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Exacerbated immune responses and loss of self-tolerance lead to
the development of autoimmunity and immunopathology. Novel
therapies to target autoreactive T cells are still needed. Here, we
report that Th2-polarized T cells lacking the transcription factor
T-bet harbor strong immunomodulatory potential and suppress
antigen-specific CD8™ T cells via IL-10. Thx27~/~ Th2 cells protected
mice against virus-induced type 1 diabetes development and sup-
pressed not only naive but also memory CD8* T cell responses.
IL-10-producing, but not IL-10-deficient Thbx27~/~ Th2 cells down-
regulated costimulatory molecules on dendritic cells and reduced
their IL-12 production after lymphocytic choriomeningitis virus in-
fection. Impaired dendritic cell activation hindered effector and cy-
totoxic CD8" T cell development after infection. These findings
indicate that Thx27~'~ Th2 cells strongly suppress proinflamma-
tory responses of naive and memory T cells via IL-10. Thus, in vivo
IL-10-secreting Th2 cells could harbor a therapeutic potential for
the treatment of T cell-mediated inflammatory disorders.
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Autoimmune diseases are common and one of the leading
causes of disability and chronic morbidity worldwide (1, 2).
The main task of the immune system is to eliminate pathogens;
however, it also has to maintain tolerance to self-antigens. Sev-
eral mechanisms exist to prevent the generation of autoimmune
responses such as clonal deletion of developing T cells as well as
the inactivation of immune cells in the periphery (3). Modulation
of T cell responses via regulatory T (Treg) cells is an important
mechanism mediating immunoregulation to prevent graft vs.
host disease (4, 5), autoimmune diseases (6-8), and delay graft
rejection (9). Studies have reported the suppressive functions of
FoxP3* Treg cells on particularly naive T cell responses to for-
eign antigens as well as to self-antigens (10). Furthermore, sev-
eral groups have investigated the regulatory capacity of additional
cell subsets such as tolerogenic dendritic cells (11), myeloid-
derived suppressor cells (12), regulatory B cells (13), regulatory
macrophages (14), and regulatory CD8* T cells (15). Regulatory
mechanisms might result from either cell—cell contact or via sol-
uble mediators, e.g., antiinflammatory cytokines (16, 17). The
breakdown of these mechanisms, a susceptible genetic back-
ground, and the presence of other concomitant etiological factors
can lead to the disruption of immunotolerance and to the devel-
opment of autoimmunity (8). Strategies aimed at restoring the loss
of tolerance mechanisms such as increasing the number and po-
tency of Treg cells (18, 19), autologous hematopoietic stem cell
transplantation (20), induction of tolerogenic dendritic cells (21),
and treatment with immunomodulatory molecules and cytokines
(22) constitute a major focus of research. Adoptive transfer of
CD25"CD4" Treg cells was shown to be a promising approach for
the treatment of graft vs. host disease (23, 24) and has also been
explored in the treatment of autoimmune disorders in experimental
models (25, 26). In addition, other studies have demonstrated the
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relative resistance of memory T cells to suppression by Treg cells
(27, 28). Resistance of memory T cells to immunosuppression, in
part due to their fully differentiated phenotype and their relative
lack of reliance on costimulation, represents a challenge to the
development of immunotherapies (29). Efforts in this field have
shown that memory CD8" T cell responses can be inactivated when
antigen is genetically targeted to steady-state dendritic cells (30).
Another proposed strategy to modulate immune responses was
to deviate the cytokine balance from a T helper 1 (Thl) toward a
Th2 response (31). For decades, Thl and Th2 cell programs were
thought to be mutually exclusive and steady (32, 33). However,
the stability of differentiated populations of T cells in vivo has
been challenged. We have previously demonstrated that antigen-
specific Th2 cells adopt a “Th2+1” phenotype with the capacity to
coproduce Th2 and Thl cytokines upon infection in vivo (34, 35).
The Thl lineage-specifying transcription factor T-bet (7bx21) was
essential for Th2 cell reprogramming because T-bet—deficient
(Thx2177) Th2 cells remained stably committed Th2 cells in
vivo despite Thl cell-promoting lymphocytic choriomeningitis vi-
rus (LCMV) infection. These T-bet—deficient Th2 cells induced a
strong immunosuppression of the endogenous LCMV-specific
CD8* T cell response postinfection (p.i.) in vivo. Therefore, we
investigated the mechanism underlying CD8" T cell immunosup-
pression and its functional relevance by using the LCMYV infection
model. Here, we report that Thx21 '~ Th2 but not wild-type (WT)
Th2 cells mediate immunosuppression of proinflammatory T cell
responses via IL-10. IL-10-producing 7hx21~"~ Th2 cells impaired
dendritic cell (DC) activation leading to dysfunctional CD8" T cell
activation. Functionally, adoptively transferred virus-specific
Thx2I~~ Th2 but not WT Th2 cells protected mice from the
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development of virus-induced type 1 diabetes. Importantly,
Thx21~~ Th2 cells were able to suppress not only naive but also
memory CD8" T cell responses to LCMV in vivo.

Thus, our findings shed light on a population of immune cells
with a remarkably strong immunosuppressive capacity. A better
understanding of novel immunomodulatory cell subsets is crucial
for developing effective therapies for autoimmune diseases as
well as for organ transplantation.

