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Abstract

Objectives—Dysregulation of innate and adaptive immune responses contributes to the
pathogenesis of systemic lupus erythematosus (SLE) and its associated premature vascular
damage. To date, no drug targets both systemic inflammatory disease and the cardiovascular
complications of SLE. Tofacitinib is a Janus kinase (JAK) inhibitor that blocks signaling
downstream of multiple cytokines implicated in lupus pathogenesis. While clinical trials have
shown that tofacitinib exhibits significant clinical efficacy in various autoimmune diseases, its role
in SLE and on its associated vascular pathology remains to be characterized.

Methods—MRL//prlupus-prone mice received tofacitinib or vehicle by gavage for 6 weeks
(therapeutic arm) or 8 weeks (preventive arm). Nephritis, skin inflammation, serum autoantibody
levels and cytokines, mononuclear cell phenotype and gene expression, neutrophil extracellular
trap (NET) release, endothelium-dependent vasorelaxation and endothelial differentiation were
compared in treated and untreated mice.

Results—Treatment with tofacitinib led to significant improvement in measures of disease
activity including nepbhritis, skin inflammation, and autoantibody production. In addition,
tofacitinib treatment reduced serum levels of pro-inflammatory cytokines and interferon responses
in splenocytes and kidney tissue. Tofacitinib also modulated NET formation and significantly
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increased endothelium-dependent vasorelaxation and endothelial differentiation. The drug was
effective as both preventive and therapeutic strategies.

Conclusions—Tofacitinib modulates the innate and adaptive immune responses, ameliorates
murine lupus and improves vascular function. These results indicate that JAK inhibitors have the
potential to be beneficial in SLE and its associated vascular damage.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic, heterogeneous autoimmune syndrome that
primarily afflicts young women, targeting many organs and tissues but especially the
kidneys and skin. A key feature of SLE is dysregulation of innate and adaptive immune
responses associated with loss of tolerance and the production of autoantibodies (1) (2). T
cells are considered to play major roles in SLE by amplifying autoimmune responses once
tolerance is compromised. Indeed, lupus T cells display aberrant cytokines secretion and cell
signaling properties and promote inappropriate recruitment and activation of B cells and
dendritic cells (DCs) at sites of inflammation (3). A consistent finding in SLE is exaggerated
interferon (IFN) production, thought to play key roles in disease pathogenesis (3) (4) (5) (6).
Overproduction of type | IFNs may also play pivotal roles in the premature development of
atherosclerosis observed in SLE (7) (8, 9) (10). In addition, the interplay between type I
IFNs and aberrant neutrophil function with enhanced capacity to form neutrophil
extracellular traps (NETS), has recently been proposed as a key proinflammatory loop that
can further propagate immune dysregulation and tissue damage (2). Because of its
complexity and clinical heterogeneity, treatment of SLE is challenging and current therapies,
while effective, are associated with significant complications. Importantly, no drug to this
date has demonstrated efficacy in reducing cardiovascular (CV) risk in SLE.

The Janus kinase (JAK)-signal transducer and activator of transcription (STAT) pathway is
the major signaling cascade downstream of type | and type Il cytokine receptors. JAKs have
been shown to be an effective therapeutic target for various autoimmune and inflammatory
diseases driven by cytokines (11) (12). Tofacitinib is a first-generation JAK inhibitor
(Jakinib) that inhibits JAK1, JAK3, and, to a lesser extent, JAK2 (13) (14). Since common vy
chain-using cytokines use JAK1 and JAKS3, tofacitinib efficiently blocks their signaling
cascades. Tofacitinib also blocks Gp130-using cytokines as well as signaling downstream of
type I/11 IFNs. Tofacitinib may therefore have diverse effects on cytokines and cells that
contribute to SLE pathogenesis, including subsets of CD4* T cells (helper T cells including
Thelperl (Th1), pathogenic Th17 cells), CD8* T cells, B cells and innate immune cells (15)
(16) (17). Although tofacitinib has been approved by regulatory agencies for the treatment of
rheumatoid arthritis (RA) and is in clinical trials exploring its use in psoriasis, psoriatic
arthritis, ulcerative colitis, Crohn's disease, and ankylosing spondylitis, its effects in SLE
have not been investigated (11). Moreover, while some preliminary studies indicate that the
JAK-STAT pathway can modulate vascular repair, the role of JAK inhibitors in SLE-
associated vasculopathy is unknown (18) (19).
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The lupus mouse model MRL/MpJ-Fas®7P113 (MRL//pr) recapitulates several of the clinical
manifestations and immune dysregulation observed in human SLE. Indeed, these mice
develop immune-complex glomerulonephritis, inflammatory skin disease, aberrant T cell
responses and dysregulated inflammatory cytokine synthesis and an enhanced type | IFN
signature (20) (21) (22). Furthermore, MRL//or mice also represent a good model to study
vascular dysfunction and neutrophil dysregulation characteristic of lupus (23). Therefore,
this animal model was used to explore the effects of tofacitinib in preventing and treating
murine lupus. We found that pharmacologic inhibition of the JAK-STAT pathway
significantly ameliorated the lupus clinical phenotype and modulated features of
dysregulated innate and adaptive immunity characteristic of this disease. Importantly,
tofacitinib significantly improved vascular parameters suggesting a potential modulatory
role in CV risk in this disease.

