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Noncanonical STAT3 activity sustains pathogenic
Th17 proliferation and cytokine response to antigen

Catherine H. Poholek»>*@®, Itay Raphael™®, Dongwen Wu'?3, Shankar Revu!, Natalie Rittenhouse?, Uzodinma U. Uche*®, Saikat Majumder'®,
Lawrence P. Kane*®, Amanda C. Poholek?®, and Mandy ]. McGeachy'®

The STAT3 signaling pathway is required for early Th17 cell development, and therapies targeting this pathway are used for
autoimmune disease. However, the role of STAT3 in maintaining inflammatory effector Th17 cell function has been unexplored.
Th1725TAT3 mice, which delete STAT3 in effector Th17 cells, were resistant to experimental autoimmune encephalomyelitis
(EAE), a murine model of MS. Th17 cell numbers declined after STAT3 deletion, corresponding to reduced cell cycle. Th172STAT3
cells had increased IL-6-mediated phosphorylation of STATL, known to have antiproliferative functions. Th1725TAT3 cells also
had reduced mitochondrial membrane potential, which can regulate intracellular Ca?*. Accordingly, Th1725TAT3 cells had
reduced production of proinflammatory cytokines when stimulated with myelin antigen but normal production of cytokines
when TCR-induced Ca?* flux was bypassed with ionomycin. Thus, early transcriptional roles of STAT3 in developing Th17 cells

are later complimented by noncanonical STAT3 functions that sustain pathogenic Th17 cell proliferation and cytokine

production.

Introduction
T helper 17 (Th17) cells promote pathology in a variety of auto-
immune conditions, including psoriasis, ankylosing spondylitis,
inflammatory bowel disease, and multiple sclerosis (Gaffen
et al., 2014; Patel and Kuchroo, 2015). New therapies targeting
Thi17 cells via IL-23 blockade or by blocking IL-17 or the IL-17
receptor are proving highly effective in autoimmune therapy
(Gaffen et al., 2014; Patel and Kuchroo, 2015). In healthy individuals,
Th17 cells maintain microbial homeostasis in barrier sites such as
the gut and skin and are important regulators of extracellular
bacterial and fungal pathogens (McGeachy and McSorley, 2012).
Humans with loss-of-function mutations in IL-23R have reduced
susceptibility to inflammatory bowel disease (Di Meglio et al., 2011;
Di Meglio et al., 2013; Rioux et al., 2007), while mutations that re-
duce the activation or function of Thi7 cells result in increased
susceptibility to mucocutaneous fungal infections (Okada et al,,
2016). One such disease is hyper-IgE syndrome, in which STAT3
mutations cause reduced signaling downstream of Th17 cell-
promoting cytokines, leading to reduced numbers of Thi7 cells and
increased rates of infection with Staphylococcus aureus and Candida
albicans (de Beaucoudrey et al., 2008; Steward-Tharp et al., 2014).
Th17 cell differentiation is known to require signals from
multiple cytokines in a step-wise manner, culminating in
proinflammatory effector cells that induce inflammation in the

target tissue through production of cytokines, including IL-17,
GM-CSF, and IFN-y (Zufiiga et al., 2013). Several Thi7 cell-
promoting cytokines, including IL-6, IL-21, and IL-23, activate
STATS3, a critically required transcription factor during early
Thi7 cell differentiation (Yang et al., 2007; Zhou et al., 2007). In
the absence of IL-6 and STAT3 signaling, expression of the
master transcription factor RORyt is not sufficiently stabilized,
and instead, Foxp3 is up-regulated, leading to induction of reg-
ulatory T cells (Durant et al., 2010; Geng et al., 2017; Korn et al.,
2008). STATS3 also effects epigenetic modifications that promote
the Thl7 gene transcriptional program (Ciofani et al., 2012;
Durant et al., 2010). In addition to directing cell phenotypic fate,
STAT3 is required for efficient proliferation and survival of
recently activated T cells (Durant et al., 2010).

Given the apparent importance of STAT3 in pathogenic Thi17
cell development, it is no surprise that therapeutics targeting
upstream STAT3 activation, via cytokines and JAK inhibitors,
are being investigated as treatments for autoimmune disease
(Schwartz et al., 2017). The importance of STAT3 has mostly
been studied in systems in which STAT3 was deleted before
injtiation of the Th17 response, such as in mice with constitutive
STAT3 deletion in T cells or humans with genetic mutations
present from birth. However, patients with autoimmune disease
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Figure 1. Effector Th17 cells require STAT3 for pathogenic function in EAE. Th1725TAT3 and Th17¢"! mice were immunized with MOG(35-55) in CFA to
induce EAE. (A) dLNs were harvested on day 10 and stimulated with MOG(35-55) for 18 h, with GolgiPlug added during the final 5 h. Representative FACS plots
are shown to demonstrate that cytokine production is largely restricted to YFP* cells after gating on live CD4" cells, and the graph shows YFP expression in
cytokine-producing populations after stimulation. (B) STAT3 expression analyzed in live CD4*YFP* cells on days 5 and 10 after immunization, gated as in-
dicated in representative plot. (C) Stat3 gene expression in live CD4*YFP* cells sorted from dLNs of indicated mice on day 10 after immunization and analyzed
by RNA sequencing. (D) EAE clinical scores, with number per group and incidence indicated next to group name. (E) Number of CD4* cells in CNS on day 13
after immunization. (F) Number of inflammatory macrophages on day 13 after immunization analyzed by flow cytometry. Data in A-C, E, and F indicate mean =
SD of individual mice, pooled from two experiments; data in D are pooled from four experiments with 18-20 mice per group. *, P < 0.05; **, P < 0.0, ***, P <
0.001; **** P < 0.0001, Student’s t test (except D, Mann-Whitney U test) for each time point.

