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FIGURE 2. Deregulated cytokine production in Stat3-deficient Tgyy cells in the PP. (A) PD-1" and PD-1™ CD4" cell gates and increased Bcl6 mean
fluorescent intensity (MFI) on the PD1" population. Fixation for ICS degrades CXCRS staining, and thus for ICS, Ty cells are defined as CD4*PD-1".
Average percentage and absolute number of cytokine-producing (IFN-y*, IL-4*, IL-10*, and IL-21%) in CD4*PD-1" Tgy (B) and CD4PD-1" (C) cells from
WT and STAT3KO PPs measured by ICS are shown (n = 12, mean = SEM). Average percentage and absolute number of double cytokine-producing (D)
IFN-y*IL-4* and (E) IFN-y*IL-10* populations in PD-1"CD4* T cells are shown. Each symbol represents one mouse (7 = 12, mean + SEM). Data are
combined from four independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 by ANOVA (B and C) or ¢ test (D and E).

specifically in Tgy cells (Fig. 4G, 4H). However, in contrast to the
PP, the loss of Stat3 strongly impacted GCB cell and GCB IgG1*
cell development in the spleen: both responses were impaired at
the early time point and never developed above the WT level in
the STAT3KO mice (Fig. SA-D). Consistent with a decreased
GCB cell reaction, anti-SRBC IgG titers were several fold lower
in the STAT3KO mice, whereas anti-SRBC IgM levels were not

FIGURE 3. Altered gene expression in Stat3-
deficient Tgy cells in the PP. Relative mRNA
expression was determined by quantitative RT-
PCR. (A) /14 gene expression from freshly isolated
PP Tgy and non—Tgy cells (CXCRS PD-1") from
WT and STAT3KO mice (n = 4, mean = SEM).
*p < 0.05 (ANOVA). (B-D) Bcl6, Prdml, and
Gata3 gene expression in freshly isolated PP Tgy
cells. Tgy cells were gated for flow cytometry as in
Fig. 1. Each symbol represents one mouse (n = 4,
mean = SEM). *p < 0.05, **p < 0.01, **¥p <
0.001 (z test).

affected (Fig. SE-G). We next examined cytokine production by
splenic STAT3KO Tgy cells after SRBC immunization, and,
compared with WT Tgy cells, we found increased IL-4 and de-
creased IL-21, consistent with the PP Tgy cells. However, in
contrast to the PP Tgy cells, IFN-y was decreased in STAT3KO
Ty cells (Fig. 6A). As in PPs, the increase in IL-4 was specific to
the STAT3KO Tgy cells, and STAT3KO non-Tgy cells showed an
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FIGURE 4. Delayed Tgy cell responses in the spleen of Stat3-deficient conditional KO mice after immunization. (A) Tgy cells are gated on CD4*Foxp3™
CXCR5"PD-1" cells within the splenocyte population. Average Tgy cell percentages (B) and absolute numbers (C) in WT and STAT3KO mice (n = 4, mean *
SEM) 3 d postimmunization (dpi) with SRBCs are shown. (D) Day 7 Tgy cells are gated as in (A). Average Ty cell percentages (E) and absolute numbers (F) in
WT and STAT3KO mice (n = 4, mean = SEM) 7 dpi with SRBCs are shown. (G) Bcl6 mean fluorescence intensity (MFI) of Tgy cells at 7 dpi (n = 3, mean *=
SEM). (H) Bcl6 MFI of non-Tgy cells at 7 dpi (n = 3, mean = SEM). **p < 0.01, ***p < 0.001 (¢ test). Each symbol in graphs represents one mouse. Data are

representative of two independent experiments with similar results.

opposite pattern of IFN-vy expression (Fig. 6B). As in the PP Tgy
cells, dual cytokine-expressing cells were significantly increased
in the spleen Tgy cell population (Fig. 6C, 6D).

