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IMMUNOLOGY

STAT1 maintains naive CD8" T cell quiescence
by suppressing the type | IFN-STAT4-mTORC1

signaling axis

Yoon-Chul Kye””, Gil-Woo Lee**>, Sung-Woo Lee3*>, Young-Jun Ju'?, Hee-Ok Kim®,

Cheol-Heui Yun'?*, Jae-Ho Cho**®*

Naive CD8" T cell quiescence is maintained at a steady state. Although this state of quiescence involves various
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cell-intrinsic and cell-extrinsic regulators, the mechanisms underlying this regulation remain incompletely under-
stood. Here, we found that signal transducer and activator of transcription 1 (STAT1), a key transcription factor
downstream of interferon receptor (IFNR) signaling, plays a cell-intrinsic role in maintaining naive CD8" T cell
quiescence. STAT1-deficient mice showed enhanced proliferation of peripheral naive CD8" T cells, which resulted
in an abnormal increase in the number of CD44" memory/activated phenotype cells and an enlargement of
secondary lymphoid tissues. This phenomenon was not observed in IFNR-deficient mice but was paradoxically
dependent on type | interferon and its alternative signaling pathway via the STAT4-RagD-lysosomal mTORC1
axis. Collectively, these findings underline the importance of STAT1 in regulating the homeostasis of peripheral
naive CD8" T cells by suppressing their responsiveness to homeostatic cues at a steady state.

INTRODUCTION

Naive CD8" T cells in the periphery are constantly exposed to various
extrinsic factors, even under steady-state conditions, which are
either vital or dispensable for their life (1). Nevertheless, these cells
are stably maintained at resting, i.e., the G interphase, without any
overt activation (2). This state of functional quiescence is not
passively inherited as a default but rather acquired actively through
a mechanism that is tightly regulated, which allows the avoidance of
abnormal activation and proliferation before cognate antigenic
stimulation (3). Therefore, the existence of an active mechanism for
controlling the responsiveness of quiescent naive CD8" T cells to
various extrinsic cues could be assumed. However, the nature of
such cues and the precise mechanism of their regulation remain
incompletely understood.

Interleukin-7 (IL-7) is one such extrinsic cue, and its responsiveness
to naive CD8" T cells was recently found to be tightly controlled via
the FOXP1-mediated regulation of IL-7 receptor (IL-7R) expression
(4). FOXP1-deficient CD8" T cells exhibited enhanced IL-7R
expression, leading to abnormal proliferation to even physiological
levels of IL-7 in vivo. In addition to FOXP1 deficiency, perturbations
to steady-state T cell quiescence have been observed in response to
deficiencies of several other transcription factors (TFs), including
KLF2 (5), ELF4 (6), FOXO1 (7, 8), TOB (9), and RUNXI1 (10, 11), as
well as non-TF proteins that exert various cellular functions, such as
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Schlafen2 (12), TSC1 (13), KDELL1 (14), PELI (15), GIMAP5 (16),
PTPN2 (17), and PTPN22 (18). These studies suggest the require-
ment of many different cell-intrinsic regulators for the maintenance
of a quiescent state of naive CD8" T cells and imply that this quiescence
must be regulated at multiple different layers depending on the
nature and type of certain homeostatic cues.

Type I interferon (T1IFN) consists of a group of cytokines that
exert pleiotropic effects on the innate and adaptive immune system
and has antiviral, antitumor, and immunoregulatory functions (19).
Despite the well-known proinflammatory activity of T1IFN upon
pathogen infection, its role in maintaining naive T cell homeostasis
at a steady state is less well understood. Here, we demonstrated the
previously unidentified role of T1IFN in peripheral naive CD8"
T cells using mice lacking signal transducer and activator of
transcription 1 (STAT1), which is a crucial component downstream
of T1IFN receptor signaling. Under STAT1-deficient conditions,
T1IEN failed to induce a STAT1-dependent canonical response
involving the activation of IFN-stimulated genes (ISGs) but did
induce STAT4-dependent alternative signaling to activate the RagD-
mechanistic target of rapamycin (mTOR) pathway. Consequently, a
Stat1”~ naive CD8" T cell population exhlblted abnormal proliferation,
comprised an increased number of CD44" memory/activated pheno-
type (MP) cells, and caused severe forms of inflammatory diseases in
an experimental setting of inflammatory bowel disease (IBD). There-
fore, this study establishes the previously unidentified finding that
STAT]I serves as a crucial cell-intrinsic regulator for actively main-
taining naive CD8" T cell quiescence under continuous exposure to
the atypical homeostatic cue T1IFN.

RESULTS .

Stat1™”~ mice show an enhanced number of CD44"

MP CD8" T cells

To investigate the role of STATI in regulating the homeostasis of
CDS8" T cell populations at a steady state, we monltored the phenotype
and proportion of these populations in Stat1”~ mice. Statl™~ and
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wild-type (WT) mice aged ~2 to 3 months showed similar percentages
and numbers of CD44" MP and CD44" naive CD8" T cells in the
spleen (Fig. 1, A and B). Stat1”~ mice aged >6 months showed an
approximately fivefold higher percentage and number of MP cells
than age-matched WT mice (Fig. 1, A and B). Furthermore, naive
CD8" T cells from both aged and young Stat1”~ mice presented
substantially enhanced CD44 expression levels compared with those
of their WT counterparts, as evidenced by the mean CD44 fluorescence
intensity on a per-cell basis (Fig. 1C). This alteration in Stat1™”~
mice was not observed in the thymus, as demonstrated by the lack
of a difference in the CD44 expression levels in CD4"CD8" double-
positive and CD4"CD8" single-positive thymocytes (fig. S1, A and B),
which implies post-thymic alterations.

Because STAT1 is required for type I and II IFN receptor signal-
ing (20), the abovementioned data might result from a failure to
respond to these cytokines. However, the enhanced MP cell num-
bers and CD44 expression levels (in CD44" naive cells) observed in
Stat1™~ mice were not detected in mice lacking the T1IEN receptor
(Ifnar™") or both type I and II receptors (Ifnar ™ ".Ifngr ") (fig. S1,
C and D). These data suggest that the effect of STAT1 deficiency

might not simply reflect the failure of IFN signaling. To further
understand the mechanisms underlying the enhanced generation
of CD44™ cells in Stat1”~ mice, WT and Stat1™’~ mice were ad-
ministered 5-bromo-2'-deoxyuridine (BrdU) for 12 days, and its
uptake in peripheral CD8" T cells was recorded (Fig. 1D). Both
CD44" MP cells and CD44'° naive cells from Stat1~~ mice showed
approximately two- to three-fold higher BrdU uptake than their
WT counterparts (Fig. 1, E and F). Similarly, Stat1”~ CD8* T cells
also showed an enhanced proportion of Ki67" cells compared with
WT CD8" T cells (fig. S1E). Collectively, these results strongly suggest
that STAT1 deficiency alters peripheral CD8" T cell homeostasis,
leading to enhanced proliferation and conversion of CD44" cells
into CD44" cells.