have already developed effector and memory Thi7 cells. We expression) express Cre and delete STAT3. We confirmed that
therefore sought to establish the roles and importance of STAT3  STAT3 expression is significantly decreased in YFP* cells from
in Th17 effector cell function using mice in which STAT3 is day 5 after immunization and further decreased by day 10 when
deleted only after IL-17 is already expressed. effector Th17 cells are generated, although STAT3 did not appear
to be completely ablated in this system (Fig. 1, B and C). Th172STAT3
mice were resistant to EAE, with reduced disease severity and

Results incidence compared with IL-17<*ROSA26YFPIASTAT3Y+ litter-
Effector Th17 cells require STAT3 for pathogenic function in mate controls, hereafter termed Th17°! (Fig. 1 D). Consistent with
experimental autoimmune encephalomyelitis (EAE) reduced clinical severity, numbers of total CD4* T cells and in-

To examine the function of STAT3 in effector Th17 cells, we used ~ flammatory macrophages infiltrating the central nervous system
IL-17°*ROSA26YFP/ fate-tracker mice, in which Cre isinduced ~ (CNS) of Th1725TAT3 mice were significantly reduced on day 13
by the IL-17A promoter to drive YFP expression (Hirota et al., after immunization (Fig. 1, E and F). Hence, we conclude that
2011). Following immunization with myelin oligodendrocyte continued STAT3 expression has an important role after initial
glycoprotein (MOG) peptide (35-55) in CFA to induce EAE, the Thi7 cell activation to allow full effector Thi7 cell function in
T cells that produced cytokine in response to MOG stimulation autoimmune CNS inflammation.

were mostly YFP* (Fig. 1 A). IL-17°"*ROSA26 YFP/! mice were

crossed with STAT3/! mice, designated here Th1725TAT3, Im- STAT3 deletion in effector Th17 cells reduces their numbers
portantly, Th17 cells are still able to develop in Th1725TAT3 mice, in vivo

as only those cells that have already received sufficient signalsto  Analysis of YFP*Th1725TAT3 cells after immunization for EAE
produce IL-17A (a process critically dependent on early STAT3 induction revealed that early generation of Thi7 cells was not
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Figure 2. STAT3 deletion reduces effector Th17 cell numbers in vivo. Th1725TAT3 and Th17<*" mice were immunized with MOG(35-55) in CFA to induce

EAE. (A-E) At the indicated time points, live CD4*YFP* cells were analyzed by

flow cytometry in dLNs (A and B), blood (C), and the CNS (D and E) on indicated

days after immunization. Data points show values for individual mice with mean + SD, pooled from two to four experiments. *, P < 0.05; **, P < 0.01; ***, P <

0.001; **** P < 0.0001, one-way ANOVA (except C, Student’s t test).

impaired (Fig. 2, A and B). This was expected, since STATS is
present for initial Th17 cell activation in these mice. However,
the numbers of YFP*Th1745TAT3 cells were reduced in the
draining LN (dLN) beginning on day 10 after immunization, the
peak of LN priming (Fig. 2, A and B). Reduced frequencies of
STAT3-deleted Thil7 cells in LNs at later time points resulted
in strongly reduced frequencies of effector YFP*Th1745TATS cells
in blood (Fig. 2 C) and accordingly fewer YFP*Th1725TAT cells in
CNS tissue compared with controls (Fig. 2, D and E). Thus, re-
duced EAE disease severity corresponds with reduced numbers
of effector Th17 cells generated in LNs, resulting in fewer ef-
fector Th17 cells present in blood and CNS tissue.

