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Abstract

Acute graft-versus-host disease (aGVHD) is one of the most common complications of allogeneic hematopoietic stem cell
transplantation (allo-HSCT). Janus kinase (JAK) inhibitors are considered as reliable and promising agents for patients with
aGVHD. The prophylactic and therapeutic effects of SHR0302, a novel JAK inhibitor, were evaluated in aGVYHD mouse
models. The overall survival (OS), progression-free survival (PFS), bodyweight of mice, GVHD scores were observed and
recorded. The bone marrow and spleen samples of diseased model mice or peripheral blood of patients were analyzed.
SHRO0302 could prevent and reverse aGVHD in mouse models with preserving graft-versus-tumor effect. Functionally,
SHRO0302 improved the OS and PFS, restored bodyweight, reduced GVHD scores, and reduced immune cells infiltrated in
target tissues. SHR0302 treatment also enhanced the hematopoietic reconstruction compared to the control group.
Mechanistically, our results suggested that SHR0302 could inhibit the activation of T cells and modulate the differentiation of
helper T (Th) cells by reducing Thl and increasing regulatory T (Treg) cells. In addition, SHR0302 decreased the expression of
chemokine receptor CXCR3 on donor T cells and the secretion of cytokines or chemokines including interleukin (IL)-6,
interferon y (IFN-vy), tumor necrosis factor o (TNF-a), CXCLI0, etc. thereby destroying the IFN-y/CXCR3/CXCLI0 axis
which promotes the progression of GVHD. Besides, SHR0302 decreased the phosphorylation of JAK and its downstream
STATs, AKT and ERKI/2, which ultimately regulated the activation, proliferation, and differentiation of lymphocytes.
Experiments on primary cells from aGVHD patients also confirmed the results. In summary, our results indicated that JAK
inhibitor SHR0302 might be used as a novel agent for patients with aGVHD.
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Allogeneic hematopoietic stem cell transplantation (allo-
HSCT) is an effective modality to cure various benign and
malignant hematological diseases and some genetic dis-
eases'. With the development of unrelated donor (MUD)
transplantation and mismatched related donor (MMRD)
transplantation, graft-versus-host disease (GVHD) has
become the most common complication of allo-HSCT?.
Acute GVHD (aGVHD) affects 40-60% of patients after
allo-HSCT, and turns into the main obstacle affecting the
survival of patients®*. In the past 40 years, corticosteroids
remained to be the standard first-line agents for aGVHD, but
only half of patients responded completely, while the rest of
them developed to be steroid-resistant aGVHD, which
increased the risk of non-relapse mortality (NRM)>-°.
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Although the biological mechanisms of aGVHD are still
elusive, the understanding of the pathophysiological
mechanisms of aGVHD is deepening. The occurrence of
aGVHD initiates with the interaction between antigen pre-
senting cell (APC) and donor T cells, which induces the
differentiation of pathogenic helper T (Th) cells along Th1
rather than regulatory T (Treg) cells*’. Activated immune
cells and a large number of released cytokines and chemo-
kines [e.g., interleukin(IL)-6, interferon y (IFN-y), tumor
necrosis factor oo (TNF-a)] are cytotoxic to local tissues,
thereby causing injuries to multiple GVHD target organs
such as skin, liver, and small intestines®.

It has been confirmed that the Janus kinase (JAK) signals
play a vital role in the pathophysiologic process of GVHD.
JAK signaling pathway is essential to the activation, differ-
entiation, and survival of T lymphocytes, the production of
cytokines or chemokines, and multilayer immune response
in aGVHD®’. Previous researches have indicated that JAK
inhibitors can successfully block the immune cell receptors
such as IFN-yR and IL-6R'®!'. These data suggested the
potential effects of JAK inhibitors as medication for
aGVHD. Several reports indicated the therapeutic effects
of JAK1/2 inhibitor Ruxolitinib for patients with acute and
chronic GVHD'*™'*. The clinical trials of another JAK1/2
inhibitor Baricitinib for acute or chronic GVHD is ongoing
(NCT04131738, NCT02759731)". Recently, a JAK1 inhi-
bitor Itacitinib was demonstrated to have a good response
rate for acute GVHD in clinical trials'®'” and its effects on
chronic GVHD remain to be elucidated. SHR0302 is a novel
JAK inhibitor with a good selectivity in JAK1 and JAK2, has
been proved useful in autoimmune disease models such as
rheumatoid arthritis'®. Therefore, it would be a highly acti-
vea gent for GVHD.

Herein, we showed that SHR0302 not only prevented
aGVHD but also reversed aGVHD in the mouse model. In
this model, SHR0302 regulated T cell subsets (Thl/Treg),
inhibited the production of inflammatory cytokines and che-
mokines, reduced chemokine receptor CXCR3 expression,
and ultimately improved overall survival (OS) and
progression-free survival (PFS) in mice. In conclusion, the
results suggested the novel JAK inhibitor SHR0302 might be
used as a novel preventive and therapeutic drug for aGVHD.

Materials and Methods
Mice

Male C57BL/6 (H-2K") and female Balb/c (H-2K%) mice
between 6 and 8 weeks of age were purchased from Beijing
Vital River Laboratory Animal Technology Co. Ltd (China)
(SCXK 2016-0006) and kept in a specific pathogen-free
environment of Shanghai General Hospital Animal Experi-
ment Center (ID: SYXK 2019-0028). The mice were main-
tained, handled and sacrificed under the guidance of
Institutional Animal Care and Use Committee (IACUC) of
Shanghai General Hospital (2019-A007-01).

