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Common and Exclusive Features of Intestinal Intraepithelial
gd T Cells and Other gd T Cell Subsets

Apostol K. Apostolov,1 Miriame Hamani,1 Hector Hernandez-Vargas, Ramdane Igalouzene, Alexandre Guyennon,
Olivier Fesneau, Julien C. Marie, and Saïdi M�homa Soudja
Tumor Escape Resistance Immunity Department, Cancer Research Center of Lyon, UMR INSERM 1052, CNRS 5286, Universit�e Claude Bernard Lyon 1,
Centre L�eon B�erard, Lyon, France

ABSTRACT

Murine peripheral lymph node TCR gd T cells have been divided into type 1 and type 17 functional categories based on phenotypic and

functional markers. Localized in the gut epithelial barrier, intestinal intraepithelial lymphocytes (iIEL) gd T cells constitute a peculiar

subset of T lymphocytes involved in intestinal homeostasis. However, whether iIEL gd T cells obey the type 1/type 17 dichotomy is

unclear. Using both global transcriptional signatures and expression of cell surface markers, we reveal that murine iIEL gd T cells

compose a distinct population, expressing ~1000 specific genes, in particular genes that are responsible for cytotoxicity and

regulatory functions. The expression of the transcription factor Helios is a feature of iIEL gd T cells, distinguishing them from the other

TCR gd T subsets, including those present in the epithelia of other tissues. The marked expression of Helios is also shared by the other

iIELs, TCRabCD8aa lymphocytes present within the intestinal epithelium. Finally, we show that Helios expression depends in part on

TGF-b signaling but not on the microbiota. Thus, our study proposes iIEL gd T cells as a distinct subset and identifies novel markers to

differentiate them from their peripheral counterparts. ImmunoHorizons, 2022, 6: 515–527.

INTRODUCTION

The intestinal epithelium represents the largest barrier surface sep-
arating the host from the external environment. It consists of a
physical and chemical barrier adapted to food contact and com-
mensal bacterial colonization (1). The local presence of immune
cells is of crucial importance in thismicrobe-enriched environment.
The close collaboration between epithelial and immune cells main-
tains epithelial integrity and immune homeostasis (2). A large

number of the immune cells in the gut are represented by intestinal
intraepithelial lymphocytes (iIELs), which have intimate contact
with intestinal epithelial cells (3). Two categories of iIELs have
been classified, induced and natural. The induced iIELs de-
rive from conventional, naive-like CD8ab1 T cells or CD41

T cells, bearing a conventional TCR formed by a- and
b-chains. After their thymus egress and differentiation into
effector cells, a fraction of conventional T cells migrate to
the gut and give rise to induced iIELs (4). An �alternative�
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thymic selection leads to the generation of natural iIELs that
bear either a TCRab corresponding to CD8aa1 TCRab T
cells or a gd TCR corresponding to the TCR gd T cells (5).
Upon successful thymic selection and maturation, the natu-
ral TCR gd iIELs are guided to different barrier surfaces, in-
cluding the skin, lungs, urogenital tract, and gut in response
to chemokines (6). Specific tissue localization and interac-
tion with defined ligands shape the differentiation of the
different gd T cell subsets. Expression of the Skint-1 ligand
by keratinocytes allows the maintenance and the differentia-
tion of dendritic epidermal TCR gd T cells in the skin (7), and
the expression of butyrophilin-like molecules by intestinal
epithelial cells allows the differentiation and maturation of
iIEL TCR gd T cells within the intestine (8).

In mice, the largest part of iIELs corresponds to gd T cells,
which may constitute 50�60% of small intestine (SI) iIELs (9).
It has been suggested that gd T iIELs ensure the homeostasis
of the gut epithelium by secreting epithelial growth factors,
such as keratinocyte growth factor (KGF), or cytokines essential
for epithelial integrity (10). Moreover, by secreting antimicro-
bial peptides, the gd T iIELs could contribute to the restriction
of pathological microbial invasion (11).

Functionally two distinct subsets of gd T cells have been de-
fined based on their cytokine secretion profile and surface
marker expression. The type 1 (T1) gd T cells, expressing the
transcription factor T-bet and the costimulatory molecule CD27,
secrete IFN-g, and the type 17 (T17) gd T cells, which express the
transcription factor RORgt, but not CD27, secrete IL-17 (12).
However, whether the T1/T17 dichotomy can be transferred to
iIEL gd T cells remains elusive. The iIEL gd T cells have been
transcriptionally characterized (13�15), but information regard-
ing transcription factors that govern their functions is still miss-
ing and the transcriptional comparison with different specific
subsets of TCR gd T cells is largely unexplored.