STATS3 regulates proliferation, but not apoptosis, in effector
Th17 cells

Cell population numbers in a body tissue can be controlled by
the rates of proliferation, cell death, and migration into and out
of that site. The reduced numbers of STAT3-deleted effector
Th17 cells in LNs, blood, and CNS argued against a migration
defect, since we did not see accumulation at any site. Gene ex-
pression analysis of YFP* Th1745TAT3 and Th17°™! cells isolated
from dLNs on day 10 after immunization indicated that STAT3
deletion resulted in perturbation of genes associated with cell
cycle (Fig. 3 A). Gene set enrichment analysis (GSEA) further
highlighted that Th172STAT3 cells had reduced cell cycle pro-
gression (Fig. 3 B). Correspondingly, flow cytometric analysis of
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YFP*Th1725TATS cells after in vivo BrdU administration showed
increased proportions of cells in GO/G1 phase and decreased
proportions of cells in S phase and G2/M phase compared with
Th17°"! cells (Fig. 3 C). In contrast, GSEA indicated that apoptosis
pathways were not significantly enriched after STAT3 deletion,
and we did not find any increase in annexin V expression in
YFP+ Th172STAT3 cells (data not shown). Intriguingly, caspase 3
activity was consistently reduced in STAT3-deleted cells, per-
haps reflecting the reduced proliferation rate and hence reduced
activation-induced cell death of this population (Fig. 3 D). Taken
together, these data indicate that reduced proliferation underlies
the defective expansion of Thl7 effector cells after STAT3
deletion.

STAT3 deletion in effector Th17 cells does not phenocopy
IL-23R blockade

Proliferation defects leading to reduced STAT3-deleted Thi7
cells in blood and CNS was reminiscent of Th17 cell defects ob-
served following IL-23R blockade, and in fact, many of the same
cell cycle genes were affected (Duhen et al., 2013; Haines et al.,
2013). We therefore further investigated whether STAT3 dele-
tion mimicked IL-23R blockade. Surprisingly, expression of
factors previously identified to be regulated by IL-23 in effector
Th17 cells was in fact unchanged following STAT3 deletion
(Codarri et al., 2011; Du et al., 2016; El-Behi et al., 2011; Hirota
et al,, 2011; Jain et al., 2016; McGeachy et al.,, 2009). These
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included receptors for IL-23, IL-1B, and IL-7; the migration me-
diator integrin B3; and the transcription factor Blimpl (encoded
by Prdmi; Fig. 4 A). We confirmed normal expression of integrin
B3 protein on STAT3-deleted effector Thi7 cells (Fig. 4 B). IL-23
inhibits Foxp3* T regulatory cell generation in the intestine, and
STAT3 was shown to favor RORyt over Foxp3 expression for
developing Th17 cells (Ahern et al., 2010; Geng et al., 2017).
However, Rorc and Foxp3 gene expression was not different
between YFP* Th172STAT3 gnd YFP* Thi7¢t! cells, and we con-
firmed that Foxp3 protein expression was not increased after
STATS3 deletion in Thi7 cells (Fig. 4, A and C). We also confirmed
that IL-10 was not increased in response to MOG stimulation
either by flow cytometry or ELISA (data not shown). These data
thus suggest that loss of IL-23R signaling through STAT3 does
not fully explain the functional defects observed in YFP*
Th1745TATS cells.

STAT3 counterregulates STATI activation by IL-6 in effector
Th17 cells

IL-6 signaling activates both STAT1 and STAT3. These tran-
scription factors have opposing effects on proliferation; STAT3
promotes while STATI inhibits cell cycle progression in T cells
(Bromberg et al., 1996; Durant et al., 2010; Gil et al., 2006). Gene
expression analysis of YFP* Th1725TAT3 and YFP*Thi7<t! cells
indicated an enrichment of type-I IFN- and IFN-y-associated
expression. Since IFNs strongly drive STATI1 activation, we
generated a map of STATl-associated gene expression that
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included many of the IFN-associated genes (Twohig et al., 2019).
These data supported a pattern of enhanced STAT1 activation in
STAT3-deleted cells (Fig. 5 A), including STAT! itself as previ-
ously reported (Costa-Pereira et al., 2002; Der et al., 1998; Wan
et al., 2015). Activation of naive T cells increases expression
of protein tyrosine phosphatases that tune STATI activation
(Twohig et al., 2019). However, we did not observe changes in
expression of these genes in the absence of STAT3 (data not
shown). We next tested whether STAT1 phosphorylation in re-
sponse to IL-6 stimulation was enhanced after STAT3 deletion in
Th17 effector cells. IL-6 induced phosphorylation of STATI in
YFP*Th17°"! cells, as expected (Fig. 5, B and C). YFP* Th17ASTAT3
cells responded to IL-6 with increased STAT1 phosphorylation
both as a proportion of responders and amount of pSTAT1 per
cell (Fig. 5, B and C). IL-23 stimulation also activated STATI, but,
compared with IL-6, IL-23 induced overall weaker STAT acti-
vation and an attenuated trend toward increased STAT1 activity
in absence of STAT3 (Fig. 5, D and E). Taken together, these data
suggest that STAT3 competitively reduces STATI1 activation
following Th17 cell-promoting cytokine stimulation.