Results

Tbx21~'~ Th2 Cells but Not WT Th2 Cells Suppress Endogenous
Antigen-Specific CD8" T Cell Responses. In order to investigate
the immunomodulatory properties of Th2 cells lacking T-bet
expression on T cell responses, LCMV-specific WT Thl, WT
Th2, or Thx21~'~ Th2 cells were adoptively transferred into naive
C57BL/6 mice that were subsequently infected with LCMV (Fig.
14). Both LCMV-specific WT Thl and WT Th2 cell recipients
as well as control mice without cell transfer displayed similar
frequencies of endogenous CD8™ T cells specific to the dominant
LCMV glycoprotein GP33 and nucleoprotein NP396 in the
blood between days 6 and 14 postinfection (Fig. 1B). In contrast,
Thx217"~ Th2 cell recipients showed markedly reduced fre-
quencies of GP33- and NP396-tetramert CD8" T cells from day
8 postinfection onwards (Fig. 1B). In addition, the frequency of
IFN-y—producing CD8" T cells of Thx2I~'~ Th2 cell recipients
was markedly reduced compared to that of WT Th2 and WT Th1
cell recipients as well as nontransferred control mice after GP33,
NP396, and GP276 peptide restimulation ex vivo at day 8 post-
infection (Fig. 1C). In line with the suppression of virus-specific
CDS8" T cells, Thx21~/~ Th2 cell recipients were unable to con-
trol the infection. In contrast to WT Th2 and WT Th1 recipients
and nontransferred control mice, 7hx21~'~ Th2 cell recipients
exhibited significantly higher viremia from day 4 postinfection
onwards (Fig. 1D). Furthermore, several Thx21~'~ Th2 cell re-
cipients developed a wasting syndrome, with constant weight loss
and reduced survival compared to WT Th2 and WT Thl cell
recipient mice and nontransferred controls (Fig. 1E). We then
characterized the phenotype of the few GP33- and NP396-
tetramer” CD8" T cells generated in Thx2I~'~ Th2 cell recipi-
ents at the peak of infection. LCMV-specific CD8" T cells in
Thx217'~ Th2 cell recipients displayed reduced expression of
CD44 but increased CD62L and CD127 expression compared to
the LCMV-specific CD8" T cells in WT Th2 and WT Thl cell
recipients and nontransferred control mice (SI Appendix, Fig.
S1). Taken together, these data indicate that adoptively trans-
ferred 7bhx21™'~ Th2 cells but not WT Th2 cells strongly sup-
pressed the activation and expansion of virus-specific CD8" T
cells and impaired the antiviral cytokine production at the peak
of infection. To determine whether the suppressive capacity of
adoptively transferred Thx2I ™~ Th2 cells could be attributed to
the acquisition of a regulatory phenotype in vivo, we assessed the
expression of FoxP3 and RORyt in the transferred cells recov-
ered from infected recipient mice. FoxP3 and RORyt expression
were similar between LCM V-specific WT Th1 and Thx21~~ Th2
cells (SI Appendix, Fig. S2). As expected, T-bet expression was
absent and GATA-3 expression was significantly higher in
Thx21™'~ Th2 cells compared to that in WT Th1 cells ex vivo (SI
Appendix, Fig. S2). Thus, adoptively transferred 7bx21 ~/~ Th2
cells suppress virus-specific T cells independently of FoxP3
expression.

We then examined the in vivo killing capacity of endogenous
CD8" T cells in the various groups of recipient mice. For this,
GP33-pulsed and unpulsed target cells were transferred into
previously infected WT Th1 or Thx21~'~ Th2 cell recipient mice
or nontransferred control mice. WT Thl cell recipients and
infected control mice without cell transfer displayed ~4- and
10-fold reduction in the frequency of GP33-pulsed target cells
compared to that of the unpulsed target cells which translates
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into a killing capacity of ~75% and 90%, respectively (SI Ap-
pendix, Fig. S3). In contrast, virtually no killing of target cells was
observed in Thx2I~~ Th2 cell recipient mice indicated by very
similar frequencies of both GP33-pulsed and unpulsed target
cells (ST Appendix, Fig. S3). Moreover, we assessed the expres-
sion of T-bet, the Th1 key transcription factor, in activated en-
dogenous (CD447CD62L") CD8* and CD4* T cells in WT Th1
and Thx217'~ Th2 cell recipients and nontransferred control
mice at day 8 postinfection. Activated CD8" and CD4* T cells
exhibited significantly lower T-bet but higher Eomes expression
in the spleen of Thx21~'~ Th2 cell recipients compared to in-
fected control mice without cell transfer (S/ Apfpendix, Fig. S4).
These findings collectively suggest that 7bx21~'~ Th2 cells sup-
press the effector differentiation of virus-specific CD8" T cells.
This suppression results in a rather memory cell-like phenotype
during the effector phase of LCMV infection combined with
impaired killing capacity in vivo.

