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Key Points

• The ROCK2 inhibitor, KD025,
decreases chronic GVHD
pathology in multiple murine
models.

• KD025 inhibits STAT3
phosphorylation to decrease
RORgt and Bcl6 expression in
both murine and human cells.

Chronic graft-versus-host disease (cGVHD) remains a major complication following

allogeneic bone marrow transplantation (BMT). The discovery of novel therapeutics is

dependentonassessment inpreclinicalmurinemodelsof cGVHD.Rho-associatedkinase

2 (ROCK2) recently was shown to be implicated in regulation of interleukin-21 (IL-21)

and IL-17 secretion in mice and humans. Here, we report that the selective ROCK2 inhib-

itor KD025 effectively ameliorates cGVHD in multiple models: a full major histocompat-

ibility complex (MHC)mismatchmodel ofmultiorgan system cGVHDwith bronchiolitis

obliterans syndrome and a minor MHC mismatch model of sclerodermatous GVHD.

Treatment with KD025 resulted in normalization of pathogenic pulmonary function,

which correlates with a marked reduction of antibody and collagen deposition in the

lungs of treated mice to levels comparable to non-cGVHD controls. Spleens of mice

treated with KD025 had decreased frequency of T follicular helper cells and increased

frequencyof T follicular regulatory cells, accompaniedbya reduction in signal transducer andactivator of transcription 3 (STAT3)

and concurrent increase in STAT5 phosphorylation. The critical role of STAT3 in this cGVHDmodel was confirmed by data showing

that mice transplanted with inducible STAT3-deficient T cells had pulmonary function comparable to the healthy negative controls.

The therapeutic potential of targeted ROCK2 inhibition in the clinic was solidified further by human data demonstrating the KD025

inhibits the secretion of IL-21, IL-17, and interferon g along with decreasing phosphorylated STAT3 and reduced protein expression

of interferon regulatory factor 4 and B-cell lymphoma 6 (BCL6) in human peripheral blood mononuclear cells purified from active

cGVHD patients. Together these data highlight the potential of targeted ROCK2 inhibition for clinical cGVHD therapy. (Blood. 2016;

127(17):2144-2154)

Introduction

Success of allogeneic hematopoietic stem cell transplantation has
been hampered by the prevalence of chronic graft-versus-host
disease (cGVHD).1 During cGVHD, donor T cells stimulate donor
bone marrow–derived B cells to produce pathogenic antibodies that
lead to increased fibrosis in the lung, liver, and skin.2 It is estimated
that .50% of allogeneic hematopoietic stem cell transplant re-
cipients develop cGVHD.3 Currently, few therapeutic interven-
tions exist for steroid-refractory cGVHD, and there is an unmet need
to develop novel therapeutics. The emerging work suggests that
murine models, which individually can recreate certain spectra of
tissue pathology and immunopathology associatedwithGVHD, can

be used to test efficacy and decipher the mechanisms of novel
pharmacologic agents.4,5

Previous reports demonstrate the importanceof germinal center (GC)
maintenance by T follicular helper (TFH) cells.4,6,7 This specialized
T-cell subset expresses the transcriptional regulator B-cell lymphoma 6
(Bcl6), which is negatively regulated by signal transducer and
activator of transcription 5 (Stat5) activation.8,9 TFH cells localize
to the GC through the expression of the chemokine receptor CXCR5
and produce interleukin-21 (IL-21).10,11 In the GC, they pro-
vide survival signaling to GC B cells and promote the production of
pathogenic antibodies. We have previously demonstrated that
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STAT3 signaling and IL-21 production by pathogenic effector
T cells is necessary for establishment of cGVHD.7,12 Our data also
suggested that blocking IL-21 signaling could be used as a
potential therapeutic in the future.7 More recently, the role of T
follicular regulatory cells (TFR) has been described in the
development of germinal centers and during autoimmunity.13,14

This subset of regulatory cells coexpresses FoxP3 and Bcl6 and
localizes to the GC because of expression of CXCR5; however,
these cells negatively regulate the GC response. The GC requires a
balance of activating and regulatory cells to allow for production of
antibodies and the regulation of autoimmunity.

Although GCs are necessary for cGVHD, the complete role of
T cells during cGVHD is still unclear. Other subsets of CD41 T cells
have demonstrated to be important for disease, including TH17 cells.15-17

The TH17 subset has an important role in fighting extracellular path-
ogens and plays a major role in autoimmunity.18 Previously, it has
been demonstrated that T cells lacking the ability to express RORg
are unable to induce GVHD, suggesting the importance of IL-17 for
the development of GVHD.12,19 In addition the importance of TH17
cells for the induction of cGVHD have been demonstrated in multiple
models of cGVHD.15 Thus, TH17 cells play a critical role in the
development of cGVHDand targeting IL-17–producing T cells during
cGVHD could lead to novel therapeutics for the disease.