STATS3 is required for TCR-stimulated cytokine production in
Th17 cells

Stimulation with PMA and ionomycin bypasses the intracellular
regulation of Ca?* signaling pathways, and we queried whether
this had masked a functional defect in STAT3-deleted Thi7 cells
(Fig. 6, A and B). YFP*Th1725TAT? cells (from dLNs of mice
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Figure 4. STAT3 deletion in effector Th17 cells
does not phenocopy IL-23R blockade. (A) Relative
gene expression for select IL-23 targets, generated
by RNA sequencing from indicated YFP* cells sorted
from dLNs on day 10 after immunization. (B) Integrin
B3 expression analyzed by flow cytometry in YFP*
and YFP~ CD4* dLN cells from Th1725TAT3 and Thi7¢t
mice 10 d after immunization with MOG(35-55) in
CFA. Plots are representative of three or four mice
per group in three experiments. (C) Foxp3 expression
in YFP* cells analyzed by flow cytometry on day 10
after immunization. FMO, fluorescence minus one.
Data points show values for individual mice with
mean = SD, pooled from two experiments. Differ-
ences between groups were not significant by one-
way ANOVA (A) and Student’s t test (C).

immunized 10 d prior) were therefore stimulated overnight with
MOG(35-55) before the addition of Golgi inhibitor and assess-
ment of intracellular cytokine by flow cytometry. In contrast to
stimulation with PMA and ionomycin, antigen stimulation
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and, to a lesser extent, IFN-y in YFP*Th1745TAT3 compared with
YFP*Th17¢%! cells (Fig. 6, C-E). The geometric mean fluorescence
intensity of cytokine-positive cells showed a trend toward
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mean + SD, pooled from two experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001, one-way ANOVA.

Poholek et al.
STAT3 deletion makes effector Th17 cells hyporesponsive

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20191761

50f 12


https://doi.org/10.1084/jem.20191761

A Day 10 dLN B Day 16 CNS
o, e Control @ e Control
8 O ASTAT3 8 O ASTAT3
2h . T
+8 & (0%e] +U > 401
o oI
£ E 30 £0
59 s 29 »
3" o Gz °' °
5 S 5
R =
S e ———— o
IL-17 IFNy IL-17  GMCSF IFNy
c e Control D e Control E e Control
w0, O ASTAT3 0, O ASTAT3 . O ASTAT3
5 ) e o = .
© © ° . = .
-f»‘-> } +u 8 % °
o 20 o 20 b
w w ™
T % % >
‘s s 5 5. P
x + =
< 104 L 4. +
S 5. ‘% § i +PIT
=I' £ % @ % é % o [o] = } % 3
@ 0. 0
0 MOG MOG+IL23 0 MOG MOG+IL23 0 MOG MOG+IL23
F e Control G e Control H e Control
o0, O ASTAT3 o 1.0 ASTAT3 1o, O ASTAT3
. = = b
800 i —~ 400 - e s000 e [
= i £ ot f
\g 600 g 3004 % 2000
< o L(,I3 2 °
=~ 400 o Q 200] o ° > 1500-
o { = L 000
200 % o 1004 “L o
0 ? L J - ®
0 MOG MOG+IL23 MOG MOG+|L23 0 MOG MOG+IL23
e Control J e Control K e Control
O ASTAT3 O ASTAT3 O ASTAT3
600- = 301 o7s-
° s e s :
» ] NS
© o © -
~ o (8] ° &5
E 4001 E 204 é-_ 0.50-
g = a
o o* < <
=|I 2004 ‘f’ 104 o < 025
o ~ % T:
= 2 o 0
T — PN - N o.oo-—;—%—.—,—
0 MOG MOG+IL23 0 CD3 0 CD3

Figure 6. STAT3 sustains TCR-stimulated cytokine production. (A and B) Cytokine expression in live CD4* YFP* cells from indicated mice analyzed by flow
cytometry following stimulation with PMA and ionomycin in the presence of GolgiPlug in dLNs on day 10 and the CNS on day 16 after immunization with
MOG(35-55) in CFA. (C-E) dLN cells were isolated from indicated mice on day 10 after immunization and stimulated with MOG(35-55) with or without IL-23
for 19 h, GolgiPlug was added for the final 5 h, and the percentage of YFP* cells expressing the indicated cytokine was analyzed by flow cytometry. (F-H) dLN
cells were isolated from indicated mice on day 7 after immunization and stimulated with MOG(35-55) with or without IL-23 for 10 h, and the indicated
cytokines were analyzed by ELISA in supernatants. (1) dLN cells were isolated from indicated mice on day 7 after immunization and stimulated with
MOG(35-55) with or without IL-23 for 19 h, and supernatant IL-2 was assessed by ELISA. (J and K) dLN cells were isolated from Th17<" mice on day 10 after
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and YFP- (K) cells expressing IL-17 was analyzed by flow cytometry. Data points show values for individual mice with mean + SD, pooled from two experiments
(except B and C, showing one experiment representative of three with similar results). *, P < 0.05; **, P < 0.0L; ***, P < 0.001; ****, P < 0.0001, one-way
ANOVA.
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decreased production per cell in YFP*Th1745TAT3 compared with
YFP*Th17°"! cells, but this did not reach statistical significance.
Cytokine secretion assessed by ELISA after only 10 h of re-
stimulation was also clearly impaired in Th1745TAT3 mice com-
pared with Th17°! cells (Fig. 6, F-H). This second set of analyses
was performed on day 7 when YFP* cell frequencies were sim-
ilar, and the short stimulation avoids the effects of altered pro-
liferation rates. Strikingly, the defect in cytokine production by
STAT3-deleted cells was apparent even without addition of IL-23
(Fig. 6, C-H). IL-2, the prototypical cytokine response to TCR
triggering, was also reduced in STAT3-deleted cells (Fig. 6 I),
further suggesting that TCR activation, rather than only cyto-
kine signaling, could be regulated by STAT3. Finally, stimulation
of immunized dLN cells with anti-CD3 demonstrated a similar
defect in IL-17 production by YFP*Th1745TAT3 cells, while YFP-
cells from Th1725TAT3 and Th17°"! mice had no difference in IL-17
production, confirming that the defect was intrinsic to the Th17
cells rather than host effects (Fig. 6, ] and K). Taken together,
these data show an unexpected regulation of cytokine produc-
tion in response to antigen that is dependent on STAT3 and can
be overridden by PMA and ionomycin stimulation.