Bone Marrow Transplantation

Bone marrow (BM) cells of donor mice were T-cell-depleted
(TCD) with anti-CD3, -CD4 and -CDS8 antibodies con-
juncted with Streptavidin magnetic beads (StemCell Tech-
nologies, Vancouver, BC, Canada) in an EasySep™ Magnet
Separator (StemCell). To establish the C57BL/6—Balb/c
aGVHD murine model, each female Balb/c mouse were
transplanted with 1 x 10" TCD bone marrow cells and 1.5
x 10° spleen cells from donor male C57BL/6 mice at day0
after lethally X-ray irradiation of 8 Gy at day-1'?. The model
mice developed aGVHD symptoms at 2 weeks after bone
marrow transplantation (BMT) and peaked at about 3-4
weeks after BMT.

SHRO302 Prescription in Vivo

SHR0302 (ClgszNgozs'stO4, 99% purlty) was pre-
scribed to aGVHD mice after BMT (SHR0302 group).
SHR0302 was solubilized in dimethyl sulfoxide (DMSO,
Sigma-Aldrich, St. Louis, MO, USA) and resuspended in
drinking water. The final volume of oral medication given
to each mouse was 100 pL and the final DMSO ratio was
1%. The mice in the aGVHD control group (Vehicle group)
received the same amount of DMSO. In addition, we used
the TCD-BMT mice(transplanted with TCD bone marrow
cells only) as the negative control with no aGVHD
symptoms.

Histology & Immunohistochemistry

In order to grade GVHD lesions histopathologically, model
mice in each group were sacrificed on different time points
after BMT, and skin, liver, small intestine and lung tissues
were harvested. These tissues were fixed in 4% formalin and
embedded in paraffin. Tissue sections were stained with
hematoxylin and eosin (H&E) and classified with semi-
quantitative scoring ranging from 0-4 by a pathologist who
was blinded to animal experiments. The sections from mouse
skin, liver, small intestine and lung were immunostained
with anti-mouse CD3 (Cell Signal Technology, Danvers,
MA, USA) and anti-myeloperoxidase (MPO, Cell Signal
Technology) antibodies, and the fields with CD3™ cell or
MPO™ cell infiltrations under the microscope were chosen
to count these specific cell numbers by two trained techni-
cians without prejudice.

Cell Preparations

Mouse spleen mononuclear cells were collected after ery-
throcyte lysis, and separated into CD3"CD4" T cells,
CD3*CD8" T cells, CD19" B cells, naive CD4™T cells,
CD4"CD25"regulatory T cells and NK cells respectively
with corresponding mouse isolation kits (Miltenyi Biotic
GmbH, Bergisch Gladbach, Germany). The separated T
lymphocytes were activated and expanded by mouse T cell
activation/expansion kit (Miltenyi). Mouse B-lymphoma
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cell line A20 was purchased from ATCC (Manassas, VA,
USA).The basic culture medium is RPMI-1640 medium
(Gibco, Grand Island, NY, USA), 10% fetal bovine serum
(FBS, Gibco), 100 IU/mL penicillin and 100 pg/mL strepto-
mycin (Gibco). Separated mouse T lymphocytes were cul-
tured in the basic cell culture medium add with 2—10 ng/ml
mouse Interleukin-2 (IL-2, PeproTech, Rocky Hill, NJ,
USA) and anti- mouse CD3/CD28 microbeads (Miltenyi).
Separated mouse B lymphocytes were cultured in the basic
cell culture medium added with lipopolysaccharide (LPS,
Sigma). Human peripheral blood mononuclear cells
(PBMCs)were separated by lymphoprep (StemCell) and cul-
tured in in the basic cell culture medium added with
anti-human CD3/CD28 beads (Miltenyi). All cells were
incubated in a humidified atmosphere at 37°C in 5% CO,.
The collection of human peripheral blood samples was
approved by Ethics Review Committee of Shanghai General
Hospital ([2019]298). Informed consent was obtained from
all subjects involved in the study.

Flow Cytometry Analysis

The spleen and bone marrow of the model mice and healthy
recipient control mice were harvested at the 6th or 16th week
after BMT. Single cell suspensions from spleens and bone
marrows were labeled with anti-CD3 PE, -CD4 FITC, -CD8
AF700 (BD Pharmingen, San Diego, CA, USA) for T cells,
anti-CD19 FITC (BD) for B cells, anti-CXCR3 BV421 and
anti-CD80 FITC for immune molecular examination, anti-
CD4 FITC (BD) and anti-Foxp3 PE (eBioscience, San
Diego, CA, USA) for regulatory T cells (Treg), anti-IFN-y
PE and -IL-17A PE-cy7 (BD) for Th1/Th17 subsets, respec-
tively. Before detecting the secretion of IFN-y and IL-17A in
T cells, cell suspensions were activated with anti-mouse
CD3/CD28 microbeads for 3 hours. The spleen mononuclear
cells of mice transplanted with A20 lymphoma cells were
stained with anti-B220 PE and -H-2K® BV421 (eBioscience)
to examine the ratio of tumor cells. Activated human PBMCs
with anti- human CD3/CD28 beads were stained with anti-
human CD3 FITC and -CD69 PE for T cell activation anal-
ysis or with anti-human CD4 PE-cy7, -T-bet PE, -Foxp3
AF647, -GATA3 APC and -ROR?t PE (eBioscience) for T
cell differentiation analysis after incubation with SHR0302
(1 uM) for 24 h. Fixable viability dye or DAPI (BD) were
used to distinguish live cells from dead cells.