KD025 is an orally available specific Rho-associated kinase 2
(ROCK2) inhibitor. Previous findings demonstrated that inhibition
of ROCK2 in healthy patients decreases IL-17 and IL-21 production.20

ROCK2 inhibition by KD025 also shifted the balance of effector cells
to T regulatory cells.20 These findings are supported by demonstration
of the importance of ROCK2 during autoimmune diseases such as
systemic lupus erythematous.21 Furthermore, ROCK2 has been dem-
onstrated to be important in the development of pulmonary fibrosis22

through preventing fibroblast organization and cytokine modulation.
We sought to determine if delivery of KD025 could therapeutically
reverse established cGVHD in a murine multiorgan system cGVHD
model with bronchiolitis obliterans syndrome (BOS) and in a murine
model of scleroderma (Scl). In addition we examined the ability for
KD025 to inhibit the production of IL-17 and IL-21 in human cGVHD
peripheral blood mononuclear cells (PBMCs). Herein we demonstrate
that therapeutic treatment of mice with KD025 prevents the devel-
opment of both BOS and Scl manifestations of cGVHD. KD025
decreased activation of key TH17 and TFHmolecules including Stat3,
RORg, and Bcl6 while increasing the activation of Stat5, a negative
regulator ofTFHcells andpositive stimulator ofTFRcells. Thesedata
combined give strong evidence that KD025 is a potential novel
therapeutic for the treatment of cGVHD in the clinic.

Materials and methods

Mice

C57BL/6 (B6; H2b) mice were purchased from the National Cancer Institute.
B10.BR (H2k) mice were purchased from Jackson Laboratories. BALB/c,
B10.D2-Thy1.2, and B10.D2-Thy1.1 mice were propagated in the animal fa-
cility at the Johns Hopkins University Cancer Research Building I. The
CD4-cre3 Stat3fl/flmicewere generously provided by JohnO’Shea (National
Institutes of Health).23 Mice were housed in a specific pathogen-free facility
and used with the approval of the each institution’s animal care committee.

BMT

ForBOSmodel: B10.BR recipientswere transplanted as previously described.4,6

Where indicated, cGVHD recipients were given KD025 (30, 100, or 150 mg/kg

per animal daily intraperitoneally [IP] or orally [PO]) or 0.4% methylcellu-
lose vehicle from days 28 to 56. KD025 was kindly provided by Kadmon
Pharmaceuticals. For the scl model, BALB/c (H2d) mice were given a single
lethal irradiation dose of 7.75Gyby a 137Cs irradiator.Micewere given 103106

B10.D2-Thy1.2 TCD (H2d) BM cells alone or supplemented with 1.8 3 106

CD41 and 0.9 3 106 CD81 B10.D2-Thy1.1 T cells purified from the spleen.
T cells were obtained using T-cell isolation kits (Dynabeads; Invitrogen). Skin
scores and GVHD scores were assessed as previously described.24

Patient samples activation and analysis

Samples were obtained from patients following written informed consent in
accordancewith theDeclarationofHelsinki. Eight viable frozenperipheral blood
samples from patient with active clinical manifestations of cGVHD were ran-
domly selected fromcell bank for the study thatwas approved by the institutional
review board at the Dana-Farber Cancer Institute.

For analysis of the effects of in vitro ROCK2 inhibition, cryopreserved
PBMCs from cGVHD patients were thawed and allowed to rest overnight.
Patient PBMCs were incubated with the selective ROCK2 inhibitor, KD025
(2.5 or 10 mM), or dimethyl sulfoxide (DMSO) control (0.1%) on anti-CD3
monoclonal antibody (mAb) (5 mg/mL) and anti-CD28 mAb (5 mg/mL)
(eBioscience, San Diego, CA) precoated 24-well plates supplemented with
IL-1b (50 ng/mL) and transforming growth factor (TGF)-b (5 ng/mL) (R&D
Systems, Minneapolis, MN). Cytokine secretion was determined by enzyme-
linked immunosorbent assay after 48 hours using the Human interferon
(IFN)-gCytoset (Biosource, Camarillo, CA), IL-17 (R&D Systems), and
IL-21 (eBioscience). In addition, after 48 hours, the percentage ofCD41CXCR51

PD11 (TFH) cells was determined by flow cytometry in a guava easyCyte Flow
Cytometer machine (EMDMillipore, Billerica, MA).

Statistics

Data were analyzed by a 2-tailed Student t test or 1-way analysis of variance,
where indicated, by using the GraphPad Prism software.

Results

KD025 decreases clinical signs of murine multiorgan system

cGVHD with BOS through inhibition of Stat3 and activation

of Stat5

To assess the efficacy of KD025 as a therapeutic intervention during
murine cGVHD, we first used a model of BOS that is induced by a
full MHC mismatch BMT, where mice develop multiorgan fibrosis
associated with increased activation of B cells in the GC and im-
munoglobulin deposition in cGVHD target organs.Micewere treated
with varying doses of KD025 after the establishment of cGVHD on
day 28 and analyzed for lung and tissue pathology on day 60. Survival
out to day 60 is .80% of animals with minimal weight loss in both
cGVHD control mice and mice treated with KD025. Mice treated
with KD025 had improvements in their pulmonary function as dem-
onstrated by a decrease in resistance and elastance, with an increase in
compliance (Figure 1A). Dose-response data correlate with KD025
serum concentrations (supplemental Figure 1, available on the Blood
Web site). Although improvement was seen at all doses, the highest
dose of 150 mg/kg KD025 had the largest effect and was used
throughout the rest of the experiments. Pathology of the lung, liver,
colon, and spleen was evaluated to determine the effects on other
cGVHD target organs. Mice treated with the 150-mg/kg dose of
KD025 had a significant decrease in the cGVHD pathology in the
lung, liver, and spleen compared with the vehicle-treated animals,
but there was no significant change in the pathology of the colon
(Figure 1B). However, the reversal of pathology was not complete,
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as KD025-treated mice have significantly more pathologic changes
compared with BM-only non-cGVHD control mice.

