
Vol.:(0123456789)1 3

Cellular and Molecular Life Sciences (2021) 78:5789–5805 
https://doi.org/10.1007/s00018-021-03877-9

ORIGINAL ARTICLE

The molecular basis and cellular effects of distinct CD103 expression 
on CD4 and CD8 T cells

Hilary R. Keller1,2 · Davinna L. Ligons1 · Can Li1 · SuJin Hwang1 · Megan A. Luckey1 · Praveen Prakhar1 · 
Nurcin Liman1 · Assiatu Crossman1 · Vanja Lazarevic1 · Yoo Kyoung Park3 · Jung‑Hyun Park1 

Received: 1 October 2020 / Revised: 24 May 2021 / Accepted: 8 June 2021 / Published online: 15 June 2021 
© This is a U.S. government work and not under copyright protection in the U.S.; foreign copyright protection may apply 2021

Abstract
Integrin CD103 mediates the adhesion and tissue retention of T cells by binding to E-cadherin which is abundant on epithelial 
cells. Notably, CD103 is highly expressed on CD8 T cells but conspicuously absent on most CD4 T cells. The mechanism 
controlling such lineage-specific expression of CD103 remains unclear. Using a series of genetically engineered mouse 
models, here, we demonstrate that the regulatory mechanism of CD103 expression is distinct between CD4 and CD8 T cells, 
and that the transcription factor Runx3 plays an important but not an essential role in this process. We further found that the 
availability of integrin β7 which heterodimerizes with CD103 was necessary but also constrained the surface expression of 
CD103. Notably, the forced surface expression of CD103 did not significantly alter the thymic development of conventional 
T cells but severely impaired the generation of MHC-II-restricted TCR transgenic T cells, revealing previously unappreciated 
aspects of CD103 in the selection and maturation of CD4 T cells. Unlike its effect on CD4 T cell development, however, 
CD103 overexpression did not significantly affect CD4 T cells in peripheral tissues. Moreover, the frequency and number 
of CD4 T cells in the small intestine epithelium did not increase even though E-cadherin is highly expressed in this tissue. 
Collectively, these results suggest that most mature CD4 T cells are refractory to the effects of CD103 expression, and that 
they presumably utilize CD103-independent pathways to control their tissue retention and residency.
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Introduction

Both CD4 helper and CD8 cytotoxic T cells are gener-
ated from a common precursor in the thymus [1]. The 
molecular mechanism that drives the bifurcation of imma-
ture thymocytes into CD4 versus CD8 lineages has been 
mostly deciphered and was found to involve the mutually 
exclusive expression and antagonistic functions of the two 
transcription factors ThPOK and Runx3 [2]. CD8 T cell 
identity is established by the runt-related transcription 
factor 3, Runx3, which suppresses the CD4-specifying 
effects of ThPOK [3]. Notably, Runx3 is absent in pre-
selection thymocytes but induced upon positive selection 
by intrathymic cytokines that impose CD8 lineage fate 
[4–7]. Consequently, Runx3-deficient mice are impaired in 
CD8 T cell differentiation, and these mice display a sub-
stantial paucity of CD8 T cells in peripheral tissues [4, 8]. 
Runx3 was further found to be necessary for CD8 lineage 
commitment, as it silences CD4 coreceptor expression and 
upregulates CD8 gene expression [4]. Additionally, Runx3 
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is also required for CD8 effector T cell function because 
it establishes cytotoxic features, such as the expression 
of granzyme B, perforin, IFNγ and eomesodermin, and 
guards against their deviation into follicular helper T 
lineage cells [9, 10]. Thus, Runx3 plays a central role in 
specifying the phenotypic and functional features of CD8 
lineage T cells.

The expression of the integrin CD103, which is also 
referred to as αE, is induced during CD8 lineage differentia-
tion in the thymus. CD103 is selectively found on CD8 T 
cells but not on CD4 T cells. As such, CD103 has been con-
sidered to be a CD8 lineage-specific molecule whose expres-
sion is induced downstream of Runx3 [11–13]. CD103 
mediates cell adhesion to epithelial cells by binding to its 
ligand, E-cadherin. Because E-cadherin is highly expressed 
on gut epithelial cells, the selective expression of CD103 
on CD8 T cells confers them an advantage for the migration 
and tissue residency in the gut [14, 15]. Indeed, among all 
peripheral tissues, the small intestinal mucosa is unique, as 
it contains more CD8 T cells than CD4 T cells. In most other 
tissues, CD4 T cells predominate over CD8 T cells [16–18]. 
It remains unclear whether such preferential accumulation 
of CD8 T cells in the gut is solely mediated by the selective 
CD103 expression on CD8 T cells or whether forced expres-
sion of CD103 on CD4 T cells would also cause them to 
be recruited and retained in the gut mucosa. In this regard, 
the biological implications of CD8 lineage-specific CD103 
expression remain unexplored. It is also unclear whether 
CD4 T cells lack CD103 simply because they are absent 
for Runx3. Moreover, CD103 is highly expressed on tissue-
resident memory T cells (TRM), where it mediates their tis-
sue residency and prevents their entry into the circulation 
[15]. Thus, it is conceivable that CD103 expression is sup-
pressed on CD4 T cells to prevent their tissue residency and 
to facilitate their tissue trafficking and migration. However, 
these possibilities have not yet been examined. Thus, the 
biological significance of the CD8 T cell-specific expression 
of CD103 or the suppression thereof on CD4 T cells remains 
to be clarified.

Here, we addressed these questions using experimen-
tal mice in which CD103 was engineered to be ectopically 
expressed on CD4 T cells (CD103Tg). To maximize surface 
CD103 expression, we further introduced an integrin β7 
transgene (β7Tg) into CD103Tg mice to generate CD103, β7 
double transgenic mice (CD103Tgβ7Tg). Surface staining 
for CD103 confirmed that the CD4 T cells of these mice 
expressed copious amounts of CD103 protein. However, 
CD103 expression on CD4 T cells did not alter their distri-
bution and accumulation in peripheral tissues, indicating that 
CD103 is unlikely to be involved in tissue tropism of CD4 T 
cells under steady-state conditions. Thus, surprisingly, CD4 
T cells are refractory to the tissue retention-inducing and 
gut-tropic effects of CD103, and these findings necessitate 

the re-evaluation of the biological significance of CD103 
on CD4 T cells.