Stat1™" naive CD8" T cells show enhanced in vivo
proliferation in a cell-intrinsic manner

The enhanced proliferation of Stat1”~ CD8* T cells might result
from antigenic stimulation. However, this possibility was excluded
by the results obtained from Stat1™~ mice with a P14 T cell receptor
(TCR) transgenic background (P14.Stat1 =), which also showed
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Fig. 1. Stat1”~ mice exhibit an enhanced number of CD44" MP CD8" T cells. (A

) Flow cytometry for CD44 and CD62L expression in splenic CD8" T cells from young

versus aged WT and Stat1™~ mice. (B) Percentage and number of CD44" and CD44" CD8* T cells from WT and Stat7™~ mice. (C) Relative levels of CD44 expression in WT
versus Stat1™~ CD44'"° CD8* T cells. (D) Experimental scheme of in vivo BrdU uptake. (E and F) BrdU incorporation of CD44"° and CD44" CD8* T cells from WT and Stat1™~
mice. The results are presented as means + SEM. Data are representative of three to four independent experiments. *P < 0.05, **P < 0.01, and ****P < 0.0001.
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increased CD44 and Ki67 expression (fig. S1F), indicating an
antigen-independent alteration. To further investigate whether the
perturbed CD8" T cell homeostasis observed in Stat1~’~ mice was due
to a cell-intrinsic autonomous effect, bone marrow (BM) chimeric
mice were generated by injecting equal numbers of WT and Stat1™~
BM cells into lethally irradiated C57BL/6 (B6) mice (Fig. 2A).
Eight weeks after BM reconstitution, Statl”’~ BM-derived CD8"
T cells showed a significant enhancement of CD44" cells and a
reduction of CD44" cells in terms of both percentage and number
(Fig. 2, B and C). In addition, an augmented CD44 expression was
observed in CD44'° naive cells on a per-cell basis, but this enhance-
ment was not observed in their WT BM-derived counterparts
(Fig. 2D). This phenomenon was apparent only in the periphery but
not in the thymus, as demonstrated by similar levels of CD44 expres-
sion in WT and Stat1”~ BM-derived CD4 CD8" single-positive
thymocytes (fig. S1G). Therefore, these data suggest that alterations

in CD8" T cell homeostasis occur post-thymically through a cell-
intrinsic effect of STAT1 deficiency.

To further confirm the role of STAT1 in a normal steady-state
environment, CellTrace Violet (CTV)-labeled WT and StatI /-
P14 naive CD8" T cells were cotransferred at a 1:1 ratio into B6
hosts, and their proliferation and CD44 expression were analyzed
12 weeks later (Fig. 2E). Stat1”’~ P14 donor cells underwent approxi-
mately two- to three-fold more division and showed significantly
increased CD44 expression compared with their WT P14 counterparts
during this period (Fig. 2, F and G). Similar data were also obtained
in an experiment performed under lymphopenia conditions, in
which WT and Stat1”~ P14 naive CD8" T cells were cotransferred
into sublethally irradiated B6 hosts to induce homeostatic prolifer-
ation (HP; Fig. 2H). Once again, Stat1”"~ P14 donor cells exhibited
higher HP and CD44 expression than their WT P14 counterparts
(Fig. 2I). Together, these data further strengthen the notion that
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Fig. 2. Stat1”" naive CD8" T cells show enhanced proliferation in a cell-intrinsic manner. (A) Experimental scheme of generating BM chimera for (B) to (D). (B) Flow
cytometry for CD44 and CD62L expression in CD8" T cells derived from WT and Stat1™~ BM. (C) Percentage of CD44'° and CD44™ CD8* T cells derived from WT and Stat1~~ BM.
(D) CD44 expression levels in WT and Stat1™~ BM-derived CD44" CD8" T cells. MFI, mean fluorescence intensity. (E) Experimental scheme of adoptive transfer into B6
recipients for (F) and (G). (F) In vivo proliferation of WT and Stat7~~ P14 donor cells at 12 weeks after transfer. (G) Levels of CD44 expression in WT and Stat1~~ P14 donor
cells of pre- and post-transfer. (H) Experimental scheme of adoptive transfer into irradiated (500 cGy) B6 recipients for (). (I) In vivo proliferation and CD44 level of WT and
Stat1™~ P14 donor cells at 7 days after transfer. The results are presented as means + SEM. Data are representative of three to four independent experiments. *P < 0.05,

**P <0.01, and ****P < 0.0001.
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STAT1 plays a cell-intrinsic role in regulating peripheral CD8"
T cell homeostasis at a steady state.

Stat1™~ naive CD8" T cells can respond to
T1IFN and IL-7 in vitro
Because lymphopenia-induced HP markedly depends on two tonic
signals, IL-7 and TCR contacts with self-ligands (21-23), the afore-
mentioned enhancement of the HP of Stat1™~ CD8" T cells might
reflect their greater responsiveness to these cues. However, in our
in vitro culture experiment, Stat1 '~ naive CD8" T cells showed equivalent
(or even slightly decreased) rather than enhanced responses to IL-7
and/or TCR (anti-CD3) stimulation compared with their WT counter-
parts, as evidenced by the induction of proliferation and STAT5 phos-
phorylation by IL-7 (fig. S2, A and B), the induction of proliferation and
activation of ZAP70, phospholipase Cy (PLCy), and extracellular signal-
regulated kinase (ERK) in response to anti-CD3 (fig. S2, C and D),
and the induction of proliferation by both anti-CD3 and IL-7 (fig. S2E).
To further determine the relevant factors causing the enhancement
in the in vivo HP of Stat1™" naive CD8" T cells, the role of tonic
self-TCR signals was considered unlikely because these cells still
showed a better proliferative response than the WT cells, even in
irradiated Tapl™ hosts deprived of self-ligands (fig. S2, F and G).
Therefore, we focused on examining soluble cell-extrinsic factors,
such as cytokines, as a major inducer of strong HP. Of the various
cytokines tested in vitro, IFN-B but not other cytokines, including
IFN-y, strongly induced Stat1™~ naive CD8" T cell proliferation
(Fig. 3A), which was unexpected because both IFNs depend on
STAT1 for mediating their biological functions (20). Moreover, the
effect of IFN-B observed in Stat1™ naive CD8" T cells was dependent
on IL-7; thus, it was pronounced only in the culture with IL-7 but
not in the cultures with other gamma-chain (y.) cytokines, such as
IL-2,IL-9, IL-15, and IL-21 (Fig. 3B and fig. S2H).

