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Abstract

Rho-associated kinase 2 (ROCK?2) determines the balance between human T helper 17 (TH17)
cells and regulatory T (Tyeg) cells. We investigated its role in the generation of T follicular helper
(TeR) cellswhich provide help necessary to generate antibody-producing B cells in normal and
autoimmune conditionsWe found that targeting ROCK2 in normal human T cells or peripheral
blood mononuclear cells (PBMCs) from patients with active systemic lupus erythematosus (SLE)
decreased the number and function of Tth cells induced by activation ex vivo. Moreover, inhibition
of ROCK?2 activity concomitantly decreased the abundance of the transcriptional regulator Bcl6
and increased that of Blimp1 by xxx concurrent regulation of the binding of signal transducer and
activator of transcription 3 (STAT3) and STAT5 to the promoters of the genes Bc/6 and PRDM,
respectively. In the MRL/Ipr murine model of SLE, oral administration of the selective ROCK2
inhibitor KD025 resulted in a two-fold reduction in the numbers of Tth cells and antibody-
producing plasma cells in the spleen, as well as a decrease in the size of splenic germinal centers,
sites of interaction between Tgy cells and B cells. KD025-treated mice showed a substantial
improvement in both histological and clinical scores compared to those of untreated mice, and had
reduced amounts of Bcl6 and phosphorylated STAT3, as well as increased STAT5
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phosphorylation. Together, these data suggest that ROCK2 signaling plays a critical role in
controlling the development of Tfh cells induced by autoimmune conditions through reciprocal
regulation of STAT3 and STATS activation.

Introduction

T follicular helper (Tgy) cells are an essential component of protective humoral immune
responses that support B cell activation, and differentiation in germinal centers within
secondary lymphoid organs (1-3). However, aberrant Tfh cell activity can also lead to
autoimmune disorders, such as systemic lupus erythematosus (SLE), which is characterized
by an increased number of self-reactive mature B cells and high amounts of auto-antibodies
(antibodies against self-antigens) (4-6). Tfh cells express the B cell zone—homing
chemokine receptor CXC-chemokine receptor 5 (CXCR5), high amounts of Programmed
cell Death protein 1 (PD1) and Inducible T-cell COStimulator (ICOS), but have decreased
amounts of the T cell zone—homing receptor CC-chemokine receptor 7 (CCR7) (7-9). Both
the differentiation and function of Tgy cells depend on activating signals from pro-
inflammatory cytokines, such as interleukin-6 (IL-6) and IL-21 and co-stimulatory
molecules, including ICOS and CD40 ligand (CD40L), (10-12), and require the activation
of transcription factors, including signal transducer and activator of transcription 3 (STAT3)
and B cell lymphoma 6 (Bcl6) (13-15). The generation of Tfh cells is inhibited by IL-2—
stimulated STAT5 signaling, which induces expression of PRDM!1 [the gene encoding B
lymphocyte—induced maturation protein 1 (Blimp1)] to suppress Bcl6 function (16, 17).
Although it appears that Tth cells are oppositely regulated by activation of the STAT3-Bcl6
and STAT5-Blimp1 pathways (18), the upstream signaling events involved in controlling the
precise balance between these transcriptional programs in health and disease states remain
enigmatic.

The Rho kinase family members, consisting of Rho-associated kinase 1 (ROCK1) and
ROCK2, play a central role in the control of intracellular signaling cascades involved in the
regulation of cytoskeletal reorganization and the acquisition of the appropriate effector
phenotype in T cells (19, 20). Specifically, ROCK?2 is critical in induction of IL-21 and
IL-17 secretion by T cells and the development of autoimmunity in both mice and humans
(21-23). Additionally, ROCK activity in T cells is increased in patients with SLE compared
to that in healthy controls (24). Here, we found that ROCK2 played an instrumental and
previously unidentified role in the increased number and function of Tfh cells induced by
autoimmune conditions. We demonstrated this role in vitro in experiments with T cells from
healthy individuals; in vivo with the MRL/Ipr mouse model of SLE; and in peripheral blood
mononuclear cells (PBMCs) purified from active SLE patients and stimulated ex vivo.
Furthermore, the ROCK2-mediated generation of Tth cells consistently involves a
competitive antagonism of STAT3 and STAT5 activation across the aforementioned
experimental systems, and represents a previously uncharacterized paradigm of therapy for
Tfh-driven autoimmune disorders.
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Specific inhibition of ROCK2 reduces the percentage of human Tfh cells through opposing
regulation of STAT3 and STAT5 transcriptional activity

