T cells that are induced in the 

periphery (pTregs). Retinoic acid produced by intestinal dendritic cells (DC) induces both a 

regulatory T cell phenotype and upregulates gut homing receptors (1, 8). In contrast, Tregs 

specific for self-antigens are thymus-derived (tTregs) (3). It has been suggested that the 

expression of the transcription factor Helios can distinguish tTregs from pTregs, the former 

being Helios+ (9). However, in a recent elegant study analyzing the occurrence of Tregs 

specific for mucosal antigens in humans it was found that expanded memory Foxp3+ Tregs 

specific for grass, birch, mite and A. fumigatus all expressed high levels of Helios(8). 

Therefore, at least in humans, the expression of Helios does not appear to distinguish tTreg 

from pTregs (10).   

The importance of Foxp3+ Tregs in humans is documented by the fact that mutations of the 

Foxp3 gene are causative of the IPEX syndrome (11). This syndrome is characterized by a 

detrimental inflammatory state in many organs, including the intestine.  The receptor CTLA4 

plays an important role for the suppressive effect of Foxp3+ Tregs, and interestingly colitis is 

the most prevalent adverse effect when anti-CTLA4 monotherapy is given to treat cancer 
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patients (12, 13). Together, these findings strongly suggest that Tregs are important for 

maintaining homeostasis in the gut mucosa. However, studies directly examining Tregs in 

the human gut are scarce; in particular in the SI.   

Here, we performed a detailed characterization of Treg phenotypes, functions, lifespan, and 

response to inflammation using clinical material from normal and transplanted SI as well as 

tissue from patients with active celiac disease 

Results 

Foxp3+ CD4 Tregs are scarce but functional in the human SI  

In order to investigate the Treg population in human SI, we obtained single cells from 

enzyme-digested mucosal tissue from histologically normal SI as well as from colon and 

peripheral blood for comparison. As reported before (14), we found that about 10% of 

memory CD4 T cells expressed Foxp3 in peripheral blood and in the lamina propria (LP) of 

colonic mucosa (Fig. 1a). However, only a median of 2% of LP CD4 T cells in the SI expressed 

Foxp3 (Fig. 1a). We detected very few Foxp3+CD4 T cells in the epithelium (Supplementary 

Fig. S1) and subsequent analysis therefore focused on Tregs in LP only. Most SI Foxp3+ CD4 T 

cells expressed a memory Treg phenotype being CD45RA-CD127-CTLA4+ (Fig. 1b). The 

transcription factor Helios was expressed by approximately 60% of Tregs in the SI, which 

were similar to colon and somewhat lower that in peripheral blood mononuclear cells 

(PBMCs) (Fig. 1c). Finding that Tregs in SI were so scarce in comparison to blood and colon 

we analyzed whether Treg numbers depended on age. However, when examining a cohort 

of adults from 20-80 yrs old (n=33) we found that the percentage of both Helios+ and Helios- 

Foxp3+ Tregs were independent of age in adult individuals (Supplementary Fig. S2 b and c).  

To test whether SI Foxp3+ Tregs had suppressive activity, we measured their ability to inhibit 

T-cell proliferation when SI-derived Tregs were co-cultured with autologous naïve CD4 T cells 

isolated from peripheral blood.  High expression of CD25 is a hallmark of Tregs, however, 

surface CD25 was cleaved after enzymatic treatment during the sample preparation.  In 

order to sort Tregs based on CD25 expression, we therefore cultured tissue-derived single 

cells for Tregs to regain CD25 expression. After overnight culture we found that 2-3% of CD4 

T cells expressed CD25 and all of these were CD127neg. Further phenotyping showed that the 

vast majority of CD25 +CD127neg cells expressed Foxp3 and more than half expressed Helios; 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 12, 2020. ; https://doi.org/10.1101/2020.02.12.941369doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.12.941369
http://creativecommons.org/licenses/by/4.0/


phenotype reminiscent of Tregs (Fig. 2a). Sorted CD25+CD127neg CD4 Tregs were then 

stimulated with anti-CD3/CD28-conjugated beads for 48 h. Naïve CD4 T cells proliferated 

extensively in response to CD3/CD28 TCR stimulation, but when co-cultured with activated 

SI-derived Tregs the proliferative response was strongly suppressed (Fig. 2b).  