Luminex Cytokine Assay

The cell culture supernatant was respectively collected from
separated CD4" T, CD8" T and CD19 "B cells from spleens
of normal recipient control mice incubated with different
concentrations of SHR0302. Mouse plasma was collected
from the GVHD model mice and normal recipient control
mice. Cytokine levels in mouse plasma and cell culture
supernatant were evaluated using Luminex assay including
mouse CCL2, CCL4, CCL22, CXCL10, IL-6, IL-10, IL-12

p70, IL-17A, IFN-y, TNF-a, MMP-3 and osteopontin
(OPN).

Enzyme-Linked Immunosorbent Assay (ELISA)

Thl cells were cultured from separated naive CD4 T cells
with cytokine IL-12 (Peprotech) stimulation and anti-IL-4
antibody (eBioscience) blockade. The cell culture superna-
tant was respectively collected from Thl, Treg and NK cells
from spleens of normal recipient control mice incubated with
different concentrations of SHR0302. The levels of IL-2, IL-
10, IFN-y and TNF-a protein in the cell culture supernatant
were determined by using associated ELISA kit (IBL Inter-
national GmbH, Hamburg, Germany) according to the man-
ufacturer’s instructions.

Phosphorylated Protein Array Analysis

Fresh samples of PBMCs obtained from four aGVHD
patients were incubated with SHR0302 or vehicle for 48
hours at 37°C in vitro. The collected cell pellets were stored
at -80°C for analysis. Total proteins were extracted from
cell samples and tested for multiple phosphorylated protein
levels with RayBio® AAH-PPP-1-4 and AAH-PRTK-1-4 kit
(RayBiotech, Norcross, GA, USA). The screening criteria of
the difference between groups is fold Change =< 0.83 or >=
1.2.

Western Blotting Assay

Separated T cells and B cells incubated with different con-
centrations ofSHR0302 were lysed in RIPA lysis buffer (Cell
Signaling Technology). Cytosolic proteins were separated
on a 10% sodium dodecyl sulfate-polyacrylamide gel and
transferred to polyvinylidene difluoride membranes, blocked
in blocking solution (CST) for 1 h and incubated overnight at
4°C with the primary antibodies, including antibodies for
total-JAK1, -JAK2, -STATI, -STAT3, -STATS, -extracellu-
lar regulated protein kinases (ERK)1/2, -AKT, phosphor-
JAK1, -JAK2, -STATI, -STAT3, -STATS5, -ERK1/2, -AKT
and GAPDH (Cell Signaling Technology). Membranes were
washed and incubated with the corresponding secondary
antibodies for 1 h at room temperature. Protein signals were
subsequently analyzed with the Amersham Imager 600 sys-
tem (GE Healthcare, Little Chalfont, Buckinghamshire,
UK).

Statistical Analysis

Survival analysis was performed according to the Kaplan—
Meier method, and survival curves were compared using the
log-rank testing. Data from GVHD patients were analyzed
using the paired sample t test. Other data were analyzed
using one-way ANOVA. Values of P <0.05 were considered
statistically significant.
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Results

SHR0302 Prevented aGVHD and Enhanced
Hematopoietic Reconstitution

SHR0302 is a novel JAK inhibitor (Fig. 1A) with good
selectivity especially on JAK1 and JAK2, and demonstrates
superiority compared with other JAK inhibitors such as Rux-
olitinib and Tofacitinib (Table 1). An aGVHD mouse model
was established to study the effects of SHR0302 on aGVHD
(Fig. 1B). Previous study showed that several dose levels of
SHR0302 (2.5, 5.0, and 10.0 mg/kg bid) had a certain ther-
apeutic effect on collagen-induced arthritis (CIA) in DBA/1
mice'®. Therefore, the prophylactic dose in this experiment
was set at 5 mg/kg twice a day for 3 weeks, and SHR0302
was given on the first day after BMT. The overall survival of
mice in the SHR0302 group was significantly higher than
that in the vehicle group (P < 0.0001) (Fig. 1C). The
progression-free survival (PFS) also showed a significant
difference (P = 0.0017) and 40% of mice in the SHR0302
group did not appear any aGVHD symptoms, while 100% of
mice in the vehicle group presented with aGVHD at 30 days
after BMT (Fig. 1D). The relative bodyweight of the mice in
the SHR0302 group increased significantly as compared
with the vehicle group (P = 0.004) at 30 days after BMT
(Fig. 1E). At the same time, the aGVHD scores of mice in
the SHR0302 group showed significantly lower than that in
the vehicle group (P < 0.001) (Fig. 1F). In addition, com-
pared with mice in the vehicle group, mice treated with
SHRO0302 showed faster recovery of blood cell counts,
including white blood cells (WBCs), red blood cells (RBCs),
and platelets (PLTs) (Fig. 1G). The total numbers of lym-
phocytes in the SHR0302 group were not significantly dif-
ferent from the TCD-BMT group (Fig. 1H).

