Janus kinase 1/3 signaling pathways are key initiators of Ty2
differentiation and lung allergic responses
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Background: Janus kinases (JAKs) are regulators of signaling
through cytokine receptors. The importance of JAK1/3
signaling on Ty2 differentiation and development of lung
allergic responses has not been investigated.

Objective: We sought to examine a selective JAK1/3 inhibitor
(R256) on differentiation of Ty subsets in vitro and on
development of ovalbumin (OVA)-induced airway
hyperresponsiveness (AHR) and inflammation in an
experimental model of asthma.

Methods: A selective JAK1/3 inhibitor was used to assay the
importance of this pathway on induction of Ty1, Ty2, and Ty17
differentiation in vitro. In vivo, the effects of inhibiting JAK1/3
signaling were examined by administering the inhibitor during
the sensitization or allergen challenge phases in the primary
challenge model or just before provocative challenge in the
secondary challenge model. Airway inflammation and AHR
were examined after the last airway challenge.

Results: In vitro, R256 inhibited differentiation of T2 but not
Tyl or Ty17 cells, which was associated with downregulation of
signal transducer and activator of transcription (STAT) 6 and
STATS phosphorylation. However, once polarized, T2 cells
were unaffected by the inhibitor. In vivo, R256 administered
during the OVA sensitization phase prevented the development
of AHR, airway eosinophilia, mucus hypersecretion, and Ty2
cytokine production without changes in Ty1 and Ty17 cytokine
levels, indicating that selective blockade of Ty2 differentiation
was critical. Inhibitor administration after OVA sensitization
but during the challenge phases in the primary or secondary
challenge models similarly suppressed AHR, airway
eosinophilia, and mucus hypersecretion without any reduction
in T2 cytokine production, suggesting the inhibitory effects
were downstream of Ty2 cytokine receptor signaling pathways.
Conclusions: Targeting the Ty2-dependent JAK/STAT
activation pathway represents a novel therapeutic approach for
the treatment of asthma. (J Allergy Clin Immunol
2013;umN;ENE-NEN,)
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Cell signaling through the Janus kinase (JAK)-signal trans-
ducer and activator of transcription (STAT) pathway plays a
critical role in the function of cytokines, growth factors, and
hormones." The JAK family members are activated after receptor
ligation, which leads to phosphorylation of the STATS, an event
central to DNA transcription and cell activation.”® Activation
of receptor-associated JAKs by phosphorylation of specific
residues leads to the recruitment of specific STATs, which are
then tyrosine phosphorylated. The activated STATs are released
from the receptor, dimerize, and translocate to the nucleus,
where they bind to members of cytokine response elements."
Because most proinflammatory cytokines and growth factors
use this pathway, the JAK/STAT pathway is linked to various
immunodeficiency and autoimmune diseases.'*

There are 4 members of the JAK family: JAK1, JAK2, JAK3,
and Tyk2. JAKI associates with a variety of cytokine and growth
factor signaling pathways.' JAK3 expression is restricted to
hematopoietic cells and colocalizes with JAKI, transmitting
signals through the common v chain of the cytokine receptors
for IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21.% As a result, JAK1
and JAK3 play critical roles in the initiation of inflammation
and have been investigated as potent therapeutic targets in a
variety of inflammatory diseases. A number of JAK inhibitors
have been developed for clinical use.'? Ruxolitinib, a selective
JAK1 and JAK?2 inhibitor, has been used in the treatment of
myelofibrosis and shown to impair dendritic cell functions.'’
Tofacitinib, a pan-JAK inhibitor that targets JAK1 and JAK3
and, to a lesser extent, JAK2 has been effective in patients with
rheumatoid arthritis,' "' as well as in preliminary studies of other
autoimmune diseases, inflammatory bowel disease, transplant
rejection, or hematopoietic disorders, such as myelofibrosis and
polycythemia vera.*”' >

Asthma is chronic inflammatory respiratory disease associated
with Ty2-dominant immune responses.'” Despite advances in
therapy, asthma prevalence remains high in industrial countries,
and the socioeconomic burden caused by disease exacerbations
or steroid-refractory asthma is significant.'® Therefore, numerous
strategies have been attempted, but to date, they have failed to be
sustained in the clinic.'” Because the JAK/STAT pathways play a
critical role in the differentiation of Ty cells, including Ty2 cells,
JAK inhibitors were studied in animal models of asthma. Tofaci-
tinib, a pan-JAK inhibitor, was shown to reduce allergen-induced
airway eosinophilia and IL-13 levels in mice.'® Administration of
the pan-JAK inhibitor pyridone 6 reduced airway hyperrespon-
siveness (AHR), airway eosinophilia, and airway mucus hyper-
production when mice were treated only during the challenge
phase.' Although nonselective JAK inhibitors showed benefit
in experimental asthma models, the targeting of JAK2 function
with these reagents might be of concern, including alteration of
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Abbreviations used
AHR: Airway hyperresponsiveness
BAL: Bronchoalveolar lavage
BFA: Brefeldin A
EGF: Epidermal growth factor
EGFR: Epidermal growth factor receptor
EPO: Erythropoietin
FACS: Fluorescence-activated cell sorting
Foxp3: Forkhead box protein 3
ICAM: Intercellular adhesion molecule
JAK: Janus kinase
NHLF: Normal human lung fibroblast
OVA: Ovalbumin
p-STAT: Phosphorylated STAT
STAT: Signal transducer and activator of transcription
TCR: T-cell receptor
Treg: Regulatory T
VEGFR2: Vascular endothelial growth factor receptor 2

regulatory T (Treg) cell activity or interference with other
important pathways involving JAK?2.