Tbx21~'~ Th2 Cells but Not WT Th2 Cells Stably Maintain IL-10
Production In Vivo after LCMV Infection. Since Thx21~'~ Th2 but
not WT Th2 cells strongly suppress virus-specific CD8" T cells,
we characterized their transcription factor expression and cyto-
kine production both after in vitro differentiation and ex vivo at
the peak of LCMYV infection. After 10 d of in vitro differentia-
tion, all Thx21~'~ Th2 and WT Th2 cells homogenously expressed
GATA-3, but virtually no T-bet expression was observed (Fig. 24).
Accordingly, WT Th2 and Thx217~ Th2 cells displayed similar
GATA-3 and T-bet geometric mean indices in vitro (Fig. 2B). In
contrast, upon LCMV infection, WT Th2 cells homogeneously
adopted a GATA-3*T-bet" phenotype ex vivo, whereas Thx21 '~
Th2 cells exclusively maintained high GATA-3 expression (Fig.
2C). Consistently, Thx21~'~ Th2 cells displayed higher GATA-3
but lower T-bet geometric mean indices ex vivo compared to that
of WT Th2 cells after LCMV infection (Fig. 2D). In addition,
prior to adoptive transfer the frequencies of IL-10-producing WT
Th2 cells were similar to that of in vitro differentiated Thx217/~
Th2 cells (Fig. 2E). Importantly, upon LCMV infection, adop-
tively transferred WT Th2 cells largely lost their ability to produce
IL-10 (Fig. 2F). In contrast, Thx2I~'~ Th2 cells continued to
produce IL-10 after LCMV infection (Fig. 2F). Furthermore, we
analyzed chromatin immunoprecipitation sequencing (ChIP-Seq)
tracks of in vitro differentiated murine WT Th2 cells and observed
a prominent GATA-3 binding peak within the promoter region of
the 1110 gene (Fig. 2G). Notably, other Th2 cytokines such as IL-4,
IL-5, and IL-13 were similarly produced by both WT Th2 and
Thx217'~ Th2 cells ex vivo after LCMV infection (Fig. 2H). In
addition, WT Thl cells expressed T-bet but not GATA-3 after
in vitro differentiation (SI Appendix, Fig. S54). However, Thx21 7/~
Thl cells expressed neither T-bet nor GATA-3 as expected (S
Appendix, Fig. S54). Contrary to WT Th2 and Tbx21 '~ Th2 cells,
both WT Thl and T7hx21~'~ Thl cells produced very little IL-10
after in vitro differentiation (SI Appendix, Fig. S5B). Collectively,
our results demonstrate that 7hx2]~'~ Th2 but not WT Th2 cells
stably maintain high GATA-3 expression and IL-10 production ex
vivo upon LCMYV infection.

Thx21~'~ Th2 Cells Suppress Not Only Naive but Also Memory LCMV-
Specific CD8* T Cells In Vivo. Since 7hx2I ™'~ Th2 cells harbor a
strong suppressive potential on primary LCMV-specific CD8" T
cell responses in vivo, we investigated whether Thx21~~ Th2 cells
could also suppress CD8" T cell memory responses. To answer
this question, we isolated LCMV-specific memory CD8" T cells
(memory p14) from previously infected mice and (co)transferred
them with or without LCMV-specific Thx21~'~ Th2 cells into
naive WT mice (Fig. 34). To quantitatively compare the sup-
pression capacity of LCMV-specific Thx21~'~ Th2 cells during
primary and secondary responses in parallel, we additionally
transferred naive LCM V-specific CD8* T cells (naive p14) alone
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or together with Thx21~/~ Th2 cells into C57BL/6 mice that were
subsequently infected with LCMV (Fig. 34). Interestingly, 7hx21 7~
Th2 cells strongly suppressed the cotransferred memory p14 cells,
shown as frequencies and absolute numbers as compared to non-
transferred control mice that only received memory p14 cells (Fig.
3B). As expected, the expansion of naive pl4 cells was also

significantly reduced in both frequencies and absolute numbers
when cotransferred with 7hx27 '~ Th2 cells (Fig. 3B). Normalized
frequencies and absolute numbers of the progeny of both naive and
memory pl4 cells found in the spleen of recipient mice revealed
that the reduction effect of cotransferred 7hx21~~ Th2 cells on
memory pl4 cells was as strong as the effect on naive p14 cells
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endogenous antigen-specific CD8* T cell responses in WT C57BL/6 recipient mice after adoptive transfer of LCMV-specific SMARTA1 TCR-tg Thx21~'~ Th2, WT
Th2, and WT Th1 cells and in control mice without cell transfer at day 8 post LCMV infection. (B) Frequencies of endogenous LCMV-specific CD8* T cells were
assessed by MHC class | tetramer (H-2DPGP33 and H-2D°NP396) staining in peripheral blood of LCMV-specific Tbx217"~Th2 (n = 3), WT Th2 (n = 3), and WT Th1
(n = 3) recipients and nontransferred control mice (n = 3) on days 0, 6, 8, and 14 after LCMV infection. P values are from day 14 postinfection. (C) Frequencies
of IFN-y—producing CD8* T cells in spleens of WT Th1, WT Th2, and Thx27~"~ Th2 cell recipients and nontransferred control mice after GP33, NP396, and GP276
peptide restimulation ex vivo at day 8 postinfection and after exclusion of Thy1.1* donor cells in fluorescence-activated cell sorting analysis. (D) Virus titers in
blood of Thx21~"~ Th2, WT Th2, and WT Th1 cell recipients and nontransferred control mice were measured by plaque assay on days 0, 2, 4, 6, and 8 after
LCMV infection. P values are from day 8 postinfection. (E) Survival plots of Tbx27~/~ Th2 (n = 9), WT Th2 (n = 9), and WT Th1 (n = 9) cell recipients and
nontransferred control mice (n = 9) until day 12 postinfection. The log-rank test was used for statistical evaluation of survival (Kaplan—Meier survival curve).
All experiments were performed at least twice, and each experimental group included n > 3. Data are representative and expressed as mean + SEM. Asterisks
indicate statistically significant differences as analyzed by one-way ANOVA with Bonferroni’s post test (*P < 0.05, **P < 0.01, ***P < 0.001).
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expressed as mean + SEM. Asterisks indicate statistically significant differences as analyzed by t test (**P < 0.01). ns, not significant in all figures.

(Fig. 3C). Thus, memory CD8" T cells are suppressed as po-
tently as naive CD8" T cells by cotransferred Thx21~'~ Th2
cells in vivo.

