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IMMUNOLOGY

Pseudokinase STK40 promotes Ty1 and T17 cell
differentiation by targeting FOXO transcription factors

Yuexiao Tao1, Zhenyan Jiang‘, Huizi Wang‘, Jia Li1, Xin Li1, Jun Ni1, Jiamin Liu1, Hongrui Xiang1,
Chenyang Guan', Wei Cao', Dongyang Li', Ke He?, Lina Wang?, Jing Hu?, Ying Jin?*3, Bing Liao**,

Ting Zhang**, Xuefeng Wu'*

Inappropriate CD4* T helper (Ty) cell differentiation leads to progression of inflammatory and autoimmune
diseases, yet the regulatory mechanisms governing stability and activity of transcription factors controlling Ty cell
differentiation remain elusive. Here, we describe how pseudokinase serine threonine kinase 40 (STK40) facilitates
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Tu1/Ty17 differentiation under pathological conditions. STK40 in T cells is dispensable for immune homeostasis in
resting mice. However, mice with T cell-specific deletion of STK40 exhibit attenuated symptoms of experimental
autoimmune encephalomyelitis and colitis, accompanied by diminished Ty1 and Ty17 cell differentiation. Mecha-
nistically, STK40 facilitates K48-linked polyubiquitination and proteasomal degradation of FOXO1/4 through
promoting their interaction with E3 ligase COP1. Inhibition of FOXO4 or FOXO1, respectively, restores differentiation
potential of STK40-deficient Ty1/Ty17 cells. Together, our data suggest a crucial role of STK40 in Ty1 and Ty17 cell
differentiation, thereby enabling better understanding of the molecular regulatory network of CD4* T cell differ-
entiation and providing effective targets for the treatment of autoimmune diseases.

INTRODUCTION

Upon recognition of a specific antigen presented by antigen-
presenting cells (APCs) and receipt of the secondary signal, naive con-
ventional CD4" T cells enter an activation program and differentiate
into functionally distinct subpopulations of effector cells based on the
third signal received from various cytokines, including at least
T helper 1 (Tyl), T2, and Tyl7 cells, follicular helper T cells, and
regulatory T (Treg) cells, which participate in and coordinate different
types of immune responses (I). In particular, interferon-y (IFN-y)-
producing Ty1 cells and interleukin-17A (IL-17A)-producing Ty17
cells are required for restricting pathogen infections and mediating
inflammatory and autoimmune diseases (2).

Tyl and Ty17 cell differentiation is precisely modulated by multiple
regulatory factors. Typically, in response to T cell receptor stimulation
and IFN-y/signal transducer and activator of transcription 1 (STAT1)
signaling, naive CD4" T cells up-regulate the expression of T-bet, the
key regulator of Ty1 cell differentiation, which promotes IL-12 receptor
B2 (IL-12RP2) expression (3, 4). IL-12 binds to the IL-12R heterodimer
and enhances the secretion of IFN-y through the activation of STAT4
signaling pathway, resulting in the complete establishment of the Tyl
phenotype (5). Although Tyl cells are crucial in the immune response
against pathogenic infections, inappropriate Tyl cell differentiation
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promotes the development of specific inflammatory diseases such as
multiple sclerosis (MS) or inflammatory bowel disease (IBD) (6, 7).
The pro-inflammatory cytokine IL-6, together with transforming
growth factor-f (TGF-f), induces the expression of the Ty17-specific
transcription factor retinoic acid-related orphan receptor yt (RORyt),
which initiates the differentiation of “nonpathogenic” Ty17 that main-
tains homeostasis in the intestine (8—10). When further stimulated by
cytokines such as IL-23 or IL-1P secreted by APCs, these cells differen-
tiate into “pathogenic” Ty17 (pTyl7) cells (11), with up-regulating
IL-23R and IL-1R, which promotes granulocyte-macrophage colony-
stimulating factor (GM-CSF) production, induces inflammation, and
promotes autoimmune diseases. Therefore, dissecting the regulatory
network of Tyl and Tyl7 cell differentiation is necessary for an
appropriate immune response. In addition, a critical role of the tran-
scription factor family forkhead box O (FOXO) in the regulation of Ty
cell differentiation has recently been identified. FOXO1 represses the
expression of Il17a and I123r in Ty17 cells (12), FOXO3a promotes Ty1
differentiation by promoting the expression of Eomes (13), whereas
FOXO4 inhibits the production of IFN-y in Tyl cells (14). As an
important protein posttranslational modification, ubiquitination
regulates the stability and activity of FOXO proteins (15). Although
FOXO is thought to be important in regulating Tyl and Ty17 cells,
how CD4" T cells integrate signals to regulate the activity of FOXO
proteins and modulate the differentiation of Tyl and Tyl7 cells in
complex immune microenvironments needs to be further investigated.
STK40, also known as Sugen kinase 495 or p65-interacting in-
hibitor of NF-«xB (SINK)-homologous inhibitory kinase, was origi-
nally identified as a negative regulator of nuclear factor kB and
p53-mediated gene transcription (16). The STK40 protein contains
a conserved serine/threonine kinase homologous structural domain
but lacks adenosine 5'-triphosphate (ATP)-binding properties and
was defined as a pseudokinase (17). Although less well-defined,
pseudokinases are found to be associated with key biological path-
ways that are frequently dysregulated in many diseases (18). The
primary role of protein kinases is to catalyze the transfer of phos-
phoryl groups from ATP to their substrates, a process mediated by
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the folding of highly conserved kinase structural domains, but
pseudokinases lack the typical phosphotransferase activity, and,
thus, these enzymes retain a secondary role as effective protein
scaffolds (19). One study showed that STK40 promotes differentiation
of mouse embryonic stem cells toward the extraembryonic endoderm
through activation of the extracellular signal-regulated kinase/
mitogen-activated protein kinase (MAPK) pathway (20). Knock-
down (KD) of STK40 in cultured mouse embryonic fibroblasts
promotes differentiation toward adipocytes through translational
control of CCAAT/enhancer binding protein § (C/EBPp) and C/
EBPS levels (21). Deficiency of STK40 in mice leads to immature
lung epithelial cell development, resulting in respiratory depression
and perinatal death (22). Mechanistically, STK40 is thought to be a
scaffolding protein that binds to the E3 ligase constitutively Photo-
morphogenic 1 (COP1), promoting substrate ubiquitination and
proteasomal degradation by facilitating COP1 access to substrate
proteins like c-Jun (17, 23). The role of SKT40 in immune cells has
been poorly investigated. Ndoja et al. (24) found that, in microglia,
STK40 inhibited neuroinflammation by promoting COP1-mediated
degradation of C/EBPf. As STK40 homologous proteins, tribbles
(Trib) family of pseudokinases engages in different cellular processes,
including proliferation, differentiation, and metabolism (25). Trib
proteins can also function as scaffolding molecules in a COP1-
dependent manner (26). In addition, Trib can modulate Akt and
MAPK signaling in a COP1-independent manner (27-29), yet the
molecular details remain poorly understood. Several studies have
elucidated the role of Trib in the immune system. Tribl expression
is up-regulated in activated T cells, which inhibits CD4" T cell
proliferation and regulates CD8" T cell differentiation during chronic
infection (30-32). Trib2-deficient mice have subtle defects in thymic
T cell development (33). However, the role and molecular mecha-
nism of the pseudokinase STK40 in T cells remain to be clarified.