R256 is a selective ATP-competitive JAK1/3 inhibitor
identified through cell-based assays. In this study we determined
the effects of R256 on the differentiation of Ty subsets in vitro and
the development of allergen-induced AHR, airway inflammation,
and cytokine production in the airways. The results demonstrated
that selective inhibition of JAK1/3 prevented Ty2 differentiation
without altering Tyl and Ty17 differentiation. When added to
differentiated cells, no effects were observed. In an animal model
in mice that received R256 during the sensitization phase,
the development of AHR, airway eosinophilia, and mucus
hypersecretion was prevented. On the other hand, when mice
received R256 after allergen sensitization but during either
primary allergen challenge or a single provocative secondary
allergen challenge, after allergen-induced airway inflammation
and AHR were established, AHR, airway eosinophilia, and mucus
hypersecretion were reduced, but without any modification of
Tyx2 cytokine production. These results suggest that R256 has
important activities both during the allergen sensitization phase
and during the allergen challenge phase, attenuating development
of Ty2-dependent asthma.

METHODS

Animals

Wild-type female BALB/c, OT-2 T-cell receptor (TCR) transgenic, and
C57BL/6 mice aged 6 to 8 weeks were obtained from Jackson Laboratories
(Bar Harbor, Me). All mice were maintained under specific pathogen-free
conditions. All experiments were conducted under a protocol approved by the
Institutional Animal Care and Use Committee of National Jewish Health.

Cell-based selectivity assays of R256 activities

The activity of R256 (Rigel Pharmaceuticals, South San Francisco, Calif)
was assessed in a panel of cell-based assays. R256 is a selective inhibitor of
JAK1/3-dependent signaling. Eotaxin production induced by IL-13 (25 ng/
mL; PeproTech, Rocky Hill, NJ) or IL-4 (5 ng/mL, PeproTech) in normal
human lung fibroblasts (NHLFs; Lonza, Allendale, NJ) was measured by
means of ELISA (R&D Systems, Minneapolis, Minn).”’** STAT6 phosphor-
ylation induced by IL-13 (50 ng/mL) or IL-4 (10 ng/mL) in NHLFs was
measured by using intracellular fluorescence-activated cell sorting (FACS;
anti-pY641-STAT6 Alexa Fluor 488; BD Biosciences, San Jose, Calif).
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IL-2—dependent human primary T-cell proliferation was assessed by using
the Promega CellTiter-Glo Luminescent Cell Viability Assay (Promega, Mad-
ison, Wis) in the presence of 40 U/mL IL-2 (R&D Systems).”* STATS5 phos-
phorylation induced by IL-2 in human primary T cells was measured by
using intracellular FACS analysis (anti-pY694-STAT5 Alexa Fluor 488, BD
Biosciences). The erythropoietin (EPO; 1 U/mL, R&D Systems)—dependent
survival of cultured human erythroid progenitor cells was determined using
Promega’s CellTiter-Glo Luminescent Cell Viability Assay.”’*® Surface inter-
cellular adhesion molecule (ICAM) 1 (anti-ICAM-1-APC, BD Biosciences)
expression induced by IFN-y (10 ng/mL, PeproTech) on U937 cells was
measured using FACS.”” Cultured human erythroid progenitor cells were
differentiated from CD34" cord blood cells in the presence of IL-3 (10 ng/
mL), IL-10 (10 ng/mL), and stem cell factor (25 ng/mL, PeproTech) for 9
days and with addition of EPO for the last day.”® The enzymatic activity of
tryptase released by human cultured mast cells on stimulation with IgE was
quantified by means of cleavage of the synthetic fluorescent peptide substrate
Z Ala Lys-Arg-AMC.2TFA (MP Biomedicals, Solon, Ohio) in tryptase
buffer.”” B-cell receptor—dependent extracellular signal-regulated kinase 1/2
phosphorylation was measured in Ramos cells by intracellular FACS (human
anti-IgM 5 pg/mL, Jackson Immunoresearch Labs, West Grove, Pa; anti-
pT202/pY204-ERK1/2-Alexa Fluor 488, BD Biosciences). Human primary
T-cell activation was assessed by measuring IL-2 production using ELISA
(R&D Systems) after plate-bound anti-CD3 (1 pg/mL) and anti-CD28
(5 mg/mL) stimulation (anti-human CD3, BD Biosciences; anti-human
CD28, Immunotech, Pasadena, Calif). Human umbilical vein endothelial cells
(Lonza, Basel, Switzerland) were stimulated with vascular endothelial growth
factor, and vascular endothelial growth factor receptor 2 (VEGFR2)
phosphorylation was assessed by using ELISA (100 ng/mL VEGF165;
R&D Systems; rabbit anti-phospho-VEGFR2 mAb; Cell Signaling
Technology, Danvers, Mass).”” Epidermal growth factor receptor (EGFR)
phosphorylation was measured in HeLa cells after epidermal growth factor
(EGF) stimulation by staining permeabilized cells with a phospho-specific
EGFR antibody and quantified by means of chemiluminescence (0.2 wmol/
L EGF, PeproTech; phospho-EGFR Tyr1173, Cell Signaling Technology).