Results

Runx3 promotes but is not required for integrin 
CD103 expression

We embarked on this study to understand why CD103 
would be only expressed on CD8 T cells and not CD4 T 
cells, and whether such selective CD103 expression would 
be required for normal T cell immunity. Earlier studies sug-
gested a requirement for Runx3 to express CD103 on CD8 
T cells [11–13]. In agreement, we confirmed that Runx3 
gene reporter expression, i.e., Runx3-YFP, highly correlated 
with surface CD103 expression, as demonstrated in lymph 
node (LN) T cells and thymocytes of Runx3YFP/+ reporter 
mice (Fig. 1A and Supplemental Fig. 1A) [13]. We further 
affirmed that Runx3 is critical for CD103 upregulation by 
utilizing Runx3YFP/YFP homozygous mice where both alleles 
of Runx3 are disrupted by insertion of YFP reporter con-
structs [13]. Runx3YFP/YFP homozygous mice are unable to 
produce Runx3 (i.e., Runx3KO), and they contained signifi-
cantly lower frequencies of CD8 LN T cells compared to 
WT mice (Fig. 1B middle). Notably, the decrease in periph-
eral CD8 T cell frequency was due to the lack of Runx3 and 
not because of the lack of CD103 expression because CD103 
deficiency (CD103KO) [19] did not affect the percentages or 
numbers of CD8 LN T cells (Fig. 1B right and Supplemental 
Fig. 1B). In fact, we also did not find any major changes in 
T cell development in the thymus of CD103KO mice (Sup-
plemental Fig. 1C). An important function of Runx3 is the 
upregulation of cytotoxic lineage molecules, such as gran-
zyme B and perforin [9]. The lack of CD103, however, did 
not affect their expression which are induced downstream of 
Runx3 (Supplemental Fig. 1D). Therefore, CD103 expres-
sion is dispensable for the development and differentiation 
of CD8 T cells, and the requirement for Runx3 in CD8 T 
cell development is not due to a requirement for CD103 
expression.

To further understand the biological implication of 
CD103 expression being linked with Runx3 expression, 
we next aimed to affirm whether Runx3 is a prerequisite 
for CD103 expression. To this end, we assessed CD103 
abundance on CD8 T cells from WT and Runx3KO mice. In 
agreement with previous reports [4, 11], we confirmed that 
Runx3 deficiency resulted in significantly reduced CD8 T 
cell numbers in LN, spleen, and small intestine intraepithe-
lial lymphocytes (IELs) (Supplemental Fig. 2A). The pro-
tein abundance of CD103 was also dramatically decreased 
on Runx3-deficient CD8 LN T cells (Fig. 1C left and Sup-
plemental Fig. 2B left). While these results indicated that 
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Fig. 1   Runx3 is associated with but not required for CD103 expres-
sion on CD8 T cells. A Runx3 gene reporter (top) and surface CD103 
expression (bottom) in CD8 and CD4 LN T cells of Runx3YFP/+ 
and WT mice, respectively. The results are representative of at least 
3 independent experiments with a total of 5 WT and 3 Runx3YFP/+ 
mice. B CD8 versus CD4 profiles in LN T cells in WT, Runx3KO, and 
CD103KO mice. The results are representative of at least 5 independ-
ent experiments with a total of 7 WT, 5 Runx3KO, and 7 CD103KO 
mice. C Surface CD103 expression on CD8 LN T cells (LNT) and 
mature CD8SP thymocytes of WT and Runx3KO mice. Histograms 
show staining of anti-CD103 (shaded) versus isotype control anti-

body (open). Data are representative (top), and the bar graphs show 
a summary (bottom) of 5 independent experiments with a total of 5 
WT and 5 Runx3KO mice. D Surface CD103 expression on CD8αβ 
TCRβ+ IELs of WT and Runx3KO mice. Histograms show the stain-
ing of anti-CD103 (shaded) versus isotype control antibody (open). 
Data are representative (top), and the bar graph shows a summary 
(bottom) of 4 independent experiments (bottom) with a total of 4 WT 
and 4 Runx3KO mice. E Surface CD103 expression on Runx3KO CD8 
LN T cells that were FACS-sorted for CD103-negative cells and then 
cultured in  vitro for 4  days with 5  ng/mL recombinant TGFβ. Dot 
plots are representative of 2 independent experiments
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Runx3 is necessary to induce CD103 expression, we were 
surprised to find that the majority of CD8 single-positive 
(SP) thymocytes in Runx3KO mice still expressed CD103 
even in the absence of Runx3 (Fig. 1C right). Moreover, 
we found that CD8 IELs showed abundant CD103 expres-
sion at levels indistinguishable from those of WT CD8 IELs 

(Fig. 1D and Supplemental Fig. 2B right). These results 
suggested that Runx3 is not essential to upregulate the 
expression of CD103 on CD8 T cells. In fact, the cytokine 
TGFβ, which is an inducer of CD103 expression (Supple-
mental Fig. 2C) [20], still upregulated CD103 expression 
on Runx3KO CD8 T cells, revealing a Runx3-independent 
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pathway of CD103 expression (Fig.  1E). Nonetheless, 
Runx3 was required to maximize CD103 upregulation by 
TGFβ, which we demonstrated by the diminished de novo 
expression of CD103 in Runx3KO CD8 T cells upon in vitro 
TGFβ stimulation of FACS-sorted CD103-negative CD8 T 
cells (Supplemental Fig. 2D). Thus, Runx3 clearly promotes 
but is not an essential requirement for CD103 expression 
in CD8 T cells. These findings indicated that the lack of 
CD103 on CD4 T cells is not simply a consequence of lack-
ing Runx3, but a developmentally controlled event with 
potential biological significance.

Forced Runx3 expression is not sufficient for robust 
CD103 expression on CD4 T cells

Because Runx3 was not required to induce CD103 expres-
sion on CD8 T cells (Fig. 1C, D), we further wished to know 
if Runx3 would be sufficient to induce CD103 expression 
on CD4 T cells. Contrary to CD8 T cells, CD4 T cells nor-
mally lack the expression of both Runx3 and CD103 [11, 
21]. Thus, we generated transgenic mice that overexpressed 
mouse Runx3 cDNA under the control of the human CD2 
promoter/enhancer (Runx3Tg) to assess potential upregula-
tion of CD103. Intracellular staining of Runx3 proteins in 
Runx3Tg T cells demonstrated the successful expression 
of transgenic Runx3 proteins in CD4 T cells (Fig. 2A). 
While Runx3 imposes CD8 lineage fate in the thymus, 
Runx3Tg CD4 T cells remained committed to the CD4 line-
age. ThPOK, a zinc-finger transcription factor that speci-
fies CD4 lineage fate [2], was also expressed in similar 

amounts in Runx3Tg CD4 T cells as in WT CD4 T cells 
(Fig. 2B). The ectopic expression of Runx3, however, failed 
to induce CD103 on most CD4 T cells, except on a small 
subset (Fig. 2C). The upregulation of CD103 on Runx3Tg 
CD4 T cells was associated with the increased expression 
of integrin β7 which pairs with CD103 to form the αEβ7 
heterodimer (Fig. 2D) [22]. Thus, Runx3Tg CD4 LN T cells 
contained a significantly increased population of CD103, β7 
coexpressing cells (Fig. 2E), that was also present in CD4 
T cells from the spleen and small intestine IELs of Runx3Tg 
mice (Supplemental Fig. 3A and B). The cellular identity 
of these CD4 T cells that upregulated CD103 expression is 
not yet clear to us. However, we found them highly enriched 
for CD44hiCD62Llo memory phenotype cells (Fig. 2F bot-
tom). On the other hand, such an increase in memory phe-
notype cells did not affect the overall CD4 T cell numbers 
in peripheral lymphoid organs (Supplemental Fig. 3C). Col-
lectively, these results demonstrated that both CD103 and 
β7 can be forced to be expressed, at least in a subset of CD4 
T cells, but that the transgenic expression of Runx3 alone 
was clearly insufficient to fully upregulate CD103 and β7 
expression on all CD4 T cells.