In this study, we reveal the critical role of STK40 in regulating
Ty cell differentiation. STK40 in CD4" T cells diminishes the
differentiation of Tyl and Ty17 cells. In mouse models of acute
intestinal inflammation and experimental autoimmune encephalo-
myelitis (EAE), STK40 deficiency attenuates Ty1- and Ty17-mediated
responses, thereby delaying the disease progression. Mechanistically,
we identified FOXOs as targets of STK40 to regulate Ty cell differen-
tiation. STK40 regulates Tyy1 and Ty17 cell differentiation by func-
tioning as an adaptor protein, promoting the association between the
E3 ligase COP1 and FOXO1/FOXO4, which mediates K48-linked
ubiquitination and degradation of FOXO1/FOXO4 proteins via the
proteasome pathway, respectively. These data suggest that ubiquitina-
tion modification of FOXO1/FOXO4 mediated by STK40 together
with COP1 is essential for Ty cell differentiation.

RESULTS

STKA40 expression was elevated in T cell after activation
Because Tribl is induced after T cell stimulation with anti-CD3/
CD28 (30, 31), we wondered whether STK40 is also up-regulated
after T cell activation. We sorted CD4" or CD8" T cells from
mouse spleen, stimulated with anti-CD3/CD28, and examined
Stk40 expression. The Stk40 mRNA expression was up-regulated
in CD4* and CD8* T cells after 4 to 6 hours of stimulation (Fig. 1,
A and B), and the expression of Stk40 was higher in CD4" T cells
than that in CD8" T cells (Fig. 1C). This result implicates a role for
STK40 in activated T cells. Next, we investigated the expression
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profile of STK40 in the CD4" T cell subsets. We sorted naive CD4™"
T cells (CD4+CD441°CD62LhiCD25_) from mouse spleens and in-
duced them to differentiate into Tg1, Ty2, and Ti17 subsets under
indicated conditions. The expression of Stk40 was up-regulated in
Tyl, Ty2, and Tyl7 cells compared to that in naive cells, espe-
cially in Tl and Ty17 cells (Fig. 1D), yet its level in Treg cells was
comparable to that in naive cells (Fig. 1E). It suggests that STK40
is involved in regulating the differentiation process of Ty cells.

To investigate the role of STK40 in CD4" T cell-mediated immune
response and the underlying mechanisms, we crossed Stk40"” mice
with Cd4-cre mice to generate Stk40” Cd4-cre (Stk40™") mice,
whose T cells were conditionally depleted of STK40 (fig. S1A). At the
protein level, STK40 expression was induced in CD4" T cells upon
anti-CD3/CD28, while STK40 was undetectable in Stk40*” CD4*
T cells (fig. S1B). We next analyzed the development of T cells under
steady state in Stk40” and Stk40°T mice. Eight-week-old Stk40*”
mice showed normal proportions and numbers of specific thymocyte
subsets (fig. S1, C to F). In addition, percentages and numbers of
CD4* and CD8" T cells in the spleen and mesenteric lymph nodes
(mLNs) of Stk40*" mice were similar to those of Stk40" mice (fig. S1,
G and H). We then examined T cell homeostasis in the spleen and
mLNs (Fig. 1F and fig. S1I). In the spleen, we observed that STK40
deficiency did not affect the number of effector (CD44MCD6211),
memory (CD44hiCD62Lhi), and naive (CD441°CD62Lhi) cells of
CD4* and CD8" T cells, although there was a slight change in the
proportion of memory cells in CD4" and CD8" cells of Stk40"” mice
compared to that of Stk40” mice (Fig. 1, G and H). In mLNs, loss of
STKA40 slightly altered percentages and numbers of memory popula-
tions in CD4" cells and CD8" cells, which had no effect on effector
and naive subsets (Fig. 1, I and J). In addition, the percentage and
number of CD4"Foxp3™ Ty cells in the spleen and mLNs of Stk40*T
mice were comparable to those of Stk40™ mice (Fig. 1, K and L).
Together, these data indicate that STK40 in T cells is dispensable for
peripheral T cell homeostasis in mice under steady conditions.

STK40 promotes Ty1 and Ty17 cell differentiation

We next examined whether STK40 could re7gulate CD4" T cell
differentiation. We purified Stk40”' and Stk40*" naive CD4" T cells
and differentiated them into TyO0, Tx1, Tu2, Ty17, pathogenic Ty17
(pTul7), and induced Treg (iT+eg) cells in vitro under the indicated
conditions, and the lineage-specific markers were then analyzed by
intracellular staining. Deletion of STK40 slightly down-regulated
IFN-y expression in THO cells and significantly decreased IFN-y
expression in Tyl cells (Fig. 2, A and B). In addition, STK40 deficiency
impaired IL-17A expression in Ty17 and pTy17 cells (Fig. 2, C and
D). Because pathogenic Tyl7 cells can produce IFN-y, which
demonstrates enhanced pathogenicity, we examined the expression
of IFN-y in Tyl7 and pTyl7 cells, and the results showed that
deletion of STK40 lowered percentages of IFN-y-producing cells
among pTyl7 cells (fig. S2, A and B), implying attenuation of the
pathogenicity of STK40-deficient pT17 cells. In addition, STK40
depletion had no effect on IL-4 and Foxp3 expression in Ty2 and
iTreq cells, respectively (fig. S2, C and D). Furthermore, consistent
with the above results, enzyme-linked immunosorbent assay
(ELISA) results showed that STK40-deficient Ty0 cells produced
less IFN-y and IL-17A (Fig. 2, E and F), and STK40-deficient Ty1
and pTy17 cells down-regulated the production of IFN-y and IL-17A,
respectively (Fig. 2, G and H). Although numbers of lamina propria
lymphocytes from the colon and small intestine of Stk40” and Stk40"”
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Fig. 1. STK40 expression is elevated in activated T cells. (A to C) Reverse transcription quantitative polymerase chain reaction (QPCR) analysis of relative Stk40 mRNA
expression in [(A) and (C)] CD4™ T cells and [(B) and (C)] CD8* T cells sorted from spleens and lymph nodes of mice following 4 hours + anti-CD3/CD28 stimulation (n = 3).
(D) gPCR analysis of Stk40 mRNA expression in naive, Ty1, T2, and Ty17 cells (n = 3). (E) gPCR analysis of relative Stk40 mRNA expression in naive CD4* T cells and Treg cells
sorted from spleens and lymph nodes of mice (n = 3). (F) Flow cytometry plot for CcD62L'°CcD44M (effector), cD62LMCD44M (memory), and CD62LMCD44" (naive) cells of
CD4* or CD8* T cells in spleens and mesenteric lymph nodes (mLNs) of 5tk40” and Stk40° mice (n = 5 to 6). (G to J) Statistics of percentages [(G) and (I)] and numbers [(H)
and (J)] of CcD62L'°CD44M (effector), cD62LMCD44M (memory), and CcD62LMCD44" (naive) cells among CD4" or CD8™ T cells in spleens and mLNs of Stk40™ and Stk40™T
mice (n =5 to 6). (K and L) Statistics of percentages (K) and numbers (L) of Foxp3™ (Treg) among CD4" T cells in spleens and mLNs of Stk40™ and Stk40*" mice (n=5t06).
Data are presented as means + SD. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; n.s., not significant (Student’s t test). All data presented in this panel are the result of
at least three independent experiments.
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Fig. 2. STK40 promotes Ty1 and Ty17 cell differentiation. (A to D) Flow cytometry plot (left) and analysis (right) of the frequency of IFN-y* or IL-17A* cells in differenti-
ated THO (A), Ty1 (B), T417 (C), and pTx17 (D) for 3 days of Stk40” and Stk40~T mice (n = 4). (E and F) Supernatants of differentiated Stk40” and Stk40ATTHO cells for 3 days
were collected and the levels of IFN-y and IL-17A were measured by enzyme-linked immunosorbent assay (ELISA; n = 4). (G and H) Supernatants of differentiated Stk40”
and Stk40“7 Ty1 and pT17 cells for 3 days were collected, and the levels of IFN-y or IL-17A were measured by ELISA (n = 4). (1 and J) Flow cytometry plot (I) and analysis
(J) for the frequency of IFN-y* and IL-17A*CD4" T cells in colonic lamina propria separated from Stk40” and Stk40*" mice (n =4 to 5). (K and L) Flow cytometry plot (K) and
analysis (L) for the frequency of IFN-y* and IL-17ATCD4* T cells in the lamina propria of small intestine separated from Stk40” and Stk40>T mice (n = 4). Data are presented
as means =+ SD. *P < 0.05; **P < 0.001; ****P < 0.0001 (Student’s t test). All data presented in this panel are the result of at least three independent experiments.
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mice at steady state were similar, STK40 deletion resulted in a
down-regulation of the proportion of IFN-y* and IFN-y*IL-17A"
cells of CD4" T cells in the lamina propria (Fig. 2, 1to L, and fig. S2, E
to G). In CD8" T cells from the lamina propria, loss of STK40 did not
affect the proportions of IFN-y* and IL-17A* cells; however, STK40
deficiency led to an up-regulation of the number of IFN-y* expressing
CDS8" T cells in the lamina propria of the small intestine (fig. 52, H and
I), which may be due to a compensatory mechanism for maintaining
homeostasis. Because the presence of gut microbes in colon can induce
differentiation of Tyl (34), these findings suggest that absence of
STK40 impaired Ty1 differentiation in vivo. Besides, we detected that
STK40 did not affect the proliferative capacity of Tyl and Ty17 cells
(fig. S2J). Together, these results reveal that STK40 is essential for Ty1
and Ty17 cell differentiation.

