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ABSTRACT

As the blockade of inhibitory surface-molecules such as CTLA-4 on T cells has led to recent advances in
antitumor immune therapy, there is great interest in identifying novel mechanisms of action of CD8* T
cells to evoke effective cytotoxic antitumor responses. Using in vitro and in vivo models, we investigated
the molecular pathways underlying the CTLA-4-mediated differentiation of IL-17-producing CD8* T cells
(Tc17 cells) that strongly impairs cytotoxicity. Our studies demonstrate that Tc17 cells lacking CTLA-4
signaling have limited production of STAT3-target gene products such as IL-17, IL-21, IL-23R and RORyt.
Upon re-stimulation with IL-12, these cells display fast downregulation of Tc17 hallmarks and acquire Tc1
characteristics such as IFNy and TNF-o co-expression, which is known to correlate with tumor control.
Indeed, upon adoptive transfer, these cells were highly efficient in the antigen-specific rejection of
established OVA-expressing B16 melanoma in vivo. Mechanistically, in primary and re-stimulated Tc17
cells, STAT3 binding to the IL-17 promoter was strongly augmented by CTLA-4, associated with less
binding of STAT5 and reduced relative activation of STAT1 which is known to block STAT3 activity.
Inhibiting CTLA-4-induced STAT3 activity reverses enhancement of signature Tc17 gene products,
rendering Tc17 cells susceptible to conversion to Tc1-like cells with enhanced cytotoxic potential. Thus,
CTLA-4 critically shapes the characteristics of Tc17 cells by regulating relative STAT3 activation, which
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provides new perspectives to enhance cytotoxicity of antitumor responses.

Introduction

Differentiated CD8" T cells play a crucial role in host protec-
tion, as they are the main effector cells that eliminate infected
and malignant cells in an antigen (Ag)-specific manner.
Encounters with endogenous antigens on antigen-presenting
cells (APCs), either from intracellular pathogens or tumor neo-
antigens, orchestrate naive CD8" T cell activation and differen-
tiation into effector cells, mainly into cytotoxic T lymphocytes
(CTLs). CTLs directly kill their target cells by releasing the
cytotoxic molecules granzyme B and perforin into the immu-
nological synapse."”” CTLs that express IL-2, IFNy, and/or
TNF-«, called Tcl cells, are generated upon stimulation in a
pro-inflammatory milieu containing IL-12/IFNy. These cells
can overcome immunosuppressive tumor escape mechanisms
in tumor-bearing mice.” In mice and humans, Tcl cells co-
expressing two or three of their signature cytokines are corre-
lated with reduced bacterial load and tumor burden.* Never-
theless, depending on the activation conditions, a cytokine
milieu containing transforming growth factor g (TGF-g) and
IL-67* drives CD8" T cells to differentiate into IL-17-produc-
ing Tc17 cells, which have only limited cytotoxic activity.’

In addition to TCR and co-stimulation-mediated signals, a third
signal provided by cytokine receptor engagement with its respective
cytokine, strongly determines the outcome of T cell differentiation
as well as the stability of the initial phenotype. Cytokine engage-
ment with its receptor induces the phosphorylation of STAT mole-
cules, which translocate into the nucleus and bind to the promoters
of their target genes.'® For Tc17 cells, IL-6/IL-6R mediates the acti-
vation of pSTAT3, which binds to the promoters of Tc17 signature
genes, including the transcription factor RORyt and the cytokine
IL-17. STATS3 also induces the transcription of IL-21 and IL-23R,
further increasing pSTAT3 expression and ultimately leading to
stabilization of the Tc17 phenotype.”"'"* T cells lacking STAT3 do
not express the Tc17 hallmarks IL-17 and RORyt.'* The cytokines
IL-2 and IFNy, which strongly induce STAT5 and STATI, are
known to prevent the differentiation of IL-17-producing T cells. In
the nucleus, STAT3 and STAT5 compete for binding to the IL-17
promoter, leading to gene activation or silencing, respectively.'*"”
As STAT1 and STAT3 inhibit each other, relatively higher expres-
sion of STAT3 than STAT] is required for the optimal activation
of the transcriptional machinery for Tc17-related genes.'®"”
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Tc17 cells have been shown to be tumor-promoting cells,
but they can also contribute to tumor rejection.'®* The first
sight controversy about the role of Tc17 cells in tumor biology
might occur because Tc17 cells easily convert into Tcl-like cells
in a pro-inflammatory environment, which rescues their killing
capacity while maintaining some of their Tc17 characteristics,
such as cell longevity.”"** Indeed, some studies have shown
that adoptive transfer of tumor-specific Tc17 cells into tumor-
bearing mice induces potent antitumor activity in an IFNy-
dependent manner. Furthermore, adoptively transferred Tc17
cells were plastically converted into Tcl-like cells, improving
the long-term cure rates in mice.”**"**** Thus, the factors that
determine Tcl7 plasticity or stability remain of major interest
to improve antitumor therapies.