Forced expression of the integrin β7 does 
not increase Runx3‑induced CD103 expression

CD103 is expressed as a heterodimer with the integrin β7 
[22]. It is unclear whether CD103 can be transported to the 
cell surface by itself or whether β7 is required for the cell 
surface expression of CD103. Thus, we wished to rule out 
the possibility that the availability of integrin β7 is limit-
ing and constrains the CD103 expression in Runx3Tg CD4 
T cells. To this end, we aimed to overexpress integrin β7 
in CD4 T cells. We generated transgenic mice that overex-
pressed the cDNA of mouse Itgb7, which encodes integrin 
β7, under the control of the human CD2 promoter/enhancer 
(β7Tg). We confirmed a modest but statistically significant 
increase in surface β7 expression on both CD8 and CD4 LN 
T cells of β7Tg mice (Fig. 3A). However, the increased β7 
availability did not increase the amount of CD103 on β7Tg 
CD8 LN T cells or CD4 LN T cells (Fig. 3B). These results 
suggested that, at least in mature T cells, the abundance 
of surface CD103 was not limited by the availability of β7 
(Fig. 3B). We also found that increasing the amount of β7 
failed to further upregulate CD103 expression on Runx3Tg 
thymocytes and LN T cells (Fig. 3C). Thus, the CD103 
abundance on β7-transgenic Runx3Tg (Runx3Tgβ7Tg) T cells 
remained similar to CD103 expression on T cells expressing 
Runx3Tg alone (Fig. 3C). Specifically, the amounts of CD103 
and β7 on Runx3Tgβ7Tg thymocytes and LN T cells were 
similar to those on Runx3Tg cells (Fig. 3C). Collectively, 

Fig. 2   Forced expression of Runx3 induces CD103 expression on 
CD4 T cells. A Intracellular Runx3 expression in CD4 and CD8 LN 
T cells of WT and Runx3Tg mice. Histograms show staining of anti-
Runx3 (shaded) versus isotype control antibody (open). Data are 
representative (top), and bar graphs show a summary (bottom) of 3 
independent experiments with a total of 3 WT and 7 Runx3Tg mice 
(CD8) and 4 WT and 5 Runx3Tg mice (CD4). B Intracellular ThPOK 
expression in CD4 LN T cells of WT and Runx3Tg mice. Histogram 
is representative (left) and the bar graph shows the summary (right) 
of 3 independent experiments with a total of 4 WT and 6 Runx3Tg 
mice. C, D Surface CD103 (C) and β7 (D) expression was assessed 
on CD4 and CD8 LN T cells of WT and Runx3Tg mice. Histograms 
show staining of anti-CD103 or anti-β7 (shaded) versus isotype con-
trol antibody (open). Data are representative (left), and bar graphs 
show a summary of 3 independent experiments (right) with a total of 
3 WT and 3 Runx3Tg mice. E Coexpression of CD103 and β7 in CD4 
LN T cells of WT and Runx3Tg mice. CD4 LN T cells were assessed 
for CD103 and β7, and the frequency of CD103, β7 coexpressing 
cells were determined. Data are representative (left), and bar graphs 
(right) show a summary of 2 independent experiments with a total of 
3 WT and 3 Runx3Tg mice. F Phenotype of CD103+β7+ coexpress-
ing CD4 LN T cells. Naïve and memory phenotype was assessed by 
CD44 versus CD62L staining on CD103+β7+ (bottom) and CD103-
negative β7lo (top) CD4 LN T cells. Data are representative of 2 inde-
pendent experiments with a total of 3 WT and 3 Runx3Tg mice

◂
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these results indicated that CD103 expression is controlled 
by distinct mechanisms between CD4 and CD8 T cells, and 
they further suggest that factors other than Runx3 and β7 

would be necessary to fully induce the expression of CD103 
on CD4 T cells.

Fig. 3   Increased availability of integrin β7 is insufficient to upregu-
late CD103 expression on Runx3Tg CD4 T cells. A Surface β7 expres-
sion on CD4 and CD8 LN T cells of WT and β7Tg mice. Data are rep-
resentative (left), and bar graphs show the summary of 5 independent 
experiments (right) with a total of 5 WT and 5 β7Tg mice. B Surface 
CD103 expression on CD8 and CD4 LN T cells of WT and β7Tg 
mice. Data are representative, and bar graphs show the summary of 4 

independent experiments with a total of 4 WT and 5 β7Tg mice (CD8) 
and 4 WT and 4 β7Tg mice (CD4). C Surface CD103 and β7 expres-
sion on CD4SP and CD8SP thymocytes (left) and CD4 and CD8 LN 
T cells (right) of Runx3Tgβ7Tg mice. The results are representative of 
2 independent experiments with a total of 2 WT, 2 Runx3Tg and 2 
Runx3Tgβ7Tg mice
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Forced expression of integrin CD103 and β7 
on thymocytes

As an alternative and direct approach to express CD103 
on CD4 T cells, we generated transgenic mice that over-
expressed CD103 under the control of the human CD2 
promoter/enhancer elements (CD103Tg). While the forced 
expression of CD103 did not increase the abundance of 
CD103 in immature double-negative thymocytes, the 
CD103Tg was sufficient to upregulate surface CD103 
expression on immature double-positive (DP) and CD4SP 
thymocytes that normally do not express CD103 (Fig. 4A, 
second row). Such an effect of CD103Tg on CD103 expres-
sion was distinct to the effect of the β7Tg, which failed to 
increase CD103 abundance on DP and CD4SP thymo-
cytes (Fig. 4A, third row). The co-expression of β7Tg with 
CD103Tg (CD103Tgβ7Tg), however, dramatically increased 
the amount of surface CD103 proteins on all thymocytes 
(Fig. 4A, last row). As such, the abundance of CD103 pro-
teins on CD103Tgβ7Tg CD4SP cells increased more than 
fivefold compared to CD103Tg CD4SP cells that do not coex-
press the β7Tg (Fig. 4A, last row). This was also the case for 
CD103Tgβ7Tg DP thymocytes which expressed more than 
15-fold greater amounts of surface CD103 than CD103Tg 
DP cells without the β7Tg. These results revealed that the 
surface expression of CD103 is constrained by the avail-
ability of β7, and that CD103 requires heterodimerization 
with β7 to maximize cell surface expression. Conversely, 
our results also revealed that the cell surface abundance 
of β7 is controlled by the availability of CD103, as dem-
onstrated by the β7 expression in thymocytes of β7Tg and 
CD103Tgβ7Tg mice (Supplemental Fig. 4). While the sur-
face β7 expression on DP and CD4SP thymocytes of β7Tg 
mice was significantly increased compared to WT control 
mice (Supplemental Fig. 4, first versus third row), it required 
the co-expression of the CD103Tg to dramatically and fully 
upregulate β7 expression in these cells (Supplemental Fig. 4, 
last row). Collectively, these findings establish CD103, β7 
heterodimerization as a new mechanism to control the sur-
face abundance of CD103 and β7 proteins. Thus, maximiz-
ing the expression of CD103 in CD103Tg mice requires an 
accompanying increase in β7 expression.