Stat1™'~ naive CD8" T cells show enhanced in vivo
proliferation in a T1IFN-dependent manner
The main implication from the above in vitro data is that the en-
hanced HP of Stat1”’~ naive CD8" T cells observed in vivo might
depend on T1IEN. To test this hypothesis, CTV-labeled WT and
Stat1™~ naive CD8" T cells were cotransferred into B6 hosts and then
injected with the Toll-like receptor 3 agonist polyinosinic:polycytidylic
acid (poly I:C), which is known as a potent T1IFN inducer (Fig. 3C)
(24). Following this process, WT donor cells failed to undergo cell
division 7 days after transfer, whereas Stat1”~ donor cells showed an
enhanced proliferative response and increased CD44 expression
(Fig. 3, D and E). Similar data were also obtained from irradiated
B6 hosts cotransferred with WT and Stat1™”~ naive CD8" T cells
(Fig. 3, F and G); Poly L:C treatment markedly improved the
lymphopenia-induced HP of Stat1™~ but not WT donor cells.
Given the effect of poly I:C (T1IFN-rich environment), we
subsequently tested opposite settings, i.e., TIIFN-deprived conditions,
to determine whether the enhanced HP observed in Stat1”’~ donor
cells was dependent on T1IFN. To this end, the same adoptive
transfer experiments shown in Fig. 3F (without the poly I:C injection)
were performed with anti-IFNAR antibody (Ab) treatment to block
the T1IFN receptor signal in vivo (Fig. 3H). The enhanced HP of
Stat1”~ donor cells was significantly reduced by TI1IFN blockade,
whereas the response of WT donor cells was unchanged (Fig. 31).
Collectively, these data strongly suggest that STAT1 controls
peripheral CD8" T cell responses to tonic T1IFN by maintaining their
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quiescence in the presence of sufficient levels of STAT1 but inducing
abnormal proliferation under STAT1-deficient conditions.

Stat1™~ naive CD8* T cells activate the STAT4, mTOR,
and cMYC pathways in response to T1IFN and IL-7
Because T1IFN induces the activation of STAT1 and its transcrip-
tional activity to express various ISGs (19), we aimed to elucidate
the precise mechanisms through which Stat1™~ cells undergo cell activa-
tion and division, which are otherwise quiescent in response to T1IFN.
Therefore, we first investigated whether STAT1 and its transcriptional
activity are directly involved in the maintenance of CD8" T cell qui-
escence. For this purpose, Stat1”~ CD8" T cells were transduced with
retroviral vectors encoding either the full-length Statl gene (fIST1)
or a truncated Statl gene lacking the transcription activation domain
(TAD; tST1) (Fig. 4A, top). The in vitro proliferative responses to
TI1IEN and IL-7 were substantially reduced in fIST1-transduced,
but not tST1-transduced, StatI ™~ cells (Fig. 4A, bottom). Similar
results were also observed in vivo when the retrovirally transduced
Stat1™~ cells were transferred into B6 hosts treated with poly I:C (fig. S2,
I and J): Reduced proliferation was apparent in flIST1-transduced,
but not tST1-transduced, Stat1™~ donor cells. These data indicate
that the transcriptional activity of STAT1 is necessary for suppress-
ing cell activation and proliferation upon T1IFN and IL-7 exposure.
To further understand how STATI exerts the above-described
regulatory function, WT and Stat1”~ CD8" T cells were cultured
with IFN-B and/or IL-7, and the activation of various signaling
proteins was then analyzed at different time points. The following
three observations were made: First, Statl™~ cells showed robust,
long-term activation of STAT4 in an IFN-B-dependent manner,
and its phosphorylation was detectable as early as within 30 min and
stable for up to 96 hours during in vitro culture (Fig. 4, B and C, and
fig. S3A). The activation of STATS5, unlike STAT4, was strongly
dependent on IL-7, and the level of activation in WT cells was
comparable to that in Stat1”~ cells (with the exception of poor
STAT? activation in Stat1 ™~ cells, as expected) (Fig. 4, Band C, and
tig. S3A). Second, Stat1 7/~ cells showed strong activation of mTOR
pathways, as evidenced by the phosphorylation of S6 kinase (S6K),
S6, and eukaryotic translation initiation factor 4E-binding protein 1
(4EBP-1), and this effect was pronounced only in the culture with
both IFN-B and IL-7 (Fig. 4D and fig. S3, B and C). In contrast,
Stat1”~ cells treated with IFN-B and IL-7 exhibited a substantial
reduction in AKT activation (Fig. 4E and fig. S3D), although it
serves as a positive regulator of mTOR activation (25). P38 and ERK
activation was similar or slightly increased in Stat1”'~ cells compared
with WT cells (fig. S3D). Third, Stat1 /= cells (relative to WT cells)
showed similar levels of IL-7-induced cMYC expression, which
depended on the activation of STATS5 (26), but the levels were even
further promoted by coculture with IFN-B (Fig. 4F and fig. S3E),
which was in line with its ability to enhance mTOR activity (27).
Thus, these data suggest a role of STAT1 in negatively regulating
STAT4, mTOR, and cMYC activation in response to TIIFN and IL-7.

The induction of Stat1~~ naive CD8" T cell proliferation

by T1IFN and IL-7 is mediated through activation

of the STAT4-lysosomal mTOR-cMYC signaling axis

To gain insight into the functional relevance of the aforementioned
activated signaling pathways, CTV-labeled WT and Stat1”~ naive CD8"
T cells were treated with various pharmacochemical inhibitors and cultured
with IFN-B and IL-7. Notably, the mTOR inhibitor rapamycin markedly
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Fig. 3. Stat1”~ naive CD8" T cells proliferate in response to T1IFN and IL-7 in vitro and in vivo. (A) In vitro proliferation of WT and Stat1~~ naive CD8" T cells in culture

with indicated cytokines. (B) Percentage of proliferating WT and Stat1~/~

naive CD8" T cells in culture with IL-7 and IFN-B. (C) Experimental scheme for (D) and (E). i.p.,

intraperitoneally. (D) In vivo proliferation and (E) CD44 expression levels of WT and Stat1™~ CD8" donor cells from B6 recipients. (F) Experimental scheme for (G). (G) In
vivo proliferation of WT and Stat1™~ CD8" donor cells from irradiated (500 cGy) B6 recipients. (H) Experimental scheme of in vivo T1IFN blockade for (l). (I) In vivo proliferation
of WT and Stat1™~ CD8* donor cells from untreated or alFNAR-treated irradiated B6 recipients. The results are presented as means + SEM. Data are representative of three
to four independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001. n.s., not significant.

