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SUMMARY

Gastrointestinal health depends on the adaptive immune system tolerating the foreign proteins 

in food1,2. This tolerance is paradoxical because the immune system normally attacks foreign 

substances by generating inflammation. Here, we addressed this conundrum by using a sensitive 

cell enrichment method to show that polyclonal CD4+ T cells responded to food peptides, 

including a natural one from gliadin, by proliferating weakly in secondary lymphoid organs of the 

gut-liver axis due to the action of regulatory T cells. A few food-specific T cells then differentiated 

into T follicular helper cells that promoted a weak antibody response. Most cells in the expanded 

population, however, lacked canonical T helper lineage markers and fell into 5 subsets dominated 

by naïve-like or T follicular helper-like anergic cells with limited capacity to form inflammatory 

Th1 cells. Eventually, many of the T helper lineage-negative cells became regulatory T cells 

themselves via an IL-2-dependent mechanism. Our results indicate that exposure to food antigens 

causes cognate CD4+ naïve T cells to form a complex set of non-canonical hyporesponsive Th 

subsets that lack the inflammatory functions needed to cause gut pathology and yet have the 

potential to produce regulatory T cells that may suppress it.

Most people do not mount pathogenic CD4+ T responses to their food despite ingesting 

about 100 grams of foreign proteins from plants and animals every day3. Even though 

Major Histocompatibility Complex class II (MHCII)-bound peptides from food proteins are 
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presented4 to CD4+ T cells with cognate antigen receptors (TCRs), these T cells usually 

fail to mount an inflammatory response. This oral tolerance has been attributed to death 

or functional inactivation of food antigen-specific T cells5, generation of IL-10-producing 

Tr1 cells6, TGF-β-activating Th3 cells7, or Foxp3+ regulatory T (Treg) cells8–10. Many 

of the definitive experiments in this area, however, involved monoclonal TCR transgenic 

mice, which can generate abnormal immune responses11,12. Mechanisms that underlie oral 

tolerance in individuals with normal T cell repertoires are less clear.

Food antigens induce Thlin- cells

We studied CD4+ T cells specific for a peptide from the wheat protein gliadin to assess 

the normal response to a genuine food antigen. We identified an I-Ab MHCII-binding 

peptide (Glp) from gliadin, produced a fluorophore-labelled I-Ab tetramer containing this 

peptide, and used this reagent to study the cognate T cells in I-Ab MHCII molecule-

expressing C57BL/6 mice by flow cytometry after magnetic enrichment13 (Fig. 1a, b). 

Mice reared on a gliadin-free diet had about 200 Glp:I-Ab tetramer-binding cells in the 

secondary lymphoid organs (SLO) (Fig. 1a, c). About 80 % were naïve CD44lo Foxp3− 

conventional T cells (Tconv) and 10 % were Foxp3+ Treg cells (Fig. 1a) as observed for 

other foreign epitope-specific naïve T cell populations14. One week after mice were exposed 

to a gliadin-containing diet, the Glp:I-Ab tetramer-binding population increased to about 

2,500 cells (Fig. 1b, c), including 10 % CD44lo naïve Tconv cells, 60 % Treg cells, a 5 

% subset expressing CXCR5, a marker of T follicular helper (Tfh) cells15, and very few 

cells expressing T-bet or RORγt, the master transcription factors for Th1 and Th17 cells, 

respectively16 (Fig. 1d). The CXCR5+ cells functioned as Tfh cells as evidenced by the 

finding that LckCre Bcl6fl/fl mice, which lack this population17, failed to generate the weak 

gliadin antibody response that was observed in wild-type mice after conversion to a gliadin-

containing diet (Extended Data Fig. 1). About 25% of the Glp:I-Ab tetramer-binding T cells 

in mice on a gliadin-containing diet lacked markers of Treg (Foxp3), Tfh (CXCR5), Th1 

(T-bet), or Th17 (RORγt) cells (Fig. 1b, d) and expressed the anergic T cell markers folate 

receptor 4 (FR4) and CD73 (Fig. 1b)18. These cells will be referred to as Th lineage-negative 

(Thlin-) cells.

Mice were fed with other foreign peptides to determine whether the activation program 

observed in Glp:I-Ab-specific T cells was a general phenomenon. A peptide called 2W19,20 

or peptides from CD4Ag28m from Toxoplasma gondii (TOXO)21 or listeriolysin O from 

Listeria monocytogenes (LLO)22 were fed to mice by oral gavage on days 0, 2, and 4 

and fluorophore-labeled peptide:I-Ab tetramer-binding cells were analyzed in the SLO 2 

days after the last feeding. These populations, which each consist of several hundred cells 

in naïve mice14, increased to about 2,000 cells in peptide-fed mice (Fig. 1e, f). Each 

peptide-specific population contained primarily Treg and Thlin- cells with some Tfh cells 

but few Th1 or Th17 cells (Fig. 1g). The relatively weak expansion induced by peptide 

feeding was related to a lack of concomitant inflammation as shown by the finding that 

the 2W:I-Ab tetramer-binding population increased to 60,000 cells (Fig. 1f–h) in mice fed 

2W peptide with the mucosal adjuvant, cholera toxin23. Although cholera toxin increased 

the total numbers of each subset (Fig. 1h), including the Thlin- cells, the frequency of Treg 

and Thlin- cells in the population decreased due to disproportionately large increases in the 

Hong et al. Page 2

Nature. Author manuscript; available in PMC 2023 July 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



frequencies of Th1 and Th17 cells (Fig. 1g). Treg and Thlin- cells remained elevated in 

peptide-only fed mice 3 weeks after cessation of feeding indicating that these were stable 

populations (Extended Data Fig. 2a, b). Increasing the number of 2W peptide feedings from 

3 to 6 had no effect on the total number of 2W:I-Ab tetramer-binding cells but increased the 

fraction of Treg cells while reducing the fraction of Thlin- cells (Fig. 1i). Thus, Thlin- and 

Treg cells dominated the cognate CD4+ T cell populations in mice fed foreign peptides or 

exposed to a natural protein in the diet in the absence of inflammation, although multiple 

peptide feedings were needed to drive the Treg cell frequency nearer to that observed for the 

natural diet.

