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5 Encephalomyocarditis Virus
Accumulation of Environmental Insults

An interesting report has established the significance of the accumulation of
environmental insults such as viruses and chemicals (Toniolo et al. 1980). The con-
cept may also be applicable to type 2 diabetes, where accumulation of risk factors
such as diet, obesity, aging, genetic risk, and little exercise together lead to impaired
insulin action, resulting in the development of diabetes. Viral infection may contrib-
ute to the development of type 2 diabetes when viral infection alone is not sufficient
to induce diabetes, but the damage to B-cells may reduce B-cell function to some
extent. In this sense, viral infection may serve as another risk factor for the develop-
ment of type 2 diabetes, although direct evidence is lacking.

Autoimmunity

The EMC virus is a cytolytic virus but does not cause persistent infection, and there-
fore infected cells are not likely to be attacked by cytotoxic T cells similar to the
autoimmune reaction. However, infiltration of T cells with a restricted T-cell recep-
tor repertoire has been reported, suggesting a pathogen and/or autoantigen-directed
reaction (Kawagishi et al. 2003). Indeed, lysed cells after infection with the EMC
virus would release self-antigens and thus may possibly trigger autmmmumty to
pancreatic B-cells as well as virus anugen -directed protective immune response
(Flodstrom et al. 2002; Christen et al. 2010). The hit-and-run theory is hard to
confirm and/or disclaim with evxdence for or against paradigm. In addition, inter-
feron production induced by viral infection may play a role in the development of
autoreactivity to pancreatic B-cells (Fig. 5.4) (Devendra and Eisenbarth 2004).
Recent advances in controlling organ-specific autoimmune diseases often associ-
ated with autoimmune type 1 diabetes, the significance of AIRE being in the thymus
and Treg in the peripheral immunor egulation system have been extensively described
in addition to microbial environment engagement (Nagamine et al. 1997; Kogawa
et al.2002; Elsenbarth and Gottlieb 2004; Sakaguchi 2003). Programmed death fac-
fox, suppressor of cytokine signaling (SOCS), and B lymphocytes may also contrib-
ute to the preventxon of autoimmunity to pancreatic B-cells (Chervonsky 2010;
Yoshimura, et al. 2007; Pescovitz et al. 2009; Nagafuchi et al. 2010).

Long-Term Complicaﬁnns‘

Susceptible mice infected with diabetogenic EMC«D virus develop hypercrlycemla
and develop characteristic diabetic complications similar to those in humans such as
glomerulosclerosis, retinal vessel involvement, and decrease in bone formation and
mineralization. The diabetic mice with glomerulosclerosis after 6 months’ duration
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krevealed the two‘ to threefold increase in. thlcknes,s of the alomerular basement
‘membrane Thlckemnc of Bowman’ capsule and. the renal mesangial mairix has
also been: observed in EMC«M virus-infected DBA/Z mice 2-6 months after infec-
tlon(YoonetaI I982) o s bl e

'Host Factors e

Even dlabetocemc EMC- D virus induced diabetes only in a few strains of mice such

as SIL/J; SWR DBA/1J, DBA/2], while others such as C57BL/6, CBA/J, AKR,
" C3H/Hel. A/J mice are all resistant to EMC-D virus-induced diabetes (Ross et al.

1975; Yoon et al. 1980; Huber et al. 1985). Onodera and others have 1eported that
F1 hybrid mice between susceptible SWR and resistant C57BL/6 mice were resis-
tant to virus-induced diabetes, while the next F1 and SWR mating showed that 50%
of those mice exhibited the susceptibility to the virus, thus indicating that a single
autosomal recessive gene, which is inherited in a Mendelian fashion, controls the
susceptibility to the virus (Onodera et al: 1978). It was indicated that the susceptibil-
ity gene may modulate the expression of virus receptors on B-cells in susceptibie
mice (Kang and-Yoon 199’%) ‘however the exact controlhng gene has remain‘to be
identified. ~ o
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Prevention

Several preventive strategies have been reported to be efféctive. As described in the
pathogenesis section, Nitrate oxide inhibitors and chemokine suppression may

reduce the diabetogenic effect of EMC virus infection. Since the antibody is very

effective to prevent the EMC virus infection, vaccination and every early phase of
the disease may be effective in preventing the EMC virus-induced diabetes (Kounoue
et al. 2008). Immunostimulants such as BCG, Corynebacterium parvum, and PolyIC
treatment have been shown to be effective in preventing EMD-D virus-induced dia-
betes (Kounoue et al. 1987; Choi et al. 2000). : Yo e

PerSpectives

EMC virus has contributed greatly to better understanding of the pathogenesis of
virus-induced diabetes. The data described above show the development of diabetes
even under the diabetogenic virus challenge, with the outcome being influenced by
many factors, such as genetic background, sex, protective immunity, inflammatory
cells, cytotoxic mediators, and also perhaps the regenerative activity of pancreatic
p-cells (Hover and Sauter 2010). The elevation of blood glucose level may be due
to the accumulation of such “risk factorsj;”'legdihg to the development of virus-
induced diabetes. Moreover, since even susceptible strains of inbred mice develop
virus-induced diabetes in a rather variable but not homogeneous fashion, the “sto-
chastic process” in this model and/or human virus-induced diabetes should there-
fore be recognized. In order to acquire a better understanding of the pathogenesis of
virus-induced diabetes, the assay system for the diabetogenicity of the virus together
with clarification of host genetic risk factors should be exploited, as these may lead
to the identification of the “diabetogenic” virus. Those studies will hopefully lead to
the development of a vaccination strategy to the “diabetogenic™ virus, which will in
turn not only prevent the development of the virus-induced type 1 diabetes but may
also contribute to reduce the risk for the development of type 2 diabetes.

Summary

° BMC virus has provided the most useful animal model for virus-induced type 1
diabetes. Development of diabetes depends on many factors including virus
strain, challenge dose, host factors such as genetic background, sex, immunopro-
tective function, inflammatory responses with macrophages, cytokines, chemok-
ines, and chemical mediators; ~ ‘

° Autoimmunity induction is not likely to be a factor in this model, though a hit-
and-run event cannot be excluded. ' :
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o Most importantly, the difference between the diabetogenic strain D (EMC-D)
and the non-diabetogenic strain B (EMC-B) virus depends on only one amino
acid change due to single point mutation of “A” to “G” at position 3155 (Thr-776

1o Ala-7’76) suggestmfr that possﬂ)le acqmsmon of dlabetovemmty may occur
often among envxronmental ‘non-diabetogenic” viruses. ;

,°‘ Although susceptlbxhty to the EMC -D vxrus-mduced dlabetes depends on the

"Genetlc background of mlce the genenc determmants of the host remain to be
eluc:dated ;

3 Clanﬁcatmn of the pathovenesxs of BMC virus- mduced dlabetes wﬂl not only
promote a better understanding of the mechanisms of virus-induced diabetes in gen-
eral, but will also contribute to the development of new protective strategies against
viral diabetes. R
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MYELOID NEOPLASIA

R723, a selective JAK2 inhibitor, effectively
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 direstly to MPN
pathogenesis. We developed R723, an
orally bicavailable small molecule that
inhibits JAK2 activity in vitro by 50% at
a concentration of 2nlM, while having
minimal effects on JAKS, TVK2, and
JAKT activity. R723 inhibited oytoking-
independent CFU-E growth and constitu-

tive activaﬁon ,qf STATS in primary hema-
topoietic cells expressing JAK2VE17E, In

an anemia mouse model induced by

phenylhydrazine, R723 inhibited erythro-
poiesis. In a leukemia mouse model using
BalF3 cells expressing JAKSVGI7E, R723
treaiment prolonged survival and decressed
tumor burden. In V617F-4ransgenic mice
that closely mimic human primary myelo-
fibrosis, R723 treatment mproved sup-
vival, hepatosplenomegaly, leukocytosis,

and thrombosytosis. R723 preferentially tar-
geted the JAK2-dependent pathway rather
than the JAKI-and JAKS-dependent path-
ways in vivo, and its effects on T and
B lymphocyies were mild compared with
lts effects on myeloid cells. Our preclini-
cal data indicate that R728 has a favor-
able safety profile and the potential to
become an efficacious treatment for pa-
tients with JAKZ2VET7F-positive MPNs,
(Blood. 2011;117(25):6866-6875)

§n&mducﬁon

Myeloproliferative neoplasms (MPNs) are clopal hematologic
diseases characterized by excess production of one or more
lineages of mature blood cells, resulting in a predisposition to
bleeding and thrombosis, exiramedullary 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.25 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 TAK2ZV61TF in vivo
in a murine BM transplantation assay resulted in erythrocytosis
resembling PV.%% Moreover, we and others have reported that
JAKZV61TF-transgenic (VGLTE-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/ZM ig empirically ‘derived and
includes phiebotomy, !’ hydroxyurea,'s IFN-w,!” anagrelide,'s and
thalidomide'® and its analogs.’® Most patients are not candidates for
stem-cell fransplantation, ‘which is the curative treatment for
MPNs,* given their advanced age at the time of diagnosis,
considerably high ratio of transplantation-related mortality, and
relatively indolent progression. Tdentification 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 JAK?2 inhibi-
tors for the treatment of MPNs, 22 and these compounds are
currently undergoing clinical trials.2527 '

In the present study, we report the development of R723, a
selective small-molecule JAK? 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 JAK2VG617E,
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 JAK2VGITR with ‘the erythropoietin
(EPC) receptor Ba/F3-EPOR-JAKZVSITR, Initially, we screened a focused,
diversified kinase inhibitor library to identify inhibitors of Ba/F3-EPOR-
JAK2V61TR 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 addmonal assays assessing the effects onIL- -2-dependent prolifera-

these counterscreen assays also allowed us to exclide the possibility of
cell-type- and species-specific artifzcts. R723 was obtained as a result of the

tesultmg compour;ds in the assays, mentxoned above.

In vitro pmﬁfefaﬂon aesays N

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

Cel!-based S'm's phosphwylatzon assay
Eﬁects of R723 on STATS phosphorylauon in human primary T cells and

cell ]mes .were  determined by FACS For detaﬂs see’ supplemental"'

' Methods

Ammaﬂs

: Exbht-weekﬂld female BALB!C mice and 7~week old female NOD/SCID
“mice (The Jackson Laboratory) were used i in the induced hemolyuc anemia
< model and PK-PD studies and in the Ba/F3-JAK2ZV617R leukemia study,:
zespecnvely Two lintes 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
smdles were performed in the United: States in accordance with- the
- Institutional Animal Care and Use Committee of ngel Pharmacenticals Inc,
andinJa apan in accordance with the Mlyazaki Umvers1ty Ethics Commmee

ﬁnaty»us of JAK2- and JAK?IJAKMependent STATﬁ )
phosphnrylataon in pnmary eans - ) :

‘ Wﬂd type (WT) mice (female BALB/c) ‘were dosed ora]}y with. R723 at
ﬁO or 100 mg/lcg or vehlcle, and b}ood was collected at 1 and 3 hows after
treatment After snmulanon wnh either 10 ng/mL of GM-CSF for the
assessment of JAK2 actmty in gramﬂocytes (Gr-1%)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~c0n3uoated
PSTATS and either PE-conjugated Gr-1 or peridinin chlorophyll A protein—
cyanin 5.5~conjugated CDS. Samples were analyzed by FACS. .

PHZ-induced hemolytic anemia model and lalF3~MK2V6'§7F
engraﬁmem mouse model

Pheny}hyd:azme (PHZ Slgma-Aidﬁch) was admzmstered at-50 mg/kc,/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 50 mg/kg or

75 mglkg twice daily. Blood was collected on days 3, 6, and 8t assess

RBC number and hewnatocrit levels. The Ba/F3- 3AK7V617F engraftment
mouse model is described in supplemental Methods

Murme MPN model and anaiysas of mtce aﬁer R723 treaﬁmem ‘

'i\x/elve—week-old V617F TG mice wete treated by oral gavage twice daily.

with 35 mg/kg R723, 70 mg/kg R723, or vehicle for 16 weeks. In this stady, -

a salt form of R723 was formulated in water to case the formulation process.
Asa control for V61‘7F 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 pathologzc ‘
examination, tissue samples were fixed in formalin, embedded in paraffin

- blecks, and sectioned for HEF staining or Gomori silver stammg FACS
was perforsz'ed as desenbed prevxousiy

oonly.
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VeI7F-TG BM cell engraﬂmenﬁ mouse model
tion of human primary T lymphocytes, CTLL-2 mouse Tecell leuketma T

: 5 +
-cells, and JAK1-dépendént Ba/F3 cells expressing JAK1V658F. The use of - BM cells (2 to 8 X 10%) from CD45 2 V617F TG m1ce, togeﬂier with

X 105 CD45.1% WT BM cells, were injected into 9.5 Gy—irradiated
recrpxent CD45.2' WT mice. In our prehtmnary experiments, we injected

systemic chemical modification of the initial hits, followed by t Ecstmg of the* 2X.10° €D45.1 BM cells into- lethally irradiated ©s5 GY) CD45.2
-+, recipients. Reconstituion of recipients with donor BM cells was monitored

..by assessing the. frequency of CD45.1!/CD45.2! cells in the peripheral

" blood (PB) after traosplantanon Tweive weeks after the transplantation,

- donor-derived (CD45.1) cells had nearly oompletely replaced (99%) the
rec1p1ent (CD45.2) cells in the PB. The remmmng tecipient 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. daﬂy for 4 weeks, whereas: the control group

" received vehicle only Compiete blood counts and the ratio of CD45.1+ to

1CD45.27 cells were monitored by FACS before and after treatment. All
’ mlce were kllled at smdy end points and spleens Were Welghed :

ngen itor cell assays

. ‘Colony formmg assays were performed as descnbed prevxously‘-‘ (for

details, see supplememal Methods) CFU-E eclonies were counted on day 3 and

- other oolomes were counted on day 7. To observe the effect of R723on the
. ,pmpomon of progemzors V617F TG mice were dosed orally with R723 at
70" mgfkg or vehicle twice daﬁy for 4 weeks. Lin~Sca-1-cKit* (LSK),

common myeleoid progenitor (CMP), gmnuiocyte—macrophage progenitor
(GMP), erythromegakaryocyte progenifor (MEP), megakaryocyte progeni-

tor (MKP), early erythroblast, and late erythroblast populations in BM cells

were determined by FACS Annbodxes were used as mdlcated in supplemen—

taI Methods

‘ smtésﬁcai anaiiysis

Results are presented as means & + SL To:assess the statistical significance

between the 2 groups, the 2~ta.11ed Student ¢ test: was ‘used. Statistical
ana.lyses of R723-treated sroups. versus, Yvehicle gfoups in survival studies
were performed W1th the log~rarﬂc test e

Resuﬁe

R723isa po&ent eeieciwe JAKZ mhibﬁor

To 1dent1fy JAKZ mhxbxtors ‘we used a cell based approach using
murine leukemia Ba/F3 cells expressing JAK2V617F with the EPO
receptor Ba/F3-EPOR-JAK2V617F. 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 tbe structure—acuvﬁy relationship study on the

initial hits from the screening. The chemical structure of R723 and

the crysta} structure of R723 complexed with JAK2 catalytic
domm are shown in supplemental Figure 1:(US Patent Application

' Dub.’ No. 2009- 0258864 A1, Qctober 15, 2009). R723 stwongly

suppressed prohferanon of Ba/F3 EPOR JAR2V617F and 2 other
cell lines dependent solely on JAK2V617F signaling for survival:
UKE-1 and SET-2.% R723 strongly diminished JAK2-dependent
STAT5 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 J AK2-dependent proliferation of Ba/F3-EPOR
cells i in the presence of EPO with that of JAK2V617F- ~dependent
(and cytokine-independent)  proliferation of = Ba/F3-EPOR-
JAKZV61TF 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 1Csq, mBA
BalF3-EPOR-JAK2YS1 7F proffleration | CUGAKRVEIZE L g
UKET1 proliferation JAK2 VB17F 168
SET2pioliferation 7 ke verrE 13g
EPO-dependent human CD34* progenitor JAK2 124
proliferation ; : .
Ba/F3-EPOR-JAK2VE17F pSTATS FACS JAK2VBITF Vo ggp
SET2 pSTATS FACS JAK2 VE17F 39
L-2CTH 2 profiferation " CUMAKIAAKS L e
IL-2 human primary T-cell proliferation SJAKT/JAKS 1260
IL-2CTURPSTATSFACS © ' UAKigAKs - 2m00
-2 human primary T-cell pSTATS FACS . JAKT/JAKS 2700
Ba/Fe-JAKIVESBF profferation ' JaKivesaF < sss
CMK proliteration JAKB A572V 2340
ABAg profiferation L e e
1288 profiferation ) Muitiple 4100
IgE CHMC tryplase’ ** i Syk o e
Insulin Hela pAKT in cell western InsR 10 800
VEGF HUVED pYEGFR in cellweistern 1 VEGFR. o0 3050

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 STAT5 phosphorylation via JAKI/JAK3 in human primary
T lymphocytes and CTT.1~2 cells, were si gnificantly lower than the
effects’ observed in the JAK?2-dependent cell lines (Table 1) We
also used a Ba/F3 cell line expressing the V6S8E mutant of JAK
kinase (Ba/F3-JAKIV658F cells), which demonstrates IL.3-
independent but JAK 1-dependent growth,? and the CMK cell line,
which is dependent on the constitutively active JAK3AS72V
mutant, for survival and proliferation assays.3 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? inhibitor, with a biochemi-
cal ICs of 2nM (Table 2). Ithad a nearly identical inhibition profile

Table 2. R723 sslectively inhibits JAK2

- Selectivity over
Kinase : ICyg, 0} JAKEZ, “fold
JAKQVV{“~“ N N : ;:"2 L . SN NA
JAKY i 740 370
JAKB el g LR
TYK2, - 3950 ‘ >500
VEGFR2 1460 o > B00
Syk 300 150 .
PKCa UBEBG e CE00
PKCb1 7980 > 500
PRCd o TG00 >B00
PKCe >10000 S >500
PKCq >10000 - . B
PLK1 : >10000. >500

only.
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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 ICsq 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 conﬁfmcd 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 ICsy (supplemental Table 1).
These results indicate that R723 is a2 highly potent and selective
JAK? 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 (supplernental 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*: gramulocytes with GM-CSF or CD8* T cells with IL-15,
respectively. Whereas the GM-CSF-meédiated signaling cascade
relied exclusively on JAKZ, 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 preferenice for targeting the JAK2-
dependent GM-CSF pathway, especially at the 50 mgfkg dose
1 hour after dosing. ~ k

R723 inhibits erythropolesis in a PHZ-induced hemolytic
anemia model ‘

To investigate the ability of R723 to inhibit JAK? in vivo, we used
the acute mouse model based on induction of anemia on PHZ
treatment.3! 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 tc
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, whereds animals administered R723
showed a dose-dependent and significant (P << .05) delay in
recovery (Figure 1B), with the 75 mgfkg twice daily dose
producing the strongest effect on both parameters (P < .01).

8723 is effective in an aoute Ba/Fa-JAKSVGI7F leukemia model

We investigated the effect of R723 in a mouse leukemia model
relying on the nse of murine Ba/F3 cells expressing JAK2V617F as
a driver of cell proliferation. This model is particularly aggressive,
with a lethal ouicome within 15 days of cell injection in vehicle-
treated mice. In the R723-reated 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 stody, animals were killed on day 13, before
the full disease onsel, 10 evaluate the levels of green fluorescent
protein-positive (GFP*) Ba/F3-JAK2VE17F cells in the spleen and
BM. We observed a significant decrease in spleen cellularity and in



From blaod;oumal hematolegylibrary.org at CENTRAL LIBRARY (M080) on May 21, 2012 For personal use

BLOOD 23 JUNE 2011 - VOLUME 117, NUMBER 25

Y GM-CSF stimulation . =L stimutation
R . ) Velicle - : :
R Rt =L
860l 00 wolkg R7Z3
28 S ey
Fgao
i n?;§ 20
g ST
g o
‘ Lhr ; 3he! Lhr 3hr
i “Time after dosing Time afterdosing
s B R Hematncritff : S VRBCCOURT‘:: '
o5 i ; £ FOREGER | N
= @@mam%fﬂ,% ;Ez ‘g RV TE Pt
(e : : U & ]
5 - igs
b= % &
w 222 07
E 20 =
g gy
20 4 , LR
2 3 6 niting o

. . Davs o 57 g Days
g-@.,m;vem PG %mglkg -a-?smgmgj

C gmmwgmm ' mxzvszw BalFa wgraﬁmer‘t o

%
5‘4@ %s’o
§ j %m
3; 8. &w
.0 z Nl = T i
i e e
L SEEE T S %

F‘gum 1. R723 shows selectivity and effscacy i mice, (A) Analyas of JAK2- and

L JAKI/JAKS-dependent STATS phasphorylatlon in primary cells. WT mice (fernale
. BALB/c) were orally dosed with vehicle, R723 50 mg/kg, or R723 100'mg/ig. Blood
“was collscted at 1 and 3 hours after dosing and stimulated wiih either GM-CSF or
W15, The percentage of pSTATS-positive Gr-1+ cells with GM-CSF stimulation (left
panel) and the percantage of pSTAT5-positive CD8 calls with IL-15 simutation (right
panel) at each time paint are shown. (B) R723is efficacious in the hemalylic anemia
mouse. modal. Hematoerit (feft panel) and RBC count (right | panel} changes were

axamined inmice administered PHZ on days 0 and 1 {ollowed: by oral daily

adminisiration of R723 or vehicle on days 2-7. Hematoerit and RBC counits of naive
mice on day 3 were used a5 a baseline. (C) NOD/SCID . mice. injected: with

‘ BajF&JAK2V61?F calls ‘were “administered with. saline, vehicle (hydmxypropy :

~ methyiceliuose), or 50 mgfkg of R723 twice dafly. Spleens and BM were harvested

13 days aiter cell injection. Cell counts per spleen (lsht’ panel) and percentags of

GFP*calls (Ba/FS—JAK2V61 7F)inBM and spleen cells (nght panel) are shown Data
are presemed asmeans = SE. "*P < 01 "P< 05

GFP* cells in BM and spleen from R723-treated mice compared
Wlth those from un‘ireated or vehicle{reated rmce (Fzgure 1 )

in wtro growth mhnbmon of dAsz&WF-hamemg
he»ma&opmem cells by R723 i

We mvesngated the effect of R723 in.a murine mcdel of MPN
induced by JAK2V617F. 2K, premotetucommﬂed JAR2V617E-
expressing mice (V617F-TG) show extreme lenkocytosis, thrombo-
cytosis, and progressive anemia,® as well as hepatosplenomevaly

with EMH; megakaryocytosis, and fibrosis in' the BM. BM cells -

show constitutive activation of STATS and formanon of cytokme—
independent: growﬂa 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 efficacy of R723 on WT and
V617F- TG BM: celis by assessing STATS activation in Mac-1/-
- Gr 1" ceHs Cells were starved of growth factors for 4 hours and
ﬂzen stlmulated with TL-3, EPO, and G-CSF. V617E-TG myelo;d.‘

‘ oe}ls had more phosphm'yiated basal. levels of STATS. than WT.

“only.
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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 phosphorylauon of STATS (Figure 2A). These data 1nd1cate that

 R723 is capable of inhibiting activation of STATS, the main
-effector of JAK-STAT sngnalmg, in pnmary hematopmehc cells
- expressing JAK2V617F.

We next assessed the effect of R723 on" EPO-mdependent

- colony formation. R723 inhibited EPO-mdependent 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) Cytokme—
dependent colony formation (CFU-E, CFU-GEMM, CEU-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 cells at the same level (Figure 2C). This agrees reasonably well

with the resuits of a 2-point in vitro kinase -assay in which R723
~showed an identical inhibition profile for both WT and the V617F

‘mutant of JAK2 (supplememal Table 1)

L o cytokine
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Figure 2. R723 inhibits JAI/STAT signaling and gmwih of JAK2VE17F harbor-
ing hematopeletic celis. (A) BM cells from WT or V617F-TG mice were harvesied

“and cuftured without serum for 3 hours. Cells Wera incubated with vehicle or R723 for

1 hour, followsd by the siimulation with IL-3,/ EPO, and G-CSF for 15 minules.
Mac-1/Gr-1* myeloid cells were analyzed for levels of STATS phospharylation by flow
cylomeiry. One representative expariment of 3 is shown. (B) Effects of R723 on
EPO-independent CFU-E colonies derived from V817F-TG. BM calls from V61 7F-TG

- were cultured in duplicate in methyleellulose culture medium in the absence of EPO

with and without R723. The. number of CFU-E colonies was ‘counted on day 3.
R723 reatment significantly suppressed CFU-E in V617F-TG. Three independent
expetiments ware performed. Data are presented as means = SE. (C) Efiects of
R723 on cytokine-dependent BM coloniss derived from WT and V617F-TG mice.
BM ceils from WT and VB17F-TG mice were cultured in cytokme-con‘iammg
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 (potiom
left), and BFU-E (botiom 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 exient. Three mdependent expari-
menis were performad, each using 1 different WT mouse and 1 different V617F- TC‘
nouse: Data are presentedasmeans £ 8B, 7
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Figure 3. Survival and changes of PB of kV617F~TG mice treated with R723,

(M) Kaplan-Meer plot of WT mice treated with vehicls (W-vehicle) and V61 7FTG

mice treatted with vehicle (TG-vehicle), 35 mg/kg of R723 (TG-85mg/kg), or 70 mg/kg
of R723 (TG-70mg/kg) for 16 weeks. There was a statistical difference in survival
belween the TG-vehicle group and the WT-vehicle group (P < .01) and between
the TG-70mglkg group -and the TG-vehicle group (*F < .05 by log-rank test).
(B) Differential blood counts in WT-vehicle and TG-vehicle, TG-35mglkg, or TG-
70mg/kg treated with R723 for 6 weeks. V617F-TG mice showed severs leukocytosis
and thrombocytosis at 12 weeks of age compared with age-mtched WT mice

(TP = .01). The leukeoyte and platsiet count in VB17F-TG mice freated with R723 -

was significantly reduced compared with the TG-vehicle group (P < .01), V61 7E-TG

mice had anemia (1P < .01).that was not improved by R723 freaimént. Data are.

presenied as means * SE, (C) Hematopoletic compartment of PB assessed by flow
cytometry. At 18 weeks of age in the TG-vehicle group, the Mac-1/Gr-1+ myeloid celis
were significantly increased in number and the B220* B calls and CD3- T cells were
increased 1o a lesser extent fhan myeloid cells. R723 treatment for 6 weeks
significantly decreased the number of Mac-1/Gr-1+ myeloid ealls (P < .01) and mildly
decreased the number of B220 B cells and €D3' T celle {P < .05). Dala are means
of 6 mice in each group. ‘ i

R723 eﬁec’&ivély impmves survival, leukecytosis, and EMH in
JAK2YE17F-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 10V9/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 wesks. 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-35mglkg group 'died, whereas only 1 of 26 mice in the
TG-70mg/kg group died (Figure 3A). Therefore, administration of
R723 at 70 mg/lkg twice daily signiﬁcanﬂy improved the survival of
V617F-TG mice (P < .05). -
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VO17E-TG mice at 12 weeks of age had severe leukocyiosis
(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-TOmg/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 comse, 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 V6 17E-TG

mice treated with R723 (Figure 3B).

R723 tregtment 2lso improved hepatosplenomegaly in V617E-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 infilirating mycloid

- cells, thérekwas also clear evidence of a dose-dependent reduction in
- histopathology of EMH in the spleen, liver, and Tungs from R723-treated

V617F-TG mice (Figure 4C). Histopathological analysis of spleens
from the TG-vehicle group exhibited compiete effacement of normal
splenic architecture and invasion of myeloid cells, whereas R723
treatment resvlted in a marked reduction of cell invasion and restored
architecture in V617F-TG spleens. Changes in the liver and lungs were
more dramatic. BMH consisting of infilrates of matring myeloid cells
and megakaryocytes seen in the TG-vehicle group were redoced in a
dose-dependent manner by R723 treatment and almost completely
disappeared in the TG-70mg/kg group (Figure 4C). In contrast fo the
drastic pathological improvenent in spleen, liver, and lung (Figure 4C),
R723 had litde 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
sither the 35 mg/kg or the 70 mg/kg dose. ﬁ

Transplantation of BM cells from V617F-TG causes MPN in
WT recipient mice. These mice exhibited granulocytosis, spleno-
megaly, EMH, and mild BM fhrosis. CD45.2% BM cells from
V617F-TG mice were injected into irradiated recipient WT mice,
together with CD45.1' WT BM celis. Twenty weeks after BM
transplantation, we administrated R723 or vehicle by oral gavage at
70 mg/kg twice daily for 4 w:eeksA As shown in Table 3, R723
treatment: decreased the number of leukocytes, especially in
Mac-17 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+ V61TF-TG-derived cells decreased,
whereas CD45.1+ WT-derived cells remained unchanged by R723
treatment, indicating that R723 selectively inhibited cells harboring
V617F JAKZ. A 5-fold reduction in spleen weights in R723-treated
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Figure 4. Improvement of hepaiasp!enomegaly and .. : )
ENH in V617F-TG mice treated with R723 for 6 weeks, ; ‘ : B
(A) R723 effects on liver'and spleen weights after R723 ) Liver E3Spleen
Yreatment for 6 weeks: Liver and spleen weighis in ’

WT-vehicle
[} TG-vehicle

- V617F-TG mice treated with vehicle (TG-vehicle) were 50 . FITG-38malkg
increased compared with those in WT mi ﬂeated with ’ mTGn'ﬂ) i
vehicle' (WT-vehicle) (1P<.01). 723 treatment in- mghg

VE17F-TG 'mice significantly reduced organ weights
(**P < .01). Data are presented as means + SE. (B) He-
matopoieifc compariment of sp!een assessed by FACS,
The proportion of Mac-1/Gr-1+ myeloid cells significantly
- Increased, ;and: that-of B220' B cells decreased in )
18-week-old. TG-vehicle mice ' compared: with . age- T
“maiched WT-vehicle mice (TP < .01): R723 treatmem =
in' V817F-TG mice for 6 weeks decreased 1he propor- -
fion of Mac-1/Gr-1~ myeloid celfs and increased the
propomon of 8220*Bceiis (*P.<.05). The percentage': : : . e [ e
of CD3* T cells was constant. Data are presented as ) L . e "3 e I -
‘means = SE. (C) Histological changes-in V617F~TG' . WT,'V hscie : Tﬁfwm‘?ie . T&-35mg/kg TG ?wmQ/ kg
‘mice: by R723 realment for 6 weeks. H;s!ofcgy of
WT-vehicle and V617F-TG mice treated with vehicle
35 mg/kg, and 70 mg/kg doses of R723 (TG-vehscle, ;
“ TG-35mgfkg, TG-?Gmg/kg, respecnvely) Cells were -
stained with HZE. In the spleens of the TG-vehicle
mice, the red: pulp was expanded with maturing my- ;
oloid cells and ‘megakaryocytes and the white pulp was:
scarce. compared with. WT-vehicle mica (i-). Mice
ireated with R723 for 6 weeks showed marked
tion - of myeloid cell . invasion ‘and’ pamally ‘réstor
architecture (jii-iv). Liver and:lung sections from TG-
vehicle also displayed EMH (vi and x). Infiltration of
myeloid celis disappeared - with R723 :reatmem in
VG'!?F TG mice (vn,vm Mpdy, T

‘percentage(%)
(R SO
[ (=3

vehicle S5myfkg7emorky o
TG :

vehicle Macl/Grl  B220

rempient mice compared with the vehxcle—treated recxpxent mice ‘E‘he etiect of R723 on BM progeniﬁar ce%is in vm ?F-TG: mice
was also observed. R723 treatment caused a szgmﬁcam reduction

of BM fibrosis (gupp]e;men{d] }-1gﬂn—; 5, g][houuh the degree of FACS was perfcnned on BM cells i in V617F TG rmce f:reated with
myelofibrosis severity in recipient mice was nuch milder than that - R723 or vehicle. In V617F-TG mice, the proportion of LSK and
in V617F TG mxce. o o - GMP cells increased (P < .01) and the proportions of CMP, MEP,

Table 3. In vive effeei c‘f R723 an JAKZ V61 7F-harbcrmg cel!s

Vehidle (n = 5) b e . R723(n=5)
Pretreatment ‘Postireztment Protreatment Postireatment
sa(iogzss ies(ivestey SR L T i Er -7 S 108(8.1-15.3
107 (32192) ' 11.43.7-22.8) « 1 7.9(6.4-20.2) : | 46(31-9.2)
2.0(0.4-8.3) Lo 18{085.) 25(0.8386) -
282775 - . 42(3447) 36 (3.1-4.6)
: 16(07-11.2) 150783) 13(0.7-44)
‘ 180 22:81.1) © 111 (69245 | 74344y
‘ ERERE ST S i2B(tie4s ?29(197143)‘
8. 9(50&31) : 53.2(14-925) 708(52119) T 106 (57.2-137)
020 =004 SRR ¥ EEE S 00d=001t

Denphevai blood data are presenied as medians (range) Spleen weights are presented as means + SE. The paired data between pretmatment and pestzreatmem were iy
analyzed with a palred 2~ ia:led tiest The companson of splesn weighis between vehxc!e—treated mice and F&?ES-ireated mice were analyzed wnh a2 iazled tiest

n.d. indicates ho data.

P < .05.

TP < .01
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Figure 5. Effect of R723 on BM of V&17F-TG mics. {A) BM progenitors

Wt
~vehlcle

k(] TG TG
~vehicle -3Bmglkg -70mefly

in VB17F-TG mice and efiect of in vivo R723 treatment. V61 7F-TG mice were dosed orally with R723

at 70 mg/kg or vehicle for 4 weeks. BM cells were collesied, and the proportion of CMPs (Lin~Sca-1 ~cKit-CD24.+ FeyR), GMPs (Lin“Sg:aJ “cKit~CD34“FeyRY), MEPs
{Lin~Sca-1 ~cKit* CD34-FeyR ), and MIKPs {Lin~cKit*CD8*FeyR' CD41+) was determined by FACS. In VB17F-TG mice, the proportion of GMPs increased, and those of

CMPs, MEPSs, and MKPs were comparable 1o thosa in

WT mica. Four weeks of 3723( reatment in V617F-TG mice normalized the proportion of GMPs. MEPs and MKPs were

increased compared with WT mice or V817F-TG mice treated with Vahicls. These resulis are representative of 6 independent experiments. (B} Changas in BM progenitor calls
after K723 treatment. The numbers of CFU-GEMM and CFU-GM colonies increased and the numbers of CFU-E colonies decreased in the BM from 18-weelk-ofd TGvehicle

fice eompared with those in the BM from the age-malched Wi-vehicle mice

GP< .05 &P < 01). R723 treatment for 6 weaks suppressed CFU-GM and BFU-E colonies

("P < .05). Incontrast, CFU-E colonies increased in V617F-TG mics after R723 treatment (P < .01). Data are presented as means + SE. {C) FACS analysis of BM calls. The
perceniage of Mac-1/Gr-1+ myeloid cells increased and that of 5220+ B cells decroased in 18-wesk-old VB17F-TG mice treated with vehicle (TG-vehicle) compared with the
age-matched WT mice treated with vehicle (WT-vehicle) (1P < .01). R723 freatment for 6 weeks had litile efiect on the proportion of BM myeloid or B cells in V617F-TG mice

(top panel}. The proportion of CD71/TERT19 double-positive erythroblasis

and TER119 single-positive eryihroblasts decreaged in TG-vehicle mice compared with that in

WT-vehicle mice (1P < .05; £P < .01} Significant restoration of CD71/T| ER119-positive eryihroblasts was observed in V617F-TG mice afier 728 treatment for 6 weeks
("P < .05). TER11S single-positive eryihroblasts were ot restored by R723 treatment (botiom panel). Data are presented as means + SE. (D) Changes in' EPO-independent
CFU-E colonies after in vivo R723 freaiment. The number of EPO-independant CFU-E colonies increased in BM oalls from 18-weelkeold TG-vehicle mice compared with that in
BM calls from the age-matched WT-vehicle mice (TP < .01} In vivo R723 treatment for 6 wesks increased the number of EPO-independant CFU-E colonies (*F < .01 ). Data
are presented as means = SE. Whereas EPQ-dependent. CFU-E colonies increased in V617F-TG mice after in vivo R723 treatment (panel B), the proportion of

EPQ-independent/EPQ-dependent CFU-E colonies remained the same.

and MKP cells were comparable to those of the WT mice. Four
weeks of R723 treatment in V617E-TG mice normalized the
proportion of GMP cells (P < .05). MEP ‘and MKP cells were
increased compared with the WT or V617F-TG mice treated with
vehicle (P < .01; Figure 5A and supplemental Table 2). Con-
versely, the LSK cell population was not changed by 4 weeks of
R723 ireatment. The proportion of BM progenitors was also
analyzed by colony formation assay. CFU-GEMM and CFU-GM
colonies were increased in number in the BM from the TG-vehicle
group compared with that from the WTvehicie group. The

suppression of CFU-GM was observed in V617F-TG by R723
treatment (Figure 5B).

Mac-1/Gr-1* myeloid cells in the BM of the TG-vehicle group
were increased, and B220% B cells were decreased compared with
that of the WT-vehicle group (Figure 5C). R723 weatment had
littde effect on the proportion of BM myeloid and B cells in
V617F-TG mice. :

We then extended our analysis to erythroid-lineage cells. The
proportions of CD71/TER119 double-positive early erythroblasts
and TERI19 single-positive late erythroblasts were decreased in
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the TG-vehicle group compared with those in the WT-vehicle
group (Figure 5C and supplemental Table 2). Significant restora-

tion of CD7I/TER119 double-positive early erythroblasts was: .

observed in the TG-70mg/kg group, but TER119 single-positive

’, late erythroblasts were not restored by R723 treatment. CFU-E .
colonies were decreased in number in the BM from the TG“vehlciej :

group compared thh that in the WT-vehicle group. The suppres-

sion of BFU-E was observed in V617E- TG mice by R723
treatment; however, the number of CFU E colomes increased in.

the TG-70mg/kg group compared with that in the TG-vehicle

group (Figure 5B). The number of. EPO-mdependent CFU-E
*colonies was increased in the V617F-TG. ‘group by in vivo R723

treatment compared with that in the TG-vehicle group (Figure
5D). Whereas the number of EPO- dependent CFU-E colonies

was-inicreased in V617F-TG mice by in vivo R723 treatment, the

proportion of EPO—mdependem/EPO—dependent CFU-E colo—
nies remained the same.

Discussion

In the present study, R723, a potent, orally bloavaﬂable JAK2-
selective inhibitor, was shown to have significant i in vitro activity
against JAK2V617F. In addition, R723 demonstrated good

- efficacy and low toxmlty invivo in 3 ammal models QOur data
indicate that R723 has the potential for effective treatment of ‘

V617F-positive MPNs.

R723 was eguipotent against-both the WT and the V617F
mutant-type of JAK2 in biochemical assays and, correspondmgly, ;
R723 equally inhibited colony: formauon of both V617F TG and

WT BM cells. In the PHZ-induced anemia model, R723 was able to
significantly delay EPO-driven hematocnt TECOVEry from chemical

insult, indicating its in vivo ability to inhibit WT JAK2 kipase i in

the context of EPQ receptor pathway overstimulation. R723 was
also effective in 2 JAK2V617F»dnven animal models, the Ba/F3-

JAR2VeITF leukemia meodel, and in V6ITE-TG mice. In. the

aggressive murine leokenna model usmg Ba/F3 -JAK2V617F cells,

'R723 had. clear. beneficial effects on  disease’ progression by
suppressing the proliferation of tumor cells, which led 1o an

« incremental improvement in survival and 2 decrease in the overall

“tumor burden in the spleen and BM, although the blood of the
R723-treated mice did not inhibit ‘phosphorylation ‘of STATS in

Ba/F3-JAK2V617F ceils completely, only by 30%-40% (supple-
“mental Figure 4 and 1C). The ultimate confirmation of R723

- closely resembling those seen with human PMFE? which is often
poorly controlled with conventional therapy and the most appropri-
ate target of a new therapeutic approach using a JAK? inhibitor.
V617F-TG mice have shorter lives than WT mice. In our study, the
animals died suddenly, precluding detailed histopathologic analy-
sis. Among a small cohort of V617F-TG mice in which Hmited

necropsy was performed, subcutaneous and intestinal hemorrhage -
and' gangrenous bowels were observed, which xmghi have been

caused by abdominal vessel obstruction. In addition, the blesding
time of V617F-TG mice was extremely prolonged compared with
that of WT tmice (data ot shown). We therefore speculated that the

~cause of death was thrombosis and/or hemorrhage. Mullally etal’?
- and Akada et al*? also reported that thrombotic events rnight be the
cause of V617F-expressing mice. Oral administration of R723 in-

V617F-TG mice led to the prolongation of survival and profound

improvements in leukocytosis, thrombocytosis, and hepatospleno— :

megaly. These resulis raise hope fori zmprovements in the treatment

L only.
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- of PMF patients. Conversely, anemia, megakaryocyte hyperplasia,
-and fibrosis in BM were litde affected. The effect of R723 on BM

fibrosis varied greatly between models. Tt was not dissolved in
V617F-TG mice during R723 treatment, and instead became just as

‘advanced as it was in V617F-TG mice treated with vehicle. R723
itreatment caused a si ignificant reduction of myeloﬁbrosxs in tecipi-
‘ent mice tmnsplanted with V617F-TG BM cells together with WT
BM cells (supplemental Figure 5), but the reason for this is not yet
“clear. Severe progression’ of myelofibrosis might be resistant to

JAK?2 inhibition, because the degree of myelofihrosis %eventy in
recipient mice was much milder than that in V617F-TG mice.
Interestingly, this outcome closely resernbled the results of human
clinical trials of other JAK?2 inhibitors, in which the main improve-

ments were limited to rapid decreases in spleen size and normaliza-
. ton of leukocyte count without resoluﬂon of fibrosis and only
-marginal improvements in transfusion dependence.?2¢ R723 also

has- effects in recipient mice transplanted with BM cells from
V617F-TG mice. In this transplantation model, R723 seemed to
prefer inhibiting the growth of cells harboring V617F to WT cells,

-although R723 had ancarly identical inhibition profilc for both WT

and V617F mutant JAK?2 in the in vitro kinase assay and equally
inhibited colony fonnatzon of both WT and V617F-TG BM cells.

. The JAK2V61 7F mutation is observed in the majority of PV
patients and in approxnnately half of PMF patients. The effect of
the JAK2 mutation op erythropoiesis differs from disease to
disease. PV is characterized by eytbrocytosw whereas the main

 feature of PMF is progressive anemia. The situation was similar in

owr mouse model. We previously reported 2 lines of V617F-
transgenic mice: line 1 ~transgenic mice exhibiting PV- or ET-
resembling features and line 2 nansgemc mice (this line was used
to evaluate the effect of R’?ZS) exhxbmng PMPF-like diseases such
as BM fibrosis, leukoerythroblastosxs, and anemia. JAK2VGI7F
kmnock-in mice: resembhng human PV were described recently.
The reason that eryi:hrocytosxs or anemia resulted from the same
JAK2 mutation both in human dxseases and mice models is not
clear. We found that some genes were specnﬁcally expressed in line

2 transgemc mice (data not shown), and now characterize their

toles. These protcms may. coopcratc Wsth JAKZVGI?I’ to influcnce
erythlopoxems

- The effect of R723 on cell components seerns 0 dxffex" by ceil
hneage ‘As mentioned previously, R723 did not unprove anemia

but did effecnvely improve leukocytosw and thrombocytosis in
. V617F TG mice. The frequency of CFU-E and the CD71/T ER119
~doﬂble-posmve cells, which represent late erythroid progemtors
efficacy came from testing it in V617F-TG mice with' features  and erythroblasts,* respectively, decreased in V617F-TG mice
: compared with WT mice, and R723 treatment elevated these

 erythroid progenitors to levels nearly equal to that of WT mice.

This improvement was probably due to the ability of R723 o

 inhibit the abnormal JAK2V617F signal, However, TER119 single-

positive cells, which represent late erythroblasts, were still low in
V617F-TG mice after R723 treatment. The generation of commit-
ted erythroid progenitors did not reguire EPO, but the ferminal
maturation from CD71/TER119 doub{e-posmve ceils to TER119.
smgloposmve cells did require EPO,3S mdlcatmg that differentia-

tion depends on JAK?2 activation, Because R723 mhlbxts WIJAK2

as well as JAK2V617F the inhibition of WT JAK2 by R723 night .
abrogate the termmal dlfferenttaﬁon of erytbroblasts to erythro-
cytes; and this xmght be the reason that anemia Wwas not improved in-

V617F-TG mice treated with R723.1 AK2V617F-select1ve inhibi-
-tors, which do not inhibit WTJ AKZ, mlght overcome this problem.

- There are JAK2V617E- posmve dlsease-mmatmg cells that.
have long-term, multipotent, and “self -renewing activity in the
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hematopoietic stem cell compartment.3637 Mullually et ai2 re-
ported that the JAK2V617F mutation had nominal effects on the

size or function of the LSK compartment critical for MPN initiation

and that the JAK2 inhibitor TG101348 failed tb, eliminate the
MPN-initiating. population in JAK2V6I7F knock-in-mice, even
though the treatment déimonstrated histopathological improvement

" of the erythroid hyperplasia and staﬁstically significant reductions

in spleen size. As we found in the present study, the compartment of
LSK cells increased in V61 7F-TG mice and R723 treatment did not
suppress them, showing again that the effect of R723 on cell
components augmented by JAK2V61TF seems to differ by cell
lineage. R723 effectively suppresses granulopoiesis induced by
JAK2V61TF, does not suppress LSK cells expanded by JAK2V617E,
and suppresses the abnormal JAR2V617F signals in late erythroid
progenitors and erythroblasts and the normal EPQ signals in late
erythrocytes. Y e B
‘To use a JAK2 inhibitor for the treatment of MPNs, long-term
therapy is likely to be required for maintenance of remission, such
as in the case of imatinib mesylate for BCR-ABL~positive chronic
myeloid leukemia. 3 In addition to the standard toxicities, emphasis
should be placed on minimization of activity against other kinases,
especially JARL or JAK3, to prevent immunosupprassion associ-

ated with prolonged inhibition of JAK3 and possibly JAK1.3%38

R723 demonstrated reasonable selectivity in both in vitro kinase-
and cell-based assays, although the selectivity was somewhat
different between the 2 assay systems. In cell-based assays, a few
fold selectivity was observed when using mouse CTLL-2 or human
primary T cells compared with related JAK? assays. A single oral
dose of R723 demonstrated a preference for targeting the JAK2-
dependent GM-CSF pathway in granulocytes rather than the JAK1-
or JAK3-dependent IL-15 pathway in T cells. Six weeks of oral
administration of R723 to V617F-TG mice showed that the
inhibitory effect of R723 on T or B lymphocytes was much less
than that on myeloid cells. These data demonstrate that R723 has a
limited immunosuppressive effect and a potentially favorable
clinical safety profile. All TAK?2 inhibitors currently used in clinical
trials inhibit JAK2 potendy, but their off-target profiles are
variable.*?* The clinical implications of the distinct profiles
remain to be determined.

In conclusion, we identified a potent inhibitor of JAKZ, R723,
which showed some selectivity in vitro in biochemical and
cell-based assays. R723 demonsirated efficacy in vivo in 3 animal
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models addressing different aspects of disease progression. In
V617F-TG mice, which closely mimic human PMF, R723 signifi-

~cantly improved survival, hepatosplenomegaly, teukocytosis, and

thrombocytosis, thus confirming the viability of a targeted therapy

* approach in managing JAK2V617F-positive MPNs. We conclude

that R723 could become a viable option available o PMF, PV, and
ET patients who develop resistance to conventional therapies.
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Invelvement of Tyrosine Kinase-2 in Both the IL-12/Th1 and

IL-23/Th17 Axes In Vivo

MaSayukﬁ Ishizaki,* T@shihik@ Akﬁmmoj Ryuta Muromote,* Mika Yokoyama,"
Yuya Ohshiro,* Yuichi Sekine,* Hiroaki Maeda,’ Kazuya Shimoda,* Kenji Oritani,? and

Tadashi Matsuda® . - ‘

Tyrosine kinase-2 (Tyk2}, a member of the Jal family of kinases,

mediates the signals triggered by various cytokines, including type I

IFNs, IL-12, and TL-23. Tn the current study, we investigated the in vivo invelvement of Tyk2 in several IL-12/Thi~ and TL-23/Thi7-

- mediated models of experimental diseases, including methylated BSA injection-induced footpad thickness, imiquimed-induced

psoriasis-like skin inflammation, and dextran sulfate sodiwme
disease models, Tyk2 deﬁcimcy influenced the phenotypesin in
what breader contribution of Tyk2 te immune systems than
important candidate for drug development by targéting both th

2011, 187: 181189,

J~ arious combinations of Jak family members selectively
associate with cytokine receptors to transmit signals that
are involved in various cellular events (1). In the case of
tyrosine kinase-2 (Tyk2), it is activated in response to various
cytokines, including IFNs, IL-6, IL-10, TL-12, IL.-13, and IL-23
(2-7).- However, Tyk2 is dispensable for IL-6- and IL-10-medi-
ated signaling in mice (8, 9). We and other investigators reported
that Tyk2 is required for IFN-o/B-mediated signals to Suppress
hematopoietic cell growth but not for the signals that induce an-
tiviral activities (10, 11). Thus, the involvement of Tyk2 in IFN-

a/B~mediated signaling is restricted. In contrast, IL-12-mediated
- signals, especially those for IFN-y production by T cells, are
highly dependent on Tyk2 (8, 9, 12). Because Tyk2 is recruited to
IL-12RB1, IL-23-mediated signaling also probably involves Tyk2
(7). Consequently, experiments usin g Tyk2-deficient cells revealed
that different levels of dependence on Tyk2 are evident among
several cytokines. ‘ ;

IL-12, whose receptor is associated with Tyk2 and Jak2 and
mainly activates the transcription factor STAT4, is the lineage-
specific eytokine responsible for Thl generation (5, 13). Phos-
phorylation of STAT4, in conjunction with signais derived from
TCR-mediated stimuli, induces the expression of T-bet, a master
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or 24,6-trinitrobenzene sulfonic acid-induced colitis. Tn these
imunity and/er inflammation. Qur findings demonstrate a some-
previcusly expected and suggest that Tylk2 may represent am
e IL-12/Thl and IL-23/Thi7 axes. The Journal of Immunology,

transcriptional regulator of IFN-y-producing Thl cells (14). Al-
though IL-23 was initially shown to induce the differentiation of
Th17 cells, it is now generally accepted that the differentiation of
Th17 cells is dependent on TGF-B and IL-6 and that IL-23 ig
instead involved in the expansion, ‘maintenance, and functional
maturation of Thi7 cells (15). IL-17 is now believed o play es-
sential roles in the pathogenesis of chronic inflammatory “dis-
orders, as well as in the host defenses against various pathogens
(15, 16). It is noteworthy that IL-12 and IL-23 have common
features. As heterodimeric cytokines, they share the p40 subuni,
and their receptors share the TL-12RP1 subunit, which associates
with Tyk2. Thus, Tyk2 seems to be indispensable for the IFN-
V/Thl axis but is also involved in the immune responses mediated
by IL-17-producing Th17 cells. Because Thi and Thi7 are both
mainly involved in the proinflammartory imimune responses that

are controlled by Tyk2, mutations leading to loss of function of

Tyk2 can be expected to lead to striking immunological pheno-
types.

- Experimental allergic encephalomyelitis (EAE), which is in-
duced by immunization with myelin Ags or by adoptive transfer of
myelin-specific CD4 effector cells, is an animal model of multiple
sclerosis (17). Notably, recent studies demonsirated that Thi7
cells are responsible for the development of EAE (18). Indeed, IL-
23p19- and TL-12/TL-23 p40-deficient mice are resistant to BEAE
(19, 20). Tyk2-deficient mice also show lower clinical scores and
inflamed CNS areas in this model (21). Moreover, the involvernent
of Tyk2 was confirmed by experiments using mice carrying dif-

-~ ferent Tyk2 polymorphisms (22). B10.D1 mice, which express the

Tyk2A allele, are resistant to BAE development and can be
compensated by one copy of the Tyk2G allele ‘from B10.Q/Ai
mice. In addition to the EAE model, mice carrying Tyk2 poly-

- morphisms exhibit susceptibility in a model for collagen-induced
arthritis (CIA) (23). B10.Q/AI mice are highly susceptible to CIA,

whereas B10.D1 mice are resistant. These studies suggested that
deficiency. of Tyk2 results in defined clinical disorders. Recently,
a patent with Tyk2 deficiency was seported (24). The patient

experienced increased susceptibility to viral and mycobacterial
- infections, atopic dermatitis, and elevated IgE levels, thereby ex-

hibiting broader and more profound immunological defects than
expected from studies of Tyk2-deficient mice. The different

2107 '17 AejAl Uo oyso], nqESOON Y00 ATU[) nysnAY j8 /330" founurany/.duy ol paprojuMO(]



182

dependencies on Tyk2 between human and mice could arise from
species specificity. Alteratively, precise analyses of Tyk2-deficient
mice may reveal new aspecis of Tyk2 functions in vivo.

In the current study, we investigated the in vivo involvement of

Tyk2 in several IL-lZIILQB—dépendem models of experimental
diseases, namely delayed-type hypersensitivity (DTH), imiquimod

(IMQ)-induced psoriasis-like skin inflammation, and dexiran sulfate

sodium (DSS)- or 2,4,6-trinitrobenzene sulfonic acid (TNBS)-

: ‘inducedcdlitis. Our resulis indicated ‘a"somemwha;t ~‘b1',°ad¢? contri-
bution of Tyk2 to immune systems. than previously expected and

suggested that Tyk2 may represent an important candidate for

Tyk2 REGULATES THE IL-12/Thl AND IL-23/Th17 AXES IN VIVO

specific ELISA (Abcam, Cambridge, UK.) To quantify IFN=y and IL-17
_ production, splenocytes were stimulated with murine 1L-2, IL-12, or IL-23

for 48 h or 72 h, and each culture supernatant ‘was measured by specific -

ELISA (R&D Systems, Minneapolis, MN), according to the manufac-
“turers’ instructions. o AR iy

Analysis éf Th cell differentiation

- Wild-type and Tyk2-deficient splenocytes were posjﬁvely selected based

- wogen, Carlsbad, CA), and the bead-bound cells were detached using

on CD4 expression with Dynabeads CD4* T cell positive selection (Invi-

- DETACHaBEAD (lavitrogen, Carlsbad, CA). The CD4" T cells were
- subsequently separated based on CD62L expression with MACS CD62L

drug development by targeting both the IL-12/Thl and IL-23/

Th17 axes.

. Matériaﬂs~\ and Methods
aiMide’  Feinpiu, g aleals Sad

generations onto. BALB/c mice (8, 25). Mice were kept under specific

+ and cultured in the presence of murine IL-6 (50 ng/ml; PeproTech, Rocky

pathogen-free conditions and provided with food and water ad lbitam.

All experitnents were performed according to the guidelines of the In- -

stitutional Anin
Daiichi-Sankyo. L
Cell pfblz)*'eration stsay and ELISA

' The proliferation 'of viable splenocytésj after Con A ‘txéatme}xt; wasf‘;ﬁea—
.. sured using a WST-8 assay (Cell Counting Kit-8; Dojindo Laboratories,

1al Care and Use Committee of Hokkaido University. and

 Rumamoto, Japan) (26). Briefly, 10 ul WST-8 solution was added to the

cells'in each well and incubated for 3 h. Absorbance was measured at a test
- wavelength of 450 nm, and 11.-2 in culture supernatants was measured by

>

. and ‘analyzed using CellQuest (BD Biosciences) and FlowJo (TreeStar,

- MicroBeads and MACS separation columns (Miltenyi Biotec, Auburn, -

CA). The separated naive. CD4"CD62L" T cells were activated by plate-
bound anti-CD3 and soluble anti-CD28 (BD Pharmingen, San Diego, CA)

Hill, NJ) and human TGF- (5 ng/ml; R&D Systems) with murine TL.-23
(10 ng/ml; R&D ~Systems)~f013Th1,7 cell, I1-12 (1 ng/ml; PeproTech) for
-Thl cell, and TGF-B (5 ‘ng/ml) for regulatory T cell (Treg) differentiation

B o Lo 27). After 3 d'in culture, cells were restimulated with PMA and ion-
B'lO.D'l~H2q/SgJ (B10.D1) mice bearing the Tyk2A allele and BIO.Q/Ai

‘mice with the Tyk2G allele were purchased from The Jackson Labora-
tory (Bar Harbor, ME) and Taconic Farms (Germantown, NY), respectively.
Gene-targeted Tyk2-deficient: mice were backcrossed for -at least eight

- omycin for4 h, followed by addition of GolgiPlug (BD Pharmingen); Cells
‘were permeabilized and fixed with Cytofix/Cytoperm (BD Pharmingen),

o according to the manufacturer’s instructions. Detection of IFN-y— and 1L~
*17-producing cells was determined by intracellular cytokine staining with

anti-IFN-v-FITC or anti-IL-17-PE (BD Pharmingen). Cells were ac-
- quired on a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA)

- Ashland, OR) software.‘ e

) DTH résp'onses ; k

Six.mice per group were injected s.c. with 250 |ig methylated BSA (mBSA)

(Sigma-Aldrich, St. Louis, MO) at two sites in the abdomen in‘a combined
total of 100 pl a 1:1 emulsion of CFA (BD Biosciences, San Diego, CA)

and saline (28). On day 7 following immunization, the mice were chal-

Jlenged by injection of 50 wl 0.5 mg/ml mBSA in saline into one rear
footpad, whereas the other rear footpad received 50 L1 PBS. Measurements
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FIGURE 1. Tyk2 is involved in n,-xz;inaa¢ed IFN-y production and IL-23-induced IL-17A production. 4, Isolated splenocytes (1 X 10°) from wild-

type (Tyk2**), Tyk2*'~, or Tyk2™'~ mice were analyzed for IL-2 production and proliferative responses after stimulation with or without Con A (0~10 pg/

ml) for 48 h. Results are representative of two independent experiments. B, Isolated splenocyies (5 X 107) from Tyk2™, Tyk2*'~, or Tyk2™'~ mice were
analyzed for IFN-y production after stimulation with or without TL-2 (0-3 ng/ml) in the presence of anti-CD3 mAb for 48 h. Resilts are representative of
two. independent experiments. C, Isolated splenocytes (5 X '10%) from Tyk2*"; Tyk2™™, or Tyk2 ™"~ mice were analyzed for IFN-y production after

stimulation with ‘or without IL-12. (03 'ng/ml) in the preserice of anti-CD3 mAb for 48 h. Results are representative of two independent experiments. D,

Esolated splenccyies (3 X 10" from B10.Q/Ai or B10.D1 mice were analyzed for IFN-v production after stimulation with or without IL-12 (0-3 ng/ml) in .

the presence of anti-CD3 mAb for 48 h. Results are representative of two independent experiments.
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of footpad swelling were taken at 24 h after challenge, using a thickness
- gauge (Mitutoyo, Kanagawa, Japan). The magnitude of the DTH responses
was determined from differences in footpad thickness between the Ag-and
saline-injected footpads.

IMQ treatment and scoring severity of skin inflammation

+ At 8-11 wk of age, mice received a daily topical dose of § mg conumes-
ciaily available IMQ cream (5%) (Beselna Cream; Mochida Pharmaceut-
icals, Tokyo, Japan) on a side of both ears for 6 consecutive days (29). To .

score the severity of inflammation of the ear skin, both affected car
thickness and ear tissue weight were measured. At the days indicated, the

“ear thickness of both ears was” measured using the thickness gauge
(Mitutoyo) and averaged. Also, after application on 4 ‘consecutive days,

~ears were collected for quantitative PCR analysis, and ear-draining lymph
node cells were collected for FACS analysis. In FACS analysis, cells were
stimulated for 4 h by PMA/ionomycin with GolgiPlug and stained with

183

anti-CD4 Ab conjugated with Alexa Fluor 647 (BD Pharmingen) and anti~
IFN-y or anti-1L-17 Ab, as indicated.

DSS-induced colitis

Colitis was induced by means of drinking water supplemented with 3% DSS
(45,000-50,000 m.w.; MP Biomedicals, Santa Ana, CA), as described
previously (30). Control mice were treated in a similar manner with
drinking water without DSS. The disease activity index (DAY) and histo-
logical score were assessed in accordance with established criteria (30),
which combined scores of weight loss, consistency, and bleeding divided
by 3, and acute clinical symptoms with diarrhea and/or extremely bloody

. stools.

Haptén-induced colitis

TNBS-induced colitis has been described (31). Mice were immunized
with 3.5 mg TNBS (Sigma-Aldrich) in 40% ethanol by " intrarectal
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FIGURE 2. Tyk2 is involved in IL-23-induced

IL-17A production and Thi7 differentiation. 4, Isolated splenocytes (2 X 10°) from Tyk2**, Tyk2*™, or

”[ykZ"’ "~ mice were analyzed for IL-17 production after stimulation with or without IL.-23 (0-3 ng/ml) in the presence of anti-CD3 mAb for 72 h. Results

are representative of two independent experiments. Also, the same anal
and comparable resulis were observed. B; Isolated CD4YCDE2LY T ce

CD3 mAb (5 pg/ml) and soluble anti-CD28 mAb (1 wg/mi).in Th1/Thi7 cell

and immediately subjected t6 intracellular cytokine staining for IL-
compared. The results are mean * SD of three independent experime;
stimulated in the Tr%;g— '
independent experimen
TGF-B stimulation. Results were analyzed based on the

ysis was done using isolated splenoeytes (5 X 10 from B10.Q/Ai or B10.D1 mice,

ls (2.5 X 10°) from Tyk2*™ or Tyk2™'™ mice were stimulated with plate-bound anti- -
-inducing conditions. Seventy-two hours poststimulation, cells were harvested .
17 and IFN-y. TL-17" and IFN-y" cell populations were gated, and their ratios wete -

nts. C, Isolated CD4*CD2LY T cells (2.5 X 10°) from Ty or Tyk2 ™™ mice were

inducing conditions. Seventy-two hours poststimulation, cells were analyzed by Foxp3 staining. Representative graphs of three

ts are shown. Dashed line indicates the staining of naive T cells without TGF-B stimulation, and solid line indicates staining with
percentage of Fo}{p?;h‘gh population in Tyk2"* ¢r

k27" cells. Thé results represent mean = SD.

“p < 0.05, *#p < 0.01, **p < 0.001 compared with control group; ¥y < 0.001 compared with Tyk2*™* group.

2107 ‘12 42N vo otjso 1, nquaeSoon oo Ay nysady e /8o jounturly duy woy popeo[umo(



184 : Tyk2 REGULATES THE IL-12/Thl ANDIDZB/ThU AXES IN VIVO

admxmstranon ‘Each experimental group. contamed six 6——9~wk~o}d fe-
~ male mice. . :

Extraction of tissue RNA and TaqMarz analysis of gene
expresszm
RNA was cxtracted fromm ‘ears and colons using ISOGEN (prpon Gene,

+ Tokyo, Japan). Using 5 jug total RNA template, cDNA was prepared using
~'a High Capacity ¢cDNA Reverse Transcription kit (Apphed onsys{ems

-CA). Quantitative real-time PCR analyses of the respective gene, as well as

- the ‘control: GAPDH mRNA’ transcripts, were cartied out using TaqMan

" Gene Expression assay probefprimer mixtore and TaqMan Gene Expres-
sion Master Mix. PCR amplification and evaluation were performed using
Applied Biosystems 7900HT Fast Real-Time PCR System. The reverse
‘transcription and PCR conditions were. in accordance with the manu-
facturer’s instructions, and PCR was. performed for 40 cycles ;

H tstology

Sections from formalin-fixed, paraffin-embedded ears were stained with

H&E, and epidermal thickness was measured using a BIOREVO BZ-9000
microscope and measurement ‘module BZ-HIME (XEYENCE, Tokyo,

Japan). Using this software, the epidermal thickness was measured at six
positions per section and averaged. -

Statistical analyses

All lmpaxred data were analyzed by an F test to evaluate the homogeneity of
variance. If the variance was homogeneous, the Student ¢ test was applied.

If the variance was heterogeneous, the Welch 7 test was performed. For -
paired comparisons, the Student ‘paired ¢ test: was performed. In other -
cases, the Wilcoxon rank-sum test, for scoring ddta and the Tukey test, for -

the comparison of Tyk2*™, Tyk2*'", and Tyk2 ™/ " mice, were performed.
The log-rank test was. performed in survival experiments. A value of p<
0.05 was chosen as an indication of statistical significance. A statistical
comparison was performed using statistical scftwate (SAS System Release
8.2; SAS Institute, Cary, NC). &

Results :

In vitro experiments reveal the involvement of Tyk2 in
IL-12-induced IFN~')/ productzon and IL-23-induced IL-1 7A
production

To clarify and conﬁrm the roles of Tyk2 in effector T cell func<
tions, we used splenocytes derived from wild-type (TykZ"’ ), Tyk2-

hel;erodeﬁc:ent (TykZ‘“' ), and TykZ—deﬁcxent (Tykz ) mice.
These three types of splenocytes exhibited similar responses o the
T cell mitogen Con A, resulting in the production of IL-2 and cell

growth (Fig. 14). These cells also showed no significant differ-
ences in their IFN- -y production levels after IL 2 stimulation (Fig.

1B). However, the splenoeytes from Tyk2™'™ mice did not pro-
duce IFN-y in response to IL-12, whereas those from Tyk2™* and
Tyk2"'™ mice did (Fig. 1C). The impaired responge to IL-12 was
also observed in splenocytes from Tyk2-mutant mice (B10.D1)
(Fig. 1D). Notably, the Tyk2-deficient mice used in this study have
a BALB/c background, whereas B10.D1 mice have a C37BL/
10SnSg background. In a previous report, we demonstrated un-
responsiveness to TL-12 using Tykl—deﬁciem mice with 2 mixed
background of 129/8V and C57BL/6 (8). Thus, the involvement of
Tyk2 in IL-12-induced IFN-y production is general and in-
dependent of the genetic background.

IL~12 and IL-23 are heterodimeric cyiokines composed of

a common: p40 subunit and a p35 or pl9 subunit, respecﬁvely

Uniike IL-12, IL-23 promotes’a distinct CD4" T ¢cell phenetype L
charactenzed by the production of IL~17, denoted Th17 celis (15).
IL-23 enhances Th17 function and survwa] by acting on differ-
entiated Thi7 cells that express the IL-23R (15). Because the IL-

12RB1 chain is’ aIso part of IL- 23R and associates w1th 'kaz we

- examined the effect of Tyk_’z on IL-23—1nduced IL-17A pro—‘

duction. As shown in Fﬁg 24, HL-23-mediated stimuli induced
IL-17 productlon in the splenocytes from TykZ*’* and B10.Q/Ai

~control mice in dose—dependent manners. The splenocytes from

Tyk2™"" and B10.D1 mice completely failed to produce IL-17 in
response o IL-23-mediated  stimuli. Notably, the splenocytes
from Tyk2"'™ mice exhibited a moderate decrease in IL-17 pro-
duction. after stimulation with all'of the tested concentrations of

IL-230 Therefore, IL-23-induced IL- 17 -production is strongly
; dependent on the Tyk2 protein ‘context and is distinct from the
 eifects.of Tyk2 on-IL-12~induced IFN—y producuon ‘To further
“examine the involvement of Tyk2 in Thi7 dlfferentxatmn, we
' cultured CD4*CD62L* naive T cells in the presence of TGF-B and
IL-6. The cultures of Tyk2"'* cells contained significantly higher
- proportions of IL-17-producing cells than did those of Tyk2™ o
- eells, although both cultures indnced IL- 17—pr0ducmg cells (Fig. -

2B). The subsequent addition of IL-23 increased the numbers of
IL-17-producing cells in the Tyk2** cell cultures but not in the

Tyk2 ™ cell cultures. Therefore, Tyk2 influences Th17 induction

or maintenance by interacting with IL-23 SIgnahng The number
of IFN-'y-—producmg cells by TL-12 stimulation was also affected
in Tyk2™/ T cell culture, as we described previously (8). We also
examined IL-10-producing cells by intracellular‘staining in the
same situation (data not shown). However; we could not detect any
IL-10-producing cells as a result of the lower expression level of

IL-10, indicating that IL-10 is not involved in Th17 differentiation

in this sitation. We further examined whether Tyk2 regulates
Treg differentiation by TGF-B-mediated Foxp3 expression. As
shown in Fig. 2C, TGF- B—lnduced differentiation into ‘Foxp3*
Tregs was normal in Tyk_z cells; suggesting that Tyk2 is not
involved in TGF-B-mediated signaling for Treg differentiation.
Taken together, Tyk2 is related to pathogenic Th1 and Th17 but
not Treg differentiation and maintenance in vivo.

DTH responses. in ]yk2-deﬁcient mice

The data obtained in the above—descnbed in vitro experiments
encouraged us to examine Tyk2 ™' mice using 1L.-12~ and/or 1L~
23-related experimental models. DTH responses are strongly
T cell dependent and were reported to be defective in IL-

12p40~ and IL~73p19»—deﬁciem mice (28, 32). To evaluate DTH
- responses in the absence of * Tyk2, we sensitized groups of Tyk2™*,

TykZ*’ =, and TyLZ”"’ mxce with mBSA in CFA and then elicited

 DTH responses after 7 d’ by injection of mBSA or saline (negative

control) into the footpad. As shown in Fig. 3, specific footpad
swelling was observed in the three types of mBSA-injected mice,

- but the degrees of swelling paralleled the levels of Tyk2 protein

(839 = 9.1 X 1072 mm for Tyk2*"™* mice, 460 + 30,5 X 1072
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FXGURE 3. DTH résponses in TyU deﬁcrent mice. chc 1mmumzcd
with mBSA were induced DTH reaction’ by the Ag mjectzo& into left heel.

~Ag-specific swelling 24 'h' after challenge was calculated as rootpad
- thickness ‘over the value measured ‘just before the challenge The results

were averaged over all five mice in each group, crror ‘bars reprcsent SDs.

. p < 0.05, ###p < 0.001 compared with salme b:e‘,ted x,roup, < 0.05,

#Hp <-0.001 compared with Tyl2** mice.
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