Deletion of STK40 in T cells alleviated DSS-induced

colitis in mice

Up-regulation of IL-12 cytokine family such as IL-12 and IL-23 in
IBD controls the infiltration of Tyl and Tyl7 cells in the inflamed
gut, which is a sign of the IBD (35). Although Ty17 cells in the gut can
play a protective and homeostatic role, they can also mediate intesti-
nal pathology (36). Increasing evidence suggests that CD4" T cells are
involved in the pathogenesis of IBD by up-regulating the expression
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of pro-inflammatory cytokines such as IFN-y, tumor necrosis factor
(TNF), and IL-17A (37). The above results showed that STK40 dele-
tion in T cells resulted in altered stability of homeostatic Ty1 cells in
the mice intestine, but we did not observe any change in the propor-
tion of IL-17A* cells (Fig. 2, I to L). We used an acute colitis mouse
model to investigate the effects of STK40 on inflammatory Ty1 and
Tw17 cells under pathologic conditions. Compared with Stk40” mice,
Stk40*™ mice showed less weight loss and longer colon length after
dextran sulfate sodium (DSS)-containing water feeding (Fig. 3, A to C).
Histopathologic hematoxylin and eosin (H&E) staining demonstrated
that STK40 deficiency in T cells reduced inflammatory cell infiltration
and caused less mucosal epithelial destruction after DSS treatment
(Fig. 3D). Flow cytometric analysis identified reduction of IFN-y,
IL-17A%, and TNF'CD4" T cells in the inflamed colon of Stk40™”
mice (Fig. 3, E and E, and fig. S3, A and B) but unchanged cytokine-
production in CD8" T cells (fig. $3, C and D). Collectively, these data
suggest that STK40 promotes Tyl- and Tyl7-mediated intestinal
immune responses in acute murine colitis.

Loss of STK40 in T cell ameliorates T cell-mediated chronic
colitis in mice

To obtain better insight into the intrinsic function of STK40 in the
CD4" T cell-mediated chronic inflammation and autoimmune
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Fig. 3. Deletion of STK40 in T cells alleviates DSS-induced colitis in mice. (A) Weight changes of Stk40™ and Stk40>” mice challenged with 3% DSS in drinking water for
8 days (n =5). (B) Gross morphology of the large bowels on the eighth day after DSS exposure in Stk40” and Stk40*" mice (n = 3). (C) Summarized colonic lengths of DSS-
treated Stk40” and Stk40*T mice harvested on day 8 (n = 3). (D) Hematoxylin and eosin (H&E) staining for Stk40” and Stk40™T mice colon after DSS treatment. (Eand F)
Flow cytometry plot (E) and analysis (F) for the frequency of IFN-y*, IL-17A* and TNF* CD4™" T cells in colonic lamina propria separated from DSS-treated Stk40” and Stk40”T
mice (n = 3). Data are presented as means + SD. *P < 0.05 (Student’s t test). All data presented in this panel are the result of at least two independent experiments.
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diseases, we used a T cell transfer colitis model. Naive CD4* T
cells (CD4+CD45RBhiCD25_) from Stk40” or Stk40*T mice were
transferred into Rag2™’~ mice to induce colitis. Mice transferred
with Stk40”/ CD4* T cells lost significantly more weight and had
shorter colons compared to mice transferred with STK40-deficient
CD4* T cells (Fig. 4, A to C). Compared with Rag2™'~ mice trans-
ferred with wild-type (WT) CD4" T cells, Rag2™’~ mice trans-
ferred with STK40-deficient CD4" T cells displayed much milder
colitis symptoms, as shown by histologic examination of colon

sections (Fig. 4D), fewer CD4" T cell infiltration, as shown by flow
cytometry and immunofluorescence staining (Fig. 4, E and F), and
decreased percentage and number of IFN-y*CD4* T cells (Fig
4G). To summarize, these results suggest that T cell-intrinsic
STK40 is important for T cell-mediated chronic colitis in mice.

STK40 deficiency in T cells ameliorates EAE
MS is a central nervous system (CNS) autoimmune disease mediated
primarily by autoreactive Ty1 and T17 cells (38). Given that STK40
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Fig. 4. Loss of STK40 in T cell ameliorates T cell-mediated chronic colitis in mice.

(A) Naive CD4™ T cells (5 x 10°) from Stk40” or Stk40*” mice were isolated and trans-

ferred into Rag2™~’~ mice. The body weights of recipient mice were measured weekly (n = 4 to 5). (B) Representative photograph of the colons of mice from (A) obtained

at 4 weeks after the adoptive transfer colitis model. (C) Summarized colonic lengths

of mice from (A) obtained at 4 weeks after the adoptive transfer colitis model (n =3

to 4). (D) H&E staining for the colon sections of Rag2™~ mice transferred with Stk40” or Stk40*" naive CD4* T cells. (E) Flow cytometry plot (left) and analysis (right) for the
percentage and number of CD4™ T cells in the colon of RagZ’/’ recipient mice at 4 weeks after T cell transfer (n = 3 to 4). (F) Representative CD4 (green) immunofluores-
cence analysis of colon sections. DAPI, 4’,6-diamidino-2-phenylindole. (G) Flow cytometry plot (left) and analysis (right) for the percentage and number of IFN»y*CD4+T

cells in the colon of Rag2 ™" recipient mice at 4 weeks after T cell transfer (n = 3 to 4)
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. Data are presented as means + SD. *P < 0.05; **P < 0.01 (Student’s t test).
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promotes Tyl and Ty17 cell differentiation, we investigated the in
vivo role of STK40 in regulating EAE, an established mouse model
of human MS (39). We immunized Stk40™ and Stk40*™ mice with
myelin oligodendrocyte glycoprotein (MOGs3s.55) peptide to trigger
EAE, STK40 deficiency in T cells delayed the onset of disease and
reduced the severity at the peak of the disease (Fig. 5, A and B), and