STATS3 sustains mitochondrial membrane potential (Agm) and
Ca?* signaling in effector Th17 cells

The prior data pointed to a role for STAT3 in promoting TCR
signaling in addition to mediating transcription in response to
classical cytokine signaling. We therefore examined the non-
transcriptional role reported for STAT3 in maintaining the in-
tegrity of AYpm (Meier and Larner, 2014; Rincon and Pereira,
2018). Indeed, STAT3-depleted YFP* cells had reduced Apm on
day 10 after immunization when compared with STAT3-
sufficient YFP~CD4* cells within the same host and compared
with YFP* cells from immunized Th17°! mice (Fig. 7, A-C). To
confirm that AYm was maintained by STAT3 in effector Th17
cells, we immunized Thl17°t! mice and stimulated the cells
ex vivo in presence of STAT3 inhibitor cryptotanshinone, which
inhibits both p727 and p703 sites (Brambilla et al., 2015; Genini
et al., 2017). STAT3 inhibition during restimulation of effector
Th17 cells resulted in significantly reduced IL-17 production,
corresponding to reduced Apm (Fig. 7, D and E). Reduced Apm
can disrupt mitochondrial Ca®* storage, with consequences for
intracellular Ca?*-regulated signaling (Yang et al., 2015). Ac-
cordingly, YFP*Th1745TAT3 cells had a reduced intracellular Ca2*
response to stimulation with MOG(35-55) ex vivo compared
with YFP*Th17<%! cells from similarly immunized mice (Fig. 7 F).
To further demonstrate that mitochondrial Ca?* regulation
contributes to MOG-induced IL-17 production in effector Thi7
cells, we restimulated dLN cells from immunized mice in pres-
ence or absence of CGP-37157 to block mitochondrial Ca?* ex-
port. IL-17 production in response to MOG and MOG + IL-23 was
significantly reduced in presence of mitochondrial Ca?* export
blockade (Fig. 7 G). Interestingly, IL-23-induced IL-17 was
clearly less affected than MOG alone in this assay, suggesting a
separation between STAT3 transcriptional events downstream
of cytokine signaling and STAT3 mitochondrial maintenance for
TCR signaling. Finally, to determine whether overcoming in-
tracellular Ca** signaling could override the defective IL-17
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production in Th1745TAT3 cells, we restimulated dLN cells from
Th1725TAT3 and Th17°%! mice with MOG in the presence of ion-
omycin to bypass the TCR-induced store-operated calcium entry
pathway of Ca2?* flux. Indeed, ionomycin was sufficient to in-
crease MOG-induced IL-17 production by STAT3-depleted Thi7
cells (Fig. 7 H). Hence, we conclude that sustained STAT3 reg-
ulation of AYm and intracellular Ca?* is required for effector
cytokine production in response to antigen recognition through
the TCR.

Discussion

STATS3 transcriptional activity is critical for early Th17 devel-
opment. Here, we have demonstrated that STAT3 also plays a
critical role after initiation of the Th17 program and that this role
extends beyond the expected transcription factor functions. In
fact, we unexpectedly found that STAT3 was not directly re-
quired for transcriptional activation of effector cytokines, since
there was no defect in cytokines elicited by PMA and ionomycin
stimulation. Early STAT3 activity stabilizes Th17 differentiation
both through RORyt expression and epigenetic modifications
(Durant et al., 2010). Our data suggest that RORyt expression is
unchanged and therefore sufficient to sustain Thl7 cytokine
response when ionomycin is present to override requirements
for intracellular Ca®* regulation. Indeed, a recent report using
the same IlI7aCre system to delete Rorc demonstrated that RORyt
deletion in effector Th17 cells led to loss of IL-17-producing ca-
pacity (Brucklacher-Waldert et al., 2016). These findings do not
preclude a role for STAT3 acting as a transcription factor
downstream of cytokine signaling, but rather suggest that it is
not absolutely required for this role in effector Thi7 cells.