Generation of Ty1, Ty2, and Ty17 cells and R256

treatment

CD4"CD45RB ™ naive Ty cells were isolated from OT-2 TCR transgenic
mouse spleen cells by flow cytometry (Mo-FLO XDP; Beckman Coulter, Full-
erton, Calif). Isolated naive Ty cells were cultured with recombinant murine
(rm) IL-2 (20 ng/mL, R&D Systems), rmIL-12 (5 ng/mL, PeproTech),
rmIFN-y (1 ng/mL, PeproTech EC), and anti-IL-4 mAb (10 pg/mL, eBio-
science, San Diego, Calif) for Tyl differentiation’ I; rmIL-2 (20 ng/mL),
rmIL-4 (1 ng/mL, PeproTech), anti-IFN-y mAb (10 pg/mL, eBioscience),
and anti—IL-12p40 mAb (10 pwg/mL, eBioscience) for Ty2 differentiation’?;
or recombinant human (rh) IL-6 (50 ng/mL, PeproTech EC), rhTGF-B;
(2 ng/mL, PeproTech EC), rmIL-23 (10 ng/mL, R&D Systems), anti—IL-4
mAb (10 pg/ml), and anti-IFN-y mAb (10 wg/mL) for Ty17 differentiation
in the presence of mitomycin C—treated splenocytes of wild-type C57BL/6 and
5 pg/mL ovalbumin (OVA)353.339 peptide (AnaSpec, Fremont, Calif). Each Ty
subset was restimulated with OVA3,3_339 peptide 48 hours later under the same
conditions. Cells were collected and washed after incubation for 6 to 8 days
and restimulated with plate-coated anti-CD3 and anti-CD28 (eBioscience)
for 6 hours with or without brefeldin A (BFA; Sigma, St Louis, Mo). The
supernatants from cultures without BFA were assayed for cytokine production
by ELISA, and the cells from cultures with BFA were assayed by means of
intracellular cytokine staining. For intracellular staining, 6 hours after
stimulation, the cells were fixed in 4% paraformaldehyde and permeabilized
with 0.1% saponin buffer before intracellular cytokine staining and flow
cytometry using a FACSCalibur with FlowJo software (TreeStar, Ashland,
Ore). The following antibodies were used: allophycocyanin-conjugated
anti-IL-4 mAb, phycoerythrin-conjugated anti—IL-13 or anti-IL-17 mAbs,
and fluorescein isothiocyanate—conjugated IFN-y mAb (eBioscience).

During differentiation from days O to 6 or after polarization was complete
from days 6 to 8 of Tyl, T2, and Ty17 cell cultures, R256 (25, 50, and 100
nmol/L) was added daily. In control cultures dimethyl sulfoxide alone was added.
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FIG 1. Effects of R256 on in vitro differentiated Ty subsets. A, Cytokine levels in supernatants from Ty cells.
Cells were treated with R256 from days 0 to 6 and restimulated with plate-coated anti-CD3/anti-CD28 mAbs on
day 6. B, Cytokine levels in supernatants from differentiated T cells. Cells were treated with R256 from days 6
to 8 and restimulated with anti-CD3/anti-CD28 mAbs on day 8. C, On day 6 of cultures thatincluded R256 from
day 0 of Ty subset differentiation, p-STAT3, p-STAT4, p-STATS5, and p-STAT6 in the cells were stained with
Alexa Fluor 647-conjugated specific antibodies for flow cytometric analysis. Splenocyte CD4 cells from
normal OT-2 mice were used as negative controls for p-STAT staining. Data for each group were expressed
as means = SEMs. Results are representative of 3independent experiments carried outin duplicate. **P<.01
compared with the dimethyl sulfoxide (DMSO)-treated groups.

Flow cytometric analyses of STAT phosphorylation
On day 6 of the Tyl, Ty2, and Tyl7 cell cultures, cells were washed
and fixed by the addition of 4% paraformaldehyde for 15 minutes and
permeabilized with cold 90% methanol for 30 minutes on ice. Cells were
stained with Alexa Fluor 647—conjugated phosphorylated STAT (p-STAT) 1,
p-STAT3, p-STAT4, p-STATS, or p-STAT6 mAb (BD Biosciences). Flow
cytometry was carried out with FACSCalibur with FlowJo software.

Development of allergen-induced airway
inflammation and treatment with R256

Mice were sensitized intraperitoneally with 20 g of OVA (Thermo Fisher,
Waltham, Mass) emulsified in 2 mg of alum (Imject Alum; Thermo Fisher) in a
total volume of 100 L on days O and 14. Mice were subsequently challenged

through the airways by means of inhalation exposure to aerosols of OVA (1% in
PBS) for 20 minutes on days 28 to 30 (primary allergen challenge model).
Sensitized and previously challenged mice received a single provocative
allergen challenge on day 56 (secondary allergen challenge) to further
investigate the effects of the inhibitor on established allergen-induced airway
disease.”* OVA aerosols were produced with an ultrasonic nebulizer (model
NE-U07; Omron Healthcare, Kyoto, Japan). Airway function was measured
after the last allergen challenge (day 32 or 56), as described below, followed
by collection of samples for further analyses.

