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The SKI proto-oncogene restrains the resident CD103+CD8+

T cell response in viral clearance
Bing Wu1,2, Ge Zhang1,2,3, Zengli Guo1,2, Gang Wang1,2,4, Xiaojiang Xu5, Jian-liang Li 5, Jason K. Whitmire1,2,6, Junnian Zheng 4 and
Yisong Y. Wan1,2

Acute viral infection causes illness and death. In addition, an infection often results in increased susceptibility to a secondary
infection, but the mechanisms behind this susceptibility are poorly understood. Since its initial identification as a marker for
resident memory CD8+ T cells in barrier tissues, the function and regulation of CD103 integrin (encoded by ITGAE gene) have been
extensively investigated. Nonetheless, the function and regulation of the resident CD103+CD8+ T cell response to acute viral
infection remain unclear. Although TGFβ signaling is essential for CD103 expression, the precise molecular mechanism behind this
regulation is elusive. Here, we reveal a TGFβ–SKI–Smad4 pathway that critically and specifically directs resident CD103+CD8+ T cell
generation for protective immunity against primary and secondary viral infection. We found that resident CD103+CD8+ T cells are
abundant in both lymphoid and nonlymphoid tissues from uninfected mice. CD103 acts as a costimulation signal to produce an
optimal antigenic CD8+ T cell response to acute viral infection. There is a reduction in resident CD103+CD8+ T cells following
primary infection that results in increased susceptibility of the host to secondary infection. Intriguingly, CD103 expression inversely
and specifically correlates with SKI proto-oncogene (SKI) expression but not R-Smad2/3 activation. Ectopic expression of SKI restricts
CD103 expression in CD8+ T cells in vitro and in vivo to hamper viral clearance. Mechanistically, SKI is recruited to the Itgae loci to
directly suppress CD103 transcription by regulating histone acetylation in a Smad4-dependent manner. Our study therefore reveals
that resident CD103+CD8+ T cells dictate protective immunity during primary and secondary infection. Interfering with SKI function
may amplify the resident CD103+CD8+ T cell response to promote protective immunity.
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INTRODUCTION
Pathogenic infection has afflicted mankind throughout history. A
common complication during acute viral infection is increased
susceptibility to secondary infection morbidity and mortality.1–3

Multiple factors, including epithelial cell damage and innate
immune dysfunction, contribute to the susceptibility to secondary
infections.4,5 Nonetheless, whether and how adaptive immunity
and its effectors, especially CD8+ T cells, are involved is poorly
understood.
CD8+ T cells are critical for clearing infected and transformed

cells because they mount effective primary and memory
responses.6,7 Based on the expression of different surface markers,
CD8+ T cells can be categorized into various subsets.8 In particular,
CD103 was initially identified as a hallmark of tissue-resident
memory (Trm) CD8+ T cells that contributed to Trm CD8+ T cell
function.9 Encoded by the Itgae gene, CD103 is the αE subunit of
the heterodimeric integrin αEβ7.10 CD103 binds to its receptor E-
cadherin on target tissue cells to facilitate the tissue migration and

retention of Trm CD8+ T cells in barrier tissues.11 Nonetheless,
emerging evidence suggests that CD103 expression is not
restricted to memory CD8+ T cells in nonlymphoid tissues12 and
that CD103 may regulate diverse immune cell functions in a
microenvironment-dependent fashion.5,13–17 In addition, CD103
can promote the cytotoxic killing activity of CD8+ T cells and
increase TCR antigen sensitivity.18–22 This evidence suggests that
CD103 plays a broad role in CD8+ T cell immunity beyond
regulating the resident memory response. However, the regula-
tion and function of resident CD103+CD8+ T cells during acute
viral infection remain ill defined.
Therefore, the expression of CD103 is controlled is a question of

significance that is under intense investigation.23,24 Transforming
growth factor-beta (TGFβ) signaling is vital for CD103 expres-
sion.25–27 The binding of TGFβ to its receptors, including TGFβRI
and TGFβRII, leads to the phosphorylation and activation of
receptor-associated Smad2/3 (R-Smad2/3).28 TGFβ induces the
degradation of the SKI pro-oncogene and, as such, it negatively
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regulates TGFβ signaling.29 Both R-Smad2/3 and SKI can bind to
Smad4 to control target gene expression.28,30 Although TGFβR
and R-Smad2/3 have been shown to be required for CD103
expression,25,27 whether and how SKI and Smad4 control CD103
expression remains unaddressed to date. More importantly,
because interfering with TGFβR and R-Smad2/3 often leads to
unwanted global effects beyond CD103 function because of their
broad and pleiotropic functions, it is of interest to identify factors
and pathways that specifically control CD103 expression and
function.
Lymphocytic choriomeningitis virus (LCMV) is a prevalent

human pathogen that infects a large number of people.31

Infection of mice with LCMV can be used to study the underlying
principles of viral infection and immune response.32 Using mouse
LCMV infection models, we discovered that the TGFβ–SKI–Smad4
pathway is critical in directing CD103+CD8+ T cell generation to
fight against primary and secondary infection. We found that
the resident CD103+CD8+ T cell population was abundant in
nonpathogen-experienced mice, but it changed dynamically after
viral infection. Mice with a reduced CD103+CD8+ T cell population
were more susceptible to secondary infection. In addition, CD103
expression on CD8+ T cells was found to act as a costimulatory
signal for the primary T cell response against acute viral infection.
Interestingly, CD103 expression specifically and inversely corre-
lated with SKI expression but not R-Smad activation. Ectopic
expression of SKI restricted CD103+CD8+ T cells in vitro and
in vivo to hamper viral clearance. In addition, we found that
Smad4 was required for the suppression of CD103 expression
because CD103 was constitutively expressed in the absence of
Smad4 even when TGFβ signaling was abrogated. Furthermore,
SKI co-opted Smad4 to restrain CD103 expression by directly
binding to the Itgae loci and suppressing CD103 transcription
through the inhibition of histone acetylation.