Manifestations of cGVHD in themurinemultiorgan system disease
and BOS model are highlighted by increased fibrosis in the lungs
caused by pathogenic antibody deposition.6 We analyzed lungs from
mice for increased collagen in the tissues by trichrome staining. Mice
treated with 150 mg/kg had a decrease in the accumulation of collagen
in the lungs around the bronchioles compared with mice treated with
vehicle (Figure 1C), which correlated with reduced immunoglobulin
deposited in the tissues (Figure 1D). These data demonstrate the pre-
vention of pulmonary fibrosis in cGVHD in mice treated with KD025.
Treatment with KD025 also preserved the graft-versus-leukemia
effect and immune response to viral pathogens (supplemental Figures 2
and 3).

To determine the cellular effects of targeted ROCK2 inhibition
during cGVHD, we analyzed spleens of mice on day 60 for the fre-
quency of GCs in situ, TFR cells, TFH cells, and GC B cells (Figure
2A-D). Previously we demonstrated an increase in TFH cells and GC
B cells during murine cGVHD in the BOSmodel.4-7 Mice treated with
150mg/kgofKD025had a significant decrease in the frequencyofGCs
in their spleens on day 60 (Figure 2A) Furthermore, mice treated with
KD025 had a significant increase in the frequency of TFR cells
(Figure 2B; supplemental Figure 4) and a decrease in the presence of
TFH cells (Figure 2C; supplemental Figure 4). In addition, KD025
was able to decrease bothGCB andTFH cells in an immune response
in the absence of transplantation (supplemental Figure 5). The com-
bination of decreased TFH cells and increased TFR cells potentially
leads to the decrease in GC B cells present in the spleens of mice
(Figure 2D; supplemental Figure 4). These data support that KD025
is effective at decreasing the immunopathology associatedwith cGVHD
that correlates with KD025-mediated inhibition of TFH supported GC
formation and production of antibody-secreting cells.

Targeted ROCK2 inhibition in healthy human patients simulta-
neously downregulates STAT3 and upregulates STAT5 phosphoryla-
tion.20 To determine the molecular mechanism of immunologic effects
of KD025 during cGVHD, spleens harvested from animals on day 60
were analyzed for the expression of phosphorylated Stat3 and Stat5.
Mice treatedwith 150mg/kgKD025 have a robust decrease in levels of
Stat3 phosphorylation (Figure 2E and quantified in 2G), whereas Stat5
phosphorylation was increased (Figure 2E and quantified in 2G). In
addition to changes in Stat signaling, mice treated with KD025 had a
dose-dependent decrease in expression of keyTH17 proteins interferon
regulatory factor 4 (IFR4) andRORgt, as well as decreased expression
of the TFH master transcriptional regulator Bcl6 (Figure 2F and
quantified in 2H).

Stat3 expression is required in donor T cells for the

development of cGVHD

Stat3 signaling in CD41T cells has been demonstrated to be important
in the induction of acute GVHD and is important in the development of
Scl cGVHD.12,25 However, the role of Stat3 signaling in CD41T cells
has yet to be fully explored in a B cell–dependent, multiorgan system
cGVHD model. To determine the role of Stat3 in the induction of
cGVHD, we transplanted B10.BR mice with wild-type (WT) B6 BM
and either T cells from WT T cells or CD4-cre 3 Stat3fl/fl (Stat3

knockout [KO]) donor mice that have a deletion of Stat3 in all mature
T cells. Mice given Stat3-deficient T cells did not develop pathogenic
pulmonary function, as mice did not have increased resistance and
elastance or decreased compliance and had lung function similar
to healthy non-cGVHD controls (Figure 3A). We also analyzed
pathologic changes in mice when transplanted with Stat3 KO T cells
(Figure 3B).Mice had a significant decrease in the pathology of the lung
and colon. However, there was no statistically significant difference in
the spleen, even though pathology was substantially decreased. Liver
injury appeared unaffected (Figure 3B).Mice transplantedwithWTBM
and with Stat3 KO T cells had a decrease in the frequency of the GC
reactions present and TFH cells in the spleen on day 60 (Figure 3C-D).
These therapeutic effects are also present when a Stat3 inhibitor is used
as demonstrated by pulmonary function tests (supplemental Figure 6).
These data demonstrate the critical role of Stat3 in T cells to establish
GC reactions and clinical pathology associated with cGVHD in a
multiorgan system cGVHD model with BOS.