Moreover, we investigated whether transferred Thx21~'~ Th2
cells could impact the functionality of memory p14 cells in vivo.
To this end, we assessed IFN-y production in p14 recipient mice in
the presence or absence of 7hx21 ™'~ Th2 cells. A significant reduction
in the frequencies and absolute numbers of IFN-y—producing p14
cells was observed when 7Thx217'~ Th2 cells were cotransferred
(Fig. 3D). In summary, Thx21~'~ Th2 cells harbor strong sup-
pressive potential enabling them to hamper the expansion and
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functionality not only of naive but also of memory CD8"* T cells
in vivo.

Tbx21~'~ Th2 but Not WT Th2 Cells Protect Mice against Type 1
Diabetes Development. The strong suppressive potential of
Thx21~'~ Th2 cells prompted us to investigate their in vivo rel-
evance during the development of proinflammatory autoimmune
responses. For this, we used the virus-induced type 1 diabetes
(T1D) model of rat insulin promoter—glycoprotein (RIP-GP)
mice that express the glycoprotein of LCMV in pancreatic
B-cells. T cell responses induced after LCMV infection lead to
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pancreatic f-cell destruction and rapid development of T1D  displayed lower mean fluorescence intensity of both molecules
(36). Since Thx21 ~/~ Th2 cells strongly suppress LCMV-specific (SI Appendix, Fig. S6). Expression of CD40, CD70, and OX40L
CDS8" T cells, we hypothesized that adoptively transferred was not modified by the presence of Thx21~'~ Th2 cells in vitro
Thx21™~ Th2 but not WT Th2 cells could protect RIP-GP mice  after LCMV infection (data not shown).
from the development of diabetes in vivo. Remarkably, adop- Apart from the up-regulation of costimulatory molecules, the
tively transferred Thx21~'~ Th2 but not WT Th2 cells protected  cytokine production of DCs is critical for the generation of ef-
RIP-GP mice against the development of T1D. All control mice  fector CD8" T cells after LCMV infection (38). Therefore, we
and 70% of the WT Th2 cell recipient mice became diabetic ~ examined IL-12 production by CD8* DCs at days 1, 2, and 3
by day 10 p.i. (Fig. 44). Thx21~'~ Th2 cell recipients maintained  postinfection. Interestingly, IL-12 production was significantly
blood glucose levels of ~100 mg/dL, while WT Th2 cell recipi-  decreased in the presence of Thx2I~'~ Th2 cells compared to
ents and control mice displayed levels over 400 mg/dL at day 8  that of DCs in the presence of WT Th2 and WT Th1 cells and in
p.i. (Fig. 4B). Furthermore, frequencies of CD8" T cells specific  infected DCs without T cells (Fig. 5B). These findings collec-
to the dominant LCMV GP epitope in the blood of Thx217~ Th2 tively suggest that Thx21~'~ Th2 but not WT Th2 cells impair two
cell recipients were significantly decreased compared to both WT  crucial events during DC maturation, the up-regulation of their
Th2 cell recipients and nontransferred control RIP-GP mice af-  costimulatory molecules, and their IL-12 production.
ter infection (Fig. 4C). In summary, Thx21~~ Th2 but not WT
Th2 cells protected RIP-GP mice from diabetes development —IL-10 from Thx21~~ Th2 Cells Mediates the Down-Regulation of
associated with a suppression of the expansion of LCMV-specific ~ Costimulatory Molecules on DCs In Vitro. IL-10 is known to sup-
CDS8* T cells. press T cell responses as well as to limit proper activation of DCs
(16, 39). To investigate whether IL-10 production by Thx21~~ Th2
Thx21~/~ Th2 Cells Down-Regulate the Costimulatory Capacity of DCs  cells could impair DC activation, we generated I/1 07"Thx217~
after LCMV Infection In Vitro. To investigate the molecular mech- ~ LCMV-specific CD4" T cell transgenic mice to assess the ex-
anisms underlying the suppressive potential of Thx21~'~ Th2 pression of CD80 and CD86 on DCs as well as their IL-12 pro-
cells, we designed an LCMYV infection model in vitro in which an  duction after LCMYV infection. CD80 and CD86 down-regulation
enriched CD11c* cell fraction of splenocytes was cocultured with  on CD8* DCs observed in the presence of Thx21 ™'~ Th2 cells after
various subsets of differentiated T helper cells. We hypothesized  infection was completely reversed when DCs were infected in the
that Thx21~'~ Th2 cells impair the activation and maturation of  presence of 11107 ~Thx21~'~ Th2 cells (Fig. 5C). In addition, we
DCs and this in turn hinders a proper CD8" T cell activation  blocked IL-10R on DCs and infected them with LCMV in the
after LCMV infection. CDS8-expressing DCs are particularly — presence of Thx217'~ Th2 cells. Similarly, the expression of CD80
important for the activation of CD8" T cells during viral infec- and CD86 on CD8" DCs was restored (Fig. 5C) and their IL-12
tions (37). Therefore, we assessed the expression of the cos-  production was significantly increased in the presence of the IL-
timulatory molecules CD80 and CD86 on CD8"CD11c¢" DCs  10R blocking antibody (Fig. 5D). Furthermore, CD80 and CD86
that were previously cocultured with LCMV-specific 7hx2]™~  mean fluorescence intensities were also restored in the presence of
Th2, LCMV-specific WT Th2, and LCMV-specific WT Th1 cells ~ [II07"Tbx217~ Th2 cells as well as during IL-10R blockade
after LCMV infection. Strong up-regulation of CD80 and CD86  compared to the levels in the presence of Thx217~ Th2 cells (SI
expression on CD8" DC was observed after 1, 2, and 3 d post  Appendix, Fig. S7). These data indicate that IL-10 produced by
LCMV infection. However, in the presence of Thx2I~~ Th2  Thx2I~'~ Th2 cells directly impaired DC activation after LCMV
cells, DCs failed to up-regulate the expression of costimulatory  infection.
molecules shown by the reduced CD80" and CD86™ frequencies Next, we investigated the potential role of additional cytokines
compared to that of DCs in the presence of WT Th2 and WT  produced by 7hx2/~'~ Th2 cells such as IL-4 and IL-13 in the
Th1 cells and in infected DCs without T cells (Fig. 54) and the = suppression of DC activation using our coculture system. For
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Fig. 4. Tbx217'~ Th2 but not WT Th2 cells protect mice against type 1 diabetes development. (A) Percentage of diabetes development in RIP-GP recipients of
Tbx21~~ Th2 and WT Th2 cells and control RIP-GP mice without cell transfer until day 12 post LCMV infection. P values were calculated by log-rank test. (B)
Blood glucose levels in RIP-GP recipients of Tbx27~/~ Th2 and WT Th2 cells and control RIP-GP mice without cell transfer until day 12 postinfection. P values are
from day 12 postinfection. (C) Frequencies of endogenous GP33-tetramer* CD8" T cells in RIP-GP recipients of Thx21~~ Th2 and WT Th2 cells and non-
transferred control RIP-GP mice in the blood at day 8 postinfection. All experiments were performed at least twice, and each experimental group included n >
3. Data are pooled and expressed as mean + SEM. Asterisks indicate statistically significant differences as analyzed by one-way ANOVA with Bonferroni's post
test (*P < 0.05, **P < 0.01).
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Fig. 5. Tbx217~ Th2 cells down-regulate the costimulatory capacity of DCs after LCMV infection in vitro. (A) Frequencies of CD80 and CD86 expression on
CD8*CD11c¢* DCs cocultured with LCMV-specific Thx217'~ Th2, WT Th2, or WT Th1 cells after 1, 2, and 3 d of LCMV infection in vitro. (B) IL-12p70 concen-
trations in supernatants of the cocultures in A. (C) Frequencies of CD80 and CD86 expression on CD8+*CD11c* DC cocultured with LCMV-specific Thx21~~ Th2
or l1107~Tbx217"~ Th2 or Thbx21~'~ Th2 cells plus anti-IL-10R antibody after 1, 2, and 3 d of LCMV infection. (D) IL-12p70 concentrations in supernatants of the
cocultures in C. (E) Frequencies of CD80 and CD86 expression on CD8*CD11c* WT or Il4ra—"- DCs cocultured with LCMV-specific Thx217'~ Th2 cells after 1, 2,
and 3 d of LCMV infection. Infected as well as uninfected CD8*CD11c* DCs without T cells were used as positive and negative controls, respectively. All
experiments were performed at least twice, and each experimental group included n > 3. Data are pooled and expressed as mean + SEM. Asterisks indicate
statistically significant differences as analyzed by one-way ANOVA with Bonferroni’s post test at day 3 postinfection (*P < 0.05, **P < 0.01, ***P < 0.001).