Our data point toward a critical role for STAT3 in main-
taining the capacity of Th17 cells to produce cytokine in response
to antigenic stimuli, and this was associated with reduced Am.
In cancer cells and cardiac myocytes, STAT3-regulated Am is
thought to be important for mitochondrial metabolic activity
required to support cell proliferation, as well as counteracting
damaging effects of reactive oxygen species generated under
hypoxic conditions (Meier and Larner, 2014; Yang et al., 2015).
Mitochondrial STAT3 is known to interact with components of
the electron transport chain, including GRIM19, but the mech-
anisms by which this interaction regulates Apm are as yet
unclear (Rincon and Pereira, 2018). The role of STAT3 in mito-
chondria has not been extensively studied in T cells. However,
mitochondrial STAT3 induction by IL-6 has been clearly shown
to sustain IL-21 and IL-4 production in recently activated T cells
(Yang et al., 2015). Unlike tumor cells, mitochondrial functions
of STAT3 in recently activated T cells were uncoupled from
energy generation (Yang et al., 2015). Similarly, we did not ob-
serve any changes in metabolic pathway or mitochondrial genes
in STAT3-deleted Thi7 effector cells.

Mitochondria play an often-underappreciated role in bal-
ancing intracellular Ca®* stores. Mitochondrial and ER mem-
branes are intimately associated in the cytoplasm, and Apm
regulation is important for ER store-operated Ca?* flux
(Duszyriski et al., 2006; Marchi et al., 2017). TCR-induced Ca>*
flux leads to activation of the transcription factor nuclear factor
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of activated T cells (NFAT), a key driver of IL-2 production in
recently activated T cells that has also been linked to IL-17 pro-
duction in Th17 cells. Itk-deficient T cells have defective activa-
tion of the nuclear factor of activated T cells (NFAT) pathway
downstream of TCR ligation, leading to impaired IL-17 produc-
tion that can be overcome by ionomycin. Compared with naive
T cells, effector T cells have greatly reduced store-operated Ca?*
entry in response to TCR stimulation (Bohineust et al., 2018;
Manjunath et al., 1999) and so are likely to be especially sus-
ceptible to changes in mitochondrial-regulated Ca?* concen-
trations. We propose that a major role of STAT3 in effector Th17
cell function is to regulate the responsiveness of Th17 cells to TCR
engagement by maintaining Apm and thus intracellular Ca?*
balance. These data also suggest that assessment of cytokine
production by PMA and ionomycin stimulation may erroneously
report cytokine production capability during therapeutic block-
ade of the STAT3 pathway and that AYpm may better reflect the
functional capacity of effector Thi7 cells.
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Figure 7. STAT3 regulates Aypm. (A-C) dLN
cells were isolated from indicated mice on day 10
after immunization with MOG(35-55) in CFA and
labeled with TMRE for flow cytometric analysis
of Apm. (A) Representative TMRE labeling in
YFP* and YFP~ cells from indicated mice.
(B) Percentage of cells labeled TMRE" in indi-
cated YFP* cells. (C) Mean fluorescence inten-
sity of TMRE labeling in YFP* cells. Data are
representative of three experiments with three
or four mice per group. (D and E) dLN cells were
isolated from Th17¢t" mice on day 10 after im-
munization with MOG(35-55) in CFA and stim-
ulated with MOG(35-55) in the presence or
absence of the STAT3 inhibitor cryptotan-
shinone for 19 h; IL-17A was assessed in the
supernatant by ELISA (D), and TMRE was as-
sessed by flow cytometry (E). Plots are repre-
sentative of data from two experiments with
three mice each. (F) dLN cells were isolated
from indicated mice on day 10 after immuniza-
tion, labeled with the intracellular Ca?* detector
Rhod3-AM, and stimulated with MOG(35-55) for
10 min before flow cytometric analysis. (G) On
day 10 after immunization, dLN cells from
Th17<t" mice were stimulated in the presence of
MOG # IL-23 and mitochondrial Ca?* inhibitor
CGP-37157 or vehicle control overnight, and
then IL-17 was assessed by ELISA. Data are
shown as paired fold change pooled from two
experiments. (H) dLN cells were isolated from
indicated mice on day 10 after immunization
and stimulated with MOG(35-55) with or with-
A out ionomycin for 19 h, and IL-17 was assessed

by ELISA. Data are pooled from two experi-
at ments. *, P < 0.05; **, P < 0.01; ***, P < 0.001;
***¥ P < 0.0001, Student’s t test (B and C) and
one-way ANOVA (D-H).
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There were interesting differences between IL-23R blockade
and STAT3 deletion in effector Thi7 cells, as might be expected,
since STATS3 is also activated by IL-6 and IL-21 to support Th17
development (Heink et al., 2017; Wei et al., 2007). A key dif-
ference was in induction of effector molecules. IL-23R
blockade results in reduced production of IL-17 and IFN-y by
day 10 after immunization for EAE, whether measured by
PMA and ionomycin stimulation or antigen stimulation with
MOG(35-55) (McGeachy et al., 2009). In contrast, STAT3 de-
letion after IL-17 production did not affect PMA- and
ionomycin-elicited cytokine production or expression of other
previously identified IL-23-dependent effector molecules
(Codarri et al., 2011; Du et al., 2016; El-Behi et al., 2011; Hirota
et al., 2011; Jain et al., 2016; McGeachy et al., 2009). This
disparity could perhaps be explained by the fact that the ab-
solute requirement for IL-23 signaling in Thl7 cell effector
function (at least in the EAE model) occurs within the first 5 d
in vivo, despite the functional outcomes of IL-23 blockade
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appearing during the effector stages starting on day 7 (Chen
et al., 2006; McGeachy et al., 2009).