Stk40*T mice lost less weight during EAE (Fig. 5C). Histopathological
analysis revealed less inflammation and less destruction of myelin in
the spinal cord of Stk40*" mice compared to that of Stk40”' mice at
the peak of EAE (Fig. 5D). Moreover, the number of CNS-infiltrated
mononuclear cells and the proportion and number of CD45" cells
were significantly reduced in Stk40*” EAE mice (Fig. 5, E and F,
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Fig. 5. STK40 deficiency in T cells ameliorates EAE. (A) Stk40” and Stk40*™ mice were immunized with MOGss.s5 and monitored daily for clinical signs (n = 5). (B) Maximum
(Max.) EAE clinical scores reached for each individual mouse during the observation period from (A). (C) Body weight loss of Stk40” and Stk40*" mice afterimmunized with
MOGss.s5 (n =5). (D) Representative histopathological sections of spinal cords from mice at the peak EAE, showing immune cell infiltration via H&E staining and demyelin-
ation via Luxol fast blue (LFB) staining. (E) Total number of infiltrating mononuclear cells in the CNS from mice at the peak of EAE (n = 5). (F) Statistics of the proportion of
infiltrating CD45™ cells in the CNS from mice at the peak of EAE (n = 5). (G) Statistics of the proportion of infiltrating CD4* and CD8* T cells and T,eq cells among CD45*
cells in the CNS from mice at the peak of EAE (n = 5). (H and ) Flow cytometry plot (H) and analysis (I) of frequencies of IFN-y*, GM-CSF*, IL-17A*, IL-2%, IFN-yFIL-17A*, and
GM-CSF*IL-2* cells of CD4* T cells in the CNS from mice at the peak of EAE (n = 5). (J) Statistics of the proportion of IFN-y*, IL-2%, IL-17A*, and GM-CSF* of CD4" cells in
reactivated splenocytes from mice at the onset of EAE (n = 3). The data in (A) are presented as the means + SEM, and statistical differences in (A) and (B) were tested by
nonparametric Mann-Whitney test. The data in (C), (E) to (G), and (I) and (J) are presented as the means + SD, and statistical differences were tested using unpaired
Student’s t test (two-tailed). *P < 0.05; **P < 0.01. All data presented in this panel are the result of at least three independent experiments.
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and fig. S4, A and B). In CNS-infiltrated immune cells, T cell-specific
STKA40 ablation did not alter percentages of CD4", CD8™, and
Treg cells, whereas the numbers of CD47" cells and Threg cells were
down-regulated (Fig. 5G and fig. S4C). We next analyzed the re-
sponse of T cells infiltrated in the CNS at the peak of EAE, and the
results showed that CD4™ T cells expressing Ty1- and Ty17-related
cytokines (IFN-y, GM-CSE, IL-17A, and IL-2) and transcription
factors (T-bet, RORyt, and Eomes) were reduced in Stk40*" mice
compared with those in Stk40”' mice (Fig. 5, H and I, and fig. $4, D
to F). In addition, in draining lymph nodes of Stk40*" mice, the
proportion of CD4™ T cells expressing T-bet and RORyt was down-
regulated (fig. S4G), whereas the percentage and number of cytokine-
producing CD8" T cells were not altered (fig. S4, H and I). In
addition, we harvested splenocytes from immunized mice on day 10
and restimulated them in vitro with MOGss_55 peptide and found
that CD4" T cells from splenocytes of Stk40“" mice contained
fewer pro-inflammatory cytokines such as IFN-y-, IL-17A-, and
GM-CSF-producing cells compared to those of Stk40” mice (Fig. 5).
Furthermore, at the peak of EAE, Stk40°” mice had a lower propor-
tion and number of innate immune cells, such as macrophages
(CD11b"F4/80™) and dendritic cells (CD11c"), that infiltrated the
CNS in response to cytokine production by Tyl and Ty17 cells (40),
while there was no change in the proportion and number of neutro-
phils (CD11b*Ly6G™) (fig. S4, J to L). Together, our findings sug-
gest that STK40 mediates autoimmune inflammation in mice by
promoting polarization of Ty1 and Ty17 cells.

STK40 deficiency leads to loss of the expression of central
regulatory genes in Ty1 and Ty17 cells

Considering that STK40 stably promotes Tyl differentiation, we
sorted naive CD4" T cells from the spleens of Stk40” and Stk40™T
mice and cultured for 3 days under Tyl-polarized conditions,
followed by bulk RNA sequencing (RNA-seq) analysis. Compared
to WT controls, STK40-deficient Ty1 cells exhibited up-regulation
of 2787 genes and down-regulation of 1932 genes (Fig. 6A). Tl
cells with a deficit in STK40 down-regulated the expression of key
transcription factors and cytokine genes such as Tbx21, Eomes, Ifng,
and Csf2 of Tyl cell at the transcriptional level (Fig. 6B). Enrich-
ment analysis of differentially expressed genes by the Gene Ontolo-
gy and Kyoto Encyclopedia of Genes and Genomes pathway revealed
that pathways related to cell differentiation and immune responses
and pathways associated with autoimmune-related diseases such
as IBD and rheumatoid arthritis were down-regulated in Tyl cells
lacking STK40 (Fig. 6C). Reverse transcription quantitative poly-
merase chain reaction (QPCR) analysis confirmed that STK40
deficiency markedly down-regulated Ifng, Tbx21, and Csf2 expres-
sion in Ty1 cells (Fig. 6D). Meanwhile, we performed qPCR analysis
of Ty17 cells induced in vitro, and the data showed that the expres-
sion of the signature factor Il17a gene and the key transcription
factor Rorc gene was down-regulated in the absence of STK40, and
the expression of genes contributing to Ty17 differentiation, such as
I123r and Rora, was also down-regulated (Fig. 6E). Collectively,
these results suggest that STK40 maintains the expression of a broad
range of Tyl and Ty17 signature genes.

STK40 up-regulates Ty1 differentiation by inhibiting FOXO4

The above results prompted us to explore the underlying mecha-
nisms by which STK40 regulates Ty1 cell differentiation. On the
basis of the data from RNA-seq, we found that the FoxO signaling
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pathway was up-regulated in STK40-deficient Tyl cells (Fig. 7, A
and B). FOXO family of transcription factors is involved in the regu-
lation of various intracellular activities such as cellular resistance
to oxidative stress, cell proliferation, apoptosis, autophagy, and
metabolism (41, 42). FOXO1, together with another FOXO family
member FOXO3a, regulates Treg formation by binding to the pro-
moter region of the Foxp3 gene (43, 44). FOXOI1 can also inhibit
the differentiation of Ty17 cells by inhibiting binding of RORyt
to its target gene (12). FOXO3a promotes Tyl differentiation by
inducing the expression of Eomes (13). In contrast, FOXO4 inhib-
ited IFN-y production in Tyl cells by targeting Dkk3 and down-
regulating its downstream lymphoid enhancer binding factor 1
expression (14). Therefore, we examined the expression of FOXO1,
FOXO3a, and FOXO4 mRNA and proteins in Ty1 cells; the results
demonstrated that STK40 deletion did not affect their expression
at the transcriptional (fig. S5A), and STK40-deficient Tyl cells
have normal protein levels of FOXO1 and FOXO3a, while the
expression of FOXO4 is significantly up-regulated (Fig. 7, C to E).
To further confirm the regulation of FOXO4 protein by STK40, we
constructed Jurkat cell lines with KD of STK40 or STK40 overex-
pression (OE) using a lentiviral infection system (fig. S5, B and C).
Immunoblotting showed that FOXO4 expression was up-regulated
in KD Jurkat cells compared to that in Jurkat cells transfected
with scramble short hairpin RNA (shRNA) (SCR), while FOXO4
expression was down-regulated in OE Jurkat cells (Fig. 7, F and G),
all consistent with the observation in mouse Tyl cells. These
results indicate that STK40 inhibits the expression of FOXO4 at
the protein level in Tyl cells.