Together, these findings show that although less abundant than in colon and blood, Foxp3+ 

CD4 Tregs in human SI have strong suppressive capacity.  

Helios+ and Helios- Tregs display different replacement kinetics in the transplanted SI 

Studies in mice have shown that a large population of SI CD4 Tregs are dynamic cells with 

tissue half-life of 4-6 weeks (4). To study the turnover of Tregs in human SI we examined 

their replacement kinetics in transplanted duodenum. We obtained duodenal biopsies from 

type I diabetes patients undergoing pancreas transplantation with a duodenal segment (Fig. 

3a and (15)). Protocol biopsies were obtained from the duodenal graft and recipient (native) 

duodenum at 3, 6 and 52 weeks after transplantation. Only patients without clinical and 

histological signs of rejection were included. This approach provided a unique possibility to 

study the lifespan of tissue-resident cells directly because there is no recruitment of donor 

cells from the circulation (16-18). Because most donors and recipients express different HLA 

class I molecules, donor and recipient can be readily distinguished by flow cytometry (Fig. 

3b) (16-18). We recently reported that the majority of CD8 and CD4 T cells were still of 

donor origin 52 weeks after transplantation (16)((19)). Here we showed that the persistency 

of Helios- CD4 Tregs was similar to total CD4 T cells (Fig 3c, (19)), whereas the lifespan of 

Helios+ CD4 Tregs was dramatically shorter with virtually no remaining cells 1 yr post-

transplantation (Fig. 3c). Importantly, in the native (non-transplanted) duodenum both Treg 

subsets were present at all time-points (Fig. 3c).  

The different turnover rate between Helios- and Helios+ Tregs may have several 

explanations, including different egress rate into the draining lymphatics and/or different 

proliferative capacity in situ. SI CD4 resident memory T (Trm) cells are CD69+ CD103+/-  

CCR7- (19); receptors involved in retention and tissue egress  (20) (21, 22)). In order to 

indirectly compare the potential of the two Treg subsets to egress from the tissue we 

analyzed the expression of these markers on CD4 T cells isolated from histologically normal 

SI mucosa. Interestingly, Helios+ Tregs expressed significantly lower levels of CD69 and 
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CD103 than Foxp3- CD4 T cells and Helios- Tregs, while both Tregs subsets expressed 

significantly more CCR7 than Foxp3- CD4 T cells (Fig. 4a). To determine their proliferative 

capacity we analyzed the expression of the proliferation marker Ki-67. Whereas less than 2% 

of Foxp3-Helios- CD4 T cells expressed Ki67, approximately 10% of both of Treg subset 

expressed this marker (Fig. 4b).   

Together this shows that Helios+ and Helios- Tregs have different survival rates in the 

transplanted SI. Helios- Tregs persist for more than one year whereas Helios+ Tregs are more 

rapidly depleted from the tissue.  This may to some extent depend on their expression of 

retention and migration elements such as CD69 and CD103 and CCR7.  

Both SI Treg subsets increase dramatically in active celiac disease 

Next, we wanted to examine how SI Tregs responded under inflammatory conditions. To this 

end, we obtained SI biopsies from patients with newly diagnosed active celiac disease (n=8); 

a common chronic inflammatory condition in human SI caused by intake of dietary gluten in 

genetically predisposed individuals. Analysis of tissue-derived single cell preparations from 

active celiac lesions showed that nearly 20% of all CD4 T cells expressed Foxp3, of which 60-

70% co-expressed Helios (Fig. 5a).  

We were not able to sort sufficient numbers of Tregs from celiac tissue to test their 

suppressive capacity. However, we and others have shown that Helios+ and Helios- Tregs 

can be functionally separated by their ability to produce cytokines (23-25). To test their 

cytokine producing capacity we stimulated tissue-derived single cells from normal SI and 

active celiac lesions with PMA/ionomycin. Helios+ Tregs from both normal and celiac SI 

produced very low levels of the cytokines measured, including IFNγ, IL-17 and IL-10 (Fig 5b). 