Intrinsic effects of Stat3 on Try cell function

To confirm and extend our results and test whether the alterations in
cytokine expression were an intrinsic effect of Stat3 deficiency on CD4
T cells, we used the OT-II TCR transgenic system, where we generated
both OT-II TCR* Stat3"" mice and OT-Il TCR* CD4-cre Stat3""
mice. These OVA-specific CD4 T cells were transferred to congenic
recipients, immunized with OVA-Alum, and donor Tgy cell cyto-
kine production was assayed by flow cytometry (Fig. 6E, 6F). In this
system, Stat3-deficient T cells produced Tgy cells, but at a signifi-
cantly lower percentage than control T cells (Fig. 7A). Notably, and
consistent with our earlier results, the Stat3-deficient Tgy cells
produced significantly more IL-4 and also had an increase in double
cytokine-expressing cells. The OVA-specific Stat3-deficient Tgy
cells also expressed higher levels of Gata3 and Bcl6 as well as Tbet
(Supplemental Fig. 2B-D), consistent with the Stat3-deficient Tgy
cells in the PP. Thus, Stat3 plays a critical role in controlling 1L-4
expression in Tgy cells and is intrinsically required for the de novo
generation of Tgy cells in an acute Ag challenge environment.

To further test Tgy cell-intrinsic effects of Stat3, we used a
mixed BM chimera system where BM from CD45.2" STAT3KO

mice was mixed with CD45.1* WT BoyJ BM and transferred into
lethally irradiated WT BoyJ mice. Mice where BM from CD45.2"
WT (Stat3”™) mice was mixed with CD45.1" WT BoyJ BM and
similarly transferred into lethally irradiated CD45.1 WT BoylJ
mice were used as the control for the STAT3KO chimeras. The
mice were allowed to repopulate their lymphoid systems for at
least 90 d and then were immunized with SRBCs. Both WT and
STAT3KO donor BM CD4 T cells repopulated the spleen nor-
mally in the absence of Stat3 (Fig. 7B). However, in contrast to
our results with whole conditional mutant animals, Stat3-deficient
CD4 T cells in chimeric mice formed Tgy cells at a markedly
lower rate than did control cells in the PP, whereas splenic Tgy
cells were less affected (Fig. 7C). These results suggest that in a
competitive environment with WT Tgy cells, Stat3-deficient Try
cells can develop to a significant degree, but in a chronic, ongoing
response as in the PP, they do not persist as well as WT Tgy cells.
The proportion of GCB cells was not affected by the presence of
Stat3-deficient Tgy cells, and likely the WT Tgy cells compen-
sated for any defect of the Stat3-deficient Tgy cells (Fig. 7D).
GCB cells showed a nonsignificant trend toward increased I1gG1,
which would fit with a model where increased IL-4 made by Stat3-
deficient Tgy cells was diluted out by WT Tgy cells (Fig. 7E).
In the chimeric PP, we examined cytokine production and, con-
sistent with our results in nonchimeric mice, we observed increased
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FIGURE 5. Weak GCB cell responses and Ab responses following SRBC immunization when Stat3 is absent in T cells. Mice were immunized with
SRBCs and spleen analyzed 3 or 7 d postimmunization (dpi). (A and C) GCB cells and (B and D) IgG1* GCB cells were gated as in Fig. 1. Average GCB
cell populations in terms of percentage of B220" cells and absolute number at 3 dpi (A and B) and 7 dpi (C and D). Each symbol represents one mouse (n =
3—4, mean * SEM). *p < 0.05, **P < 0.01 (¢ test). Data are representative of two independent experiments with similar results. (E-G) Anti-SRBC Ab
responses measured by ELISA at 7 dpi. (E) Anti-SRBC IgM, (F) anti-SRBC IgG, and (G) anti-SRBC IgGl titers (n = 4, mean = SEM). *p < 0.05, **p <

0.01, *##p < 0.001.