The first target with reported effectiveness in immune
checkpoint therapy*>*® was CTLA-4 (CD152), a glycoprotein
expressed on the surface of activated T cells.”” > On CD8" T
cells, it is expressed at particularly high levels and for long
period of time.”” Blockade of CTLA-4 in patients having
advanced melanoma is effective as a single agent for antitumor
therapy™** and is even better in combination with agents that
block other inhibitory molecules.”>** Focusing on the major
effector cells that eliminate tumors, CTLA-4-deficient CD8" T
cells exhibited increased production of IFNy and granzyme
B.*** In a Tc17 milieu, CTLA-4 supports Tcl7 differentiation
and limits the lineage plasticity of the Tc17 phenotype by inhib-
iting the expression of central factors of the Tcl program,
namely, IFNy and granzyme B.*® This indicates that CTLA-4
affects the Tcl and Tc17 lineage programs. Surprisingly, resto-
ration of the downregulated factors, such as RORyt and IRF4
which are key to Tc17 cells, did not rescue the Tc17 program in
CTLA-4-deficient cells.’® Therefore, the CTLA-4-mediated
mechanism of Tc17 differentiation and plasticity is not under-
stood so far.

In the present study, we report that CTLA-4 regulates Tcl7
differentiation and stability by controlling STAT3 binding to
the IL-17 promoter. Using ChIP assays, the DNA binding
capacities of STAT3 and STAT5 were assessed in Tcl and Tcl7
conditions; there was more binding of STAT3 than STATS5 to
the IL-17 promoter following CTLA-4 signaling. Consequently,
blockade of STAT3 activation hampered the effect of CTLA-4
on Tcl7 differentiation. Looking at the signaling network, the
results demonstrate that two distinct mechanisms are mediated
by CTLA-4. In the presence of a Tc17 cytokine milieu, CTLA-4
enhances STAT3 activation, whereas Tcl7 cells exposed to a
Tcl environment (IL-2 and IL-12) exhibits restricted STAT1
activation. Indeed, in tumor-bearing mice, CTLA-4~'~ Tcl7
cells exhibit plasticity and differentiate into Tcl-like cells that
were highly efficient at controlling tumor growth. These studies
extend the knowledge of how CTLA-4 controls CD8" T cell
differentiation and plasticity, namely by altering the third signal
of T cell activation.

Results
STAT3 activity is enhanced by CTLA-4 in Tc17 cells

In our previous studies, overexpression of RORyt and IRF4
in CTLA-47'~ Tcl7 cells did not rescue IL-17 production,

indicating that neither RORyt nor IRF4 alone is responsible
for the CTLA-4-mediated effect on IL-17 production.’® To
investigate the molecular mechanism of CTLA-4-mediated
effects on Tcl7 differentiation (Fig. 1A, left and right pan-
els),® we used an in vitro differentiation model that
excluded extrinsic signals from B7 ligands on APCs by
crosslinking cells with immobilized anti-CD3, anti-CD28
and anti-CTLA-4 antibodies (Ab) (Fig. 1B).”® As
expected, CD8" T cells that were crosslinked with anti-
CD3, anti-CD28 and anti-CTLA-4 (+agon. (agonistic)
aCTLA-4) displayed a 4-fold increase in the frequency of
IL-17-producing cells (23.4%) compared with cells that
were engaged with anti-CD3, anti-CD28 and isotype control
antibody («CD3) (4.8%) (Fig. 1B). Although the increase in
CD28 concentration enhanced the frequency of IL-17-pro-
ducing cells, the cells that were treated additionally with
agonistic «CTLA-4 still had a significantly increased fre-
quency of IL-17 producers («¢CD3 32.6% vs. +agon.
aCTLA-4 43.3%) (Fig. 1B). In the absence of CD28 signals,
CTLA-4 signaling still resulted in a 3-fold increase in the
frequency of IL-17 producers on day 3 (Fig. 1C, left and
right panels). All further experiments in this study were
performed with similar concentrations of immobilized anti-
CD3 and anti-CTLA-4 (+agon. «CTLA-4) or Isotype
(«CD3) (as in Fig. 1C). Similar expression of the activation-
induced surface molecules CD44, CD25 and CD69 between
the conditions excluded the possibility of differences in acti-
vation (Fig. 1D).

To identify target molecules of CTLA-4 signal transduction,
we analyzed the lysates of CTLA-4"* and CTLA-4~'~ Tcl7
cells (that had been stimulated for 3 d) using a peptide array
(PepChip) with different kinase consensus substrates spotted in
triplicate. Analysis of the kinomic profile revealed substantial
differences in the phosphorylation of kinase substrates in the
presence and absence of the CTLA-4 signal. Interestingly,
increased phosphorylation of STAT3 and decreased phosphor-
ylation of STAT1 consensus substrates were observed in lysates
of CTLA-4™* Tcl7 cells, whereas the phosphorylation of the
STATS5 consensus substrate was similar under both conditions
(Fig. 2A).

To support the PepChip results, the altered phosphoryla-
tion levels of the target proteins were analyzed by flow
cytometry (Fig. 2B). As STAT3 binds to the IL-17a pro-
moter to initiate its transcription, and also competes with
STAT5 binding which interferes with IL-17 transcrip-
tion,"*'> we evaluated the binding of both STAT proteins
using chromatin immunoprecipitation (ChIP) assays fol-
lowed by quantitative PCR (qPCR). STAT3 binding to the
IL-17 promoter was diminished, whereas STAT5 binding
was elevated in cells that lacked CTLA-4 engagement. In
contrast, STAT3 binding to the IL-17 promoter was
increased 3-fold compared with STATS5 in the cells that
were crosslinked with CTLA-4 Ab (Fig. 2C).