KD025 treatment decreases clinical scores in sclerodermatous

chronic GVHD

To verify the therapeutic benefit of KD025 in other manifestations of
cGVHD, we used a minor-mismatch model of Scl cGVHD. In this
model, BALB/cmicewere transplantedwithB10.D2bonemarrowand
T cells and treated with 150 mg/kg KD025 starting on day 19 when
mice started to develop clinical signs of the disease. Treatment with
KD025 significantly decreased the skin clinical cGVHD most evident
after about 3weeksof therapyand skinpathology scores comparedwith
the vehicle-treated animals (Figure 4A-B). Epidermal hyperplasia,
keratosis, infiltration of nucleated cells into the dermis, and destruction
of hair follicles were noted in mice given vehicle compared with mice
treated with KD025 (Figure 4C). The skin pathology correlates with a
decrease in clinical scores and weight loss seen from ;3 to 6 weeks
after transplantation in mice treated with KD025 compared with the
vehicle-treatedmice (Figure 4D-E). The improvement in clinical scores
was complemented by a reduction in pSTAT3 and IRF4 expression
in splenocytes of KD025-treated mice consistent with previously
presented data (Figure 2), demonstrating the critical role of STAT3
in pathogenesis of this model (Figure 4F and quantified in 4G-H).
Thus, targeted ROCK2 inhibition decreases the total pathology and
skin disease seen in a scl model of cGVHD via a STAT3-dependent
mechanism.

KD025 inhibits production of IL-21, IL-17, and IFNg in human

cGVHD PBMCs

To further validate the therapeutic potential of ROCK2 inhibition for
cGVHD, we tested the effects of KD025 on cytokine secretion in ex
vivo–stimulated PBMCs obtained from active cGVHD patients. Total
PBMCs were cultured in Th-17 skewing media containing 2.5 or
10mMofKD025orDMSO, and levels of IL-21, IL-17, and IFNgwere
determined after 48 hours (Figure 5A). KD025 inhibited;80% of
IL-21 production in the lower concentration and .90% in the higher
concentration compared with DMSO-treated cells. Inhibition of IL-17
was increased from ;50% inhibition at the lower concentration to
nearly 100% inhibition at the higher concentration. Finally, production

Figure 1. Therapeutic administration of KD025 decreases cGVHD pathology. B10.BR mice transplanted with B6 BM and T cells were treated with varying doses of

KD025 or 0.4% methylcellulose from days 28 to 56. (A) Day 60 pulmonary function tests. (B) Pathology scores for lung, liver, colon, and spleen on day 60 for mice treated with

150 mg/kg KD025. (C) Representative images of Masson’s Trichrome stain (left) and total mouse immunoglobulin (right) in the lungs of mice on day 60 and (D) quantifications.

*P , .05; **P , .01; ***P , .001; ****P , .0001. Error bars represent standard error of the mean (SEM); data from 4 separate experiments with n 5 8 per group.
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of IFNg was decreased ;40% at a lower concentration of KD025 to
;80% in the higher concentration compared with DMSO controls.
These findings suggest that similarly to healthy controls, ROCK2
inhibition potently downregulates proinflammatory cytokine secretion
in PBMCs from active cGVHD patients.20 Importantly, the concen-
tration of KD025 used for ex vivo cultures of cGVHD-derived
PBMCs, as well as detected in plasma of treated cGVHD mice
(supplemental Figure 1), was comparable to levels observed in healthy
human subjects during oral administration of the drug in the phase 1
clinical trial.20 Moreover, the presence of KD025 leads to a dose-
dependent decrease in the percentage of human CD41CXCR51PD11

cells (TFH cell subset) induced by Th17-skewing of cGVHD-derived
PBMCs (Figure 5D). These cells were also analyzed for phosphory-
lated Stat3 and the expression of IRF4 and Bcl6. When human cells
were treated with increasing doses of KD025, there was a decrease
in the phosphorylation of Stat3 (Figure 5E-F). This coincided with
a decrease in the expression of both IRF4 and Bcl6 (Figure 5E
and quantified in 5G-H). These data support that targeted ROCK2
inhibition downregulates the production of key cGVHD cytokines
and prevents the conversion of T cells to TFH cells that are necessary
for the progression of disease.

Discussion

ROCK2 is critical in regulating of proinflammatory cytokines such as
IL-21 and IL-17 in both mice and humans. Several studies have dem-
onstrated that these cytokines play an instrumental role in the patho-
genesis of cGVHD. Here we report that targeted inhibition of ROCK2
by the small molecule inhibitor KD025 is capable of preventing the
clinical and immunologic symptoms of cGVHD in 2 pathologically
distinct murine models and demonstrated a common mechanism of
downregulation of STAT3 phosphorylation (Figures 2-4). Although
no models completely mimic all aspects of human cGVHD, for exam-
ple, this murine model of cGVHD demonstrates peribronchial fibrosis
with little endobronchial involvement unlike human disease, which
is an endobronchial disease. However, they can be used to study the
immune response and reversal of pathology in a model system.
KD025 significantly inhibited IL-21, IL-17, and IFNg secretion and
prevented expression of Stat3, IRF4, and Bcl6 in PBMCs from active
cGVHD patients (Figure 5). Concurrently, our data also demonstrate
the increase in activation of Stat5with the administration ofKD025 in
vivo in cGVHDmice (Figure 2E). These signaling eventswere further
verifiedbya decrease in bothTFHcells and an increase inTFRcells in
KD025-treated cGVHD mice (Figure 2B-C). Overall, our data dem-
onstrate that KD025 has a major therapeutic effect on key cGVHD
cytokines and signaling pathways involved in pathogenesis of the
disease in both mice and humans.

