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Jak Inhibition Prevents Bleomycin-Induced Fibrosis
in Mice and Is Effective in Patients with Morphea
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TO THE EDITOR

Morphea is an autoimmune disease that
causes fibrosis of the skin that may
result in significant morbidity. Eosino-
philic fasciitis (EF) may be considered a
deeper form of morphea, and features
of both morphea and EF can be present
in individual patients. Morphea and EF
have been postulated to have patho-
genic features that overlap with sys-
temic sclerosis (Laxer and Zulian,
2006). In these diseases, dysregulated
immune responses are thought to
induce fibrosis (Torok et al., 2019).
Treatment of these diseases with
nonspecific immunosuppressants such
as corticosteroids is often ineffective
and associated with toxicity.

IL-4/IL-13, IL-12, and IFN-y have
been implicated in autoimmune fibrosis
(Torok et al., 2019). These cytokines
signal via the janus kinase—signal
transducer and activator of transcrip-
tion (Jak-STAT) pathway, suggesting in-
hibition of this pathway might be
therapeutic in this group of diseases.
Additionally, transforming growth fac-
tor-, a cytokine with  well-
characterized profibrotic effects, has
been reported to activate Jak-STAT in
the context of fibrosis {Chakraborty
et al, 2017). STAT4 and IRF5 poly-
morphisms are associated with sclero-
derma (Tsou and Sawalha, 2017),
further implicating Jak-STAT signaling.

We previously reported successful
treatment of two patients, one with
generalized morphea and one with EF,
with the Jak inhibitor tofacitinib (Kim
et al., 2018). Here, four additional pa-
tients with generalized morphea
(totaling six consecutive patients) were
treated with tofacitinib (inhibits Jak1/
3=2) (n = 3) or baricitinib (inhibits
Jak1/2) (n = 1), and long-term follow-
up of the previously reported patients is
presented. Verbal informed consent for

this off-label treatment with a Jak in-
hibitor was obtained. These six patients
had previously failed multiple therapies
typically used for severe morphea,
including methotrexate, prednisone,
psoralen plus UVA, and extracorporeal
photopheresis (Table 1). In some pa-
tients, Jak inhibitors were initially used
in combination with either prednisone
or methotrexate and/or extracorporeal
photopheresis.

All six patients treated with Jak in-
hibitors experienced improvement in
signs/symptoms of disease, such as er-
ythema, induration, range-of-motion,
and strength. The time to initial
response ranged from 1 to 3 months,
and the time to meaningful clinical
improvement ranged from 5 to 9
months. Patients continued to improve
up to 30 months after initiation of Jak
inhibitor treatment ({Table 1) (Figure Ta
and c). Objective improvement in
morphea/EF  was observed using a
morphea severity scale (Cunningham
et al., 1998) (Supplementary Material).
All patients consented to publication of
their clinical images.

Patient 1 had resolution of the prayer
sign with tofacitinib treatment, and
both patients 1 and 2 had been inter-
mittently requiring a cane for ambula-
tion because of restricted range-of-
motion involving the lower extremities
(Kim et al, 2018), and the latter
resolved in both patients with tofaciti-
nib treatment. Patient 4 had ulcerative
morphea and had complete resolution
of painful ulcerations with tofacitinib
(Figure Ta}; stopping tofacitinib led to
recurrence  of painful ulcerations
{(Supplementary Figure S1) and restart-
ing it again led to improvement. Patient
5 is the only patient treated with bar-
icitinib; resolution of erythema was
noted after 2 months of treatment, and
subjective improvement in mobility

Abbreviations: EF, eosinophilic fasciitis; fak, janus kinase; STAT, signal transducer and activator of

franscription

Accepted manuscript published online 16 January 2020; corrected proof published online 19 February

2020

© 2020 The Authors. Published by Elsevier, Inc. on behalf of the Society for Investigative Dermatology.

Journal of Investigative Dermatology (2020}, Volume 140

L)

_ updates

was reported after 6 months. Patients 1
and 3 have been able to discontinue
treatment without disease recurrence
(Table 1), patient 2 is stably improved
on low-dose tofacitinib, and the other
three patients remain stably controlled
on either tofacitinib or Dbaricitinib
monotherapy.