Thlin- cells arise in the gut-liver SLO

We then determined where in the body cognate T cells became activated following peptide 

feeding. Treatment with the S1P receptor 1 agonist FTY720, which prevents lymphocyte 

egress from SLO24, did not affect the number of 2W:I-Ab tetramer-binding cells in Peyer’s 

patches and mesenteric and hepatic lymph nodes that receive material from the gut-liver axis 

(GLA SLO)25, while causing a reduction in the spleen and other lymph nodes (non-GLA 

SLO) (Fig. 1j). The population in the GLA SLO consisted of 60% Thlin-, 10% Treg, 

and 15% Tfh cells and had few Th1 or Th17 cells (Fig. 1k, l). A small population of 

tetramer-binding T cells also appeared in the lamina propria of the small intestine and colon 

after 3 peptide feedings (Fig. 1k, l). These populations contained a lower frequency of Thlin- 

and Tfh and a higher frequency of Treg cells than the population in the GLA SLO and also 

contained some Th1 and Th17 cells. Thus, peptide feeding without an adjuvant causes Treg 

and Tconv cells to proliferate weakly in the GLA SLO and the Tconv cells to form a major 

Thlin-, a minor Tfh, and trace Th1 and Th17 subsets. The Thlin- cells migrate to other SLO 

but inefficiently to the lamina propria, while some of the fewTh1 and Th17 cells accumulate 

in the lamina propria along with a much larger population of Treg cells.

The Thlin- population is complex

We then assessed the complexity of the Thlin- population. The 2W:I-Ab tetramer-binding 

Thlin- cells in 2W-fed mice were IL-4 reporter-negative and lacked CD49b, LAG-3, and LAP 

and thus were not Th216, Tr16, or Th37 cells (Extended Data Fig. 2c). Analysis of a large set 

of transcription factors, cytokine receptors, and surface proteins revealed that peptide:I-Ab 

tetramer-binding Thlin- cells from mice fed peptide 3 times were different from naïve, Treg, 

and Th1 and Th17 effector cells, and related to Tfh and naturally-occurring FR4hi CD73hi 

anergic cells18 (Extended Data Fig. 3, Extended Data Fig. 4a, Fig. 2a). Thlin-, Tfh, and 

anergic cells expressed FR4 and more of the negative regulators CD200, BTLA, and VISTA 

than Th1 and Th17 effector cells and less RORγt, CD71, CD150, and PSGL1 (Extended 

Data Fig. 3b, Extended Data Fig. 4a). Thlin- cells expressed more CTLA-4 than Tfh cells, 

and Tfh cells expressed more CD69 and CXCR5 than Thlin- cells. A more limited analysis 

showed that cognate Thlin- cells from mice on a gliadin-containing diet had the same protein 

expression pattern as the cells in peptide-fed mice (Extended Data Fig. 4b).

RNA sequencing was performed on single CD44hi 2W:I-Ab, TOXO:I-Ab, or LLO:I-Ab 

tetramer-binding cells from mice fed 3 or 6 times with the three peptides alone or 3 
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times with the peptides plus cholera toxin to assess additional complexity. Naïve CD44lo 

tetramer-negative cells were included as a control. A dimensional reduction was done by a 

Principal Components Analysis of the single-cell gene expression data and used to identify 

11 Uniform Manifold Approximation and Projection (UMAP) cell clusters among the 4 

groups (Fig. 2b, Extended Data Fig. 5a). The cells from the tetramer-negative CD44lo group 

were almost all in cluster 2 (Fig. 2b) typified by naïve T cell markers Sell, Ccr7, Ly6C1, 

and Satb126 (Fig. 2c). The tetramer-binding population from mice fed peptide 3 times with 

cholera toxin contained Bcl6+ Cxcr5+ Tfh cells in cluster 4 (17%), Rorc+ Th17 cells in 

cluster 6 (14%), Tbx21+ Foxp3− Th1 cells in one region of cluster 5 (5%), and proliferating 

cells in the S (Top2a+, 10%) or G2M phases (Cenpa+, 6%) of the cell cycle (Fig. 2b, 2c, 

Table 1, Extended Data Fig. 5b). This group also contained cells in clusters 0 (12%) and 1 

(22%) along with a few cells in clusters 3 (5%), 8 (3%), and 9 (3%) (Fig. 2b, Table 1). Cells 

in cluster 3 and 9 were similar to Tfh cells based on proximity in UMAP space to cluster 4 

(Fig. 2b) and cells in clusters 8 and 9 were typified by expression of genes induced by type 

I interferon receptor-signaling (Ifit327) or ongoing TCR signaling (Nr4a128), respectively 

(Fig. 2c).

In contrast to peptide plus cholera toxin-fed mice, mice fed peptides alone 3 times had 

smaller populations of tetramer-binding Tfh (2%), Th17 (4%), and cycling cells (9%) and 

had some cluster 5 cells (3%) (Fig. 2b, Table 1), which in this case were mostly Tbx21− 

Foxp3+ Treg cells (Extended Data Fig. 5b). This group also contained small populations of 

type I interferon-signaled (6%) or TCR-signaling (4%) cells but most of the cells were in 

clusters 0 (23%), 1 (33%), or Tfh-like cluster 3 (13%) (Fig. 2b, Table 1). Cluster 0 cells 

were similar to naïve cells based on proximity in UMAP space (Fig. 2b) and appeared 

to be more quiescent versions of cluster 1 cells with smaller amounts of Anxa2 and total 

mRNA (Fig. 2c). Cells in clusters 0, 1, 3, 8, and 9 did not express Tbx21, Bcl6, Cxcr5, 

Rorc, or Foxp3 (Fig. 2c) and thus were likely contained in the Thlin- population identified 

by flow cytometry (Fig. 1e). These subsets expressed more of the naïve cell genes Sell and 

Ccr7 than Th1, Th17, and Tfh cells, while the cells in Tfh-like clusters 3 and 9 had higher 

expression of Izumo1r and the negative regulator Ctla4 than the other Thlin- subsets. The 

tetramer-binding population from mice fed peptides alone 6 times was similar to that in mice 

fed peptide 3 times except that it contained a markedly greater fraction of cluster 5 Treg 

cells (18%) (Fig. 2b, Table 1, Extended Data Fig. 5b), which were UMAP-proximate to 

type I interferon-signaled cluster 8 cells (Fig. 2b), and a much lower frequency of blasting 

cluster 1 cells (4%) (Fig. 2b, Table 1) consistent with conversion into quiescent cluster 0 

cells despite prolonged feeding. RNA sequencing showed that the Glp:I-Ab-specific T cell 

population from mice on a gliadin-containing diet also consisted of Treg cells, Tfh-like cells, 

and a less differentiated naïve-like Tconv subset expressing Izumo1r (Extended Data Fig. 6). 