In contrast, Helios- Tregs produced significant levels of all cytokines tested compared to 

Helios+ Tregs. Interestingly, Helios- Tregs from normal SI produced significantly more IL-17 

than Foxp3- CD4 T cells and their counterparts in the celiac lesion. Moreover, a significantly 

higher fraction of Helios- Tregs produced IL-10 compared to Foxp3- CD4 T cells; the highest 

percentage found in Tregs derived from celiac lesions. Helios- Tregs produced similar 

amounts of IFNγ in normal and celiac tissue, but less than Foxp3- CD4 T cells (Fig. 5b).     

Taken together, these findings show that there was a large increase in both Helios+ and 

Helios- Tregs in celiac lesions. Their ability to produce cytokines closely mirrored their 
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counterparts in the normal SI, strongly suggesting that Foxp3+ CD4 T cells in the celiac lesion 

are functionally similar to Foxp3+ Tregs derived from in the normal SI.  

Discussion 

Here we show that the human SI contains suppressive Foxp3+ CD4 Tregs that comprise two 

functionally distinct subsets distinguished by expression of the transcription factor Helios. 

Helios- Tregs show long-term residency in SI and produce substantial levels of both pro- and 

anti-inflammatory cytokines in response to stimulation, whereas Helios+ Tregs are rapidly 

replaced in the mucosa and produce very low levels of cytokines.  

Recent reports have demonstrated that a large proportion of effector T cells in non-

lymphoid tissues are long-lived Trm cells without the capacity to recirculate (26). However, 

to what extent tissue Tregs are migratory or resident is less studied. Using a unique human 

transplantation setting, in which a segment of the duodenum is grafted, we find that 

approximately 60% of CD4 T cells were still of donor origin 1 yr after transplantation (19), 

suggesting that the majority of CD4 T cells are long-lived Trm cells. In this study, we find that 

the fraction of donor-derived Helios- CD4 Tregs constituted 1-2% of donor CD4 T cells at 3, 6, 

and 52 weeks post-transplantation, demonstrating that SI Helios- Tregs are very persistent.  

Helios+ Tregs, in contrast, turned over much faster and at 1 yr post-transplantation donor-

derived Helios+ Tregs were virtually absent in the transplanted duodenum. CD69 has been 

shown to inhibit lymphocyte egress from tissues (20) and whereas virtually all CD4 Trm cells 

expressed CD69 (19), less than 40% of Helios+ Tregs expressed this protein. Moreover, 

Helios+ Tregs were virtually negative for CD103, but expressed significantly higher levels of 

CCR7 than CD4 Trm cells. Conversely, more than half of Helios- Tregs were CD69+, and a 

significant fraction expressed CD103. This phenotypic signature suggest that Helios+ Tregs 

may have enhanced capacity for tissue egress, which may partly explain why Helios+ Tregs 

were depleted much faster from the tissue than their Helios- counterparts.  

A recent report studying Tregs in the SI of mice showed that SI Tregs could be separated 

based on their expression of the transcription factor RORγt (4). Moreover, whereas the 

RORγt + Tregs was induced from conventional T cells in the periphery (pTregs) by commensal 

microbiota, the RORγt- subset was induced by ingested protein antigens and repressed an 

underlying strong immunity to such proteins. Interestingly, these dietary antigen-specific 
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RORγt- pTregs were continuously generated and replaced with a half-life of 4 to 6 weeks (4), 

reminiscent of SI Helios+ Tregs in humans.  Many studies have suggested that Helios is a 

marker for natural (thymus-derived) tTregs (9) . However, an elegant recent study showed 

that the vast majority of human Tregs specific for various aeroantigens expressed Helios (8). 

Thus, it is tempting to speculate that SI Helios+ Tregs are human equivalents of dietary 

antigen-specific pTregs in the SI of mice.  

Human SI Helios- Tregs, on the other hand, displayed turnover dynamics similar to non-

circulating  CD4 and CD8 Trm cells (19) (16), and persisted for >1 year in transplanted SI. 

Moreover, whereas few Helios+ Tregs produced cytokines following activation, Helios- Tregs 

cells produced substantial levels of IL-17, IFNγ and IL-10. In fact, Helios- Tregs derived from 

normal SI showed higher capacity for cytokine production than their CD4 Trm counterparts. 

Several studies have shown that human Tregs with suppressive functions produce high levels 

of IL-17 (27-29), in particular in inflammatory diseases such as ulcerative colitis and Crohns 

disease (27, 28). Interestingly, it has been reported that treatment with anti-IL-17 

exacerbate inflammatory bowel disease (30), suggesting that IL-17 may have a protective 

function in the gut. Moreover, a large fraction of IL-17-producing Helios- Tregs express the 

Th17 transcription factor RORγt, both in the human and mouse gut (29, 31). In contrast to 

dietary antigen-specific RORγt- pTregs (4), RORγt + Tregs in the intestine of mice are 

microbiota-specific (4, 32) and this subset has been shown produce IL-17 in the SI, but not in 

the colon (31).  

IL-10 is thought to play an important role in Treg-mediated suppression. Surprisingly, very 

few SI Tregs produced IL-10 in response to activation, compared to Tregs in colon and airway 

mucosa (25, 33). Interestingly, when IL-10 was selectively deleted in Foxp3+ Tregs in mice, 

the animals developed severe colitis and inflammation in the lungs, but no overt 

inflammation in the SI (34). Moreover, inherited deficiencies of IL-10 orIL-10 receptor lead to 

life-threatening early onset colitis and airway inflammation, but no inflammation in the SI 

(35). In the latter situation allogeneic stem cell transplantation proved to be effective, 

indicating that the IL-10/IL-10 receptor deficiency affects hematopoietic cells (35). Also, IL-10 

producing Foxp3-CD4 T cells, termed Tr1 cells, were found to be very infrequent in the SI in 

comparison to the colon and nasal mucosa (25, 33). Together, this suggests that IL-10, 

produced by Tregs and Tr1, play a less important role to maintain homeostasis in the SI 
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compared with other mucosal sites. It is well documented that the microbiota regulates the 

number and function of intestinal Tregs (32), and given the enormously different numbers of 

commensal bacteria between the SI and colon (36), this may explain why the density of 

Tregs and their capacity to produce IL-10 is lower in the SI.  

Tregs in the SI of human adults (>20 yrs of age) constituted only 2% of all CD4 T cells, which 

is very low compared to approximately 5-10% in colon and other peripheral tissues (25, 37). 

However, in a recent study comparing tissue-resident Tregs in pediatric and adult organ 

donors it was found that the fractions of Tregs were age-dependent (38). In fact, the 

percentage of Tregs in the SI of infants under 2 yrs were 15-20% of all CD4 T cells, whereas 

adult SI contained approximately 2% of CD4 T cells as Tregs. Together, these results suggest 

that maintenance of homeostasis (oral tolerance) in the SI is less dependent on Tregs in 

adulthood compared with the first years of life.   

In striking contrast, we found that the number of Tregs increased dramatically in active 

celiac disease lesions and constituted almost 20% of total CD4 T cells.  A role for Tregs in 

celiac disease has been disputed, but a recent study reported that the vast majority of 

gluten-specific CD4 T cells in blood of gluten-challenged celiac patients were Foxp3+ Tregs, 

albeit with impaired suppressive function (39). Other studies have shown a similar increase 

of Foxp3+ Tregs numbers in the celiac lesion, and found that the suppressive action of Tregs 

is reduced by local production of IL-15 (40).  Our study clearly shows that SI Tregs are highly 

expanded in response to inflammation, and in active celiac disease both Tregs and Foxp3- 

CD4 T cells (putative Tr1) contained significantly higher fractions of IL-10 producing cells than 

in normal tissue.   

Together, in line with the current knowledge about the function of Treg populations in the 

mouse gut, we show that the human SI contains two distinct Treg subsets:  a dynamic 

population of Helios+ Tregs that may play an important role in tolerance to food antigens, 

and a population of tissue-resident Helios- Tregs that contribute to immune tolerance to the 

gut microbiota. Differences in Treg abundance and functions between different mucosal 

sites should be taken into consideration when Tregs are targeted to treat inflammatory 

disorders. 
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Materials and methods 

Subjects and biological material 

Proximal jejunum tissue was resected from non-pathological SI during surgery for cancer in 

the pancreas or distal bile duct with a Whipple procedure (pancreatoduodenectomy) (n = 18) 

or from donor and recipient duodenum during pancreas transplantation of type I diabetes 

mellitus patients (donors: n = 14; recipients, n=12; Horneland et al., 2015). Endoscopic 

biopsies were obtained from donor and patient duodenum at 3, 6, and 52 wk after 

transplantation. Colonic biopsies were obtained by colonoscopy of individuals with 

unexplained stomach pain with normal histology (n=3). All samples were evaluated by an 

experienced pathologist and only material with normal histology was included. Duodenal 

biopsies were also obtained from newly diagnosed untreated celiac patients (n=8). The study 

was approved by the Regional Committee for Medical Research Ethics in Southeast Norway 

(# 2012/341, 2010/2720, and 2012/2278) and the Privacy Ombudsman for Research at Oslo 

University Hospital–Rikshospitalet and complies with the Declaration of Helsinki. All 

participants gave their written informed consent. Resected SI was opened longitudinally and 

rinsed thoroughly in PBS, and mucosal folds were dissected off the submucosa. To obtain 

single-cell suspensions, epithelial cells were removed by washing in PBS containing 2 mM 

EDTA three times for 20 min at 37°C, and the lamina propria was minced and digested in 

RPMI medium containing 2.5 mg/ml Liberase and 20 U/ml DNase I (both from Roche) at 37°C 

for 1 h. Digested tissue was passed through 100-µm cell strainers (Falcon) and washed three 

times in PBS. PBMC were isolated by lymphoprep gradient centrifugation of blood from 

patients or buffycoats from healthy donors from the Oslo University Hospital Blood Center. 

Identically treated PBMCs served as controls for the effect of collagenase on epitopes 

recognized by antibodies used in flow cytometry.  

 

Flow cytometric analysis 

Cells were stained with Fixable Viability Dye eFluor 780 (1 μl/106 cells, eBioscience, San 

Diego, CA) for 30 min at 4°C, followed by surface staining with antibodies to CD3 (clone SK7), 

CD4 (clone OKT4), CD8 (clone SK1) and CD127 (clone M21). To detect intracellular cytokines, 

cells were treated with FOXP3/transcription factor staining buffer set according to the 

manufacturers protocol (eBioscience) and stained with antibodies to FOXP3 (clone 236A/E7), 
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Helios (clone 22F6), and IL-17 (clone 64DEC) from eBioscience, or CTLA-4 (clone L3DTO), IFN-

g (clone 4S.B3), and IL-10 (clone JES3-9D7) from Biolegend. All antibodies were incubated for 

30 min at 4°C. Flow cytometry was performed on a BD LSRFortessa (BD Biosciences), and 

analyzed using FlowJo 10.3 software (Tree Star, Eugene, OR). Gates for surface markers were 

set based on FMO controls, and cytokines gates was based on untreated cells. 

 

Cytokine analysis 

To assess the cytokine production by mucosal T cells, dispersed cells were cultured for 4 h in 

RPMI/10% fetal calf serum (FCS) with 1.5 ng/ml phorbol 12-myristate 13-acetate (PMA) and 

1 μg/ml ionomycin (all from Sigma-Aldrich, St Louis, Mo) with Golgi-Stop (BD Bioscience, San 

Jose, CA) added after 1 h of stimulation to allow intracellular accumulation of cytokines. 

 

Treg suppression assay 

Tregs were defined as CD25+CD127- CD4+ T cells. Autologous CD25-CD127+CD45RA+ naïve 

CD4+ T cells were used as responder T cells (Tresp). Sorted Tregs were pre-activated for 48h 

using α-CD3/CD28 coated beads (Dynabeads Human T-Activator, Thermo Fisher scientific) in 

a 1:1 ratio (beads to cells). Tregs and CFSE- (1.5µM, Thermo Fisher scientific) labeled Tresp 

cells were mixed in a 1:2 (Treg:Tresp) ratio and stimulated with α-CD3/CD28 coated beads in 

a 1:2 ratio (beads:cells). CFSE dilution in Tresp was analyzed after 4 days of co-culture by 

flow cytometry. 

 

Figure Legends 

Fig. 1:  CD4 Tregs are scarce in the SI. a) Representative contour plots showing the 

expression of CD4 and Foxp3 on CD3+ T cells in the lamina propria (LP) SI, colon, and PBMCs 

(gated on CD45RO). Compiled data are shown (right panel, gated on CD4). b) Representative 

contour plots showing the expression of Foxp3, CD45RA, CD127 and CTLA-4 in SI (LP) CD4+ T 

cells. c) Representative contour plots showing the expression of Helios and Foxp3 on CD4+ T 

cells from SI (LP), colon and PBMCs (gated on CD45RO). Compiled data are shown (right 

panel, gated on Foxp3+CD4 T cells). One-way ANOVA with Dunnett's multiple comparisons 

test, *** p<0.001; non significant (ns). 

Fig. 2: SI Tregs suppress autologous naïve T cells.  a) Contour plot showing the expression of 

CD127 and CD25 on SI CD4 T cells cultured overnight (left) and expression of Foxp3 and 
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Helios gated on CD25+ CD127- cells (right). b) Histograms showing the expression of CFSE on 

blood-derived CFSE-labelled conventional CD4 T cells (CD25-CD127+CD45RA+) stimulated 

with CD3/CD28 beads for 4 days without (left) or with  autologous SI -derived Tregs 

(CD25+CD127-CD4+). Representative of three independent experiments. 

Fig. 3: Helios+ Tregs are short-lived in transplanted SI.  a) Drawing showing the 

pancreaticoduodenal transplantation procedure. b) Donor and recipient Foxp3+CD4 T cells in 

transplanted duodenum were distinguished based on disparate HLA class I. Representative 

contour plot showing the expression of Helios and HLA-A3 on SI-derived Foxp3+ CD4 T cells 

52 weeks after transplantation (donor HLA-A3+; recipient HLA-A3−). c) Percentage of 

Helios+Foxp3+ and Helios- Foxp3+ CD4 T cells in transplanted (left, gated on donor CD4 T 

cells) and recipient duodenum (right), respectively,  at 0, 3, 6, and 52 weeks after 

transplantation. One-way ANOVA with Dunnett's multiple comparisons test, *** p<0.001; 

*p<0.05; non significant (ns). 

Fig. 4: Helios+ Tregs express less CD69 and CD103 and more CCR7 than Trm cells. a) 

Representative contour plots of SI-derived cells showing the expression of Foxp3, CD69, 

CD103, and CCR7 on CD4 T cells (upper) and expression of Helios, CD69, CD103, and CCR7 on 

Foxp3+ CD4 T cells (middle). Compiled data are shown (lower). b) Representative contour 

plots showing the expression of Ki67 on SI-derived CD4 and Foxp3+ CD4 T cells. Compiled 

data are shown (right). One-way ANOVA with Dunnett's multiple comparisons test, *** 

p<0.001; ** p<0.01; *p<0.05; non significant (ns). 

Fig. 5: Helios+Foxp3+ and Helios-Foxp3+ CD4 T cells are dramatically increased in untreated 

celiac disease. a) Representative contour plots showing expression of Helios and Foxp3 on 

CD4 T cells derived from normal SI (left) and untreated celiac disease (right). Compiled data 

are shown (lower). b)  Cytokine production in Foxp3-Helios-,  Foxp3+Helios+, and 

Foxp3+Helios- CD4 T cells derived from normal and untreated celiac SI following 4h 

stimulation with PMA/ionomycin. Student's t-test, *** p<0.001; ** p<0.01; *p<0.05; non 

significant (ns). 
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