Both II23ra~/~ and STAT3-deleted Thi7 cells both show de-
fective proliferation associated with reduced numbers of effec-
tor Thi7 cells in blood and CNS (Haines et al., 2013; McGeachy
et al., 2009). Our data suggest that enhanced STATI activation,
which has well-established antiproliferative functions (Bromberg
etal., 1996; Durant et al., 2010; Gil et al., 2006), further contributes
to reduced proliferation following STAT3 deletion, although we
have not directly tested the contribution of STAT1 to proliferative
defects in these cells. IL-6 and IL-23 signaling are typically asso-
ciated with driving STAT3 phosphorylation, but like most cyto-
kines, they activate multiple STAT proteins. The interplay
between STAT3 and STAT1 can determine specificity of response
to cytokine signaling, as has been characterized for IL-6 and IL-21
signaling (Hirahara et al., 2015; Wan et al., 2015). STAT3 deletion
in murine naive T cells or fibroblasts, and dysfunctional STAT3 in
patients with hyper-IgE syndrome, result in enhanced STAT1
activity and gene expression signature (Costa-Pereira et al., 2002;
Hirahara et al., 2015; Wan et al., 2015). Gain-of-function muta-
tions in STATI have been shown to inhibit Th17 responses and
cause chronic mucocutaneous candidiasis that is clinically similar
to Thi7 cell-associated immunodeficiency (Eren Akarcan et al.,
2017). Thus, these data and our results suggest that negative
regulation of STAT1 activation is an important function of STAT3
in maintaining healthy Th17 cell populations at barrier surfaces.

In summary, our data suggest a new model in which lack of
STAT3 activation temporarily “stuns” effector Thi7 cells by im-
pairing their ability to respond to antigen through the TCR. In
vivo, this would be an efficient safeguard against inappropriate
activation of a proinflammatory Thl7 response in absence of in-
fection, when local concentrations of STAT3-activating cytokines
(such as IL-6 and IL-23) remain low. However, we speculate that
tissue damage or bystander infection could overcome this safe-
guard by inducing increased inflammatory cytokines that allow
potent activation of tissue-resident memory cells to induce local
inflammation, thus providing a potential mechanism to link re-
cent infection or tissue injury with flare of autoimmune disease.

Materials and methods

Mice

C57BL/6, STOPY/IROSAYFP and IlI7aSre (Hirota et al., 2011) mice
were from the Jackson Laboratory, and STAT3%/fl mice were
provided by Dr. Levy (New York University, New York, NY). All
experiments included age- and sex-matched littermate controls, and
both males and females aged between 7 and 18 wk were used. Mice
were housed under specific pathogen-free conditions in an Associ-
ation for Assessment and Accreditation of Laboratory Animal Care-
approved facility at the University of Pittsburgh. Protocols were
approved by the University of Pittsburgh institutional animal care
and use committee and adhered to guidelines in the Guide for the Care
and Use of Laboratory Animals of the National Institutes of Health.

EAE
Mice were immunized subcutaneously in four sites on the back
with 100 ug MOG(35-55) peptide (Biosynthesis) emulsified with
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CFA with M. tuberculosis strain H37Ra (DIFCO Laboratories).
Mice also received 100 ng pertussis toxin (List Biological Labo-
ratories) intraperitoneally on days 0 and 2. Mice were assessed
daily and scored as follows: 1, flaccid tail; 2, impaired righting
reflex and hindlimb weakness; 3, partial hindlimb paralysis; 4,
complete hindlimb paralysis; 5, hindlimb paralysis with partial
forelimb paralysis; or 6, moribund.