SHRO0302 Reversed aGVHD and Improved Survival
in Vivo

In order to study whether SHR0302 could reverse the
aGVHD symptoms in mouse models, the first dose of
SHRO0302 was administrated at 21 days after BMT when
they presented with severe GVHD symptoms. The adminis-
tration doses were set at 5, 10, and 15 mg/kg twice a day for 3
weeks, respectively. The results showed that the skin lesions
in the SHR0302 group gradually reduced and returned to
normal between 6 weeks and 16 weeks after BMT (Fig.
2A). At 74 days after BMT, the survival of mice in the
SHR0302 group was significantly higher than that in the
vehicle group (5 mg/kg, P = 0.043; 10 mg/kg, P = 0.004;
15 mg/kg, P = 0.006), and the survival of mice in 5 mg/kg
group was lower than that in 10 mg/kg and 15 mg/kg groups,
but without a statistical difference (Fig. 2B). The relative
bodyweight of the mice in SHR0302 10 mg/kg and
15 mg/kg groups completely recovered to normal after the
weight loss caused by aGVHD and showed no statistical dif-
ferences with that of mice in the TCD-BMT group (P = 0.685,

P = 0.178 respectively). However, the relative bodyweight of
mice in the SHR0302 5 mg/kg group recovered significantly
slowly compared with that of mice in the TCD-BMT group (P
= 0.012) (Fig. 2C). Correspondingly, the aGVHD scores in
SHRO0302 10 mg/kg and 15 mg/kg groups gradually reduced
and showed no statistical differences with that in the TCD-
BMT group (P = 0.270, P = 0.053 respectively), while not
in SHR0302 5 mg/kg group (P = 0.009) (Fig. 2D).The com-
parison of the relative bodyweight and aGVHD score between
the vehicle group and the SHR0302 group could not be com-
pleted due to the short survival of mice in the vehicle group.
These data indicated that 5 mg/kg of SHR0302 couldn’t restore
the weight of aGVHD mice to normal and had significantly
lower survival compared with mice in 10 mg/kg dosage and 15
mg/kg dosage group, while 15 mg/kg dosage did not achieve a
higher survival than 10 mg/kg dosage. Therefore, the dosage of
SHR0302 10 mg/kg twice a day was chosen to carry out
aGVHD animal experiments to re-evaluate the effects of
SHRO0302. The repeated experiments again proved that
SHRO0302 significantly improved the overall survival of
aGVHD mice (P = 0.003) (Fig. 2E), restored bodyweight
(Fig. 2F), and reduced aGVHD symptoms (Fig. 2G). These
results suggested that SHR0302 could strongly reverse
aGVHD progression.

SHR0302 Preserved Graft-Versus-Tumor Effects

in vivo

Next, we evaluated whether SHR0302 could affect the graft-
versus-tumor (GVT) effects. A20 cells were co-transplanted
with TCD-BM cells (BM+A20) or TCD-BM plus spleen
cells(GVHD+A20) into recipient mice for analyzing the
effects of SHR0302 with a dosage of 10 mg/kg twice a day
on GVT. Mice in BM+A20+Vehicle or SHR0302 groups
died rapidly within 10 days after transplantation due to the
lymphoma cell invasion (data not shown). However, about
60% of mice in GVHD+A20+ Vehicle or SHR0302 groups
survived over 30 days after BMT without GVHD symptoms.
The survivals of mice with spleen cells were significantly
higher than that without spleen cells (BM+A20+Vehicle vs
GVHD+A20+vehicle, P = 0.004, or BM+A20+SHR0302
vs GVHD+A20+SHRO0302, P = 0.046), whether SHR0302
was prescribed or not. The survivals of mice in GVHD
groups were similar without any association with SHR0302
(GVHD+A20+vehicle vs GVHD+A20+SHR0302,
P = 0.99) (Fig. 2H). No significant differences were
observed in the weight trends of mice in each group (Fig.
21). Then we tested the infiltration of A20 cells in the spleen
of each group of mice. The percentages of A20 cells in mouse
spleen were similar between groups with and without
SHR0302 (BM+A20+vehicle vs BM+A20+-SHR0302, P =
0.0971; GVHD+A20+vehicle vs GVHD+A20+SHR0302,
P = 0.5239), while were significantly reduced in groups with
spleen cells compared to without spleen cells
(BM+A20+vehicle vs GVHD+A20+vehicle, 67.97 +
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Figure 1. SHR0302 prevented aGVHD in vivo. (A) The chemical structure of SHR0302. (B) The model of murine aGVHD: female Balb/c
mouse were transplanted with | x 107 TCD-BM cells and 1.5 x 10° spleen cells from male donor C57BL/6 mouse at day0 after total body
irradiation of 8 Gy at day- 1. (C) The overall survival of aGVHD mice in all groups including TCD-BMT (n = 5), vehicle (n = 10) and SHR0302
(n = 10) group. SHR0302 was administrated at dosage of |0 mg/kg twice a day from day O to day2| after BMT for preventive medication. (D)
The progression-free survival (PFS) of aGVHD mice in all experimental groups as above. PFS is defined as the time from randomization to
GVHD progression or death in mice. The worsening of GVHD-related symptoms in mice is considered to be the progression of GVHD. (E)
The relative bodyweight of aGVHD mice in all experimental groups. (F) The GVHD scores of aGVHD mice in all experimental groups. (G)
The white blood cell (WBC), red blood cell (RBC) and platelet (PLT) counts in the peripheral blood of aGVHD mice at day |4 after BMT in all
experimental groups. The counting was performed by Sysmex pocH-100i"™" Automated Hematology Analyzer. *P < 0.05. (H) The hema-
globin (Hb), lymphocyte ratio and lymphocyte count in the peripheral blood of aGVHD mice at day |4 after BMT in all experimental groups.
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The counting was analyzed by Sysmex pocH-100i"" Automated Hematology Analyzer. *P < 0.05.
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Table 1. The IC50 of SHR0302 and Other JAK Inhibitors.

IC50(nM)

Janus kinase family SHR0302 Ruxolitinib Tofacitinib Baricitinib

JAKI 0.1 33 112 59
JAK2 0.9 28 20 57
JAK3 77 428 | 560
TYK2 42 19 / 53

3.552 vs 2.293 £+ 1.150, P = 0.0013) (Fig. 2J). These results
suggested that SHR0302 could not affect GVT effects.