To better understand the activity of
Jak inhibition, we used a bleomycin-
induced murine model of fibrosis with
features of human scleroderma/mor-
phea, including a similar inflammatory
infiltrate, increase in collagen produc-
tion, and thickening of the dermis
(Yamamoto et al., 2000b). In this
model, mice received injections of
bleomycin into flank skin for 12 days to
induce a morphea-like phenotype
(Supplementary Material) characterized
by skin thickening and increased
collagen production (Figure 1b). Mice
were treated with either tofacitinib (30
mg/kg/day) or ruxolitinib (10 mg/kg/
day). Mice treated with these inhibitors
were protected from dermal thickening
(Figure 1h and e). The effect was more
apparent in female mice than male
mice (Supplementary Figure S2).

Given the beneficial response to Jak
inhibition observed in both humans
and mice, we evaluated patterns of
Jak-STAT activation in fibrotic tissue
using  immunohistochemistry  for
phosphorylated (activated) STAT1 and
STAT3. An archival series of seven bi-
opsies from different patients with
morphea was used (Supplementary
Table S1). In all human morphea
cases, STAT1 was phosphorylated in
lymphocytes and occasionally spin-
dled fibroblasts, and STAT3 was phos-
phorylated in both lymphocytes and
spindled fibroblasts (Figure 1d and g).
In murine bleomycin-treated skin,
negligible STAT1 phosphorylation was
observed; however, STAT3 phosphory-
lation was common in spindled cells
and was reduced with Jak inhibitor
treatment (Figure 1f and i).

In patients with scleroderma/mor-
phea, it has been shown that COLTAT
production is increased through both
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Skin biopsy
2018) with updated follow-up data provided herein.

Diagnosis
Eosinophilic
fasciitis
Generalized
deep morphea
{postradiation)
Generalized
morphea
Generalized
morphea with
ulceration
Generalized
morphea
Generalized
morphea

Abbreviations: ECP, extracorporeal photopheresis; EF, eosinophilic fasciitis; ILT, intralesional triamcinolone; PUVA, psoralen and UVA phototherapy.

Table 1. Patients with Morphea and EF Treated with Tofacitinib

Previously published (Kim et al.,

Age (y) /Sex
69, female
59, female
69, female
84, female
54, male

73, female
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transcriptional and translational mecha-
nisms and is thought to play a role in
fibrosis. Given both the improvement in
fibrosis and induration in our patients
with morphea with Jak inhibitor treat-
ment and, in murine bleomycin-treated
skin, the reduction in STAT activation
in fibroblasts during Jak inhibitor treat-
ment, we wondered whether Jak in-
hibitors might directly inhibit excess
collagen production by fibroblasts.
Consistent with prior reports (Yamamoto
et al.,, 2000a), we found that normal
cultured human fibroblasts upregulated
COLTAT in response to bleomycin. We
found that this effect could be prevented
with Jak inhibition (Figure Th and
Supplementary Table S$2). In murine
bleomycin-treated skin, reduced Col7aT
expression was also observed with Jak
inhibitor treatment (Figure 1j).

In summary, Jak inhibition leads to
decreased inflammation in patients with
recalcitrant morphea and EF; in some
patients, even reversal of fibrosis is
observed. We found that both tofacitinib
and baricitinib were effective. Our ob-
servations in morphea and EF are
consistent with what has been reported
in patients with chronic graft-versus-
host-disease (which can have fibrotic
manifestations in the skin) (Zeiser
et al., 2015) treated with ruxolitinib
and in a single patient with systemic
sclerosis  treated  with  tofacitinib
{Deverapalli and Rosmarin, 2018). We
also demonstrate that Jak inhibition
prevents fibrosis in a bleomycin-induced
mouse model of morphea and directly
decreases collagen production by fibro-
blasts. Our murine data suggest that
ruxolitinib  may have slightly more
potent antifibrotic effects than tofaciti-
nib. Wang et al. (2019) recently reported
that tofacitinib can decrease bleomycin-
induced fibrosis in mice but did not
evaluate the effects of ruxolitinib, nor
did they evaluate efficacy in patients.
These data suggest that Jak inhibitors are
targeted treatment for morphea and EF
and highlight the need for additional
study of Jak inhibitors for the treatment
of fibrosing disorders in general.