IFN-y and IL-4 and decreased IL-21 in Stat3-deficient Tgy cells
(Supplemental Fig. 2E-G). Thus, the altered cytokine expression in
Stat3-deficient Tgy cells is cell intrinsic. In the chimeric spleen, we
further examined the expression of Bcl6 and Gata3 and found that
these two key transcription factors were significantly increased in
Stat3-deficient Tgy cells in both PPs and spleen (Fig. 7F, G). Thus,
deregulated Bcl6 and Gata3 expression in Stat3-deficient Tgy cells
is an intrinsic effect of loss of Stat3 in the Tggy cells, and it is
not a function of an abnormal immune environment present in
STAT3KO mice.

To better understand how Stat3 was required for Tgy cell
development, we wondered whether Stat3-deficient CD4 T cells
proliferated poorly or underwent greater apoptosis, thus leading to
noncompetitive Tgy cell responses. To test this, we used T cells
from WT and STAT3KO OT-II TCR mice, where the cells were
labeled with a cell tracking dye prior to transfer. Six days after
OVA-Alum immunization, we found that the Stat3-deficient T cells
demonstrated slightly greater proliferation than did the control cells
(Supplemental Fig. 3A, 3B). We additionally analyzed the rate at
which Stat3-deficient Ty cells underwent apoptosis, using two dif-
ferent methods. We tested the ex vivo level of Tgy cells initiating
apoptosis by staining Tgy cells for annexin V, both in spleen after
SRBC immunization and in PPs. We also tested whether the Stat3-
deficient Tgy cells might undergo higher apoptosis if they were

stimulated through the TCR. Tgy cells were isolated by FACS
from spleens of SRBC-immunized mice, stimulated overnight with
anti-CD3 Ab, and then measured for levels of active caspase-3.
Contrary to expectations from the lack of in vivo competitiveness
in chimera mice, the Stat3-deficient Tgy cells had fewer or equal
levels of apoptotic cells (Supplemental Fig. 3C-E).

Control of Bcl6 repressive activity by Stat3

To better dissect why Stat3-deficient Tgy cells expressed more 1L-4,
we used an OVA Ag plus APCs in vitro culture system where OT-II
TCR control and OT-II TCR Stat3-deficient CD4 T cells were acti-
vated under Th2 conditions, and expression of IFN-y and IL-4 was
monitored by ICS after 3 d (Fig. 8A). Consistent with what we
observed for Stat3-deficient Tgy cells, Stat3-deficient CD4 T cells
cultured under Th2 conditions produced about twice as much 1L-4,
and similar to the Stat3-deficient Tgy cells, double cytokine-
expressing cells were also increased (Fig. 8B). Similar increases
in double cytokine-expressing cells were also observed in Stat3-
deficient CD4 T cells cultured under Tgy conditions, but the level
of IL-4 single-expressing cells was lower in the Stat3-deficient
cells (Supplemental Fig. 4). Notably, the increased IL-4 produc-
tion by STAT3KO Th2 cells was transient, as STAT3KO T cells
cultured longer under Th2 conditions produced significantly less
IL-4 than did the control Th2 cells (Fig. 8C). Bcl6 is known to
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suppress IL-4 expression in CD4 T cells in part by suppressing
Gata3 transcriptional activity (34, 35), so we wondered why the
increased Bcl6 expression in Stat3-deficient Ty cells failed to
control IL-4. We therefore tested whether forced expression of
Bcl6 by RV could suppress IL-4 in Stat3-deficient CD4 T cells
cultured under Ty2 conditions. For this experiment, CD4 T cells
from control and STAT3KO mice were activated under Th2 con-
ditions using anti-CD3 and anti-CD28 Abs plus APCs. Under
these conditions, ~50% of control T cells expressed IL-4 and
a higher level, ~70% of Stat3-deficient T cells, expressed IL-4
(Fig. 8D). Whereas Bcl6 RV was able to suppress >60% of the
IL-4 in control T cells, it suppressed <30% of the IL-4 in Stat3-
deficient T cells (Fig. 8D, 8G). This strong loss of Bcl6 repressive
activity was unique to IL-4, as Bcl6 repressed IL-10 slightly better
in Stat3-deficient T cells (Fig. 8E, 8G) and Bcl6 showed only
a slight defect in repressing IL-13 (Fig. 8F, 8G). These data show
that Bcl6 is defective in repressing IL-4 expression in the absence
of Stat3, and this can explain the abnormal expression of IL-4 by
Stat3-deficient Tgy cells.