These results confirm the flow cytometry data showing that the cognate T cell population 

in mice fed peptide alone consists mainly of Treg and Thlin- cells and that the addition of 

cholera toxin increases the priming of Tfh, Th1, and Th17 cells and decreases Treg cells 

without completely eliminating Thlin- cells. Single cell RNA sequencing, however, revealed 

that the Thlin- population is a complex mixture dominated by Tfh-like and naïve-like subsets.
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Thlin- cells are anergic Treg precursors

We then investigated the functional capacity of the Thlin- population. Thlin- cells were worse 

IL-2 producers than Th1 and Th17 effector cells when challenged in vivo with peptide (Fig. 

3a). When transferred into naïve recipients, the Thlin- population generated Th1 cells after 

systemic priming with peptide and the adjuvant polyI:C29 but less efficiently than naïve cells 

(Fig. 3b) and yielded more Thlin- cells and peripheral Treg cells after 3 additional peptide 

feedings (Fig 3c). Blockade of IL-2, a cytokine known to control Treg cell survival30, 

prevented transferred Thlin- cells from becoming Treg cells under these conditions (Fig. 3d). 

Thus, the Thlin- population was poor at IL-2 production and Th1 formation like anergic T 

cells and had the potential to become peripheral Treg cells via an IL-2-dependent process. 

Conversion of Thlin- cells likely accounted for the increase in Treg cells between 3 and 6 

peptide feedings as this increase was blocked by IL-2 neutralization (Fig. 3e).

Tregs suppress Th1 but not Thlin- cells

We then determined whether Treg cells were involved in Thlin- cell formation by treating 

Foxp3DTR mice with diphtheria toxin during 2W peptide feeding. These mice lacked Treg 

cells as expected but had a 2W:I-Ab tetramer-binding T cell population after peptide feeding 

that was 10-times larger than the one in control mice (Fig. 4a, b). Tfh cells increased 20-

fold, Th1 cells 100-fold, Thlin- cells 2-fold, and Th17 cells not at all (Fig. 4c). Neutralization 

of IL-2 inhibited the increase in Tfh and Th1 cells in Treg cell-depleted mice by 50 and 

90%, respectively but did not affect the modest increase in Thlin- cells (Fig. 4a–c). These 

results suggest that Treg cells suppress the formation of cognate Tfh and Th1 cells during 

peptide feeding, the Th1 cells by limiting IL-2, but are not necessary for Thlin- cells to form.

Treg and Thlin- cells in oral tolerance

Finally, we determined whether the total cognate T cell population in peptide-fed mice had 

the functional impairments described in the oral tolerance literature1,2,3. Indeed, mice fed 

with 2W peptide generated a poor delayed-type hypersensitivity reaction after immunization 

with 2W peptide and complete Freund’s adjuvant (Fig. 4d). In addition, the T cells in mice 

fed 2W peptide 3 times expanded 16-fold after immunization with 2W peptide plus polyI:C 

while T cells in unfed mice expanded 200-fold (Fig. 4e). The cognate T cell population in 

peptide-fed immunized mice also had a higher frequency of Treg cells and lower frequency 

of Th1 cells than the population in mice that were only immunized (Fig. 4f). To determine 

whether these effects were related to a lack of inflammation during feeding, we also tested 

mice that were fed 3 times with 2W peptide plus cholera toxin and then immunized with 

peptide plus polyI:C. These mice contained a large population of 2W:I-Ab tetramer-binding 

cells at the time of immunization as expected based on the adjuvant effect of cholera toxin 

(Fig. 4e). This already large population increased only slightly after immunization with 

peptide and polyI:C (Fig. 4e), had the lower Th1 cell but not the higher Treg cell frequency 

of peptide-fed primed mice, and a much higher Th17 cell frequency than the populations 

in the other immunized groups (Fig. 4f). Thus, the cognate T cell population in peptide-fed 

mice had defects in immunization-driven clonal expansion and Th1 cell generation, which 

were not rescued by cholera toxin. Depletion of Treg cells from Foxp3DTR mice after 
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peptide feeding but before immunization increased post-priming Th1 formation but did not 

completely correct the defect (Fig. 4g). The residual deficit was likely related to the intrinsic 

impairments of Thlin- cells described above (Fig. 3a, b). Thus, Treg cell suppression and 

Thlin- cell dysfunction both play roles in oral tolerance to systemic priming.

Others have suggested that food peptide-specific CD4+ naïve T cells first recognize MHCII-

bound peptides on tolerogenic CD103+ dendritic cells in GLA SLO31. We speculate that 

this interaction occurs with minimal costimulatory signals32 or IL-633 and in the presence 

of IL-2-sequestering Treg cells34. These conditions likely explain why food peptide-specific 

CD4+ naïve T cells proliferate poorly and do not become Th17 or Th1 cells, which depend 

on IL-635 and IL-236, respectively, and instead form a complex set of non-canonical Thlin- 

subsets. One scenario that follows from the gene expression relationships shown in Fig. 2 

is that food peptide-specific naïve T cells become relatively undifferentiated blasts (cluster 

1) shortly after TCR signaling and then differentiate based on microenvironmental cues in 

the GLA-SLO. Some cells may be activated in areas lacking the Tfh-suppressing cytokine 

IL-220,37,38 and become Tfh-like cells (clusters 3 and 9), while other cells are near sources 

of IL-2 and become peripheral Treg cells. At the same time, other cells (cluster 8) may 

be near sources of type I interferon and experience signaling that induces coinhibitory 

receptors39, while other cells may lack cytokine cues and revert to quiescent naïve-like cells 