RESULTS
Resident CD103+CD8+ T cells contribute to the control of primary
and secondary LCMV infection
To understand the contribution of resident CD103+CD8+ T cells to
immune defense, we examined the temporal change in CD103
expression in CD8+ T cells in different tissues before and after viral
infection. Appreciable fractions of CD103+CD8+ T cells were
identified in both lymphoid and nonlymphoid tissues in
pathogen-naive mice (Figs. 1a and S1a–c), which was in
agreement with previous reports and suggested a broad role of
CD103 in immunity.33–35 Upon acute LCMV Armstrong strain
infection,36 resident CD103+CD8+ T cell population declined
dramatically and reached their lowest levels ~7 days after
infection; this was followed by a gradual recovery of cell numbers,
as indicated at both the protein and mRNA levels at day 35 post
infection when the memory response was initiated (Figs. 1a, b and
S1a–c). Such a dynamic change in the CD103+CD8+ T cell
population suggests that these cells play a role in the acute
antiviral response.
It is noteworthy that re-exposure to LCMV infection 7 days after

the first infection, when CD103+CD8+ T cells were at low levels,
led to animal death (Fig. 1c), decline in body weight (Fig. 1d), and
reduced pathogen clearance (Fig. 1e), suggesting a protective role
of CD103+CD8+ T cells during secondary infection. Importantly,
antibody-mediated blocking of CD103 (Fig. S1d) led to similar
animal death (Fig. 1f), decline in body weight (Fig. 1g), and
reduced viral clearance (Fig. 1h) upon LCMV infection. In addition,
the virus-specific, GP33/H2-Db tetramer-positive37 CD8+ T cell
population was substantially reduced in mice pretreated with an
anti-CD103 antibody (Figs. 1i and S1e), although antibody
treatment itself did not perturb the CD8+ T cell population
(Fig. S1f). Thus, CD103 acts as a costimulation signal to ready CD8+

T cells for an optimal response to acute primary and secondary

infection. Furthermore, we found that anti-CD103 antibody-
treated mice that were also transplanted with CD103+CD8+

T cells (Fig. S1g, h) were more protected than those that were
transplanted with CD103-CD8+ T cells (Fig. 1j, k). These results
therefore suggest that reduced resident CD103+CD8+ T cell
numbers result in increased susceptibility to secondary infection
and that CD103 expression is important for CD8+ T cells to
respond to and clear viral infection.

TGFβ signaling is critical for the induction and maintenance of
CD103 expression
We next investigated how CD103 expression is regulated in CD8+

T cells. TGFβ signaling is required for the development of resident
memory CD103+CD8+ cells in barrier tissues.25,38 Similarly, we
found that the deletion of TGFβRII39 abrogated the CD103+CD8+

T cell population in both lymphoid and nonlymphoid tissues of
Cd4Cre;Tgfbr2fl/fl mice, suggesting an essential role of TGFβR
signaling in regulating CD103 expression during homeostasis
(Figs. 2a and S2a). In addition, by culturing purified CD103+CD8+

T cells in the presence or absence of TGFβ, we found that TGFβ
promoted the maintenance of CD103 expression on CD8+ T cells
in vitro (Figs. 2b and S2b). Moreover, low doses of TGFβ induced
de novo CD103 expression in activated CD103-CD8+ T cells in vitro
(Figs. 2c and S2c). These findings underscore a central role for
TGFβ signaling in inducing and maintaining CD103 expression
in vivo and in vitro.

SKI expression inversely correlates with CD103 expression in CD8+

T cells
Intriguingly, we consistently observed that only a portion of CD8+

T cells expressed CD103 following TGFβ stimulation (Fig. 2c). Such
observation could be attributed to a difference in the downstream
signaling of TGFβR in CD103+ vs. CD103− CD8+ T cells. To address
this, the phosphorylation levels of R-Smad2 and R-Smad3 were
first determined in CD103+ vs. CD103− CD8+ T cells. Of note, TGFβ
induced comparable phosphorylation of R-Smad2 and R-Smad3 in
CD103+ and CD103− CD8+ T cells in vitro (Fig. 3a, b). Of interest,
TGFβ-induced much more SKI degradation (Fig. S3a) in CD103+

than in CD103− CD8+ T cells in vitro (Fig. 3a, b). Similarly,
SKI protein expression inversely correlated with CD103 expression
in CD8+ T cells from mice during the course of LCMV infection,
although the phosphorylation of R-Smad2 and R-Smad3 did not
fluctuate (Fig. 3c, d). Mirroring what was observed in vitro,
CD103+CD8+ T cells expressed much lower levels of SKI than
their CD103−CD8+ counterparts in uninfected and LCMV-infected
mice, while the phosphorylation of R-Smad2 and R-Smad3
appeared comparable (Fig. 3e). The consistent inverse correlation
between SKI and CD103 expression strongly suggested a specific
role for SKI in restricting CD103 expression. Indeed, retrovirus-
mediated ectopic SKI expression potently suppressed the promo-
tion of CD103 expression in CD8+ T cells by TGFβ at both
the protein and mRNA levels (Figs. 3f and S3b). These
findings suggest that TGFβ-induced SKI downregulation, but not
R-Smad2/3 activation, specifically directs CD103 expression in
CD8+ T cells.