T cell development in CD103Tgβ7Tg mice

Having achieved our goal to force CD103 expression on T 
cells, we next aimed to examine the effect of forced CD103 
expression on the tissue distribution of CD103Tgβ7Tg T 
cells. CD103 binds to E-cadherin, and the thymic medulla 
is enriched in E-cadherin-expressing stromal cells [23]. 
In fact, we found that thymic stromal cells but not LN 
stromal cells expressed substantial amounts of E-cadherin 
(Fig. 4B). Thus, we first assessed whether newly generated 

CD103Tgβ7Tg CD4 T cells would accumulate in the thy-
mus because of potential thymic retention mediated by 
binding to E-cadherin. Interestingly, the forced CD103 
expression on thymocytes did not affect thymocyte devel-
opment or positive selection as documented by CD69 
and TCRβ analysis in WT and CD103Tgβ7Tg mice which 
did not differ from each other (Supplemental Fig. 5A). 
Moreover, the frequency of mature TCRβhi thymocytes 
was unaffected (Supplemental Fig. 5B), and we did not 
find any substantial changes in the frequency of CD8SP 
cells among total thymocytes and no significant increase 
in CD4SP cells when gating on TCRβhi mature thymo-
cytes (Fig. 4C and Supplemental Fig. 5C). In fact, the 
frequency of mature CD4SP cells was slightly reduced, 
whereas the frequency of CD8SP cells remained unaltered 
(Supplemental Fig. 5C). Therefore, the forced expression 
of CD103 did not result in the accumulation of CD4 T 
cells in the thymus.

Immature thymocytes undergo TCR rearrangement that 
permits the acquisition of new TCR specificities which 
could circumvent potential detrimental effects of prema-
ture or ectopic CD103 expression. Thus, we next examined 
the T cell development in CD103Tgβ7Tg mice that express 
a fixed T cell receptor. The 2D2 is an MHC-II-restricted 
TCR which imposes CD4 lineage fate onto developing 
thymocytes, permitting us to track the generation of a 
monoclonal CD4 T cell population [24]. In agreement 
with previous observations [24], 2D2 TCR transgenic mice 
generated a large population of CD4SP cells but virtually 
no CD8SP thymocytes (Fig. 4D, left). Surprisingly, 2D2 
TCR transgenic mice that were forced to express CD103 
and β7 (2D2.CD103Tgβ7Tg) were severely impaired in 
their thymopoiesis, with dramatically reduced thymocyte 
numbers and inefficient CD4SP cell generation (Fig. 4D, 
right). To pinpoint the developmental block in 2D2.
CD103Tgβ7Tg mice, we assessed the TCRβ versus CD24 
expression to visualize pre-selection (CD24hiTCRβlo) and 
post-selection (CD24loTCRβhi) thymocytes (Fig. 4E). The 
2D2 TCR transgene permitted effective positive selection 
in the thymus, thus resulting in the generation of a large 
number of mature CD4 T cells (Fig. 4E, left). In marked 
contrast, the frequency of CD24loTCRβhi post-selection 
thymocytes in 2D2.CD103Tgβ7Tg mice was dramatically 
reduced (Fig. 4E, right). CD4 lineage differentiation was 
also substantially impaired, resulting in the appearance of 
lineage-mismatched CD8 T cells expressing the 2D2 TCR 
transgene (Fig. 4E and Supplemental Fig. 5D). To directly 
assess the effect of forced CD103 and β7 expression on the 
positive selection of 2D2 thymocytes, we next stained for 
CD69, a classical marker of thymic positive selection [25]. 
Compared to 2D2 mice, the frequency of TCRβhiCD69+ 
cells which correspond to thymocytes undergoing positive 
selection was significantly reduced in 2D2.CD103Tgβ7Tg 
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mice (Fig. 4F). Thus, the forced expression of CD103 and 
β7 interferes with and impairs the positive selection of 
2D2 thymocytes. Because immature DP thymocytes of 
2D2.CD103Tgβ7Tg mice express large amounts of CD103 
and β7 (Fig. 4G), these results suggest that the premature 
expression of CD103 is detrimental for thymocyte devel-
opment, presumably by binding to thymic stromal E-cad-
herin and by interfering with their intrathymic migration.

Tissue distribution of CD4 T cells that are forced 
to express CD103

Once thymocytes emigrate from the thymus, they move into 
and repopulate peripheral lymphoid tissues. To assess the 
effect of CD103, β7 overexpression on peripheral T cells, 
we next examined the frequencies and numbers of LN T 
cells in 2D2 and 2D2.CD103Tgβ7Tg mice. Compared to 2D2 
mice, 2D2.CD103Tgβ7Tg mice were severely lymphopenic in 
peripheral tissues as shown for LN T cells (Fig. 5A). These 
results indicated that the forced expression of CD103 and 
β7 interfered with and suppressed the homeostasis of 2D2 
T cells. Moreover, the frequency of LN CD4 T cells was 
significantly reduced, while the frequency of LN CD8 T 
cells was substantially increased in 2D2.CD103Tgβ7Tg mice 
(Supplemental Fig. 6A). CD8 T cells normally express 
large amounts of CD103, so that the forced expression of 

CD103 would have less detrimental effects on CD8 T cells 
compared to CD4 T cells. The CD8 T cells in 2D2 mice 
are TCR/coreceptor mismatched because they express the 
MHC-II-restricted 2D2 TCR in association with the CD8 
coreceptor which binds to MHC-I. Whether such TCR/core-
ceptor mismatch would alleviate any detrimental effects of 
CD103 overexpression in 2D2.CD103Tgβ7Tg CD8 T cells 
is currently unclear to us. It is also unclear why CD8 T 
cells in 2D2.CD103Tgβ7Tg mice retained a naïve phenotype, 
whereas CD8 T cells in 2D2 mice contain a large popula-
tion of memory phenotype cells (Fig. 5B, bottom). We aim 
to address the molecular basis of such distinct phenotypes 
in follow-up studies.

In contrast to CD8 T cells, the CD4 T cells in 2D2 
and 2D2.CD103Tgβ7Tg mice were both enriched for 
CD44hiCD62Llo memory phenotype cells (Fig. 5B, top). 
Thus, the CD4 T cells in these mice are phenotypically 
comparable, and it would have been interesting to further 
analyze them for the effects of forced CD103, β7 expression. 
However, we found the 2D2 TCR transgenic mouse model 
being inadequate to assess the effect of CD103 expression in 
CD4 T cells, because CD4 T cell numbers were dramatically 
reduced in 2D2.CD103Tgβ7Tg mice (Supplemental Fig. 6A). 
Under these circumstances, it would be difficult to discrimi-
nate the role of CD103 in the survival versus tissue distribu-
tion of peripheral CD4 T cells.