(cluster 0). We propose that all of these different subsets lack inflammatory functions or 

suppress them and thus do not trigger pathology under the conditions of low innate immune 

activation that routinely pertain to the gut during meals. Once a food peptide-specific 

Thlin- population has been formed, its resistance to Th1 cell formation and delayed-type 

hypersensitivity reactions even in the face of Th1-polarizing innate immune activation 

may provide another layer of protection from gut pathology, for example, during enteric 

infections. The Tfh-like Thlin- cells, which express the anergy markers FR4 and CTLA-4, 

may be particularly resistant to becoming Th1 cells as suggested by other work showing that 

anergic T cells express a subset of Tfh genes18,40. Should mucosal inflammation occur at 

the time of first exposure to a food antigen, our results with cholera toxin suggest that some 

naïve cells become Tfh, Th1, or Th17 cells rather than Thlin- cells, a situation that could 

contribute to gut pathology. Exposure to food antigens, however, usually induces a complex 

set of non-canonical hyporesponsive Thlin- subsets that lack the inflammatory functions 

needed to cause gut pathology and yet have the potential to produce Treg cells that can 

suppress it.

ONLINE-ONLY METHODS

Mice

Six to eight-week-old C57BL/6 (B6) and B6.SJL-PtprcaPepcb/BoyJ (CD45.1) 

mice were purchased from the National Cancer Institute Mouse Repository. 

C57BL/6-Foxp3tm1Flv/J (Foxp3RFP), B6.129(Cg)-Foxp3tm3(DTR/GFP)Ayr/J (Foxp3DTR), 

B6.129S(FVB)-Bcl6tm1.1Dent/J (Bcl6fl/fl), B6.Cg-Tg(Lck-icre)3779Nik/J (LckCre), 

Tg(Tbx21-ZsGreen)E3ZJfz (Tbx21ZsGreen ), and B6.129P2(Cg)-Rorctm2Litt/J (RorceGFP) 

mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). Il4tm1(CD2)Mmrs 

(KN2) mice41 were kindly provided by Kristin Hogquist. Foxp3RFP, Tbx21ZsGreen, and 
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RorceGFP mice were crossed to create Foxp3RFP Tbx21ZsGreen RorceGFP mice. SM1 TCR 

transgenic Rag−/− mice42 were bred in house. Bcl6fl/fl mice were bred with LckCre mice 

to generate LckCre Bcl6fl/fl mice. Either male or female mice were used for individual 

experiments and the number in each group was based on past experience. Experiments 

were performed in an unblinded fashion. All mice were housed in specific-pathogen-free 

conditions according to University of Minnesota and the National Institutes of Health 

guidelines. The Institutional Animal Care and Use Committee of the University of 

Minnesota approved all animal experiments.

Tetramers

Glp (CNVYIPPYCTIAP) was identified as follows. Mice on a gliadin-free diet were 

immunized with wheat alpha-gliadin in complete Freund’s adjuvant. One week later, cells 

from the draining lymph nodes were divided in into multiple samples, each cultured 

overnight with one peptide from a set of alpha-gliadin peptides identified by an in-

house I-Ab peptide binding algorithm. The next day, an interferon-gamma enzyme-linked 

immune absorbent spot assay was performed for each sample according to an established 

protocol43. The CNVYIPPYCTIAP peptide gave a strong signal and was chosen for further 

study. Biotin-labeled I-Ab molecules containing the 2W (EAWGALANWAVDSA), TOXO 

(AVEIHRPVPGTA), LLO (NEKYAQAYPNVS) or Glp (CNVYIPPYCTIAP) peptides 

covalently attached to the I-Ab beta chain were produced with I-Ab alpha chains 

in Drosophila melanogaster S2 cells, then purified and tetramerized with streptavidin 

allophycocyanin (APC) or phycoerythrin (PE) as described previously13.

Tissue preparation

Peyer’s patches, lymph nodes (cervical, axillary, brachial, inguinal, hepatic, and mesenteric), 

and spleens were reduced to single cells suspensions by gently mashing the tissue through 

fine mesh screens. In some cases, mesenteric lymph nodes, hepatic lymph nodes, and 

Peyer’s patches were pooled and used for GLA SLO, and other lymph nodes and spleen 

were used for non-GLA SLO. Lamina propria cells were prepared as described44 by 

removing luminal material from the small intestine and colon and cutting the tissue into 

small pieces. The tissue fragments were treated with an EDTA solution to remove epithelial 

cells and washed before digestion with a collagenase solution. The digested tissue fragments 

were dissociated with a Gentle MACS device and centrifuged through a density gradient. 

Lamina propria cells were isolated from the buffy coat.

Cell enrichment and flow cytometry

Tetramer-based cell enrichment was performed as previously described13. Single cell 

suspensions from the SLO or lamina propria were incubated for 1 hour at room temperature 

with PE- or APC-conjugated peptide:I-Ab tetramers and BV650-conjugated CXCR5 

antibodies. Cells were enriched using EasySep Mouse PE or APC Positive Selection kits 

(STEMCELL technologies) according to the manufacturer’s instructions. Enriched samples 

were then stained for 30 minutes at 4°C with fluorophore-conjugated antibodies specific 

for CD4, B220, CD11b, CD11c, F4/80, CD44, FR4, or CD73. Cell viability was assessed 

using GhostDye violet 510. For analysis of the expression of transcription factors, stained 

cells were fixed and permeabilized with the Foxp3/Transcription Factor Staining Buffer Set 
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(ThermoFisher) according to the manufacturer’s instructions. Cells were stained overnight 

at 4°C with fluorophore-conjugated antibodies specific for Foxp3, T-bet, RORγt, Helios, 

or Bcl-6. Cells were counted and analyzed by flow cytometry with counting beads on a 

Fortessa (BD) flow cytometer. Data were analyzed using FlowJo software (TreeStar).