CXCRS5* Tfh cells represent a heterogeneous subset of CD4* T cells that are localized in
germinal centers in secondary lymphoid organs and are also found circulating in the
peripheral blood (1, 18). Studies demonstrated that functional human Tfh cells can be
generated in vitro by stimulation of the T cell receptor (TCR) of naive CD4" T cells in the
presence of proi-nflammatory cytokines, such as transforming growth factor-p (TGF-B),
interleukin-1p (IL-1pB), and IL-6 (25), which are essential for the generation (skewing) of
human Th17 cells from naive CD4+ T cells in vitro (26). Indeed, these in vitro—generated
Tth cells share similarities with Th17 cells, such as their high abundances of RAR-related
orphan receptor gamma t (RORvyt)), IL-17, and 1L-21 (25). Specific inhibition of ROCK2
decreases the amounts of both IL-17 and IL-21 produced by human peripheral CD4* T cells
that are activated under Th17 cell-skewing conditions, such as stimulation with anti-CD3
and anti-CD28 antibodies in the presence of both IL-1p and TGF-g (22). Here, we report
that this activation protocol gave rise to a subset of cells that were characterized by high
amounts of Tfh cell-associated markers, including CXCRS5, PD1, ICOS, and CD40L, as
well as low amounts of CCR7 compared to those of nonactivated cells (fig. S1A). After 2
days of culture, approximately 70% of the IL-21-producing cells were within the
CXCR5*PD1* population (fig. S1B). Moreover, neutralization of 1L-21 signaling during the
stimulation process led to a twofold reduction in the percentage of CXCR5"PD1* cells
within the population (fig. S1C). In addition, the CXCR5"PD1*ICOS*CD40L*CCR7~
subset of cells promoted autologous B cells in cocultures to secrete antibodies in the
presence of the antigen staphylococcal enterotoxin B (SEB), confirming the Tfh cell-like
phenotype of the cells activated under Th17 cell-skewing conditions in vitro (fig. S1D).

We next found that the selective ROCK2 inhibitor KD025 dose-dependently decreased the
percentage of human CXCR5*PD1*ICOS*CD40L" cells (of total CD4™ T cells) generated
by Th17 cell-skewing conditions (Fig. 1, A and B; fig. S2A). KD025 is an ATP-competitive
inhibitor and is 100-fold more selective for ROCK2 than for ROCK1 (22, 27). To further
confirm the role of ROCK2 in the KD025-depedendent effects on CXCR57PD1* cells, we
used ROCK2-specific small interfering RNA (siRNA), which reduced the amount of
ROCK2 protein in human CD4* T cells by 70% (fig. S2B) and decreased the percentage of
CXCR5*PD1* T cells (Fig. 1C). This reduction in the relative size of the CXCR5*PD1*
subset correlated with a dose-dependent decrease in the number of IL-21-producing cells
(fig. S2C) and limited the ability of these cells to induce autologous B cells to secrete
antibody in vitro (Fig. 1D). Furthermore, KD025 decreased the percentage of CXCR5*PD1*
T cells even in the presence of IL-21 (fig. S3A), during longer periods (5 days) of Th17 cell-
skewing conditions (fig. S3B), or when it was added to cells after they had been stimulated
(Fig. 1E).

Bcl6 is a key transcription factor that mediates the differentiation of naive CD4* T cells into
Tth cells, and it is activated through STAT3 signaling and inhibited through STAT5 signaling
(28-30). We found that the treatment of T cells cultured under TH17 cell-skewing
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conditions with KD025 reduced the abundance of Bcl6, as well as those of Basic Leucine
Zipper ATF-like Transcription Factor (BATF) and Musculoaponeurotic Fibrosarcoma
oncogene homolog (c-MAF), and increased Blimp1 abundance in a dose-dependent manner
(Fig. 1F). To test whether the ROCK2-mediated contrasting regulation of Bcl6 and Blimpl
abundances involved the regulation of STAT3 and STATS5 binding to the promoters of both
Bcl6 and PRDM!1 (which encodes Blimp1l), we performed chromatin immunoprecipitation
(ChIP) assays. In CD4* T cells activated for 2 days in Th17 cell-skewing conditions, both
STAT3 and RNA polymerase 11 (pll) were enriched at the Bc/6 promoter compared to the
control site (a region downstream to uncoupled protein 1 (UCPI) gene) in human T cells
(Fig. 1G). Moreover, KD025 substantially decreased the extent of binding of STAT3 and pll
to the same site, while increasing the extent of STAT5 binding threefold (Fig. 1G). In
addition, knocking down STAT3 with a specific siRNA in CD4* T cells resulted in an ~80%
reduction in the amount of Bcl6 and decreased the percentage of CXCR5*PD1* T cells in
the culture (fig. S4A). These data suggest that in human T cells under Th17 cell-skewing
conditions, both STAT3 (positively) and STAT5 (negatively) contribute to the ROCK2-
mediated regulation of Bcl6 abundance.