this, we compared the expression of the costimulatory molecules
CD80 and CD86 on WT DCs vs. IL-4Ra—deficient DCs lacking
both IL-4 and IL-13 signaling, in the presence or absence of
Thx217'~ Th2 cells after LCMV infection. The suppression of
CD80 and CD86 expression in the presence of T7hx2I~'~ Th2 cells
was equally pronounced on WT DCs as on IL-4Ra—deficient DCs
at days 1, 2, and 3 post LCMV infection (Fig. 5E). Taken together,
these data demonstrate that Thx21~~ Th2 cells impair DC acti-
vation via IL-10 but not through IL-4 or IL-13 production in vitro.

Thx21~/~ Th2 Cells Impair CD8* T Cell Activation via IL-10 In Vitro.
Impaired DC activation by 7bx21 '~ Th2 cells via IL-10 might in

Muioz et al.
Th2 cells.lacking T-bet suppress naive and memory T'cell responses via IL-10

turn limit CD8" T cell activation after LCMV infection. To test
this hypothesis, we infected DCs with LCMV either in the pres-
ence of LCMV-specific Thx21 ™'~ Th2 or 11107~ Thx21~'~ Th2 cells
for 2 d. After 2 d, the CD4" Th2 cells were depleted from the
cocultures. These conditioned DCs were used to subsequently
activate pl4 cells (Fig. 64). Priming of p14 cells by LCMV-
infected DCs conditioned with Thx21™'~ Th2 cells resulted in
significantly reduced expression of CD69, KLRG-1, CD44, and
CD25 compared to pl4 cells primed by DCs conditioned with
11107~Tbx217'~ Th2 cells or LCM V-infected DCs without Th2 cell
conditioning (Fig. 6B). In addition, p14 cells primed by DCs
conditioned with Thx217~ Th2 cells displayed significantly
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experiments were performed at least twice, and each experimental group included n > 3. Data are pooled and expressed as mean + SEM. Asterisks indicate
statistically significant differences as analyzed by one-way ANOVA with Bonferroni’s post test (*P < 0.05).

reduced expression of IFN-y and the degranulation marker
CD107a compared to p14 cells activated by DCs conditioned
with 1110~'~Thx21~'~ Th2 cells (Fig. 6C). In summary, our data
demonstrate that Thx21~~ Th2 cell-derived IL-10 impairs DC
maturation, and subsequently these conditioned DCs lead to poor
CD8* T cell activation after LCMV infection.