It was previously demonstrated that KD025 inhibited Stat3 phos-
phorylation and increased Stat5 phosphorylation in healthy human
samples.20 Stat3 is important for the induction and the progression
of disease in cGVHD murine models as demonstrated by mature
donor T cells requiring Stat3 for development of disease (Figure 3).
Although immunoglobulin deposition has been noted in the liver

and strategies that target GC B cells have reduced liver pathology, the
pathogenic role of immunoglobulin deposition in liver injury is unclear.
Previous data using LTbR-immunoglobulin has demonstrated that
even without GCs or immunoglobulin deposition, there can still be
liver injury, independent of other tissues.6 The use of a Stat3 inhibitor
has demonstrated efficacy in the BOSmodel (supplemental Figure 6)
and in the scl model of cGVHD.12 The in vivo inhibition of Stat3
phosphorylation by KD025 in a murine model of cGVHD leads to a
decrease in IRF4 and RORgt expression in splenic cells. IRF4 is
necessary for the regulation of IL17 during autoimmunity in mice.26

The expression of RORg is necessary for conversion of T cells to
a TH17 program, which has been demonstrated to be important for
cGVHD.15,27 In addition, Zanin-Zhorov et al20 demonstrated that the
increase inStat5 expression skews theT regulatory cell/TH17balance
to favor a more regulatory environment. This inversion is likely
important for the treatment of cGVHD by increasing the TFR cell
presence and decreasing the pathogenic TFH cells. It is not clear if the
decrease inGCBcells (Figure 2D) is due to a direct actionofKD025on
Bcells or if it is causedby thedecrease inTFHcells and increaseofTFR
cells. Activation ofB cells through increased survival factors andB-cell
receptor activation has previously been demonstrated to occur during
cGVHD.4,28,29The inhibitionofStat3 signaling inBcells couldprovide
additional support for therapeutic potential of KD025 in cGVHD.
Further experiments using cells from mice with a conditional deletion
of ROCK2will be necessary to determine the role of ROCK2 in T and
B cells and regulation of the GC reaction. The decrease in pathology is
highlighted by the decrease in collagen and immunoglobulin staining
in lungs of mice treated with KD025 compared with vehicle-treated
mice (Figure 1C-D). With a decrease in GC activity, the pathogenic
antibodies necessary to cause tissue damage and fibrosis are removed.
Together these data suggest the importance of ROCK2 inhibition in
production of pathogenic antibody and development of disease.

Restoring tolerance through increasing T regulatory cell number
and function has long been demonstrated to be an important factor in
GVHD treatment.30-32 Here we show the increased phosphorylation of
Stat5whenmice are treatedwithKD025comparedwithvehicle-treated
mice (Figure 2E). Stat5 activation promotes expression of FoxP3 ex-
pression and reduces lethal acute GVHDwhen constitutively active.33

We further describe an increase in TFR cells in mice with ROCK2
inhibition compared with vehicle-treated controls (Figure 2B). TFR
cells are important in the regulation of the GC and prevention of
autoimmunity.13,14,34 The role of TFR cells in cGVHD is poorly un-
derstood. Our results show a significant decrease of TFR cells during
active cGVHD compared with healthy non-GVHD transplant control
mice (Figure 2B). This suggests that TFR cells either do not receive
enough survival signals or are eliminated during cGVHD, leading to
propagation of disease. TFR cells could decrease cGVHD pathology
by decreasing the GC response and preventing pathogenic antibody
production.

The decrease in fibrosis seen in mice treated with KD025 is con-
sistent with the role of ROCK in pulmonary fibrosis. For example,
the pan-ROCK inhibitor, fasudil, decreases the development of pul-
monary fibrosis in a bleomycin model and can induce the regression
of already established fibrosis.22 We demonstrate that fibrosis sur-
rounding the bronchioles in the lung is decreased (Figure 1D)

Figure 2. KD025 inhibits Stat3 phosphorylation and increases Stat5 activation decreasing the germinal center response. Day 60 spleens from B10.BR mice

transplanted with B6 BM and T cells were analyzed for the (A) frequency of GCs in situ, (B) T follicular regulatory cell frequency, (C) T follicular helper cell frequency, and (D)

germinal center B cell frequency. (E) Western blots of whole splenocytes for phosphorylation of Stat3 or Stat5 normalized to actin and (F) IRF4, RORgt, and Bcl6, which are

quantified from 5 blots from 2 independent experiments in G and H, respectively. *P , .05; **P , .01; ***P , .001; ****P , .0001. Error bars represent SEM; data from

3 separate experiments with n 5 8 per group.
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following treatment with KD025 in a murine model where lung
fibrosis is highlighted.6 However, it is not clear if fibrosis is
decreased by reducing damage to the tissues caused by Ab
deposition or if KD025 is decreasing TGFb production. Previously,
TGFb was found to be produced by monocytes in the skin of cGVHD
animals and neutralization with an anti-TGFb antibody decreased
disease.35 Monocytes are essential for pulmonary fibrosis in our
cGVHD model.15 Because ROCK2 expression supports TGFb
production,36 KD025 inhibition of ROCK2 expression would result

in lower TGFb production and consequently may directly decrease
cGVHD fibrosis. Because KD025 has multiple effects on the immune
response as well as fibrosis maintenance and formation, KD025 could
have advantages over the use of a STAT3 inhibitor alone in treating
cGVHD.