To confirm that STK40 promotes Ty1 differentiation by inhibiting
FOXO4 expression, we assessed whether KD of FOXO4 eliminates
the Tyl inhibition associated with STK40 deficiency. We first treated
Stk40°T Ty1 cells with Foxo4 small interfering RNA (siRNA), which
resulted in effective down-regulation of FOXO4 protein (fig. S5D).
Then, by flow cytometry, ELISA, and qPCR analysis, we found that
silencing FOXO4 promoted IFN-y production by Stk40*” Ty1 cells to
alevel close to that observed in Stk40” cells (Fig. 7, Hand I, and fig. S5,
E and F). In addition, qPCR analysis and flow cytometry revealed
that KD of FOXO4 up-regulated the expression of T-bet to a level
close to normal in STK40-deficient Tyl cells (fig. S5, G to I). In
conclusion, these results suggest that STK40 promotes Tyl in-
duction by targeting FOXO4.

STK40 promotes K48-linked polyubiquitination of FOXO4
through E3 ligase COP1

Next, we wondered how exactly STK40 regulates the expression
of FOXO4 protein. First, we transfected the hemagglutinin (HA)-
tagged STK40 plasmid together with the Flag-tagged FOXO4 plas-
mid into human embryonic kidney (HEK) 293T cells and performed
co-immunoprecipitation (co-IP) experiments. The results showed
that STK40 interacted with FOXO4 (Fig. 8A). Previous studies have
shown that FOXO4 is a substrate for the E3 ubiquitin ligase COP1
(45). STKA40 is regarded as a scaffolding protein that facilitates the
binding of COP1 to the substrate to promote its ubiquitination
and degradation by the proteasome (23). Thus, we hypothesized that
STK40 binds FOXO4 to regulates its ubiquitination and degradation
by COP1. We first treated SCR and STK40-OE Jurkat cells with the
proteasome inhibitor MG132 to confirm STK40 promotes the
degradation of FOXO4 protein through proteasome pathway. The
results showed that the MG132-treated SCR and STK40-OE Jurkat

80of17



SCIENCE ADVANCES | RESEARCH ARTICLE

A B C
. — e GO/KEGG pathways down-regulated in STK40-deficient Ty1 cells
300{®Up (n=2787) | | Stka0” Stk408T is _ - Log,y(P value)
®Down (n=1932) - Tox21 B Mononuclear cell differentiation | NI
None (n = 14,886)" -* ” Eomes Lymphocyte differentiation { [ NG 15
5 ' . @ Cd44 - Regulation of T cell activation{ [ IENGNINTNEGEGGg 14
3200 ) g i ?O 5 Regulation of immune effector process ] 13
g o 9 >y Activation of immune response| [ HEGTNININGG ﬁ
g 2 2 s T cell differentiation { | N
S g '
S100 a Csf2 0 20 40 60 80 ‘00
! = Ccl3 Inflammatory bowel disease | NN 375
= Cold Rheumatoid arthritis | [ NG 350
Cxcré Asthma | I 3.25
of- - infuenza A| EEEE———
-5 25 0 25 5 Ty1 and T2 cell differentiation [ 1
Log,(fold change) 0 10 20
Count
D Ifng Thx21 Csf2 ® Stk40™
Fedkdk
AT
400 c 50- 5+ ® Stk40
S Ke] c
.g 300+ | @ 40 | QS 44
7]
2 200 g 30 a
= — —
2 100+ ¥ 20+ g 37 ns
- (] -+ O H,1
4 g n.s. 2 3 n.s. o 2
o) - & . 2
2 i
0- 0 T H T T 9 T T
Naive Ty Naive Tyl Naive Tyl
E I17a Rorc 123r Rora o Stkdo”
*kkk
60— Fkkk 3 151 Fkkk 60 - *hkk ° Stk40AT
S c c c
‘5 40 ‘% .g % 45—
8 204 8 2- & 107 g
E_ A1 o <] o 30:
X 3 * < <
o )
o 3T g | g o ]
% 2] Kk ; 1+ ; 54 n.s. é 10
: 1l g ﬂ ﬂ S | oo e
0 T T ® 9 T T 9 T T ® oA
Naive Ty17 Naive Ty17 Naive Ty17 Naive Ty17

Fig. 6. STK40 deficiency leads to loss of the expression of central regulatory genes in Ty1 and Ty17 cells. (A) Scatterplot comparing global gene expression
profiles of Stk40” and Stk40*T naive CD4* T cells cultured under Tn1-polarizing conditions for 3 days. Genes significantly (P < 0.05) up-regulated and down-regulated
are depicted in red and blue, respectively. (B) Clustering of differentially expressed Ty1 signature genes identified in Ty1 cells from Stk40”" and Stk40% mice. Red
and blue represent high and low levels of expression of indicated genes, respectively. The colors indicate the value of log, fold change. (C) Functional enrichment
analysis of Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) pathways down-regulated in Stk40*" T41 cells compared with Stk40” cells.
(D) gPCR analysis of relative mRNA expression of indicated genes in Stk40” and Stk40°T naive CD4* T cells cultured under Ty1-polarizing conditions for 3 days
(n = 3). (E) qPCR analysis of relative mRNA expression of indicated genes in 5tk40” and Stk40°" naive CD4* T cells cultured under Ty17-polarizing conditions for 3 days
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independent experiments.

cells exhibited marked accumulation of FOXO4 protein compared
to the dimethyl sulfoxide-treated group (Fig. 8B). Next, using co-IP
assays, we demonstrated that the interaction between FOXO4 and
COP1 is enhanced in the presence of STK40 (Fig. 8C). To further
determine that STK40 regulates the proteasome-mediated degrada-
tion of FOXO4 protein, we analyzed the FOXO4 K48-linked ubiqui-
tination levels in the presence or absence of STK40. Results showed
that STK40 OE significantly up-regulated the level of FOXO4 K48-
linked ubiquitination in HEK293T cells (Fig. 8D). Last, consistent
with our speculation, OE of COP1 promotes the ubiquitination
of FOXO4, and OE of STK40 exacerbates this effect (Fig. 8E).
Together, our findings suggest that STK40 down-regulates the level of
FOXO4 by promoting K48-linked ubiquitination and proteasomal

Tao et al., Sci. Adv. 10, eadp2919 (2024) 20 November 2024

degradation of FOXO4 protein through COP1, thereby promoting
differentiation of Th1 cells.