Single cell RNA sequencing

Cells from the SLO of 6 mice fed on days 0, 2, and 4 or days 0, 2, 4, 6, 8, and 10 with 2W, 

TOXO, and LLO peptides or on days 0, 2, and 4 with the 3 peptides plus cholera toxin were 

enriched with the relevant tetramers 2 days after the last feeding and tetramer-binding T cells 

were purified by Fluorescence Activated Cell Sorting. In another experiment, cells were 

enriched with Glp:I-Ab tetramer from the SLO of 14 mice exposed to a gliadin-containing 

diet for 1 week or with 2W:I-Ab tetramer from 1 mouse infected 7 days earlier with an 

attenuated Listeria monocytogenes (Lm) strain expressing the 2W peptide45. Similar results 

were obtained for 2W:I-Ab tetramer-binding cells from 2 other Listeria monocytogenes-2W-

infected mice but results were included from only 1 to keep the number of Glp:I-Ab and 

2W:I-Ab tetramer-binding cells in the same range. Tetramer-negative CD44lo naïve CD4+ 

T cells were also sorted in both experiments. In each experiment, cells from each sample 

were stained with different Totalseq-A hashtag antibodies (Biolegend), mixed, and loaded 

into 1 port of a 10X Genomics chip at 1,500 cells/μl. Libraries were prepared for each 

sample and sequenced using a Novaseq S4 chip (2 × 150bp PE). Features were enumerated 

using Cellranger (version 3.0, 10X Genomics) and gene expression values were analyzed 

using Seurat 3.1.146. Single cells from each sample were identified based on hashtags 

and normalized within each pool using the sctransform method in Seurat47. Different 

clusters were visualized using Uniform Manifold Approximation and Projection (UMAP) 

dimensional reduction.

Cell transfer

Single cells were collected from pooled spleens and lymph nodes of Foxp3RFP Tbx21ZsGreen 

RorceGFP mice. Cells were enriched with tetramers as described above and stained with 

antibodies. Thlin- (CD11b− CD11c− CD8− B220− Live CD4+ CD44hi Foxp3− CXCR5− 

T-bet− RORγt−) cells or naïve (CD11b− CD11c− CD8− B220− Live CD4+ CD44lo Foxp3−) 

cells were sorted on a FACSAria-II (BD) flow cytometer, respectively. Sorted cells were 

transferred into naive SM1 TCR transgenic Rag−/− or CD45.1 congenic recipients by 

intravenous injection.

Measurement of protein expression levels

Spleen and lymph node cells from mice expressing different congenic markers and 

immunized with peptides emulsified in CFA or fed 3 times with 2W, TOXO, and LLO 

peptides were pooled. Magnetic enrichment with tetramers was performed on the pooled 

sample and the bound and unbound fractions were split into individual samples, which 

were stained with fluorophore-labeled antibodies specific for the congenic markers, CD44, 

Foxp3, CXCR5, and FR4, and 1 of the PE-conjugated antibodies from the LegendScreen 

panel (Bio Legend, San Diego, CA) or T-bet, RORγt, P2X7, PSGL-1, TCF1/7, FOXO1, 

Bcl-6, TGF-β receptor I, TGF-beta receptor II, IL-12Rb1, IL-12Rb2, IL-23R, IL-27R, 

EGR2, Helios antibodies from BD, ThermoFisher, or BioLegend. Tetramer-binding Th1 
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and Th17 cells were identified in the bound fraction from the peptide and CFA-primed 

group and tetramer-binding Thlin- cells from the peptide fed group. CD44lo Foxp3− naive, 

CD44hi Foxp3+ Treg, CD44hi Foxp3− CXCR5+ Tfh, and CD44hi Foxp3− CXCR5− FR4hi 

CD73hi anergic cells were identified in the tetramer-negative CD4+ T cell population from 

the unbound samples as shown in Extended Data Fig. 3a. The mean fluorescence intensity 

(MFI) for each PE-labeled antibody for a given T cell subset was divided by the MFI for 

that antibody for naïve T cells. These normalized values were used for Principal Component 

Analysis (PCA) and heatmaps produced with R software.

Treg depletion

In some experiments Foxp3DTR mice were treated with diphtheria toxin (0.5 μg/mouse) 

on days 0, 1, and 3 during 2W peptide feeding on days 0, 2, and 4. In other experiments 

Foxp3DTR mice were treated with diphtheria toxin (0.5 μg/mouse) after 2W peptide feeding 

on days 0, 2, and 4 and on day 9 were injected with 2W peptide plus polyI:C as described 

below.

Antigen administration

In most cases, mice were fed with 2W peptide or a mixture of 2W, TOXO, and LLO 

peptides by oral gavage, 100 μg of each peptide per feeding, on days 0, 2, and 4 or 

days 0, 2, 4, 6, 8, and 10 and analyzed two days after the last feeding. The 100 μg dose 

was chosen based on titration experiments indicating that feeding 100 μg of 2W peptide 

induces maximal expansion of tetramer-binding T cells. Where indicated, mice received 

10 μg of cholera toxin (List labs) by oral gavage. In some cases, mice were immunized 

intraperitoneally with 10 μg of peptides plus 20 μg of polyI:C (Invivogen) or subcutaneously 

with a mixture of 100 μg each of 2W, TOXO, and LLO peptides emulsified in CFA and 

analyzed 7 days later. For one set of single cell RNA sequencing experiments, mice were 

injected intravenously with 107 actA-deficient Lm bacteria engineered to secrete a fusion 

protein containing an immunogenic peptide called 2W (Lm-2W)45. The Teklad global 18% 

diet (Envigo) contains wheat and was used as the gliadin-containing diet (GCD). Casein-

based diet AIN-93G (Envigo) was used as a gliadin-free diet (GFD).

IL-2 neutralization

IL-2 was neutralized in vivo by the intravenous injection of 400 μg of IL-2 (S4B6, BioXcell) 

monoclonal antibody on days 5, 7, and 9 into mice fed peptides on days 0, 2, and 4 or 4, 6, 

8, and 10. T cells in these mice were analyzed by flow cytometry on day 12.

Enzyme-Linked Immunosorbent Assay

Ten-fold dilutions were prepared for each serum sample and added to 96-well plates 

coated with gliadin (IBL international) for 1 hour at 37° C. Plates were then incubated 

at 37° C for 30 minutes with horseradish peroxidase-labeled antibodies specific for mouse 

immunoglobulin G and developed with a 3,3’,5,5’-tetramethylbenzidine (TMB) substrate 

from Surmodics. A plate reader was used to measure the optical density (450 nm) of each 

well.