Scleroderma associatedwith cGVHD is a seriousmanifestation seen
in clinical practice.We used a Scl cGVHDmodel to examine the ability
to prevent clinical disease. Mice treated with KD025 had a delay in the
development of disease and decrease in skin GVHD scores (Figure 4).
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Figure 3. Stat3 expression in T cells is necessary for the development of cGVHD. B10.BR mice were transplanted with B6 WT BM and either WT or Stat3-deficient

T cells. (A) Day 60 pulmonary function tests. (B) Pathology scores from lung, liver, spleen, and colon on mice killed on day 60. (C) Frequency of germinal centers in spleens of

mice killed on day 60. (D) Frequency of T follicular helper cells on day 60. *P , .05; **P , .01; ***P , .001; ****P , .0001. Error bars represent SEM; data from 2 separate

experiments with n 5 8 per group.
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The delay in skin disease was not effective at preventing all manifes-
tations of cGVHD, including weight loss, hunching, and fur loss. In
addition, animals were killed late in the experiment due to disease pro-
gression (Figure 4D-E). This decrease in scleroderma development was
confirmed by the decrease in Stat3 phosphorylation and IRF4 expression

(Figure 4F-H). The ability to prevent the development of established
disease is an essential quality of effective therapeutics for cGVHD.

In addition to murine models, we are able to replicate many of
the KD025 immunologic results using human PBMCs from active
cGVHD patients. We demonstrated that KD025 in a dose-dependent
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Figure 5. Immunologic effects of KD025 on human cGVHD. PBMCs from patients with active cGVHD were analyzed for their ability to produce (A) IL-21, (B) IL-17, and (C)

IFNg when treated with 2.5 mM, 10 mM, or DMSO vehicle for 48 hours. (D) The frequency of T follicular helper cells present and (E) expression of pStat3 normalized to actin,

IRF4, and Bcl6 in samples treated with KD025, quantified in F, G, and H, respectively. *P , .05; **P , .01. Error bars represent standard deviation.

Figure 4. Reversal of clinical signs of sclerodermatous cGVHD with KD025 treatment. BALB/c mice were transplanted with B10.D2 BM and T cells and given either

150 mg/kg KD025 or 0.4% methylcellulose vehicle control starting after initial signs of cGVHD and harvested on day 51 following transplantation. (A) Clinical skin scores, (B) skin

pathology, (C) highlights of pathology (*epidermal hyperplasia and ∨keratosis; bar, 500 mM), (D) clinical GVHD scores, and (E) percent weight loss. Whole spleens were

assessed for Stat3 phosphorylation normalized to actin and expression of IRF4 (F and quantified in G and H, respectively). *P , .05; **P , .01. Error bars represent SEM;

data from 2 separate experiments with n 5 8 per group.
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manner was able to inhibit the production of IL-21, IL-17, and IFNg
compared with DMSO controls (Figure 5A-C). There is mounting
evidence that these 3 cytokines have important roles in cGVHD,
transplantation, and autoimmunity.7,37-39 We also showed that KD025
treatment decreases the presence of TFH cells in cGVHD patient
samples (Figure 5D). This is supported by a decrease in Bcl6 ex-
pression in treated cells (Figure 5E,H). In addition the phosphor-
ylation of Stat3 is significantly decreased along with expression of
IRF4 (Figure 5E-G). These data suggest that in human cGVHD
PBMCs there is a decrease in TFH cells and TH17 cells, consistent
with previous reports.20

Previous reports demonstrated a survival advantage in acute GVHD,
which is a proinflammatory setting,whenmicewere treatedwith fasudil.40

KD025 is specific to ROCK2, whereas fasudil blocks both isoforms of
ROCK. Selective inhibition of ROCK2 could have greater therapeutic
index over the inhibition of both isoforms. Recently, Zandi et al41 dem-
onstrated that targeting ROCK2 restores the beneficial macrophage bal-
ance during age-related macular degeneration whereas targeting ROCK1
increases pathogenicmacrophages polarization. Although inhibition of
all ROCK isoforms has therapeutic advantages, the specific inhibition
of ROCK2 could have greater effects on the immune regulation with
fewer off-target side effects. Moreover, because cGVHD has distinct
pathophysiologic mechanisms from acute GVHD,42 the clinical and
immunologic effects of KD025 on ameliorating cGVHD in a broad
range of clinical manifestations typified by multiorgan system disease
with BOS to scleroderma, could not be surmised from the prior acute
GVHD study40 that also used a pan-ROCK rather than the more selec-
tive ROCK2 inhibitor. Nevertheless, KD025 was in fact effective in
cGVHDmodels. Indeed, the novel regulation of theGC and changes to
cytokine production by ROCK2 inhibition with KD025 makes tar-
geting this pathway viable for both the acute and chronic forms of
GVHD that can be driven by IL-21 and IL-17 expression and impeded
by T regulatory cell mediated suppression.