SKI suppresses resident CD103+CD8+ T cells to hamper antiviral
responses
To further investigate the role of SKI in controlling resident
CD103+CD8+ T cell-mediated antiviral function in vivo, we
generated a mouse strain in which a Cre recombinase-inducible
SKI expression cassette was knocked into the Rosa26 locus
(Rosa26-iSki strain) (Fig. S4a). By crossing Rosa26-iSki with
Cd4Cre40 mice, we ectopically expressed SKI in T cells in vivo
(Fig. S4b). Although SKI has been suggested to inhibit TGFβ
signaling,41 Cd4Cre;Rosa26-iSki (SKI-KI) mice were grossly normal,
unlike mice whose T cells are deficient in TGFβR or R-Smad2/
3.27,42–45 The homeostasis of CD4+ and CD8+ T cells in the
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Fig. 1 The distribution, dynamics, and function of resident CD103+CD8+ T cells during LCMV-Armstrong infection. a Flow cytometry analysis
of CD103+CD8+ T cells in the spleen (blue), liver (red), and lung (green) from wild-type (WT) mice at different time points after infection with
LCMV-Armstrong. (the mean ± s.d.; n= 3–4 mice of three experiments). b Itgae mRNA expression in splenic CD8+ T cells isolated from LCMV-
Armstrong-infected WT mice at the indicated time points, assayed by qRT-PCR. (the mean ± s.d; n= 3 experiments). c–e WT mice were
infected with LCMV-Armstrong once (1°) or twice (2°) as indicated. The survival (c), body weight change (d), and viral titers in different tissues
(e) were determined at the indicated time points. Organ samples were collected either at day 4 post 1st injection or 4 days after the 2nd

infection (11 days post 1st infection). (n= 14 mice of two experiments for c; n= 6 mice of three experiments for (d); the mean ± s.e.m. for (d); n
= 8 from three experiments for e; ***p < 0.001 per two-way multiple-range ANOVA test for (c) and (d); *p < 0.05, and **p < 0.01 two-sided t-test
for (e), centers indicate the mean values). f–h Mice were injected with 500 µg of anti-CD103 (αCD103) or with control PBS 3 days before they
were infected once with LCMV-Armstrong. The survival rate (f), body weight change (g), and viral titers in different tissues (h) were monitored
at the indicated time points. (n= 14 mice of two experiments for (h); n= 6 mice of three experiments for (g), n= 4 mice of two experiments
for (h). The mean ± s.e.m. for (g); ***p < 0.001 per two-way multiple-range ANOVA test for (f) and (g); **p < 0.01 per two-sided t-test for (h);
centers indicate the mean values). i The percentages of LCMV antigen-specific CD8+ T cells identified by LCMV-GP33/H2-Db tetramer staining
in different tissues from LCMV-infected mice that were treated with αCD103 or PBS for 3 days prior to LCMV infection. (n= 3 mice of two
experiments; *p < 0.05, and **p < 0.01 per two-sided t-test; centers indicate the mean values). j The experimental design of intravenous (i.v.)
transfer of purified CD103-CD8+ T cells and CD103+CD8+ T cells (CD45.1+CD45.2+) into αCD103 pretreated and irradiated WT (CD45.2+) mice,
which was followed by LCMV-Armstrong infection for (k) and Fig. S1g, h. k Viral titer in different tissues from recipient mice 4 days post LCMV-
Armstrong infection as depicted in (j). (n= 7 mice of two experiments; *p < 0.05, per two-sided t-test; centers indicate the mean values)
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periphery of these mice was largely unperturbed, although the
CD8+ T cell population was slightly reduced in the spleen and
lymph nodes (Fig. S4c, d). In addition, although SKI negatively
regulates TGFβ signaling,30 the development of regulatory
T cells remained undisturbed in SKI-KI mice (Fig. S4e). The
normal phenotype of SKI-KI mice under steady state therefore
allowed us to investigate how SKI specifically controls CD103
expression and function.
Consistent with the findings that retrovirus-mediated SKI

expression suppressed CD103 expression in CD8+ T cells in vitro
(Figs. 3f and S3b), CD8+ T cells from SKI-KI mice were defective in
gaining CD103 expression upon TGFβ stimulation in vitro (Fig. 4a,
b). Importantly, resident CD103+CD8+ T cell populations were
greatly reduced in both lymphoid and nonlymphoid tissues from
SKI-KI mice (Fig. 4c, d). By infecting SKI-KI mice with the LCMV-
Armstrong virus, we assessed how SKI expression could impact
host resistance to viral infection. We found that, unlike wild-type
mice, SKI-KI mice cleared viruses poorly (Fig. 4e) and lost weight
upon acute LCMV infection (Fig. 4f), which was associated with
impaired expansion of LCMV-specific GP33/H2-Db tetramer-
positive CD8+ T cells (Fig. 4g). In addition, the ability of SKI-KI
mice to generate memory CD103+CD8+ T cells following viral
clearance was also impaired, and this effect was most severe in
the nonlymphoid tissues (Fig. 4h). These findings suggest that
TGFβ-induced SKI downregulation is critical for enabling the

generation of resident CD103+CD8+ T cells to fight against
infection.

SKI interacts with Smad4, which is required to suppress CD103
expression in CD8+ T cells
We found that CD103 mRNA (Itgae) expression virtually mirrored
its protein expression under various in vivo and in vitro conditions
(Figs. 1a, b, 2a–c, and S2a–c), and this expression was suppressed
by SKI (Figs. 3f, 4a–d, and S3b), indicating that SKI regulates CD103
expression at the transcriptional level. Although SKI is not a
transcription factor, it controls the expression of diverse genes by
binding to transcription factors.30 SKI associates with the
transcription factor Smad4 to control gene expression.46 To
confirm this observation, we found that SKI bound to Smad4 in
CD8+ T cells by immunoprecipitation (IP) (Fig. 5a), suggesting a
role for Smad4 in controlling CD103 expression. To address
whether and how Smad4 is required for the generation of resident
CD103+CD8+ T cells, we investigated CD103 expression in CD8+

T cells of Cd4Cre;Smad4fl/fl mice.47 We found that Smad4
deficiency led to a consistent increase of the resident
CD103+CD8+ T cell population in the lymphoid and nonlymphoid
tissues of Cd4Cre;Smad4fl/fl mice when they remained uninfected
or during the course of LCMV-Armstrong infection and reinfection
(Figs. 5b–d and S5a–e). In addition, Smad4 deletion led to
increased virus-specific GP33/H2-Db tetramer-positive CD8+ T cells