Next, we determined the impact of CTLA-4-induced
STAT3 activity on Tcl7 differentiation by inactivating
STAT3 with S31-201 a chemical probe inhibitor, which
selectively blocks STAT3 phosphorylation, dimerization,
DNA binding and STAT3-dependent transcription. Flow
cytometric analysis of the CTLA-4 targets revealed that the
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Figure 1. Analysis of the exclusive role of CTLA-4 in Tc17 differentiation. (A) Naive CD8™ T cells from CTLA-4'* and CTLA-4~/~ OT.1 mice were activated with the specific
antigen OVA,s;_64 in the presence of APCs under Tc17 conditions. IL-17 and IFNy expression in these cells was analyzed by flow cytometry for 72 h after primary stimula-

tion (left). Cumulative staining results are shown on the right. The data are representati

ive of three independent experiments. (B) CD8™ T cells from C57BL/6JRj mice were

stimulated under Tc17 conditions by crosslinking the cells with plate-bound immobilized anti-CD3 (3 +g/mL) and anti-CD28 (0.25-4 pg/mL) in the presence (4+agon.

aCTLA-4) or absence («CD3) of immobilized anti-CTLA-4 (10 pg/mL). Three days after t

he primary stimulation, IL-17 expression in these cells was analyzed by flow cytom-

etry. The data are from one representative experiment. (C) IL-17 and IFNy expression in CD3-stimulated (3 p2g/mL) cells in the presence or absence of CTLA-4 crosslinking
(10 ng/mL) was analyzed by flow cytometry every day until day 3. Cumulative staining results are shown on the right. The data are representative of three independent
experiments. (D) CD8™ T cells from C57BL/6JRj mice were cultured as in (C) and analyzed for the surface expression of CD69, CD25 and CD44 on day 3 by flow cytometry.

The data are from a single experiment that is representative of three independent exp
unpaired t-test.

2-fold increase in the expression of the Tcl7 signature tran-
scription factor RORyt (4-agon. «CTLA-4 DMSO) was sig-
nificantly reduced in cells crosslinked with CTLA-4 upon
STATS3 inactivation (4-agon. «CTLA-4 S31-201), similar to
the expression observed for IL-17 (Figs. 3A, B, left and right
panels). In addition, CTLA-4 mediated a significant increase
in IL-23R expression, which was reduced by more than half
upon STATS3 inactivation (Fig. 3C).

Taken together, these results suggest that CTLA-4 promotes
STAT3 activation and binding to the IL-17 promoter region
and thus enhances IL-17 expression in Tcl7 cells.

eriments. The error bars denote + SEM. ™p < 0.01, “p < 0.05, n.s.: not significant,

Consequently, the data also show that CTLA-4 induces the
expression of many proteins encoded by STAT3-dependent
target genes, including IL-23R, which is essential for maintain-
ing the Tc17 phenotype (Fig. 3C).

CTLA-4 restricts the cytotoxic function of Tc17 cells

Considering the above-reported induction of STAT3 activity by
CTLA-4, we hypothesized that CTLA-4-deficient Tcl7 cells
which cannot efficiently upregulate STAT3 activity, strongly sup-
port tumor rejection in vivo. For this purpose, adoptively
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Figure 2. CTLA-4-requlated STAT phosphorylation determines Tc17 differentiation. (A) Dot plot representing the phosphorylation status of the kinase-specific peptide
substrates spotted on the PepChip array. Different kinase activities in the lysates from the CTLA-4™/* and CTLA-4~/~ Tc17 cells are shown using a ranking method; each
spot represents the extent of phosphorylation of a specific peptide substrate. Using the ranking method, a bisymmetric distribution of peptides is generated, in which
phosphorylation was either significantly increased or decreased by CTLA-4 signaling. Peptide substrates that were phosphorylated in the absence of CTLA-4 signaling are
reflected by an equivalent peptide with altered or unaltered phosphorylation in response to CTLA-4 signaling. The ranks of the differentially phosphorylated peptides of
interest (STAT3, STAT5 and STAT1) are marked by arrows. Spots representing peptides with significantly decreased (1), increased (lll) or unaltered (Il) phosphorylation as a
result of CTLA-4 signaling are shown. (B) Tc17 cells were stimulated with anti-CD3 in the presence or absence of additional CTLA-4 crosslinking for 3 d, harvested, and ana-
lyzed for the expression of total and phosphorylated STAT3, STAT1 and STATS5. The data are from a single experiment that is representative of two independent experi-
ments. (C) ChIP analysis of Tc17 cells that were stimulated with CD3 in the presence or absence of additional CTLA-4 crosslinking for 3 d. Tc17 cells were stimulated with
IL-6+4IL-23 or IL-2 for 30 min, and protein-DNA complexes were crosslinked with formaldehyde and immunoprecipitated with anti-STAT3 or anti-STATS5. The bound DNA
was purified and amplified by quantitative PCR with primers designed for the IL-17a promoter site. The results are presented relative to the input DNA. The data are rep-

resentative of three independent experiments. The error bars denote & SEM. ***

transferred CTLA-4""" and CTLA-4~'~ Tcl17 cells were analyzed
for their capacity to control the progression of pre-established
melanoma by B16 OVA,s;_,s4-expressing melanoma cells in a
mouse model. Recipient tumor-bearing mice on a Ly5.1 back-
ground were used to differentiate adoptively transferred congenic
OT.1 CD45.2 CD8* T cells. Tumor progression was measured
for up to 6 d following adoptive T cell transfer (Fig. 4A). In PBS-
treated tumor-bearing mice tumor outgrowth was progressing
dramatically. In mice receiving adoptively transferred T cells,
tumor growth measurements clearly showed that CTLA-4~'~
Tcl7 cells significantly restricted tumor progression, whereas
CTLA-4""* Tc17 cells were not able to control the tumor growth
(d2 to d6, Fig. 4B and C). In fact, CTLA-4~'~ Tcl17 cells displayed
a 2-fold higher efficiency in controlling tumor progression than
did CTLA-4"* Tc17 cells. Additionally, the in vivo re-stimulated
Tc17 cells showed enhanced expression of Tcl-like characteris-
tics; for example, a 4-fold higher frequency of IFNy/TNF-« dou-
ble producers was observed in CTLA-4~'~ Tc17 cells compared
with CTLA-4"* Tc17 cells (Fig. 4D). These kind of double pro-
ducers are well known to control tumor progression in mice and
men.>**>*" Collectively, these results show that CTLA-4 defi-
ciency in vivo or absence of CTLA-4 signals in vitro enhances the

p < 0.001, n.s.: not significant, unpaired t-test.

functional and transcriptional plasticity of Tc17 cells and thus
profoundly augments their antitumor activity.