Discussion

Tgy cells control GC reaction and the production of high-affinity
Abs to Ag, and the pathways for how Tgy cells develop and reg-
ulate B cell responses are a major part of the adaptive immune
response. When we initiated this study, we were interested in
elucidating how critical Stat3 was for Tgy cell differentiation and
whether other pathways besides Stat3 could induce Bcl6 expres-
sion in Tgy cells. Recent studies have revealed that Tgy cells can

develop at a low level in the absence of Stat3 (18), and that Stat4
and Statl can participate in inducing Bcl6 during Tgy cell dif-
ferentiation (14, 16, 17). The work of Ray et al. (18) established
that Stat3 is critical factor for not only activating Bcl6 in Tgy cells
but also for repressing a type I IFN pathway that induces a Ty1-
like effector program in Tgy cells. However, because this study
was done solely in the context of acute LCMV infection where a
great deal of type I IFN is produced, whether this pathway rep-
resented the dominant Stat3-mediated control pathway in Tgy
cells, or only was operative in the case of virus infection, was
unclear. Thus, we analyzed T cell-specific Stat3 conditional KO
mice (CD4-cre Stat3"™; STAT3KO) for other types of Tgy cell
responses. In the ongoing chronic Tgy cell/GCB cell response of
the PP, we found that loss of Stat3 did not affect the proportion of
the Tgy cells within the PP, nor did loss of Stat3 in Tgy cells affect
the level of PP GCB cells. Furthermore, there was a shift toward
the expression of both Thl (IFN-y) and Th2 (IL-4) cytokines in
Stat3-deficient PP Tgy cells. We observed that Bcl6 expression
was notably higher in Stat3-deficient PP Ty cells. These data
indicate that Stat3 function in Tgy cells can vary depending on the
type of immune response, and that Stat3 appears to insulate Tgy
cells from differentiating into different effector pathways depending
on the cellular microenvironment. Most dramatic, however, was our
finding that PP Ty cells and GCB cell responses were present at
normal levels in the STAT3KO mice, with increased Bcl6 expression
by Tgy cells. The function of Stat3 in regulating Bcl6 expression in
Tgy cells is therefore heavily influenced by the local immune envi-
ronment. In a virus infection with high levels of type I IFN, Stat3 is

T20zZ ‘2z |udy uo 1senb Aq /6.0 jounwi i - mmay//:dny wody papeojumoq


http://www.jimmunol.org/

The Journal of Immunology

2087

A T cell transfer B WT BM chimera STAT3KO BM chimera
OTIll-derived TFH cells . .
107§ 107 7
w 407 . 3
g 1‘347
s 30- —
x 1
D 3
%) PR S 107 4
~ 20 . -
0 — =l 2 S
£ 2 o
O 10 o E
—
o T | T T T T
B 0 10 0 10’ o’ 10 0
WT STAT3KO
C TFH D GCB E IgG1+
304 *x% 81 40- O wr
El STAT3KO
‘é_ - »
. < 64 = 304
uw = 201 2 8
M S é 44 8 20
F : g
0 G 101 % s
5 e 2] 2 104
ol i
" - : 0 " . 0 ’ .
sp PP SP PP SP PP
E Bcl6 MFI G Gata3 MFI
6000+ . N awr 800 e wxx awr
B STAT3KO i STATO
» »
S S 600-
O 4000 o
T I
E E 400 ™ ==
9 20004 g
] <
3 q 20
04 0 T T
sP PP sP PP

FIGURE 7. Intrinsic defect of Stat3-deficient Tgy cell development. (A) WT OT-1I TCR transgenic and STAT3KO OT-II TCR transgenic CD45.2"CD4*