reduced the proliferative responses of Statl™”~ cells, whereas ERK, P38,
and AKT inhibitors (PD98059, SB203580, and AKTi, respectively) did
not have a similar effect (Fig. 4, G and H). To determine the role of
enhanced STAT4 and cMYC activation, Stat1”" cells were transduced
with retroviral vectors encoding STAT4 or cMYC short hairpin RNA
(shRNA). Both virally transduced Stat1”~ cells exhibited substantially
reduced proliferation in response to IFN-B and IL-7 (Fig. 4, I and ]).
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To elucidate possible cross-talk amon;; the STAT4, mTOR, and
cMYC pathways, rapamycin-treated Statl™ cells exhibited decreased
cMYC expression without affecting STAT4 activation (fig. S3F),
and this finding suggested that STAT4 is an upstream regulator of
mTOR activation, which, in turn, promotes cMYC expression.
Therefore, we subsequently addressed how STAT4 activates mTOR
signaling. For this purpose, the expression of a panel of genes related
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to mTOR activation in WT and Stat1™~ naive CD8" T cells cultured
with IFN-f and/or IL-7 was analyzed. Of the various genes tested,
the expression of the small guanosine triphosphatase (GTPase)
RagD (and, to a lesser extent, RagC) was markedly enhanced in
Stat1™", but not WT, cells after culture with IFN-p alone or with
both IFN-B and IL-7 (Fig. 4, K and L). Similar data were observed
for RagD protein expression (fig. S3G). IL-7 alone, unlike IFN-,
failed to induce RagD (Fig. 4, K and L, and fig. S3G), which indicated
a role of T1IFN-dependent (and not IL-7-dependent) STAT4
transcriptional activity in RagD expression. In support of this finding,
promoter regions of the rragd gene contained a putative binding site
for STAT4 but not STATS5, as evidenced by strong STAT4 interac-
tion with a chromatin positioned —222 kb of the rragd transcription
start site (fig. S3H). Furthermore, STAT4-induced RagD was closely
associated with mTOR activation (i.e., S6 phosphorylation) via a
mechanism independent of AKT activation (fig. S3I).

Given that T1IFN-induced STAT4 signaling induced mTOR-
dependent proliferation of Stat1™~ CD8" T cells, we also examined
whether a similar response would occur even in WT CD8" T cells by
IL-12, as the IL-12/IL-12R primarily activates STAT4 activation. In
vitro culture with IL-12 (along with IL-7) led to the proliferation of
CD44™ MP and, to a lesser extent, CD44" naive CD8" T cells, and
the proliferation was also mTOR dependent, as evidenced by no
proliferative response with rapamycin treatment (fig. S3J). In line
with these findings, MP cells freshly isolated from normal B6 mice
showed a relatively high level of phospho-STAT4 (p-STAT4), RagD,
and p-S6 compared to naive counterparts (fig. S3K). These data
suggest that STAT4 may serve as a bridge linking various cytokine
receptors (e.g., IFNAR and IL-12R) with mTOR signaling pathway,
presumably by inducing RagD expression.

Because RagD is a crucial component for mTOR activation,
particularly on the membrane of subcellular lysosomes (28, 29), we
subsequently examined whether the STAT4-RagD signaling axis
converges on lysosomal mTOR activation. To this end, WT and
Stat1”™ naive CD8" T cells were cultured with IFN-p and/or IL-7, and
the colocalization of mTOR and lysosomal membrane-associated
protein 2 (LAMP2) was analyzed. Stat1™~ cells showed markedly
enhanced mTOR colocalization with LAMP2 in culture with both
IFN-B and IL-7 (not IL-7 alone), but WT cells did not exhibit a
similar colocalization (Fig. 4, M and N). To further confirm the
requirements of lysosomal activity for mTOR activation, WT and
Stat]™" naive CD8" T cells were cultured with IFN-B and IL-7 in the
presence of MG132 (N-carbobenzyloxy-L-leucyl-1-leucyl-L-leucinal),
NH,CI, and leupeptin, which are inhibitors that can block lysosomal
functions (30, 31). Statl =/~ cells showed substantial reduction of
mTOR activation (i.e., reduced S6 phosphorylation) after treatment
with these inhibitors, and the STAT4-RagD pathways remained
intact (fig. S3L). Furthermore, consistent with the reduction in mTOR
activation, these inhibitors suppressed the proliferative responses of
Stat1”~ cells cultured with IFN-B and IL-7 (fig. S3M). Therefore,
these data strongly support the notion that STAT1 negatively regu-
lates both the STAT4-RagD-lysosomal mTOR and cMYC signaling
pathways in response to T1IFN and IL-7.

Stat1~~ naive CD8" T cells induce severe forms of colonic
inflammation in an IBD setting

Given the uncontrolled responsiveness of Stat]”~ naive CD8" T cells
to T1IFN and IL-7, we examined the pathophysiological impact of
alterations in peripheral CD8" T cell homeostasis in Statl”~ mice.
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Consistent with the accumulation of CD44™ MP cells during aging,
Stat1”"~ mice aged 4 months showed clear symptoms of splenomegaly
accompanied by increases in the spleen weight and total splenocyte
counts, particularly that of CD44" CD8" T cells (Fig. 5, A to D). The
numbers of B, natural killer (NK), and T regulatory (Tg) cell
populations were unchanged (fig. S4A). The phenomena observed in
Stat1”~ mice were completely restored in mice showing deficiency in
both STAT1 and IFNAR (Stat1™~.Ifnar™"; Fig. 5, A to D), which supported
the crucial requirement of in vivo T1IFN signaling in perturbing
the quiescence of Stat1™~ naive CD8" T cells at a steady state.