Fig. 2 TGFβ is important for the induction and maintenance of CD103 expression in CD8+ T cells. a Flow cytometry of CD103+CD8+ T cells in
different tissues from mice of the indicated genotypes. (n= 3 mice of three experiments; representative results are shown; **p < 0.01, and
***p < 0.001, per two-sided t-test; centers indicate the mean values). Flow cytometry of CD103 expression in purified CD103+CD8+ (b) or
CD103-CD8+ (c) T cells after being activated in the absence (mock) or presence of TGFβR inhibitor (SB525334, i) or 0.25 ng/ml TGFβ for the
indicated time. (n= 4 samples of three experiments; ***p < 0.001 per two-sided t-test; centers indicate the mean values)
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following acute LCMV infection (Figs. 5e and S5f). Furthermore,
compared with wild-type mice, Cd4Cre;Smad4fl/fl mice were more
resistant to LCMV re-exposure-associated animal death (Fig. 5f),
body weight decline (Fig. 5g), and unabated virus titer (Fig. 5h).
Resident CD103+CD8+ T cells are important for the enhanced
antiviral response observed in Cd4Cre;Smad4fl/fl mice because
antibody-mediated CD103 inhibition (Fig. 5i) neutralized the
enhanced ability of Cd4Cre;Smad4fl/fl mice to deal with LCMV
infection (Fig. 5j, k).
We further assessed how Smad4 is involved in TGFβ-promoted

CD103 expression. Interestingly, we found that Smad4 deletion
enabled CD103 expression in CD8+ T cells even when TGFβ
signaling was abrogated in vitro (Fig. 5l). Consistently, simulta-
neous deletion of Smad4 restored the CD103+CD8+ T cell
population in both lymphoid and nonlymphoid organs from
Cd4Cre;Tgfbr2fl/fl mice (Figs. 5m and S5g). Therefore, Smad4 is
required to limit CD103 expression in CD8+ T cells through a
mechanism that is downstream of TGFβR.

SKI co-opts Smad4 to directly suppress CD103 expression by
inhibiting histone acetylation
Intrigued by the findings described above, we further investi-
gated the functional relationship of SKI and Smad4 in regulating
CD103 expression. We found that ectopic SKI expression
suppressed TGFβ-induced CD103 expression only when Smad4
was coexpressed in activated CD8+ T cells in vitro (Fig. 6a). In
addition, Smad4 deletion restored the CD103+CD8+ T cell

population in SKI-KI mice (Fig. 6b). Therefore, SKI suppresses
CD103 expression through a Smad4-dependent mechanism.
Further investigation revealed that such a mechanism involved
the direct binding of the SKI–Smad4 complex to Itgae loci.
Chromatin immunoprecipitation followed by sequencing (ChIP-
seq) (Fig. 6c, e) as well as ChIP analysis (Fig. 6d, f) performed on
CD8+ T cells revealed that both Smad4 and SKI bound to the
Itgae loci containing Smad consensus sites. SKI failed to bind to
Itgae loci when Smad4 was absent (Fig. 6g), although Smad4
bound to Itgae loci constitutively regardless of TGFβ signaling
(Fig. 6h), suggesting that SKI is recruited to Itgae loci in a Smad4-
dependent manner.
Since SKI may control target gene expression by modifying histone

acetylation,30,46 we wondered how TGFβ–SKI–Smad4 signaling
impacts the status of H3K9Ac, an epigenetic marker for transcrip-
tional activation,48 of Itgae loci. We found that despite TGFβ
treatment, very low levels of H3K9Ac were detected at Itgae loci in
CD103−CD8+ T cells (Fig. 6i), which expressed high levels of SKI
(Fig. 3a, b, e). In contrast, high levels of H3K9Ac were detected at
Itgae loci in CD103+CD8+ T cells (Fig. 6i), which expressed low levels
of SKI (Fig. 3a, b, e). In addition, in the absence of Smad4, SKI failed to
be recruited to Itgae loci (Fig. 6g), and H3K9Ac was observed at high
levels at Itgae loci to allow unconstrained CD103 expression in CD8+

T cells (Fig. 6j). Moreover, ectopic SKI expression suppressed H3K9Ac
levels at the Itgae loci in CD8+ T cells (Fig. 6k). These findings
therefore suggest that the SKI–Smad4 complex directly binds to Itgae
loci to prevent H3K9Ac deposition and restrain CD103 expression.