Thx21~"~ Th2 Cells Impair the Activation of DCs and T Cells via IL-10 In
Vivo. Lastly, we investigated whether Thx21~~ Th2 cells could
also impair DC activation after LCMV infection in vivo. To
address this question, [110~'~Thx21™'~ Th2 or Thx2I~~ Th2 cells
were transferred into WT mice that were subsequently infected
with LCMV. Consistent with our in vitro data, significantly re-
duced frequencies of CD80* and CD86" CD8* DC subsets were
observed in the spleen of Thx21™~ Th2 cell recipient mice com-
pared to that of control mice at day 3 postinfection (Fig. 74). In
contrast, [I107~Thx217~ Th2 cell recipient mice displayed fre-
quencies of CD80* and CD86" CD8" DC subsets comparable to
that of nontransferred control mice after LCMV infection (Fig.
7A). Next, we asked whether Thx21 ~~ Th2 cells could also impair
T cell activation after LCMV infection via IL-10 in vivo. In con-
trast to Thx21 ™'~ Th2 cell recipients, I[I0~~Thx21~~ Th2 cell re-
cipients displayed similar GP33- and NP396-tetramert CD8" T
cell frequencies and absolute numbers in the spleen compared to
that of nontransferred control mice at the peak of infection (Fig.
7B). Furthermore, IFN-y. production by virus-specific CD8* and
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CD4" T cells of 110~~Thx21~'~ Th2 cell recipients was not impaired
in contrast to that of recipients of IL-10-competent 7bx21™~ Th2
cells at the peak of infection (Fig. 7 C and D). Accordingly,
N107~Thx217~ Th2 cell recipients display significantly lower viral
loads in all organs tested as compared to Thx21 ™'~ Th2 cell recipient
mice at day 8 postinfection (Fig. 7E). Moreover, Thx21~'~ Th2 cell
recipients exhibited a wasting syndrome, with constant weight loss
and reduced survival compared to 110~ Thx21 7~ Th2 cell recipient
mice (Fig. 7F). These data collectively show that Thx21 ™~ Th2 cells
mediate LCMV-specific T cell immunosuppression via IL-10 in vivo.

Discussion

Autoimmunity results from the interplay of several factors, in-
cluding a genetic predisposition and the loss of central or peripheral
tolerance. A better understanding of the molecular mechanisms to
suppress autoreactive responses and the development of novel
therapeutic strategies that target memory T responses are still
needed to treat autoimmune diseases. Experimental approaches
to suppress pathogenic T cells during primary effector responses
have been reported (40). Recently, Treg cells were shown to
suppress naive T cells by removing the complex of cognate peptide
and major histocompatibility complex class II from the DC surface
(41). However, suppression of memory T responses has been
difficult to achieve and represents a major hurdle to long-term
transplant survival, tolerance, and for the treatment of autoim-
mune diseases (42). Memory T cells are thought to be resistant

Muioz et al.
Th2 cells lacking T-bet suppress naive and memory T cell responses via IL-10

www.manaraa.com


https://doi.org/10.1073/pnas.2002787118

9 1
A ns ns E 19 o B #. 6. F e
8047 ——— 1004 _*
—_ _kx —_ ns
2 2 3 801 —o—o
O 60 = Q 3\' -
a a — 60
i zo S
o | a S 40 *
O 40 [T) E
N Y =
+° +° 9 20
& 207 @
a a 0+ T T , ; ; )
o o 2 4 6 8 10 12
0- . .
Spleen  Lung Liver  Kidney Days post infection
B ns
20+ *L L @ No cell transfer @ 7bx217- Th2 transfer @ 11107~ Thx217- Th2 transfer
c
« 215 * 3 108+
o~ + 2
+ @ ™ &
g o2
& 2101 & 810° cpsg*
L+ o
E -3 5 F4 10° No cell transfer Tbx217~ Th2 transfer 11107~ Tbx21~~ Th2 transfer
4 ©10¢
o o 4103 475 104
0- 103- 9 a
=
o
154 ns 1073 ns Q ;
* k] ]
- . 5 *%* i s
SE + al10%3 90.6 4.42 s
+ @101 © o ; : : =
g% g 2 Bl AL DR IR IR B E
2: % 210° Tet-NP396
E5 5 B
8 810+
o
0_
+
C, m CD8
= A [
8 * 2 No cell transfer Thx217~ Th2 transfer 11107 Tbx217/~ Th2 transfer
[} 0
3 30 * ) 4109 14.7 1.69 1.51
- 8
+ [
8 201 % 2
S : £
°
+ 104 "‘?_
2 =
e L
— o_
D c
-~ 6 ns @ 107 3
2 . 2 No cell transfer Tbx217~ Th2 transfer 11107~ Tbx217~ Th2 transfer
w5 1Y N
- * ° - 47 0.03 3.01
"'g 3 +q- 1054
=)
© 2 o
+O ; +> 104_
> 1 2
= z E :
i 0 - 103_ L I L B L LA L DAL | I L Ik O '#