Hong et al. Page 9

Nature. Author manuscript; available in PMC 2023 July 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Delayed-type hypersensitivity

Mice that were or were not fed 2W peptide 3 times were injected subcutaneously with 10 

ug of 2W peptide emulsified in complete Freund’s adjuvant 2 days after the last feeding. 

Seven days after 2W peptide/complete Freund’s adjuvant infection, 1 ug of 2W peptide in 

10 ul of incomplete Freund’s adjuvant was injected into the right footpads of the primed 

mice. 10 ul of PBS in IFA was injected into the left footpads as a control. Footpad swelling 

was measured 24 hours after footpad injection with a micro-caliper. The difference between 

the thickness of the right and left footpads as taken a measure of the 2W peptide-specific 

delayed-type hypersensitivity reaction.

Statistical analysis

All data were presented as mean ± standard error of the mean (SEM). Data were analyzed 

by the tests mentioned in the figure legends. Statistical analysis was performed using Prism 

9 (GraphPad).

Extended Data

Extended Data Figure 1. Gliadin antibody production after feeding depends on Tfh cells.
Gliadin antibody amounts determined by Enzyme-Linked Immunosorbent Assay in serial 

dilutions of serum from Bcl6fl/fl (n=6 mice) or LckCre Bcl6fl/fl mice (n=6 mice) on a gliadin-

containing diet, wild-type C57BL/6 mice on a gliadin-free diet (n=2 mice), or C57BL/6 

mice on a gliadin-free diet mice 2 weeks after subcutaneous injection of gliadin in complete 

Freund’s adjuvant (n=2 mice). Wild-type and Bcl6fl/fl mice have the capacity to produce 

Bcl-6 and Tfh cells. LckCre Bcl6fl/fl mice have a T cell-specific defect in Bcl-6 and cannot 

produce Tfh cells. Values for each dilution from Bcl6fl/fl or LckCre Bcl6fl/fl mice were 
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compared by Student’s t-test. The data show that Tfh-sufficient mice on a gliadin-containing 

diet make small amounts of gliadin antibody, while Tfh-deficient mice do not.

Extended Data Figure 2. Thlin- cells induced by peptide feeding are stable after cessation of 
peptide feeding and lack markers of Th2, Tr1, and Th3 cells.
a, Flow cytometry plots of 2W:I-Ab tetramer-binding CD4+ T cells from mice fed with 2W 

peptide 3 times and analyzed 2 days or 1 week after cessation of feeding, with a gate on 

Treg cells. b, Percentages of Treg (left) or Thlin- (right) cells in 2W:I-Ab tetramer-binding 

populations from mice fed with 2W peptide 3 times and analyzed at the indicated times 

after cessation of feeding (n=6 mice for 2 days, n=5 mice for 1 wk, n= 4 mice for 2 wks, 

n=3 mice for 3 wks). c, Flow cytometry plots of 2W:I-Ab tetramer-binding Thlin- cells from 

Il4CD2 (left plot) or wild-type (middle and right plots) mice fed with 2W peptide 3 times 

and analyzed 2 days after cessation of feeding for expression of human CD2 (a marker of 

IL-4 and Th2 cells in Il4CD2 mice), LAG-3 (a marker of Tr1 cells), or LAP (a marker of Th3 

cells) (n=4 or 5 mice). The scatterplot shows the percentages of cells with these markers in 

the 2W:I-Ab tetramer-binding Thlin- populations from individual mice.
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Extended Data Figure 3. Experimental scheme used to identify CD4+ T cell subsets and a 
heatmap of protein expression assessed by flow cytometry.
a, Experimental scheme used to identify 2W:I-Ab, TOXO:I-Ab, or LLO:I-Ab tetramer-

binding Thlin- cells from CD45.1 mice fed the peptides on days 0, 2, and 4 and analyzed 

2 days after the last feeding, 2W:I-Ab, TOXO:I-Ab, or LLO:I-Ab tetramer-binding Th1 and 

Th17 cells from mice immunized 7 days earlier with the peptides in complete Freund’s 

adjuvant (CFA), or tetramer-negative Treg, naïve, Tfh, and anergic T cells. b, Heatmap of 

the log2 values of mean fluorescence intensity (MFI) for each PE-labeled antibody for a 
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given T cell subset divided by the MFI for that antibody for naïve T cells. These normalized 

values were used for the PCA shown in Fig. 2a.

Extended Data Figure 4. Flow cytometry histograms of protein expression by CD4+ T cell 
subsets.
a, Histograms of antibody staining of the indicated proteins on or in the indicated subsets 

identified in Extended Data Figure 3a. b, Histograms of antibody staining of the indicated 

proteins on or in Glp:I-Ab tetramer-binding Thlin- cells identified as in Extended Data Figure 

3a from mice on a gliadin-containing diet for 1 week. The other subsets were identified 
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as in Extended Data Figure 3a except that the Th1/Th17 cells were isolated from the 

non-tetramer-binding CD4+ T cell population.

Extended Data Figure 5. RNA sequencing data used for definition of clusters of CD4+ T cells 
from mice fed with peptides.
a, Heat map of signature genes that defined the 11 clusters shown in Fig. 2b with yellow 

bars indicating larger amounts of mRNA. b, UMAPs shown in Fig. 2b with a border around 

cluster 5 and cells with larger amounts of Tbx21 (top) or Foxp3 (bottom) mRNA shown in 

purple.
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Extended Data Figure 6. RNA sequencing data used for definition of clusters of CD4+ T cells 
from mice on a gliadin-containing diet.
a, Single-cell RNA sequencing analysis of Glp:I-Ab tetramer-binding T cells from mice 

exposed to a gliadin-containing diet for 1 week (Gliadin), 2W:I-Ab tetramer-binding T cells 

from mice infected with 2W-expressing Listeria monocytogenes (Lm), or naïve CD4+ T 

cells (Naïve). UMAPs identifying 9 T cell clusters in merged populations (left panel) and 

in each population (right panel) are shown. b, c, Expression levels of signature genes from 

each cluster are shown as violin plots (b) or a heat map (c). Note that the total Glp:I-Ab 
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tetramer-binding T cell population was included in the analysis not just the CD44hi subset. 