Thus, to examine whether forced CD103 expression on 
CD4 T cells affects their tissue distribution, we assessed 
the frequency and phenotype of CD4 T cells in the LN and 
spleen of WT and CD103Tgβ7Tg mice (Fig. 5C and Supple-
mental Fig. 6B). In both organs, we found that the CD4 T 
cell frequencies were unaffected by forced CD103 expres-
sion. Notably, peripheral CD4 T cells of CD103Tgβ7Tg mice 
expressed copious amounts of both CD103 and β7 (Fig. 5D), 
whereas CD4 T cells of WT mice were devoid of CD103 and 
only expressed low levels of β7 (Fig. 5D). Additionally, the 
ectopic expression of CD103 on CD4 T cells did not alter 
their distribution in nonlymphoid tissues, as we did not find 
increased accumulation of CD4 T cells among CD45+-gated 
T cells in the liver and in the lung of CD103Tgβ7Tg mice 
(Supplemental Fig. 6C). Altogether, these results indicate 
that CD4 T cells under steady-state condition are refractory 
to the cell retention effect of CD103 in peripheral tissues.

Finally, to examine if such was the case for all CD4 T cell 
subsets, we also assessed the frequency of CD25+Foxp3+ 
regulatory T cells (Tregs) among CD4 T cells of 
CD103Tgβ7Tg mice. We did not find any significant changes 
in the CD25+Foxp3+ Treg cell population because the fre-
quencies of Treg cells were similar in the thymus, LN and 
spleen of WT and CD103Tgβ7Tg mice (Fig. 5E and Supple-
mental Fig. 6D). Collectively, and contrary to our expecta-
tion that forced CD103 expression would alter the tissue 
distribution of CD4 T cells, these results demonstrated that 

Fig. 4   Generation of CD103+ CD4 T cells by transgenic expression 
of CD103 and β7. A Surface CD103 expression on DN, DP, and 
mature CD4SP and CD8SP thymocytes of WT, CD103Tg, β7Tg, and 
CD103Tgβ7Tg mice. Shaded histograms show anti-CD103 staining; 
open histograms indicate control antibody staining. ∆Mean Fluo-
rescence Intensity (∆MFI) of CD103 expression was determined by 
subtracting the control antibody MFI from CD103 MFI. The results 
are representative of 7 independent experiments with a total of 7 WT, 
7 CD103Tg, 7 β7Tg, and 7 CD103Tgβ7Tg mice. B E-cadherin expres-
sion on thymus and LN stromal cells. Shaded histograms show anti-
E-cadherin staining; open histograms indicate control antibody stain-
ing. Results are representative of at least 2 independent experiments. 
C CD4 versus CD8 profile of total (top) or TCRβ+-gated (middle) 
mature thymocytes of WT and CD103Tgβ7Tg mice. The results are 
representative of 8 independent experiments with a total of 10 WT 
and 10 CD103Tgβ7Tg mice. D CD4 versus CD8 thymocyte profiles 
and cell numbers of 2D2 and 2D2.CD103Tgβ7Tg mice. The contour 
plot is representative (left) and the graph (right) is the summary of 5 
independent experiments with 6 2D2 and 6 2D2.CD103Tgβ7Tg mice. 
E CD24loTCRβhi mature CD4 and CD8 T cells in 2D2 and 2D2.
CD103Tgβ7Tg mice. Mature thymocytes were identified by CD24 
versus TCRβ staining (top), and CD4 versus CD8 expression were 
determined among CD24loTCRβhi thymocytes (bottom). Results are 
representative of 4 independent experiments with 5 2D2 and 5 2D2.
CD103Tgβ7Tg mice. F CD69+TCRβhi thymocytes in 2D2 and 2D2.
CD103Tgβ7Tg mice. Thymocytes undergoing positive selection were 
identified by the co-expression of CD69 and TCRβ. The contour 
plot is representative (left) and the graph (right) is the summary of 4 
independent experiments with 5 2D2 and 5 2D2.CD103Tgβ7Tg mice. 
G Surface CD103 and β7 expression on DP thymocytes of 2D2 and 
2D2.CD103Tgβ7Tg mice. Results are representative of 4 independent 
experiments with 5 2D2 and 5 2D2.CD103Tgβ7Tg mice
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CD103 expression in CD4 T cells did not affect their fre-
quencies and did not alter their presence in peripheral tissues 
when compared to normal CD4 T cells that lack CD103.

Characterization of CD103‑expressing CD4 IEL T cells

The forced CD103 expression on CD4 T cells did not cause 
the enrichment of CD4 T cells in lymphoid tissues, which 
might be explained by the insufficient numbers of E-cad-
herin+ cells in these sites. Thus, we wished to examine 
whether mature CD4 T cells would accumulate in E-cad-
herin-rich tissues, specifically in the small intestinal (SI) 
epithelium. The SI epithelium is a critical barrier tissue 
that harbors the largest number of lymphocytes in the body, 
which are collectively referred to as IELs [26]. CD103 plays 
a critical role in the tissue retention of SI IELs, and CD8 T 
cells express large amounts of CD103 [15]. Notably, the 
SI IEL αβ T cell population is uniquely enriched in CD8 
T cells, so that the SI is the only tissue where CD8 T cells 
outnumber CD4 T cells [16]. The selective expression of 
CD103 on CD8 T cells could have facilitated the retention of 
CD8 T cells in this E-cadherin-rich tissue. Thus, we aimed 
to examine whether the forced expression of CD103 would 
promote the accumulation of CD4 T cells among SI IELs.

Surprisingly, the overall frequency of αβ T cells did not 
differ between WT and CD103Tgβ7Tg SI IELs (Fig. 6A), and 
the frequency of SI IEL CD4 T cells also did not increase by 
the forced expression of CD103 and β7 (Fig. 6B). Instead, 
both the frequency and number of CD4 T cells were repro-
ducibly reduced among CD103Tgβ7Tg IELs (Fig. 6B). In 
contrast, the overexpression of CD103, β7 increased the 
frequency of CD8 T cells within the SI IEL population 
(Fig. 6B). Importantly, such an increase was not due to the 

accumulation of CD8αα T cells which are prevalent in IELs 
(Fig. 6C) [27]. These results document a dichotomy in the 
effect of CD103 on SI IEL tissue residency. CD103 promotes 
the tissue retention of CD8 T cells in the SI epithelium, but 
CD4 T cells are refractory to the increased abundance of 
CD103. It remains unclear why CD103 expression only pro-
motes the SI IEL tissue residency of CD8 T cells and not that 
of CD4 T cells. Here, we wish to point out that peripheral 
CD4 T cells, unlike CD8 T cells, only express small amounts 
of the CC chemokine receptor 9 (CCR9) which is considered 
an important gut-tropic chemokine receptor (Supplemental 
Fig. 6E) [28]. In fact, the CCR9 abundance remained very 
low on CD103Tgβ7Tg CD4 T cells from the LN and spleen, 
compared to the abundance on SI IELs (Fig. 6D). Therefore, 
the inefficient homing of CD103Tgβ7Tg CD4 T cells to SI 
epithelial tissues could provide a potential explanation why 
CD103 expression on CD4 T cells did not result in increased 
accumulation in the gut. We are currently addressing these 
possibilities, and we aim to obtain mechanistic insights in 
future studies.