Fig. 3 SKI expression inversely correlates with CD103 expression in CD8+ T cells both in vitro and in vivo. Immunoblotting of SKI, phospho-
Smad2 (p-Smad2), Smad2, phospho-Smad3 (p-Smad3), and Smad3 in purified CD103+CD8+ and CD103-CD8+ T cells after total CD8+ (a) and
CD103-CD8+ (b) T cells were activated for 2 days in the presence of 0.25 ng/ml TGFβ. The results are representative of three experiments.
c Immunoblotting of SKI, phospho-Smad2 (p-Smad2), Smad2, phospho-Smad3 (p-Smad3), and Smad3 in splenic CD8+ T cells from LCMV-
infected mice at the indicated time points. The results are representative of three experiments. d The comparison between the protein levels
of SKI, p-Smad2 and p-Smad3 and CD103 expression in CD8+ T cells after LCMV-Armstrong infection at the indicated time points. (the mean ±
s.d. of three experiments). e Immunoblotting of SKI, phospho-Smad2 (p-Smad2), Smad2, phospho-Smad3 (p-Smad3), and Smad3 in purified
splenic CD103+CD8+ and CD103−CD8+ T cells at the indicated time points after LCMV-Armstrong infection. The results are representative of
three experiments. f Purified CD8+ T cells were activated in the presence of TGFβ and then transduced with MSCV-IRES-Thy1.1 (RV) or MSCV-
SKI-IRES-Thy1.1 (RV-SKI). CD103 expression in transduced (Thy1.1+) cells was detected by flow cytometry 6 days after activation. (n=
4 samples from three experiments; representative results are shown; ****p < 0.0001 per two-sided t-test; centers indicate the mean values)
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Fig. 4 SKI suppresses CD103+CD8+ T cell generation and dampens antiviral responses. a Flow cytometry of CD103 expression on CD8+ T cells
of the indicated genotypes after being activated in the presence of TGFβ for 2 days. (n= 5 samples from three experiments; representative
results are shown; ***p < 0.001; per two-sided t-test; centers indicate the mean values). b qRT-PCR analysis of mRNA levels of Itgae gene-
expressed CD8+ T cells of the indicated genotypes after being activated in the presence of TGFβ for 2 days. (n= 3 mice of three experiments;
**p < 0.01 per two-sided t-test; centers indicate the mean values). c Flow cytometry of CD103 expression on CD8+ T cells from mice with the
indicated genotypes to determine the percentages and numbers of CD103+CD8+ T cells in different tissues. (n= 4 mice of four experiments;
representative results are shown; *p < 0.05, **p < 0.01 per two-sided t-test; centers indicate the mean values). d qRT-PCR analysis of mRNA
levels of the Itgae gene expressed by splenic CD8+ T cells isolated from mice of the indicated genotypes. (n= 3 mice of three experiments;
*p < 0.05 per two-sided t-test; centers indicate the mean values). e, f Mice with the indicated genotypes were infected once (1°) with LCMV-
Armstrong. The viral titer in different tissues (e) and body weight changes (f) were assessed at the indicated time points. (n= 4 mice for (e) and
n= 6 mice for (f) of two experiments; the mean ± s.e.m. for (f); *p < 0.05 per two-sided t-test for (e); ***p < 0.001 per two-way multiple-range
ANOVA test for (f); centers indicate the mean values). g The percentages of LCMV-specific CD8+ T cells detected by GP33/H2-Db tetramer
staining and flow cytometry in mice of the indicated genotypes 7 days after LCMV infection. (n= 4 mice of three experiments; *p < 0.05, **p <
0.01 per two-sided t-test; centers indicate the mean values). h The percentages and numbers of CD103+CD8+ T cells in different tissues from
mice of the indicated genotypes 35 days post LCMV-Armstrong infection, assessed by flow cytometry. (n= 3 mice of three experiments; *p <
0.05, **p < 0.01, and ***p < 0.001 per two-sided t-test; centers indicate the mean values)
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Fig. 5 Smad4 interacts with SKI and is required to suppress CD103 expression in CD8+ T cells. a The interaction between Smad4 and SKI in
CD8+ T cells was detected by co-immunoprecipitation. The results are representative of three experiments. b The percentages and numbers
of CD103+CD8+ T cells in different tissues of naïve mice with the indicated genotypes, as assessed by flow cytometry. (n= 4–5 mice of three
experiments; *p < 0.05, **p < 0.01 per two-sided t-test; centers indicate the mean values). c The percentages and numbers of CD103+CD8+

T cells in different tissues of mice with the indicated genotypes after infection once (1°) with LCMV-Armstrong for 7 days, assessed by flow
cytometry. (n= 3–5 mice of three experiments; *p < 0.05, **p < 0.01 per two-sided t-test; centers indicate the mean values). d The percentages
and numbers of CD103+CD8+ T cells in different tissues of mice with the indicated genotypes after infection twice (2° as described in Fig. 1c)
for 2.5 days, assessed by flow cytometry. (n= 3–4 mice of three experiments; *p < 0.05, and **p < 0.01 per two-sided t-test; centers indicate the
mean values). e The percentages of LCMV-specific, GP33/H2-Db tetramer-positive CD8+ T cells in different tissues of mice of the indicated
genotypes after infection once (1°) with LCMV-Armstrong for 7 days, assessed by flow cytometry. (n= 6 mice of three experiments; ns, not
significant, **p < 0.01 per two-sided t-test; centers indicate the mean values) (f–h). Mice of the indicated genotypes were infected with LCMV-
Armstrong twice (2°). The survival rate (f), change in body weight (g), and viral titers in different tissues (h) were monitored at the indicated
time points. (n= 8 mice for (f, g) and n= 4 mice for (h) of two experiments; the mean ± s.e.m. for (g); ****p < 0.0001 per two-way multiple-
range ANOVA test for (f) and (g); *p < 0.05 per two-sided t-test for (h); centers indicate the mean values). i The experimental design of anti-
CD103 treatment followed by LCMV-Armstrong infection as shown in (j–k). The body weight change (j) and viral titers in different tissues (k) of
LCMV-infected mice of the indicated genotypes as described in (i). (n= 6 mice of two experiments for (j); n= 4 mice of two experiments for
(k); ****p < 0.0001 per two-way multiple-range ANOVA test for (j); *p < 0.05, **p < 0.01 per two-sided t-test for (k); centers indicate the mean
values). l Flow cytometry of CD103 expression by CD8+ T cells of the indicated genotypes after being activated in the presence of TGFβ
receptor inhibitor (i) or TGFβ. (Representative results are shown; n= 4 samples of three experiments; ns not significant, ****p < 0.0001 per two-
sided t-test; centers indicate the mean values) m Flow cytometry of CD103 expression by CD8+ T cells in different tissues from mice of the
indicated genotypes. (Representative results are shown; n= 3 mice of three experiments, *p < 0.05, **p < 0.01, and ***p < 0.001; per two-sided
t-test; centers indicate the mean values)
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Fig. 6 SKI co-opts Smad4 to directly suppress Itgae transcription by inhibiting histone acetylation. a Smad4-deficient CD8+ T cells were
purified and activated in the presence of TGFβ or TGFβR inhibitor (i) and transduced with MSCV-SKI-IRES-Thy1.1 (RV-SKI) and/or MSCV-Smad4-
IRES-EGFP (RV-S4), as indicated. The expression of CD103 by the transduced cells was detected by flow cytometry. (Representative results are
shown. n= 4 samples from three experiments; ns not significant, ***p < 0.001 per two-sided t-test; centers indicate the mean values). b Flow
cytometry of CD103 expression by CD8+ T cells in different tissues from mice of the indicated genotypes. (Results are representative of three
experiments). c Chromatin immunoprecipitation followed by sequencing (ChIP-seq) analysis of Smad4 binding at the Itgae loci in CD8+ T cells
cultured with TGFβR inhibitor for 2 days. d ChIP analysis of Smad4 binding at the Itgae promoter and enhancer regions in CD8+ T cells
cultured with TGFβR inhibitor for 2 days. (n= 3 samples of three experiments, **p < 0.01 per two-sided t-test; centers indicate the mean
values). e ChIP-seq analysis of SKI binding at the Itgae locus in CD8+ T cells cultured with TGFβR inhibitor for 2 days. f ChIP analysis of SKI
binding at the Itgae promoter and enhancer regions in CD8+ T cells cultured with TGFβR inhibitor for 2 days. cIgG (control IgG). (n= 3 samples
of three experiments, **p < 0.01, and ***p < 0.001, per two-sided t-test; centers indicate the mean values) g ChIP analysis of SKI binding at the
Itgae promoter and enhancer regions in activated CD8+ T cells from mice with the indicated genotypes that were grown in the presence of
TGFβR inhibitor for 2 days. (n= 3 samples of three experiments; **p < 0.01 per two-sided t-test; centers indicate the mean values). h ChIP
analysis of Smad4 binding at the Itgae promoter and enhancer regions in activated CD8+ T cells cultured in the presence of TGFβR inhibitor (i)
or TGFβ for 2 days. cIgG (control IgG). (n= 3 samples of three experiments; ns, not significant per two-sided t-test; centers indicate the mean
values). i CD8+ T cells were purified and activated in the presence of TGFβR inhibitor (i) or TGFβ for 2 days. CD103+ and CD103− subsets were
sorted from TGFβ-treated CD8+ T cells. H3K9 acetylation (H3K9Ac) at the Itgae promoter and enhancer regions was assessed by ChIP analysis.
(n= 3 samples of three experiments, *p < 0.05, and **p < 0.01, per two-sided t-test; centers indicate the mean values). j ChIP analysis of H3K9Ac
at the Itgae promoter and enhancer regions in CD8+ T cells of the indicated genotypes 2 days after activation in the presence of a TGFβR
inhibitor. (n= 3 samples of three experiments; **p < 0.01 per two-sided t-test; centers indicate the mean values). k ChIP analysis of H3K9Ac at
the Itgae promoter and enhancer regions in MSCV-SKI-IRES-Thy1.1 (RV-SKI)- or MSCV-IRES-Thy1.1 (RV)-transduced CD8+ T cells that were
grown in the presence of TGFβ or TGFβR inhibitor (i). (n= 3 samples of three experiments, **p < 0.01 per two-sided t-test; centers indicate the
mean values)
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In summary, this study reveals that CD103 is expressed by CD8+

T cells in lymphoid and nonlymphoid tissues. Such CD103
expression endows CD8+ T cells with an optimal ability to
respond to and clear pathogens. In addition, CD103 expression is
regulated specifically via the TGFβ–SKI–Smad4 pathway, shedding
light on the long-sought mechanisms underlying TGFβ-controlled
CD103 expression in CD8+ T cells. This work not only provides
insights into the function and regulation of CD103 in CD8+ T cells
but also unveils new molecular targets for specifically modulating
resident CD103+CD8+ T cell functions for pathogen clearance.

DISCUSSION
CD103+ Trm CD8+ cells have attracted great attention for their
involvement in pathogen clearance, vaccination, and tumor
immunity.38,49,50 As a hallmark of Trm CD8+ T cells, CD103
promotes the tissue migration and retention of CD8+ T cells in
nonlymphoid tissues.23 Nevertheless, emerging evidence suggests
that CD103 expression is not restricted to Trm CD8+ T cells.12

CD103+CD8+ T cells are easily detected in lymphoid and
nonlymphoid tissues as well as in peripheral blood,35,51,52 implying
that resident CD103+CD8+ T cells may have functions in addition
to those in the memory response. In this study, we provided
evidence to support the notion that CD103 is important for the
CD8+ T cell-mediated effector response and that resident
CD103+CD8+ T cells are poised to mount an optimal response
towards pathogens. In light of the current finding that resident
CD103+CD8+ T cells are important for controlling primary and
secondary viral infection, it will be interesting to investigate how
broadly this mechanism is involved in the clearance of various
viral and bacterial pathogens as well as in effective vaccination.
We found that CD103 expression in CD8+ T cells was

dynamically regulated during viral infection. CD103 expression
declined aggressively and reached the lowest level at ~7 days post
infection. Considering that CD103 is important for the
tissue retention of T cells,12 the decline of its expression
during the antiviral response is likely to facilitate the mobility of
activated effector CD8+ T cells to survey the body and clear
infected cells. In agreement with this notion, strong T cell receptor
(TCR) activation induces the upregulation of T-bet and Eomes to
potently suppress CD103 expression.53–56 Interestingly, we also
noticed that CD8+ T cells regained CD103 expression 35 days post
infection when the pathogens were largely cleared.57 Regaining
CD103 expression in the absence of overt infection and strong T
cell stimulation should allow pathogen-exposed migrating CD8+

T cells to locate to the tissues and facilitate the formation of Trm
CD8+ T cells.
The expression of CD103 is controlled through multiple

mechanisms,12,24 among which TGFβ signaling is critical for
promoting its expression.25–27,58 However, the signaling pathways
downstream of TGFβR in regulating CD103 expression remain
poorly defined. R-Smads were activated in CD103+CD8+ T cells
(Fig. 3) and are required for TGFβ-promoted CD103 expression.27

Mechanistically, Smad2/3 and NFAT are critical transcriptional
factors that directly bind the promoter and enhancer regions of
Itgae loci and promote CD103 transcription.58 Our data now
suggest that SKI co-opts Smad4 to restrain CD103 expression by
directly binding to Itgae loci. However, we found that R-Smads
were comparably activated in CD103+CD8+ and CD103−CD8+

T cells, suggesting that an additional TGF-β-dependent mechan-
ism beyond that of R-Smads directs CD103 expression in CD8+