Treatment of Th17 cell-skewed cells with KDO025 resulted in three- and five-fold increases,
respectively, in the amounts of pll and STAT5 that bound to the PRDMI promoter compared
to the amounts of these transcription factors that bound in untreated cells (Fig. 1H). In
addition, we detected the binding of STAT3 to the promoter of PRDMI in human CD4* T
cells (Fig. 1H). Consistent with a positive role for STAT3 in the regulation of PRDM1
expression in mouse B and T cells (31), the extent of STAT3 binding to the PRDM1
promoter was further increased in human CD4* T cells treated with KD025 compared to that
in cells cultured under Th17-skewing conditions (Fig. 1H), despite the overall decrease in
the extent of phosphorylation of STAT3 (fig. S4B). In addition, STAT3-specific SIRNA
reduced the abundance of Blimp1 in transfected human T cells (fig. S4C). Thus, under Th17
cell-skewing conditions, the targeting of ROCK2 oppositely regulated the transcriptional
activities of STAT3 and STATS5 to reduce Bcl6 abundance and increase Blimpl abundance in
human T cells.

Human Tfh cells generated under TH17 cell-skewing, but not TH1 cell-skewing, conditions
are dependent on ROCK2 signaling

It has been suggested that TGF-f plays opposing roles in the regulation of Tth cells in mice
and humans. In mice, TGF-p decreases the amounts of proteins that are required for Tfh cell
generation and function including I1L-21, ICOS, and Bcl6 (15, 32). In contrast, TGF-$ in
combination with 1L-23 or IL-12 promotes the differentiation of naive human CD4* T cells
into Tfh subsets that are dependent on STAT3 or STAT4 signaling in Th17 cell- and Thl
cell-skewing conditions, respectively (25). Furthermore, accumulating evidence also
indicates that the percentage of the Th17 cell-type, but not the Th1 cell-type, of Tfh cells is
increased in the circulation of patients with autoimmune disorders, including SLE and
Sjogren’s syndrome (2). Because ROCK proteins are implicated in TGF-p-induced signaling
(33), and because inhibition of ROCK2 activity specifically reduces the phosphorylation of
STAT3, but not STAT4 (22), it is therefore possible that ROCK2 contributes differently to
the Th17-type cytokine— and Th1-type cytokine—dependent generation of Tth cells. Through
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the activation protocol described by Schmitt et a/. (25), we found that KD025 led to a
twofold reduction in the percentage of CXCR5"PD1* cells induced by activation under
TH17 cell-skewing conditions (that is, in the presence of IL-1p, TGF-B, IL-6, and I1L-23),
but had no effect in a culture that favors the generation of Th1l cell-type Tth cells (that is, in
the presence of IL-1B, TGF-B, IL-6, and IL-12; Fig. 2A). Moreover, KD025 decreased the
extent of phosphorylation of STAT3 in cells activated under TH17 cell-skewing conditions,
as well as the ability of the cells to induce immunoglobulin G (1gG) secretion from B cells,
but KD025 had no effect on STAT4 phosphorylation induced by activation under Th1l cell-
skewing conditions (Fig. 2, B and C). Together, these data suggest that ROCK?2 signaling
specifically contributes to the generation of a Th17-type cytokine—stimulated subset of Tth
cells through the activation of STAT3, but had a limited effect on theSTAT4-dependent
subset of Tfh cells.

Oral administration of KD025 decreases the number of Tfh cells and blocks disease
progression in the Mrl/lpr mouse model of lupus

To assess the potential of ROCK2 inhibition to decrease Tth cell numbers in vivo, we used
the MRL/Ipr mouse, which spontaneously develops a severe systemic autoimmune disease
similar to that of SLE patients (34) and exhibits an increase in the number of Tfh cells
during disease progression (35). Additionally, increased ROCK?2 activation is observed in
stimulated CD4* T cells from MRL/lpr mice (21). We found that oral administration of
KDO025 beginning at 11 weeks of age substantially ameliorated disease progression as
demonstrated by reductions in proteinuria, kidney histology scores, and concentrations of
urea nitrogen and anti-dsDNA antibodies in the blood (Fig. 3, A to C and fig. S5A)
compared to those of mice treated with vehicle control. The therapeutic effect of KD025 was
comparable to the effect of the general immunosuppressive agent cyclophosphamide (Fig.
3A); however, KD025 did not decrease the total number of lymphocytes in the spleen at the
end of the treatment on week 17 to the same extent as did cyclophosphamide (Fig. 3D).
Furthermore, KD025 markedly reduced the percentage of IL-21* cells (fig. S5B) as well as
of both Tfh cells (CD4*CXCR5*PD1*) and mature plasma cells (B220!°¥CD138"), which
was accompanied by a reduction in the size of germinal centers in the spleen compared with
those of vehicle-treated mice (Fig. 3, E to G). This finding was consistent with a decrease in
the percentage of CD4*CXCR5*PD1* mouse T cells treated with KD025 in vitro (fig. S5C).
The aforementioned cellular changes in vivo were complemented by a decrease in the
amounts of pSTAT3 and BCL6 in total spleenocytes in addition to an increase in the amount
of pSTATS5 (Fig. 3H). This latter change in pSTAT5 abundance was not detected in
splenocytes from cyclophosphamide-treated animals (Fig. 3H). Thus, in contrast to causing
general immune suppression in vivo, targeted ROCK2 inhibition decreased the percentage of
Tth cells through differential regulation of STAT3 and STAT5 phosphorylation in the
MRL/Ipr mouse model of lupus.