CTLA-4-mediated effects on STATs stabilize Tc17
differentiation

Next, we hypothesized that CTLA-4 signaling involving
STATSs might be responsible for the resistance of Tcl7 cells to
convert to Tcl-like cells. Initially, downstream targets of the
Tcl lineage were analyzed to confirm the Tcl conversion, as
it is well established that inhibiting CTLA-4 enhances Tcl dif-
ferentiation.”>*> First, flow cytometric analysis showed that
the CTLA-4-crosslinked cells more effectively retained their
Tcl7 profile, even under Tcl-skewing conditions, compared
with the activated control cells (Fig. 5A). Additionally, a 2-
fold decrease in the mRNA levels of the Tc17-supporting fac-
tors HIF-1o and IRF4 was observed in the activated control
cells («CD3) (Fig. 5B). The mRNA expression of the main
Tcl-supporting transcription factor Eomes, but not that of T-
bet, was elevated in the re-activated control cells that did not
receive a CTLA-4 signal. Flow cytometric analysis extended
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Figure 3. Impact of STAT3 on CTLA-4-mediated Tc17 differentiation. CD8" T cells from C57BL/6JRj mice primed under Tc17 conditions with anti-CD3 in the presence or
absence of additional CTLA-4 crosslinking were untreated (DMSO) or treated with the STAT3 inhibitor (531-201) 24 h after stimulation. The expression levels of the Tc17
signature molecules RORyt (A) IL-17, IFNy (B) and IL-23R (C) were analyzed by flow cytometry at the indicated time points (left), and the d3 results are shown as the fold
increase compared with the d2 control cells (right). The data are from a single experiment that is representative of three independent experiments. The error bars denote

=+ SEM. ***p < 0.001, **p < 0.01, n.s.: not significant, unpaired t-test.

these mRNA findings to the respective proteins (Fig. 5C). In
addition, similar results were observed with other Tcl-sup-
porting molecules, such as IFNy (Fig. 5B). Together, these
results indicate that Eomes is a major downstream target of
CTLA-4 signaling in Tc17 cell plasticity.

In accordance with the recognized importance of STAT3 in
CTLA-4-mediated Tcl7 differentiation, we next evaluated the
role of STAT3 in controlling CTLA-4-mediated Tc17 plasticity.
Although STAT3 and STAT5 phosphorylation remained the
same after re-stimulation with Tcl-inducing cytokines in the
presence or absence of CTLA-4 crosslinking (Fig. 6A), ChIP
followed by qPCR showed a 3-fold increase in STAT5 binding
to the IL-17 promoter in cells that were not crosslinked with
CTLA-4 Ab. In contrast, a 2-fold increase in STAT3 binding to
the IL-17 promoter was identified in the cells that were cross-
linked with CTLA-4 Ab (Fig. 6B). Studies have shown that the
relative protein abundance of STAT1 versus STAT3 may

reciprocally influence the activity of the other protein.'®'”

Therefore, we measured STAT1 phosphorylation. Interestingly,
a significant increase in STAT1 phosphorylation was observed
in the cells that were not exposed to CTLA-4 crosslinking
(Fig. 6A). The normalized pSTAT3 and pSTAT1 levels were
used to compare the pSTAT3/pSTAT] ratio. Tc17 cells exposed
to CTLA-4 crosslinking displayed a 2-fold increase in the
pSTAT3/pSTAT]1 ratio compared with control cells (Fig. 6C).
As CTLA-4 has a potential binding site for STATs, direct
binding to the phosphorylated YVKM motif of CTLA-4 was
analyzed. Therefore, we performed a peptide pulldown experi-
ment with '"*0/'°0 labeling of proteins in lysates from anti-
CD3/CD28 stimulated Tc17 cells. As baits, phosphorylated and
non-phosphorylated peptides comprising the YVKM sequence
were used. The previously shown phosphorylation specific
binding of p85 subunit of PI3K to the CTLA-4 peptide,*' was
identified with a '*0/'°O (phosphorylated/non-phosphorylated
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Figure 4. CTLA-4 regulates the cytotoxic activity of Tc17 cells. (A) Schematic of the
tumor experiment. Recipient Ly5.1 mice were s.c. injected with B16-OVA mela-
noma cells. Approximately 10 d later, when a visible tumor was present, CTLA-4™/
+and CTLA-4~/~ OT.1 CD8™ T cells that had been stimulated under Tc17 condi-
tions for 3 d were adoptively transferred into the recipient mice through intrave-
nous (i.v.) injection, and tumor growth was measured for the next 6 d. (B) Pictorial
representation of tumor size in the recipient mice on day 6 after adoptive transfer
with PBS or CTLA-4*/* or CTLA-4~/~ OT.1 Tc17 cells. (C) Tumor growth in the
mice receiving PBS or CTLA-4*/* or CTLA-4~/~ OT.1 Tc17 cells was measured on a
daily basis until day 6. Results represent + SEM of seven mice per group from
three independent experiments. Cumulative bar graphs of tumor volume in the
recipient mice on day 6 are shown on the right. Results represent + SEM of seven
mice per group from three independent experiments. (D) Adoptively transferred
CD45.27" cells were surface stained ex vivo in the splenocytes of the tumor-bearing
mice 6 d after the transfer of CTLA-4*/* or CTLA-4~/~ OT.1 Tc17 cells and were
analyzed for TNF-, IL-17 and IFNy production by flow cytometry. The data are
from one representative experiment. The error bars denote + SEM. **p < 0.01, n.
s.. not significant, Mann-Whitney U-test.