In this analysis, clusters 1 and 2 contained naïve T cells defined by expression of Sell, 
Ccr7, and Ly6C1. The Lm-induced 2W:I-Ab-specific effector cell population, known to 

contain Th1 and Tfh cells20, consisted of cells in clusters 0, 3, 5, and 6. Clusters 0 and 3 

contained Th1 cells as evidenced by expression of the Th1 markers Cxcr3 and Itga4, with 

cells in cluster 3 expressing markers of more advanced Th1 differentiation (Ccr2, Nkg7, 

and Ly6C2)48–50. Cluster 5 contained Tfh cells as evidenced by expression of the Tfh 

markers Bcl6 and Cxcr5. Cluster 6 was defined by cells expressing interferon-induced genes 

(Gbp2, Stat1, Ifi47, Ly6A, and Igtp)27 and may contain Tfh-related cells based on proximity 

in UMAP space to cluster 5. The Glp:I-Ab tetramer-binding population from mice on a 

gliadin-containing diet contained some naïve cells in clusters 1 and 2 and cells in clusters 4, 

7, and 8 that were not found in the Lm-induced effector population. Cluster 7 contained Treg 

cells based on expression of Foxp3, while the cells in cluster 8 were Tfh-like cells based on 

expression of Bcl6 and Cxcr5 but were different from the genuine cluster 5 Tfh cells induced 

by Listeria infection. The cells in cluster 4 were defined by expression of naïve cell markers 

Sell and Ccr7 and markers of TCR signaling such as Nr4a1, which were also expressed 

by the Treg cells in cluster 7 and the Tfh-like cells in cluster 8. Glp:I-Ab tetramer-binding 

cells in clusters 4 and 8 also expressed Izumor1. Cluster 4 in the Glp:I-Ab tetramer-binding 

population shown in Extended Data Figure 6a likely corresponds to Thlin- naïve-like cluster 

0 or 1 in the peptide-feeding experiment shown in Fig. 2b, while cluster 8 in the Glp:I-Ab 

tetramer-binding population likely corresponds to Tfh-like cluster 3 in the peptide feeding 

experiment. The minor cluster 8 (Thlin- Treg-like type 1 interferon-signaled) and cluster 9 

(Thlin- Tfh-like ongoing TCR signaling) subsets that were detected in the peptide feeding 

experiment (Fig. 2b) were not detected in the Glp:I-Ab tetramer-binding population shown in 

Extended Data Figure 6a, perhaps because fewer cells were analyzed in this case. Thus, the 

cognate T cell population induced by an antigen in a natural diet and that induced by peptide 

feeding by gavage contained Treg cells and Thlin- cells with naïve-like and Tfh-like subsets.
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Figure 1. Food antigen-specific T cells mainly become Treg or Thlin- cells in the GLA SLO.
a, b, CD4+ T cells from SLO of mice on gliadin-free (GFD) (a) or gliadin-containing diets 

(GCD) for 1 week (b). c, d, Glp:I-Ab tetramer+ cell numbers (n=6 mice) (c) and frequencies 

of subsets in the GCD group (d) (n=5 mice, 3 independent experiments). e-h, (e) CD4+ T 

cells from SLO of mice fed with the peptides alone or with cholera toxin on days 0, 2, and 

4 and analyzed 2 days after the last feeding (3X protocol) with tetramer+ cell numbers (f, 
n=6 mice for 2W+CT, 2W, and TOXO, and n=5 for LLO, 3 independent experiments) and 

subset frequencies (g, n=4 mice for 2W+CT, n=6 for 2W and TOXO, and n=5 for LLO, 3 

independent experiments). h, 2W:I-Ab tetramer+ cell numbers in the 2W and 2W+CT groups 

shown in g (n=5 mice for 2W+CT, n=6 in 2W, 3 independent experiments). i, 2W:I-Ab 
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tetramer+ cell numbers in the SLO of mice fed on the 3X protocol or on days 0, 2, 4, 

6, 8, and 10 (6X) with 2W peptide alone and analyzed 2 days after the last feeding (n=5 

mice, 2 independent experiments). j, 2W:I-Ab tetramer+ cell numbers in mice fed on the 

3X protocol with 2W peptide alone (closed square, n=6 mice, 3 independent experiments) 

or with FTY720 treatment (open square, n=7 mice, 3 independent experiments). k, CD4+ 

T cells in the indicated tissues from mice fed with 2W, TOXO, and LLO peptides on the 

3X protocol. l, Frequencies of subsets among the tetramer+ populations shown in k (n=9 

mice for Non-GLA and GLA, n=5 for SI and Colon, 3 independent experiments). Error bars 

indicate mean ± SEM. Data in f and l were compared by one-way ANOVA and post hoc 

Tukey’s test, and in c, h, i, and j by two-tailed Student’s t test.
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Fig. 2. The Thlin- population is mixture of naïve-like and Tfh-like cells that are related to anergic 
T cells.
a, Principal Components Analysis plot based on flow cytometry measurements of proteins 

expressed by naïve, Treg, Anergic, Tfh, Th1 and Th17, and Thlin- cells identified as shown 

in Extended Data Fig. 3a. b, c, Single-cell RNA sequencing analysis of CD44hi 2W:I-Ab, 

TOXO:I-Ab, or LLO:I-Ab tetramer-binding T cells from the SLO of mice fed on days 0, 2, 

and 4 (3X) or 0, 2, 4, 6, 8, and 10 (6X) with the 3 peptides alone or days 0, 2, and 4 with the 

3 peptides plus cholera toxin (3X+CT) or CD44lo tetramer-negative CD4+ T cells (naïve). 

Tetramer-binding T cells from the fed groups were sorted 2 days after the last feeding. b, 

UMAPs identifying T cell clusters. Ovals delineate individual clusters 2, 4, 5, and 6, or 

clusters 7 and 10 containing proliferating cells, or the set of Thlin- clusters 1, 2, 3, 8, and 9. 

c, Violin plots showing expression levels of signature genes.
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Fig. 3. The Thlin- population is hyporesponsive and generates peripheral T reg cells.
a, IL-2 production by 2W:I-Ab tetramer-binding Th1 and Th17 cells from mice immunized 

with 2W peptide in complete Freund’s adjuvant or Thlin- cells from mice fed 3 times with 

2W peptide, 2 hours after intravenous injection of 2W peptide. Mean fluorescent intensity 

values ± SEM of IL-2 antibody staining are shown. Gray histograms are from CD44lo CD4+ 

T cells. b, CD44lo CD4+ T cells or Thlin- cells sorted from 2W:I-Ab, TOXO:I-Ab, and 

LLO:I-Ab tetramer-enriched samples from Foxp3RFP RorceGFP Tbx21Zsgreen reporter mice 

fed 3 times with 2W, TOXO, and LLO were transferred into CD90.1 SM1 TCR transgenic 

Rag−/− mice, which were immunized with polyI:C and peptides and analyzed after 7 days. 