T cells were transferred to separate cohorts of CD45.1" BoyJ mice, and recipient BoyJ mice were immunized with OVA-Alum. Graph shows average
percentage Tgy cells within the transferred T cell population, analyzed at 6 d postimmunization (dpi). (B-G) CD45.1* BoyJ mice were lethally irradiated
and divided into two groups. The WT group was given a mixture of BM from BoyJ mice and CD45.2* Stat3™" (WT) mice. The STAT3KO group was given
a mixture of BM from BoyJ mice and CD45.2* CD4-cre Stat3" (STAT3KO) mice. After 90 d, the mice were immunized with SRBCs. At 7 dpi, the mice
were analyzed for percentages of transferred BM-derived CD45.1 CD4 T cells in spleen (B), and percentage of Tgy cells (C) and GCB (D) in spleen (SP)
and PP. Graphs show average percentage of CD45.1~ (CD45.2%) cells in the WT and STAT3KO groups. Tgy cells were analyzed by flow cytometry as in
Figs. 1 and 4. (E) IgG1*" GCB cell percentages in spleen and PP (n = 4, mean = SEM). **%p < 0.05 (¢ test). (F and G) Mean fluorescence intensity (MFI) of
CD45.1 Tgy cells in spleen (SP) and PP for Bcl6 (F) and Gata3 (G) (n = 4, mean = SEM). *p < 0.05, **p < 0.01, ***p < 0.001 (¢ test). Data are

representative of two independent experiments with similar results.

required for upregulating Bcl6 in Tgy cells, but in the immune
response against commensal organisms in the PP, Stat3 actually
restrains the upregulation of Bcl6 in Tgy cells. In the antivirus
response, type I IFN suppresses Bcl6 expression, and it was pro-
posed that type I IFN leads to IL-2 gene transcription and down-
stream Stat5 activation, where Stat5 then directly binds to and
represses Bcl6 (18). In contrast, for the gut-PP immune environ-
ment and for Ags where type I IFN is not produced, such as OVA-
Alum, Stat5 is likely not activated in Tgy cells. We propose that
lack of Stat3 in this inactive Stat5 Tgy context allows other Stats,
such as Statl and Stat4, to bind to the Bcl6 promoter and more
strongly activate transcription than when Stat5 is active.

A related question is why IL-4 and IFN-vy are upregulated in
Stat3-deficient Tgy cells. We observed increased 1L-4 in all four
types of Tgy cell responses we tested (PP, SRBC immunization,
OVA-Alum immunization, and in vitro activation under Ty2
conditions), and thus it seems to be a general effect in our hands.
IFN-vy was increased in Stat3-deficient PP Tgy cells and the in vitro
cultures. Thus, the immune environment is key for the exact type of

cytokine response that Stat3 regulates in Tgy cells. Our data with
Bcl6 RV show that Bcl6 is unable to suppress IL-4 in the absence of
Stat3, but the mechanism for this effect is not clear. One possibility
is the increased Gata3 we observe in CD4 T cells in the absence of
Stat3. Gata3 may put the IL-4 gene chromatin in a hyperactivated
state that is resistant to repression by Bcl6. A related possibility is that
there is differential regulation of IL-4 by Stat factors in the ab-
sence of Stat3. This model is analogous to the model for regula-
tion of Bcl6 transcription in the absence of Stat3 described above.
Thus, this model would propose that IL-4 gene expression is
controlled by loss of Stat3 differently in the virus infection system
versus immune responses where type I IFN is not produced, such
as the responses we analyzed in this study. In the absence of type I
IFN and activation of Statl, other Stat factors may bind to IL-4 or
Gata3 regulatory regions and induce high-level expression of
these genes. Yet another possibility is that Stat3 regulates the
transcription of a cofactor required for repression of IL-4 by Bcl6.
The exact mechanism for how Bcl6 represses IL-4 expression in
CD4 T cells is not known, although the current model is that
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FIGURE 8. Defective Suppression of IL-4 by Bcl6 in Stat3-deficient T