STK40 up-regulates Ty17 cell differentiation through
facilitating COP1-mediated K48-linked

polyubiquitination of FOXO1

Previous studies showed that FOXO4 only affects the differentiation
of Tul cells but has no notable effect on Ty2, T17, and Treg cells
(14). Therefore, we wondered how STK40 regulates Tyl7 cell
differentiation. Another member of the FOXO family, FOXO1, is
thought to play an essential role in the regulation of non-pathological
or pathological Tyl7 cells. In addition, it has been shown that
FOXOL1 is also a substrate for ubiquitination of COP1 (46). Thus, we
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assumed that STK40 regulates Ty17 cell differentiation by targeting
FOXOL. First, we detected an up-regulation of FOXO1 protein by
immunoblotting in STK40-deficient naive CD4™ T cells cultured
for 24 hours under Ty17-polarizing conditions (Fig. 9A). FOXO1
expression was also up-regulated in KD Jurkat cells, while FOXO1
expression was down-regulated in OE Jurkat cells compared to that
in SCR Jurkat cells (Fig. 9B). Functioning as a transcription factor,
FOXOL1 enters nucleus; therefore, we separated the cytoplasm and
nucleus of Jurkat cells and found that there was increased accumu-
lation of FOXO1 in the nucleus of KD Jurkat cells, while the amount
of FOXOL1 in the nucleus of OE Jurkat cells was less than that of SCR
Jurkat cells (fig. S6A). The above results demonstrate that STK40
negatively regulates FOXO1. Next, to demonstrate that STK40
promotes FOXO1 degradation through the proteasome pathway, we
treated Jurkat cells with MG132 and found that FOXO1 protein was
up-regulated in OE Jurkat cells after treatment (Fig. 9C). We then
found that STK40 interacts with FOXO1 in HEK293T cells (Fig.
9D), and STK40 OE promotes K48-linked ubiquitination of the
FOXO1 protein (Fig. 9E). Using co-IP assay, we found that the
interaction between FOXO1 and COP1 was only detected when
STK40 was overexpressed in HEK293T cells (Fig. 9F). Moreover,
FOXOL1 inhibitor AS1842856 treatment effectively promoted the
differentiation of STK40-deficient Ty17 cells (Fig. 9G). These re-
sults suggest that STK40 down-regulates the expression of FOXO1
by mediating the binding of FOXO1 to COP1 and facilitating
K48-linked ubiquitination of FOXO1, thereby promoting the differ-
entiation of Ty17 cells.

In conclusion, our results demonstrate that STK40 functions as
an adapter protein in the posttranslational regulation of FOXO1
and FOXO4 proteins (fig. S6B). Under conditions of Ty1 differen-
tiation, STK40 promotes the interaction between FOXO4 and COP1,
which enhances the K48-linked ubiquitination of FOXO4, leading
to its degradation. As a result, IFN-y expression is elevated in Ty1
cells. Likewise, STK40 facilitates the binding of FOXO1 and COP1
and promotes the K48-linked ubiquitination and degradation of
FOXO1, thereby promoting the differentiation of Ty17 cells.

DISCUSSION
Tyl and Tyl7 cells are key factors driving the development of in-
flammation relative disease. However, the molecular mechanisms
regulating Tyl and Ty17 cell differentiation remain elusive. In this
study, we identified the pseudokinase STK40 as a critical positive
regulator of Tyl and Ty17 differentiation. Deletion of STK40 im-
pairs Tyl and Ty17 cell differentiation in vitro as well as attenuates
the severity of Tyl and Tyl7 cell-mediated pathological progres-
sion in EAE and DSS-induced acute colitis mouse models.
Pseudokinases play a crucial role in the regulation of a wide
range of cellular processes and are known to be associated with key
biological pathways that are frequently found to be dysregulated in
many diseases. Despite the lack of typical phosphotransferase activ-
ity, pseudokinases play key roles as signaling mediators and protein
scaffolds in normal and disease biology, often by promoting ubiqui-
tination, facilitating the degradation of certain substrates, or modu-
lating protein stability (47, 48). STK40 acts as a scaffolding protein
involved in E3 ligase COP1-mediated ubiquitination of substrates
like c-Jun and C/EBPp (23, 24). Previous study showed that COP1
directly binds to FOXO4 and accelerates ubiquitination-mediated
degradation of FOXO4 to promote tumorigenesis (45). In addition,
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Kato et al. (46) found that COP1 levels were induced by insulin in
hepatocellular carcinoma cells and that COP1 binding to FOXO1
promoted the ubiquitin-dependent degradation of FOXOI. In cur-
rent study, STK40 OE greatly enhanced the binding of COP1 to
FOXO1/FOXO04 and the level of K48-linked polyubiquitination of
FOXO1/FOXO4, and the inhibition of FOXO1/FOXO4 in T cells
reversed the impairment of Tyl or Ty17 cell differentiation caused
by STK40 deficiency, demonstrating that STK40 functions as a scaf-
folding protein that assists COP1 in FOXO1/4 repression and thus
facilitates Ty1 and Ty17 cell differentiation.

Dysregulation of Tyl and Ty17 differentiation in vitro due to
STK40 deletion is closely related to the milder EAE in Stk40*”
mice. Our study showed that STK40 deletion inhibited the in vitro
differentiation of Tyl and Ty17 cells, whereas the percentage of
IL-17A"CD4" cells in the CNS of EAE mice did not change signifi-
cantly. Although past studies have shown that Ty17 is a key regula-
tor mediating EAE disease development, it has been suggested that
IL-17A is dispensable for EAE progression (49, 50). Studies in re-
cent years have shown that the presence of a population of GM-
CSF-producing T helper (ThGM) cells during EAE plays a crucial
role in disease development (51-53). A recent report indicated that
pathogenic IFN-y*GM-CSF* Ty17 cells in EAE mice were derived
from IL-17A% Ty17 cells in the intestine at steady state (54).
Therefore, down-regulation of the proportion of IFN-y* and
GM-CSF" cells in the CNS of mice with EAE due to STK40 dele-
tion here may indirectly reflect the dysregulation of differentiation
of pathogenic Ty17 cells, while the exact mechanism needs to be
further refined.

FOXO proteins are key molecules controlling T cell homeosta-
sis and tolerance. A previous report clearly indicated that FOXO4
indirectly regulates IFN-y production in Tyl cells by targeting
Dkk3 (14), while deletion of FOXO4 did not affect the expression
of Tbx21 and key factors associated with Ty1 identity. In our study,
STKA40 deletion resulted in the down-regulation of signature genes
of Tyl cells including Tbx21. KD of FOXO4 in STK40-deficient
Tyl cells was able to return Ifng expression to normal levels and
partially rescued the down-regulation of Thx21 gene expression.
IFN-y is not only an effector cytokine produced by Ty1 but also
a key cytokine that initiates downstream signaling cascade re-
sponses to form Tyl cells (55). IFN-y binds to the IFN-y recep-
tor on T cells via autocrine and induces the expression of the
characteristic transcription factor T-bet in Tyl cells by activating
signaling through the STAT1 pathway (4). It cannot be excluded
that the up-regulated expression of Tbx21 in STK40-deficient Tyl
cells after inhibition of FOXO4 could be due to the increased
production of IFN-y, while the underlying mechanism needs to be
further explored.

