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SUMMARY

Peripheral differentiation of regulatory T (pTreg) cells promotes immunological tolerance to obligate non-self, 

such as food or symbiotic microbes. We examined the relative importance of TCR recognition vs. environ

mental cues, leveraging CRISPR-based TCR editing of primary T cells with a large TCR panel, assessing 

pTreg cell differentiation induced by self-, microbial, or dietary antigens. All antigen classes drove stable 

pTreg cell differentiation, which varied with TCR origin: TCRs derived from Treg cells enabled pTreg cell 

differentiation more effectively than those from conventional T cells. TCRs recognizing self-, microbial, or di

etary antigens elicited distinct pTreg cell phenotypes: Helios⁺, RORγ⁺, or both. Different TCR-antigen pairs 

established distinct transcriptional programs. These differences traced to the types of antigen-presenting 

cells (APCs) involved—food-reactive TCRs depended predominantly on RORγ⁺ APCs and self-reactive 

TCRs depended on conventional dendritic cells. Thus, TCR specificity is a primary determinant of CD4+ 

T cell fate and phenotype, integrating antigen specificity and presentation context, providing a framework 

to design TCR-based tolerogenic immunotherapies.

INTRODUCTION

The gastrointestinal tract represents a unique and complex 

immunological environment, constantly interacting with a 

diverse array of dietary antigens, commensal microbes, and 

self-antigens. Maintaining immune homeostasis in this dynamic 

setting relies on appropriate immune responses to microbes and 

food antigens in the context of their broad communities.1,2 CD4+ 

T cells play a central role in these processes, and different mi

crobes have been shown to elicit distinct responses.3–8 Among 

those, regulatory T (Treg) cells that express the transcription fac

tor FoxP3 are essential for suppressing excessive inflammation 

and fostering tolerance in the gut.1,9

Many Treg cells differentiate in the thymus (tTreg cells), driven 

by recognition of self-antigens, but another pool differentiates in 

peripheral lymphoid organs (pTreg cells) from conventional CD4+ 

T cells (Tconv cells), a conversion driven by foreign antigens, in 

particular from food and microbes in the gut.9,10 These two pop

ulations have fundamentally different operational logics, since 

one is focused on self-antigens initially encountered in the 

thymus, while the other mostly deals with foreign antigens. 

Accordingly, tTreg and pTreg cells play complementary parts 

in immunoregulation.11–14 Understanding what drives T cells to

ward effector or pTreg cell differentiation is key to elucidating pe

ripheral immune tolerance and to manipulate T cell responses for 

cell therapy and vaccination.

In gut-associated lymphoid tissues (GALTs), the different fla

vors of Treg cells can schematically be categorized into Helios⁺ 
(also Gata3⁺) and RORγ⁺ (also cMaf⁺) categories of Treg cells, 

as well as Helios− RORγ− double-negatives (DNs). RORγ⁺ 
Treg cells are strongly tuned by gut bacteria.6,15–18 They 

control intestinal inflammation, IgA production, and food al

lergies6,13,15,19,20 and are only partially dependent on 

FoxP3.13,21 In contrast, Helios⁺ Treg cells strictly require 

FoxP3 and are thought to partake in tissue repair via their 

production of amphiregulin22–25 but also curtail inflammation 

more generally. Dietary proteins have been reported to 

regulate DN Treg cells in small intestine.26 It was originally 

thought that Helios⁺ Treg cells are tTreg cells that differentiate 

in the thymus, while RORγ⁺ Treg cells are pTreg cells that 
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Figure 1. Reactivity of TCRs derived from colonic Treg and Tconv cells 

(A) Diagram illustrating TCR editing with the Ark313 AAV vector. The AAV encodes 2 single gRNAs to cut into the C regions of TCRα and TCRβ loci, as well as an 

expression cassette for the TCRα and TCRβ of interest (connected by a 2A linker) that inserts by homologous recombination into the cleaved TCRα region. 

(B) Representative flow cytometric plots showing TCRVβ11 and TCRVβ5 expression in CD4+ T cells edited to express TS2.3 (Vβ11⁺) or TF2.2 (Vβ5⁺) TCRs. 

(legend continued on next page) 
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differentiate from Tconv cells in the periphery. Transfer and 

lineage tracing experiments in several systems supported this 

notion.13,17,27,28 On the other hand, some pTreg cells can be 

Helios⁺,28 and analyses of TCR sequencing data revealed 

clonotypes shared by RORγ⁺ and Helios⁺ Treg cells,28,29

which implies that they share some common origin. These are 

not compatible with a strict Helios⁺ = tTreg, RORγ⁺ = pTreg 

equivalency, and this important question remains unresolved.

The functional importance of pTreg cells in balancing effector 

T cell responses to the same foreign antigens is well understood, 

but it is unclear what determines the conversion of a Tconv cell 

into a pTreg cell.9 Are the effects of microbiota and diet on gut 

Treg cells direct (antigen dependent) or indirect (via metabolites 

and other cells)? The question is made more complex by the diver

sity of actors that influence colonic Treg cells: microbes have a 

strong influence, as do antigen-presenting cells (APCs) and, in 

particular, the recently described RORγ⁺ APCs.30–32 Neuroim

mune connections are involved, and we showed that Trpv1⁺ sen

sory neurons modulate RORγ⁺ Treg cells.7,33,34 The characteristics 

of the antigens that can drive pTreg cell generation are also un

clear. Is it simply a matter of a cell being activated by a strong 

agonist in peripheral tissues? If so, any Tconv cell should have 

the ability to become a pTreg cell. Another model posits that 

more specific cues, encoded in its TCR, determine a T cell’s ability 

to become a pTreg cell—for instance, by signaling with a particular 

intensity range or by recognizing antigen presented by a particular 

type of APC.

These questions have been difficult to address because of the 

limited range of TCRs that can be explored with transgenic 

models. Individual transgenic models support pTreg cell gener

ation with variable efficacy,17,35 but it is unclear how to gener

alize from one-off observations. Recent work from our lab 

analyzed in detail the phenotypes and TCRs of colonic CD4+ 

T cells in mice colonized by single microbes, identifying thou

sands of individual clonotypes.29 Some of these were shared be

tween colonic Treg and Tconv cells, suggesting involvement in 

pTreg cells. Here, by leveraging this data store and a powerful 

system for efficient TCR engineering in primary mouse T cells, 

we performed a mini-screen to assess the ability of a diverse 

panel of TCRs to drive pTreg cell differentiation. The results 

reveal that all TCRs are not equal. The ability to become a pTreg 

cell, and to adopt the RORγ⁺ phenotype, are both deeply pre- 

determined by a cell’s TCR, by the class of antigen that it recog

nizes, and by the type of APC that presents it.

RESULTS

Colonic CD4 TCRs are activated by food, bacterial, and 

self-antigens

To understand the potential of TCRs from colonic CD4 in shaping 

cell destiny, we selected from our previous dataset29 a panel of 

24 clonal expanded TCRs derived from CD4+ T cells isolated 

from colonic lamina propria of gnotobiotic mice monocolonized 

with Clostridium ramosum or Escherichia coli Nissle. These 

TCRs encompass a range of representations of several cell- 

types (Tconv cells, Treg cells of different phenotypes [RORγ+, 

Helios+, or RORγ− Helios− (DN)]) (Figure S1). To functionally ex

press these TCRs in normal T cells, we utilized a CRISPR- 

Cas9-based TCR knockin system recently established by 

some of us.36 This system utilizes the adeno-associated virus 

(AAV) variant Ark313, evolved to infect primary mouse T cells. 

It delivers to cells from Cas9-expressing transgenic mice, in a 

single vector, guide RNAs (gRNAs) that inactivate endogenous 

Trac and Trbc loci and a template for homology-directed repair 

targeting Trac that inserts the sequences coding for the TCR of 

interest under the control of the endogenous promoter (as a 

2A-spaced bicistronic construct; Figure 1A). The endogenous 

Trac and Trbc genes are inactivated in ∼90% of transduced pri

mary CD4+ T cells, 20%–40% of which express the desired TCR, 

detectable by the appropriate TCR-V-specific monoclonal anti

bodies (illustrated for two such constructs in Figure 1B; note 

that the process leaves in the cultures a few T cells non-edited 

cells, as well as TCR− cells, which provided useful internal stan

dards in the experiments below).

To assess the antigen specificity of the TCR panel, we co- 

cultured TCR-edited CD4+ splenocytes with APCs loaded with 

different complex antigens: heat-killed bacteria, protein extract 

from colon content, solubilized mouse chow, intestinal content 

(from SPF or germfree mice, fed standard chow or a protein-an

tigen-free [amino acid based diet, hereafter antigen-free diet 

(AFD)]) (Figure 1C). CD25 induction was used as an indicator of 

responses (Figure 1D; Table S1). Specific reactivity to microbial 

(E. coli Nissle or C. ramosum) or food antigens was readily iden

tified in this manner for 15 of the 24 TCRs tested, including TCRs 

emanating from Tconv or various Treg cell subsets (Figure 1D, 

tabulated in Figure 1F), indicating that colonic CD4+ T cells 

include a very high frequency of T cells reactive to gut luminal an

tigens. In contrast to a previous report,37 we did not detect poly

reactive T cells that respond to antigens from several microbes, 

(C) Schematic experimental design: CD4+ T cells are edited to express different TCRs and cultured with APCs supplemented with different sources of intestinal 

antigens before readout of activation markers by flow cytometry. 

(D) Flow cytometric plots of CD25 expression in TCR-edited cells co-cultured with the indicated antigens, representative of 2 or more experiments. Numbers are 

mean fluorescence intensity (MFI). EcN: E.coli Nissle; Crm: C. ramosum. 

(E) Representative experiment: CD4+ T cells from Nur77-GFP/Cas9 mice were TCR-edited and transferred into the indicated hosts. After 24 h, mesenteric lymph 

nodes (mLNs, gated on donor-derived edited cells) were analyzed for activation denoted by GFP expression. ‘‘Ctl’’ controls were TCR− cells from those transfers. 

(F) Summary of the characteristics and reactivity of all TCRs used in this study. From left to right: summary of the type of colonic CD4+ T cell in which the TCRs 

were originally discovered,29 with numbers of cells expressing these clonotypes; compilation of the in vitro CD25 induction experiments, dot plot displaying 

average fold change (FC), and − log10 (p value) of CD25 MFI relative to APC-only controls; compilation of in vivo Nur77-GFP⁺ induction experiments, as % GFP⁺ 
cells among TCR-edited cells; black line: not done; a summary of the antigen specificity for all TCRs used in this study. p values were determined using a one- 

sample t test. 