Targeted ROCK?2 inhibition decreases pSTAT3 and Bcl6 abundances while increasing the
amounts of pSTAT5 and Blimp1l in PBMCs purified from patients with active SLE

The percentage of blood cells that are Tfh cells is increased in patients with active SLE
compared to that in normal healthy donors (24, 36, 37). Tfh cells are also found in T cell and
B cell aggregates and in ectopic germinal centers in the kidneys of patients with lupus
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nephritis, which is suggestive of their pathogenic role in the most prevalent severe
manifestation of human SLE (38). Furthermore, PBMCs from active SLE patients have
increased ROCK activity, consistent with a previously reported role for ROCK2 signaling in
the induction of IL-17 and IL-21 secretion (21, 22, 24). We therefore obtained PBMCs from
six active SLE patients who exhibited from mild to severe disease severity (fig. S6A), and
we stimulated the cells ex vivo under Th17 cell-skewing conditions in the presence or
absence of KD025. Similar to its effects on cells derived from healthy individuals, KD025
decreased the percentages of 1L-17- and IL-21-secreting cells from SLE patients by 60 and
70%, respectively, at the highest concentration of inhibitor used, and by 30 and 40%,
respectively, at the lowest concentration (fig. S6B). Moreover, under the same conditions,
KD025 markedly reduced the percentage of CXCR5*PD1* T cells in culture in a dose-
dependent manner (Fig. 4A). In addition, the treatment of SLE patient—derived PBMCs with
KDO025 substantially decreased the phosphorylation of STAT3 and markedly reduced the
amount of Bcl6 (Fig. 4, B and C). Consistent with the findings observed in cells from
healthy individuals, KD025 led to three-fold increases in pSTATS5 and Blimp1 abundances in
SLE patient—derived cells cultured under Th17 cell-skewing conditions (Fig. 4, D and E).
These data suggest that ROCK2 contributes to the regulation of CXCR5*PD1* Tth cells
derived from normal and SLE patient populations through a common molecular mechanism
that involves concurrent regulation of the phosphorylation of STAT3 and STATS5 and the
abundance of Bcl6 and Blimp1.

Discussion

Tth cells provide the initiating events for the antigen-driven selection of B cells during the
generation of antibody responses and appear to determine germinal center selection (39).
Whereas an increase in Tfh cell number during immune responses against foreign antigen
might be expected, these increases may affect a change in the nature of antibody being
produced by expending B-cell clones which recognize more than the dominant foreign
antigens and therefore can facilitate the production of autoantibodies and development of
autoimmunity (2, 6, 18). Therefore, Tth cell function must be precisely controlled during the
host immune response.

ROCK?2 signaling promotes the secretion of pro-inflammatory cytokines and shifting the
balance between Th17 cell and Treg cell subsets (21, 23), but the role of ROCK2 in
controlling Tth cells is unclear. We report here that the Th17 cell-skewing of human T cells
in vitro generated a subset of functional Tfh cells that were characterized by high amounts of
CXCRS5, PD1, ICOS, and CD40L, and a low abundance of the receptor CCR7 (fig. S1A).
Through either pharmacological or sSiRNA-mediated inhibition of ROCK?2, we found that
this subset of human Tfh cells was dependent on ROCK2 signaling as well as on intact
IL-21 and STAT3 signaling (Fig. 1A to E; fig. S1C; fig. S2B; fig. S4A). STAT4 signaling,
together with that of STAT3, is required for generation and function of Tfh cells in humans
(25). We found that treatment naive CD4+ T cells with the selective and orally available
ROCK?2 inhibitor KD025 reduced the percentage and function of Tth cells differentiated in
vitro by 1L-23 via STAT3-dependent mechanism, but not IL-12-induced Tfh cells which are
dependent on STAT4 signaling (Fig. 2). This finding correlated with the lack of effect of
KD025 on STAT4 phosphorylation in human T cells (22). The percentage of Th17 cell-type
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Tth cells is also markedly increased in the peripheral blood of patients with various
autoimmune diseases, including SLE and Sjogren’s syndrome (40, 41), whereas the Thl
cell-type of Tth cells is underrepresented in such diseases. These observations suggest that
Th17-type Tfh cells specifically contribute to the pathogenesis of certain autoimmune
diseases, whereas Thil-type Tth cells might have a role in the regulation of protective
humoral responses under normal conditions (2). Thus, it is possible that targeting of Th17-
type cytokine—dependent Tth cells by selective ROCK?2 inhibition could effectively attenuate
autoimmune responses and affect the subdominant B cell autoantibody repertoire while
preserving the ability of the immune system to provide a protective humoral response
against foreign pathogens. These findings suggest a previously uncharacterized paradigm of
therapeutic approach for Tth cell-dependent diseases.