Despite the enlarged spleens, the aged Stat1”~ mice did not
develop any signs of severe inflammation or autoimmune diseases,
presumably because of unaltered Treg cell counts (fig. S4A). To fur-
ther confirm a possible pathological impact of unrestrained Stat1™/~
naive CD8" T cells, we used a T cell transfer model to induce IBD
in Ragl™ hosts (32). To this end, Ragl”’~ hosts were adoptively
cotransferred with a mixture of WT naive CD4" T cells and either
WT or Stat1”~ naive CD8" T cells, and 9 days later, the degree of
colonic inflammation was analyzed in these hosts (Fig. 5E). At this
time point, the colons from Ragl™ hosts transferred with WT
CDS8" cells were relatively normal, as demonstrated by nearly intact
luminal shapes, whereas those with Stat1™~ CD8" cells showed
enhanced histological signatures of severe inflammation (Fig. 5F,
top two rows). Moreover, consistent with this phenomenon, a
significant increase in the number of Stat1™~ CD8" donor cells that
could produce IL-17A and IFN-y was observed (fig. S4, B and C); a
significant increase in the number of WT CD4" donor cells was also
observed only when cotransferred with Stat1”~ CD8" cells. Note,
however, that, despite the substantial increase in absolute cell
number, the relative proportion of cytokine-producing donor T cells
was unchanged (fig. S4D), suggesting that the severe colitis reflects
a quantitative rather than a qualitative change. The aggressive
colonic inflammation caused by Stat1”~ CD8" cells was heavily
dependent on T1IEN because this pathological effect was completely
restored by cotransfer with Stat1”~.Ifnar”’~ naive CD8" T cells (Fig. 5F,
bottom row). Similar pathological effects with Stat1™", but not
Stat1™’" Ifnar™"", donor cells were also detectable in the liver
(Fig. 5G). Collectively, these data indicate that STAT1 plays a
crucial role in maintaining the homeostasis of peripheral naive
CD8" T cells by suppressing the responsiveness to T1IFN.

DISCUSSION

STAT1 transmits a T1IFN signal by forming transcriptional
complexes with STAT2 and IRF9 (interferon regulatory factor 9),
which leads to various immunological functions, particularly in an
inflammatory context of pathogen infection (20). In this situation,
the role of STAT1 is mostly attributed to its ability to induce a panel
of ISGs, and accordingly, abnormal outcomes resulting from STAT1
deficiency largely phenocopy those resulting from mice lacking the
T1IEN signals (33-35). In the present study, we addressed a novel
regulatory function of STATI per se, uncoupling its role from the
abovementioned canonical T1IFN signaling pathway and highlighting
a noncanonical pathway of activating the STAT4-RagD-lysosomal
mTORCI axis under steady-state conditions without any infectious
episodes. As a result of STAT1 deficiency, T1IFN (along with IL-7)
can transmit a stimulatory signal by recruiting and stably activating
STAT4, which, in turn, triggers RagD expression and induces lyso-
somal mTOR activation, and these effects release naive CD8" T cells
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from the quiescent state, which results in abnormal prolifera-  robust level of both STAT1 and STAT4 phosphorylation at early
tion and increased CD44" cell generation. time point (0.5 to 5 hours) after IFN-p treatment in WT CD8" T cells
A precise mechanism underlying STAT1-mediated negative (Fig. 4C). Therefore, we suggest that the inhibitory role of STAT1 is
regulation for the T1IFN-induced STAT4-mTOR activation remains  primarily dependent on its transcriptional activity but not its simple
to be further elucidated. In this respect, we demonstrated the follow-  physical interference for STAT4 binding to the receptor (IFNAR).
ing two observations: (i) no inhibition with TAD domain-lacking Because the TIIFN-STAT] signaling is known to induce a large
STAT1 transduced in StatI”~ CD8" T cells (Fig. 4A) and (ii) equally  variety of genes (i.e., ISGs) that mediate various functional responses
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(20, 36), we assume that either single or a group of certain ISG proteins
induced by STAT1 may act as a negative regulator for STAT4/mTOR
pathway to primarily target the most proximal stage of IFNAR
signaling, namely, Janus kinase (JAK)/STAT. In this regard, SOCS
family proteins may be the most relevant candidate, as they have
been shown to negatively regulate various cytokine receptor signaling,
including type I and I IFN, through inhibiting enzymatic activity of
JAK kinases or physical interactions with its substrates STATSs
(20, 37-39). Besides SOCS proteins, USP18 is also another possible
candidate known as a negative feedback loop for TIIFN/IFNAR
signaling by inhibiting JAK/STAT pathway (40). Hence, one possi-
ble explanation is that these regulatory proteins that are induced at
a later time point by T1IFN in a STAT1-dependent manner may dampen
T1IFN-induced JAK1/TYK2 activation, presumably ceasing STAT4
activation and its further downstream RagD-lysosomal mTORC1
activation. Future studies are needed to clarify this possibility.

Although the information on the physiological role of TIIFN
at a steady state is currently limited, the findings obtained in our
present study suggest the existence and importance of T1IFN as an
atypical homeostatic cue for the maintenance of peripheral CD8"
T cell quiescence, particularly under conditions in which STATTI is
functionally intact. This notion is fully supported by the fact that
the abnormal phenomena observed in Statl™™ naive CD8" T cells
completely return to normal by abrogating the T1IFN response
in vivo. Because many cytokine receptors share STAT1 for their
signaling (41-43), further determination of the possible outcomes
of quiescent naive CD8" T cell responses to other homeostatic cues
in the absence of STAT1 would be beneficial to generalizing its
regulatory role. In addition to the STAT4-associated phenomena
described in the current study, whether other STAT proteins are
alternatively activated depending on the relevant cytokines remains
to be elucidated.

Given the strong connection between prolonged T1IFN/IFNAR-
induced STAT4 activation and lysosomal mTORCI activation only
in Stat1”~ CD8" T cells, it is tempting to speculate that the similar
phenomena may also occur in WT CD8" T cells by IL-12/IL-12R
engagement, as this cytokine induces STAT4, but not STAT1, acti-
vation. A study by Rao et al. (44) demonstrated that IL-12-induced
STAT4 is crucial for the proliferation of effector CD8* T cells in an
mTOR-dependent manner. Likewise, we found that prolonged
in vitro exposure of IL-12 (along with IL-7) can induce significant
proliferation of both memory phenotype and, to a lesser extent,
naive CD8" T cells, and notably, the proliferation was completely
inhibited by adding rapamycin, implying an mTOR-dependent
response. In line with these findings, we also observed a relatively
high level of p-STAT4, RagD, and p-S6 in freshly isolated memory
phenotype CD8" T cells compared to naive counterparts. Therefore,
it is reasonable to assume that STAT4 has a key role in triggering
mTOR pathway in general (45), although the degree of such mTOR
activation may vary depending on the type of cytokine receptors
involved (i.e., IFNAR or IL-12R).