T cells. Indeed, we found that SKI expression specifically and
inversely correlated with CD103 expression and that SKI sup-
pressed CD103 expression. These results uncover a unique role for
SKI-dependent signaling in restricting CD103 expression. We thus
propose a “dual role” model for TGFβ to promote CD103
expression1: TGFβ activates R-Smads to potentiate CD103
transcription and2 TGFβ triggers SKI downregulation to relieve

SKI/Smad4-mediated suppression to permit CD103 transcription.
Therefore, interfering with SKI function could be a viable approach
to specifically target CD8+ T cell function for pathogen clearance.
The current study highlights an important role for SKI in

controlling CD103 expression and CD8+ T cell function for viral
clearance. How SKI expression and function are regulated is thus
of interest. We found that SKI expression was increased in
activated CD8+ T cells, facilitating CD103 downregulation in these
cells. Because the SKI expression level is inversely correlated with
TGFβ stimulation, the increased SKI expression in activated T cells
could be due to their reduced sensitivity towards TGFβ stimulation
because TGFβRI expression is drastically downregulated in T cells
upon activation.59 SKI expression is regulated predominantly at a
posttranslational level through modulation of protein stability.
Polyubiquitination and proteasome-mediated protein degradation
are important for SKI degradation.30 One of the E3 ubiquitin
ligases, Arkadia, has been shown to facilitate TGFβ-induced SKI
protein degradation in nonlymphoid cells.60 Nonetheless, whether
Arkadia, other E3 ubiquitin ligase(s), and proteasomal-
independent mechanisms contribute to the regulation of SKI
expression in T cells warrants further investigation.
SKI functions by regulating gene transcription through epige-

netic modification of gene loci.30 Because SKI is neither a
transcription factor nor an enzyme that regulates epigenetic
modifications, it is imperative for SKI to co-opt-related factors to
carry out its functions.61 Indeed, we found that SKI interacted with
the transcription factor Smad4, which is critical for the recruitment
of SKI to the Itgae loci to control CD103 expression. In addition to
Smad4, SKI can interact with other transcription factors, including
PU.1, GATA1, and Gli3, in a cellular context-dependent manner.30 If
and how SKI functions with any of these other transcription
factors to control Itgae expression remain to be addressed. In
addition, we found that the recruitment of SKI to Itgae loci
resulted in transcriptional repression associated with decreased
histone acetylation, which can be achieved by either recruiting
histone deacetylase (HDAC) or excluding histone acetyl transfer-
ase.48 Because SKI has been shown to bind to HDAC1 and
HDAC3,62,63 it is likely that SKI suppresses Itgae expression by
recruiting HDACs. Further investigation is therefore warranted to
shed light on the precise mechanisms underlying SKI-controlled
Itgae expression.

MATERIALS AND METHODS
Animal
Cd4Cre, Smad4fl/fl, Tgfbr2fl/fl, Cd4Cre;Rosa26-iSki (SKI-KI), and CD45.1
congenic wild-type mice were on a C57BL/6 background. Two- to
four-month-old, age- and sex-matched male and female mice
were used for experiments. Littermates were used unless stated
otherwise. All mice were housed and bred in specific pathogen-
free conditions in the animal facility at the University of North
Carolina at Chapel Hill. All mouse experiments were approved by
the Institutional Animal Care and Use Committee of the University
of North Carolina. We have complied with all relevant ethical
regulations.

Generation of Cd4Cre;Rosa26-iSki (SKI-KI) mice
The synthesized mSki-flag cDNA was ligated into the mROSA-KI-12
vector to generate the mROSA26-mSki-flag targeting vector.
This cassette was inserted between the first and second exons
of the safe harbor locus of Rosa26 loci by sgRosa26/Cas9-
introduced double-strand break. Microinjection of the targeting
vector was performed in zygotes from C57BL/6 female mice. F0
mice were bred with wild-type C57BL/6 mice to obtain F1
germline transmission heterozygous mice after validation by
PCR and southern blotting. F1 germline transmitted mice were
bred with Cd4Cre mice to generate Cd4Cre;Rosa26-iSki (SKI-
KI) mice.
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LCMV-Armstrong infection and in vivo antibody treatment
Mice at 8–12 weeks of age were infected intraperitoneally with
LCMV-Armstrong (1 × 106 plaque-forming units, pfu). For the
repeated infection model, mice were rechallenged intraperitone-
ally with 1 × 106 pfu LCMV-Armstrong on day 7 after the 1st.
infection. InVivoMAb anti-mouse CD103 (M209; BioXcell) was
administered intraperitoneally at a dose of 0.5 mg per mouse
3 days before LCMV-Armstrong infection.

LCMV-Armstrong propagation and titering
Viral stocks of LCMV-Armstrong were propagated from infected
BHK21 cell monolayers. Virus titers in the spleen, liver, lung and
kidney were determined by plaque assay on Vero cell monolayers.

Flow cytometry
T cells from various experiments were stained with the following
fluorescence-labeled antibodies: anti-CD4 (RM4-5), anti-CD8
(53–6.7), anti-CD25 (PC61), anti-CD103 (2E7) (Biolegend), and
anti-Foxp3 (FJK-16s) from eBioscience. The MHC class I tetramer of
H-2Db complexed with the LCMV GP33-41 peptide was obtained
from the NIH tetramer core facility at Emory University. The data
were acquired by FACSCanto (BD Bioscience) and were analyzed
by FlowJo software (Treestar).

T cell isolation and culturing in vitro
CD8+ T cells were isolated from the peripheral lymph nodes and
spleens from mice by CD8 magnetic beads (Miltenyi Biotec) per
the manufacturer’s protocols. To isolate CD103+ cells, cells were
stained with a biotin-conjugated anti-mouse CD103 antibody (2E7,
Biolegend) and then were purified by streptavidin magnetic beads
(Miltenyi Biotec). The flow-through CD8+ T cells were collected by
CD8 magnetic beads (Miltenyi Biotec) to obtain CD103−CD8+

cells. Sorted cells were then subjected to subsequent culture and
analysis. To activate purified T cells, they were cultured on plates
precoated with 5 μg/ml anti-CD3 (145-2C11, BioXCell) and 2 μg/ml
anti-CD28 (37.51, BioXCell) in RPMI medium supplemented with
10% FBS. TGFβ (0.25 ng/ml, Biolegend) or 10 μM TGFβR inhibitor
SB525334 (Selleckchem) was added as required.

Lymphocyte isolation from nonlymphoid tissues
Lung tissues were cut into pieces and digested for 45min with 1mg/
ml collagenase D (Sigma) in PBS at 37 °C with shaking every 15min.
Digested tissues were filtered through a 70 μm nylon cell strainer
(Falcon). Lymphocytes were then separated by using a 38% Percoll
(Sigma) solution with centrifugation. Liver tissues were excised and
homogenized. Lymphocyte suspensions were then separated using a
40/70% Percoll density gradient with centrifugation. Lymphocytes
were then extracted and subjected to subsequent analysis.

Quantitative RT-PCR (qRT-PCR) analysis
Total RNA was extracted from lymphocytes using TRIsure reagent
(Bioline), and it was reverse-transcribed to generate cDNA with
Superscript III reverse transcriptase (Bio-Rad) per the manufac-
turer’s protocols. Quantitative PCR (qPCR) was performed on a
QuantStudio 6 Flex Real-Time PCR System (Thermo Fisher
Scientific). The housekeeping gene actin was used as an internal
control for normalization of all qPCR results. Normalized qPCR
results are presented as relative mRNA amounts with arbitrary
units to show different levels of gene expression.

Immunoblotting and IP
For immunoblotting, protein extracts were resolved by 4–15%
Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad), transferred to a
polyvinylidene fluoride membrane (Bio-Rad) and analyzed by
immunoblotting with the following antibodies: anti-SKI (G8, Santa
Cruz), anti-Smad4 (D3M6U, CST), anti-β-actin (C4, Santa Cruz), anti-
phospho-Smad2 (S465/467, CST), anti-phospho-Smad3 (C25A9,
CST), anti-Smad2 (D43B4, CST), and anti-Smad3 (C67H9, CST).

For IP, cells were lysed with IP lysis buffer (10mM HEPES, pH 7.5,
1.5mM MgCl2, 0.2mM EDTA, and 150mM NaCl containing 1%
NP40) containing a protease inhibitor mixture (Roche Applied
Science), and then they were sonicated with Bioruptor PICO. Cell
lysates were incubated with 50 μl of magnetic protein A/G beads
(Bio-Rad) that had been conjugated to the indicated antibodies and
treated with dimethyl pimelimidate. After overnight incubation, the
associated protein was eluted with 2 × Laemmli sample buffer (Bio-
Rad) after five washes and incubated at 95 °C for 5min. Then, the
eluted samples were separated by SDS-PAGE and analyzed by
immunoblotting.

Retroviral transduction
For retroviral transduction, CD8+ T cells were isolated and cultured
under various conditions and then spin-inoculated (at 1500 × g)
with the indicated MSCV retroviruses in the presence of 8 μg/ml
polybrene (Sigma-Aldrich) and HEPES buffer (Gibco) at 30 °C for
90min 24 h after activation. Transduced cells were harvested and
analyzed by flow cytometry.

ChIP assay
Isolated CD8+ T cells were cross-linked with 1% formaldehyde
(Sigma) and lysed in lysis buffer. Lysates were sonicated with
Bioruptor PICO to shear genomic DNA. Chromatin was then
subjected to immunoprecipitation overnight at 4 °C with anti-
Smad4 (EP618Y, Abcam), anti-Ski (G8, Santa Cruz), anti-H3K9Ac
(ab4441, Abcam), normal mouse IgG (sc-2025, Santa Cruz), and
normal rabbit IgG (sc-2027, Santa Cruz). qPCR was performed to
detect the relative abundance of the target genomic DNA. Specific
PCR primers to detect the Itgae promoter and enhancer region
(predicted by ENCODE) are as follows: promoter: CTCCTAGGGAG
CAGGTGTCT and TAGAAAAGCCTGCACGGGAT; enhancer: GGTA
CATGGAAGCCTGAGCA and AGACAGAGGGCCTAAGAGCA.

ChIP-seq
The sequencing libraries were prepared with an MGI Easy DNAseq
kit (MGI), and sequence data were collected using 50 nt single-end
reads with a BGISEQ-500 system (MGI) at the BGI Genomics
company. Raw reads (24–25 million reads per sample) were first
processed to remove adapter sequences using Trim Galore
(version 0.4) with default parameters. The resulting reads were
aligned to mm10 using Bowtie (version 1.2) with the parameters
-m 1, -v 2, and -X 1500. These parameters ensured that fragments
that were up to 1500 bp (-X 1500) with mismatches of up to 2 (-v
2) were allowed to align and that only unique aligning reads were
collected (-m 1). For all the data files, duplicated alignments were
removed using Picard (version 1.115). The ChIP-seq data are
available in the Gene Expression Omnibus repository at the
National Center for Biotechnology Information under accession
number GSE135533.
The findPeaks program from Homer (version 4.8.3) was applied to

call all reported ChIP-seq peaks. The basic goal was to identify
regions in the genome where more sequencing reads could be
found than would be expected by chance. Peak calling for all
samples used the paired input sample as noise control. The
findPeaks program was run using default parameters of “-F 4 -L 0
-C 2 -fdr 0.001”. “-F” required each putative peak to have fourfold
more normalized tags in the target experiment than the control. “-L
0” disabled the local signal. “-C 2” was used to remove peaks near
repeat elements that contain odd tag distributions. “-fdr 0.001”
indicated that FDR-adjusted p value < 0.05 was used as cutoff. All
significant peaks were associated with genes using GREAT
(Version 3).

Statistical analysis
A Student’s t test or two-way ANOVA was used for two-group
comparisons. p values of < 0.05 were considered significant. In the
figures, *, **, *** and **** were used to indicate p < 0.05, p < 0.01,
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p < 0.001 and p < 0.0001, respectively. All results shown are the
mean ± s.d. unless otherwise stated.
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