Frequencies of T-bet+ Th1 cells in recipient mice among tetramer-binding cells from the 

indicated donors are shown (n=5 mice, 2 independent experiments). c, CD44lo CD4+ T 

cells and Thlin- cells sorted as in b were transferred into CD45.1 mice, which were fed 3 

times with peptides. Frequencies of subsets among tetramer-binding cells from the indicated 

donors 2 days after the last feeding are shown (n=5 mice, 3 independent experiments). 

d, Thlin- cells sorted as in b were transferred into CD45.1 mice, which were fed 3 times 

with peptides without (None) or with injection of IL-2 antibody (IL-2 ab) during feeding. 

Frequencies of Treg cells among donor-derived tetramer-binding cells in the 2 groups are 

shown (n=6 mice, 2 independent experiments). e, 2W peptide was fed and IL-2 antibody 

was injected as indicated. Treg cell frequencies among CD44hi 2W:I-Ab+ T cell populations 

analyzed 2 days after the last feeding (n=6 mice, 2 or 3 independent experiments) are shown. 

Error bars indicate mean ± SEM. Data in e were compared by one-way ANOVA and post 

hoc Tukey’s test, and in c and d by two-tailed Student’s t test.
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Figure 4. Treg cells inhibit Th1 cell formation during feeding by sequestering IL-2 and after 
feeding and priming.
a-c, 2W:I-Ab tetramer+ cell numbers in Foxp3DTR mice that were not (gray bars) or were 

(blue bars) treated with diphtheria toxin (DT) and fed with 2W peptide 3 times or were 

treated with DT, fed 2W peptide 3 times, and treated with IL-2 antibody during peptide 

feeding (red bars) and analyzed 2 days after the last feeding (a) with the frequencies (b) 

and numbers (c) of cells in subsets in each group (n=4 mice, 3 independent experiments). 

d, Footpad thickness of mice fed with nothing or with 2W peptide on days 0, 2, and 4, 

primed with 2W peptide in complete Freund’s adjuvant, and injected with 2W peptide in 

the footpad 1 day before measurement (n=4 mice, 1 experiment). e, 2W:I-Ab tetramer+ cell 

numbers in SLO of mice fed no 2W peptide, or on days 0, 2, and 4 with 2W peptide alone 

or with cholera toxin (CT) and enriched with 2W:I-Ab tetramer on day 6 (open bars, n=4 

mice, 2 independent experiments), or from mice from those groups primed systemically with 

2W peptide plus polyI:C 2 days after the last feeding and enriched with 2W:I-Ab tetramer 7 

days later (gray bars, n=5 mice, 2 independent experiments). Fold increases in post-peptide/

polyI:C priming numbers compared to the pre-priming numbers are shown. f, Frequencies of 

indicated subsets among 2W:I-Ab tetramer+ cells in the post-peptide/polyI:C primed groups 

shown in e (n=5 mice, 2 independent experiments). g, T-bet+ Th1 cell frequencies among 

2W:I-Ab tetramer+ cells from naïve or 2W peptide-fed Foxp3DTR mice that were (red bars, 

n=4 mice, 2 independent experiments) or were not (blue bars, n=5 mice, 2 independent 

experiments) treated with DT before immunization with 2W peptide plus poly I:C and 

analyzed 7 days later. Error bars indicate mean ± SEM. Data were compared by one-way 

ANOVA and post hoc Tukey’s test.
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Table 1.

Frequencies of T cell subsets in fed mice

Cluster Cell type 3X 3X+CT 6X Naive

0 Thlin- Tn-like 23.0 12.4 40.9 0.0

1 Thlin- Tn-like blasts 32.7 21.9 4.3 0.0

2 Tn 3.3 0.6 2.6 97.5

3 Thlin- Tfh-like 12.7 5.4 14.1 0.2

4 Tfh 1.6 17.2 5.3 0.0

5 Th1 or Treg 2.7 4.8 17.8 0.7

6 Th17 4.3 14.0 5.4 0.0

7 Proliferative (S) 5.5 10.2 1.4 0.4

8 Thlin- Treg-like type1 IFN-signaled 6.3 3.4 3.1 0.0

9 Thlin- Tfh-like ongoing TCR 3.7 3.3 4.4 0.9

10 Proliferative (G2M) 3.7 6.4 0.3 0.0

Tn = naïve T cell. Numbers in columns 3-6 present the percentages of the indicated cell types in the single cell RNA sequencing clusters shown in 
Figure 2b in naïve mice or mice fed peptides 3 times (3X), 6 times (6X), or 3 times with cholera toxin (3X+CT).

Nature. Author manuscript; available in PMC 2023 July 12.


	SUMMARY
	Food antigens induce Thlin- cells
	Thlin- cells arise in the gut-liver SLO
	The Thlin- population is complex
	Thlin- cells are anergic Treg precursors
	Tregs suppress Th1 but not Thlin- cells
	Treg and Thlin- cells in oral tolerance
	ONLINE-ONLY METHODS
	Mice
	Tetramers
	Tissue preparation
	Cell enrichment and flow cytometry
	Single cell RNA sequencing
	Cell transfer
	Measurement of protein expression levels
	Treg depletion
	Antigen administration
	IL-2 neutralization
	Enzyme-Linked Immunosorbent Assay
	Delayed-type hypersensitivity
	Statistical analysis

	Extended Data
	Extended Data Figure 1.
	Extended Data Figure 2.
	Extended Data Figure 3.
	Extended Data Figure 4.
	Extended Data Figure 5.
	Extended Data Figure 6.
	References
	Figure 1.
	Fig. 2.
	Fig. 3.
	Figure 4.
	Table 1.