IFN-y

Fig. 7. Tbx217~ Th2 cells impair the activation of DCs and T cells via IL-10 in vivo. (A) Frequencies of CD80 and CD86 expression on CD8*CD11c* DCs in the spleen of
Tbx217~Th2 and 11107 Tbx217~ Th2 cell recipients and nontransferred control mice at day 3 postinfection. (B) Frequencies and absolute cell numbers (Left) as well as
representative fluorescence-activated cell sorting (FACS) plots (Right) of GP33- and NP396-tetramer* CD8* T cells in the spleen of Tbx217~ Th2 and 1107~ Tbx217~ Th2
cell recipients and nontransferred control mice at day 8 postinfection. (C) Frequencies and absolute cell numbers of IFN-y—producing CD8" T and (D) CD4* T cells in the
spleen of Thx217~ Th2 and /110" Tbx217'~ Th2 cell recipients and nontransferred control mice at day 8 postinfection after restimulation ex vivo with GP33 or GP64
peptides, respectively (Left). Representative FACS plots of C and D (Right). (E) LCMV titers in various organs of Thx21~~ Th2 and //107~Tbx217~ Th2 cell recipients and
nontransferred control mlce at day 8 postlnfectlon as determined by plaque assay. (F) Survival plots of Tbx277~ Th2 and I/10™"Tbx217~ Th2 cell recipients and
og-rank test was used for statistical evaluation of survival (Kaplan-Meier survival curves). All experiments
p included n > 3. Data are representative and expressed as mean + SEM. Asterisks indicate statistically
Bonferroni’s post test (A-E) (*P < 0.05, **P < 0.01, ***P < 0.001).
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to conventional immunosuppression therapies and costimulation
blockade (43). Efforts to suppress memory CD8" T cell responses
have been pursued by genetically targeted antigen expression on
steady-state DCs (30). However, memory CD8" T cell inactivation
was slow, and memory CD8"* T cells still expanded under these
conditions.

Here we report that T-bet—deficient Th2 but not WT Th2 cells
strongly suppress proinflammatory responses, and we have dis-
sected the mechanisms underlying this immunosuppression. First,
adoptive transfer of 7hx21~~ Th2 but not WT Th2 cells strongly
reduced the frequency and functionality of LCMV-specific CD8*
T cells postinfection. Second, Thx21™'~ Th2 cells suppressed not
only naive but also memory CD8* T cells after LCMV infection.
Third, IL-10 but not IL-4 or IL-13 produced by Thx2I~'~ Th2
cells mediated T cell immunosuppression, and no FoxP3 expres-
sion was observed. We show both in vivo and in vitro that IL-10-
producing Thx21~'~ Th2 cells down-regulated CD80 and CD86
expression on conventional DC subsets. Impaired DC activation in
turn led to a defective CD8" T cell activation. Lastly, we show that
Thx21~~ Th2 but not WT Th2 cells protected mice from type 1
diabetes development.

It has been suggested that Thl cytokines promote or exacer-
bate the course of some autoimmune disorders, including T1D
(44, 45), whereas Th2 cytokines harbor an antiinflammatory
potential (46). Therefore, it was proposed that shifting Th1-driven
autoimmune responses toward a Th2-like response might ame-
liorate the course of some autoimmune diseases (31). Using the
RIP-GP mouse model of T1D, we show that adoptive transfer of
LCMV-specific Thx21 =~ Th2 but not WT Th2 cells strongly
suppressed CD8* T cell responses and protected RIP-GP mice
from developing diabetes in vivo. In the RIP-GP model, the up-
regulation of major histocompatibility complex (MHC) class II
molecules associated with the attraction and activation of antigen-
presenting cells (APCs) to the islets occurs as soon as 2 d after
LCMYV infection of transgenic mice (47). This murine model of
diabetes is nonreversible due to rapid and strong CD8* T cell
infiltration in the pancreas and subsequent pancreatic f-cell de-
struction after LCMV infection (48). Therefore, a therapeutic
rather than a protective approach through Thx21~/~ Th2 cell
transfer when diabetes is already established is unlikely to be
successful.

Although several pathways that mediate immunosuppression
have been proposed, IL-10 and its downstream effectors are the
best-characterized mechanisms in the regulation of inflammatory
immune responses (49). IL-10 production has been shown to be
regulated by IL-4, STAT6, GATA-3, and c-Maf in murine Th2
cells (50-52). However, the regulation of IL-10 production in
human T cells is complex and still not completely understood.
Similar to murine Th2 cells, GATA-3 is also an important
transcription factor in regulating human Th2 cell differentiation
(53) and GATA-3 mRNA was preferentially expressed in de-
veloping human Th2 cells, whereas T-bet mRNA was selectively
expressed in developing Th1 human cells (54). A potential direct
or indirect role of T-bet in human IL-10 regulation has not been
addressed so far. Transfection of T-bet into Th2 cells induced
high levels of IFN-y and suppressed IL-5; however, IL-10 pro-
duction was not examined (55). In our study, 7bx21~~ Th2 but
not WT Th2 cells stably maintained high GATA-3 expression
and IL-10 production upon LCMV infection. We hypothesize
that the enhanced IL-10 production in 7hx21~'~ Th2 cells might
result from enhanced GATA-3 expression levels observed in
Thx217~ Th2 cells compared to WT Th2 cells ex vivo upon
LCMYV infection as shown in Fig. 2D. GATA-3 plays a key role in
instructing /10 gene expression and stabilizing the /10 locus in
primary CD4* T cells, and GATA-3 expression correlated with
the levels of IL-10 and changes of the chromatin structure at the
1110 locus (51). In addition, it has been demonstrated that
GATA-3 induces Th2 ‘cell differentiation (56). Consistently,
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ChIP-Seq tracks of in vitro differentiated murine WT Th2 cells
show a prominent GATA-3 binding peak in the I//0 promoter
(Fig. 2G).