FOXOL1 is recruited to a regulatory element located 22 kb up-
stream of the transcriptional start site of the Ifng gene in Tyeg cells, and
FOXO1-deficient Ty, cells produce large amounts of IFN-y (56).
Although it has been suggested that FOXO1 promotes the differentia-
tion of Tyl cells through directly promoting the transcription of the
Ifng gene, there is evidence that the induction of Tyl cells is greatly
interrupted by treatment with AS1842856, an inhibitor of FOXO1
(57). We examined the expression of FOXO1, FOXO3a, and FOXO4
separately in STK40-deficient Ty1 cells and found that only FOXO4
was the most consistently up-regulated, while Ty17 differentiation
was also inhibited in the absence of STK40. Past data showed that
FOXO4 did not affect Tyl7 differentiation. Then, we found that, in
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Tw17 cells, STK40 deletion led to up-regulation of FOXO1 protein. In
addition, application of FOXO1 inhibitor effectively corrects the in-
duction failure of T17 cells due to STK40 deficiency. Although we
found that STK40 regulates FOXO1 and FOXO4 proteins by the same
pathway, the details of STK40 regulation of FOXO4 and FOXO1,
respectively, in Ty1 and Ty17 cells still need to be further understood.

Together, this study identifies a critical role for the pseudokinase
STK40 in the differentiation of Tl and Ty17 cells. STK40 serves as a
scaffolding protein that assists the E3 ligase COP1 and plays an im-
portant role in inflammatory and autoimmune diseases. Our findings
provide a basis for further investigation of how pseudokinase family
proteins regulate intracellular physiological functions and control the
differentiation and function of CD4" T cells as well as other cells. Last,
we assume that STK40 is a potential target for the therapy of autoim-
mune inflammatory diseases.

MATERIALS AND METHODS

Mice

Stk40"" mice were obtained by crossing CD4-Cre mice (from the
Jackson Laboratory) with Stk40” mice that were generated by Gem-
Pharmatech Co. Ltd. (China), using a LoxP targeting system. Rag2™/~
mice were from Shanghai Model Organisms Center Inc. All mice were
kept in a specific pathogen—free facility, and all mouse experiments
were conducted following the protocols approved by the Institutional
Animal Care and Use Committee of Shanghai Jiao Tong University
School of Medicine (JUMC2023-028-A).

Cell lines

Jurkat T and HEK293T cell lines were purchased from American
Type Culture Collection. The Jurkat T cells were cultured in RPMI
1640 medium supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin and streptomycin (Gibco). HEK293T cells were
cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% FBS, 2 mM r-glutamine (STEMCELL Technologies),
and 1% penicillin and streptomycin.

Tu cell differentiation

Spleens were harvested from Stk40” or Stk40*" mice. Mouse CD4*
naive T cells were isolated from splenocytes by magnetic negative
selection using the EasySep Mouse Naive CD4" T Cell Isolation Kit
(STEMCELL Technologies). The CD4" naive T cells were cultured in
RPMI 1640 medium supplemented with 10% FBS, 1% penicillin and
streptomycin, and plate-bound anti-CD3 (1 pg/ml) and anti-CD28
(1 pg/ml) with the following antibodies and cytokines for each T
helper subset polarizing condition: Ty0: recombinant human IL-2
(rhIL-2; 30 U/ml) (PeproTech); Tyl: rhIL-2 (30 U/ml), recombinant
mouse IL-12 (rmIL-12; 20 ng/ml) (PeproTech), and anti-IL-4 (1 pg/
ml) (clone 11B11); Ty2: rhIL-2 (30 U/ml), rmIL-4 (12.5 ng/ml)
(PeproTech), and anti-IFN-y (1 pg/ml) (clone XMG1.2); iT e thIL-2
(30 U/ml), rhTGF-p1 (25 ng/ml) (PeproTech), and anti-IFN-y (1 pg/
ml); Tyl7: rthTGF-B1 (2.5 ng/ml), rmIL-6 (20 ng/ml) (PeproTech),
anti-IL-4 (1 pg/ml), and anti-IFN-y (1 pg/ml); and pTy17: thTGF-p1
(2.5 ng/ml), rmIL-6 (20 ng/ml), rmIL-23 (20 ng/ml) (BioLegend),
anti-IL-4 (1 pg/ml), and anti-IFN-y (1 pg/ml).

DSS-induced colitis
DSS salt (M, 36,000 to 50,000 Da; Yeasen) was added to drinking
water at a final concentration of 3% (w/v) and fed to 10- to 12-week-old
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mice for 7 days. The body weight of mice was monitored daily. On
day 8, colons were collected for histological staining, and lamina
propria cells were isolated for flow cytometry.

Adoptive transfer colitis

Naive CD4" T cells (CD4+CD45RBhiCD25_) were isolated from the
spleen of 8-week-old female Stk40” and Stk40*T mice using a BD
FACSAria I1I cell sorter. A total of 5 x 10° naive CD4" T cells were
transferred into Rag2™'~ mice, and recipient mice were measured
body weight weekly.

EAE induction and activity

Ten- to 12-week-old mice were injected subcutaneously with
200 pg of MOGss.s5 peptide [GL Biochem (Shanghai) Ltd.] in
Freund’s complete adjuvant containing heat-killed Mycobacterium
tuberculosis H37Ra (5 mg/ml; BD Difco). On the day of immuniza-
tion and 48 hours later, 200 ng of pertussis toxin (List Biological
Laboratories) was administered intravenously. Clinical signs of EAE
were assessed daily according to the following scores: 0, no clinical
signs; 0.5, partially limp tail; 1, paralyzed tail; 2, loss in coordinated
movement, hindlimb paresis; 2.5, one hindlimb paralyzed; 3,
both hindlimbs paralyzed; 3.5, hindlimbs paralyzed, weakness in
forelimbs; 4, forelimbs paralyzed; and 5, moribund or death.
Data are reported as the mean daily clinical score. After the onset of
EAE, food and water were provided on the cage floor.

Isolation of CNS leukocytes from EAE mice

For preparation of immune cells in the CNS, brain and spinal cord
of MOGj3s5.55-immunized Stk40™ and Stk40™" mice were excised,
grinded, and filtered through a 70-pm filter. Dispersed cells were
layered onto a Percoll (GE Healthcare) density gradient and iso-
lated by collection of the interface fraction between 37 and 70%
Percoll. After intensive washing, the frequencies of immune cell
subpopulations in the CNS were analyzed by flow cytometry.

Ex vivo recall responses

Splenocytes were harvested from mice at the day 10 of disease,
counted, and cultured in 24-well microtiter plates at a density of 10°
cells per well in a total volume of 0.5 ml of RPMI 1640 medium
supplemented with 10% FBS and 1% penicillin and streptomycin.
Cells were cultured at 37°C in the presence of MOGss.55 (20 pg/ml)
or without any peptide for 72 hours.

T cell stimulation, proliferation, and ELISA

Mouse primary CD4" T cells and CD8" T cells were isolated from
the spleen and peripheral lymph nodes of mice by the Mouse
CD4" T Cell Isolation Kit and the PE Positive Selection Kit II
(STEMCELL Technologies). Primary CD4" and CD8™ T cells were
stimulated with plate-bound anti-CD3 (1 pg/ml) and anti-CD28
(1 pg/ml) in replicate wells of 96-well plates (10° cells per well) for
qPCR and immunoblot. T0, Tyl, and Ty17 cells were stimulated
with plate-bound anti-CD3 (1 pg/ml) and anti-CD28 (1 pg/ml) in
replicate wells of 24-well plates (10° cells per well) for ELISA,
qPCR, and immunoblot assays. For T cell proliferation assay, iso-
lated naive CD4" T cells were labeled by Cell Proliferation Dye
eFluor 450 (eBioscience), seeded in 96-well plates with three repli-
cates under Tyl- and Tyl7-polarized conditions for 3 days, and
then were subjected to flow cytometry analyses. Serum or super-
natants were collected, and the IL-2, IFN-y, and IL-17A cytokine
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level was measured by the ELISA Kit (Invitrogen) according to the
manufacturers’ instructions.