SHR0302 Decreased the Damage of Target Tissues
and Infiltration of Immune Cells Caused by aGVYHD

The therapeutic effects of SHR0302 on aGVHD were
focused in our following experiments. Histological analysis
showed that the tissue lesions of skin, liver, and small intes-
tine were significantly reduced at the 6th week after BMT
and returned to normal levels at the 16th week after BMT in
aGVHD mice treated with SHR0302 compared with mice in
the vehicle group (Fig. 3A). Compared to the vehicle group,
the pathological scores of the skin (P < 0.001), liver
(P <0.001), and small intestine (P < 0.001) of mice in the
SHR0302 group reduced significantly. On the other hand, at
the 16th week after BMT, the skin, liver, and small intestine
GVHD scores of mice in the SHR0302group showed no
significant differences with that of mice in the TCD-BMT
group (P = 0.588, P = 0.699, P = 0.754, respectively) (Fig.
3B). Immunohistochemical staining in these target tissues
showed that SHR0302 prevented the recruitment of T cells
to the target tissues of aGVHD mice (Supplemental Fig.
S1A). Quantitative immunohistochemical analysis demon-
strated that SHR0302 significantly reduced T cell infiltration
in the skin (P <0.001), liver (P = 0.004), and small intestine
(P < 0.001) compared to that of mice in the vehicle group
(Fig. 3C). The infiltration of neutrophils in various target
tissues was more obvious than that of T cells, especially in
the liver and lung (Supplemental Fig. SIB). As mentioned
above, quantitative immunohistochemical analysis showed
that the absolute numbers of neutrophils in the skin
(P < 0.001), liver (P < 0.001), small intestine (P < 0.001),
and lung (P < 0.001) decreased significantly after SHR0302
treatment (Fig. 3D). The skin collagen fiber (CF) thickness
analysis showed that SHR0302 increased CF thickness com-
pared with that in the vehicle group (P <0.001) and retarded
aGVHD progression in mouse models (Fig. 3E, Supplemen-
tal Fig SIC). In conclusion, SHR0302 could effectively
decrease the pathological changes and reduce the infiltrating
T cells and neutrophils in the target tissue of aGVHD mice.

SHRO0302 Increased Tregs and Reduced Thl Cells

The total cell numbers in the spleen (P < 0.001) and bone
marrow (P < 0.001) of mice in the vehicle group were much

lower than that of the TCD-BMT group and SHR0302 group,
indicating that the lower cell numbers in the spleen and bone
marrow caused by aGVHD could be restored by SHR0302
treatment (Fig. 4A). The functional subgroups of immune
cells in the GVHD environment need to be explored. We
examined CD19" B cells, CD4" T cells, CD8" T cells,
CD41IFN-y™ cells, CD8TIFN-y* cells, and CD4"Foxp3*
cells by flow cytometer. The study showed that through the
administration of SHRO0302 in aGVHD mice, the
percentages of B cells (P < 0.001) and T cells (P = 0.010)
were increased (Fig. 4B), the inverted proportion of CD4" T
(P <0.001)and CD8™ T cells (P < 0.001) returned to normal
(Fig. 4C), the proportions of Treg cells increased dramati-
cally (P = 0.001, Fig. 4D), while the proportions of
CD4"IFN-y™ cells (P = 0.040, Fig. 4E) and CD8"IFN-y"
significantly decreased (P = 0.001, Fig. 4F) in total spleen
cells. In the end, the total immune cell counts and percen-
tages of T cell subgroups of the spleen in aGVHD mouse
were restored after SHR0302 treatment and showed no sta-
tistical differences compared to that in the TCD-BMT mouse
or the healthy recipient control mouse. The results demon-
strated that SHR0302 could restore the proportion of T cell
subsets to a normal state by reducing the pathological T cells
in vivo.

SHRO0302 Reduced Expression ofTh2 Cytokine IL-6
and CXCR3/CXCLI0

The mechanisms of SHR0302 on reducing aGVHD activity
were associated with inhibiting T cell activation. The effects
of SHR0302 on immune cell functions were first evaluated
in vitro. The results showed that SHR0302 inhibited the cell
expansion of CD4"T, CD8"T and B cells (Supplemental
Fig. S2). Moreover, SHR0302 inhibited cell activation
(CD69 as biomarker) and cell proliferation (Ki67 as biomar-
ker) levels of both CD4* and CD8" T cells in a dose-
dependent manner (Supplemental Fig. S3). After incubation
with 10 pM and 20 uM concentrations of SHR0302 for
48hours, the expression levels of multiple proinflammatory
cytokines or chemokines associated with aGVHD were
tested in isolated CD4" T cells, CD8" T cells, B cells as
well as isolated Thl, Treg and NK cells in vitro. We found
that IL-10 (mainly secreted by CD4 ™ T cells), IFN-y, CCL2,
CCL4 (mainly secreted by CD8™ T cells), TNF-q,, and IL-6
were downregulated by SHR0302 (Fig. 5A). In addition,
TNF-a, IFN-y and IL-2 secretion were reduced in Thl cells
while TNF-o, IFN-y and IL-10 but not IL-2 secretion was
decreased in Treg cells by SHR0302. It was not found that
SHR0302 affected the cytokine secretion of NK cells
(Fig. 5B). The results showed that SHR0302 significantly
suppressed the function of Thl cells and partially inhibited
the function of Treg cells without influencing NK cells. In
the mouse model, the expression levels of these cytokines
and chemokines in plasma of each group were also tested.
The results in vivo demonstrated that Th2 cell-produced
cytokines IL-6 and IL-10, and GVHD highly related
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Figure 2. SHR0302 reversed aGVHD (Figure A—G) and maintained GVT effects (Figure H-K) in vivo. (A) The representative visual analysis
of 3 mice in the vehicle group at 6th week after BMT and 3 mice in SHR0302 10 mg/kg treatment group at |6th week after BMT. SHR0302
was administrated at dosages of 5, 10, and |15 mg/kg twice a day respectively from day22 to day42 after BMT for treatment medication.
(B) The overall survival of aGVHD mice in all groups including TCD-BMT (n = 5), vehicle (n = 9) and SHR0302 5 mg/kg (n = 7), SHR0302 10
mg/kg (n = 7) and SHR0302 |5 mg/kg (n = 7) group. (C) The relative weight of aGVHD mice in all experimental groups. (D) The GVHD
scores of aGVHD mice in all experimental groups. (E) The overall survival of aGVHD mice in another independent mouse experiment
including TCD-BMT (n = 5), vehicle (n = 12) and SHR0302 10 mg/kg (n = 10) groups. SHR0302 was administrated at the dosage of 10 mg/kg
twice a day from day22 to day42 after BMT. (F) The relative weight of aGVHD mice in all experimental groups. (G) The GVHD scores of
aGVHD mice in all experimental groups. To evaluate the affecting of SHR0302 on GVT effects, lethally irradiated (8 Gy) BALB/c mice were
transplanted with | x 107 TCD-BM cells from donor B6 mice plus 2 x 10° A20 cells with or without 2.5 x 10° spleen cells per mouse.
SHRO0302 was administrated at a dosage of 10 mg/kg twice a day from day Ito 14 after BMT. (H) The overall survival of mice in four
groups including BM+A20+vehicle, BM+A20+-SHR0302, GVHD+A20-+vehicle and GVHD-+A20+SHR0302 group (n = 8 in each group).
(I) The relative weight of mice in BM+A20-+vehicle, BM+A20+SHR0302, GVHD-+A20+vehicle and GVHD+A20+SHR0302 group.
() The percentages of H-2K°B220" cells in spleens of mice on day 8 after BMT in BM+A20+vehicle, BM+A20-+SHR0302,
GVHD+A20+-vehicle and GVHD+A20-+SHR0302 group. Bars show the mean + SEM. *P < 0.05.
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Figure 5. SHR0302 reduced Th2 cytokine IL-10 and CXCR3 expression. (A) The expression levels of TNF-a, IL-6, IL-10, CCL2, CCL4 and
IFN-y in the supernatant of separated mouse CD4" T, CD8*T and B cells incubated with or without SHR0302 after 48 hours (n = 3 in each
group). (B) The expression levels of TNF-a, IL-2, IL-10 and IFN-y in the supernatant of separated mouse Thl, Treg and NK cells incubated
with or without SHR0302 after 48 hours (n = 3 in each group). (C) The expression levels of TNF-qa, IL-6, IL-10, CXCL10, CCL2 and CCL4 in
plasma of 5 group mice: TCD-BMT-6Ws (n = 6), vehicle-6Ws (n = 8), SHR0302-6Ws (n = 4), SHR0302-16Ws (n = 4) and healthy recipient
control mice (n = 4) (6Ws and 16Ws: at 6th and 16th weeks after transplantation, respectively). (D) The percentages of CD4TCXCR3™
cells in all CD4 ™" cells of spleen in four group mice: vehicle-6Ws (n = 5), SHR0302-16Ws (n = 5), TCD-BMT-6Ws (n = 3), and healthy
recipient control (n = 3). (E) The percentages of CD8"CXCR3" cells in all CD8™" cells of spleen of mice in four groups: vehicle-6Ws (n = 5),
SHR0302-16Ws (n = 5), TCD-BMT-6Ws (n = 3), and healthy recipient control mice (n = 3). (F) The percentages of CD8"CD80™ cells in all
CD8" cells of spleen in four groups: vehicle-6Ws (n = 5), SHR0302-16Ws (n = 5), TCD-BMT-6Ws (n = 3), and healthy recipient
control (n = 3). (G) The percentages of CDI97CD80" cells in all CDI19™ cells of spleen in four groups: vehicle-6Ws (n = 5),
SHRO0302-16Ws (n = 5), TCD-BMT-6Ws (n = 3), and healthy recipient control (n = 3). Bars show the mean + SEM. *P < 0.05.
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chemokines CXCL10, CCL2, and CCL4*° decreased after
SHR0302 treatment in aGVHD mice. Moreover, at the 16th
week after BMT, the expression levels of these cytokines
and chemokines in the SHR0302 treated mice were similar
to that in the TCD-BMT group and the healthy recipient
control mice, while all the mice in the vehicle group died
of disease progression (Fig. 5C). Flow cytometry analysis
showed that CXCR3 (the receptor of CXCL10) expression
on donor CD4" T (P = 0.006) and CDS8™ T cells (P = 0.004)
decreased withSHR0302 treatment compared with mice in
the vehicle group (Fig. 5D, E). On the other hand, the expres-
sion of CD80 in both allogeneic CD19" APCs (P = 0.010)
and CD8™ T cells (P = 0.007) was extremely downregulated
and close to normal level after SHR0302 treatment in
aGVHD mice (Fig. 5F, G). These findings indicated that the
protective effect of SHR0302 on aGVHD is accomplished by
inhibiting the activation and expansion of donor T cells
mediated by IFN-y/IL-6 and CXCR3/CXCL10.