Flow cytometry

Single-cell suspensions were obtained from LNs and CNS (brain
and spinal cord) tissues by mechanical isolation. The single-cell
suspensions were filtered before staining. CNS tissue homoge-
nates were incubated in digestion medium containing 0.5 mg/ml
Collagenase Type I (Worthington Biochemical) and 1,000 U/ml
DNase I (Sigma-Aldrich) for 45 min, following myelin debris
removal using a Percoll gradient. Blood was collected in PBS
containing EDTA following red blood cell lysis using ACK lysis
buffer (Gibco). For flow cytometry and FACS sorting, cells were
first stained with Ghost Dye Violet 510 or Ghost Dye Violet 450
viability dyes (TONBO Biosciences) in PBS to allow exclusion of
dead cells, followed by labeling with cell-surface and intracel-
lular FACS antibodies or other reagents. For cytokine analysis,
cells were cultured in complete medium with 50 ng/ml PMA
and 500 ng/ml ionomycin (Sigma-Aldrich) in the presence of
GolgiPlug (BD Biosciences) for 4 h before FACS staining. For
intracellular cytokines, staining was performed using Cytofix-
cytoperm kit from BD Biosciences. For Foxp3 costaining with
YFP, cells were fixed with 2% formaldehyde for 30 min at 4°C
and then permeabilized with permeabilization buffer (eBio-
science) for 30 min followed by intracellular staining. Phos-
phoflow cytometry analysis was performed using BD Phosflow
buffers (557870 and 558050). FACS antibodies and staining re-
agents were purchased from the following companies: eBio-
science: Ly-6G/Gr-1 (1A8-Ly6g), GM-CSF (MP1-22E9), IL-17A
(eBio17B7), IFN-y (XMG1.2); BD: IL-2 (JES6-5H4), GM-CSF (MPI-
22E9), STAT3 (M59-50), Ki-67 (B56), CD178 (MFL3), IL-17A
(TC11-18H10), pSTATI (4a); Invitrogen: CD4 (RM4-5), Rhod-3
Calcium Imaging Kit (R10145), TMRE (tetramethylrhodamine,
ethyl ester; T669); and BioVision: caspase 3 (K183) Staining Kit.
Flow cytometry data were acquired on a FACS Fortessa (BD Bi-
osciences) and analyzed with FlowJo software.

Cell cycle analysis using BrdU

BrdU Flow Kit was purchased from BD Biosciences (552598).
1 mg BrdU was injected into MOG(35-55)-immunized animals
intraperitoneally 4 h before analysis. Following BrdU staining
(according to the manufacturer’s instructions), cells were re-
suspended in PBS containing 7AAD for staining of total DNA.
Data were acquired on a FACS Fortessa (BD Biosciences) and
analyzed with Flow]Jo software.

RNA sequencing and GSEA

Th17¢*! (five mice total, combined from two separate experi-
ments) and Thi1725TAT3 (four mice total combined from two
separate experiments) mice were immunized with MOG(35-55)
in CFA to induce EAE. On day 10 after immunization, dLNs were
harvested and CD4*YFP* Th17 cells were sorted on a FACSAriaIl,

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20191761

9of 12


https://doi.org/10.1084/jem.20191761

directly into SmartSeq low-input RNA kit lysis buffer. Libraries
were prepared using Nextera XT DNA library prep kits, and
RNA sequencing was performed on Illumina NextSeq500 by the
Health Sciences Sequencing Core at University of Pittsburgh. Reads
were aligned to mouse reference genome mm10 using TopHat and
Bowtie2 following gene identification using Cufflinks. Gene ex-
pression values (fragments per kilobase exon per million mapped
reads) were calculated using Cuffdiff. Relative expression shown in
heatmaps was calculated as the fragments per kilobase exon per
million mapped reads value for each sample divided by mean ex-
pression of that gene in all samples per each experiment. GSEA
from the Broad Institute (http://www.broad.mit.edu/gsea) was
used to calculate enrichment of genes in each set. Pathways were
curated from Reactome Pathway Database (Fabregat et al., 2018).

MOG restimulation and ELISA assays

dLN cells from mice immunized with MOG(35-55) in CFA were
cultured in flat bottom 96-well plates at a cell density of 1 million
cells per well in complete medium (RPMI) with 100 pg/ml
MOG(35-55) in the presence or absence of 20 ng/ml IL-23. STAT3
inhibitor cryptotanshinone (S2285; Selleck Chemicals) was added
to cultures at a final concentration of 5-10 pM. The mitochondrial
Ca2* inhibitor CGP-37157 (Tocris) was added to cultures at final
concentration of 10 uM. Cytokine production was analyzed from
culture supernatants taken 14 h after MOG rechallenge using the
following ELISA kits from eBioscience: IL-17A (88-7371-76), GM-
CSF (88-7334-22), IFN-y (88-7314-76), and IL-2 (88-7024-22). For
intracellular cytokine analysis by flow cytometry, GolgiPlug (BD
Biosciences) was added to the cell cultures at 14 h for a further 5 h
before intracellular FACS staining.

Calcium flux assay

dLNs from mice immunized with MOG(35-55) were labeled
with red fluorescent Rhod-3 AM dye according to the manu-
facturer’s guidelines (R10145; Invitrogen). Total LN cells were
stimulated with 100 pg/ml MOG(35-55) in HBSS medium con-
taining 5% FCS for 10 min immediately before flow cytometry
analysis. Positive cells were assessed as percentage cells above
baseline set with unstimulated cells.

Statistics

Experimental results were analyzed for significance using one-
way ANOVA (for multiple groups) or Student’s t test, except EAE
clinical data, which were analyzed by Mann-Whitney test, on
each day. Statistical analyses were performed using GraphPad
Prism. P values are shown as *, P < 0.05; **, P < 0.01; ***, P <
0.001; and ****, P < 0.0001 where statistical significance was
found, and data are represented as mean + SD. Individual points
in graphs represent biological replicates (i.e., individual mice).

Data availability
RNA-sequencing datasets from this study are available in the
Gene Expression Omnibus under accession number GSE151447.
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