Histological analysis

The EAE mice were euthanized, and spinal cords that were dissected
from mice transcardially perfused with 4% paraformaldehyde were
fixed in 4% paraformaldehyde overnight, dehydrated with Ethanol
and embedded in paraffin. Last, paraffin sections were counter-
stained with H&E or stained with Luxol fast blue.

Plasmid and transfections

HA-STK40-, Flag-STK40-, and HA-COP1-expressing plasmids were
gifts from Y. Jin (Department of Histology, Embryology and Genetic
Development, Shanghai Jiao Tong University School of Medicine,
Shanghai, China). The HA-FOXO1-expressing plasmid was a gift
from B. Liang (Center for Life Sciences, School of Life Sciences, Yunnan
University, Kunming, Yunnan, China). The HA-FOXO4-expressing
plasmid was a gift from M.-H. Lee (Sun Yat-sen University, Guang-
zhou, China). The Flag-FOXO4-expressing plasmid was a gift from
P. Hu (Guangzhou Laboratory-Guangzhou Medical University,
Guangzhou, China).

STK40 was cloned into pLVX-IRES-ZsGreen expression vec-
tor (Clontech, CA) to generate overexpressed human STK40
vector. shRNA of STK40 and shRNA control constructs described
as previously were cloned into the pLKO.1 vector (Addgene). The
sequences of STK40 shRNA are as follows: KD1: GCT CAT GAC
TTC AGC GAT AAG; KD2: GCA GGA GCT CTT CCG CAA
GAT. Lentivirus infection was used to knock down or overex-
press STK40 in Jurkat T cells. Following procedures previously
described in (58), one well of six-well plate containing 2 x 10°
293T cells were transfected with 1.5 pg of plasmids, polyethyleni-
mine (PEI), and packaging plasmids (psPAX2 and PMD.2G).
After 48 hours, supernatants were collected, centrifuged, and fil-
tered. Then, the virus-containing supernatant with polybrene
(10 pg/ml; Sigma-Aldrich) was used to infect Jurkat T cell by cen-
trifuging in 900g at 37°C for 1.5 hours. Stably transduced cells
were enriched by puromycin selection or sorting green fluores-
cent protein-positive cells.

siRNA transfection

Mouse naive CD4* T cells were cultured under Ty 1-polarizing condi-
tions without any penicillin/streptomycin. After 24 hours, Foxo4
siRNA and negative control siRNA were mixed with LipoSmart 3000
Transfection Reagent (Getico) and then added to cells at 25 nM. After
16 hours, medium containing siRNAs was replaced with fresh medium
containing Ty polarizing cytokines. Cells were incubated at 37°C for
3 days and then collected for further analysis. The sequences of Foxo4
siRNA are as follows: sense: AGU CAU AUG CAG AAC UCA Utt;
and antisense: AUG AGU UCU GCA UAU GAC Uga.

Western blot

The proteins were resolved by harvesting the cells after two washes
and lysed on ice in radioimmunoprecipitation assay buffer for 15 min
(20 mM tris-HCI, 2 mM EDTA, 1% NP-40, 10% glycerol, 150 mM
NaCl, 1 mM phenylmethylsulfonyl fluoride, phosphatase inhibitors,
and proteinase inhibitor cocktail). Cell lysates were centrifuged at
13,000 rpm and 4°C for 15 min, and protein concentration was
determined. Then, protein was resolved by 10% SDS-polyacryl-
amide gel electrophoresis (SDS-PAGE) and electro-transferred onto
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polyvinylidene difluoride membrane (Immobilon-P). Membranes
were blocked with 5% skim milk in 1X tris-buffered saline (TBS) buf-
fer [50 mM tris-HCI (pH 7.5) and 150 mM NaCl] for 1 hour at room
temperature and probed with each primary antibody overnight at
4°C. After twice washes with 1xX TBS supplemented with 0.05%
Tween 20, membranes were incubated with horseradish peroxidase
(HRP)-conjugated secondary antibody (Cell Signaling Technol-
ogy) and then detected by enhanced chemiluminescence detection
(Tanon). All primary antibodies were used at a 1:1000 dilution,
with secondary HRP antibodies used at 1:5000 (diluted in 5% skim
milk) (58).

Immunoprecipitation

To detect K48-linked polyubiquitination of exogenous protein in
293T cells, cells were lysed in NP-40 lysis buffer [50 mM tris (pH 7.6),
150 mM NacCl, and 1% v/v NP-40] with 10 mM N-ethylmaleimide
(Sigma-Aldrich) and complete protease inhibitor mixture (Roche
Diagnostic). Samples were incubated at 4°C for 30 min, followed by
centrifugation at 13,000¢ for 10 min at 4°C. The supernatants were
immunoprecipitated with anti-FLAG M2 Affinity Gel (Selleck)
for 12 hours at 4°C. The immunoprecipitants were washed three
times with NP-40 buffer. An aliquot (50 pl) of 1x SDS-loading
buffer was added to the beads. Samples were resolved SDS-PAGE
for immunoblot analysis.

For co-IP assay, cells were lysed in NP-40 lysis buffer with com-
plete protease inhibitor mixture. Samples were incubated at 4°C for
30 min, followed by centrifugation at 13,000¢ for 10 min at 4°C. The
supernatants were immunoprecipitated with anti-FLAG M2 Affinity
Gel for 12 hours at 4°C. The immunoprecipitants were washed three
times with NP-40 buffer and boiled in 1x SDS-loading buffer for
immunoblot analysis.

Flow cytometry

A single-cell suspension was prepared from thymus, spleen, lymph
nodes, CNS, or colon. Live cells were selected after staining with Fix-
able Viability Stain (BD Biosciences). For analysis of surface markers,
cells were blocked by a-CD16/32 antibody (1:200) and stained
by primary antibody (1:200) in fluorescence-activated cell sorting
buffer (phosphate-buffered saline, 2% FBS, and 2 mM EDTA) at
4°C for 30 min. To detect intracellular cytokine production, cells
were stimulated with stimulation cocktail (Invitrogen) for 12 to
16 hours before fixation and permeabilization using the Cytofix/
Cytoperm Fixation/Permeabilization Kit (BD Biosciences), accord-
ing to the manufacturer’s instructions, and subjected to antibody
staining (1:100). For transcription factor staining, surface marker-
stained cells were fixed, permeabilized using an eBioscience Transcrip-
tion Factor Fixation/Permeabilization staining kit (Invitrogen),
and labeled with specific transcription factor antibodies (1:100).
Flow cytometry data were acquired on FACSVerse or LSR Fortessa
(BD Biosciences) and analyzed with FlowJo_VX software (Tree
Star) (58).

Quantification and statistical analysis

All the experiments were independently repeated at least three
times. The exact values of n are specified in the respective figure
legends. Data are expressed as means + SD. Statistical analysis was
performed with GraphPad PRISM software 8.0.2 (GraphPad Inc.,
La Jolla, CA, USA). Significances are indicated with *P < 0.05,
**P < 0.01, and ***P < 0.001, and ****P < 0.0001.
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