To get insight into the molecular features and markers of iIEL
gd T cells, we analyzed their phenotype by in-depth comparison
with well-described gd T cell subsets present in other tissues. We
demonstrated that iIEL gd T cells are phenotypically distinct
from T1 cells, T17 cells, and the recently described peripheral
CD44low/�CD271 gd T cell population (16) by a side-by-side com-
parison. We identified markers that help to distinguish them,
among which Helios expression is predominantly associated with
natural iIELs compared with the induced iIELs at a steady state
and largely influenced by TGF-b signaling. Hence, this study sug-
gests a new functional classification for iIEL gd T cells.

MATERIALS AND METHODS

Mice
Males and females, of C57BL/6 genetic background mice, were
used in this study. TGF-bR2 knockout mice were obtained as de-
scribed (17). Mice were maintained in a specific pathogen-free
animal facility (AniCan, Centre L�eon B�erard, Lyon, France).Mice
were handled in accordance with institutional guidelines.

Antibiotic treatment since in utero life
For antibiotic treatment, drinking water was supplemented with
an antibiotic mixture composed of ampicillin (1 g/l), metronida-
zole (1 g/l), neomycin (1 g/l), and vancomycin (0.5 g/l), all pur-
chased from Sigma-Aldrich. Breeding of wild-type mice was set
up and put under either antibiotics or water. The offspring were
left under antibiotics for 3mo before the experiment.

Cell isolation
Gut content was flushed out with PBS. For the SI, Peyer�s patches
were removed. Colon and SI were opened and cut into pieces of
0.5 cm and incubated for 20 min at 37�C under agitation in HBSS
(Life Technologies) containing 1 mM DTT, 5 mM EDTA, 10 mM
HEPES, and 5% FBS (Life Technologies). For the skin cells, ears
were crushed and digested for 60 min at 37�C under agitation in
complete RPMI 1640media containing 10% FBS, 1% HEPES (Life
Technologies) 1% penicillin/streptomycin (Life Technologies), 1%
L-glutamine (Invitrogen/Life Technologies), collagenase (100 mg/
ml; Sigma-Aldrich), and DNase I (10 mg/ml; Roche). After incuba-
tion, supernatants were filtered through nylon mesh, pelleted, and
resuspended in 40% Percoll (GEHealthcare). This cell suspension
was overlaid with 70% Percoll and centrifuged at 1300 × g for 20
min without break. iIELs were recovered from the interphase. Pe-
ripheral lymph nodes (pLNs) (axillary, brachial, and inguinal LNs),
mesenteric lymph nodes, spleen, and Peyer�s patchesweremashed
and filtered to obtain a single-cell suspension. For the spleen,
RBCs were removed by incubating in lysis buffer (0.9% NH4Cl).
Livers were mashed, filtered, and subjected to the Percoll gradient
centrifugation identically to as for the intestine and the ears.