Given the many reported Statl gene mutations in humans,
whether the phenomenon observed in Statl™~ mice is similarly
reproduced in clinical patients lacking functional STAT1 might be
an interesting topic to investigate. The fact that some clinical cases
of inflammatory diseases have been associated with StatI gene poly-
morphism (46-48) supports this possibility, although the com-
pounding effect of defective STAT1 cannot be easily excluded
because of increased susceptibility to pathogen infection. For instance,
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one recent study by Zhang et al. (49) demonstrated that some
patients with STAT1 gain-of-function mutation exhibit lymphopenia
with a smaller number of T cells in the blood, whereas one-fourth of
patients with STAT1 loss-of-function mutation show lymphadenopathy,
which are in close agreement with our findings in Stat1™~ mice
(Fig. 5A). As for Statl gene mutation, Stat4 gene mutation has also
been reported in human with several autoimmune diseases such as
systemic lupus erythematosus (50). These studies suggest that the
uncontrolled function of STAT1 and STAT4 in T cells may cause
autoimmune diseases, and therefore, the adequate balance between
STAT1 and STAT4 activation is perhaps broadly relevant in both
mice and humans to maintain normal T cell homeostasis.

In summary, our results further extend our understanding that
STAT]1 serves as an important gatekeeper to maintain the quiescence
of peripheral naive CD8" T cells by suppressing their responsiveness
to the atypical homeostatic cue T1IFN. The mechanisms underlying
the IFNAR-STAT4-RagD-lysosomal mTOR axis elucidated in the
present study might aid the development of optimal therapeutic
strategies for modulating CD8" T cell immunity.

MATERIALS AND METHODS

Mice

C57BL/6 (B6), B6.SJL (Ly5.1), or B6.PL (Thyl.1) mice were purchased
from The Jackson Laboratory. Stat1™”", Ifnar”", Ifnar.Ifngr”’", Tapl™",
and Ragl™" mice (all on a B6 background) were obtained from
Pohang University of Science and Technology (POSTECH). P14
TCR Tg (Thyl.1) mice were obtained from POSTECH and crossed
with Stat1”" to generate P14.Stat1 ~~ mice. Stat1™~ mice were crossed
with Ifnar”™ mice to generate Statl”’".Ifnar”’~ double knockout
mice. Mice were maintained under specific pathogen—free condi-
tions. Unless described otherwise, all mice were used sex-matched
at 8 to 12 weeks of age, according to protocols approved by the
Institutional Animal Care and Use Committee at POSTECH and
Chonnam National University (CNU).

Reagents

Recombinant murine IL-2, IL-7, IL-9, IL-15, IL-21, and IFN-y were
purchased from PeproTech. Mouse IFN-f was purchased from PBL
Biomedical Laboratories. PD98059, SB203580, AKTi, MG132,
leupeptin, NH,CI, and rapamycin inhibitors were all purchased
from Sigma-Aldrich.

Abs and flow cytometry

Cell suspensions were prepared and stained for fluorescence-activated
cell sorting (FACS) analysis of cell surface markers using phosphate-
buffered saline (PBS) containing 2% fetal bovine serum (FBS) and
0.05% sodium azide with the following fluorochrome-conjugated
Abs to (purchased from BioLegend, eBioscience, and BD Biosciences
unless otherwise described): anti-CD4 (RM4-5), anti-CD8a. (53-6.7),
anti-CD44 (IM7), anti-CD62L (MEL-14), anti-CD24 (1M/69), anti-
CD45.1 (A20), anti-CD45.2 (104), anti-CD90 (5E10), anti-CD90.1
(HIS51), anti-CD90.2 (53-2.1), and anti-CD5 (53-7.3). Flow cytometry
samples were run using LSR II or FACSCanto II (BD Biosciences)
and analyzed with FlowJo software (Tree Star).

BrdU incorporation assay
To analyze proliferation ability, indicated mice were intraperitoneally
injected with BrdU (1 mg per mouse; Sigma-Aldrich) once and then
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treated with BrdU (0.8 mg/ml) in their drinking water for 7 days
before sacrifice. BrdU staining was performed with BrdU Staining
Kit for Flow Cytometry FITC (eBioscience) according to the
manufacturer’s protocol. Briefly, splenocytes were stained with
surface markers and then fixed and treated with deoxyribonuclease
I. Cells were stained with fluorochrome-conjugated anti-BrdU and
analyzed with flow cytometry. For flow cytometry analysis of intra-
cellular Ki67, splenocytes were stained for cell surface markers, fixed
and permeabilized using Foxp3/Transcription Factor Staining Buffer
Set (eBioscience), and then stained with fluorochrome-conjugated
anti-Ki67 (SolA15, BD Biosciences).

T cell purification and in vitro proliferation assay

Single-cell suspensions from pooled lymph nodes or spleen were
stained with fluorochrome-conjugated Abs to CD8a, CD5, or CD44
and then sorted to obtain CD44" naive CD8" T cells using MoFlo
Astrios or MoFlo XDP (Beckman Coulter). Purity was routinely
tested after cell sorting and was >99%. For in vitro proliferation
assay, FACS-sorted CD44" CD8" T cells were labeled with CTV
(Thermo Fisher Scientific), plated to 96-well cell culture plates,
cultured with various indicated stimuli, and analyzed for CTV dilution
by flow cytometry.

Generation of mixed BM chimera

BM cells were obtained from femur bones of WT congenic mice
(Thy1.1/1.2) and Stat1 - (Thy1.2/1.2) mice. T and B cells were removed
by MACS (magnetic-activated cell sorting) magnetic purification
using anti-CD3 or anti-B220 Abs (eBioscience) conjugated with biotin.
A mixture of WT and Stat1 7~ (ata 1:1 ratio) was transferred intravenously
into lethally irradiated (960 cGy) WT congenic mice (Thyl.1/1.1).
After 8 weeks, the mixed BM chimera mice were sacrificed for analysis.

In vivo T cell proliferation

For normal homeostatic turnover or lymphopenia-induced HP,
FACS-sorted naive CD8" T cells from P14.Stat1™* (Thy1.1/1.2) or
P14.Statl™~ (Thy1.2/1.2) mice were labeled with CTV and transferred
intravenously to either non-irradiated or sublethally irradiated
(500 cGy) B6 (Thyl1.1/1.1) mice. Recipient mice were sacrificed at
the indicated time points, and donor cells were analyzed by flow
cytometry. Division index was calculated according to the FlowJo
protocols.