The mice were administered R256 orally twice daily at each time point
either during the OVA sensitization phase or during the primary or secondary
OVA challenge phases. In the sensitization phase R256 (50 mg/kg per time)
was administered from days O to 4 and days 14 to 18 twice a day. In the primary
and secondary challenge phases, mice were treated with R256 (10, 25, and
50 mg/kg per time) on days 28 to 31 or days 56 to 57, respectively, twice a day
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FIG 1. (Continued)



J ALLERGY CLIN IMMUNOL
VOLUME mmm, NUMBER um

Th17 cells
Frequency (%) of p-STAT
I"' %9 ,W 55
/1 | \
Negative control | | | [
\ ) \
- \ A\
ny ’(. My
|
DMSO | l, /|
\ ,|
‘x _/ I\
A 183 ] P
T M
R256, 25nM I J'\
[\ )
\ A
A 810 5’{ “a
T s
R256, 50nM {1 f
/ | A
/ \‘\ / ‘k
A 790 TCE
] 1 ".
R256, 100nM /| |
/1 /|
Fi j’ \
p-STAT3  p-STAT4

ASHINO ET AL 5

[] Negative control
B OMSO
B R256 (25 nM)
[] R256 (50 nM)
o D R256 (100 nM)
L
< 4
1
a
o
T 20
=
. [
&0
=
g 40
7]
a
°
T 2
) I:I
o T
Negative  puso 25 50 100
control
R256 (nM)

FIG 1. (Continued)

before and subsequent to each OVA challenge. In control groups only vehicle
(0.25% hydroxypropyl methylcellulose) was administered.

Assessment of airway function

Airway responsiveness was assessed, as previously described, by
measuring changes in airway resistance in response to increasing doses of
aerosolized methacholine (Sigma).>> Data are expressed as the percentage
change from baseline values obtained after inhalation of saline.

Bronchoalveolar lavage

Immediately after assessment of AHR, lungs were lavaged with 1 mL of
Hank’s balanced salt solution through the trachea. Total leukocyte and cell
differentials were performed, as previously described.*”

Measurement of cytokines and chemokines

Cytokine levels in the bronchoalveolar lavage (BAL) fluid and cell-culture
supernatants were measured using IL-4, IL-5, IL-10, IL-13, IL-17, and IFN-y
ELISAs (eBioscience), according to the manufacturer’s directions. For
measurement of eotaxin levels, BAL fluid was collected 6 hours after the
final OVA challenge and assayed by using ELISA (eBioscience).

Intracellular cytokine and forkhead box protein 3
staining of lung cells

Lung cells were isolated, as previously described, by collagenase
digestion.”® Lung leukocytes were purified by 35% Percoll gradient
centrifugation. After 6 hours of stimulation with plate-coated anti-CD3/
anti-CD28 (eBioscience) in the presence of BFA, cells were examined
for intracellular cytokine staining after cell-surface staining with
allophycocyanin-conjugated anti-CD4 mAb (eBioscience), followed by

fixation with 4% paraformaldehyde and permeabilization with 0.1% saponin
buffer. For detection of CD4 " forkhead box protein 3 (Foxp3)™ cells, cells
were stained with the anti-CD4 mAb, followed by fixation and permeabiliza-
tion with the Foxp3 staining buffer set (eBioscience) and then stained with
fluorescein isothiocyanate—conjugated Foxp3 mAb (eBioscience).

Treg cell functional assay

CD4*CD25" Treg cells were isolated from spleens of naive mice using the
Treg isolation kit (Miltenyi Biotec, Auburn, Calif). Isolated Treg cells were
treated with dimethyl sulfoxide or R256 (50 nmol/L) for 3 hours. After
washing out of drug, Treg cells were cocultured with carboxyfluorescein
succinimidyl ester (eBioscience)-labeled CD4"CD25~ cells, which were
isolated from the spleens of naive mice. After 3 days of coculture,
division of carboxyfluorescein succinimidyl ester-labeled CD4*CD25~ cells
stimulated with anti-CD3/anti-CD28 was analyzed by flow cytometry.

Histologic studies

After lavage, the lungs were fixed in 10% formalin and processed into
paraffin blocks. Tissue sections (5 wm) were stained with hematoxylin and
eosin and periodic acid—Schiff for identification of mucus-containing cells.
The slides were transferred to pictures with a Nikon microscope (Melville,
NY). Periodic acid—Schiff—positive cells in the tissues were quantified using
the NIH Image analysis system (version 1.63; National Institutes of Health,
Bethesda, Mass) and counting 6 to 8 different fields per slide in a blinded
manner.

Statistical analysis

Values for all measurements were expressed as means * SEMs. For
comparisons between multiple groups, the Tukey-Kramer test was used.
Nonparametric analyses using the Mann-Whitney U or Kruskal-Wallis tests
were also applied to confirm that statistical differences remained significant,
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FIG 2. Effects of R256 treatment during allergen sensitization on development of allergen-induced AHR and
airway inflammation. A, R256 was orally administered during the sensitization phase, as described in the
Methods section. Two weeks after the last allergen sensitization, mice were exposed to 3 consecutive
days of allergen challenge, followed by assessments of airway responsiveness to aerosolized methacholine
and BAL/lung tissue sampling 48 hours after the last OVA challenge. B, Lung resistance (RL). C and D, BAL
cell composition (Fig 2, C) and goblet cell metaplasia (Fig 2, D). PAS, Periodic acid-Schiff. E, Representative
pictures show PBS/OVA plus vehicle (a), OVA/OVA plus vehicle (b), and OVA/OVA plus R256 (c). F, Cytokine
levels in BAL fluid. Mice were sham sensitized and challenged to OVA (PBS/OVA) or sensitized and chal-
lenged to OVA (OVA/OVA). Eos, Eosinophil; Lym, lymphocyte; MCh, methacholine; M®, macrophage;
Neu, neutrophil. Data for each group were expressed as means = SEMs. Results are from 2 independent
experiments with 4 mice per group (n = 8). *P < .05 and **P < .01 compared with the OVA/OVA plus

vehicle-treated group.

even if the underlying distribution was uncertain. The P value for significance
was set at less than .05.

RESULTS
R256 is a selective JAK1/3 inhibitor identified
through cell-based screening

R256 is a selective JAK1/3 inhibitor in cell-based assays
(Table I). R256 potently suppressed JAK1/JAK2/Tyk2-dependent
STAT6 phosphorylation and eotaxin production in NHLFs in
response to IL-13, with median effective concentration values
of 37 and 11 nmol/L, respectively. R256 inhibited equally
effectively JAK1/3-dependent STAT6 phosphorylation and
eotaxin production in response to IL-4 in the same cells.
Furthermore, R256 inhibited JAK1/3-dependent T-cell prolifera-
tion and STATS phosphorylation in response to IL-2 with a
median effective concentration value of less than 50 nmol/L.
In contrast, R256 showed limited inhibition of JAK2-dependent
primary erythroblast cell survival in response to EPO and
JAK1/2-dependent ICAM-1 expression on the monocytic cell
line U937 in response to IFN-v.

In a panel of cell-based assays to assess activity against a range
of cytoplasmic and receptor tyrosine kinase—dependent pathways,
including Syk-dependent signaling, Lck/ZAP70-dependent
signaling, and VEGFR2 activation, R256 showed little effect.

Effects of R256 on differentiating Ty cells

The effects of the selective JAK1/3 inhibitor on the differen-
tiation of naive CD4 cells into Tyl, T2, and Ty17 cells were
determined. R256 was added to the culture medium from day
0 of the differentiation protocol, followed at the end of the culture
period (day 6) by analysis of cytokine production levels after
TCR stimulation with anti-CD3/anti-CD28. As shown in Fig 1,
A, IL-4 and IL-13 production from cells cultured under the
Ty2 polarization protocol were reduced in a dose-dependent
manner in parallel to the decrease in their frequency (see Fig
El in this article’s Online Repository at www.jacionline.org).
In contrast, IFN-y production from Tyl cells and IL-17
production from Tyl7 cells were not altered nor was the
frequency of IFN-y— or IL-17-producing cells (see Fig El).
However, when cells were treated with R256 from days 6 to 8
of culture, after completion of Ty cell differentiation, cytokine
production levels from all of the Ty subsets after TCR
stimulation were not altered (Fig 1, B).

Because Ty?2 differentiation requires IL-4—induced STAT6
and, to some extent, IL-2—-induced STATS activation,3 7,38
phosphorylation levels of STATS and STAT6 were determined
by flow cytometry. As shown in Fig 1, C, the JAKI1/3
inhibitor blocked phosphorylation of both STAT6 and
STATS5 in Ty2 cells. By comparison, phosphorylation of
STAT1 and STAT4 in Tyl cells and STAT3 and STAT4 in
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Ty17 cells, which is essential in the polarization of Ty1 cells
in the presence of IFN-y and IL-12°*" and Ty17 cells in the
presence of IL-6 and IL-23,*'*? respectively, was not
altered by the drug. The phosphorylation levels of STATS in
Tyl and Tyl7 cells were not altered by the drug (data not
shown).

These data identify 2 important aspects related to JAK1/3
inhibition by R256. The first is that the pathway is essential for the
differentiation of Ty2 cells, but once Ty2 cell differentiation has
been completed, the inhibitor was no longer effective in blocking
or inhibiting Ty2 cytokine production. The second outcome of
inhibiting JAK1/3 signaling by R256 was that the effects were

restricted to Ty2 differentiation without affecting Tyl or Tyl7
differentiation.

JAK1/3 inhibition during the sensitization phase
prevents allergen-induced airway inflammation and
AHR

In light of the in vitro findings, we determined the effects of
R256 in vivo in an animal model of allergen-induced airway
inflammation and AHR during 2 distinct phases of the
response. The initial sensitization phase is thought to be IL-4
dependent, and the latter or challenge phase was IL-13
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FIG 3. Effects of R256 treatment during primary allergen challenge on development of allergen-induced
AHR and airway inflammation. A, Indicated doses of R256 were orally administered during the allergen chal-
lenge phase, as described in the Methods section. Two weeks after the last allergen sensitization, mice were
exposed to 3 consecutive days of allergen challenge, followed by assessments of airway responsiveness
and BAL/lung tissue sampling 48 hours after the last OVA challenge. B, Lung resistance (RL). C and D,
BAL cell composition (Fig 3, C) and goblet cell metaplasia (Fig 3, D). PAS, Periodic acid-Schiff. E, Represen-
tative images show PBS/OVA plus vehicle (a), OVA/OVA plus vehicle (b), OVA/OVA plus R256 (10 mg/kg; c),
OVA/OVA plus R256 (25 mg/kg; d), and OVA/OVA plus R256 (50 mg/kg; e). F and G, Cytokine levels (Fig 3, F)
and eotaxin levels (Fig 3, G) in BAL fluid collected at 48 and 6 hours after final OVA challenge. Eos, Eosin-
ophil; i.p., intraperitoneal; Lym, lymphocyte; MCh, methacholine; M®, macrophage; Neu, neutrophil. Data
for each group were expressed as means + SEMs. Results are from 3 independent experiments with 3 mice

per group (n = 9). *P < .05 and **P < .01 compared with the OVA/OVA plus vehicle-treated group.

dependent.”® In the first protocol animals were treated with
R256 only during the sensitization phase, followed 2 weeks
later by allergen challenge (Fig 2, A). As shown in Fig 2, B
and C, R256 administered only during sensitization prevented
the development of AHR and BAL eosinophilia. Histologic
analysis revealed marked reductions in airway inflammation
and goblet cell metaplasia (Fig 2, D and E). In addition, Tx2
cytokine levels (IL-4, IL-5, and IL-13) in BAL fluid after
allergen challenge were also reduced after R256 administration
during sensitization (Fig 2, F), paralleling the in vitro results
when the inhibitor was added during Ty2 induction (Fig 1,
A). Under these in vivo conditions, no significant differences
were observed in IFN-v, IL-17, and IL-10 levels in the vehicle-
and R256-treated groups.

JAK1/3 inhibition during the primary challenge
phase prevents allergen-induced airway
inflammation and AHR

We next determined the effects of R256 when administered
after allergen sensitization but solely during the first allergen
challenge phase (Fig 3, A). As shown in Fig 3, B, when the inhib-
itor was administered during the allergen challenge phase, the
development of AHR was prevented and BAL eosinophilia
(Fig 3, C) and goblet cell metaplasia (Fig 3, D and E) were

significantly reduced. Surprisingly, unlike administration during
the sensitization phase (Fig 2, F), levels of the Ty2 cytokines
IL-4, IL-5, and IL-13 were not reduced (Fig 3, F); levels of
IFN-v, IL-17, and IL-10 were unaltered, which were similar to
the in vitro results when the inhibitor was added to differentiated
T cells (Fig 1, B). This was also confirmed by means of flow
cytometric analyses, which demonstrated that the frequencies of
IFN-y- or IL-17-expressing CD4™ T cells in lung tissue were
not altered by R256 treatment (see Fig E2 in this article’s Online
Repository at www.jacionline.org). The frequencies of Treg cells
in lung tissues were not affected by R256 treatment (see Fig E3
in this article’s Online Repository at www.jacionline.org). More-
over, R256 did not affect Treg cell-suppressive activity when
assayed against the proliferative activity of CD4"CD25™ T cells
(see Fig E4 in this article’s Online Repository at www.jacionline.
org). When the inhibitor was administered during challenge,
eotaxin levels in BAL fluid were significantly reduced when
compared with those in nontreated mice (Fig 3, G).

JAK1/3 inhibition during the secondary challenge
phase prevents allergen-induced airway
inflammation and AHR

Mice received the inhibitor during secondary allergen chal-
lenge to determine the effects of R256 in the airway, in which
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FIG 4. Effects of R256 treatment during secondary allergen challenge on development of allergen-induced
AHR and airway inflammation. A, Indicated doses of R256 were orally administered during and after sec-
ondary allergen challenge, as described in the Methods section. Four weeks after primary allergen chal-
lenge, mice were exposed to a single allergen challenge, followed by assessments of airway
responsiveness and BAL/lung tissue sampling 48 hours after secondary OVA challenge. B, Lung resistance
(RL). C and D, BAL cell composition (Fig 4, C) and goblet cell metaplasia (Fig 4, D). E, Representative images
show PBS/OVA plus vehicle (a), OVA/OVA plus vehicle (b), OVA/OVA plus R256 (10 mg/kg; c), OVA/OVA plus
R256 (25 mg/kg; d), and OVA/OVA plus R256 (50 mg/kg; e). Eos, Eosinophil; Lym, lymphocyte; MCh, meth-
acholine; M®, macrophage; Neu, neutrophil. Data for each group were expressed as means = SEMs. Re-
sults are from 3 independent experiments with 4 mice per group (n = 12). ¥*P < .05 and **P < .01
compared with OVA/OVA plus vehicle-treated group.

allergen-induced airway inflammation and AHR were previously
established. As shown in Fig 4, the development of AHR
(Fig 4, B), airway eosinophilia (Fig 4, C), and goblet cell
metaplasia (Fig 4, D and E) was significantly reduced by R256
in a dose-dependent manner, which was similar to the results
observed in the primary allergen challenge model. In addition,
administration of the inhibitor during secondary challenge did
not alter cytokine levels in BAL fluid (data not shown), despite
changes in the other lung allergic response outcomes (Fig 4).

DISCUSSION

JAK/STAT pathways play a critical role in the functional
differentiation of immune cells.” As a result, this pathway has
been targeted in the treatment of various immune disorders.”
To date, there have been few studies investigating the effects
of JAK pathway inhibition in asthmatic patients in whom T2
responses predominate. In this study we first demonstrated in
cell-based assays that R256 inactivated JAK1 and JAK3 with
100-fold or greater selectivity over JAK2. R256 was shown to
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TABLE I. Activity of R256 in a cell-based assay panel assessing
selectivity

Upstream R256 (nmol/L),
Assay Stimulation signals ECso = SD
NHLF eotaxin IL-13 JAK1/JAK2/Tyk2  0.011 = 0.003
production
NHLF p-Stat6 IL-13 JAK1/JAK2/Tyk2  0.037 = 0.021
NHLF eotaxin IL-4 JAK1/JAK3 0.020 = 0.007
production
NHLF p-Stat6 IL-4 JAK1/JAK3 0.037 = 0.016
Primary T-cell IL-2 JAK1/JAK3 0.017 £ 0.005
proliferation
Primary T-cell IL-2 JAK1/JAK3 0.044 = 0.016
p-STATS
U937 ICAM-1 IFN-y JAK1/JAK2 6.52 £ 0.788
Primary erythroblast EPO JAK2 1.35 = 0.493
survival
CHMC tryptase IgE Syk 0.409 = 0.227
Ramos p-ERK IgM Syk 0.911 = 0.015
Primary T-cell IL-2 ~ TCR/CD28  Lck/ZAP70 >4
production
HUVEC p-VEGFR2 VEGF VEGFR2 >6
HeLa p-Akt EGF EGFR Inactive @
10 pmol/L

CHMC, Cultured human mast cell; ECsj, median effective concentration of R256 at
which response is inhibited by 50%; ERK, extracellular signal-regulated kinase;
HUVEC, human umbilical vein endothelial cell; VEGF, vascular endothelial growth
factor.

have limited activity on other kinase-signaling pathways, as
shown in Table I. We determined the effects of a selective
JAK1/3 inhibitor on the differentiation of Ty cells in vitro and
the development of allergen-induced AHR, airway inflamma-
tion, and cytokine/chemokine production in the airways.
In vitro experiments demonstrated that selective inhibition of
JAK1/3 targeted Ty2 differentiation without altering Tyl and
Tyl7 differentiation. In Ty2 cells p-STAT6 and p-STATS
expression was reduced in a dose-dependent manner without
affecting the STAT phosphorylation necessary for Tyl
(p-STAT1 and p-STAT4) or Tyl7 (p-STAT3 and p-STAT4)
differentiation. When the inhibitor was added to cultures after
differentiation of the cells was completed, no changes in cyto-
kine production were detected. These results suggested that
the outcome of selective inhibition of JAK1/3 was restricted
to Ty2 cells and did not affect Tyl or Tyl17 cells. In addition,
the inhibitory effects of R256 were limited to the initiation of
Tx2 polarization. When administered in vivo at 2 different
time points, the outcomes, although similar, appeared dictated
by different events. When R256 was administered during the
allergen sensitization phase, AHR and other lung allergic
responses, including increases in BAL fluid Ty2 levels, were
markedly reduced, indicating that selective blockade of Ty2
differentiation during allergen sensitization was critical. How-
ever, when administered during the primary challenge phase
after sensitization was completed although development of
AHR, airway eosinophilia, and goblet cell metaplasia were
prevented, this was not associated with any reduction in Ty2
cytokine levels. In a confirmatory manner administration of
the inhibitor during secondary challenge, after sensitization
and primary challenge were completed, also prevented develop-
ment of AHR, eosinophilia, and goblet cell metaplasia without
any alterations in T2 cytokine levels, supporting the notion that
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during the challenge phases, the inhibitory effects were down-
stream of Ty2 cytokine receptor signaling pathways.

Specific JAK/STAT pathways have been shown to be essential
for the differentiation of distinct Ty subsets: Ty2 differentiation
requires activation of the IL-2/STATS and IL-4/STAT®6 signaling
pathways,””** Ty1 differentiation depends on IFN-y/STAT1 and
IL-12/STAT4 signaling,””*” whereas differentiation of Ty;17 cells
primarily requires STAT3 and STAT4 activated by IL-6 or IL-
23.*"*2 Our results confirmed that the selective inhibition of the
JAK1/3 pathway by R256 was critical in the differentiation of
Ty2 cells through downregulation of STATS and STAT6 phos-
phorylation. Furthermore, this was extended to observations in
in vivo experiments; R256 administered during the allergen
sensitization phase but before allergen challenge prevented the
development of allergen-induced AHR, eosinophilic airway
inflammation, and mucus metaplasia and was associated with
reduced Ty2 cytokine levels in the airways. In contrast, it
appeared that activation of JAKI1/3 was not required after
completion of Ty2 differentiation in vivo because R256 did not
alter the function of differentiated T2 cells in vitro. This dichot-
omy was confirmed in vivo because R256 administered during the
primary allergen challenge but after sensitization did not alter T2
cytokine levels in BAL fluid, suggesting that sensitization
initiated Ty2 differentiation, subsequently rendering the cells
resistant to the effects of the inhibitor. Regardless of sustained
Ty2 cytokine levels when administered during the primary
challenge phase, development of AHR, eosinophilia, and goblet
cell metaplasia were reduced on allergen challenge. These same
outcomes were observed in the secondary allergen challenge
model in which allergic airway inflammation and altered airway
function were previously established and provoked by a single
allergen challenge, perhaps similar to clinical asthma. The likely
explanation was that these results were the consequence of the
inhibition of downstream signaling pathways initiated by the
unimpaired production of the Ty2 cytokines. In previous studies
a critical role for JAK1 was identified because STAT6 was acti-
vated by IL-4 or IL-13 through JAK1 in rat alveolar type II cells
and airway epithelial cells were shown to require IL-4 signaling
after allergen exposure.”**’ Although a predominant role for
JAK3 over JAK1 was suggested from small interfering RNA
knockdown experiments,% intracellular enzymatic levels of
JAK1 were shown to be higher than levels of JAK3."” This disso-
ciation might reflect differences in individual JAK kinase binding
capabilities to substrates or ligands versus enzymatic activities.
Activation of the JAK1-STAT6 pathway after IL-13 stimulation
was shown in both rat and human bronchial smooth muscle cells,
and this pathway was associated with activation of RhoA, which
induces smooth muscle contraction.”**” When the inhibitor was
administered in the primary challenge phase, a significant
reduction in BAL fluid eotaxin levels was demonstrated, which
is similar to the inhibition of eotaxin triggered by IL-13 in lung
fibroblasts.”’** Thus in the challenge phase, despite abundant
Ty2 cytokine levels in the airways, where the effects of IL-13
and, to some degree, IL-4 are prorninent,‘L3 lower levels of eotaxin
might be at the core of reduced airway eosinophilia, whereas the
reduced mucus production and AHR were the result of R256-
mediated impairment of IL-13 signaling in goblet cells and airway
smooth muscle. Inhibition of IL-13 using a receptor antagonist
resulted in similar effects.”® Taken together, the data indicate
that the timing of inhibitor administration has a profound effect
on effector responses, which contributed to similar outcomes.
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The selectivity of R256 for JAK1/3 and Ty2 differentiation in
patients with allergen-driven diseases might have advantages over
pan-JAK inhibitors. Despite reported efficacy in reducing airway
eosinophilia and AHR to some extent, both tofacitinib and
pyridone 6, unlike R256, might alter Treg, Tyl, and Tyl7
responses,' ' potentially limiting efficacy in some diseases
or increasing the likelihood of adverse events under some
conditions. Selective targeting of JAK1/3 might provide impor-
tant therapeutic advances in the treatment of Ty2-mediated
allergic diseases, such as asthma.

We thank Diana Nabighian for her assistance in the preparation of the
manuscript.

Clinical implications: Targeting JAK1/3 signaling pathways

provides a novel intervention for preventing allergen-induced
alterations in lung function.
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FIG E1. Effects of R256 on frequency of T, subsets in vitro. A, On day 6, Ty
subsets were restimulated with plate-coated anti-CD3/anti-CD28 mAbs for 6
hours. Cells were collected and analyzed by using intracellular staining.
R256 or dimethyl sulfoxide (DMSO) as a control was added from days
0 to 6. Results are from 2 independent experiments (n = 6).
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FIG E2. Effects of R256 treatment during primary allergen challenge on frequency of cytokine-expressing
cells in lungs. Cells were collected from lung tissues of mice after vehicle or R256 (50 mg/kg) treatment
during primary OVA challenge. Cells were stimulated with anti-CD3 and anti-CD28 for 6 hours in the
presence of BFA and then analyzed by means of intracellular staining, as described in the Methods section.
A representative experiment is shown, as well as results from 2 independent experiments with 3 mice per
group (n = 6).
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FIG E3. Effects of R256 treatment during primary allergen challenge on frequency and numbers of Treg cells
in the lungs. Cells were collected from lung tissues of mice after vehicle or R256 (50 mg/kg) treatment during
primary OVA challenge and were stained with allophycocyanin-conjugated anti-CD4 and fluorescein
isothiocyanate—conjugated Foxp3 mAb, followed by flow cytometric analyses. Shown is a representative
analysis and results from 2 independent experiments with 3 mice per group (n = 6). Eos, Eosinophil;
Lym, lymphocyte; MCh, methacholine; M®, macrophage; Neu, neutrophil.
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FIG E4. Effects of R256 on functions of Treg cells. CD4"CD25" Treg cells isolated from naive mice were
treated with dimethyl sulfoxide (DMSO) or R256 (50 nmol/L) for 3 hours. Drug-pretreated Treg cells were
cocultured with anti-CD3/anti-CD28-prestimulated and carboxyfluorescein succinimidyl ester-labeled
CD4*CD25™ cells. After 72 hours of coculture, carboxyfluorescein succinimidyl ester fluorescence
intensities were monitored by using flow cytometry. A representative experiment is shown.
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