peptide) ratio of > 100, indicating the accuracy of the '*O
labeling method to track proteins binding to the phosphory-
lated CTLA-4. Analysis of the peptide bound proteins to
CTLA-4-bait revealed that neither STAT1 nor STAT3 directly
associate with the phosphorylated cytoplasmic tail of CTLA-4.
The increased mRNA expression of the Tcl7-supporting
factors IL-17, RORc, IL-21 and IL-23R in the qPCR analysis
(Fig. 6D) correlated well with the relative increase in the
amount of pSTAT3 in cells that were crosslinked with CTLA-4
Ab (Fig. 6C). In support of the qPCR data, we also detected
increased RORyt and IL-23R expression by flow cytometry in

the cells that underwent CTLA-4 crosslinking (Figs. 6E and F).
Considering the previous reported observation that inactivation
of STAT3 enhances the cytotoxicity of CD8" T cells,***’ we
next evaluated the role of STAT3 in regulating the cytotoxic
potential of Tc17 cells which get a CTLA-4 signal. For this pur-
pose, expression of a degranulation marker CD107a was ana-
lyzed which is well known to determine cytolytic activity of
CD8" T cells."* Flow cytometric analysis showed that the
diminished expression of CD107a in CTLA-4-crosslinked Tc17
cells restimulated under Tcl environment was significantly
enhanced upon STATS3 inactivation (Fig. 6G). Collectively, we
report for the first time that CTLA-4 mediates an increase in
the relative amount of pSTAT3 which helps to stabilize Tc17
differentiation and hamper cytotoxic activity of Tc17 cells.

Discussion

This is the first study to report that CTLA-4 regulates the third
signal for CD8" T cell activation, namely, cytokine receptor
signaling, by affecting STAT molecules. In the current study,
we found that CTLA-4 stabilizes Tcl7 differentiation and
increases the resistance of Tc17 cells to plasticity by increasing
the relative amount of pSTAT3 compared with pSTATI and
pSTATS5 (which are known to curb Tc17 differentiation). Ulti-
mately, STAT3-activated target molecules, such as RORyt, IL-
17, IL-21 and IL-23R, were strongly expressed.

Our data show that CTLA-4 signaling in CD8" T cells spe-
cifically enhances the expression of IL-17 and Tcl7-related
molecules in a STAT3-dependent manner irrespective of IL-18
synergizing effect in Tc17 differentiation (Fig. S1) in combina-
tion with IL-6, IL-23 and TGF-B. Consequently, STAT3 inacti-
vation reversed the stimulatory effect of CTLA-4 on Tcl7
differentiation. Our data from CTLA-4-deficient T cells agree
with the phenotype of STAT3-deficient T cells, which exhibit
defective RORc, IL-21 and IL-17 expression.*>*” Previously, it
was assumed that ectopic overexpression of RORyt or IRF4,
which are essential for Tc17 cells, would rescue the diminished
IL-17 expression in CTLA-4-incompetent cells. However, this
hypothesis was not confirmed,’® indicating that the effects of
CTLA-4 on these downstream transcription factors do not gov-
ern the increase in Tcl7 differentiation. Our data show that
STAT3 manipulation alone reverses the effects of CTLA-4,
likely by inhibiting a signaling knot upstream of RORyt,
IL-23R, IL-17 and other molecules. Even though our '*O-label-
ing analysis reveal that CTLA-4 does not directly associate with
STAT1, a close interaction is still conceivable, as upon T cell
activation CTLA-4, IFNGR and STAT1 are expressed in a
polarized manner in the immunological synapse.*® Thus,
CTLA-4 could negatively regulate the IFN-induced STAT1
phosphorylation by phosphatases such as SHP2 recruited to its
cytoplasmic tail.*>*°

Tcl7 cells are known to be phenotypically unstable.
Here, we show that CTLA-4 plays a central role in controlling
Tcl7 stability in vitro and in vivo (Figs. 5A and 4D). In vivo,
CTLA-4~'~ Tcl7 cells displayed a significant ability to control
tumor progression (Figs. 4B and C). Indeed, adoptively trans-
ferred CTLA-4/~ Tcl7 cells gave rise to an increased number
of IFNy/TNF-a co-producers (Fig. 4D), which are known to
correlate with tumor rejection.** In addition absence of CTLA-