IL-10 is largely known for its immunomodulatory properties
on different types of cells (16). Although the regulatory prop-
erties of IL-10 have been well characterized, therapies of auto-
immune diseases with IL-10 have not yet been successful in
clinical trials (57, 58). Long-term IL-10 supplementation via gene
therapy strategies have not been approved in part due to some
adverse effects such as the development of a preanemic condition
after short-term IL-10 supplementation (59). The ability of IL-10
to modulate inflammatory responses might be influenced by several
factors, including access to the affected tissue, duration, and local
concentrations. Effective delivery has been a major obstacle ham-
pering IL-10 immunotherapies. In our in vitro model of LCMV
infection, we found that the presence of Thx21~~ Th2 but not WT
Th2 cells led to the suppression of CD80 and CD86 on CD8* DCs
after infection (Fig. 54 and SI Appendix, Fig. S6). Likewise,
adoptively transferred Thx21~~ Th2 but not II107~Thx217~ Th2
cells inhibited the up-regulation of CD80 and CD86 on CD8* DCs
in vivo (Fig. 74). Moreover, activation of naive pl4 cells with
conditioned APCs previously cultured in the presence of LCMV-
specific 7hbx21~'~ Th2 but not /1107 ~Thx21~~ Th2 cells, was also
strongly impaired (Fig. 6). Thus, we conclude that the immu-
nosuppression of CD8* T cell responses induced by IL-10-
producing Thx217~ Th2 cells was primarily mediated via APCs.
However, IL-10 can also directly suppress CD8* T cell activation
by modifying CD8" T cell glycosylation in chronic viral infections
(60). Although the relevance of this mechanism in an acute
LCMYV infection is unclear, we cannot rule out additional direct
inhibitory effects of IL-10 on CD8* T cells.

During LCMV infection, naive CD8" T cells divide and dif-
ferentiate into effector cells that acquire the ability to eliminate
infected cells. It has been hypothesized that the strength and
duration of T cell receptor (TCR) engagement, costimulation,
and cytokine signaling drive the differentiation of CD8" T cells
toward terminal effector cells (TECs) or memory precursor cells
(MPCs) (61-63). After LCMV infection, Thx21~'~ Th2 cells not
only suppressed the frequency of antigen-specific CD8" T cells
but also modified their phenotype. Instead of displaying an ef-
fector phenotype at the peak of the infection, both GP33- and
NP396-tetramert CD8* T cells showed a memory precursor-like
phenotype characterized by low expression of CD44 but high
expression of CD62L and CD127. In addition, activated CD8"
T cells displayed high levels of Eomes but low levels of T-bet
at day 8 postinfection. The apparent inverse expression of T-bet
and Eomes in both endogenous CD8* and CD4" T cells ob-
served in Thx21~'~ Th2 cell recipients (SI Appendix, Fig. S4) may
at least in part be due to the impaired expansion of activated
CD44*CD62L" and antigen-specific CD8* T cells (Fig. 1B). In
contrast to recipients of WT Th1l and WT Th2 cells and control
mice without cell transfer, antigen-specific CD8" T cells in
Thx21~'~ Th2 cell recipients failed to expand, which resulted in
very few IFN-y—producing T cells as depicted in Fig. 1C. Hence,
T-bet and Eomes geometric mean differences observed in CD8*
and CD4" T cells in Thx21~~ Th2 and WT Thl cell recipients
might not result from a deregulated T-bet/Eomes expression at
the single cell level but rather from the impaired expansion of
activated T cells observed in Thx2I~~ Th2 cell recipient mice.
We also hypothesize that the impaired maturation of DCs me-
diated by IL-10-producing Thx21~'~ Th2 cells modified the cy-
tokine milieu during CD8" T cell priming. As shown in Fig. 5, IL-
12 production by DCs was strongly reduced in the presence of
Thx21~/~ Th2 but not in the presence of WT Th2 cells or WT
Thl cells after LCMV infection in vitro. It has been demon-
strated that IL-12 repressed Eomes expression in antigen-
specific CD8" T cells during infection. In contrast, maximal in-
duction of T-bet in CD8* T cells required IL-12 signaling (64).
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Therefore, we believe that the poor activation of DCs and a
modified cytokine milieu caused by the presence of Thx21~'~ Th2
cells might modify the effector CD8" T cell phenotype to a
rather memory-like phenotype at the peak of LCMV infection
(SI Appendix, Figs. S1 and S4).

We are aware that translating the immunosuppressive poten-
tial of Thx21~~ Th2 cells from bench to bedside may be very
challenging. However, recent advances in gene deletion using the
CRISPR-Cas9 system might open new avenues to apply these
results in clinical settings. Moreover, mechanisms to stabilize
Th2 cells in vivo and to maintain their immunosuppressive po-
tential on proinflammatory responses need to be further inves-
tigated. Collectively, our data indicate that engineered Thx21 '~
Th2 cells harbor a remarkable immunomodulatory capacity and
might be considered as an attractive alternative for future in-
terventions for the treatment of autoimmune diseases and for
the suppression of memory responses.

Materials and Methods

Mice. C57BL/6 (WT), Tbx21~"~, ll4ra~'~, and RIP-LCMV-GP mice were bred on a
C57BL/6 background. SMARTA1 TCR-transgenic (tg) mice, which express a
TCR specific for the LCMV glycoprotein epitope GP61-80 were crossed to
1110~~Tbx21~"~ mice to generate TCR-tg mice on the respective mutant
backgrounds. For details see S/ Appendix, Supplementary Material. All animal
experiments were performed in accordance with the German law for animal
protection with permission from the local veterinary offices.

Adoptive T Cell Transfers. For CD4" T cell transfers, SMARTA1 LCMV-specific
T cells of Tbx217/=, I1107~Tbx217"~, and WT Thy1.1* tg mice of the respective
knockout backgrounds (6 to 8 wk old) were purified by staining with
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