Together, these data support that ROCK2 inhibition is a potential
novel therapeutic for the treatment of cGVHD. KD025 is currently
in phase 2 clinical testing and shows promising effects for psoriasis,
systemic lupus erythematous, and other autoimmune or fibrotic dis-
eases. The decrease in presence and activity of TFH and TH17 cells
along with an increase in TFR cells could establish a restoration in
the immune response. Furthermore, ROCK2 inhibition has a pro-
found effect on decreasing lung fibrosis. In summary, our data from

preclinical murine models and human data suggest that KD025 should
be in consideration of clinical trials alone or with other agents for
the treatment of cGVHD.
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11. Lüthje K, Kallies A, Shimohakamada Y, et al. The
development and fate of follicular helper T cells

defined by an IL-21 reporter mouse. Nat Immunol.
2012;13(5):491-498.

12. Radojcic V, Pletneva MA, Yen HR, et al. STAT3
signaling in CD41 T cells is critical for the
pathogenesis of chronic sclerodermatous graft-
versus-host disease in a murine model.
J Immunol. 2010;184(2):764-774.

13. Linterman MA, Pierson W, Lee SK, et al. Foxp31
follicular regulatory T cells control the germinal
center response. Nat Med. 2011;17(8):975-982.

14. Sage PT, Francisco LM, Carman CV, Sharpe AH.
The receptor PD-1 controls follicular regulatory
T cells in the lymph nodes and blood. Nat
Immunol. 2013;14(2):152-161.

15. Alexander KA, Flynn R, Lineburg KE, et al.
CSF-1-dependant donor-derived macrophages
mediate chronic graft-versus-host disease.
J Clin Invest. 2014;124(10):4266-4280.

16. Serody JS, Hill GR. The IL-17 differentiation
pathway and its role in transplant outcome. Biol
Blood Marrow Transplant. 2012;18(1 Suppl):
S56-S61.

BLOOD, 28 APRIL 2016 x VOLUME 127, NUMBER 17 AMELIORATION OF CHRONIC GVHD BY A ROCK2 INHIBITOR 2153

For personal use only.on May 3, 2016. by guest  www.bloodjournal.orgFrom 

mailto:blaza001@umn.edu
mailto:alexandra.zanin-zhorov@kadmon.com
http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml


17. Hill GR, Olver SD, Kuns RD, et al. Stem cell
mobilization with G-CSF induces type 17
differentiation and promotes scleroderma.
Blood. 2010;116(5):819-828.

18. Aggarwal S, Ghilardi N, Xie MH, de Sauvage FJ,
Gurney AL. Interleukin-23 promotes a distinct
CD4 T cell activation state characterized by the
production of interleukin-17. J Biol Chem. 2003;
278(3):1910-1914.

19. Fulton LM, Carlson MJ, Coghill JM, et al.
Attenuation of acute graft-versus-host disease
in the absence of the transcription factor RORgt.
J Immunol. 2012;189(4):1765-1772.

20. Zanin-Zhorov A, Weiss JM, Nyuydzefe MS, et al.
Selective oral ROCK2 inhibitor down-regulates
IL-21 and IL-17 secretion in human T cells via
STAT3-dependent mechanism. Proc Natl Acad
Sci USA. 2014;111(47):16814-16819.

21. Isgro J, Gupta S, Jacek E, et al. Enhanced rho-
associated protein kinase activation in patients
with systemic lupus erythematosus. Arthritis
Rheum. 2013;65(6):1592-1602.

22. Zhou Y, Huang X, Hecker L, et al. Inhibition of
mechanosensitive signaling in myofibroblasts
ameliorates experimental pulmonary fibrosis.
J Clin Invest. 2013;123(3):1096-1108.

23. Durant L, Watford WT, Ramos HL, et al. Diverse
targets of the transcription factor STAT3
contribute to T cell pathogenicity and
homeostasis. Immunity. 2010;32(5):605-615.

24. Anderson BE, McNiff J, Yan J, et al. Memory
CD41 T cells do not induce graft-versus-host
disease. J Clin Invest. 2003;112(1):101-108.

25. Laurence A, Amarnath S, Mariotti J, et al. STAT3
transcription factor promotes instability of nTreg
cells and limits generation of iTreg cells during

acute murine graft-versus-host disease.
Immunity. 2012;37(2):209-222.

26. Biswas PS, Gupta S, Chang E, et al.
Phosphorylation of IRF4 by ROCK2 regulates
IL-17 and IL-21 production and the development
of autoimmunity in mice. J Clin Invest 2010;
120(9):3280-3295.

27. Ratajczak P, Janin A, Peffault de Latour R, et al.
Th17/Treg ratio in human graft-versus-host
disease. Blood 2010;116(7):1165-1171.

28. Sarantopoulos S, Stevenson KE, Kim HT, et al.
Altered B-cell homeostasis and excess BAFF in
human chronic graft-versus-host disease. Blood.
2009;113(16):3865-3874.

29. Allen JL, Fore MS, Wooten J, et al. B cells from
patients with chronic GVHD are activated and
primed for survival via BAFF-mediated pathways.
Blood. 2012;120(12):2529-2536.

30. Zorn E, Kim HT, Lee SJ, et al. Reduced frequency
of FOXP31 CD41CD251 regulatory T cells in
patients with chronic graft-versus-host disease.
Blood. 2005;106(8):2903-2911.