Flow cytometry analysis
The cells were stained with the following Abs: CD45 (BD Phar-
mingen, clone 30-F11), CD3 (BD Pharmingen, clone RM4-5),
CD4 (BD Horizon, clone RM-4-5), CD8 (eBioscience, clone 53-
6,7), CD5 (BD Biosciences, 53-7.3), CD39 (eBioscience, 24DMS1),
CD73 (eBioscience, eBioTY/11.8), CXCR3 (eBioscience, CXCR3-
173), CCR6 (BioLegend, 29-2L17), CTLA4 (BD Biosciences,
UC10-4F10-11), PD-1 (eBioscience, RMP1-30), latency-associated
protein (LAP; eBioscience, TW7-16B4), TIGIT (eBioscience,
GIGD7), NK1.1 (BD Pharmingen, clone PK136), TCRb (BD Bio-
sciences, H57-597), CD44 (eBioscience, IM7), CD27 (BD Biosci-
ence, LG2A10), CD103 (eBioscience, 2E7), 2B4 (eBioscience,
eBio244F4), and TCRgd (BD Pharmingen, clone GL3) in 1× PBS,
FCS, 1% azide. For intracellular staining, cells were fixed and per-
meabilized with Foxp3 fixation buffer (eBioscience) and stained
with the following Abs: Helios (BioLegend, 22F6), Foxp3 (eBio-
science, FJK-16s), GZMA (eBioscience, GzA-3G8.5), and gran-
zyme B (Life Technologies, GB11). Stained cells were analyzed on
a LSRFortessa II, and data were interpreted with FlowJo soft-
ware. A fixable yellow dead cell stain kit (Life Technologies)
was used to eliminate dead cells.
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Transcriptome analysis
Whole-genome expression was studied in iIEL gd T cells and
three different subsets of gd T cells (T1, type naive-like, and
T17) that are present in LNs. RNA was extracted in triplicates
of each condition and hybridized into expression microarrays
(GeneChip 2.0 ST from Affymetrix). The resulting CEL files
were imported using the oligo package (18), and all down-
stream analyses were performed using this and other R/Biocon-
ductor packages, R version 4.1.2 (2021-11-01) (https://cran.
r-project.org/; http://www.bioconductor.org/). The robust mul-
tichip average algorithm from the oligo package was used for
normalization, followed by inspection using principal compo-
nent analysis (PCA) with ggplot2 functions (19). Differential
expression was performed using limma functions to fit a linear
model and contrasts for all pairwise comparisons (20). Signifi-
cant probes (false discovery rate�adjusted p < 0.05) were an-
notated with the annotation mogene20sttranscriptcluster.db
package (21) and visualized with EnhancedVolcano for volcano
plots (22), eulerr for genelist overlaps (23), and NMF for anno-
tated supervised and unsupervised heatmaps (24). Gene set
enrichment analyses were performed using function from the
packages clusterprofiler (25, 26), enrichplot (27), DOSE (28),
ReactomePA (29), msigdbr (30), and fgsea (31).

All code is available in GitHub (https://github.com/
hernandezvargash/iIEL_transcriptome.git), and all sequencing
data have been uploaded into the Gene Expression Omnibus re-
pository under accession number GSE198703 (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE198703).

Gene and pathway analysis
Gene enrichment analysis was performed with the Enrichr on-
line tool (32). A STRING online algorithm was used to identify
protein�protein interaction networks and to perform functional
enrichment analysis (33).

Statistical analysis
An unpaired Student t test was used to calculate statistical
significance, defined as p < 0.05.

RESULTS

Distinct expression of CD44 and CD27 between iIEL gd
T cells and other gd T cells
Given that CD27 and CD44 surface expression is classically
used to discriminate T1 cells producing IFN-g (CD441CD271)
and T17 cells (CD44highCD27�) producing IL-17 (12), we ana-
lyzed the expression of these makers on iIEL gd T cells. This
combination of markers enabled us to identify in the pLNs and
skin the classically described T1 and T17 cells as well as the
CD44low/�CD271 gd T cells, recently defined as �naive-like,�
unpolarized gd T cells (Tn) (16) (Fig. 1). Although the T17 sub-
set constituted a significant amount of gd T cells in the pLNs
and skin (38.1 and 71.7% respectively), they were scarcely de-
tectable in iIEL gd T cells from the SI and colon. Conversely,

iIEL gd T cells were predominantly represented by the
CD44low/�CD27� population, which was barely detectable in
the pLNs and skin (Fig. 1). These results define iIEL gd T cells
as a population with a different expression of CD44 and CD27
compared with their peripheral counterparts.

Distinct gene expression between iIEL gd T cells and other
gd T cells
To further compare iIEL gd T cells with other subsets of TCR
gd T cells, we performed a wide transcriptomic analysis on
FACS-sorted T1, T17, and Tn cells from pLNs and iIELs based
on the expression of CD27 and CD44 markers (Fig. 2). First, to
determine how the different subsets segregate and relate to
each other, we conducted PCA. According to the PCA, the Tn
fraction was transcriptionally very similar and closer to the T1
population than T17 cells. In clear contrast, the iIEL gd T pop-
ulation appeared to be very distinct from the other subsets,
even from Tn cells, to which they seemed closer based on
CD44 and CD27 expression (Fig. 2A). Nine hundred ninety-
three genes were differentially expressed in iIEL gd T cells
compared with the other gd T cell types (Fig. 2B,
Supplemental Fig. 1A) (p < 0.001, false discover rate 1%

FIGURE 1. Intestinal intraepithelial TCR gd T cells display distinct

CD44 and CD27 expression compared with the peripheral gd T cells.

(A) Flow cytometry analysis gated on total CD451CD31gd1 T cells

from pLNs, skin, the epithelium of the small intestine (SI), and the colon

from 6-wk-old mice. The upper row shows a schematic representation

of gating strategy of T1, T17, and naive-like gd T cells. The middle row

shows a representative flow cytometry plot illustrating CD44 and CD27

expression. (B) Graphs indicate the percentage of T1 (CD441CD271)

cells (blue), T17 (CD441CD27�) cells (green), naive-like (black) gd T (Tn)

cells, and the CD44lowCD27low subset (Tx) (orange) among total gd T

cells (n 5 6;11). All data are representative of three experiments.
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with 95% confidence). Among these genes, 809 genes were up-
regulated and 184 were downregulated (Fig. 2C, Supplemental
Fig. 1B). Hence, gene expression analysis confirmed that iIEL
gd T cells compose a distinct gd T cell subset.

iIEL gd T cells are endowed with specific functionality
To further characterize the iIEL gd T cells, we conducted a func-
tional analysis of the genes that differentiate them from the other
subsets of gd T cells. We used the Enrichr gene enrichment analysis
tool (32) to extract transcripts expressed in the given cell types. In
contrast to the other subsets, iIEL gd T cells were enriched in tran-
scripts of genes associated with cytotoxicity classically expressed in
NK and cytotoxic CD8 T cells at steady-state conditions (Fig. 3A,
3B). This included GzmB, GzmA, and GzmK (Fig. 3A, Supplemental
Fig. 1). The iIEL gd T cells also strongly expressed the T1 cytokine
IFN-g conjointly with T1 gd T cells (Fig. 3A). Confirming the cyto-
toxicity function at steady-state conditions, GzmA and GzmB were
expressed only by iIEL gd T cells (Fig. 3C).Moreover, 2B4 (CD244),
a non-MHCbinding receptor previously reported as being expressed
on cytotoxic lymphocytes such as CD81 T cells and NK cells (34),
marked iIEL gd T cells (Fig. 3C). iIEL gd T cells expressed a specific
cytokine and chemokine ligand signature including Il18,Ccl3, andCcl4.

Interestingly, aside from their cytotoxic activity, iIEL gd T cells selec-
tively expressed genes linked to immunoregulatory function such as
Xcl1, Lag3, Tigit, and Nt5e (Fig. 3A, Supplemental Fig. 1). Then, we
sought to confirm at the protein level the expression of genes, reminis-
cent of the canonical Foxp31 regulatory T cells (Tregs). In iIEL gd T
cells, CD73 and CD39, two ectonucleotidases that generate extracellu-
lar adenosine by ATP hydrolysis and thus establish an immunosup-
pressive environment (35), were highly expressed when compared
with the other subsets (Fig. 3D). The membrane-bound TGF-b1
through its accessory binding part LAP previously described on Tregs
was also expressed at the surface of iIEL gd T cells (Fig. 3D). As part
of their immunoregulatory function,we found that iIELgd Tcells also
expressed coinhibitory receptors involved in immunosuppression, in-
cluding Lag3, TIGIT, and CTLA-4 (Fig. 3D). Overall, our data reveal
that iIEL gd T cells are endowedwith distinct functionality compared
with theother subsetsofTCRgdTcells, exhibitingbothpotentmulti--
effector functions and immunoregulatory features.

Combination of chemokine receptors to define gd T cell
subsets
Given that the aforementioned data suggest that iIEL gd T cells
compose a subset with specific functionality and that CD44

FIGURE 2. Intestinal intraepithelial

TCR gd T cells display a distinct

gene expression profile compared

with the peripheral gd T cells.

(A) Principal component analysis

(PCA) based on transcriptome data

was performed on naive-like, T17,

and T1 gd T cells from pLNs and gd T

cells from intestinal epithelium from

the small intestine. (B) Volcano plot

graph of genes upregulated or dow-

nregulated in iIEL gd T cells versus

the other subsets. Highlighted in red

is any gene with a p value <1e�05

and log2 fold change >0.5 (upregu-

lated in iIELs) or highlighted in green

(less than �0.5; downregulated in

iIELs). (C) Hierarchical clustering of

all differentially expressed genes

(DEGs) (n5 993).

518 FEATURES OF INTESTINAL INTRAEPITHELIAL gd T CELLS ImmunoHorizons

https://doi.org/10.4049/immunohorizons.2200046

D
ow

nloaded from
 http://journals.aai.org/im

m
unohorizons/article-pdf/6/7/515/1486101/ih2200046.pdf by guest on 21 N

ovem
ber 2023

http://www.jimmunol.org/lookup/suppl/doi:10.4049/immunohorizons.2200046/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/immunohorizons.2200046/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/immunohorizons.2200046/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/immunohorizons.2200046/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/immunohorizons.2200046/-/DCSupplemental


and CD27 expression is not themost efficient combination to dis-
tinguish them, we next tried to define surface markers specifi-
cally characterizing the iIEL gd T fraction. To this end, we sorted
the list of differentially expressed genes for several chemokine re-
ceptors and adhesionmolecules in gd T cell subsets. Four clusters
were distinguished (Fig. 4A). Cluster 1 corresponds to chemokine
receptor genes that appeared to be specific to T17 cells, including
Ccr6, Ccr2, and Ccr10. In cluster 2, Ccr7 and Cxcr4 exclusively
identified Tn and T1 cells. Although similar at transcriptional

levels (Fig. 2), Tn and T1 cells expressed some chemokine recep-
tors that could help to further distinguish them. For instance,
Ccr9was expressed by both Tn and iIEL gd T cells, whereas Ccr5
and Cxcr3 were expressed by T1 and iIEL gd T cells (cluster 3).
Notably, none of the chemokine receptors was exclusively de-
tected on iIEL gd T cells. However, iIEL gd T cells expressed the
highest levels of adhesion molecules and integrins such as Itga1,
Itgae, Itgam, and Itgax (CD11c) that specifically identify them
(cluster 4) (Fig. 4A). Cytometry staining further demonstrated

FIGURE 3. Intestinal intraepithelial TCR

gd cells exhibit a dual cytotoxic–regula-

tory phenotype.

(A) Heatmap representing clusters of genes

with cytotoxic (green cluster) and regula-

tory (cyan cluster) functions differentially

expressed between iIEL and peripheral gd

T cells (fold change > 2). Brown and blue

indicate high and low expression, respec-

tively. (B) Gene set enrichment analysis on

differentially expressed genes of iIELs ver-

sus all. The plot shows enrichment of NK

cell–mediated cytotoxicity signature in

iIELs compared with all TCR gd T cell sub-

sets. (C) Representative flow cytometry

histograms of 2B4, GZA, GZB, and FASL

cytotoxic mediators in T1 (blue), T17

(green), and iIELs (orange) versus naive-like

gd T cells (Tn; gray) (n 5 6). (D) Flow cy-

tometry analysis of regulatory marker ex-

pression: CTLA4, PD-1, LAG3, LAP, TIGIT,

CD39, and CD73 in T1, T17, and iIEL gd T

cells compared with the control naive-like

gd T cells.
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that the expression of chemokine receptors could be used to bet-
ter characterize the different subsets of TCR gd T cells (Fig. 4B,
4C). Of note, Itgae that encodes for CD103 involved in epithelial
retention (36) was also remarkably expressed by T17 gd T cells
and thus could not be used to separate T17 from iIEL gd T cells
(Fig. 4C, 4D). However, in pLNs, high levels of expression of the
CD103 marker allowed us to distinguish T17 TCR gd T cells. It is
noteworthy that the iIEL TCR gd T cells express CD69 and
CD49a markers associated with tissue residency (37), which
suggests that they are closely related to resident T cells
(Supplemental Fig. 2). Unexpectedly, the cytometry analysis un-
covered that the Tn subset was not a homogeneous population.
Indeed, based on CD103 and CXCR3, we observed three Tn
populations. The first one displayed markers similar to those

expressed by iIEL gd T cells and T17 (CD103) cells, the second
one to T1 (CXCR3) cells, and the third one expressed none of the
markers associated with iIEL, T1, or T17 cells, likely representing
the bona fide unpolarized TCR gd T cell population (Fig. 4D). In-
terestingly, the cytometry analysis confirmed the unique expres-
sion of CCR9 in Tn cells and a small fraction of iIEL populations,
thereby distinguishing them from all the other subtypes
(Fig. 4D). Overall, our data indicate new cell surface markers that
can be employed in addition to the currently used ones (CD44
and CD27) to better differentiate the TCR gd T cell subsets.

Transcription factors define gd T cell subsets
The transcriptome analysis clearly demonstrated the presence
of transcription factors specific for each gd T cell subtype

FIGURE 4. Intestinal intraepithelial TCR

gd T cells express different sets of chemo-

kine receptors et adhesionmolecules.

(A) Heatmap representing clusters of che-

mokine receptors (red cluster) and adhe-

sion molecules (green cluster) differentially

expressed between iIEL and peripheral gd T

cells (fold change > 2). Brown and blue in-

dicate high and low expression, respec-

tively. (B) Representative flow cytometry

histograms of the indicated markers in Tn

(gray), T17 (green), T1 (blue), and iIELs

(orange) gd T cell populations. (C) Repre-

sentative flow cytometry histograms of the

indicated markers in total gd T cells from

the peripheral lymph nodes. (D) Represen-

tative flow cytometry histograms of the in-

dicated markers in the different peripheral

gd T cell fractions from the peripheral

lymph nodes versus iIELs. All data are rep-

resentative of two experiments (n5 8).
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(Fig. 5A). Rorc, Maf, Rora, and Rarc high expression was char-
acteristic of the T17 population whereas Tcf7 selectively down-
regulated the iIEL gd T cell population (Fig. 5A, 5B). Next, we
sought to analyze the transcription factors characteristic of
iIEL gd T cells. Of note, numerous transcription factors were
upregulated in the iIEL gd T cells when compared with all of

the peripheral gd T cell fractions (Fig. 5A, 5C). Five of the 12
transcription factors upregulated in iIEL gd T cells have been
associated with Treg homeostasis maintenance, differentiation,
as well as immune tolerance: Ahr (38�41), Blimp-1 (42�44),
Irf4 (45, 46), Nfil3 (47, 48), and Nr4a (49�51). In particular,
two of these transcription factors, Blimp-1 and Irf4, have been

FIGURE 5. Unique network of transcrip-

tion factors distinguishes the peripheral

and the intestinal intraepithelial TCR gd

T cell fractions.

(A) Heatmap indicating the transcription

factors differentially expressed between

iIEL and peripheral gd T cells (fold change

> 2). Brown and blue indicate high and low

expression, respectively. (B and C) Sche-

matic representation of the transcription

factors either downregulated (B) or upre-

gulated (C) in the iIEL versus the peripheral

TCR gd T cell fractions. (D) Interaction en-

richment map of transcription factors up-

regulated in the iIEL versus the peripheral

TCR gd T fractions (protein–protein inter-

action enrichment p value< 1.0e�16) gen-

erated with the STRING protein–protein

association network algorithm.
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reported to jointly control the differentiation and function of
effector Tregs (52). In addition, among the upregulated genes
encoding for transcriptional factors, Helios (Ikzf2) was largely
specific to iIEL gd T cells (Fig. 5A), previously implicated in
the maintenance of the immunosuppressive function of Tregs
(53). Although iIEL gd T cells represented common features
with Tregs (Supplemental Fig. 3A), they did not express Foxp3
(Supplemental Fig. 3B). We next analyzed whether the iIEL gd

T cell�specific transcription factors may form a functional net-
work. We used the STRING algorithm to identify protein�protein
interaction networks and to perform functional enrichment
analysis (33). The interaction enrichment map (protein�protein
interaction enrichment p < 1.0e�16) of the transcription factors
upregulated in iIELs gd T cells versus all their counterparts
suggests that most of them form a functionally connected net-
work (Fig. 5D). Altogether, these results suggest that the iIEL
gd T cells can be defined by the expression of transcription
factors that could work in concert to establish a unique tran-
scriptional program.

A marked Helios expression distinguishes gd TCR or ab
TCR natural iIELs versus induced iIELs
As iIEL gd T cells of the intestine express a high level of Helios,
we wondered whether this expression was specific to the cell
localization in the intestine epithelium. Therefore, we analyzed
by flow cytometry the expression of the Helios transcription fac-
tor in gd T cells in different organs. Among the analyzed organs
(liver, spleen, LNs, skin, thymus), we observed a strong expres-
sion of Helios within the gd T cells present within the intestine,
in particular within the epithelium as compared with those pre-
sent in the lamina propria (Fig. 6A�C). Thus, we investigated
whether the expression of Helios is a unique characteristic of
iIEL gd T cells or could be a common feature shared with other
subsets of iIELs. Strikingly, the expression ofHelioswas predom-
inantly restrained to natural iIEL gd T cells and TCRabCD8aa T
cells. Indeed, CD41CD8aa TCRab T cells and CD8ab TCRab T
cells failed to express Helios. Even though we could detect a
small population of Helios-positive cells among the conventional
CD8ab TCRab T cells, we observed that Helios expression dif-
ferentiates the induced abTCR CD41CD8aa versus the natural
CD8aa T cells (Fig. 6D, 6E). In the intestine, the high expression
of Helios was restricted to natural iIEL T cells because the in-
duced iIELs also present in the epithelium poorly express Helios.
Thus, this data set implies Helios expression as a hallmark of nat-
ural iIELT cells irrelevant to TCRab or TCRgd expression.