Data availability statement
No new large-scale datasets were
created as part of this work.
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Figure 1. Jak inhibition leads to improvement in patients with morphea and prevents bleomycin-induced fibresis in mice. {a) Patients treated with baricitinib
{lower left} or tofacitinib. (b} Gross, H&E, and Tri stained sections. Bar = 50 pm. {¢} Morphea severity scores. *Indicates that two patients had identical scores.
{d) Phospho-STAT1/3 staining in morphea. Bar = 25 um. {e) Skin thickness (mean + SEM) in bleomycin-treated mice. V: vehicle, T: tofacitinib, R: ruxolitinib.
{fy Normal {Cont} and bleomycin-treated murine skin stained with phospho-STAT3. Bar = 25 pum. (g} Quantification of (d). (h} CofTal expression in human
fibroblasts treated with bleomycin + Jak inhibitors (10 pM}, normalized to HPRTT expression. Dotted line: baseline COLTAT. ***P = 0.004 (vs Veh),

**P = 0.038 (vs Veh). {i} Quantification of (f). {j) Col7al expression (mean + SEM) in skin from bleomycin-treated mice, normalized to Actb. *P = 0.07 vs
Veh, ¥*P = 0.11 vs Veh, ***P = 0.04 vs Veh. All patients consented to publication of their clinical images. H&E, hematoxylin and eosin; JAKI, Jak inhibitor;
phospho-, phospharylated; Ruxo, ruxolitinib; SEM, standard error of the mean; STAT, signal transducer and activator of transcription; Tri, trichrome; Tofa,

tofacitinib; Veh, vehicle.
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The molecular diagnosis of albinism
relies on the systematic analysis of the
19 genes in order to search for single
nucleotide variants or gene rearrange-
ments (Lasseaux et al., 2018).

The wide phenotypic heterogeneity
observed in patients impedes the estab-
lishment of phenotype-genotype corre-
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hand, patients with variants in a given
gene can have very different clinical
presentations, and on the other hand, a
similar phenotype can be owing to var-
iants in different genes. This is observed
in nonsyndromic, as well as in syn-
dromic forms of the disease. Hence, for
example, a patient with a clinically

Abbreviation: OCA1, oculocutaneous albinism type 1
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classified “ocular” form may in fact have
an oculocutaneous or a syndromic form
that can remain clinically unsuspected
until adulthood. In addition, ophthal-
mologic signs may be incomplete and/or
atypical (Table 1). As a consequence,
the diagnosis of albinism may not be
raised, if not discarded.

Illustratively, variants of the TYR
gene responsible for oculocutaneous
albinism type 1 (OCA1) can elicit
either severe forms with a complete
absence of pigmentation or forms with
a pigmentation that appears normal,
particularly in populations with a light
phototype. Among 268 patients diag-
nosed with OCAT in our recent study,
122 (45.5%) were compound hetero-
zygotes for a known pathogenic TYR
variant and the hypomorphic variant
¢.1205CG>A/p.Arg402CIn  (hereafter
called R402Q) (Lasseaux et al., 2018).
The R402Q allele is common, with a
worldwide prevalence of 17.7%, and
26.48% in Europe (7.01%
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SUPPLEMENTARY MATERIALS AND
METHODS

Study subjects

The diagnosis of morphea or eosino-
philic fasciitis (EF) was confirmed by
skin biopsy in all patients, all of whom
had been referred to our clinic for se-
vere morphea and EF recalcitrant to
standard therapies. These patients had
severe, recalcitrant skin disease and
were worsening with standard-of-care
therapies; off-label use of Jak in-
hibitors was clinically indicated based
on the judgment of the investigators.
We discussed with all patients that
tofacitinib or baricitinib were being
used off-label for the treatment of their
cutaneous disease. Only after verbal
informed consent was obtained was Jak
inhibitor therapy initiated at FDA-
approved doses.

Initial response was defined as the
time to any detectable clinical
improvement and includes subjective
(patient history) and/or objective
{physical examination) determinations.
Maximal response was defined as the
time required to reach the best effect
{based on objective physical exam
determination such as improvements in
erythema and induration). Maximal re-
sponses were sustained on the
medication.

Historical morphea biopsies used for
immunohistochemistry

A historical series of biopsies from pa-
tients with morphea was assembled by
searching the University of Massachu-
setts Medical School (UMMS) database.
Research involving human biopsies was
approved by the UMMS Institutional
Review Board (Protocol 14848). The
biopsies included in the immunohisto-
chemical analysis are described in
Supplementary Table S1. Normal skin
samples included tips of ellipses from
skin cancer excisions and mammo-
plasty and abdominoplasty specimens.