31. Matsuoka K, Kim HT, McDonough S, et al. Altered
regulatory T cell homeostasis in patients with
CD41 lymphopenia following allogeneic
hematopoietic stem cell transplantation.
J Clin Invest. 2010;120(5):1479-1493.

32. Taylor PA, Lees CJ, Blazar BR. The infusion of ex
vivo activated and expanded CD4(1)CD25(1)
immune regulatory cells inhibits graft-versus-host
disease lethality. Blood. 2002;99(10):3493-3499.

33. Vogtenhuber C, Bucher C, Highfill SL, et al.
Constitutively active Stat5b in CD41 T cells
inhibits graft-versus-host disease lethality
associated with increased regulatory T-cell
potency and decreased T effector cell responses.
Blood. 2010;116(3):466-474.

34. Linterman MA, Rigby RJ, Wong RK, et al.
Follicular helper T cells are required for systemic
autoimmunity. J Exp Med. 2009;206(3):561-576.

35. Banovic T, MacDonald KP, Morris ES, et al.
TGF-beta in allogeneic stem cell transplantation:
friend or foe? Blood. 2005;106(6):2206-2214.

36. Zhang Y, Li X, Qi J, et al. Rock2 controls TGFbeta
signaling and inhibits mesoderm induction in
zebrafish embryos. J Cell Sci. 2009;122(Pt 13):
2197-2207.

37. Burlingham WJ, Love RB, Jankowska-Gan E,
et al. IL-17-dependent cellular immunity to
collagen type V predisposes to obliterative
bronchiolitis in human lung transplants. J Clin
Invest. 2007;117(11):3498-3506.

38. Okamoto S, Fujiwara H, Nishimori H, et al. Anti-IL-
12/23 p40 antibody attenuates experimental
chronic graft-versus-host disease via suppression
of IFN-g/IL-17-producing cells. J Immunol. 2015;
194(3):1357-1363.

39. Hechinger AK, Smith BA, Flynn R, et al.
Therapeutic activity of multiple common g-chain
cytokine inhibition in acute and chronic GVHD.
Blood. 2015;125(3):570-580.

40. Iyengar S, Zhan C, Lu J, Korngold R, Schwartz
DH. Treatment with a rho kinase inhibitor
improves survival from graft-versus-host disease
in mice after MHC-haploidentical hematopoietic
cell transplantation. Biol Blood Marrow
Transplant. 2014;20(8):1104-1111.

41. Zandi S, Nakao S, Chun KH, et al. ROCK-isoform-
specific polarization of macrophages associated
with age-related macular degeneration. Cell
Reports. 2015;10(7):1173-1186.

42. Blazar BR, Murphy WJ, Abedi M. Advances in
graft-versus-host disease biology and therapy.
Nat Rev Immunol. 2012;12(6):443-458.

2154 FLYNN et al BLOOD, 28 APRIL 2016 x VOLUME 127, NUMBER 17

For personal use only.on May 3, 2016. by guest  www.bloodjournal.orgFrom 

http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml


online March 16, 2016
 originally publisheddoi:10.1182/blood-2015-10-678706

2016 127: 2144-2154
 
 

Samuel D. Waksal, Alexandra Zanin-Zhorov and Bruce R. Blazar
J. Murphy, Ivan Maillard, David Munn, John Koreth, Corey S. Cutler, Joseph H. Antin, Jerome Ritz, 
Nyuydzefe, Jonathan M. Weiss, Wei Chen, Alissa Trzeciak, Jon S. Serody, Ethan G. Aguilar, William
Panoskaltsis-Mortari, Ante Vulic, Leo Luznik, Kelli K. P. MacDonald, Geoffrey R. Hill, Melanie S. 
Ryan Flynn, Katelyn Paz, Jing Du, Dawn K. Reichenbach, Patricia A. Taylor, Angela
 
human chronic GVHD through a Stat3-dependent mechanism
Targeted Rho-associated kinase 2 inhibition suppresses murine and
 

http://www.bloodjournal.org/content/127/17/2144.full.html
Updated information and services can be found at:

 (2136 articles)Transplantation    
Articles on similar topics can be found in the following Blood collections

http://www.bloodjournal.org/site/misc/rights.xhtml#repub_requests
Information about reproducing this article in parts or in its entirety may be found online at:

http://www.bloodjournal.org/site/misc/rights.xhtml#reprints
Information about ordering reprints may be found online at:

http://www.bloodjournal.org/site/subscriptions/index.xhtml
Information about subscriptions and ASH membership may be found online at:

  
Copyright 2011 by The American Society of Hematology; all rights reserved.
of Hematology, 2021 L St, NW, Suite 900, Washington DC 20036.
Blood (print ISSN 0006-4971, online ISSN 1528-0020), is published weekly by the American Society

For personal use only.on May 3, 2016. by guest  www.bloodjournal.orgFrom 

http://www.bloodjournal.org/content/127/17/2144.full.html
http://www.bloodjournal.org/cgi/collection/transplantation
http://www.bloodjournal.org/site/misc/rights.xhtml#repub_requests
http://www.bloodjournal.org/site/misc/rights.xhtml#reprints
http://www.bloodjournal.org/site/subscriptions/index.xhtml
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml
http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml

