S. Nagafuchi

of immune responses and by presenting pathogen specific
antigen to T cells, followed by enhancement of appropriate
defensive immunity. Conversely, B cells work as “rascals”
in the exacerbation stage of autoimmunity through pre-
senting autoantigens to autoreactive T cells, resulting in
autoimmunity going out of control. Recognition of this
paradigm for the role of B cells in regulating the magnitude
of immune response will help to facilitate both basic and
clinical research on the regulation of immune responses.
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R723, a selective JAK2 inhibitor, effectively treats JAK2V617F-induced murine
myeloproliferative neoplasm
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The activating mutations in JAK2 (includ-
ing JAK2V617F) that have been described
in patients with myeloproliferative neo-
plasms (MPNs) are linked directly to MPN
pathogenesis. We developed R723, an
orally bioavailable small molecule that
inhibits JAK2 activity in vitro by 50% at
a concentration of 2nM, while having
minimal effects on JAK3, TYK2, and
JAK1 activity. R723 inhibited cytokine-
independent CFU-E growth and constitu-

tive activation of STATS in primary hema-
topoietic cells expressing JAK2V617F. In
an anemia mouse model induced by
phenylhydrazine, R723 inhibited erythro-
poiesis. In a leukemia mouse model using
Ba/F3 cells expressing JAK2V617F, R723
treatment prolonged survival and decreased
tumor burden. In V617F-transgenic mice
that closely mimic human primary myelo-
fibrosis, R723 treatment improved sur-
vival, hepatosplenomegaly, leukocytosis,

and thrombocytosis. R723 preferentially tar-
geted the JAK2-dependent pathway rather
than the JAK1-and JAK3-dependent path-
ways in vivo, and its effects on T and
B lymphocytes were mild compared with
its effects on myeloid cells. Our preclini-
cal data indicate that R723 has a favor-
able safety profile and the potential to
become an efficacious treatment for pa-
tients with JAK2V617F-positive MPNs.
(Blood. 2011;117(25):6866-6875)

Introduction

Myeloproliferative neoplasms (MPNs) are clonal hematologic
diseases characterized by excess production of one or more
lineages of mature blood cells, resulting in a predisposition to
bleeding and thrombosis, extramedullary hematopoiesis (EMH),
and a progression to acute leukemia.! A somatic activating
mutation encoding a valine to phenylalanine substitution at posi-
tion 617 (V617F) in JAK2 was discovered as a common molecular
marker in Philadelphia chromosome-negative MPNs.>> The
incidence of the JAK2V6I7F mutation is found in > 90% of
patients with polycythemia vera (PV) and affects approximately
half of the patients with essential thrombocythemia (ET) and
primary myelofibrosis (PMF). Expression of JAK2V617F in vivo
in a murine BM transplantation assay resulted in erythrocytosis
resembling PV.6% Moreover, we and others have reported that
JAK2V617F-transgenic (V617F-TG) mice develop 3 kinds of
MPNs: PV like, ET like, and PMF like.>!! These studies support
a critical role for JAK2V617F in the pathogenesis of the 3 types
of MPNs.

Current therapy for MPNs'>™ is empirically derived and
includes phlebotomy,! hydroxyurea,'s IFN-w,!? anagrelide,'$ and
thalidomide'® and its analogs.'® Most patients are not candidates for
stem-cell transplantation, which is the curative treatment for
MPNs,2 given their advanced age at the time of diagnosis,
considerably high ratio of transplantation-related mortality, and
relatively indolent progression. Identitication of specitic JAK2
inhibitors appears to be an important step toward the development

of targeted therapy for MPNs. Several groups of investigators have
begun to develop specific, potent, orally bioavailable JAK2 inhibi-
tors for the treatment of MPNs,2!24 and these compounds are
currently undergoing clinical trials.?57

In the present study, we report the development of R723, a
selective small-molecule JAK2 inhibitor. We show that R723 is a
potent inhibitor of JAK2V617F in cell-based assays. In 3 mouse
models, R723 had significant in vivo activity against JAK2V617F,
was well tolerated, and had a minimal impact on T- and B-cell
numbers.

Methods
Materials

Cell lines, the JAK2V617F clone, and vectors are described in supplemen-
tal Methods (available on the Blood Web site; see the Supplemental
Materials link at the top of the online article).

Identification of JAK2 inhibitors

To identify JAK?2 inhibitors, we used a cell-based approach using murine
leukemia Ba/F3 cells expressing JAK2V617F with the erythropoietin
(EPO) receptor Ba/F3-EPOR-JAK2V617R Initially, we screened a focused,
diversified kinase inhibitor library to identify inhibitors of Ba/F3-EPOR-
JAK2V61TE cell proliferation. To avoid nonselective compounds targeting
other members of the JAK family and molecules with general toxicity, we
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used 2 additional assays assessing the effects on IL-2-dependent prolifera-
tion of human primary T lymphocytes, CTLL-2 mouse T-cell leukemia
cells, and JAK1-dependent Ba/F3 cells expressing JAK1V658F. The use of
these counterscreen assays also allowed us to exclude the possibility of
cell-type- and species-specific artifacts. R723 was obtained as a result of the
systemic chemical modification of the initial hits, followed by testing of the
resulting compounds in the assays mentioned above.

In vitro proliferation assays

The half-maximal inhibitory concentration (ICsy) for the inhibition of
proliferation of all the cell lines was determined using CellTiter-Glo
Luminescent Cell Viability Assay reagent (Promega). For details, see
supplemental Methods.

Cell-bagsed STATS phosphorylation assay

Effects of R723 on STATS phosphorylation in human primary T cells and
cell lines were determined by FACS. For details, see supplemental
Methods.

Animals

Eight-week-old female BALB/c mice and 7-week-old female NOD/SCID
mice (The Jackson Laboratory) were used in the induced hemolytic anemia
model and PK-PD studies and in the Ba/F3-JAK2V617F leukemia study,
respectively. Two lines of V617F-TG mice were established and analyzed
as described previously.® In this experiment, we used line 2 mice that
showed the spectrum of clinicopathologic features of human PMF.° Animal
studies were performed in the United States in accordance with the
Institutional Animal Care and Use Committee of Rigel Pharmaceuticals Inc,
and in Japan in accordance with the Miyazaki University Ethics Committee.

Analysis of JAK2- and JAK1/JAK3-dependent STATS
phosphorylation in primary cells

Wild-type (WT) mice (female BALB/c) were dosed orally with R723 at
50 or 100 mg/kg or vehicle, and blood was collected at 1 and 3 hours after
treatment. After stimulation with either 10 ng/mL of GM-CSF for the
assessment of JAK2 activity in granulocytes (Gr-17) or 100 ng/mL of IL-15
for the assessment of JAK1/JAK3 activity in T cells (CD8 ), the cells were
fixed and permeabilized and then stained with Alexa Fluor 647—conjugated
pSTATS and either PE-conjugated Gr-1 or peridinin chlorophyll A protein—
cyanin 5.5-conjugated CD8. Samples were analyzed by FACS.

PHZ-induced hemolytic anemia model and Ba/F3-JAK2V617F
engraftment mouse model

Phenylhydrazine (PHZ; Sigma-Aldrich) was administered at 50 mg/kg/d
intraperitoneally for 2 consecutive days to deplete RBCs and to stimulate
erythropoiesis. R723 formulated in 0.1% hydroxypropyl methylcellulose
was administered by oral gavage starting the day after the final PHZ
administration (day 2). R723 dosing continued through day 7 at SO mg/kg or
75 mg/kg twice daily. Blood was collected on days 3, 6, and 8 to assess
RBC number and hematocrit levels. The Ba/F3-JAK2V617F engraftment
mouse model is described in supplemental Methods.

Murine MPN model and analysis of mice after R723 treatment

Twelve-week-old V617F-TG mice were treated by oral gavage twice daily
with 35 mg/kg R723, 70 mg/kg R723, or vehicle for 16 weeks. In this study,
a salt form of R723 was formulated in water to ease the formulation process.
As a control for V617F-TG treated with vehicle, we prepared WT mice
treated with vehicle. Differential blood counts were assessed by retro-
orbital eye bleeds before study initiation, during the study, and at the end of
the study. Mice were killed at the study end point. For pathologic
examination, tissue samples were fixed in formalin, embedded in paraffin
blocks, and sectioned for H&E staining or Gomori silver staining. FACS
was performed as described previously.®

only.
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V617F-TG BM cell engraftment mouse model

BM cells (2 to 8 X 10) from CD45.2* V617F-TG mice, together with
2 X 10° CD45.1* WT BM cells, were injected into 9.5 Gy-irradiated
recipient CD45.2" WT mice. In our preliminary experiments, we injected
2 X 105 CD45.1 BM cells into lethally irradiated (9.5 Gy) CD45.2
recipients. Reconstitution of recipients with donor BM cells was monitored
by assessing the frequency of CD45.1'/CD45.2" cells in the peripheral
blood (PB) after transplantation. Twelve weeks after the transplantation,
donor-derived (CD45.1) cells had pearly completely replaced (99%) the
recipient (CD45.2) cells in the PB. The remaining recipient cells in PB were
1%. Therefore, under the conditions of our cotransplantation experiments,
nearly all of the CD45.2* cells in the PB were derived from V617F-TG.
Twenty weeks after BM transplantation, recipient mice were divided into
R723 treatment or vehicle control groups. R723 was administered by oral
gavage at 70 mg/kg twice daily for 4 weeks, whereas the control group
received vehicle only. Complete blood counts and the ratio of CD45.1* to
CD45.27 cells were monitored by FACS before and after treatment. All
mice were killed at study end points and spleens were weighed.

Progenitor cell assays

Colony forming assays were performed as described previously® (for
details, see supplemental Methods). CFU-E colonies were counted on day 3 and
other colonies were counted on day 7. To observe the effect of R723 on the
proportion of progenitors, V617F-TG mice were dosed orally with R723 at
70 mg/kg or vehicle twice daily for 4 weeks. Lin~Sca-1-cKit* (LSK),
common myeloid progenitor (CMP), granulocyte-macrophage progenitor
(GMP), erythromegakaryocyte progenitor (MEP), megakaryocyte progeni-
tor (MKP), early erythroblast, and late erythroblast populations in BM cells
were determined by FACS. Antibodies were used as indicated in supplemen-
tal Methods.

Statistical analysis

Results are presented as means * SI. To assess the statistical significance
between the 2 groups, the 2-tailed Student t test was used. Statistical
analyses of R723-treated groups versus vehicle groups in survival studies
were performed with the log-rank test.

Results
R723 is a potent selective JAK2 inhibitor

To identify JAK?2 inhibitors, we used a cell-based approach using
murine leukemia Ba/F3 cells expressing JAK2V617F with the EPO
receptor Ba/F3-EPOR-JAK2V617E. R723 was obtained as a potent
and selective inhibitor of Ba/F3-EPOR-JAK2V617F proliferation
through a screening of a focused, diversified kinase inhibitor
library and through the structure-activity relationship study on the
initial hits from the screening. The chemical structure of R723 and
the crystal structure of R723 complexed with JAK2 catalytic
domain are shown in supplemental Figure 1 (US Patent Application
Pub. No. 2009-0258864 Al, October 15, 2009). R723 strongly
suppressed proliferation of Ba/F3-EPOR-JAK2V617F and 2 other
cell lines dependent solely on JAK2V617F signaling for survival:
UKE-1 and SET-2.%¢ R723 strongly diminished JAK2-dependent
STATS phosphorylation in these cells (Table 1 and supplemental
Figure 2A). R723 potently targeted WT JAK2 activity, as indicated
by the inhibition of EPO-driven proliferation of human CD34+-
derived erythroid progenitors. We then compared the ability of
R723 to inhibit WT JAK2-dependent proliferation of Ba/F3-EPOR
cells in the presence of EPO with that of JAK2V617F-dependent
(and cytokine-independent) proliferation of Ba/F3-EPOR-
JAK2V617F cells. Both cell lines were inhibited equally well by
the compound, showing the lack of R723 selectivity between WT
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Table 1. R723 activity in cell-based assays

Assay Target 1Cs0, IM
Ba/F3-EPOR-JAK2V617F proliferation JAK2 V617F 191
UKE1 proliferation JAK2 VB17F 168
SET2 profiferation JAK2 V617F 139
EPO-dependent human CD34* progenitor JAK2 124
proliferation
Ba/F3-EPOR-JAK2V617F pSTATS FACS JAK2 VE17F 390
SET2 pSTAT5 FACS JAK2 VB17F 39
IL-2 CTLL2 proliferation JAK1/JAK3 528
IL-2 human primary T-cell proliferation JAK1/JAK3 1260
IL-2 CTLL2 pSTATS FACS JAK1/JAK3 2300
IL-2 human primary T-cell pSTATS FACS JAK1/JAK3 2700
Ba/F3-JAK1V658F profiferation JAK1 V658F 885
CMK proliferation JAK3 A572V 2340
A549 proliferation Multiple 3680
H1299 profiferation Multiple 4100
IgE CHMC tryptase Syk 760
Insulin Hel.a pAKT in cell westem InsR 10 800
VEGF HUVEC pVEGFR in celf westemn VEGFR 3250

and mutant forms of the enzyme in cells (supplemental Figure 2B).
This observation agrees with the in vitro kinase inhibition data, in
which no differences between the 2 were found (supplemental
Table 1).

Characterization of R723 included a variety of cell-based assays
probing multiple pathways (summarized in Table 1). The effects of
R723 on the key off-target assays, IL-2-dependent proliferation
and STATS phosphorylation via JAK1/JAK3 in human primary
T lymphocytes and CT1.1.-2 cells, were significantly lower than the
effects observed in the JAK2-dependent cell lines (Table 1). We
also used a Ba/F3 cell line expressing the V658F mutant of JAK1
kinase (Ba/F3-JAK1V658F cells), which demonstrates IL3-
independent but JAK1-dependent growth,?® and the CMK cell line,
which is dependent on the constitutively active JAK3AS72V
mutant, for survival and proliferation assays.>® Both cell lines were
weakly affected by R723. We observed moderate inhibition of Syk
kinase activity, leading to a suppression of IgE-stimulated tryptase
release in human mast cells. This effect, however, became pro-
nounced only at a concentration higher than the one required for
efficient inhibition of the JAK2-dependent pathway.

Biochemical selectivity of R723

As expected from the results of the cell-based assays, R723 was
shown to be an extremely potent JAK?2 inhibitor, with a biochemi-
cal ICs; of 2nM (Table 2). It had a nearly identical inhibition profile

Table 2. R723 selectively inhibits JAK2

Selectivity over

Kinase ICs0, NM JAK2, fold
JAK2 2 NA
JAK1 740 370
JAK3 26 13
TYK2 3950 > 500
VEGFR2 1400 > 500
Syk 300 150
PKCa 3960 > 500
PKCb1 7990 > 500
PKCd > 10000 > 500
PKCe > 10 000 > 500
PKCq > 10 000 > 500
PLK1 > 10000 > 500
RET 109 55
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for both the WT and the V617F mutant of JAK2 in a 2-point in vitro
kinase assay (supplemental Table 1). R723 demonstrated good
selectivity against all other JAK family kinases when tested at a
wide range of concentrations. Selectivity ratios for ICs, varied
from 13-fold for JAK3 to a few hundred—fold for 2 other
members of the family, JAK1 and Tyk2 (Table 2). The R723
sclectivity was further confirmed by 2-point testing against a full
panel of more than 200 enzymes. Only 13 other kinases cleared a
threshold of 30% inhibition at 100nM, with the majority of them
failing to show any discernable inhibition at 20nM, a concentration
that is 10-fold higher than the JAK2 ICs, (supplemental Table 1).
These results indicate that R723 is a highly potent and selective
JAK? inhibitor in vitro.

R723 demonstrates selectivity in primary cells

R723 is an orally bioavailable compound demonstrating excellent
pharmacokinetic properties in mice, making it a good candidate for
in vivo testing (supplemental Figure 3). To assess the effects of
R723 on JAK2 and JAK1/JAK3 signaling in vivo, we measured
STATS phosphorylation in whole blood obtained from R723-
treated WT mice (female BALB/c) on ex vivo stimulation of either
Gr-1* granulocytes with GM-CSF or CD8* T cells with IL-15,
respectively. Whereas the GM-CSF-mediated signaling cascade
relied exclusively on JAK2, IL-15-dependent stimulation of T cells
required both JAK1 and JAK3 activities. Both 50 and 100 mg/kg
doses of R723 induced strong inhibition of STATS phosphorylation
after GM-CSF and, to a lesser extent, IL-15 stimulation, especially
when a 50 mg/kg dose of R723 was administered (Figure 1A). We
consistently observed a preference for targeting the JAK2-
dependent GM-CSF pathway, especially at the 50 mg/kg dose
1 hour after dosing.

R723 inhiblts erythropoiesis in a PHZ-induced hemolytic
anemia model

To investigate the ability of R723 to inhibit JAK?2 in vivo, we used
the acute mouse model based on induction of anemia on PHZ
treatment.’! PHZ-induced RBC damage and sequential depletion
lead to hyperstimulation of normal and EMH accompanied by
transient splenomegaly, followed by quick (7-10 days) recovery to
normal hematocrit levels. As expected, 3 days after the first PHZ
injection, both hematocrit and RBC values in all groups dropped to
an average of 66% and 64% of naive controls, respectively. On
days 6 and 8, however, progressive recovery was observed in
vehicle control animals, whereas animals administered R723
showed a dose-dependent and significant (P <.05) delay in
recovery (Figure 1B), with the 75 mg/kg twice daily dose
producing the strongest effect on both parameters (P < .01).

R723 is effective in an acute Ba/F3-JAK2V617F leukemia model

We investigated the effect of R723 in a mouse leukemia model
relying on the use of murine Ba/F3 cells expressing JAK2V617F as
a driver of cell proliferation. This model is particularly aggressive,
with a lethal outcome within 15 days of cell injection in vehicle-
treated mice. In the R723-treated group, we observed a small
(2 days, 13%) but highly significant improvement in survival
(P < .004) compared with the vehicle-treated cohort (supplemental
Figure 4). In another study, animals were killed on day 13, before
the full disease onset, Lo evaluate (he levels of green (luorescent
protein—positive (GFP*) Ba/F3-JAK2V617F cells in the spleen and
BM. We observed a significant decrease in spleen cellularity and in
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Table 1. R723 activity In cell-based assays
Agsay

Target

JAK2 124

EPO-dependent human CD34* progenitor
proliferation

Bal LJAK2VG1TE pSTATS FA

SET2 pSTATS FACS

JAK2 VB17F 39

and mutant forms of the enzyme in cells (supplemental Figure 2B).
This observation agrees with the in viiro kinase inhibition data, in
which no differences between the 2 were found (supplemental
Table 1).

Characterization of R723 included a variety of cell-based assays
probing multiple pathways (summarized in Table 1). The effects of
R723 on the key off-target assays, IL-2-dependent proliferation
and STATS phosphorylation via JAK1/JAK3 in human primary
T lymphocytes and CTT.1.-2 cells, were significantly lower than the
effects observed in the JAK2-dependent cell lines (Table 1). We
also used a Ba/F3 cell line expressing the V658F mutant of JAK1
kinase (Ba/F3-JAK1V658F cells), which demonstrates IL3-
independent but JAX1-dependent growth,? and the CMK cell line,
which is dependent on the constitutively active JAK3AST2V
mutant, for survival and proliferation assays.’® Both cell lines were
weakly affected by R723. We observed moderate inhibition of Syk
kinase activity, leading to a suppression of IgE-stimulated tryptase
release in human mast cells. This effect, however, became pro-
nounced only at a concentration higher than the one reguired for
efficient inhibition of the JAK2-dependent pathway.

Biochemical selectivity of R723

As expected from the results of the cell-based assays, R723 was
shown to be an extremely potent JAK?2 inhibitor, with a biochemi-
cal ICsq of 20M (Table 2). It had a nearly identical inhibition profile

Table 2. R723 selectively inhibits JAK2

Selectivity over

Kinase Hogs, nid JAK2, Jold
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for both the WT and the V617F mutant of JAK2 in a 2-point in vitro
kinase assay (supplemental Table 1). R723 demonstrated good
selectivity against all other JAK family kinases when tested at a
wide range of concenirations. Selectivity ratios for ICsy varied
from 13-fold for JAK3 to a few hundred-fold for 2 other
members of the family, JAKI and Tyk2 (Table 2). The R723
sclectivity was further confirmed by 2-point testing against a full
panel of more than 200 enzymes. Only 13 other kinases cleared a
threshold of 30% inhibition at 100nM, with the majority of them
failing to show any discernable inhibition at 20nM, a concentration
that is 10-fold higher than the JAK2 ICs, (supplemental Table 1).
These results indicate that R723 is a highly potent and selective
JAK2 inhibitor in vitro.

R723 demonstrates selectivity in primary cells

R723 is an orally bicavailable compound demonstrating excellent
pharmacokinetic properties in mice, making it a good candidate for
in vivo testing (supplemental Figure 3). To assess the effects of
R723 on JAK2 and JAK1/JAKS signaling in vivo, we measured
STATS phosphorylation in whole blood obtained from R723-
treated WT mice (female BALB/c) on ex vivo stimulation of either
Gr-1* granulocytes with GM-CSF or CD8" T cells with IL-15,
respectively. Whereas the GM-CSF-mediated signaling cascade
relied exclusively on JAK?Z, IL-15-dependent stimulation of T cells
required both JAKI and JAKS3 activities. Both 50 and 100 mg/kg
doses of R723 induced strong inhibition of STATS phosphorylation
after GM-CSF and, to a lesser extent, IL-15 stimulation, especially
when a 50 mg/kg dose of R723 was administered (Figure 1A). We
consistently observed a preference for targeting the JAK2-
dependent GM-CSF pathway, especially at the 50 mg/kg dose
1 hour after dosing.

H723 inhibits erythropoiesis in a PHZ-induced hemolytic
anemia model

To investigate the ability of R723 to inhibit JAK?2 in vivo, we used
the acute mouse model based on induction of anemia on PHZ
treatment.’! PHZ-induced RBC damage and sequential depletion
lead to hyperstimulation of normal and EMH accompanied by
transient splenomegaly, followed by quick (7-10 days) recovery to
normal hematocrit levels. As expected, 3 days after the first PHZ
injection, both hematocrit and RBC values in all groups dropped to
an average of 66% and 64% of naive controls, respectively. On
days 6 and 8, however, progressive recovery was observed in
vehicle control apimals, whereas animals administered R723
showed a dose-dependent and significant (P < .05) delay in
recovery (Figure 1B), with the 75 mg/kg twice daily dose
producing the strongest effect on both parameters (P < .01).

R723 Is effective in an acute Ba/F3-JAK2VET7TF leukemia model

We investigated the effect of R723 in a mouse leukemia model
relying on the use of murine Ba/F3 cells expressing JAK2V617F as
a driver of cell proliferation. This model is particularly aggressive,
with a lethal outcome within 15 days of cell injection in vehicle-
treated mice. In the R723-treated group, we observed a small
(2 days, 13%) but highly significant improvement in survival
(P < .004) compared with the vehicle-treated cohort (supplemental
Figure 4). In another stady, animals were killed on day 13, before
the full disease onset, o evaluate the levels of green {luorescent
protein—positive (GFP*) Ba/F3-JAK2V617F cells in the spleen and
BM. We observed a significant decrease in spleen cellularity and in
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Figure 1. R723 shows selectivity and efficacy in mice. (A) Analysis of JAK2- and
JAK1/JAK3-dependent STATS phosphorylation in primary cells. WT mice (female
BALBI/c) were orally dosed with vehicle, R723 50 mg/kg, or R723 100 mg/kg. Blood
was collected at 1 and 3 hours after dosing and stimulated with either GM-CSF or
IL-15. The percentage of pSTAT5-positive Gr-1* cells with GM-CSF stimulation (feft
panel) and the percentage of pSTAT5-positive CD8 ' cells with IL-15 stimulation (right
panel) at each time point are shown. (B) R723 is efficacious in the hemolytic anemia
mouse model. Hematocrit (left panel) and RBC count (right panel) changes were
examined in mice administered PHZ on days O and 1 followed by oral daily
administration of R723 or vehicle on days 2-7. Hematocrit and RBC counts of naive
mice on day 3 were used as a baseline. (C) NOD/SCID mice injected with
Ba/F3-JAK2VE17F cells were administered with saline, vehicle (hydroxypropyi
methylceliulose), or 50 mg/kg of R723 twice daily. Spleens and BM were harvested
13 days after cell injection. Cell counts per spleen (left panel) and percentage of
GFP* cells (Ba/F3-JAK2V617F) in BM and spleen cells (right panel) are shown. Data
are presented as means + SE. "*P < .01, "P < .05.

GFP* cells in BM and spleen from R723-treated mice compared
with those from untreated or vehicle-treated mice (Figure 1C).

In vitro growth inhibition of JAK2V617F-harboring
hematopoietic celis by R723

We investigated the effect of R723 in a murine model of MPN
induced by JAK2V617E H2K,, promoter—controlled JAK2V617F-
expressing mice (V617F-TG) show extreme leukocytosis, thrombo-
cytosis, and progressive anemia,’ as well as hepatosplenomegaly
with EMH, megakaryocytosis, and fibrosis in the BM. BM cells
show constitutive activation of STATS and formation of cytokine-
independent growth of CFU-E colonies (as is also seen in
JAK2V617F-positive MPN patients) and exhibit high mortality
compared with WT mice. These features of V617F-TG closely
resemble PMF patients and their progression.

We also investigated the in vitro cfficacy of R723 on WT and
V617F-TG BM cells by assessing STATS activation in Mac-1/
Gr-1"* cells. Cells were starved of growth factors for 4 hours and
then stimulated with IL-3, EPO, and G-CSF. V617F-TG myeloid
cells had more phosphorylated basal levels of STATS than WT

only.

EFFICACY OF R723 IN JAK2V617F-INDUCED MURINEMPN 6869

myeloid cells, and after IL-3 + EPO + G-CSF stimulation, the
degree of phosphorylation further increased. In vitro treatment of
V617F-TG myeloid cells with R723 resulted in a marked decrease
in phosphorylation of STATS (Figure 2A). These data indicate that
R723 is capable of inhibiting activation of STATS, the main
effector of JAK-STAT signaling, in primary hematopoietic cells
expressing JAK2V617F.

We pext assessed the effect of R723 on EPO-independent
colony formation. R723 inhibited EPO-independent CFU-E growth
of BM cells from V617F-TG in a dose-dependent manner. A 5-fold
reduction at 800nM R723 was observed (Figure 2B). Cytokine-
dependent colony formation (CFU-E, CFU-GEMM, CFU-GM,
and BFU-E) was also inhibited by the presence of R723. In all
colony types, R723 inhibited colony growth of both V617F-TG and
WT celis at the same level (Figure 2C). This agrees reasonably well
with the results of a 2-point in vitro kinase assay in which R723
showed an identical inhibition profile for both WT and the V617F
mutant of JAK?2 (supplemental Table 1).
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Figure 2. R723 Inhibits JAK/STAT signaling and growth of JAK2V617F harbor-
ing hematopoistic cells. (A) BM cells from WT or V617F-TG mice were harvested
and cultured without serum for 3 hours. Cells were incubated with vehicle or R723 for
1 hour, followed by the stimulation with IL-3, EPO, and G-CSF for 15 minutes.
Mac-1/Gr-1* myeloid cells were analyzed for levels of STATS phospharylation by flow
cylometry. One representative experiment of 3 is shown. (B) Effects of R723 on
EPO-independent CFU-E colonies derived from V617F-TG. BM celis from V617F-TG
ware cuftured in duplicate in methylcellulose cufture medium in the absence ot EPO
with and without R723. The number of CFU-E colonies was counted on day 3.
R723 treatment significantly suppressed CFU-E in V617F-TG. Three independent
experiments were performed. Data are presented as means =+ SE. (C) Effects of
R723 on cytokine-dependent BM colonies derived from WT and V617F-TG mice.
BM cells from WT and V617F-TG mice were cultured in cytokine-containing
methylcellulose with and without R723. The number of CFU-E colonies was
counted on day 3 (top left). The numbers of CFU-GEMM (top right}, CFU-GM (boftom
left), and BFU-E (bottom right) colonies were counted on day 7. R723 inhibited the
cytokine-dependent colonies (CFU-E, CFU-GEMM, CFU-GM, and BFU-E) derived
from both WT and V617F-TG cells to the same extent. Three independent experi-
ments were performed, each using 1 different WT mouse and 1 different V617F-TG
mouse. Data are presented as means + SE.
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Figure 3. Survival and changes of PB of V617F-TG mice treated with R723.
{A) Kaplan-Meier plat of WT mice treated with vehicle (WT-vehicle) and V617F-TG
mice treated with vehicle (TG-vehicle), 356 mg/kg of R723 (TG-35mg/kg), or 70 mg/kg
of R723 (TG-70mg/kg) for 16 weeks. There was a statistical difference in survival
between the TG-vehicle group and the WT-vehicle group (1P < .01) and between
the TG-70mg/kg group and the TG-vehicle group (*P < .05 by log-rank test).
(B) Differential blood counts in WT-vehicle and TG-vehicle, TG-35mg/kg, or TG-
70mglkg treated with R723 for 6 weeks. V617F-TG mice showed severe leukocytosis
and thrombocytosis at 12 weeks of age compared with age-matched WT mice
(tP < .01). The leukocyte and platelst count in V617F-TG mice treated with R723
was significantly reduced compared with the TG-vehicle group (**P < .01). V617F-TG
mice had anemia (1P < .01) that was not improved by R723 treatment. Data are
presented as means + SE. (C) Hematopoiefic compartment of PB assessed by flow
cytometry. At 18 weeks of age in the TG-vehicle group, the Mac-1/Gr-1* myeloid cells
waere significantly increased in number and the B220* B cells and CD3~ T cells were
increased fo a lesser extent than myeloid cells. R723 treatment for 6 weeks
significantly decreased the number of Mac-1/Gr-1+ myeloid cells (P < .01) and mildly
decreased the number of B220 B cellsand CD3' T cells (P < .05). Data are means
of 6 mice in each group.

R723 effectively improves survival, leukocytosis, and EMH in
JAK2V617F-induced murine MPN

At 12 weeks of age, all V617F-TG mice developed MPN exhibiting
leukocytosis, with average white blood cell counts of 29 X 101%/L.
V617F-TG mice were divided into 3 groups and treated with R723
by oral gavage at 35 mg/kg twice daily (TG-35mg/kg; n = 30),
70 mg/kg twice daily (TG-70mg/kg; n = 26), or vehicle twice daily
(TG-vehicle; n = 23) for 16 weeks. As a control for TG-vehicle,
we prepared WT mice treated with vehicle (WT-vehicle; n = 30).
During the study, 6 of 23 in the TG-vehicle group and 3 of 30 in the
TG-35mg/kg group died, whereas only 1 of 26 mice in the
TG-70mg/kg group died (Figure 3A). Therefore, administration of
R723 at 70 mg/kg twice daily significantly improved the survival of
V617F-TG mice (P < .05).
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V617E-TG mice at 12 weeks of age had severe leukocytosis
(Figure 3B). After 2 weeks of R723 treatment, the leukocyte count
was reduced to 45% in the TG-35mg/kg group (P < .01) and to
13% in the TG-70mg/kg group (P < .01) compared with the
TG-vehicle group, and the effect was maintained until the end of
the study (Figure 3B). In V617F-TG mice, not only Mac-1/Gr-1
myeloid cells, but also B220' B cells and CD3' T cells increased
in number. Compared with the numbers in WT, the numbers of
myeloid cells, B cells, and T cells were increased by 150-fold,
3.5-fold, and 19-fold, respectively (Figure 3C). After 6 weeks of
70 mgfkg R723 treatment in V617F-TG mice, the number of PB
myeloid cells, B cells, and T cells reached 7.6-fold, 0.9-fold, and
4.1-fold, respectively, compared with that in WT (Figure 3C).
Although R723 treatment reduced the number of all types of PB
cells in a dose-dependent manner, the reduction of myeloid cell
number was the most significant (P < .01): to less than one-tenth
of that of the TG-vehicle group. A reduction in platelet count of
48% was observed in the TG-70mg/kg group (P < .01) compared
with the TG-vehicle group (Figure 3B). Because platelet numbers
in the TG-vehicle group were reduced gradually in the natural
disease course, the difference between the 2 groups disappeared
after 9 weeks of treatment. In contrast to the effect on leukocyte and
platelet numbers, there was no improvement in anemia in V617F-TG
mice treated with R723 (Figure 3B).

R723 treatment also improved hepatosplenomegaly in V617F-TG
mice in a dose-dependent manner (Figure 4A). In the spleen, Mac-1/
Gr-1" myeloid cells associated with EMH were significantly decreased,
and B220* B cells were relatively increased by R723 treatment (Figure
4B). Along with reduction of organ weights and infiltrating mycloid
cells, there was also clear evidence of a dose-dependent reduction in
histopathology of EMH in the spleen, liver, and lungs from R723-treated
V617F-TG mice (Figure 4C). Histopathological analysis of spleens
from the TG-vehicle group exhibited complete effacement of normal
splenic architecture and invasion of myeloid cells, whereas R723
treatment resulted in a marked reduction of cell invasion and restored
architecture in V617F-TG spleens. Changes in the liver and lungs were
more dramatic. EMH consisting of infiltrates of maturing myeloid cells
and megakaryocytes seen in the TG-vehicle group were reduced in a
dose-dependent manner by R723 treatment and almost completely
disappeared in the TG-70mg/kg group (Figure 4C). In contrast to the
drastic pathological improvement in spleen, liver, and lung (Figure 4C),
R723 had little effect on the progression of fibrosis and megakaryocyte
hyperplasia in BM (data not shown).

We also evaluated the histopathological toxicity of R723 in the
brain, heart, kidney, ovary, testes, and gastrointestinal tract. There
were no signs of toxicity related to R723 in any tissue examined at
either the 35 mg/kg or the 70 mg/kg dose.

Transplantation of BM cells from V617F-TG causes MPN in
'WT recipient mice. These mice exhibited granulocytosis, spleno-
megaly, EMH, and mild BM fibrosis. CD45.2* BM cells from
V617F-TG mice were injected into irradiated recipient WT mice,
together with CD45.1' WT BM cells. Twenty weeks after BM
transplantation, we administrated R723 or vehicle by oral gavage at
70 mg/kg twice daily for 4 weeks. As shown in Table 3, R723
treatment decreased the number of leukocytes, especially in
Mac-1* or Gr-1* myeloid cells, in recipient mice. The number of B
or T lymphocytes in the PB was not affected by R723 treatment,
nor was the hemoglobin value or platelet number. In recipient
mice, the number of CD45.2% V617F-TG-derived cells decreased,
whereas CD45.1* WT-derived cells remained unchanged by R723
treatment, indicating that R723 selectively inhibited cells harboring
V617F JAK2. A 5-fold reduction in spleen weights in R723-treated
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Figure 4. Improvement of hepatosplenomegaly and
EMH in V617F-TG mice treated with R723 for 6 weeks.
(A) R723 effects on liver and spleen weights after R723
treatment for 6 weeks. Liver and spleen weights in 3
VB17F-TG mice treated with vehicle (TG-vehicle) were
increased compared with those in WT mice treated with
vehicle (WT-vehicle) (1P < .01). R723 treatment in
V617F-TG mice significantly reduced organ weights
(**P < .01). Data are presented as means + SE. (B} He-
matopoietic compartment of spleen assessed by FACS.
The proportion of Mac-1/Gr-1* myeloid cells significantly
increased, and that of B220' B cells decrsased in
18-week-old TG-vehicle mice compared with age-
matched WT-vehicle mice (1P < .01). R723 treatment
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in V617F-TG mice for 6 weeks decreased the propor- vehicie

tion of Mac-1/Gr-1~ myeloid cells and increased the
proportion of B220* B cells (*P < .05). The percentage
of CD3* T cells was constant. Data are presented as
means + SE. (C) Histological changes in V617F-TG
mice by R723 treatment for 6 weeks. Histology of
WT-vehicle and V617F-TG mice treated with vehicle,
35 mg/kg, and 70 mg/kg doses of R723 (TG-vehicle,
TG-35mg/kg, TG-70mg/kg, respectively). Cells were
stained with H&E. In the spleens of the TG-vehicle
mice, the red pulp was expanded with maturing my-
eloid cells and megakaryocytes and the white pulp was
scarce compared with WT-vehicle mice (i-ii). Mice
treated with R723 for 6 weeks showed marked reduc-
tion of myeloid cell invasion and partially restored
architecture (jii-iv). Liver and lung sections from TG-
vehicle also displayed EMH (vi and x). Infiltration of
myeloid cells disappeared with R723 treatment in
VB17F-TG mice (vii,viii,xi,xii).
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liver spleen

lung

recipient mice compared with the vehicle-treated recipient mice
was also observed. R723 weatment caused a significant reduction

ol BM fibrosis (supplemental Figure 5), although the degree of

myelofibrosis severity in recipient mice was much milder than that
in V617F-TG mice.

Table 3. In vivo effect of R723 on JAK2 V617F-harboring cells

WT-vehicle

B220

Macl/Grl

Te b3

TG-vehicle

TG-35mg/kg TG-70mglkg

The effect of R723 on BM progenitor cells in V617F-TG mice

FACS was performed on BM cells in V617F-TG mice treated with
R723 or vehicle. In V617F-TG mice, the proportion of LSK and
GMP cells increased (P < .01) and the proportions of CMP, MEP,

Vehicle (n = 5)

R723 (n = 5)

Pretreatment

CD45.2* cells, x10%uL.

12.6 (2.6-27.7)

Platelsts, X 10M/L 61.9 (50.8-81)

Postireatment

13.0 (2.2-31.1)

53.2 (14-92.5)

Postireatment

11.1 (6.9-24.5)

7.4(4.3-14.4)"

70.8 (52-119) 106 (57.2-1 37)‘

Peripheral blood data are presented as medians (range). Spleen weights are presented as means + SE. The paired daia between pretreatment and postireatmert were
analyzed with a paired 2-tailed ftest. The comparison of spleen weights between vehicle-treated mice and R723-reated mice were analyzed with a 2-iailed ftest.

n.d. indicates no data.

P < .05.

fP< ot
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