In vitro T cell culture with inhibitors

For analyzing effects of mitogen-activated protein kinase (MAPK)
and mTOR pathway on proliferation, FACS-sorted naive CD8" T cells
from Stat1”~ mice were preincubated for 30 min with the indicated
inhibitors PD98059 (1 uM), SB203580 (1 uM), AKTi (1 uM), and
rapamycin (0.1 to 500 nM, as indicated) and cultured for 2 days
with IL-7 and IFN-p (10 ng/ml), followed by washing and culturing
for additional 2 days. For analyzing a role of lysosomal activity, the
aforementioned experiment was performed in the presence of
inhibitors MG132 (1 uM), NH,CI (4 mM), and leupeptin (10 uM).

Western blot

Purified naive CD8" T cells cultured under the conditions indicated
were harvested, washed with ice-cold PBS, and lysed on ice for 15 to
30 min in a lysis buffer [20 mM tris (pH7.5), 150 mM NaCl, 1 mM EDTA,
1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM
B-glycerophosphate, 1 mM NazVOy4, 1 mM phenylmethylsulfonyl
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fluoride, aprotinin (1 pg/ml), and leupeptin]. Cell lysates were
resolved by 4 to 12% bis-tris SDS—polyacrylamide gel electrophoresis
gel (Invitrogen), transferred onto nitrocellulose membrane
(Invitrogen), blocked with 5% dry nonfat milk in tris-buffered
saline (pH 7.4) containing 0.1% Tween 20, and probed with the following
Abs to (Abs were used at 1:1000 and purchased from Cell Signalin
Technology unless otherwise described): p-ERK1/2 (Thr**/Tyr*";
D13.144E), p-PLCy (Tyr783; rabbit polyclonal), p-ZAP70 (Tyr319; 65E4),
p-AKT (Thr’®; D25E6), p-AKT (Ser*”*; D9E), p-p38 (Thr'®/Tyr'®%
D3F9), p-S6K (Thr*®; rabbit polyclonal), p-S6 (Ser235/236; D57.2.2E),
p-4EBP-1 (Thr37/ 46, 236B4), c-Myc (E5Q6W), RagD (polyclonal; Novus
Biotechnology), p-STAT2 (Tyr®’; D3P2P), p-STAT3 (Tyr’%; D3A7),
p-STAT4 (Try®”; D2E4), p-STAT5A/B (Tyr®**%; A11W; Millipore),
and B-actin (AC-15, AC-74; Sigma-Aldrich). Immunoreactivity was
detected by enhanced chemiluminescence detection system according
to the manufacturer’s instructions (GE Healthcare).

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assay was done according
to the manufacturer’s instructions. Briefly, naive CD8" T cells were
purified from Stat1™* or Stat1™~ mice and cultured with IL-7 (1 ng/ml)
and IFN-B (10 ng/ml) for 2 days. Cells were fixed with 37% of
formaldehyde, resuspended in the supplied ChIP buffer, and lysed
by sonication. Abs for STAT4 (C46B10; Cell Signaling Technology)
and STAT5 (D206Y; Cell Signaling Technology) were added to the
ChIP sample, followed by incubation of the samples overnight at
4°C with rotation. ChIP-grade protein G magnetic beads (Cell
Signaling Technology) were added to the samples, and the tubes
were placed in the Magnetic Separation Rack (Invitrogen) to isolate
the Ab-bound chromatins. Chromatins were eluted from the
Ab/magnetic beads by elution buffer at 65°C with vortexing and
purified in the spin column. Real-time polymerase chain reaction
(PCR) was done with purified DNA and primers for the predicted
RagD promoter or enhancer sites, which can be bound by STAT TFs
by JASPAR2020 (51): rragd -864 primer: 5'-GAAAGCAGCCACCCAGT-
TAG-3' (forward) and 5'-TAGGGGTCCTCGGAAAAATC-3’
(reverse); rragd -337 primer: 5'-CCGAGGGCGTTATACACTTT-3'
(forward) and 5'-GACATGTTTCCGGAGAAGTCA-3’ (reverse);
and rragd -222 primer: 5'-TCACGAGACATGTGACTTCTCC-3’
(forward) and 5'-AGCAGCTGCCTCCTAAAGTG-3’ (reverse).

Confocal staining

Purified naive CD8" T cells from Stat1*'* or Stat1™~ mice were
cultured with IL-7 (1 ng/ml) and IFN-B (10 ng/ml) for 2 to 3 days.
After the culture, 2 x 10° cells were washed twice with ice-cold PBS
and placed on a poly-L-lysine-coated glass slide (Sigma-Aldrich)
for 10 min and allowed to adhere to the slide for 5 min at room
temperature. The cells were fixed for 20 min with cold 4% para-
formaldehyde in PBS, permeabilized for 5 min with 0.1% Triton
X-100 in PBS, and then blocked for 15 min with 5% normal goat serum
in PBS containing 1% bovine serum albumin. Cells were stained
with rabbit anti-mouse mTOR (7C10; Cell Signaling Technology),
rabbit anti-mouse LC3B (E7X4S; Cell Signaling Technology), rat
anti-mouse LAMP2 (GL2A7; Abcam) for 45 min, washed twice,
blocked, and then reincubated with anti-rabbit Alexa or anti-rat
Alexa for 30 min. The final slides were washed with PBS and mounted
in ProLong Gold Antifade Reagent (Invitrogen) and analyzed using
a Zeiss LSM 700 laser scanning confocal microscope (Carl Zeiss) for
acquiring fluorescence images.
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Real-time reverse transcription PCR