Mice

All mice were housed in pathogen-free
facilities at UMMS and procedures
were approved by the UMMS Institu-
tional Animal Care and Use Committee
{Protocols 2266 and 2657) and in
accordance with the National Institutes
of Health Guide for the Care and Use of
Laboratory Animals. Mice used for
these studies were on the C57BL/6) (B6)

background or a mixed 129 x C57BL/6
background that had been backcrossed
to B6 for more than 10 generations.
Age- and sex-matched mice were used,
and both male and female mice of all
strains were tested to avoid gender bias;
sex-specific effects are reported in
Supplementary Figure S2. Replicate
experiments were performed two to five
times.

Bleomycin-induced mouse model of
localized cutaneous fibrosis

Bleomycin (Sigma-Aldrich, St. Louis,
MO) solution was prepared by dissolv-
ing bleomycin in phosphate buffered
saline at 1 mg/ml. Two locations on the
dorsal flank were shaved and depilated
for subcutaneous injections. Mice
received injections of 50 pl of the
bleomycin treatment solution or phos-
phate buffered saline vehicle at each
site for a total of 100 pg/mouse for 12
days. At the end of the experiment, all
the mice were killed and half of each
site was frozen for collagen and RNA
analysis, and the other half was pre-
pared for histological analysis.

Jak inhibitor treatment in mice

Each mouse was pretreated with 30 mg/
kg tofacitinib (Okivama et al., 2014) in
200 pl of vehicle (ultrapure water with
0.5% methyl cellulose and 0.025%
Tween 20) or vehicle alone via daily
gavage for 5 days before use in the
morphea model. Similarly, for experi-
ments involving ruxolitinib, mice were
pretreated with 10 mg/kg ruxolitinib
(Shuey et al., 2016} in 200 pl vehicle or
vehicle alone via daily gavage for 5
days before use in morphea model.
Treatments were continued throughout
the model, and mice were killed on day
12 for analysis.

Histological analysis of fibrosis in

mice

The skin from the injection sites was
fixed wusing 4% paraformaldehyde
before paraffin embedding at the
UMMS Diabetes and Endocrinology
Research Center core facility. Samples
were sectioned and stained with tri-
chrome to visualize collagen deposi-
tion or hematoxylin and eosin to
visualize inflammatory infiltrates. Im-
ages were taken with an Olympus
BX51 microscope (Olympus, New Ha-
ven, CT) with x10 and x40 objective
lenses, and epidermal and dermal
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thicknesses were measured with Image)
software. The ratio of the dermal to
epidermal thickness was calculated for
each skin sample to control for vari-
ances in skin sampling.

Immunohistochemical analysis of
Jak—signal transducer and activator of
transcription (STAT) pathway

activation

Immunohistochemistry was performed
using heat mediated antigen retrieval
with pH 6.0 citrate buffer. Phosphory-
lated STAT1 Tyr701 and phosphory-
lated STAT3 Tyr705 antibodies (Cell
Signaling Technology, Danvers, MA)
were incubated on the tissue according
to the manufacturer’s instructions.
Signal was detected using anti-rabbit
horseradish  peroxidase—conjugated
secondary antibody (Cell Signaling
Technology) and a DAB chromogen
(Vector Labs, Burlingame, CA). Slides
were counterstained with hematoxylin.
For quantification of mouse immuno-
histochemistry, 5 biologic replicates
were analyzed for each phosphorylated
STAT1 and phosphorylated STAT3.
Three high power fields of dermis were
selected at random and the number of
positive cells was quantified (absolute
number of cells per high power field).
For quantification of human immuno-
histochemistry, 7 morphea biopsies
were analyzed. Five high power fields
of dermis were analyzed and the num-
ber of positive cells was quantified
{absolute number of cells per high po-
wer field).

Mouse fibroblast isolation, human
fibroblast culture, and in vitro
treatments

Dermal tissue was isolated from eight-
week-old (or older) mice which were
age- and sex-matched as previously
described. Briefly, epidermis was
removed by incubating skin with 5 (tail)
or 50 (ear and back) mg/ml Dispase ||
enzyme (Roche, Basel, Switzerland) 1
hour at 37 °C or overnight at 4 °C.
Dermis tissue was digested for 45 mi-
nutes to 1 hour using 1 mg/ml colla-
genase |V and 2 mg/ml DNAse |
(Sigma-Aldrich), and tissue was me-
chanically dissociated using the blunt
end of a syringe. Samples were filtered
through 70-um mesh and were centri-
fuged at 330g for 10 minutes in FACS
buffer (1% fetal bovine serum in



phosphate buffered saline) containing 1
mg/ml DNAse |.