SHR0302 Regulated AKT and ERK/2 Signal
Pathways

We are aware that SHR0302 is an inhibitor of JAK signals,
but so far, the downstream molecules or pathways related
with the effects of SHR0302 on aGVHD are still not clear.
The results of the phosphorylated protein array experiments
showed that SHR0302 inhibited the phosphorylation process
of many important molecules that regulated various biologi-
cal functions of lymphocytes (Fig. 6A, B). GO enrichment
analysis on molecular function, biological process, and cel-
lular component suggested that SHR0302 affected the recep-
tor complex and membrane microdomain, which inhibited
the activities of multiple protein kinases (Fig. 6C). KEGG
signaling pathway analysis also showed that SHR0302 regu-
lated pathways of phosphatidylinositol 3 kinases (PI3 K)/
AKT, ERK1/2, osteoclast differentiation, and other signals
(Fig. 6D). The western blotting assay showed that the
expression levels of phosphorylated JAK1/2, phosphorylated
STAT1/3/5, phosphorylated AKT, and phosphorylated
ERK1/2were reduced by SHR0302 in a dose-dependent
manner (Fig. 6E). Interestingly, the phosphorylated AKT
was reduced mostly in B cells, while the ERK1/2 pathway
was downregulated obviously in T cells. These results
showed that SHR0302 controlled the progression of aGVHD
by regulating AKT and ERK1/2 signaling pathways, which
were the downstream molecules of JAK signals.

SHR0302 Blocked T Cell Activation in Patients with
aGVHD

Our data demonstrated that the JAK pathway is essential for
the progression of aGVHD, and SHR0302 could prevent and
treat aGVHD in mouse models. To confirm that the thera-
peutic effects of SHR0302 are not limited to the mouse
model, the functions of SHR0302 on T cells from patients
suffered from severe or steroid-refractory aGVHD were

tested. The results showed that after incubation of activated
T lymphocytes (with anti-CD3/CD28 beads) with 1 pM
SHRO0302 for 24 hours, the CD69 surface marker was
down-regulated in CD3" T cells from both onset aGVHD
patients (7.84% + 0.69% vs 3.24% + 1.07%, P = 0.011)
and steroid-refractory aGVHD patients (20.67% 4 4.36% vs
14.52% =+ 3.90%, P <0.001) (Fig. 7A). These data showed
that SHR0302 could block the immune receptor activation of
human T cells from patients with aGVHD. We then explored
the differentiation of T cells in human PBMCs, including
Th1/Th2/Th17/Treg cells, marked by transcription factors
T-bet/GATA3/RORYt/Foxp3, respectively. Flow cytometry
analysis showed that SHR0302 significantly reduced the
ratio of Thl (54.24% + 5.29% vs 8.56% + 3.55%, P <
0.0001) and Th2 cells (11.26% + 2.42% vs 6.14% +
1.65%, P = 0.0103), but had no significant effects on
Th17 and Treg cells (Fig. 7B). Overall, the novel JAK inhi-
bitor SHR0302 could mitigate aGVHD through downregu-
lating the phosphorylation of JAK1/2, inhibiting the
activation and expansion of immune cells, regulating Th1/
Treg cell differentiation, reducing the release of inflamma-
tory factors of immune cells (Fig. 7C).

Discussion

Our results also demonstrated that SHR0302 could success-
fully prevent and reverse aGVHD without affecting GVT
effects. The possible mechanisms include regulating the dif-
ferentiation of T cell subsets (especially Thl and Treg cells),
reducing the expression of CXCR3 on donor T cells, and
inhibiting the secretion of inflammatory cytokines. Mean-
while, the results indicated that SHR0302 had no adverse
effects on the multi-lineage hematopoietic reconstruction.
Therefore, our preclinical data supported SHR0302 as a pre-
ventive or therapeutic drug for aGVHD without affecting
GVT effects and the recovery of hematopoietic function.
Multiple studies have also shown that cytokines or che-
mokines?’, including IL-6*', IL10%2, IFN-yB, TNF-0%*, and
CXCL10%%%, affected the activation, differentiation, and
chemotaxis of effector T cells or regulatory T cells. JAK
inhibitors could eliminate T lymphocytes and neutrophils
accumulating in target organs and restore total cell numbers
in bone marrow and spleen. Besides, aGVHD-related CD4 "/
CDS8™T cell imbalance, Thl cell expansion, Treg cell reduc-
tion in the spleen, and the upregulation of IL-6 and IL-10 can
all be rectified by JAK inhibitors. It has been reported that
IFN-vR signal transduction mediates alloreactive T cell traf-
ficking and promotes the pathogenesis of aGVHD, while
CXCR3, a downstream molecule of IFN-yR, induces the
migration of donor CD4" and CD8" T cells to aGVHD
target organs, which is related to total mortality''*’. On the
other hand, CXCL10, the ligand of CXCR3, is also an impor-
tant marker of GVHD?®?°. TNF-o and IFN-v secreted byTh1
cells of CD4" T subsets are key factors that cause damages
to target organs by stimulating the parenchymal cells to
release CXCL10, which back to stimulate Th1 cells, thereby
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Figure 6. SHR0302 regulated AKT and ERK /2 pathways. The results of the phosphorylated protein array for human peripheral blood
mononuclear cells (PBMCs) from 4 patients conditioned with vehicle or SHR0302 in vitro. After the original data is normalized by the
software, fold change (FC) was used to screen the differential expressed proteins. GO enrichment analysis and KEGG pathway analysis were
performed based on logFC and p value of these differential expressed proteins. (A) The horizontal and vertical coordinates represented the
average expression (AveExp) levels of each group. Red represented the up-regulated protein, and blue indicated down-regulated protein,
grey showed no significant difference. (B) The expression levels of phosphorylated proteins in the vehicle group and SHR0302 group: JAKI,
Lck, Lyn, Pyk2, Syk, and Itk. (C) Gene Ontology (GO) can be divided into three parts: molecular function, biological process and cellular
component. (D) The KEGG pathway with enrichment function obtained with phosphorylated protein array analysis. (E) Separated T cells
and B cells were incubated with the different concentrations of SHR0302 (0, 5, 10 and 20 M) for 48 h. Western blot analysis was performed
to examine the protein levels of total-JAKI, phospho-JAKI, total-JAK2, phospho-JAK2, total-STATI, phospho-STATI, total-STAT3,
phospho-STAT3, total-STATS5, phospho-STATS, total-AKT, phospho-AKT, total-ERK /2, phospho-ERK /2 and GAPDH, respectively.
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Figure 7. SHR0302 blocked T cell activation from patients with aGVHD. PBMCs from patients with aGVHD were stimulated with anti-human
CD3/CD28 beads and incubated with | 1M SHR0302 or vehicle for 24 hours. (A) The CD69™ cell ratio among CD3™ T cells from onsetaGYHD
(up: n = 3) and steroid-refractory aGVHD patients (down: n = 5). (B) The cell ratio of Thl (T-bet"), Th2 (GATA3™), Th17 (RORyt") and Treg
(Foxp3™) cells among CD4™ T cells. (C) Schematic diagram of mechanisms of SHR0302 mitigating aGVHD in mouse model.