Purified naive CD8" T cells from Stat1"* or Stat]”~ mice were
cultured with IL-7 and IFN-B for indicated time points. RNA was
isolated with NucleoZOL (Macherey-Nagel), and complementary
DNA (cDNA) was synthesized with Moloney murine leukemia
virus reverse transcriptase (Invitrogen) and oligo dT (Bioneer).
Real-time reverse transcription PCR was performed with the SYBR
Green PCR Master Mix using the StepOnePlus Real-Time PCR System
(Applied Biosystems). The following primers (Bioneer) were used:
Mtor: 5-CCAGCGCTATGATGTGCTTA-3’ (forward) and 5-ATGG-
GTCCTGTCTCAACTGG-3’ (reverse); Raptor: 5'-GGTACAAGCA-
GAGCCTCGAC-3' (forward) and 5-GACCCAGACCTCTCCATTCA-3’
(reverse); Deptor: 5'-GATTGTTGGTGACGCAGTTG-3’ (forward)
and 5-GCCATTGACAGAGACGACAA-3’ (reverse); Pras40:
5'-TGCTCCTAGTCCACCACCTC-3' (forward) and 5'-GTGGCATCCT-
CATCCATCAT-3' (reverse); Mist8: 5-CCAACCAGGCAGAACTCATT-3
(forward) and 5-TAGCATCTGGGTCGATGTGA-3’ (reverse); Rraga:
5-AATCGTGTCTGGAAGCCATC-3' (forward) and 5-GACAAAC-
GCCTCAGGTCTTC-3’ (reverse); Rragh: 5'-ACCTGGTTTTGAACCT-
GTGG-3’ (forward) and 5'-AGTTCACGGCTCTCCACATC-3’
(reverse); Rragc: 5'-GGGAAGAGAGCTTTGAACGA-3’ (forward)
and 5'-GGCTTTCAGACTTGGAGCAC-3’ (reverse); Rragd:
5-AGCTCCTTCGTCAACTTCCA-3’ (forward) and 5-GCCAG-
CGCTTCCATATAGTC-3’ (reverse); Myc: 5'-AGTGCTGCAT-
GAGGAGACAC-3' (forward) and 5'-CTCGGGATGAAGATGAGCCC-3
(reverse); Slcla5: 5'-GGTCCAGCTTCTCTGTGAGG-3’ (forward)
and 5'-GGTGGCATCATTGAAGGAGT-3’ (reverse); Slc3a2:
5-GAGGACAGGCTTTTGATTGC-3’ (forward) and 5-ATTCAG-
TACGCTCCCCAGTG-3’ (reverse); Slc38a9: 5'-CCATTGGGCTCT-
GCCTATAA-3' (forward) and 5'-CTGTTTTATGCCCCAAGGAA-3’
(reverse); and Slc7a5: 5'-CTGGCCATCATCATCTCCTT-3’ (forward)
and 5'-CAGGACATGACACCCAAGTG-3’ (reverse).

Retroviral vectors for overexpression and

short hairpin (shRNA) knockdown

For overexpression, full-length Statl and truncated StatI (1-2139)
c¢DNA from mouse splenocyte were cloned into the Bgl IT and Xho
I sites of the MIGR1 plasmid (Addgene) with primers for cloning:
5-GGGCCCAGATCTATGTCACAGTGGTTCGAG-3’ (forward)
and 5'-GGGCCCCTCGAGTTATACTGTGCTCATCCT-3’ (reverse)
(for fIST1) and 5'-GGGCCCCTCGAGTTAAATCAACTCAGTCTT-3’
(reverse) (for tST1). Retroviral shRNA LMP vector was purchased
from Open Biosystems. The sequences of the shRNAs targeting
Myc are “TGCTGTTGACAGTGAGCGCCTGGTGCATAAACT-
GACCTAATAGTGAAGCCACAGATGTATTAGGT-
CAGTTTATGCACCAGATGCCTACTGCCTCGGA” and

“TGCTGTTGACAGTGAGCGCACGACGAGAACAGTT-
GAAACATAGTGAAGCCACAGATGTATGTTTCAACT-
GTTCTCGTCGTTTGCCTACTGCCTCGGA” and targeting Stat4
are “TGCTGTTGACAGTGAGCGCTCCTGCGAGACTACAAG-
GTTATAGTGAAGCCACAGATGTATAACCTTGTAGTCTCG-
CAGGATTGCCTACTGCCTCGGA” and

“TGCTGTTGACAGTGAGCGCCACAGTTCAGTCTAACTA-
CAATAGTGAAGCCACAGATGTATTGTAGTTAGACT-
GAACTGTGATGCCTACTGCCTCGGA.”

Plasmids were transfected to the Platinum E cell line with
FuGENE HD (Promega), and supernatants containing viral particles
were collected at 48 hours. Purified naive CD8" T cells were culture
with plate-bound anti-CD3 (5 ug/ml) and anti-CD28 (2 pg/ml) for

Kye et al., Sci. Adv. 2021; 7 : eabg8764 1 September 2021

20 hours and transduced with retroviral supernatants with spin
infection (2500 rpm, 2 hours, 37°C) with polybrene (8 pg/ml; Merck).
Cells were then washed and rested for 2 days with IL-7 (5 ng/ml),
labeled with CTV, and further cultured with IL-7 (1 ng/ml) and
IFN-B (10 ng/ml) for additional 4 days for flow cytometry.

Induction of experimental colitis

FACS-sorted naive (CD44"° CD62L™) CD8" T cells from Stat1™*,
Stat1™", or Statl”". Ifnar_/_ mice (5 x 10° cells per mouse) were
cotransferred intravenously with B6 naive (CD441° CD62LM CD257)
CD4" T cells (1 x 10° cells per mouse) into Ragl " recipient mice.
In this experiment, to avoid NK cell-mediated cytotoxicity to
Stat1™~ donor cells, Ragl™”~ mice were intraperitoneally injected
with NK cell depletion Ab (PK136; BioXCell) three times in 2-day
intervals before adoptive transfer. At 9 days after adoptive transfer,
mice were sacrificed for flow cytometry [mesenteric lymph node
(mLN) and colon] and histology (colon and liver).

Histology

Colon and liver collected from mice were treated with 4% para-
formaldehyde (Tech & Innovation; BPP-9004) for 24 hours and
embedded into paraffin block for hematoxylin and eosin (H&E)
staining. Sections (5 pm) of the colon and liver tissues were stained
with H&E for histological analysis. Clinical scoring of colitis was
graded on a scale of 0 to 4; average scores of two different parameters
are as follows: epithelial damage score (0, none; 1, minimal loss of
goblet cells; 2, extensive loss of goblet cells; 3, minimal loss of crypts
and extensive loss of goblet cells; and 4, extensive loss of crypts) and
infiltration score (0, none; 1, infiltrate around crypt bases; 2, infiltrate
in muscularis mucosa; 3, extensive infiltrate in muscularis mucosa
and edema; and 4, infiltration of submucosa). The histopathological
alterations of liver were graded as described previously (52). Histological
evaluation was conducted in a blinded fashion.

Intracellular cytokine staining

Freshly isolated cells from large intestine and mLN were cultured
with cell stimulation cocktail plus protein transport inhibitors
(Invitrogen) for 4 hours. For intracellular cytokine staining, cells
were stained for cell surface markers, fixed and permeabilized using
Cytofix/Cytoperm buffer (BD Biosciences), and then stained with
fluorochrome-conjugated Abs to anti-IFN-y (XMG1.2; BD Biosciences)
and anti-IL-17A (ebiol17B7; eBioscience) using Perm/Wash buffer
(BD Biosciences).

Statistical analysis

Using Prism 7 (GraphPad), statistical differences were determined
using f test or one-way analysis of variance (ANOVA) with Tukey’s test.
Differences were considered significant at P < 0.05.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abg8764

View/request a protocol for this paper from Bio-protocol.
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