Discussion

The integrin CD103 is selectively expressed on CD8 lineage 
T cells and conspicuously absent on most CD4 T cells [11, 
12]. Whether CD103 is detrimental for CD4 T cells, and 
thus, needs to be excluded from CD4 T cells is unknown. It 
also remains unclear whether CD103 impedes T cell recir-
culation by imposing tissue residency if expressed on CD4 T 
cells. Here, we addressed these questions by forcing CD103 
expression on CD4 T cells using transgenic approaches. 
We report that ectopic expression of CD103 did not alter 
the tissue distribution or cause the accumulation of CD4 T 
cells in peripheral tissues. CD103-expressing CD4 T cells 
also did not preferentially migrate to and accumulate in the 
gut, which is a site with high abundance of E-cadherin—
the only known ligand of CD103 [29]. Thus, CD4 T cells 
differ from CD8 T cells, as they are refractory to the tis-
sue retention effect of CD103. Moreover, these results indi-
cated that CD103 is absent on CD4 T cells, not because 
CD103 expression would cause adverse effects that need 
to be avoided. Instead, we consider it more likely that the 
molecular machinery that controls CD103 expression is 
absent in CD4 T cells but is triggered upon CD8 lineage 
differentiation, resulting in the distinct CD103 expression 
on CD4 and CD8 T cells.

The molecular basis of CD8 lineage-specific CD103 
expression has been mostly attributed to the effect of the 
CD8 lineage-specifying factor Runx3, which is specifi-
cally expressed by CD8 T cells and not by CD4 T cells [2]. 
Consequently, the initial studies which determined that 
CD103 expression occurs downstream of Runx3 led to the 

Fig. 5   Phenotypic characterization of CD103Tg CD4 T cells. A LN T 
cell frequency and numbers in 2D2 and 2D2.CD103Tgβ7Tg mice. The 
histogram is representative (left) and the graph (right) is the summary 
of 4 independent experiments with 5 2D2 and 5 2D2.CD103Tgβ7Tg 
mice. B Phenotype of 2D2 and 2D2.CD103Tgβ7Tg LN T cells. Naïve 
versus memory phenotype was assessed by CD44 versus CD62L 
staining in CD4 LN T cells (top) and by CD44 versus CD122 stain-
ing in CD8 LN T cells (bottom). Results are representative of 3 inde-
pendent experiments with 4 2D2 and 4 2D2.CD103Tgβ7Tg mice. C 
CD4 versus CD8 profiles of TCRβ+-gated LN T cells from WT and 
CD103Tgβ7Tg mice (left). The bar graph shows CD4 T cell frequen-
cies from LNs of WT and CD103Tgβ7Tg mice (right). The results 
show the summary of 8 independent experiments with a total of 
9 WT and 9 CD103Tgβ7Tg mice. D CD103 and β7 expression were 
determined on CD4 LN T cells of the indicated mice (top). Histo-
grams show staining of anti-CD103 or anti-β7 (shaded) versus iso-
type control antibody (open). Bar graphs show the ΔMFI of CD103 
and β7 on CD4 LN T cells of the indicated mice (bottom). The results 
are a summary of 4 independent experiments with a total of 4 WT 
and 4 CD103Tgβ7Tg mice. E Frequency of Foxp3+ Treg cells in the 
thymus, LN, and spleen of WT and CD103Tgβ7Tg mice. The results 
are representative of 6 independent experiments with a total of 6 WT 
and 6 CD103Tgβ7Tg mice
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assumption that CD103 would be associated with T cell 
functions that are specific to CD8 lineage cells. Because 
Runx3 induces the cytolytic transcriptional program in 

CD8 effector T cells [8, 9], it has also been suggested that 
CD103 might be a part of the CD8 T cell cytotoxic program. 
In support of this idea, CD103 engagement by E-cadherin 
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was found to trigger polarization of lytic granules in tumor-
infiltrating cytotoxic T lymphocytes (CTLs) and to promote 
degranulation and cytotoxicity. Furthermore, CD103 facili-
tated CTL conjugate formation with E-cadherin-expressing 
target cells and increased CTL cytotoxicity during allogenic 
T cell response [30]. Thus, CD103 can contribute to the 
cytotoxic function of CD8 T cells.

On the other hand, there were no major defects in CD8 
T cell immune responses when tested in CD103-deficient 
mice, and CD103-deficiency did not impact CD8 memory 
responses after viral infections either [31]. These results 
indicated the potential redundancy of CD103 with other cell 
adhesion molecules whose identities are unknown. Nonethe-
less, CD8 T cell immunity in CD103KO mice is not entirely 
without impairment. For example, CD103KO CD8 T cells 
failed to induce destruction of the intestinal epithelium in 
graft-versus-host disease [32], and they also failed to infil-
trate and destroy pancreatic islet allografts in an autoim-
mune mouse model [33]. Because CD103KO CD8 T cells 
were fully competent in mounting CTL responses in vitro 
but defective in graft rejection, these results indicated that 
the major function of CD103 is the tissue migration and 
retention of CD8 T cells rather than the direct regulation of 
cytolytic activity.

In this regard, we initially hypothesized that CD103 
would be absent on CD4 T cells because it could other-
wise interfere with their normal tissue migration and dis-
tribution. CD103 mediates tissue retention by binding to 
E-cadherin, which is highly expressed on epithelial cells, 
including thymic medullary epithelial cells and the SI epi-
thelial cells [34]. Thus, we expected that CD103+ CD4 T 
cells would preferentially accumulate in these sites. In fact, 
some tissue-resident CD4 memory T cells were previously 
found to express CD103, but its expression appeared to be 
less stringently associated with tissue residency compared 
to that of CD8 tissue-resident memory cells [35]. Detailed 
analysis of CD4 T cells from CD103Tgβ7Tg mice further sup-
ported such a distinct role for CD103 in CD4 versus CD8 T 

cells. Along these lines, we found no significant differences 
in the CD4 T cell frequencies between CD103Tgβ7Tg and 
WT mice when assessing their thymocytes and SI epithelial 
lymphocytes. We also did not find any changes in the CD4 T 
cell frequencies in other lymphoid organs, including the LN 
and spleen. Collectively, these results indicated that CD4 T 
cells are refractory to the tissue retention effect of CD103 
expression. These findings also suggested that CD103 
expression alone is possibly insufficient to drive CD4 T cell 
accumulation in the gut or in other tissues where E-cadherin 
is abundant. As a potential explanation, we noted that CD4 
T cells also differ from CD8 T cells in the expression of 
other gut homing receptors and specifically considered that 
CD4 T cells lack the chemokine receptor CCR9 [28]. CCR9 
is the receptor for the chemokine CCL25, which is specifi-
cally expressed in the thymus and the SI [36]. Curiously, 
CCR9 is only expressed on CD8 T cells and is not present 
in CD4 T cells [28]. Thus, CD4 T cells lack the ability to 
undergo chemotaxis in response to the CCL25 gradient. On 
the other hand, it is proposed that the expression of CCR9 on 
CD8 T cells would license their migration into gut tissues, 
resulting in the preferential accumulation of CD8 T cells in 
the SI epithelium [37]. In this regard, CD103Tgβ7Tg CD4 T 
cells might fail to take tissue residency in the SI epithelium 
because they lack the chemotactic signal that guides them 
to the gut in the first place. Forced expression of CCR9 in 
CD103Tgβ7Tg mice could determine whether it is indeed the 
lack of gut-tropic signals that impedes the accumulation of 
CD4 T cells in the SI epithelium. Transgenic CCR9 mice 
have been previously described [28], and we aim to make 
use of these mice to generate CD4 T cells that express both 
CD103 and CCR9 and examine their migration and tissue 
residency compared to those of WT CD8 T cells that natu-
rally express both molecules.

While most CD4 T cells do not express either CCR9 or 
CD103, nonetheless, there is a substantial fraction of CD4 
T cells that do express these molecules and that reside in the 
SI epithelium. Therefore, CD4 T cells evidently can express 
CD103 under steady-state conditions. However, the develop-
mental signals that induce CD103 expression remain mostly 
unknown. Because TGFβ can induce CD103 expression, it is 
not surprising that Foxp3+ CD4+ Treg cells, which require 
TGFβ for their generation, represent a prominent popula-
tion among CD4 T cells that express CD103 [38]. In this 
regard, CD103+ CD4 T cells in humans mostly correspond 
to Foxp3+ Treg cells [21], whereas in mice, CD103 expres-
sion in Treg cells is more heterogeneous, and the CD103+ 
subset has been referred to as “effector/memory”-like Treg 
cells with potent anti-inflammatory function [39]. However, 
it has been uncertain whether CD103 expression is induced 
to promote the generation of Foxp3+ Treg cells or whether 
CD103 is induced as a consequence of Foxp3+ Treg cell 
differentiation. Our current data suggest the latter to be the 

Fig. 6   Small intestine CD4+ IELs in CD103Tgβ7Tg mice. A Identifica-
tion of CD45+-gated αβ T cells in WT and CD103Tgβ7Tg mice (left). 
Bar graphs show frequencies of αβ T cells among CD45+-gated SI 
IELs (right). Data are representative of 5 independent experiments 
with a total of 6 WT and 5 CD103Tgβ7Tg mice. B Contour plots 
show CD4 versus CD8α profiles of αβ T cells among SI IELs (left). 
Bar graphs show frequency and number of CD4+ and the frequency 
of CD8α+ T cells among CD45+ TCRβ+-gated SI IELs in WT and 
CD103Tgβ7Tg mice (right). Results are the summary of 5 independ-
ent experiments with a total of 6 WT and 5 CD103Tgβ7Tg mice. C 
Frequency of CD8αβ and CD8αα αβ T cells among IELs of WT or 
CD103Tgβ7Tg mice. Contour plots are representative (left), and bar 
graphs are a summary of 5 independent experiments with a total of 
6 WT and 5 CD103Tgβ7Tg mice. D CCR9 expression on CD4 T cells 
from spleen, LN, and IELs of CD103Tgβ7Tg mice. The results are rep-
resentative of 3 independent experiments
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case because forced CD103 expression did not alter the fre-
quency of Foxp3+ cells among CD4 T cells in CD103Tgβ7Tg 
and WT mice.

The literature also documents cases where CD103 is 
expressed on CD4 T cells that are not Foxp3+ Treg cells. For 
example, in autoimmune Scurfy mice that lack Foxp3, some 
CD4 effector T cells express CD103, and these CD103+ CD4 
T cells contribute to the disease phenotype, because CD103 
deficiency ameliorated autoimmunity in scurfy mice [40]. 
The acquisition of CD103 expression in these autoimmune 
CD4 T cells was mediated by IL-2 because IL-2-deficiency 
reduced the CD103 expression on these CD4 effector T cells.

Additionally, it is noted that a fraction of tissue-resident 
memory CD4 T cells express CD103 akin to their CD8 T 
cell counterparts [41]. Thus, it is likely that memory CD4 
T cells utilize CD103 for their tissue retention in sites that 
are abundant in E-cadherin. Because antigen activation and 
cytokine-driven differentiation drive the generation of mem-
ory T cells, it is evident that cellular signals distinct from 
TGFβ can also induce CD103 expression. The identification 
of these cues will clarify the molecular pathways of CD103 
expression on CD4 T cells.

Along these lines, we wish to emphasize that the current 
study also revealed a new regulatory mechanism of CD103 
expression that depends on the integrin β7. While CD103 is 
expressed as a heterodimer with β7, it was not clear whether 
the surface expression of CD103 depends on β7. Detailed 
analysis of thymocyte subpopulations in CD103Tg and 
CD103Tgβ7Tg mice demonstrated this to be the case. CD103 
was only minimally expressed on immature DP thymocytes 
in CD103Tg mice. However, the additional transgenic expres-
sion of β7 dramatically increased the surface expression 
of CD103, and we hypothesize that it presumably does so 
because CD103 must heterodimerize with β7 to be trans-
ported or to be stably expressed on the cell surface. Assess-
ing either of these possibilities will need further investiga-
tion. Notably, we also found that β7 expression is limited by 
the availability of CD103, so that the overexpression of β7 
was insufficient to fully upregulate surface expression of β7 
in DP and CD4SP thymocytes. Instead, the co-expression 
of CD103Tg was required to fully upregulate β7. Altogether, 
here, we presented evidence that the availability of β7 limits 
the surface expression of CD103 and vice versa, thus intro-
ducing a new regulatory element that determines the abun-
dance of CD103 and β7. The physiological significance of 
this complex regulatory mechanism of CD103 expression is 
showcased in the 2D2.CD103Tgβ7Tg mice where the thymic 
development of MHC-II-restricted CD4 T cells was severely 
impaired, presumably by the ectopic expression of CD103 
in pre-selection thymocytes. While the molecular basis 
for the developmental arrest of 2D2 thymocytes remains 
unclear, we are considering a scenario where the CD103 
binding to E-cadherin in 2D2.CD103Tgβ7Tg immature DP 

thymocytes would make them adhere to the thymic cortex 
and impair their access to positively selecting peptide/MHC-
II complexes. Consistent with this hypothesis, we found that 
the frequency of CD69+ thymocytes in 2D2.CD103Tgβ7Tg 
mice was dramatically decreased. These results indicate that 
pre-selection thymocytes require effective intrathymic traf-
ficking to engage ligands and to undergo positive selection. 
Thymocytes with fixed TCR specificities, as is the case for 
2D2 TCR transgenic thymocytes, would have greater diffi-
culties in engaging the cognate ligand when their trafficking 
is constrained, resulting in the severely impaired positive 
selection and thymocyte maturation as described for 2D2.
CD103Tgβ7Tg CD4 T cells.

Finally, our study also re-examined the role of Runx3 as a 
master regulator of CD103 expression, which made us ques-
tion the use of CD103 as a marker for CD8 lineage T cells. 
Using mouse models of loss- or gain-of-Runx3 function, we 
showed that Runx3 is neither necessary for CD103 expres-
sion on CD8 T cells nor sufficient to fully induce CD103 
expression on all CD4 T cells. Moreover, this study indicates 
that the lack of CD103 on CD4 T cells is not a simple con-
sequence of the lack of Runx3 expression and that CD103 
expression alone is insufficient to significantly alter CD4 T 
cell tissue distribution and residency.