cells. (A and B) WT and STAT3KO OT-II TCR transgenic CD4" T cells were

cultured under Th2 conditions with APCs and OVA peptide in vitro for 3 d. Cells were then stimulated with PMA plus ionomycin and analyzed for IFN-y
and IL-4 ICS by flow cytometry. (A) Sample staining of WT versus STAT3KO T cells after one round of stimulation and Th2 culture (n = 3, mean = SEM).
(B) Average percentages of IFN-y*IL-4~, IFN-y*IL-4*, and IFN-y~IL-4" cell CD4" T cells after one round of stimulation and culture under Th2 conditions
for 3 d (n = 3, mean = SEM). (C) Average percentages of IFN-y*IL-4~, IFN-y*IL-4*, and IFN-y IL-4* cell CD4" T cells after an additional stimulation
and 5 d of Th2 culture (2nd Th2; n = 3, mean + SEM). (D-G) WT and STAT3KO CD4" T cells under Th2 condition and infected with Bcl6-expressing and
control RVs. Average percentages of T cells expressing (D) IL-4, (E) IL-10, (F) IL-13 assayed by ICS, after PMA plus ionomycin stimulation of WT plus
control RV, WT plus Bcl6 RV, STAT3KO plus control RV, and STAT3KO plus Bcl6 RV CD4™ T cells (n = 3, mean = SEM). (G) Analysis of data in (D)—(F)
showing average percentage suppression by Bcl6 RV in WT and STAT3KO CD4 T cells. Percentage suppression = [(% cytokine™ cells with control RV — %
cytokine™ cells with Bcl6 RV)/% cytokine™ cells with control RV] X 100. Data are representative of two independent experiments with similar results. *p <

0.05, **p < 0.01, ***p < 0.001 (ANOVA).

Bcl6 represses Gata3 transcriptional activity, and thus indi-
rectly suppresses IL-4 gene expression (35, 36).

Our data showing increased IL-4 by T cells in the absence of
Stat3 contrasts with published work showing that Stat3 is required
for proper full T2 cell differentiation (32). A possible explanation
for this discrepancy is that Tgy cells regulate IL-4 gene expression
by different regulatory elements than the regulatory elements that
Ty2 cells use for IL-4 expression (37, 38), and overall it is clear
that Tgy cells are a separate lineage from Ty2 cells. At the same
time, we observed increased IL-4 expression by Stat3-deficient
T cells cultured under Ty2 conditions (Fig. 8). Critically, in the
in vitro Ty2 cultures, we analyzed IL-4 and other cytokines in
these Stat3-deficient Ty2 cells at an early time point, that is, 3 d
after initial activation. When we examined Stat3-deficient T2
cells cultured for longer periods and after restimulation (Fig. 8C),
the increased IL-4 expression was lost. Indeed, data in the pre-
vious report also showed that IL-4 production within the first 24—
48 h was not deficient in the absence of Stat3 (39). Thus, we can
reconcile these findings then by proposing that Stat3 indeed sup-
presses expression of IL-4 shortly after activation, but that Stat3 is
actually important for long-term Ty2 cell stability and/or survival.

Curiously, we found that Stat3-deficient Tgy cells survive about
the same or slightly better than do WT Ty cells (Supplemental
Fig. 3C-E), which contradicts the standard view that Stat3 is a
protumor and prosurvival transcription factor (15, 20, 40). One
explanation is that the increased survival of Stat3-deficient Tgy
cells is due to increased Bcl6 expression, because we have pre-
viously shown a survival effect of Bcl6 in Tgy cells (33). Whether
this effect is unique to Tgy cells and holds up to further scrutiny
will require investigation.

In summary, we have revealed a much more complete picture
of how Stat3 regulates Tgy cell development and function. Stat3

function in Tgy cells appears to be strongly dependent on the
immune environment, and Stat3 plays very different regulatory
roles in Tgy cells that develop during virus infection than in Tgy
cells that develop in response to commensal organisms in the gut,
as well to model Ags that do not provoke a strong type I IFN
response. In the larger picture, our data indicate a critical role for
Stat3 antagonizing the activity of other Stat factors that are acti-
vated in CD4 T cells during the immune responses. Notably, Stat3
can act in Tgy cells to either repress Bcl6 or to activate Bcl6,
depending on the activation of other Stat factors.
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