21,22,51
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Figure 5. Impact of CTLA-4 on Tc17 stability and plasticity. (A) Tc17 cells that had been stimulated for 3 d (as in Fig. 1C) were washed twice with medium and stimulated
again with fresh plate-bound immobilized anti-CD3 in the presence or absence of additional crosslinking with anti-CTLA-4 coupled with IL-12 and IL-2 cytokines. Twenty-
four hours later, IL-17 and IFNy expression in these cells was determined using flow cytometry (left). Cumulative staining results are shown on the right. The data are rep-
resentative of four independent experiments. (B) Tc17 cells were harvested on day 3 after primary stimulation (considered as 0 h before re-stimulation), re-activated as
described above, and harvested at the indicated time points. The harvested cells were lysed, RNA was extracted, and RT was used to synthesize cDNA. The expression lev-
els of the indicated genes relative to the housekeeping gene, HPRT, are shown as the mean £ SEM of duplicates from a single experiment that is representative of three
experiments. (C) Tc17 cells were stimulated as in (B) and analyzed for the expression of Eomes and T-bet by flow cytometry at the indicated time points. The data are
from a single experiment that is representative of 2 independent experiments. The error bars denote & SEM. ***p < 0.001, **p < 0.01, *p < 0.05, n.s.: not significant,

unpaired t-test.

4 signal also displayed a significantly enhanced CD107a expres-
sion (Fig. 6G) correlating well with enhanced cytotoxic activity
against tumors.** It is likely that this mechanism occurs in
response to anti-CTLA-4 therapy (Ipilimumab) in melanoma
patients.® In addition, strategies that enhance the plasticity of
Tcl7 cells in tumor-bearing subjects and the development of
Tcl-like cytokine patterns have been shown to result in stron-
ger antitumor immunity due to increased cell persistence and
cytotoxicity.’>*! Efforts to inhibit Tc17 cell activity are likely to
result in a valuable strategy for treating cancer;’® indeed,
CTLA-4 blockade is well known to augment the antitumor
activity of T cells in patients with advanced melanoma.’?
Unwanted IL-17 production by continuous CTLA-4 signaling
may be the major contributor to the pathological effects of
Tc17 cells, not only in the tumor environment but also in auto-
immunity.>*>°

The CTLA-4-crosslinked cells exhibited prolonged expres-
sion of the Tc17 hallmarks and diminished upregulation of the

Tcl markers implicating that CTLA-4 promotes Tc17 differen-
tiation and inhibits Tc1-like factors. According to our data, this
mechanism involves regulating both STAT1 and STATS3,
whereas STATS5 is only indirectly involved. Although STAT5
activation was not affected by CTLA-4, more STAT5 bound to
the IL-17 promoter in cells lacking CTLA-4 signal, indicating
that it was sufficient to outcompete the binding of low amounts
of relative STAT3 (pSTAT3/pSTATI ratio) to the IL-17 pro-
moter (Figs. 6B and C). CTLA-4-mediated induction of the
Tcl7 program by default is unlikely, as absence of T-bet and
Eomes would have been an obligatory prerequisite,”® but
CTLA-4 only downregulates Eomes (Figs. 5B and C). However,
STAT1-knockout CD4" T cells have been shown to strongly
upregulate IL-17 production independent of T-bet and Eomes
manipulation.'””” Therefore, the CTLA-4-mediated downregu-
lation of STATT1 is likely an intrinsic inducer of IL-17 expres-
sion. This assumption is supported as even in the absence of
Tcl7 stimulatory conditions CTLA-4 strongly downregulates
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STATI1 concomitantly with IL-17 upregulation (Figs. 6A and
D). Indeed, individuals with inactivating mutations of STAT1
have a severely impaired capacity (often lethal in children) to
mount immune responses against the intracellular pathogens
like mycobacteria and viruses.”® Thus, for antitumor responses
CTLA-4-mediated STAT1 inhibition is wanted to be prevented,
especially as STAT1-induced expression of Eomes™” is needed
for granzyme B upregulation and cytotoxicity."

STAT3 is known to stabilize Tcl7 phenotype.” Relatively
more STAT3 binds to the IL-17 promoter than STATS5, regard-
less of whether the CTLA-4-induced Tc17 cells are re-stimu-
lated under Tcl conditions (Fig. 6B). However, similar levels
of STAT3 and STAT5 phosphorylation were detected. The ini-
tial discrepancy is explained by the fact that STAT molecules
regulate each other. STAT3 activation is enhanced in STAT1-
null cells, and conversely, STAT1 activation is enhanced in
STAT3-null cells.'***** Although our studies did not show a
difference in STAT3 phosphorylation during re-stimulation in
a Tcl environment, STAT1 phosphorylation was significantly
altered. As STAT3 and STATI1 have different functions and
even oppose each other, their ratio determines the Tcl7 cell
phenotype.'” Therefore, the higher pSTAT3/pSTAT1 ratio in
the CTLA-4-crosslinked Tcl7 cells, which were re-stimulated
in a Tcl environment, explains the CTLA-4-mediated stability
of Tc17 differentiation. The increased mRNA expression of the
STAT3 target molecules IL-17, IL-23R, IL-21 and RORc in
these cells further strengthens the role of the relative amount of
pSTATS3 in stabilizing Tcl7 differentiation. STATs can also
have indirect effects on one another; for instance, STATS regu-
late SOCS3, which in turn impedes Tc17 cell differentiation.**
However, SOCS3 mRNA expression was upregulated by no
more than 1.5-fold in the absence of CTLA-4 signals (data not
shown). The effect of CTLA-4-STAT3 axis may also be medi-
ated by RORyt expression, but RORyt overexpression on its
own did not reverse suppressed IL-17 production.’

In addition to the reported regulation of Tcl7 plasticity by
STATSs and its impact on tumor biology, these results also show
that the surface molecule CTLA-4 regulates the third signal for
T cell differentiation, namely, cytokine receptor signaling,
which is an important feature in the decision-making process
that determines the type of T cell differentiation. Although we
focused on Tcl7 cells, this relationship between CTLA-4 and
STAT1 or STATS3 is likely to impact other STAT1- or STAT3-
producing lineages, such as Tcl cells, T-helper subpopulations
and Treg cells, and is likely to influence various immune set-
tings, making this pathway acutely relevant in the context of
immune checkpoint therapy and cytokine-based drug design.

Materials and methods
Mice and cell line

All animal experiments were performed under license approved
from Landesverwaltungsamt Sachsen-Anhalt in Halle. C57BL/
6JRj mice were obtained from Janvier laboratories, Ly5.1,
CTLA-4""* and CTLA-47'~ OT.1 (OVA specific TCR'®) mice
have been described previously.”® All mice were bred under
pathogen-free conditions following institutional guidance, at
the central animal facility of University clinic of Magdeburg

ONCOIMMUNOLOGY €1273300-9

(Germany). Sex- and age-matched mice were used for all
experiments. All mice have been backcrossed for more than 15
generations to the C57BL/6]Rj strain. Efforts were put to mini-
mize stress and suffering of the animals used for in vivo experi-
ments. Animals used for the experiments were killed by
cervical dislocation. The OVA-transfected B16 tumor cell line
(B16-OVA) was described previously.®” Cells were maintained
in RPMI 1640, supplemented with 10% heat-inactivated FCS,
25 mM HEPES, 1 mM Sodium pyruvate (Sigma Aldrich), 50
uM 2-ME and 1 mg/mL G418 (Carl Roth).

Antibodies and reagents

The following fluorescently labeled Ab against murine Ags were
used: anti-TCR Va2 (B20.1), anti-CD90.2, anti-CD45.2 (104),
anti-CD25, anti-CD69, anti-TNFe, anti-IFNy (XMG1.2), (all
from BD Biosciences), anti-Eomes, anti-RORyt, anti-pSTAT5
(all from eBioscience), anti-CD8« (53-6.7), anti-IL-17 (Tcll-
18H10), anti-T-bet, anti-IL-23R, anti-CD44 and anti-CD62L
(all from Biolegend), anti-STAT1, anti-pSTAT]I, anti-STAT3,
anti-pSTAT3 and anti-STATS5 (all from Cell signaling). Control
antibody donkey anti-rabbit IgG was purchased from Biole-
gend. STAT3 inhibitor S31-201 was purchased from Merck
Millipore.

T-cell differentiation

Spleens, inguinal, axillary and mesenteric lymph nodes of
CTLA-4%""" and CTLA-4~'~ OT.l1 mice were collected to
obtain naive CD8" T-cells (CD8" CD62L"#"). Naive CD8* T-
cells were isolated to a purity of > 98% by magnetic beads sepa-
ration using AutoMACSpro (Miltenyi Biotec). Comparable lev-
els of CD44, CD69 and CD62L expression were routinely
found using flow cytometery. For Ag-specific activation CD8"
T cells were stimulated with 0.5 pg/mL of LPS-free SIINFEKL
(OVA,s7_264) peptide (Invivogen) and CD90-depleted spleno-
cytes from C57BL/6]JRj mice at a ratio of 4:1. For Ab-specific
agonistic stimulation, CD8" T-cells isolated from spleen, ingui-
nal, axillary and mesenteric lymph nodes of C57BL/6]JRj mice
were used. Cells were stimulated with plate bound immobilized
anti-CD3 (3 ug/mL), anti-CD28 (Biolegend) (0.25-4 pg/mL)
and anti-CTLA-4 (4F10) (10 pg/mL) or Isotype (BD Bioscien-
ces) Ab. All cells were cultured in serum free x-vivo 15 medium
(Lonza). For Tcl7 differentiation the cells were conditioned
with 2 ng/mL TGF-g, 10 ng/mL IL-6 (R&D systems), 25 ng/
mL IL-23, 5 ng/mL IL-18 (Biolegend) and 10 pg/mL anti-IFNy
XMG.1.2 (DRFZ, Berlin). For Tc1 differentiation, the cells were
primed with 5 ng/mL IL-12 and 1 ng/mL IL-2 (Biolegend). To
determine Tcl7 plasticity, primary stimulated Tcl7 cells were
re-stimulated with fresh plate bound immobilized anti-CD3
(Biolegend) in the presence or absence of anti-CTLA-4 and
were conditioned with 5 ng/mL IL-12 and 1 ng/mL IL-2.

Flow cytometry, surface and intracellular staining

The cells were harvested and stained with the indicated surface
markers in PBS/0.2% BSA. Prior to intracellular cytokine analy-
sis, the cells were re-stimulated with PMA, ionomycin and Bre-
feldin A for 4 h. Intracellular staining was performed after the
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cells were fixed with 2% paraformaldehyde (Merck) in PBS
for 20 min on ice and permeabilized in 0.5% saponin (Sigma-
Aldrich) in PBS/BSA. The transcription factors were mea-
sured by fixing the cells with 4% formaldehyde (Carl Roth) in
PBS for 10 min at 37°C, followed by permeabilization in ice-
cold 90% methanol (Carl Roth) for 30 min. For detection of
STATs, Tcl7 cells were treated with IFNy (STATI1) or IL-2
(STATS5) or IL-6+IL-23 (STAT3) or IL-18 (STATS3, Fig. S1)
for the last 10 min. Variations in FACS analyses were
corrected by normalizing the measurements and considering
the MFI of unstimulated cells as the basal level. All cytomet-
ric analyses were performed using a FACS-Canto II™ (BD
Biosciences) and FlowJo™ software (FlowJo LLC).