Materials and methods

Mice

C57BL/6 (B6 or WT) mice of both sexes were obtained 
from the  Charles River Laboratories (Frederick, MD). 
CD103KO mice [19] were purchased from the Jackson Labo-
ratory. Runx3YFP/+ and Runx3YFP/YFP mice were previously 
reported [13] and acquired through the Jackson Laboratory. 
2D2 TCR transgenic mice have been described [24], and 
they were kindly provided by Dr. V. Kuchroo (Harvard Uni-
versity). Runx3Tg mice were generated by transgenesis in 
which a mouse Runx3 cDNA was placed under the control 
of the human CD2 promoter/enhancer. In the same way, 
β7Tg mice were also generated by transgenesis by placing 
a mouse β7 cDNA under the control of the human CD2 
promoter/enhancer. Runx3Tgβ7Tg mice were generated by 
crossing Runx3Tg mice with β7Tg mice. CD103Tg mice were 
generated in this study by placing a mouse Itgae cDNA 
under the control of the human CD2 promoter/enhancer. 
CD103Tgβ7Tg animals were generated by crossing CD103Tg 
with β7Tg mice. Animal experiments were performed with 
6- to 12-week-old mice of both sexes. Approval of animal 
experiments was granted by the NCI Animal Care and Use 
Committee. All mice were cared for in accordance with NIH 
guidelines.
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Flow cytometry

Mice were sacrificed, and the lymphoid organs were har-
vested and processed into single cell suspensions in 10% 
fetal calf serum (FCS) in RPMI media. Cells were stained 
with the following antibodies: CD44 (IM7), TCRβ (H57-
597), Foxp3 (FJK-16), CD103 (2E7), β7 (FIB504), and 
CD8β (eBioH35-17.2), CD24 (M1/69) from ThermoFisher 
eBioscience; CD4 (GK1.5 and RM4.5), CD8α (53-6-
7), CD62L (MEL-14), CD69 (H1.2F3), CD25 (PC61.5), 
CD122 (TM-β1), Runx3 (R3-5G4), and ThPOK (T43-94) 
from BD Biosciences (San Jose, CA); and CD45 (30-F11), 
E-cadherin (DECMA-1), CCR9 (CW-1.2), Vα3.2 (RR3-16), 
Vβ11 (KT11) from BioLegend (San Diego, CA). For Foxp3 
staining, the Foxp3 intracellular staining buffer set was used 
according to the manufacturer’s instructions (Thermo Fisher 
eBioscience). For intracellular Runx3 and ThPOK stain-
ing, intracellular IC fixation and permeabilization buffers 
from Thermo Fisher eBioscience were used according to 
the manufacturer’s instructions. Flow cytometry data were 
acquired on LSRFortessa, X-20, or LSRII flow cytometers 
from BD Biosciences.

Lymphocyte isolation from nonlymphoid tissues

Lymphocytes were enriched from the lung and liver using 
Percoll gradients as previously described [42, 43]. For IEL 
isolation, the small intestines of mice were harvested and 
flushed with ice-cold 2% FCS in HBSS twice to remove 
all fecal material. The lumen of the small intestine was cut 
open longitudinally, diced transversely into 1 cm pieces 
and washed with fresh 2% FCS in HBSS twice. The pieces 
were then placed into 25 mL of solution A media (10% FCS, 
0.0154 g DL-dithiothreitol, and 1% 0.5 M EDTA in HBSS, 
prewarmed to 37 °C) and shaken at 245 rpm for 45 min at 
37 °C. The SI pieces were passed through a 70 µm filter, 
and the suspension was pelleted at 1,500 rpm for 7 min, 
washed in ice-cold PBS, and resuspended in 10% FCS in 
HBSS at 20 × 106 cells/mL. SI epithelial cells were removed 
from the cell suspension by negative selection upon incuba-
tion with 10 µL/mL of anti-EpCAM antibody (eBiosciences, 
clone G8.8) for 30 min on ice and washed in 10% FCS in 
HBSS, followed by incubation with BioMag beads (Qiagen) 
and magnetic separation. IELs were then analyzed by flow 
cytometry.

In vitro stimulation with TGFβ

T cells were enriched from the lymph nodes (LNs) of WT 
and Runx3KO mice by negative selection using anti-mouse 
IgG BioMag beads (Qiagen). The purity of the isolated cells 
was confirmed by flow cytometry. The LN T cells were 
resuspended in IMDM media at 1–2 × 106 cells/mL and 

stimulated with 5 ng/mL TGFβ (R&D Systems) for 4 days 
at 37 °C. On day 4, stimulated cells were analyzed by flow 
cytometry.

Isolation of stromal cells

For stromal cell isolation, thymus and pooled LNs (inguinal, 
brachial, and axillary) were teased into small pieces with 
sharp tweezers, resuspended in HBSS with 2% FCS, and 
then treated for enzymatic digestion with collagenase IV 
(1 mg/ml) and DNAse I (40 μg/ml) at 37 °C for 30 min under 
continuous agitation. Undigested tissues from this step were 
then treated for additional 15 min after adding collagenase 
D (3.5 mg/ml) and DNAse I (40 μg/ml), followed by passing 
through a 70 μm cell strainer (Falcon, Corning) to remove 
undigested debris. Cells were then resuspended in cell cul-
ture media before further analysis.

Quantitative real‑time PCR

TCRβ+ CD8 LN T cells were purified from WT and 
CD103KO mice. Total RNA was isolated using the RNeasy 
kit (Qiagen) and then reverse-transcribed into cDNA with 
the QuantiTect Reverse Transcription kit (Qiagen) per man-
ufacturer’s instructions. Quantitative real-time PCR (qRT-
PCR) was then performed with the QuantiTect SYBR Green 
detection system (Qiagen) on the QuantiStudio 6 RT-PCR 
instrument (Life Technologies) by following the manufac-
turer’s directions. The primer sequences were as follows: 
β-actin (forward: 5’-GAG​AGG​GAA​ATC​GTG​CGT​GA-3’; 
reverse: 5’-ACA​TCT​GCT​GGA​AGG​TGG​-3’), granzyme 
B (forward: 5’-CCT​CCA​GGA​CAA​AGG​CAG​GGGA-3’; 
reverse: 5’-CCC​ACA​TAT​CGC​CTC​AGG​CTGC-3’), and 
perforin (forward: 5’- ATG​TGG​CCG​CAG​CCA​AGG​TC-3’; 
reverse: 5’- AGG​CGC​GCA​TGT​TTG​CCT​CT-3’).

Statistical analysis

Statistical analysis was conducted using an unpaired two-
tailed Student’s t test using GraphPad Prism 7. Data repre-
sent the mean ± standard error of the mean (SEM). P values 
less than 0.05 were considered significant. P values greater 
than or equal to 0.05 were considered nonsignificant (N.S.).

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00018-​021-​03877-9.
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