For cell sorting of fibroblasts, dermis
pellets were stained with anti-CD45
APC and anti-CD31 PE-Cy7, and all
double negative singlets were collected
by cell sorting with a FACS Aria. These
cells, essentially all four phenotypes of
mouse skin fibroblasts, were cultured in
DMEM containing 10% fetal bovine
serum and 1X penicillin/streptomycin
for 5—7 days with one split. Cells were
grown to 80% confluency and were
used in collagen production assays.

Human fibroblasts were obtained
from a patient panniculectomy spec-
imen and were isolated using 50 mg/ml
Dispase Il enzyme (Roche) overnight at
4 °C, and epidermis was removed with
a razor blade. Dermis tissue was
digested for 45 minutes to 1 hour using
1 mg/ml collagenase IV and 2 mg/ml
DNAse | (Sigma-Aldrich), and tissue
was mechanically dissociated using the
blunt end of a syringe. Sample was
filtered through 70-um mesh and
centrifuged at 330g for 10 minutes in
FACS buffer (1% fetal bovine serum in
phosphate buffered saline} containing 1
mg/ml DNAse |. The resulting cell sus-
pension was plated and passaged three
times using 10% fetal bovine serum and
1% penicillin/streptomycin in DMEM

(cDMEM, Sigma-Aldrich) so that only
fibroblasts remained in culture. Two
additional human donor fibroblast
specimens were obtained from ATCC
(cat# PCS-201-012 lot# 80124171 and
£#70023966) and were cultured in
cDMEM. Cells were grown to 80%
confluency and were used in collagen
production assays.

For collagen mRNA assays, 1.8 ng/ml
bleomycin  (Sigma-Aldrich) (Nicolay
et al., 2016) with 10 uM ruxolitinib or
tofacitinib (LC Laboratories, Woburn,
MA) (Heine et al., 2013) or vehicle
control {water) were added to wild-type
fibroblasts for 3—4 hours, and cells
were harvested by trypsinization and
centrifugation. Pellets were snap frozen
and were assessed RNA analysis as
described subsequently.

Quantitative PCR

RNA was isolated from mouse back
skin or fibroblast cell pellets using
RNeasy kits (Qiagen, Hilden, Ger-
many). ¢DNA was prepared using
iScript kits (Bio-Rad, Hercules, CA), and
quantitative PCR was performed with
SYBR green kits {Bio-Rad).

Statistics

All statistical analyses were performed
with GraphPad Prism software. Pairwise
comparisons were analyzed using an
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unpaired Student’s ftest. P-values
< 0.05 were considered significant.
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Supplementary Figure S1. Patient 2 had relapse of morphea with recurrence of ulcerative lesions after
discontinuation of tofacitinib.
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Supplementary Figure 52. Sex-specific effects of bleomycin and JAKi treatment in mice. Two
outlier values are outside the axis of the data displayed for male vehicle (87.2 and 51.7). JAKi, Jak
inhibitor: Ruxo, ruxolitinib; Tofa, tofacitinib; Veh, vehicle.

1449.€3  Journal of Investigative Dermatology (2020), Volume 140



W Damsky et al.
Jak Inhibition in Morphea

Supplementary Table S1. Histologic Case Series of Other Patients with Morphea

Case Number Age Sex Anatomic site Diagnosis based on clinicopathologic correlation
1 49 B Left breast Morphea
2 37 F Right abdomen Morphea
3 1 B Left breast Morphea
4 46 B Back Morphea
5 24 F Left upper arm Morphea
6 66 B Right upper abdomen Morphea
7 23 F Left upper arm Morphea

Abbreviation: F female.

Supplementary Table S2. Primers Used for PCR

Primer name Sequence

Mouse primers

Coltal-F GAGCGGAGAGTACTGGATCG

Coltal-R GCTTCTTTTCCTTGGGGTTC (lto et al., 2010}

B-actin-F GGCTGTATTCCCCTCCATCG

B-actin-R CCAGTTGGTAACAATGCCATGT (Rashighi et al., 2014}

B2M-F CCGAACATACTGAACTGCTACGTAA

B2M-R CCCGTTCTTCAGCATTTGGA (Groom et al., 2012}
Human primers

COLTAI-F AGACAGTGATTGAATACAAAACCA

COLTAT-R GGAGTTTACAGGAAGCAGACA

HPRTI-F AGGGATTTGAATCATGTTTGTG

HPRTI-R GGCTTTGTATTTTGCTTTTCCA

Abbreviations: F. forward: R, reverse.
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