forming a positive feedback loop®**'. Since JAK inhibitors ~ break the IFN-yR/CXCL10/CXCR3 axis and re-modulate
can successfully block the IFN-yR signaling pathway '°, our ~ Thl cell differentiation, CXCR3 expression, and CXCL10
experimental data also revealed that JAK inhibitors can secretion. In recent years, researchers have discovered that
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CD80 plays a very important role in the regulation of
GVHD??. The interaction between IFN-y-induced CD8" T
cells and PD-L1/CD80 can promote the expansion of donor
CD8" T cells*, while CD80 expression on APCs is also
necessary to stimulate GVHD?*. Some studies have indi-
cated that the activation of AKT and ERK pathways regulate
the activation of T lymphocytes in different ways®>>’, and
they can also be inhibited by JAK inhibitors. We found that
the expression level of phosphorylated ERK1/2 in T cells
was more obviously inhibited by SHR0302 than JAK1 and
JAK2 from western blot analysis. The reason might be that
ERK1/2 is an important link in multiple molecular pathways
and is influenced by other upstream molecules, which were
demonstrated to be downregulated by SHR0302 according to
the phosphorylated protein array analysis. In fact, JAK inhi-
bitors do not directly kill pathogenic T cells, but inhibit their
activation and expansion'>**, thereby reducing the infiltra-
tion of pathogenic T cells in target tissues and finally inhibit
the progression of GVHD and restore it to a normal state. In
our GVT model, the mice did not develop GVHD symptoms
within 30 days after BMT in GVT mouse models and were
sacrificed at 30 days after BMT, so the survivals of mice in
“GVHD+A20+vehicle” and “GVHD+A20+SHR0302”
groups were similar. It might be related with the large num-
ber of lymphoma cells in developing the GVT models. The
onset of aGVHD in GVT mouse model might be delayed or
did not occur, because the large amount of tumor cells could
result in T cell exhaustion®®*°.

Numerous researches have reported that JAK is an excel-
lent target for the treatment of GVHD®!'%!11416 which
influences the activation and expansion of donor T cells and
their chemotaxis to target organs through multiple down-
stream pathways. A recent phase 3 study of JAK1 inhibitor
Itacitinib on aGVHD showed the overall response rates in
Itacitinib and placebo groups were 74% and 66%
(P = 0.0782), respectively, and 6-month NRM also did not
favor Itacitinib (NCT03139604), which suggested that
balanced inhibition of JAK1/JAK2 is vital in treatment of
GVHD'>*'. The JAK1/2 inhibitor Ruxolitinib, the most
common used JAK inhibitor in clinical practice, has been
proven to be effective in the treatment of patients with
aGVHD and has been approved by FDA'*'>. We found that
the novel JAK inhibitor SHR0302 has a lower half maximal
inhibitory concentration (IC50) for JAK1 and JAK2 than
Ruxolitinib, which suggested that SHR0302 might have
stronger effects than Ruxolitinib on GVHD. Compared with
Ruxolitinib, SHR0302 has similar therapeutic effects in
treating aGVHD mice and showed similar mechanisms in
regulating Th1/Treg differentiation and reducing cytokines
productionlz’w, and even has a lower oral dosage in vivo.
These encouraging experimental data supported the potential
therapeutic effects of SHR0302 for patients with aGVHD.
Moreover, although blood cell reduction is the most common
side effect of JAK inhibitors in clinical applications, our
research indicated that SHR0302 could accelerate the hema-
topoietic reconstruction as compared with the normal control

group. The data from peripheral blood samples of patients
with severe or steroid-refractory aGVHD also indicated that
SHRO0302 inhibited the activation of T lymphocytes and
downregulated Thl cells. In conclusion, our preclinical
study suggested that the novel JAK inhibitor SHR0302
might provide a new opportunity for clinical steroid-
refractory aGVHD patients by inhibiting JAK family and
multiple downstream signals (including STAT1/3/5,
ERK1/2 and AKT), suppressing the activation and prolifera-
tion of lymphocytes, regulating Th1/Treg cell differentia-
tion, reducing the production of inflammatory cytokines
and chemokines, blocking the receptor of IFN-y and CXCR3
which resulting in breaking the IFN-yR/CXCL10/CXCR3
axis in aGVHD.
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