(G) TCR-edited Nur77-GFP/Cas9 CD4+ were co-cultured with APC and protein extracts for 6 h; plots of GFP expression are representative of 2 or more ex

periments. 

(H) Summary plot connecting the TCRs’ antigen specificity with their cell type of origin (dots sized according to the number of instances; clonotypes found in 

several cell types counted more than once).

ll
OPEN ACCESS Article 

2268 Immunity 59, 2266–2281, August 11, 2026 



EC

Ag

no
Ag

Ag

no
Ag

Gated on V+ cells

5058_Colon.fcs
all
93.0

5058_Ileum.fcs
all
41.0

5058_Spleen.fcs
all
12792

5058_cmLN.fcs
all
917

5058_scLN.fcs
all
3448

5058_smLN.fcs
all
4123

5058_Colon.fcs
CrE
40.0

5058_Ileum.fcs
CrE
12.0

5058_Spleen.fcs
CrE
188

5058_cmLN.fcs
CrE
73.0

5058_scLN.fcs
CrE
31.0

5058_smLN.fcs
CrE
574

A

SpleenscLN smLNcmLN IleumColon

D

B

Before transfer

After transfer
V+ vs TCR- ratio

Normalized ratio

TCR editing

TCRβ

Vβ
3

0.06

0.35

0.31
1.82

0.17

TCRβ

Vβ
3 mLN

Spleen

Vβ5

C
D

4

F

Homing
differentiation

0.80 0.81 0.740.52 0.70 0.65

0.83 7.49 4.330.08 0.15 1.54

Foxp3
C

D
4

SpleenscLN smLNcmLN IleumColon

32.4 77.5 66.742.0 23.322.6

00 01 00

+/- +/-

10 days

Sp
le

en

sc
LN

sm
LN

cm
LN

Ile
um

C
ol

on

Sp
le

en

sc
LN

sm
LN

cm
LN

Ile
um

C
ol

on

% Foxp3 in donor CD4+ cells

0.1 1 10 100

TF3.3
TF3.4

T01.1

TM3.4

TF2.1

TM2.6

TF2.2

TS2.2

TF2.7

TM2.7

TM1.1
TM1.2

TM3.5
TM2.3

TF2.8

TF2.5

TS2.3

TS2.1

TM1.3

TS2.4

TF2.6

TS2.5

TF2.9

Sp
le

en

sc
LN

sm
LN

cm
LN

Ile
um

C
ol

on

Sp
le

en

sc
LN

sm
LN

cm
LN

Ile
um

C
ol

on

Antigen+ no antigen

Normalized V+ vs TCR- ratio

1 6.32.50.4

TF3.3
TF3.4

T01.1

TM3.4

TF2.1

TM2.6

TF2.2

TS2.2

TF2.7

TM2.7

TM1.1
TM1.2

TM3.5
TM2.3

TF2.8

TF2.5

TS2.3

TS2.1

TM1.3

TS2.4

TF2.6

TS2.5

TF2.9

pTreg generationTcell distribution
TF2.2 TCR

Fo
od

Ec
N

C
rm

se
lf

7

4
3

4
3

3

10

4

6

2
2
3

3
3
3
4

2

2
1

2
2

2

2

2

11

22
11
5

1

1

2

2

TCR origin

5 1

TF2.2 TCR

Ag source Antigen+ no antigen

Tc
on

v

D
N

 T
re

g
H

+  
Tr

eg

R
+  

Tr
eg

Figure 2. TCR-antigen recognition directs T cell tissue distribution and pTreg cell generation 

(A) Diagram of experimental design: CD4+ Tconv cells were TCR-edited as above and transferred into host mice, which provided, or not, the corresponding 

antigen sources. For food antigens: SPF mice fed regular chow or AFD diet; for microbial antigens: SPF mice gavaged or not with E. coli Nissle, or germ-free mice 

gavaged or not with C. ramosum; for self-reactive TCRs: SPF mice, no controls possible. Donor-derived cells in different tissues were analyzed 10 days after 

transfer. 

(B) Representative plots depicting the normalization method used. After editing to express the TF2.8 TCR (Vβ3⁺), the donor cell population was normalized to 

TCR− cells in each pool (red numbers; note how it increased in the mLN relative to spleen), and their relative abundance in each organ was further normalized to 

before-transfer values (green numbers) to enable comparison across different experiments. 

(C) Representative flow cytometric plots of tissue distribution of TF2.2-expressing cells in different organs, 10 days after transfer (scLN, subcutaneous LN; cmLN, 

colon-draining LN; smLN, SI-draining LN) green numbers: normalized representation in each tissue, calculated as detailed in (B). 

(D) Compilation of tissue distribution of all transfer experiments as in (C), representing the normalized ratio of TCR-edited cells (V⁺) vs. TCR− cells across different 

tissues. Results in recipients devoid of antigen (A) are shown at right. Each bar an individual host, n = 3–6, with a few dropouts because cell numbers were too low 

for quantitation. A recall from Figure 1 of TCR origin and specificity is shown at right. 

(E) Representative flow cytometric plots of FoxP3 expression in TF2.2-expressing cells, 10 days after transfer. 

(legend continued on next page) 
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but this may result from different microbiota (community vs. 

monocolonized) in mice from which the TCRs emanated.

This simple in vitro activation system might miss reactivities to 

some antigens that would require processing and presentation 

by APCs in vivo. We set an in vivo test system wherein the 

TCRs whose antigen specificity could not be determined 

in vitro were edited into T cells from Nur77-GFP reporter mice, 

in which GFP expression denotes TCR stimulation.38,39 Confirm

ing in vitro results, cells expressing the food-reactive TF2.8 TCR 

upregulated Nur77-GFP expression in normal but not AFD-fed 

hosts, and cells expressing the TM1.1 TCR were activated in 

E. coli Nissle-colonized but not in SPF hosts (Figures 1E and 

1F), In this assay, five TCRs (TS2.1–TS2.5) that seemed unre

sponsive in vitro proved to be activated in vivo in all hosts, irre

spective of microbe ( germ free [GF]) or food antigens (AFD), indi

cating responsiveness to self-antigens rather than bacterial or 

dietary antigens (Figures 1E and 1F; Table S1). No antigen reac

tivity could be identified for T02.3 and T01.1 TCRs. Thus, by 

combining in vitro co-culture and in vivo assays, we identified 

8 microbe-reactive, 9 food-reactive, and 5 self-reactive TCRs 

(Figure 1F).

Although we did not aim here to formally identify the actual 

peptides recognized by these food-reactive TCRs, it was of in

terest to assess whether they corresponded to a single protein 

type or immunodominant epitope. Hence, we cultured TCR-edi

ted Nur77-GFP reporter cells with APCs and extracts from spe

cific components of normal mouse chow, which identified 

several different patterns: reactivity to soy extract for 1 TCR; to 

wheat for 5 other TCRs, of which 2 cross-reacted with corn; 

and the specific antigen source of 2 was not identified 

(Figure 1G). Thus, the TCRs in our panel that react to dietary 

antigens recognize a variety of epitopes, although dominated 

by grain proteins, a diversity comparable to that recently 

reported.40

Integrating these response data showed that the types of co

lon T cells from which these TCRs originate was clearly related to 

their specificity (Figure 1F) as further summarized in Figure 1H. 

Self-reactive TCRs mostly originated only from Helios⁺ Treg 

cells. Microbe-reactive TCRs stemmed from either Tconv or 

RORγ⁺ Treg cells, consistent with the types of cells known to 

be microbe-reactive.6,20,41–44 Food-reactive TCRs derived from 

the broadest array of colonic cells, including Tconv and all 

Treg cell subsets, arguing for a broad phenotypic dispersion of 

the immune response to food antigens.

TCR-antigen recognition directs T cell fate and tissue 

distribution

Having decoded the categories of antigens that activated the 

panel of colon TCRs, we then asked how TCRs reactive to 

different antigens would drive the differentiation of CD4+ Tconv 

cells (clonal proliferation or pTreg cell generation?). Congeni

cally-marked (Thy1.1) spleen Tconv cells were edited as above 

to express individual TCRs from our panel, their FoxP3-negative 

status verified (Figure S2A), and transferred into normal host 

mice in which the cognate antigens were present or absent 

(Figure 2A; for food-specific TCRs, mice fed regular chow vs. 

AFD diet; for microbe-specific TCRs, SPF or GF mice colonized 

or not with E. coli Nissle or C. ramosum). To streamline this 

screen, cells expressing different TCRs were often multiplexed 

for transfer into the same host (Figure S2B), which also enhanced 

the comparability between different TCRs. Thy1.1⁺ donor cells 

were identifiable 10 days later in different locations, in systemic 

lymphoid organs (spleen and subcutaneous lymph nodes 

[scLNs]) and in GALTs (small intestine-draining LNs [smLNs], co

lon-draining mesenteric LNs [cmLNs], colon, and ileum lamina 

propria [LP]; Figure S2C). For quantitation, we normalized their 

numbers to those of the co-transferred TCR− cells (and relative 

to this ratio at the time of transfer) to reflect cognate TCR-driven 

cell accumulation in each tissue (Figure 2B). Representative re

sults for one TCR are shown in Figure 2C, but several important 

findings emerged from the fully integrated results (23 TCRs in 

155 independent transfers, Figure 2D and Table S2). First, irre

spective of specificity (food, microbe, or self), virtually all of these 

TCRs drove preferential accumulation in GALT locations and a 

relative depletion in systemic lymphoid organs. This accumula

tion was antigen-dependent, largely disappearing in Ag-free 

control hosts. The exceptions were T01.1, which induced a 

run-away expansion in all tissues, and TM3.5, which showed 

comparable enrichment in all tissues. Second, different TCRs 

led to preferential distribution in the intestinal tissues themselves 

(colon, ileum, TF2.2, and TS2.2) or in the draining LNs (TM2.6 and 

TF2.6; Figure 2D). Moreover, individual TCRs displayed organ- 

preferential patterns. For example, TF2.1-expressing cells pref

erentially accumulated in the ileum and its draining smLNs, 

whereas TS2.4-expressing cells were more enriched in the colon 

and its draining cmLNs.

We then examined the capacity of individual TCR-antigen 

pairs to direct pTreg cell differentiation in the same transfers. 

As illustrated in Figure 2E for the TF2.2 TCR, FoxP3⁺ pTreg cells 

were detected abundantly 10 days after transfer, not only in 

GALTs but also in systemic lymphoid organs. pTreg cell differen

tiation was completely abrogated in the absence of antigen 

(Figure 2E, bottom row). The full data (Figure 2F; Table S2) 

confirmed this dependency. Furthermore, essentially none of 

the co-transferred TCR− or non-edited cells developed FoxP3 

expression (Figure S2D), showing that a TCR-dependent trigger 

was required. There was, however, substantial variation in the 

ability of different TCRs to support pTreg cell differentiation, as 

illustrated in Figure 2F, which reveals several trends. First, 

TCRs originally identified exclusively in Tconv cells (T01.1, 

TM1.1, TM1.2, and TM1.3, top rows in Figure 2F) generally failed 

to induce Treg cells, no matter in monocolonized gnotobiotic 

mice or SPF mice gavaged with E. coli Nissle following strepto

mycin treatment (TM1.1 and TM1.2 in Figure S2E), while all those 

originally from Treg cells did so, if to varying extents. Second, 

TCRs that recognize food antigens generally promoted pTreg 

cells more robustly than those reactive against microbial or 

self-antigens—a trend observed in both E. coli Nissle 

(F) Compilation of FoxP3 expression in donor cells (as in E) for all transfer experiments, in antigen-positive or negative hosts, color-coded as the percent FoxP3⁺ 
cells among Edited⁺CD4⁺ T cells. Each bar represents an individual mouse (n = 3–6). Only samples with more than 10 cells for each TCR-edited population were 

included in the analysis shown in (D) and (F).
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monocolonized mice and SPF mice (Figure S2E). Third, more 

pTreg cell differentiation was observed with TCRs reactive 

against C. ramosum than against E. coli Nissle, in keeping with 

C. ramosum being one of the strongest Treg cell inducers in 

our previous monocolonization studies.6 Finally, varying the 

number of input Tconv cells over a 5-fold range did not markedly 

affect the resulting pTreg cell proportions (Figure S2F), suggest

ing that pTreg cell conversion is not strongly limited by 

niche sizes.

TCRs originally derived from colonic Treg cells reactive 

against self-antigens drove pTreg cell differentiation with a pref

erential tissue localization in the GALT (Figure 2F), which seemed 

paradoxical given that self-reactive Treg cells are usually thought 

to originate in the thymus. To rule out reactivity against a food or 

microbial antigen that would have escaped our earlier assays, 

we transferred edited Tconv cells into hosts devoid of microbial 

(germfree), or dietary (AFD), or both (AFD-fed germfree) sources 

of foreign antigens. Except for TS2.5, pTreg cell generation was 

comparable in all hosts, confirming that true self-reactivity is 

involved (Figure S2G). These results suggest that reactivity 

against self-antigens, apparently gut-specific but unrelated to 

dietary or microbial antigens, is able to drive pTreg cell 

differentiation.

pTreg cells are generally considered to be specific to mucosal 

tissues, and it was surprising to find them disseminated in so 

many locations. Although lower in proportion, pTreg cells in the 

spleen do form large contingents (roughly 25% of the pTreg cells 

generated in any one mouse are found in the spleen [Figures 2E 

and 2F]). To rule out that these splenic pTreg cells might be due 

to the particular conditions of our Cas9/AAV editing system, we 

performed parallel transfers with Tconv cells from two lines of 

transgenic mice (BθOM and HH7-2) that express TCRs reactive 

against antigens from Bacteroides thetaiotaomicron and Helico

bacter hepaticus, respectively.8,17 As with the transfer of TCR-edi

ted cells above, pTreg cells from these transgenically encoded 

TCRs were detected in various tissues, including the spleen and 

scLNs but only in microbe-carrying hosts (Figure S2H), ruling 

out a quirk of the TCR editing system. HH7-2tg TCR transgenic 

cells exhibited higher pTreg cell generation than BθOM cells, re

flecting again the differential ability of TCR/antigen/APC combina

tions to support pTreg cell generation.

To determine where pTreg cells first appear, we traced their 

generation over time. For food- and self-antigen-reactive 

TCRs, pTreg cell formation was first observed in the mesenteric 

lymph nodes (mLNs) as early as 2 days post-transfer, conversion 

of cells expressing microbe-reactive TCRs exhibiting a slower 

response (Figures S3A and S3B). pTreg cells only accumulated 

a little later in the spleen. Together with the data above, we inter

pret these kinetics to mean that differentiation first occurs in the 

mLNs, with secondary spread to the spleen or to intestinal tis

sues, a balance controlled in part by availability of antigen in 

different locales.

Collectively, these findings suggest that pTreg cells can be 

induced by food, bacteria, or self-antigens, widely distributed 

in hosts and are not restricted to gut-associated tissues.

pTreg cell phenotypes are determined by the TCR

As introduced above, colonic Treg cells exist in functionally 

different phenotypes (RORγ⁺, Helios⁺, or DN), and the 

relationship between these phenotypes and Treg cell origin 

(pTreg and tTreg cells) is debated. We thus leveraged our panel 

of TCRs to assess the phenotypes adopted by pTreg cells eli

cited by individual TCR-antigen pairs after transfer of edited 

cells into antigen-carrying hosts. Several important observa

tions stood out. First, pTreg cells generated by antigen-driven 

conversion from transferred Tconv cells can adopt several 

different phenotypes: predominantly Helios⁺ for TS2.3 (albeit 

with slightly lower levels of Helios expression than in host’s 

Treg cells, Figure S4), predominantly RORγ⁺ for TM2.7, both 

for TF2.2 (Figure 3A). All pTreg cells also included a strong 

contingent of DNs. These results clearly established that pTreg 

cells are not obligatorily RORγ⁺. Second, these phenotypes 

correlated strongly with the class of antigen recognized by 

the TCRs. Microbes predominantly induced RORγ⁺ pTreg cells 

in the mLNs, as also visible in colon and spleen (Figure 3B), 

while self-reactive pTreg cells exclusively expressed Helios, 

with no RORγ expression detected in any tissue. In contrast, di

etary antigens induced pTreg cells exhibit a mixed phenotype, 

expressing either RORγ or Helios in the mLNs or spleen, with a 

shift to higher RORγ expression pattern in colon (Figures 3A and 

3B). These results, integrated in Figure 3C, indicate that pTreg 

cell phenotype is shaped by the TCR-antigen pair and suggest 

further molding by the colon microenvironment. Third, as 

explicitly shown in Figure 3D, the phenotype adopted by the 

pTreg cells was also strongly conditioned by the phenotype 

of the cell from which we originally isolated the αβTCR: RORγ⁺ 
pTreg cells were mostly induced by TCRs originally isolated 

from RORγ⁺ pTreg cells. This link again supports the notion 

that the TCR encodes, likely by the antigen specificity, the na

ture of the APCs that present this antigen, the environment in 

which activation occurs, and the phenotype of the resulting 

pTreg cells.

In normal mice, RORγ⁺ Treg cells are highly represented in 

the colonic LP, relative to mLNs and other tissues, and their 

proportions are modulated by microbes, as shown by gnoto

biotic and antibiotic experiments.6,15 We thus asked whether 

microbes would alter the proportion of RORγ⁺ pTreg cells, 

even for cells whose differentiation was driven by a food anti

gen. We compared RORγ⁺ frequencies among pTreg cells ex

pressing the food-reactive TF2.2 TCR, after transfer in hosts 

carrying different microbiota: normal complex microbiota 

(SPF), single microbe (monocolonized with E. coli Nissle or 

C. ramosum), or none (germfree; Figure 3E). The distribution 

of pTreg cell phenotypes, high RORγ⁺ in colon and high Heli

os⁺ in spleen remained consistent in these conditions 

(Figure 3E). Thus, food antigens can drive the differentiation 

of RORγ⁺ pTreg cells, without requiring contributions from 

gut microbes.

Several studies from our group and others have found that 

IL-6,6,15,28,33 including IL-6 derived from neurons,46 plays an 

important role in tuning the population of RORγ⁺ Treg cells in 

the colon, but it was unclear whether this reflected an influence 

on pTreg cell differentiation or on a homeostatic setpoint. To 

address this question, we implemented a sequential editing 

strategy of primary Tconv cells, first inactivating the Il6ra locus 

by electroporation of Cas9/gRNA complexes,45 prior to TCR ed

iting as above. We then transferred these cells, as an internally 

controlled co-transfer of TF2.2 or TF2.5-edited Tconv cells, 
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also edited with control or Il6ra-inactivating gRNAs, into the 

same hosts. The results showed that inactivating the IL-6 recep

tor in Tconv cells did not affect pTreg cell differentiation overall 

but significantly reduced the fraction of RORγ⁺ pTreg cells 

(Figure 3F). Thus, IL-6 signaling plays a crucial role in promoting 

RORγ expression in food-specific pTreg cells.
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Figure 3. pTreg cells can adopt either RORγ vs. Helios phenotypes, driven by TCR specificity and origin 

(A) Representative plots showing RORγ vs. Helios expression patterns in TCR-edited pTreg cells in mLN (day 10, transfers as in Figure 2), gated on CD4⁺Edi

ted⁺FoxP3⁺ cells. 

(B) Compilation of Helios⁺ or RORγ⁺ frequencies (as a proportion of pTreg cells) in spleen, colonic mLN and colon, grouped according to TCR specificity (from the 

same experiments as Figures 2C–2F, S2E, and S2F). 

(C) Aggregated data (% Helios⁺ vs. RORγ⁺ among pTreg cells), color-coded according to antigen specificity. 

(D) As (C), color-coded for the TCR cell of origin. 

(E) Proportions of RORγ⁺, Helios⁺, and RORγ− Helios− (DN) cells among TF2.2 pTreg cells in SPF, gnotobiotic mice monocolonized with E. coli Nissle or 

C. ramosum, or germfree hosts. 

(F) The Il6ra locus in CD4+ T cells (congenically tagged with Thy1.1 or Thy1.1/2) was targeted by electroporation of Cas9/gRNA complexes45 (or irrelevant gRNA 

as control), followed by standard TCR editing procedure before transfer into CD45.1/B6 hosts for 10 days. RORγ⁺ percent among pTreg cells were quantified in 

control or IL-6-receptor deleted cells. *p < 0.05, **p < 0.01, ***p < 0.001 by paired Student’s t test. Each symbol or bar in (B), (E), and (F) represents an individual 

mouse. Each symbol in (C) and (D) represents one tissue in an individual mouse. Experiments from at least two independent experiments were pooled together. 

Only samples with more than 5 pTreg cells per TCR-edited population were included for analysis.
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Different antigen/TCR pairs induce transcriptionally 

unique pTreg cells

These results showed that different classes of gut antigens led to 

different pTreg cell generation, numerically and phenotypically. 

To understand more fully if these different classes also led to 

phenotypically distinct Treg cell populations, we performed single 

cell RNA-sequencing (scRNA-seq) on newly generated pTreg cells 

expressing TF2.2, TF2.7, and TF2.6 (food-reactive); TM3.5, TM2.3, 

and TM1.2 (microbe-reactive); or TS2.3 and TS2.1 (self-reactive) 

TCRs 10 days after transfer (sorted based on FoxP3-GFP expres

sion from pooled mLNs). We also analyzed cells that did not 

convert to FoxP3-positivity, as they might inform on what was 

missing in cells that did not become pTreg cells and/or on transi

tion intermediates (Figure 4). A Tconv TCR control (TM1.2), which 

went through the same culture and transfer steps but does not 

develop into pTreg cells, was used as negative control (as were 

non-edited cells in other experiments; Figure S5). As references 

for normal Treg and Tconv cells, we included CD25hi Treg cells 

from the host mice as well as GFP⁺ and GFP− cells from an age- 

matched FoxP3-gfp mouse (multiplexed by on-chip-multiplexing 

and hashtagging into the same 10× Genomics run).

The overall distribution of all cells in this experiment is shown in 

the uniform manifold approximation and projection (UMAP) of 

Figure 4A (data from a similar experiment in Figure S5). Tconv 

(Cl.0 and Cl.5) and Treg (Cl.2-4) cells were distinguished by the 

usual markers (Figures 4A, 4B, S5A, and S5B) and reproducibly 

confirmed by the position of control cells (host cells, TM1.2 edi

ted cells, and mLN cells from a standard FoxP3-GFP mouse). A 

substantial fraction of donor-derived cells also mapped to a 

group of cells which included both GFP+ pTreg and GFP− Tconv 

cells (Cl.1, hereafter ‘‘transitional’’; Figure 4D).

Donor-derived pTreg cells localized to very different regions 

of the UMAP depending on the TCR expressed. Biological repli

cates with TF2.7 (different editing and different hosts, Figure 4D, 

left) established that these differences were indeed linked to the 

TCR/Ag pair and not artefactual to host or batch variations. 

Wheat-reactive TF2.2 and TF2.7 pTreg cells mapped predomi

nantly to an aTreg cell cluster characterized by highly expressed 

Rorc, Ikzf2, Maf, and Il10 (Figures 4B and 4D). In contrast, pTreg 

cells expressing the soy-reactive TF2.6 and self-reactive TS2.3 

and TS2.1 dominated in the transitional cluster. With the 

microbe-reactive TM3.5 and TM2.3, pTreg cells were much 

more dispersed in the Treg cell space, with cells in the aTreg, 

rTreg, and transitional segments, as well as some cells close to 

the naive Tconv cluster. Importantly, these differences (scat

tered pTreg cells with TM3.5, mostly transitional cells with 

TS2.3, and some mature aTreg cells with TF2.2) were also 

seen in the independent scRNA-seq data of Figure S5. These dif

ferences in pTreg cell programs also corresponded to variations 

in the expression of typical Treg marker genes like Il2ra, Ctla4, or 

Tnfrsf4 (Figure S5E), and the RORγ⁺ Treg signature47 was en

riched in TF2.2 pTreg cells compared with TS2.3 pTreg cells 

(Figure S5F; TableS3). Thus, pTreg cell differentiation leads to 

marked aTreg cell phenotype (consistent with recent activation 

by antigen), among which the TCR/antigen combinations lead 

to distinct outcomes.

Figures 4D and S5C also revealed that the donor-derived cells 

that did not turn on FoxP3 (sorted as FoxP3-GFP-negative) did 

not fall as expected in the Tconv space of the UMAP but instead 

very close to fully differentiated pTreg cell in the transitional clus

ter (with the exception of TM2.3 and TM3.5, which remained 

more like resting Tconv cells). Nr4a1 expression levels were 

comparable between Treg and Tconv groups, indicating both 

populations have undergone TCR activation (Figure 4D). Indeed, 

a comparison of pooled unconverted Tconv vs. pTreg cells in the 

transitional cluster found very few differences (8 genes are upre

gulated in Tconv cells and 21 genes up in Treg cells), with the 

striking exception of FoxP3, GFP, and Il2ra in Treg cells, as 

well as Tcf7 and Id2 in Tconv cells (Figures 4E and 4F). A previ

ous report48 with gliadin-reactive TCRs indicated that exposure 

to food antigens causes cognate CD4+ T cells to adopt charac

teristics associated with anergy (Izumo1r [encodes FR4] and 

Nt5e [encodes CD73]) or follicular helpers (Bcl6). The first two 

were strongly represented in the unconverted Tconv cells of 

the transitional cluster (Figure 4G), strengthening the notion 

that pTreg cell differentiation is related to cells annotated as 

anergic. It thus appears that Tconv cells that fail to convert are 

actually at transitional stage and encompass virtually all the 

changes leading to pTreg state, except that they fail to induce 

FoxP3 and Il2ra, almost reaching but not going beyond this 

tipping point.

Do pTreg cells persist as a memory pool?

Once induced, how long do pTreg cells persist in the absence of 

the inducing antigen? In other words, does the pTreg cell pool 

contain a memory compartment or is it continuously renewed? 

The questions speak to the nature of Treg cell memory.49–51 It 

might be advantageous to maintain memory Treg cells, rapidly 

recruited immunoregulation preventing an over-exuberant sec

ondary response by memory Tconv cells.52 Conversely, tran

sient ‘‘memory-less’’ Treg cell activity would avoid a cumulative 

state of generalized over-suppression.53 Our experimental sys

tem allowed tracing of the fate of food-specific pTreg cells with 

varying antigen exposure (Figure 5A). After transfer of Tconv 

cells expressing either of two food-reactive TCRs into mice fed 

normal chow to elicit pTreg cell differentiation, some of the ani

mals were switched to AFD, and maintained for 6–10 weeks 

(we verified, 1 week after such a switch, that food antigen had 

cleared and was no longer able to elicit pTreg cells). With 

continued antigen presence, pTreg cells persisted in roughly 

the same numbers as at day 10 (green in Figure 5B). These pTreg 

cells dropped after the long period without antigen (red bars), 

which varied between tissues and with different TCRs but re

mained always detectable and more numerous than in hosts 

never exposed to antigen (white). Finally, a short re-exposure 

to chow returned pTreg cells to constant-exposure levels (blue 

symbols). Tconv cells expressing the same TCRs tended to fluc

tuate less than pTreg cells (Figure 5B, right). These experiments 

establish that food-reactive pTreg cells can persist for long pe

riods in the absence of antigen, a defining element of memory 

formation (given the numbers of cells, we cannot assess re-acti

vation kinetics).

In terms of phenotype (Figure 5C), TF2.2-driven pTreg cells 

kept their usual low/mid level of RORγ⁺ proportions. On the other 

hand, TF2.5 pTreg cells, which achieve very high RORγ⁺ 
proportions, lost this almost completely in the SI and SI-draining 

mLN, while the phenotype was maintained in the colon and 

colon-draining mLNs, which we propose reflects the influence 
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Figure 4. scRNA-seq reveals distinct transcriptomes in pTreg cells guided by different TCRs 

Cells isolated from mLNs 10 days after adoptive transfer or from mLN of an age-matched FoxP3-GFP reporter mouse were analyzed by scRNA-seq analysis. Nine 

TCRs were used: TM3.5, TM2.3, and TM1.2 (E. coli Nissle reactive); TS2.3 and TS2.1 (self-reactive); and TF2.2, TF2.7, and TF2.6 (food reactive). 

(A and B) (A) UMAP of scRNA-seq data encompassing all groups, annotation based on expression of key indicator genes (B) and on reference cells in (D). 

(C) UMAP of pooled donor FoxP3+ pTreg and FoxP3− Tconv cells. 

(D) Position of cells from each group on the collective UMAP; FoxP3-GFP+ donor pTreg cells, Treg cells from a FoxP3-GFP reporter mouse, and CD25hi host Treg 

cells on the top; FoxP3-GFP− Tconv cells, Tconv CD4+ cells from a FoxP3-GFP reporter mouse, and CD25neg host Tconv cells on the bottom. FoxP3 and Nr4a1 

expression is highlighted for each sample. 

(E) Volcano plot of differentially expressed genes between cluster 1 from pooled donor pTreg and Tconv cells. Red and blue dots represent genes significantly 

highly expressed in pTreg or Tconv cells, respectively. Statistical significance was determined using Wilcoxon rank-sum test. Highlighted genes meet 

FoldChange >2 with an adjusted p value < 0.05. 

(F) UMAP feature plots showing genes expression of cluster 1 cells only, separated cells from donor pTreg (upper) or donor Tconv cells (lower). 

(G) UMAP feature plots showing the expression of key T cell signatures in pooled donor Treg (top) and donor Tconv cells (bottom). Color intensity represents the 

log-normalized expression level for each gene. All plots of individual genes are scaled to the same color threshold to ensure comparability between groups (B, D, 

F, and G).
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of high microbial load. Thus, RORγ/Helios phenotypic changes 

can occur in pTreg cells independent of the initiating antigen.

Different antigen sources rely on different APCs

APCs, and in particular dendritic cells (DCs), exist in a spectrum 

types which differently influence the differentiation color of 

T cells to which they present antigens, including pTreg cell differ

entiation.54,55 Recent studies using the ovalbumin (OVA) toler

ance model have shown the importance of RORγ⁺ APCs in regu

lating food-induced pTreg cells.56–58 In contrast, other studies 

reported that conventional DCs play a dominant role in OVA- 

responsive pTreg cell differentiation.59,60 To address this 
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(A) Experimental design. Tconv cells edited with food-reactive TCRs were transferred into a host fed normal chow for 1 week. Control hosts were maintained on an 

antigen-free diet (AFD) throughout the study. Subsequently, half of the antigen-exposed mice were switched to AFD for 6–10 weeks. To evaluate the effect of 

antigen re-exposure, a subset of these chow-AFD mice was switched back to normal chow for 1 week (chow-AFD-chow). 

(B) Quantification of cell numbers of TF2.2, TF2.7, or TF2.5 TCR-expressing Tconv or pTreg cells in indicated tissues. Day 10 data (green bars) are from Figures 2D 

and 2F. 

(C) Quantification of RORγ⁺ Treg cell frequencies in the same experiments. Each dot represents an individual mouse; bars represent mean. *p < 0.05, **p < 0.01, 

and ***p < 0.001 (unpaired Student’s t test). Mice from 2–4 independent experiments were pooled together.
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contradiction and to broaden the analysis beyond OVA-driven 

responses, we leveraged our pTreg-inducing TCRs to analyze 

the involvement of different APCs in pTreg cell differentiation 

in response to bacterial, food, or self-antigens. In practice, we 

used as hosts two different lines of mice with selective 

antigen presentation defects. RorcCre × H2-Ab1fl/fl, hereafter 

MHCIIΔRORγ, lack MHC class II molecules in RORγ⁺ APCs, while 

Clec9acre × H2-Ab1fl/fl (MHCIIΔClec9a) mice lack MHC class II 

expression in all type 1 conventional dendritic cells (cDC1s) 

and most cDC2s.56,61

We transferred Tconv cell edited as above to express bacteria, 

food, or self-reactive TCRs into these two mice (or cre-negative 

H2-Ab1fl/fl control littermate) (Figure 6A). In the representative 

experiment of Figure 6B, pTreg cell differentiation of TF2.2 ex

pressing Tconv cells (food-reactive) was essentially abrogated 

in the MHCIIΔRORγ hosts but only marginally affected in the 

MHCIIΔClec9a hosts. Compiled data from several experiments 

(Figure 6C) revealed very different outcomes according to the 

TCR/antigen combination. pTreg cell differentiation from food- 

reactive T cells (TF2.2, TF3.3, and TF2.5) required MHC class II 

expression on RORγ⁺ APCs, with little or no requirement for 

MHC class II on cDCs (for TF3.3, then affecting mostly RORγ- 

pTreg cells). The outcome was exactly opposite for the self-reac

tive TS2.3 and TS2.1 (no pTreg cells without cDC presentation, 

RORγ⁺ APCs irrelevant). Microbe-reactive T cells (TM3.5) were 

partially affected by both deficiencies. The different baseline 

levels of pTreg cell induction in littermate control mice from 

two strains may reflect variations of antigen availability during 

digestion or affected by gut microbiota. Thus, the involvement 

of different APC subsets in gut pTreg cell differentiation varies 

with the type of TCR/antigen pairs.

The results were also interesting with regard to the pheno

type of pTreg cells elicited in these partially defective hosts. 

For food-reactive T cells in MHCIIΔRORγ mice, both RORγ⁺ and 

RORγ− pTreg cells were eliminated. The picture was more sub

tle for microbe-reactive TM3.5, the MHCIIΔRORγ deficiency pref

erentially affecting RORγ⁺ pTreg cells and the MHCIIΔClec9a defi

ciency partially affecting both (and TS2.3 pTreg cells remained 

RORγ− in either context) (Figure 6C). These results indicate that 

it is not possible to make a 1-to-1 connection between the type 

of APC and the phenotype of pTreg cell whose differentiation it 

supports.

DISCUSSION

To explore how reactivity to different intestinal antigens controls 

T cell fate, more broadly than can be achieved with conventional 

transgenic mice, we performed a ‘‘mini-screen’’ by editing into 

CD4+ T cells a panel of TCRs originating from different types of 

colonic T cells, with a range of antigen specificity. Transfer ex

periments with cells expressing these TCRs revealed a wide 

range in the ability to support pTreg cell differentiation and to 

yield RORγ⁺ vs. Helios⁺ pTreg cells, depending on the type of 

cell from which the TCRs originated and the type of antigen 

they recognize. These results demonstrate the primacy of the 

TCR in determining CD4+ T cell fate at organismal barriers and 

have implications for tolerogenic cell therapy.

The present results bring two important pieces of information 

concerning pTreg cells. First, pTreg cells are not necessarily 

RORγ⁺ and vice versa. We have previously argued9 that this rela

tionship is not as obligate as often depicted in the literature, but 

the present data should help close the debate: pTreg cells in our 

transfer experiments adopted a range of RORγ⁺/Helios⁺ pheno

types. Most biased were pTreg cells driven by self-antigens, 

which were uniformly RORγ− , bacteria antigens promoted a ma

jority of RORγ⁺ Treg cells, while food antigens enabled both. 

Indeed, even for pTreg cells that express the same TCR, the pro

portion of RORγ⁺ Treg cells was tissue dependent, being higher 

in the colon than in other tissues, and evolved over time. Second, 

pTreg cells are not only confined to the GALT but disseminate 

widely in systemic lymphoid organs like the spleen or scLNs. 

Indeed, in absolute numbers, the spleen is where most pTreg 

cells reside, and they persist there long after differentiation. 

This dispersion may reflect continuous circulation of the pTreg 

cells or trafficking outside of the GALT of APCs loaded with intes

tinal antigens. More generally, it ties in with the idea that T cell 

activation in the intestine can have unexpected consequences 

far outside the gut.47,62–65

In addition, the profiling data provide an intriguing perspective 

on the transcriptional changes that occur in newly generated 

pTreg cells in an otherwise unperturbed host. These generally 

matched previous reports13 but also brought out interesting di

vergences in pTreg cells driven by different TCRs/antigen com

binations. The most arresting observation might concern those 

cells that expressed the same tolerogenic TCR but did not 

become FoxP3-positive, as evidenced by both reporter expres

sion and RNA-seq. We speculate that these represent an inter

mediate state reaching but not going through the tipping point 

of acquiring FoxP3. These cells might be related to the ‘‘wan

nabe’’ Treg-like cells that exist in FoxP3-deficient mice or hu

mans and also have many Treg cell characteristics.66–68 In this 

respect, pTreg cell differentiation might then behave much like 

thymic tTreg cell differentiation, with its late acquisition of 

FoxP3 and Il2ra expression in intermediates that differentiate 

independently of FoxP3.69

The breadth of the TCRs studied here revealed striking differ

ences between individual TCRs in directing local T cell fate. This 

observation differed from the notion that activation of any T cell 

by its cognate antigen in the gut could lead to pTreg cell differen

tiation, driven by unique conditions (high TGFβ, retinoic acid, 

etc.) and APCs found there. TCRs originally isolated from Treg 

cells promoted pTreg cell development (although to variable ex

tents), while Tconv-restricted TCRs largely failed to do so, cells 

maintaining a Tconv phenotype (with high proliferation in one 

case). Furthermore, TCRs derived from RORγ⁺ Treg cells prefer

entially guided the differentiation of RORγ⁺ pTreg cells. There is a 

degree of circular reasoning in this notion that individual TCRs 

drive T cell differentiation back to their cell of origin, but it indi

cates that TCRs carry an intrinsic potential toward specific cell 

fates. A recent study of CD8+ T cells similarly showed that 

distinct clonotypes exhibit biased differentiation toward memory 

precursors or terminal effector cells, regardless of shared inflam

matory cues or stochastic influences.70 This influence likely re

flects the TCR determining the antigen, the type of APCs that 

present the antigens, and the context in which activation occurs, 

as well as strength and kinetics of downstream signaling upon 

antigen recognition. However, the final outcome is also influ

enced by environmental cues. IL-6, previously found to modulate 

ll
OPEN ACCESS Article 

2276 Immunity 59, 2266–2281, August 11, 2026 



the proportion of RORγ⁺ Treg cells,6,15,46 was required here for 

effective generation of RORγ⁺ pTreg cells.

Self-reactive TCRs generally lead to Treg cell differentiation by 

clonal deviation in the thymus. The self-reactive TCRs used here 

stemmed originally from RORγ− Treg cells in the gut, and we do 

not know if those cells were thymically differentiated tTreg cells 

or pTreg cells differentiated in the GALT. In a sense, editing these 

TCRs into Tconv cells reverted the normal Treg cell differentia

tion process, and the results establish that pTreg cell generation 

can represent a safety net for reactivity toward self-antigens that 

failed to be tolerized in the thymus. In future experiments, it will 

be interesting to see whether these would actually escape 

thymic tolerance or would instead result in early tTreg cell 

differentiation.

The APCs that drive the differentiation of pTreg cells and their 

subsets is an area of keen interest.31,56,58,59,71,72 Our study 
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dited⁺ cells). 

(C) Compiled quantification of mLN pTreg cells generated from four groups of TCR-edited Tconv cells, shown as whole FoxP3⁺ cells (as a proportion of donor 

cells, top), or split into RORγ+FoxP3⁺ and RORγ⁺FoxP3⁺ subsets. Each dot represents an individual mouse; bars denote mean ± SEM. Statistical significance 

determined by unpaired Student’s t test, *p < 0.05, **p < 0.01, and ****p < 0.0001. Results are combined from one to three independent experiments.
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highlighted the notion that different APCs are required for the 

generation of pTreg cells in response to different sources of an

tigen. At one end of the spectrum, differentiation of TS2.3 and 

TS2.1 pTreg cells driven by self-antigen was wholly dependent 

on cDCs, with no requirement for RORγ⁺ APCs. Diametrically 

opposite, the impairment of RORγ⁺ APCs disrupted the genera

tion of food-antigen-specific pTreg cells, affecting both RORγ⁺ 
and RORγ− Treg subsets, with a minor impact of cDCs, variable 

with TCRs. This connection is consistent with and broadens 

several reports in the OT-II/oral-OVA model.56,58,71,72 Finally, 

pTreg cells induced with the TM3.5 TCR in response to E. coli an

tigen were intermediate, with a partial dependence on both cDCs 

and RORγ⁺ APCs. Previous studies had also shown a dominance 

of RORγ⁺ APCs in pTreg cell differentiation in the HH7-2/Helico

bacter system.31 Our data suggest that, depending on the nature 

of the microbe, presentation of microbial antigens relies on 

different APC subsets to induce pTreg cells, in line with the 

earlier observation in Listeria vs. SFB comparisons, where 

T cell effector functions were determined by the type of bacteria 

that produced the antigen rather than by the antigen itself.73

In conclusion, the notion that a TCR drives the differentiation of 

uncommitted T cells toward the phenotype of the cell in which it 

was originally discovered has implication for T cell identity. It is 

not simply stochastically determined by encounters with cyto

kines, costimulatory molecules, or other non-specific influences, 

but it is to some extent pre-determined by the TCR itself. This 

notion has direct implications for T cell engineering: it does not 

suffice to equip a naive T cell with a receptor whose specificity 

will drive it to a given location, but the use of a Treg cell-derived 

TCR will facilitate finding the proper antigen and APC to achieve 

the desired tolerogenic state.

Limitations of the study

Although we know the source of the antigens, we do not know 

the exact protein involved. Hence, the quantity of antigenic pep

tide available for presentation to the different TCRs is unknown, 

and this may contribute to differences in pTreg cell induction or 

APC requirements. We will never know whether our TCRs initially 

originated from tTreg cells or pTreg cells, and whether they 

would be normally selected into the conventional T cell pool. 

The experiments demonstrate the capacity of these TCRs to 

drive pTreg cell differentiation if expressed in Tconv cells, but 

they do not reveal whether the corresponding endogenous 

clones normally develop as pTreg cells or tTreg cells (although 

we suspect some of each).
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Anti-mouse CD4, BV605 BioLegend Cat# 100547; RRID: AB_11125962

Anti-mouse TCRβ, BUV737 BD Cat# 612821; RRID: AB_2870145

Anti-mouse Thy1.1, APC-Cy7 BioLegend Cat# 202520; RRID: AB_2303153
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Anti-mouse TCR Vβ11, APC BioLegend Cat# 125913; RRID: AB_2800608

Anti-mouse TCR Vβ 8.1, 8.2, PE BioLegend Cat# 140103; RRID: AB_10641144

Anti-mouse TCR Vβ12, Percp-ef710 ThermoFisher Cat# 46-5798-80; RRID: AB_10852552

Anti-mouse TCR Vα11.1, 11.2, FITC BD Cat# 553222; RRID: AB_394717

Anti-mouse TCR Vα8.3, FITC BioLegend Cat# 127705; RRID: AB_1186078

Anti-mouse CD25, PE BioLegend Cat# 102008; RRID: AB_312857

Anti-mouse CD45.2, PE-Cy7 BioLegend Cat# 109830; RRID: AB_1186098

TotalSeq-C anti-mouse hashtags BioLegend Cat# 155861; RRID: AB_2800693, Cat# 

155863; RRID: AB_2800694, Cat# 155865; 

RRID: AB_2800695, Cat# 155867; RRID: 

AB_2800696, Cat# 155869; RRID: 

AB_2800697, Cat# 155871; 

RRID: AB_2819910, Cat# 155873; RRID: 

AB_2819911, Cat# 155885; RRID: AB_ 

2922483, Cat# 155887; RRID: AB_ 

2922484, Cat# 155889; RRID: 

AB_2924484, Cat# 155891; RRID: 

AB_2924485, Cat# 113931; 

RRID: AB_2941396, Cat# 113929; RRID: 

AB_2941395, Cat# 155893; 

RRID: AB_2927982, Cat# 155895; 

RRID: AB_2927981

Chemicals, peptides, and recombinant proteins

Fixable Viability Dye eFluor506 ThermoFisher Cat# 65-0866-14

Recombinant human IL-2 peprotech Cat# 200-02

Recombinant Mouse IL-7 (carrier-free) BioLegend Cat# 577804

Streptomycin sulfate Sigma-Aldrich Cat# S6501

LB Agar Miller BD Cat# 244520

LB Broth Miller BD Cat# 244620

BD BBL™ Brucella Agar with 5% 

Sheep Blood

Hardy Diagnostics Cat# A30

Dispase ThermoFisher Cat# 17105041

Collagenase type II Gibco Cat# 17101015

EDTA VWR Cat# BDH7830-1

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

DL-Dithiothreitol Sigma Cat# D9163-25G

Phosphate-buffered saline (PBS, 10X), 

pH 7.6

ThermoFisher Cat# J62692.K2

UltraPure™ 1M Tris-HCI, pH 8.0 Invitrogen Cat# 15568025

RPMI 1640 Gibco Cat# 11875093

Penicillin-streptomycin ThermoFisher Cat# 15140122

Sodium pyruvate Gibco Cat# 11360070

HEPES Invitrogen Cat# 15630-080

β-mercaptoethanol Gibco Cat# 21985-023

Benzonase Millipore Sigma Cat# 70-664-3

OptiPrep StemCell Technologies Cat# 07820

Polyethylenimine Polysciences Cat# 23966

Critical commercial assays

Dynabeads® Mouse T-Activator 

CD3/CD28

Invitrogen Cat# 11452D

Dynabeads™ Untouched™ Mouse CD4 

Cells Kit

Invitrogen Cat# 11415D

FoxP3 / Transcription Factor Staining 

Buffer Set

eBioscience Cat# 00-5523-00

123count eBeads Invitrogen Cat# 01-1234-42

Amicon Ultra-15 Centrifugal Filter Unit Millipore Cat# UFC905024

Nalgene 0.45um PES filter ThermoFisher Cat# 165-0045

Coulter OptiSeal Tube Beckman Cat# 361625

Diet: 5058 PicoLab® Mouse Diet 20 LabDiet N/A

Diet: amino acid- based diet LabDiet Cat# A12450KR

Diet: 5010 Laboratory Autoclavable 

Rodent Diet

LabDiet N/A

Gibson Assembly® Master Mix NEB Cat# E2611S

BmgBI NEB Cat# R0628S

PflMI NEB Cat# R0509S

Chromium GEM-X Single Cell 5’ Reagent 

Kits v2

10X Genomics PN-1000263

GEM-X Universal 5’ Gene Expression 

v3 4-plex

10X Genomics PN-1000780

GEM-X OCM 5’ Chip Kit v3 4-plex 2 chips 10X Genomics PN-1000748

Dual Index Kit TT Set A 96 rxns 10X Genomics PN-1000215, PN-1000242

Library Construction Kit C 16 rxns 10X Genomics PN-1000694

Deposited data

scRNA-seq This paper GSE301231

RORγ+ Treg signatures Hanna. B. at al GSE196337

Bacterial and virus strains

E.coli Nissle Dr. Dennis Kasper N/A

Clostridium ramosum Dr. Dennis Kasper N/A

NEB Stable Competent E.coli NEB Cat# C3040I

Experimental Models: Cell lines

293T ATCC Cat# CRL-3216

Experimental Models: Organisms/Strains

Mouse: C57BL/6J Jackson Laboratory JAX# 000664

Mouse: Cas9 knockin Jackson Laboratory JAX# 026179

Mouse: B6. FoxP3-IRES-eGFP Dr. Vijay K. Kuchroo N/A

(Continued on next page)
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METHOD DETAILS

Mice

FoxpIRES-GFP/B6,74 C57BL/6J (JAX: 000664), congenic Thy1.1 strain (JAX: 000406), Rosa26-Cas9 knock-in mice (JAX: 026179), Cle

c9acre, Rorccre, H2-Ab1fl/fl61 mice were maintained in our colony at HMS or MSK. HH7-2tg17 transgenic mice were obtained from the 

Littman lab, BθOM8 mice were reconstituted from sperm from the MMRRC repository. All mice are under B6 background. Mice were 

housed under specific pathogen-free conditions. Gnotobiotic C57BL/6J mice were maintained at the Harvard Medical School Gnoto

biotic Core Facility. SPF mice were under 5058 chow (LabDiet), gnotobiotic mice were fed on 5010 chow (LabDiet), or AFD (LabDiet, 

A12450KR) where indicated. The ingredients of each diet are in Table S4. All experimentation was performed following HMS IACUC 

protocol IS00001257, and MSK (IACUC protocol 21-05-007). Both male and female were used for all experiments. 7-12-week-old 

adult mice were used for most experiments, except MHCIIΔRORγ and MHCIIΔClec9a hosts.

TCRs

TCR used in this study were identified in colonic Treg and Tconv CD4⁺ cells from SPF or monocolonized mice, as described in Ram

anan et al.,29 as detailed in Figure S1.

TCR editing of primary CD4⁺ T cells

TCR editing was performed largely according to Nyberg et al.36 TCRs of interest were cloned as bi-cistronic cassette into the Ark313 

vector, high-titer AAV stocks were prepared and used to infect CD4⁺ T cells from Cas9-exprssing transgenic mice, resulting in inac

tivation of both endogenous TCR loci and insertion of the recombinant TCR into the Trac locus for proper expression in T cells.

TCR cloning into AAV vectors

To generate TCR-targeting constructs for site-specific integration at the Trac locus, plasmids were derived by cloning an expression 

cassette for each TCR into pAAV-U6/gTrac-Trac-OT-I.36 designed to contain 500bp homology arms targeting Trac exon 1 flanking 

the intended knock-in region, with a U6 promoter-driven sgRNA targeting Trac for cleavage (UAUGGAUUCCAAGAGCAAUG) at the 

5’ end, and a U6 promoter-driven sgRNA targeting Trbc (CUGGUGGGUGAAUGGCAAGG) for knockout at the 3’ end. The transgene 

cassette contained a P2A linker 1, TCRβ VDJ region coding sequences (starting from the first methionine codon of the V region gene), 

directly followed by Trbc sequences, P2A linker 2, TCRα VJ region coding sequences (starting from the first methionine codon from 

variable region sequencing), and partial TCRα constant region beginning with amino acid sequence "IQNPEP" which, in combination 

with the right homology arm (RHA), restores the complete endogenous TRAC coding sequence while forming a functional TCR of the 

intended specificity. Both Trac and Trbc sequences were codon-optimized to prevent re-cutting by their respective sgRNAs and 

eliminate sequence homology with endogenous genes to prevent recombination. Two distinct P2A ribosomal skipping sequences 

were used to prevent recombination between linker regions during cloning and integration. Individual TCRs were synthesized as dou

ble-stranded DNA and assembled using Gibson assembly and restriction enzyme cloning, with the AAV backbone generated 

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: congenic Thy1.1 strain Jackson Laboratory JAX# 000406

Mouse: HH7-2tg transgenic mice Dr. Dan Littman N/A

Mouse: BθOM transgenic mice Dr. Gérard Eberl N/A

Mouse: Clec9acre Dr. Chrysothemis C. Brown N/A

Mouse: Rorccre Dr. Chrysothemis C. Brown N/A

Mouse: H2-Ab1fl/fl Dr. Chrysothemis C. Brown N/A

Germ Free C57BL/6J mice GF C57BL/6 colony housed in the animal 

facility at HMS

N/A

Recombinant DNA

pHelper Dr. Justin Eyquem N/A

pArk313 Dr. Justin Eyquem N/A

U6/gTrac-Trbc-TCR (24 in total) This paper N/A

Software and algorithms

FlowJo v10 FlowJo, LLC https://www.flowjo.com/

Prism10 GraphPad https://www.graphpad.com/

R version 4.4.1 The R Foundation https://www.r-project.org/

Seurat_5.1.0 N/A https://satijalab.org/seurat/

Cell Ranger v7.1.0. 10X Genomics N/A
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exclusively through restriction enzyme cloning using BmgBI and PflMI sites to preserve AAV inverted terminal repeat integrity and 

avoid PCR-induced mutations that could compromise AAV packaging efficiency.

Viral preparations

AAV were produced using HEK293T cells. HEK293T cells were seeded in 150 mm dishes and transfected at approximately 70– 

80% confluency using polyethylenimine (PEI; Polysciences #23966). Each dish was transfected with 6 μg of AAV cargo plasmid 

containing the transgene cassette flanked by AAV2-ITRs, 8 μg of Ark313 capsid plasmid, and 11 μg of adenoviral helper plasmid 

providing essential adenoviral helper functions for AAV production. Transfection was performed in 200 μL of PEI per plate, and 

cells were incubated at 37◦C with 5% CO₂. After 72 hours, viral particles were harvested from both the cell lysate and 

supernatant.

Cells were collected in AAV lysis buffer (50 mM Tris, 150 mM NaCl) and subjected to three rounds of freeze-thaw cycles to lyse the 

cells and release viral particles. Lysates were treated with Benzonase (25 U/mL; Millipore Sigma #70-664-3) at 37◦C for 1 hour to 

degrade residual nucleic acids. Crude lysates were clarified by centrifugation at 3,000 × g for 10 minutes at 4◦C, and viral particles 

were purified using iodixanol (OptiPrep, STEMCELL Technologies #07820) gradient ultracentrifugation. Following centrifugation, the 

AAV-containing fraction was extracted, dialyzed against PBS to remove iodixanol, and concentrated using Amicon Ultra-15 centrif

ugal filter units (Millipore Sigma #UFC910024).

AAV titers were determined by qPCR using DNase I (NEB #B0303S)-treated and Proteinase K (Qiagen #1114886)-digested AAV 

samples. qPCR was performed with SsoFast Eva Green Supermix (Bio-Rad #1725201) on a StepOnePlus Real-Time PCR System 

(Applied Biosystems #4376600) using primers targeting the viral genome. Relative viral genome quantities were estimated by com

parison to a standard curve generated from serial dilutions of a plasmid of known concentration.

Editing of primary CD4⁺ cells

T cells were isolated from the spleens of Cas9-expressing transgenic mice. Spleens were mechanically disrupted and passed 

through a 40 μm cell strainer to obtain a single-cell suspension. Red blood cells were lysed using ammonium-chloride-potassium 

(ACK) lysis buffer, followed by washing with PBS. CD4⁺ T cells were enriched using the Dynabeads Untouched Mouse CD4 Cells 

Kit (Invitrogen #11416D), according to the manufacturer’s protocol. Purified T cells were activated with Dynabeads Mouse 

T-Expander CD3/CD28 (Gibco #11452D) and 200 U/mL recombinant human IL-2 (PeproTech #200-02) for 1 day. Activated 

T cells were resuspended at a density of 2 × 10⁶ cells/mL and incubated with AAV. The following day, the AAV-containing medium 

was replaced with fresh culture medium, and cells were maintained under standard culture conditions. Two days later, cells were 

resuspended in resting culture medium with 10 ng/mL IL-7 (BioLegend # 577802). Four days later, transduction efficiency and 

FoxP3 expression was assessed by flow cytometry before they were transferred into host mice.

In vitro screening of antigen reactivity

Antigen sources included:

1. Heat killed bacteria. E. coli Nissle or C. ramosum were resuspended in PBS at the concentration of OD600=1, and then were 

heat treated at 75 ◦C for 1 hour. 5 μL of this suspension was used for each co-culture in a total culture volume of 150 μL.

2. Gut contents. Colon and cecum contents from indicated mice were diluted in PBS, vortex mixed, homogenized, filtered 

through 70 μm mesh, adjusted to concentration of OD600=1, and heat treated at 75 ◦C for 1 hour to kill all microbes. 5 μL 

of this suspension was used for each co-culture in a total culture volume of 150 μL.

3. Protein extracts. Whole 5058 chow or individual chow components (LabDiet) were dissociated in extraction media (600 mM 

KCl, 20 mM Tris-Cl pH 7.8, 10% Glycerol, and 1x cOmplete protease inhibitor in ddH2O). Colon contents were similarly pro

cessed and bacteria were removed by spin down at 2000g for 10 mins to extract digested food antigens. All samples then un

derwent 5 freeze thaw cycles alternating between dry ice and 37◦C water bath. Samples were centrifuged for at 2000g for 

10 minutes at 4◦C. Supernatant was diluted into prechilled (-20◦C) acetone at a 1:4 ratio, mixed thoroughly and incubated 

at -20◦C for 30-60 minutes. Samples were centrifuged at 15,000g for 10min at 4◦C. Supernatant was discarded and the remain

ing protein pellet was resuspended in DMEM without phenol red with 20 mM HEPES. Resuspended samples were centrifuged 

at 50g for 5 min at 4◦C to remove any insoluble components. Protein concentration of the soluble fraction was measured by 

BCA assay. 20 μg/mL protein extracts were used for co-cultures.

T-APC coculture

To isolate APCs, spleens from B6 mice were digested with 0.5 mg/mL collagenase D and 0.1 mg/mL DNase for 30 min at 37◦C. 

Single-cell suspensions were prepared, and CD11c⁺ cells were enriched by surface staining of CD11c-biotin antibody followed by 

Streptavidin MicroBeads (Miltenyi Biotec #130-048-101) treatment. Alternatively, whole adherent spleen cells were used as 

APCs. Single-cell spleen suspensions were plated onto 60 mm culture dishes for 90 min to allow APC to adhere. Non-adherent cells 

were removed by washing several times with complete medium. Fresh media were added for another hour, and adherent cells were 

then eluted by gentle pipetting. Similar results were gotten and combined from both methods. Enriched APCs were pre-activated 

with 100 ng/mL LPS with indicated antigen sources (20 μg/mL protein extracts or 5 μL heat killed bacteria or gut content in 

150 μL total culture volume) overnight. Then APCs were co-cultured with TCR edited T cells at 1:1 ratio and co-responding antigens 

for 1.5 day. CD25 or Nur77 expression on TCRb⁺ cells were analyzed to indicated cell activation.
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Gene inactivation by electroporation of Cas9/gRNA complexes

CRISPR–Cas9 ribonucleoproteins (crRNPs) were prepared by incubating Cas9 protein with crRNA-tracrRNA duplexes, a pre-com

plexed two part-system with gRNA functionality. Five different predesigned crRNAs (CGTTGACAAGGGGGTTCTTC; ATGGA 

TGACGCATTGGTACT; CTGTGCGTTGCAAACAGTGT; GGGGCAAATCAGGGTAACGG; CCCCACCAGGTGATCATTCA) targeting 

exon 2, 3, 4 and 6 of Il6ra were selected from Custom Alt-R CRISPR-CAS9 guide RNA service (IDT), and the common scaffold 

trans-activating RNA (tracrRNA) were obtained from IDT (Cat# 1072533). Non-targeting control crRNAs (IDT, Cat # 1072544, 

1072545) were used as negative controls. The crRNA and tracrRNA oligos were mixed well in equimolar concentration to reach a 

final duplex concentration of 40 μM, and incubated at 37 ◦C for 30 mins. The crRNA-tracrRNA duplex were then mixed with 

Cas9-NLS (Macrolab, UC Berkeley) to achieve a duplex/Cas9 protein ratio of 2:1. For example, for 100 μL electroporation reaction, 

11.25 μg Cas9 weas incubated with 0.4 nanomole of crRNA-tracrRNA duplexes. The complexes were allowed to form for 15 mins at 

37 ◦C, and kept on ice before use (less than 30 minutes).

CD4⁺ T cells were enriched from Thy1.2-Cas9 or Thy1.1-Cas9 (CD45.2) mice by Dynabeads Untouched Mouse CD4 Cell Kit 

(Invitrogen, Cat# 11415D) per manufacturer’s instructions. 12 million primary CD4⁺ T cells were washed with Ca/Mg free PBS and 

centrifuged at 500g for 5 mins. The crRNPs complex were mixed gently with 100 μL electroporation solution cP4 (Lonza, V4XP- 

4024), incubated at room temperature for 2 mins, and cells were resuspended in this solution before transfer into Large Lonza cuvette 

strip. Nucleofection was then performed using Amaxa 4D-Nucleofector under X-P4 and program DS137. After electroporation, 

750 μL of pre-warmed T cell culture medium supplemented with 10 ng/ml mIL7 were gently added to the cuvette containing electro

porated cells. Electroporated cells were transferred into 12-well plates after 50 mins resting in 37 ◦C, 5% CO2 incubator, and cells 

underwent TCR editing 24 hours later.

Bacteria culture and colonization

Escherichia coli Nissle 1917 (Kasper lab collection) was grown overnight in Lennox Luria-Bertani (LB; BD Difco) supplemented with 

100 μg/mL streptomycin at 37 ◦C. On the following day, E. coli Nissle cultures were spin down 2000xg for 5 mins and resuspended in 

PBS to an OD600=1. To colonize SPF mice with E. coli Nissle, adult SPF mice were gavaged with 20 mg streptomycin at day -1 and 

day 4 relative to cell transfer, and 100 μL E. coli Nissle resuspension was gavaged on day 0 and day 5. Germ free C57BL/6 host mice 

were inoculated with 100 μL E. coli Nissle suspensions, and maintained in Iso Positive Individually Ventilated cages. Two weeks after 

colonization, mice were used for cell transfer. For experiments using MHCIIΔRORγ and MHCIIΔClec9a hosts, neonate mice were gav

aged with E. coli Nissle twice at d10 and d15, and were transferred cells between d18-d26.

Clostridium ramosum (Kasper lab collection) was cultured on Brucella Blood Agar with Hemin and Vitamin K (Hardy Diagnostics 

#A30) under anaerobic conditions (80% N2, 10% H2, 10% CO2) at 37◦C in an anaerobic chamber for one day. All colonies from one 

plate were resuspended in 1.5 mL PBS for oral gavage. Germ free C57BL/6 host mice were inoculated with 100 μL C. ramosum sus

pensions, and maintained in Iso Positive Individually Ventilated cages. Two weeks after colonization, mice were used for cell transfer.

Helicobacter hepaticus was a kind gift from the Littman lab. It was thawed from Brucella broth and glycerol aliquots, resuspended 

in Brucella broth and cultured on TSA+5% sheep blood for 3 days anaerobically in an Embrient hypoxia chamber filled with O2-less 

gas (Airgas). It was then picked from the plate using cotton swabs and resuspended in Brucella broth+20% glycerol aliquots (OD600= 

>2) that were frozen in liquid nitrogen and thawed for gavage (200 μL).

Bacteroides thetaiotamicron was obtained from the Martens lab (U. of Michigan). It is grown on Brucella H+K agar for between 2 

and 5 days. Multiple colonies are harvested and suspended in TYG medium, spun down and resuspended in TYG at OD600=1 to 1.5 

before gavage (200 μL).

Cell transfers and donor cell assessment

Unless otherwise specified, 100K-200K TCR edited Thy1.1/Cas9 cells were transferred into B6 mice via intravenous injection. In 

most experiments, tissues were analyzed ten days post cell transfer, except for Figures 1E and 1F (one day) and Figure 5 (6- 

10 weeks). The analyzed tissues included spleen, subcutaneous lymph nodes (scLN), small intestine- and colon-draining mesen

teric LNs (smLN and cmLN), colon and ileum lamina propria. Donor cells were identified as live/dead⁻CD4⁺Thy1.1⁺. Among them, 

TCR⁻ cells were negative for TCRβ expression. TCR edited cells were positive for specific antibodies targeting the introduced TCR 

variable region, while non-edited cells were TCRβ⁺ but negative for edited TCR variable regions. For transgenic cell transfers, HH7- 

2tg and BθOM Tconv cells were sorted from the spleen as TCRβ⁺CD4⁺ FoxP3-GFP⁻ and 100K cells were transferred by intravenous 

injection.

Lymphocyte isolation from tissues

Colon and ileum (removed Peyer’s Patches) were cleaned and treated with RPMI containing 1 mM DTT, 20 mM EDTA and 2% FBS at 

37◦C for 20 min to remove epithelial layers, minced and dissociated in collagenase solution in RPMI containing 1.5 mg/mL collage

nase II (Gibco # 17101015), 0.5 mg/mL dispase (Gibco #17105041) and 2% FBS, with constantly stirring at 37◦C for 40 min. Single cell 

suspensions were then filtered through 40 μm strainers and washed with RPMI solution. Lymph nodes and spleens were mechan

ically disrupted and filtered through 40 μm cell strainer to get single-cell suspensions. Red blood cells in the spleen were lysed with 

ACK lysing buffer (Gibco #A10492-01).
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Flow cytometry

Single-cell suspensions were stained with surface markers live/dead, CD4, TCRβ, CD25, indicated antibodies for variable regions 

of TCRα or TCRβ at 4◦C for 20 min. For intracellular staining, cells were fixed in Fix/Perm buffer (eBioscience) at room temperature 

for 1 hour, followed by permeabilization in permeabilization buffer at room temperature for 1 hour in the presence of antibodies 

FoxP3, Helios, and RORγ. Cells were recorded by a Symphony flow cytometer (BD Biosciences) and analysis was performed 

with FlowJo software.

scRNA-seq pTreg profiling

Sample preparation and sequencing

scRNA-seq experiments were performed and analyzed as previously described.75 TCR edited cells (Cas9/FoxP3GFP) were trans

ferred into CD45.1 hosts to analyze donor derived pTreg and Tconv cells. T cells infected with AAV carrying an early stopped codon 

in the TCR gene were used for TCR negative control (no TCR expression was confirmed). Cells subjected to mock infection (same 

in vitro culture procedure without virus) served as non-edited controls. For each TCR editing group, cells from 5-7 mice were pooled 

together to get sufficient cell numbers. Host cells from the same recipient mice, or FoxP3⁺ and FoxP3⁻ cells from an extra FoxP3GFP 

mice were used for references.

Ten days post cell transfer, CD4⁺ T cells were enriched from mLN single cell suspensions before surface staining. Cells were then 

stained with antibodies against CD4, TCRβ, CD45.2, CD25, TCRVβ5 (TF2.2), TCRVα2 (TF2.7), TCRVβ8.3 (TF2.6), TCRVβ12 (TM3.5), 

TCRVβ2 (TM2.3), TCRVα11 (TM1.2), TCRVβ5 (TS2.1), TCRVβ11 (TS2.3) and 4′,6-diamidino-2-phenylindole (DAPI) as a viability dye, 

along with hashtag antibodies (Biolegend, TotalSeq-C anti-mouse hashtags) for each population in staining buffer (DMEM, 5% fetal 

calf serum) for 20 min at 4◦C in the dark. Indicated DAPI-CD4⁺ populations (CD45.2⁺TCRV⁺GFP⁺ for donor pTregs, 

CD45.2⁺TCRV⁺GFP⁻ for donor Tconv, CD45.2⁺TCRβ⁻ for TCR⁻, CD45.2⁺TCRβ⁺ for non-edited; CD45.2-GFP⁺ or CD25hi for reference 

Treg cells, CD45.2-GFP⁻ or CD25low for reference Tconv cells) were sorted with a FACSAria III. Samples were pooled together, 

centrifuged, and resuspended in 2% Fetal Calf Serum (FCS).

Encapsulation was done on the 10X Chromium Controller (10X Genomics). Libraries were prepared using Chromium Single Cell 5′

Reagents Kit v2 according to the manufacturer’s protocol (CG000330, Figure 5), or GEM-X Universal 5’ Gene Expression v3 4-plex" 

and "Chromium GEM-X Single Cell 5’ Reagent Kits v3 with Feature Barcode technology for Cell Surface Protein" according to the 

manufacturer’s protocol (CG000770, CG000734, Figure 4). After cDNA amplification, the smaller fragments containing the 

TotalSeq-C–derived cDNA were purified and saved for feature barcode library construction. The larger fragments containing tran

script-derived cDNA were saved for gene expression library construction. Libraries were sequenced together on the Illumina Nova

seq X.

Data analysis

scRNA-seq data were processed using the standard CellRanger pipeline (10X Genomics), where RNA and Hashtag oligo (HTO) 

counts were obtained together through the cellranger count function. Data were analyzed in R using the Seurat package.76 HTOs 

were assigned to cells using the HTODemux function, and cells assigned doublets or negatives were eliminated from analysis. Cells 

with fewer than 1000 unique molecular identifiers (UMIs) or 400 genes and more than 2500 UMIs, 10,000 genes, and 5% of reads 

mapped to mitochondrial genes were also excluded from the analysis. Dimensionality reduction, visualization, and clustering analysis 

were performed in Seurat using the NormalizeData, ScaleData, FindVariableGenes, RunPCA, FindNeighbors (dims=1:20), RunUMAP 

(dims=1:20), and FindClusters functions. Cluster identity was determined based on expression of key marker genes (Figures 4B and 

S5B). Differentially expressed genes (DEGs) were obtained using the FindMarkers function, with the cutoff based on absolute av

g_log2FC >1, adjusted P value < 0.05, and a pct >10%.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were shown as mean ± standard error of the mean. Statistical significance was determined using one sample t-test for 

Figure 1F, two-tailed t.test (paired or unpaired as indicated) for two groups, and a Fisher test for determining gene signature 

significance in volcano plots. Statistical significance was defined as P < 0.05. The level of significance in all graphs is represented 

as follows: * for P < 0.05, ** for P < 0.01, *** for P < 0.001. Statistics were computed in GraphPad Prism or R.
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SUPPLEMENTARY FIGURE LEGENDS 

Fig. S1. Summary table of selected TCR information, related to Figure 1. Amplified 

clonotypes were picked from Tconv, RORγ⁺Treg, Helios⁺Treg or RORγ⁻Helios⁻ (DN) Treg 

populations from gnotobiotic mice monocolonized by C. ramosum or E. coli Nissle 29. Numbers 

indicate the number of times each clonotype was recovered. 

Fig. S2. pTreg generation is consistent in different conditions, related to Figure2. (A) 

Representative FACS plot (left) and pooled statistic data (right) of FoxP3 expression in TCR-

edited cells before adoptive transfer. (B-F) CD4⁺ donor cells were transferred into indicated hosts 

for ten days. (B) Representative flow cytometric plots showing gating strategy to identify TCR-

negative, TCR-edited and non-edited donor cells. (C) Representative flow cytometric plots of 

donor cell distribution in different tissues. (D) summary of FoxP3 expression in TCR-negative and 

non-edited cells. (E) Quantification of FoxP3 expression of TM3.5 and TM2.3 TCR-edited cells 

in EcN colonized gnotobiotic or SPF hosts. (F) 37.5K or 150K TCR edited cells were transferred 

into SPF hosts for 10 days. Quantification of FoxP3+% and FoxP3+ cell number in indicated 

tissues. (G) Quantification of FoxP3 expression of TS2.1-TS2.5 TCR-edited cells in SPF mice 

under chow or AFD, or GF mice under chow or AFD diet. (H) Upper: Schematic illustrating 

experimental procedures for transferring naïve CD4⁺ TCR transgenic cells into hosts with or 

without corresponding bacteria colonization. Lower: Quantification of FoxP3 expression of BθOM 

or HH7-2 TCR transgenic CD4 T cells in B. theta or H. hepaticus colonized or control mice 

respectively. Each dot represents one mouse. Results are pooled from multiple independent 

experiments. 

Fig. S3. Time course of pTreg generation, related to Figure2. TCR-edited CD4⁺ donor cells 

were transferred into B6 hosts and analyzed at indicated time point. (A) Representative FACS 

plots of FoxP3 and RORγ expression in TF2.5 TCR-edited cells. (B) Summary plots of FoxP3 

expression. Results are pooled from two independent experiments. Two to three mice were used 

per TCR. Only samples with more than 10 cells for each TCR-edited population within a given 

tissue were included in the analysis. 



Fig. S4. Helios expression levels in donor and host Tregs, related to Figure3. TCR-edited CD4⁺ 

donor cells were transferred into B6 hosts and analyzed ten days later. Summary plots of Helios 

MFI in TF2.2- and TS2.3-pTregs and corresponding host Tregs. Results are pooled from multiple 

independent experiments. Each dot pair represent one mouse. Statistical significance determined 

by paired Student’s t test, **P < 0.01, ***P < 0.001. 

 

Fig. S5. scRNA-seq reveals unique transcriptome of different TCR guided pTregs, related to 

Figure4.  

Cells isolated from mLNs 10 days after adoptive transfer were analyzed by scRNA-seq analysis. 

Three TCRs were used: TM3.5 (EcN-reactive), TS2.3 (self-reactive) and TF2.2 (food-reactive) 

(A) UMAP of scRNA-seq data encompassing all groups, annotation based on expression of key 

indicator genes (B) and on reference cells in C.  (C) Position of cells from each group on the 

collective UMAP; experimental groups on the top row, reference groups on the bottom row, 

including, from left to right: donor-derived non-edited and TCR-negative Tconv, standard mLN 

Tconv and Treg CD4⁺ cells from a FoxP3-GFP reporter mouse, and host Treg cells from TF2.2 

and TM3.5 transfers (these contain a few Tconv cells because sorted on CD25). (D) UMAP plot 

grouping TF2.2-, TM3.5- and TS2.3-expressing pTregs. (E) Expression of Treg-related marker 

genes. The dot size represents the percentage of cells in a group that express the transcript, and the 

color indicates the average expression level. (F) Volcano plot of differentially expressed genes 

between TF2.2 and TS2.3 TCR-expressing pTregs. Red and blue dots represent genes highly 

expressed in colonic RORγ⁺ or Helios⁺ Tregs respectively. Statistical significance of the 

enrichment in F was determined using Fisher’s test. 
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