Intestinal epithelium cues and modulation by TGF-b
signaling drive Helios expression in natural iIELs
The accumulation of Helios-expressing iIEL cells suggests that a
factor of the intestine microenvironment may favor its expres-
sion. We ruled out the contribution of the microbiota because
treatment with a large spectrum of antibiotics since in utero life
did not affect Helios expression in iIEL T cells (Fig. 7A�C). Given
that TGF-b signaling is important for the maintenance of Helios

expression and the regulatory identity of the CD41 Treg subset
as well as the CD81 Tregs (54) and that the intestine contains
high levels of TGF-b (55), we then investigated whether TGF-b
signaling can regulate Helios expression in the iIEL T cells. CD4-
Cre;Tgfbr2fl/fl mice (Fig. 7D), targeting tgfbr2 expression selec-
tively on ab T cells and not on gd T cells, (56, 57) revealed a
2-fold decrease of Helios expression in the natural CD8aa
TCRab T cells but not TCR gd T cells in the SI and colon
(Fig. 7D). Hence, TGF-b signaling contributes to high Helios
expression in the natural intraepithelial T lymphocytes.

DISCUSSION

In the current study, we compare intestinal gd T cells with gd

T cell subsets found in other tissues. iIEL gd T cells are a particular
subset of lymphocytes based on their phenotype and their func-
tion. Several studies have done a comparison of the gd T cells of
the intestine with bulk gd T cells or with ab T cells present in
pLNs (13, 14). The goal of our study is the comparison of three dif-
ferent subsets of gd T cells identified by the expression of CD27
and CD44 markers that discriminate distinct known subsets of
gd T cells in the periphery. Interestingly, our data show that the
iIEL gd T cells are CD44lowCD27�, demarcating them from T1
(CD441CD271), T17 (CD441CD27�), or the naive-like type
(CD44low/�CD271) gd T cells present in the periphery. This phe-
notype was unexpected because iIEL gd T cells are described as
experienced T cells, and the low CD44 expression is therefore
not common. The whole transcriptome analysis supported that
iIEL gd T cells are a distinct group compared with the lymph
node gd T subsets, based on the differential expression of adhe-
sion molecules, chemokine receptors, and transcription factors.
Seeking a transcription factor that might dictate the peculiar cy-
totoxic regulatory functional phenotype, we focused on Helios,
which has been reported to maintain the stability of Foxp31

Tregs (53, 58). We have shown that the expression of Helios
seems to be independent of Foxp3 expression, in contrast to
Tregs, where its expression has been mostly reported to be asso-
ciated with and to be a way to define the thymic-derived Tregs
(53). However, its independence with Foxp3 expression suggests
it may perform other functions in iIEL gd T cells compared with
the classic Tregs. Previous studies have also shown that the He-
lios expression could be associated with an activated stage of
T cells (59). This double capacity of Helios could be due to the ac-
tivation of different pathways and genes leading to T cell regula-
tion and functional cytotoxicity. Chromatin immunoprecipitation
sequencing could be realized, permitting the definition of Helios-
targeted genes in gd T cells. We can hypothesize that the tran-
scription factor Helios could be a key factor explaining the spe-
cific phenotype of gd T cells in the intestinal epithelium.
However, the redundancy with the other members of the family
of Helios, such as Ikaros, Aiolos, or Eos, could compensate for the
lack of Helios, a speculation that has to be formally proven. In-
deed, Helios knockout in mice did not significantly affect T cell
development (60) even in Tregs, suggesting a compensatory role
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of other Ikaros family members. In addition, our data highlight
the high expression ofHelios as amarker that could delineate un-
conventional iIELs to induced iIEL ab T cells. Indeed, in mice,
Helios expression demarcates the natural iIEL gd T and CD8aa
ab T cells from the induced CD8ab ab T cells, at least at a steady
state.

Several studies have suggested that both CD8aa TCRab and
TCRgd iIELs manifest regulatory phenotype (61�63). Our tran-
scriptome and flow cytometry analyses have confirmed the ex-
pression of genes with effector functions and suggested that iIEL
gd T cells share important features with regulatory cells through
the expression of additional genes with regulatory functions,
such as TIGIT, CD39, CD73, LAP, Lag-3, CTLA-4, PD-1, Helios,
and Eos in the absence of the Foxp3 transcription factor.

Additionally, this particular phenotype of iIEL gd T cells and
CD8aa ab T cells within the intestine raises the important ques-
tion of the role of the gut environment in establishing this charac-
teristic. Our first assumption was that microbiota present in
abundance within the intestine could trigger the expression of
Helios within the unconventional iIELs. However, we failed to
demonstrate the implication of the microbiota by analyzing
mice treated with an antibiotic in utero, a result favoring a self-
antigen�driven Helios expression. Thus, other intestinal cues
could mediate the upregulation of Helios in natural iIELs. The
lack of expression of Helios by the innate iIELs that do not harbor
a TCR may suggest that a signal coming for the TCR is involved.
Within the intestine, some abundantly expressed cytokines, such
as TGF-b, may contribute to the establishment of intestinal

FIGURE 6. Helios expression predomi-

nantly marks the iIEL T cells.

(A) Representative flow cytometry plot of

cells harvested from different tissues (pLNs,

mesenteric lymph nodes [MLNs], spleen,

liver, skin, Peyer�s patches, intestinal epithe-

liumof colon [C] and small intestine (SI), and

lamina propria of colon and SI. The upper

rowdepicts the gating strategy on gd T cells,

and the lower row depicts the expression of

Helios in gd T cells. (B and C) Histograms of

the percentage of Helios-expressing cells

(B) and mean fluorescence intensity of He-

lios expression (C) in gd T cells from each

tissue. (D) FACS plots representing the gat-

ing strategy on CD8aaTCRab (red) and

CD8ab T cells (green) and the expression of

Helios in CD8aa (red) and CD8ab (green)

T cells within the epithelium of the SI.

(E) Histogram representing the percentage

of Helios-expressing cells among the

�natural� and the �induced� iIELs. gd T cells

(orange), CD8aa TCRab cells (red), CD8ab

TCRab cells (green), and CD4 TCRab cells

(purple). All data are representative of two

experiments. ***p < 0.001, ****p < 0.0001,

by two-tailed Student t test.
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homeostasis. Hence, it will be interesting to address the role of
TGF-b signaling on Helios expression specifically in unconven-
tional iIELs by appropriate genetic models. In the current study,
we do not have a genetic model to delete the TGF-b receptor spe-
cifically in TCR gd or CD8aa ab T iIELs without affecting the
induced ones. Using the CD4-driven Cre system, we could only
address the impact of TGF-b signaling on Helios expression in
natural CD8aa TCRab iIELs, which allowed us to demonstrate
that TGF-b signaling within the intestine promotes Helios
expression.

We cannot rule out that Helios expression in iIELs and
probably their �regulatory-like� features might be related to as-
pects such as the origin and specifics of their TCR signaling.
Several studies have revealed that CD8aa TCRab iIEL devel-
opment can occur both extrathymically (64�66) and from thy-
mic iIEL precursors (67�71). It has also been proposed that
strong agonist selection in thymocytes correlates with the ex-
pression of genes, such as Helios, Nur77, Bim, and PD-1 in thy-
mocytes (72�77) and that CD8aa TCRab cells can originate
from self-reactive double-positive thymocytes (78). These cells
can also be selected on MHC class I� or class II�restricted
agonist self-peptides (68) and nonconventional MHC class
I�related chain A (MICA) molecules expressed in the intestinal
epithelium (79, 80). All of these data, taken together with the
observation that Helios expression is detected in thymic iIEL
precursors (81, 82), suggest that genes enriched in the gd

T iIELs, such as Helios, Bim, Nur77, and PD-1, might be in-
duced by strong, self-driven, and constant TCR stimulation in
the periphery, where their potential inducers might be the ex-
pression of self-molecules, such as butyrophilins (Btn1 and
Btn6) produced by the intestinal epithelium (8).

In summary, we have provided more novel evidence that
iIEL gd T cells are a peculiar cell type expressing a unique
group of transcription factors, which functionally separates
them from the peripheral subsets of gd T cells. They do not
exhibit a T17 or T1 profile and may be considered as an
immunoregulatory subset with effector functions characterized
by the expression of Helios, a transcription factor, which could
be used as a surrogate marker to define the unconventional
iIELs.
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