Proinflammatory cytokines, such as IL-1, IL-6 and 1L-21, stimulate Tfh cell function and
development through STAT3 and Bcl6 (8, 10, 13-15, 25, 28). Conversely, IL-2 signaling has
an inhibitory effect on Tth cell function through the activation of STAT5 and Blimp1, which
both antagonize Bcl6 activity (3, 15-17). We found that targeted inhibition of ROCK2
decreased the abundance of Tfh cell-associated transcription factors, such as Bcl6, BATF,
and c-Maf, while increasing the amount of Blimpl (Fig. 1F). We also showed that, together
with a reduction in Bcl6 abundance, targeted ROCK?2 inhibition also decreased STAT3 and
increased STATS binding to the Bc/6and /L-21 promoters (Fig. 1G and fig. S7). Thus, the
ROCK2-mediated opposing modulation of STAT3 and STAT5 phosphorylation led to
differential regulation of the activity of these transcription factors in human T cells. This
correlates with the previously reported differential effects of STAT3 and STAT5 on Bcl6
expression and Bcl6 protein abundance in mouse lymphocytes and cancer cell lines (30, 42).
Note that although STAT3 phosphorylation is inhibited in KD025-treated cells (22), we
found that the binding of both STAT3 and STATS5 to the PRDM1 promoter was markedly
increased by KD025 in human Th17-skewed T cells (Fig. 1H). In mice, PRDM1 expression
is induced by the IL-21-STAT3 and IL-2-STATS5 signaling pathways (15-17, 31) and is
suppressed by Bcl6 (43), which leads to changes in Blimp1 abundance. Because KD025
decreases both IL-21 production and STAT3 phosphorylation in human T cells (22), targeted
ROCK?2 inhibition increases Blimp1 protein abundance mainly through STAT5 activation
and a simultaneous decrease in Bcl6 abundance during Th17 cell-skewing in vitro (30).

The molecular mechanism of targeted ROCK2 inhibition in Tfh cell-dependent
autoimmunity was further confirmed in vivo by demonstrating that oral administration of
KDO025 substantially decreased STAT3 phosphorylation and Bcl6 abundance, while
increasing STATS phosphorylation, in the spleens of MRL/Ipr mice. These changes
correlated with a marked decrease in the numbers of Tfh cells and mature B cells, with the
sequelae of reduced germinal center size (Fig. 3, D to G) followed by prevention of kidney
damage and disease progression (Fig. 3, A to C). The therapeutic effect of targeted ROCK2
inhibition in vivo was comparable to the effect of the general immunosuppressive agent
cyclophosphamide (Fig. 3, A and B; fig. S5A). However, in contrast to the five-fold
reduction in the total number of lymphocytes in the spleens of cyclophosphamide-treated
mice, KD025 reduced cell numbers comparably to those in naive mice (Fig. 3D). The
concentration of KD025 in the plasma of treated MRL/Ipr mice (fig. S8) was comparable to
the concentrations used for ex vivo cultures of PBMCs from patients with active SLE (Fig.
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4). In addition, these concentrations were reached in healthy individuals during oral
administration of the drug in a Phase 1 clinical trial in which a marked decrease in the
secretion of IL-21 and IL-17 was observed (22). These data suggest that patients with SLE
or other Tfh cell-dependent autoimmune disorders could potentially benefit from a
simultaneous shift in the Th17 cell-Treg cell balance as well as from the decrease in the size
of the Th17 cell-dependent Tth cell population by KD025.

In conclusion, our data suggest that ROCK2 plays an essential role in controlling a subset of
Tth cells through a mechanism that involves the reciprocal regulation of the activation of
STAT3 and STATS5 and the abundances of Bcl6 and Blimpl in T cells from healthy
individuals and PBMCs derived from patients with active SLE, as well as in the MRL/lpr
mouse model of SLE. These data provide insights into the molecular pathways involved in
the regulation of Tth cells and underscore the therapeutic potential of targeted ROCK2
inhibition in Tfh-cell driven autoimmune disorders.

Materials and Methods

Cell purification and activation

Total or naive CD4* T cells were purified from the peripheral blood of healthy human
donors between the ages of 16 and 75 years (New York Blood Center, NY, NY) as
previously described (22). Briefly, whole blood was incubated with RosetteSep™ human
CD4* T cell enrichment cocktail (StemCell Technologies) for 20 min at 22°C. The
remaining un-sedimented cells were loaded onto Ficoll-Paque Plus (Amersham Bioscience),
isolated by density centrifugation, and washed with phosphate-buffered saline (PBS).
Untouched naive human CD4* T cells were purified from human blood with the EasySep
Human Naive CD4" T Cell Enrichment Kit (Stem Cell #19155), after purification of PBMC
by ficoll, to >98% purity according to the manufacturer’s instructions. B cells were purified
with the Rosette Sep B cell Enrichment kit (Stem Cell #15064) to >95% purity and were
frozen at —80°C in 90% FBS, 10% DMSOQO. PBMCs from six patients with active SLE (fig.
S6A) were purchased from Sanguine Biosciences. Total CD4* T cells were activated with
immobilized anti-CD3 and anti-CD28 monoclonal antibodies (eBioscience; both at 5 ug/ml)
in the presence of IL-1p (50 ng/ml) and either TGF-B (5 ng/ml) or I1L-21 (5 or 25 ng/ml)
(R&D Systems Inc.). Naive CD4* T cells were cultured with IL-1p (10 ng/ml), TGF-B (5
ng/m), and IL-6 (25 ng/ml) in combination with IL-12 (1 ng/ml) or I1L-23 (25 ng/ml)
(eBioscience) for four days to induce the generation of Th1l-type and Th17-type Tfh cells,
respectively, as previously described (25). All media used for cell culture contained RPMI
supplemented with 10% FBS, L-glutamine, penicillin, streptomycin and sodium pyruvate.
For experiments in which IL-21 was blocked during cell skewing, recombinant human
IL-21R Fc chimera protein (R&D Systems, 991-R2-100) was used. After activation, the cells
were analyzed by flow cytometry to determine the surface abundances of CXCR5, PD1,
ICOS, CD40L, and CCRY7, as well as the intracellular amounts of IL-17 and 1L-21. Cells
extracts were analyzed by Western blotting according to standard protocols.

Sci Signal. Author manuscript; available in PMC 2017 July 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Weiss et al. Page 9

Differentiation of mouse Tfh cells in vitro

The protocol used was the same as that described previously (44). Briefly, naive mouse
CD4* T cells were purified from C57BL/6 mouse spleens with the EasySep Mouse Naive
CD4* T Cell Isolation Kit (#19765; StemCell Technologies). Cells were then incubated for
three days in wells coated with anti-mouse CD3 (#16-0031-85, eBioscience, San Diego, CA)
and anti-mouse CD28 (#16-0281-85, eBioscience) antibodies (both at 8 ug/ml) in the
presence of anti-mouse IFN-y (#MAB485-100, R&D Systems Inc.) and anti-mouse 1L-4
(#MAB404-100, R&D Systems Inc.) antibodies together with either mouse 1L-21 (10 ng/ml;
MN #594-ML-010, R&D Systems Inc.) or mouse IL-6 (10 ng/ml; #406-ML-005, R&D
Systems Inc.) and with DMSO (as a vehicle control) or with 10 uM KD025.

T and B cell coculture assays

T cells were activated and treated with cytokines as described earlier. After two (for total
CD4™* T cells) or four (for naive CD4* T cells) days of activation, cells were either sorted on
the basis of forward scatter (FSC) and side scatter (SSC) on a FACS ARIA 11 cell sorter at
the NYU School of Medicine Flow Cytometry Core Facility based on large size o,
alternatively, anti-CD3/28 magnetic Dynabeads were removed from cell culture by two
rounds of magnetic separation. The cells were washed, counted, and then combined with
thawed B cells from the same donor in a 96-well U-bottom plate. Each well contained 2.5 x
103 T cells and 4 x 10% B cells. Low Endotoxin Staphylococcal Enterotoxin B (SEB)(Toxin
Technologies) was used final concentration: 0.05 ng/ml in a total of 200 pl/well. After 7 or
14 days, the contents of the wells were centrifuged and the supernatants were analyzed for
total 1IgG concentrations with a Human 1gG ELISA Kit (#E88-104, Bethyl Laboratories).

Inhibitors and RNA interference

The selective ROCK2 inhibitor KD025 [formerly known as SIx-2119 (27)] was dissolved in
DMSO. KD025 was found previously to have no substantial activity against 300
intracellular kinases (including ROCKZ1) and surface receptors (22). Mixtures of four ON-
TARGETplus SMARTpool siRNAs specific to ROCK2 (L-004610-00) or STAT3
(L-003544-00) and control siRNA (D-001810-10-20) were purchased from Dharmacon
(Thermao Fisher Scientific Inc.). Transfection of freshly purified T cells with these siRNAs
was performed with the human T cell Nucleofector kit (Amaxa Biosystems, Lonza).
Transfection efficiency was determined by evaluating the amounts of ROCK2 and STAT3
proteins by Western blotting analysis 48 hours after transfection.

Western blotting analysis

Total cell lysates, or nuclear and cytoplasmic extracts were prepared and analyzed for
protein content. Sample buffer was then added, and, after boiling, samples, containing equal
amounts of proteins, were resolved by SDS-PAGE and transferred to nitrocellulose
membranes. The membranes were blocked and incubated with the appropriate antibodies
overnight. Anti-ROCK?2 antibody (HPA007459) was purchased from Sigma-Aldrich and anti
B-actin antibody (4970S) was purchased from Cell Signaling. Anti-pSTAT3 (#4113), anti-
STAT3 (#4904), anti-pSTATS5 (#4322S), anti-Bcl6 (#14895), anti-Blimpl (#9115) and anti-
BATF (#8638) antibodies were purchased from Cell Signaling Technologies. Anti c-Maf
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antibody was obtained from Santa Cruz Biotechnology Inc. Immunoreactive protein bands
were visualized with horseradish peroxidase (HRP)-conjugated secondary antibodies and an
enhanced ECL system. Quantification of band intensities was performed with NIH ImageJ
software.

Peripheral blood CD4* T cells were stimulated with anti-CD3 and anti-CD28 monoclonal
antibodies, IL-1B (50 ng/ml), and TGF-B (5 ng/ml) for 48 hours in the absence or presence
of 10 uM KDO025. Cells were then harvested and treated with 1% formaldehyde for 10 min,
quenched with 0.125 M glycine, washed with cold PBS and lysed in buffer A [50 mM hepes
(pH 7.5), 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Sodium-deoxycholate, 0.1%
SDS and 1x protease inhibitor]. Lysates were sonicated and subjected to centrifugation, and
supernatants were incubated overnight at 4°C with protein G-Dynabeads that were pre-
conjugated with the appropriate antibodies. The immunoprecipitated Dynabeads were
washed with buffer B [20 mM Tris-HCI (pH 8.1), 500 mM NaCl, 2 mM EDTA, 1% Triton
X-100 and 0.1% SDS] and then with TE buffer before being eluted with buffer C (1% SDS
in TE) at 65°C for 1 hour. The eluates were then incubated at 65°C for 6 hours or overnight
to reverse cross-linking before being purified with ChlP DNA clean and concentrator (Zymo
Research). Binding of factors were determined by real-time PCR with designed primer sets.

Mouse model of lupus

MRL/Ipr mice were obtained from Jackson Laboratories (Stock No: 000485), and all in vivo
studies were performed by Hooke Labs. All of the mice used in the experiments were kept
under specific pathogen—free conditions. KD025 (100 mg/kg) was administered to mice
orally once a day for 6 weeks beginning from 11 weeks of age. Mice (15 per group) were
monitored weekly for proteinuria with Chemstrip 2GP (Roche # 200743). Scoring for
proteinuria was performed as follows: 0, no protein; 1, protein of > 30 mg/dl; 2, protein of
30 to 100 mg/dl; 3, protein of 100 to 500 mg/dl; 4, protein > 500 mg/dl. The plasma
concentrations of anti-dsDNA antibodies were measured with an anti-mouse dsDNA
antibody ELISA kit (Biovendor #RSHAKRDDO61R). Blood urea nitrogen was tested with a
urease/Glutamate Dehydrogenase (GLDH) assay kit (Olympus Reagents) and was
performed by IDEXX Laboratories. Histological and Flow analyses of kidneys and spleens
were performed at the end of the treatment (week 17).

Histological analysis of kidneys and spleens

At the end of the study, one kidney from each mouse was collected and analyzed
histologically. Two PAS-stained sections were analyzed from each mouse. Histological
analysis was performed by a pathologist blinded to the experimental groups and all readouts.
Histological findings were graded on a 0—4 scale as follows: 0-no lesions; 1-minimal
thickening of mesangium; 2- increased mesangium thickness and glomerular cellularity; 3-
increased mesangium thickness and glomerular cellularity with inflammatory exudates and
capsular adhesions; 4-glomerular architecture obliterated in more than 70% of glomeruli.
Half of the spleen from each mouse was fixed in formalin and analyzed histologically. One
H&E-stained section was analyzed from each mouse. The diameter of 10 randomly selected
spleen follicles was measured for each mouse and the average calculated. The number of
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spleen follicles per viewing field was counted in three viewing fields and the average
calculated for each mouse.

Flow cytometry

Statistics

All flow cytometric analysis was performed with a Millipore Guava EasyCyte 8HT flow
cytometer. For intracellular staining of cytokines, cells were stimulated for 4 hours with Cell
Stimulation Cocktail (00-4975-03; eBioscience), which contains phorbol 12-myristate 13-
acetate (PMA), ionomycin, and protein transport inhibitor, and then were fixed and
permeabilized. Viability was assessed with a viability dye that stained dead cells
(eBioscience 65-0865-18). Staining of human cells was performed with the following
fluorescently conjugated antibodies: CD4 PerCP eFluor 710 (Clone SK3), PD-1 FITC
(Clone MH4), CXCR5 PE (Clone MU5SUBEE), ICOS PerCP eFluor 710 (Clone ISA-3),
CCR7 PE Cy7 (Clone3D12), IL-21 eFluor 660 (Clone eBio3A3-N2), and IL-17 FITC
(Clone eBio64DEC17). Staining of mouse cells was performed with the following
antibodies and reagents: CD4 PerCP eFluor 710 (Clone RM4-5), PD-1 FITC (Clone J43),
CXCRS5 Biotin (Clone SPRCLS5), streptavidin PE, CD19 (Clone eBiolD3) PE Cy5.5, B220
FITC (Clone RA3-6B2), and CD138 Biotin (Clone 281-2).

Data were analyzed by Mann-Whitney-Wilcoxon test with GraphPad Prism Software. To
control for multiple comparisons, each P value was adjusted with a Bonferroni correction
relative to the number of comparisons in the corresponding figure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. ROCK2isrequired for the induction of human Tfh cellsthrough itsreciprocal regulation
of STAT3 and STATS5 transcriptional activity

(A to H) Human peripheral blood CD4* T cells were treated with the selective ROCK2
inhibitor KD025 (A, B, and D to H) or were transfected with control or ROCK2-specific
siRNAs (C) and then were left unstimulated or were stimulated with anti-CD3 and anti-
CD28 monoclonal antibodies in combination with IL-18 and TGF-p (for Th17-type
skewing) for 48 hours. (E) Some cells were stimulated under Th17-type skewing conditions
for 5 days, treated with or without KD025, and then re-stimulated for 48 hours. (A to C and
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E) The percentages of CXCR5*PD1™* cells were determined by flow cytometric analysis,
whereas cell extracts were analyzed by Western blotting with antibodies against the
indicated proteins (F). (D) Treated T cells were co-cultured with autologous B cells for 7
days in the presence of SEB (0.05 ng/ml), and IgG secretion was determined by ELISA. (G
and H) ChlIP assays were performed with normal rabbit 1gG, anti-RNA pll, anti-STAT3, and
anti-STATS5 antibodies. Data are means + SEM of six (B, G, H), five (C, E), or three (D)
experiments. Western blots in (F) are from a single experiment and are representative of
three independent experiments, whereas data in bar graphs are means + SEM of three
independent experiments. Statistical analysis was performed with the Wilcoxon test. The
Bonferroni method was used for controlling for multiplicity (B). *~< 0.05.
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T cell activation protocol

Fjg.;.. STAT 3-dependent, but not STAT4-dependent, human Tfh cellsare induced by ROCK 2
signalin

(,3 to CE); Naive CD4" T cells were stimulated for 4 days with anti-CD3 and anti-CD28
monoclonal antibodies in the presence of IL-1B, TGF-B, and IL-6 in combination with IL-12
(for Thl-type skewing conditions) or IL-23 (for Th17-type skewing conditions) in the
presence or absence of 10 pM KDO025. (A) The percentages of CXCR57PD1* cells were
determined by flow cytometry. (B) Top: Cell extracts were analyzed by Western blotting
with antibodies against the indicated proteins. Bottom: Densitometric analysis of the
indicated band intensities was performed. (C) The amount of secreted IgG was determined
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by ELISA after culturing the indicated T cells with autologous B cells for 7 days in the
presence of SEB (0.05 ng/ml). Data in (A), (C), and the bar chart in (B) are means + SEM of
three independent experiments. Western blots in (B) are from a single experiment and are
representative of three independent experiments. Statistical analysis was performed with the
Wilcoxon test.
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Fig. 3. Treatment of MRL/Ipr micewith K D025 decreases the per centage of CXCR5TPD1* Tth
cellsthrough a STAT3- and STAT 5-dependent mechanism

(A to H) MRL/lpr mice (15 per group) were orally treated with vehicle or KD025 (100
mg/kg) once a day or were intraperitoneally treated once a week with cyclophosphamide (50
mg/kg) beginning on week 11 and continuing until week 17. (A) The mean disease score +
SEM was defined by the extent of proteinuria. The concentrations of blood urea nitrogen (B)
and anti-dsDNA antibodies (C) in serum were measured at the end of the study. (D to F)
Splenocytes were analyzed by flow cytometry to determine the total numbers of cells (D),
the percentage of CXCR5+PD1+ cells (E), and the percentage of plasma cells (F). (G)
Representative sections of the spleens of the indicated mice at the end of the study were
subjected to H&E staining. Arrows indicate GCs. (H) Total spleenocytes were analyzed by
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Western blotting with antibodies against pSTAT3 (n = 5), Bcl6 (n = 5), and pSTATS (n = 4).
Pvalues were calculated with the Mann-Whitney test.
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Fig. 4. KD025 decreases the abundances of pSTAT3 and Bcl6 while increasing the abundances of
pSTAT5 and Blimplin PBMCsfrom patientswith active SLE

(A to C) PBMCs from six active SLE patients were treated with the indicated concentrations
of KD025 for 1 hour and then were stimulated under Th17-type skewing conditions. (A) The
percentage of CXCR5*PD1* cells was determined by flow cytometric analysis. (B to E) The
cells were analyzed by Western blotting with antibodies specific for (B) pSTAT3 (n = 5), (C)
Bcl6 (n = 4), (D) pSTATS (n = 3), and (E) Blimp1l (n = 3). Statistical analysis was performed

with the Wilcoxon test.
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