Adoptive T cell transfer and melanoma model

CD45.1 (Ly5.1) C57BL/6 mice received a subcutaneous (s.c.)
injection into the right flank with 2x10° B16-OVA melanoma
cells in PBS. Approximately 10 d after the tumor cell injection,
mice that had developed a substantial tumor (~100 mm?)
received an i.v. injection with either PBS or in vitro generated
CD45.2-expressing CTLA-4""" or CTLA-4~'~ OT.1 Tcl17 cells.
Tumor growth was then monitored on a daily basis. Mice with
large tumors were humanely killed. Adoptively transferred
CD8*' CD45.2" cells were analyzed by flow cytometry as
described above.

Kinome array analysis

For kinome array, CTLA-4*'" and CTLA-4~'~ Tc17 cells that
had been cultured for 3 d were washed twice with PBS and
lysed in complete lysis buffer. The protein concentration in the
cell lysate was determined using a BCA assay. A 10-uL activa-
tion mix containing 50% glycerol, 50 mM MgCl,, 50 mM
MnCl,, 0.25 mg/mL PEG 8000, 0.25 mg/mL bovine serum
albumin and 2,000 uCi/mL [y-33P]ATP was added to 90 uL
of cell lysate to ascertain kinase activity. The peptide arrays,
which contain 1,024 different kinase pseudo-substrates in trip-
licate (Pepscan), were incubated with the activation mix and
the cell lysate for 2 h in a humidified chamber at 37°C. Subse-
quently, the arrays were washed with each of the following sol-
utions: PBS containing 1% Triton X-100, 1% SDS in
demineralized and distilled water. The slides were air-dried and
exposed to a phosphoimaging screen for 72 h.

Data acquisition and analysis of PepChip array

The data on the phosphoimaging screen were acquired using a
Phosphoimager (GE Healthcare Lifesciences) and quantified
using ScanAlyze software (Leland Stanford Junior University).
Subsequently, the data were exported to a spreadsheet program
(Microsoft Excel 2010; Microsoft Co.). The spot densities were
corrected for the individual backgrounds to diminish interarray
variance. The variation between arrays and individual experi-
ments was reduced by normalizing the data to the 99th percen-
tile of the intensity of each array. The averaged spots were
included in dissimilarity measurements using a ranking
method to identify peptides with either significantly increased
or decreased phosphorylation.

Pulldown experiments and mass spectrometric analysis

The peptides CSPLT TGV (p)YVKMPPTEPESEKQFQPYFI-
PIN with the indicated tyrosine either phosphorylated or non-
phosphorylated were used in the pulldown experiments to pro-
file the phosphorylation-dependent interaction partners. The
serine in the sequence was introduced instead of cysteine in the
original sequence to allow for cysteine-mediated covalent cou-
pling to the beads. Thirty million CTLA4™'~ CD8" T cells
were lysed and the soluble fraction of the lysate was incubated
with the peptide beads before tryptic on-bead digest. The digest
was performed either in '*0 or '°O water with swapped labels
in the two replicate experiments regarding the phosphorylated
or unphosphorylated peptide bait. LC-MS analysis was subse-
quently performed on an Orbitrap LTQ XL machine and data
was analyzed by Mascot Distiller.

Chromatin immunoprecipitation (ChIP)

Tcl7 cells were stimulated with either the STAT3-inducing
cytokines IL-6 and IL-23 or the STAT5-inducing cytokine IL-2
for 30 min, and the protein-DNA complexes were crosslinked
with 1% formaldehyde. The cells were then lysed by sonication,
and the protein—-DNA complexes were immunoprecipitated
with magnetic ©MACS™ Protein G MicroBeads (Miltenyi
Biotech) coated with either an anti-STAT3 antibody or an anti-
STATS5 antibody (Cell Signaling Technology). The magnetic
immune complexes were passed through a separation column
placed in the magnetic field of a MACS Separator (Miltenyi
Biotech). The labeled complexes were retained on the column,
and the other proteins were efficiently washed away. The
immunoprecipitated protein-DNA complex was eluted from
the column using elution buffer, and the protein-DNA cross-
links were reversed at 65°C overnight. The DNA was then puri-
fied from the sample, eluted and analyzed by quantitative PCR
with custom designed primers (Table S2) using a CFX96™
Real-Time PCR detection system (Bio-Rad). The Ct value for
each sample was normalized to the corresponding input value.

Real-time RT-PCR

RNA was isolated from re-stimulated Tc17 cells at the indicated
time points using the NucleoSpin RNA/Protein Isolation Kit
(Macherey-Nagel) and was reverse transcribed using the
Applied Biosystems Reverse Transcription Kit. The ¢cDNAs
were stored at ~20°C. Gene expression was analyzed using Fer-
mentas Maxima™ (Thermo Scientific) SYBR Green qPCR
Master Mix on a CFX96™ Real-Time PCR detection system
(Bio-Rad). HPRT was used as a control. Primer pairs for quan-
titative real-time PCR were purchased from TIB MOLBIOL
(primer sequences are shown in Table S1).

Statistics

Data were analyzed by Microsoft Excel 2010 (Microsoft Co.)
and Prism 6 (Graphpad software Inc.). Data are presented
as £ SEM. p-values are computed by unpaired
Student’s t-test or Mann-Whitney U-tests. ““p < 0.001,
“*p < 0.01, *p < 0.05, n.s: not significant.
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