METHODS

Mice and treatment

Female MRL//pr (#000485 The Jackson Laboratory, Bar Harbor, ME) and haplotype-, age-
and sex-matched control MRL/MpJ (#000486, The Jackson Laboratory) were maintained in
specific-pathogen-free conditions and used in accordance with NIH guidelines under the
NIAMS-approved animal study protocol #A015-02-01. Tofacitinib (Pfizer Research
Laboratories) was suspended in 0.5% methylcellulose/0.025% Tween 20 (Sigma-Aldrich, St.
Louis, MO) for /n vivo studies or in DMSO for /n vitro use. MRL/[pr mice received daily
vehicle or tofacitinib (10mg/kg) for 6 weeks (therapeutic treatment trial) or 8 weeks
(preventive treatment trial) (Figure 1A) by oral gavage.

Assessment of lupus nephritis and histopathology

Kidneys and dorsal skin samples were harvested after perfusion with PBS and fixed with
10% buffered formalin (Sigma, St. Louis, MQO) and sections stained with hematoxylin and
eosin (H&E). Clinical scores for nephritis and skin inflammation were obtained in a blinded
fashion. Histological analysis for glomerular pathological features included: inflammation,
proliferation, crescent formation, and necrosis. A minimum of thirty glomeruli, of at least 10
mice per group, were scored. For each glomerulus, a score from 1 to 5 (1, normal; 2,
moderate; 3, severe; 4, severe with crescent formation; 5, necrosis) was used. Scores from
each individual mouse were added and averaged to yield the glomerulonephritis score. A
total score of glomeruli was measured as sum of the severity of hypercellularity of
glomeruli, distribution of hypercellularity of glomeruli, and sclerotic glomeruli. For
assessment of skin pathology, a score from 0 to 3 (0, normal; 1, mild: 2, moderate; 3, severe)
in epidermis and dermis were given and evaluated separately. Total skin clinical score was
indicated as sum of epidermis and dermis inflammation. For both kidney and skin histology
samples, scores from each individual mouse were added and averaged to achieve a clinical
score. Immune complex deposition in kidney sections was processed and quantified as
previously described (23) (24). Urinary albumin and creatinine concentrations were
measured using a mouse albumin ELISA (Alpha Diagnostic Intl. San Antonio, TX) and a
creatinine assay (R&D systems, Minneapolis, MN), respectively. Urine albumin:creatinine
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ratios were then calculated. Blood urea nitrogen (BUN) and blood creatinine were measured
by NIH hematology section.

Cell isolation and flow cytometry

Spleens were harvested, weighed and splenocytes isolated as previously described (24).
Total splenocyte numbers were counted using a Nexcelom automatic cell counter.
Lymphocyte populations were gated, (100,000 cells of the lymphocyte populations) and
counted by flow cytometry. CD3+ T cell population and B220* B cell population were
counted after exclusion of the NK cell population. Antibodies were all from commercial
sources and are listed below. Flow cytometry acquisition was done with a FACSCanto (BD
Biosciences, San Jose, CA). Data analysis was performed using the Flowjo software (Tree
Star Inc.). TCRB-FITC, CD3-APC-Cy7, CD4-V500, CD8-AF700, B220-PECy7, CD19-
PerCPCy5.5, TCRB-PerCPCy5.5, CD4-V500 were obtained from BD Bioscience. CD11c-
APC eF780 was obtained from eBioscience (eBioscience, San Diego, CA).

Quantification of serum autoantibodies and cytokines

Serum antinuclear antibodies (ANA) and anti-dsDNA antibodies (ds-DNA) were quantified
by ELISA following manufacturer's instructions (Alpha Diagnostic International, San
Antonio, TX). Serum cytokines were quantified with the BioPlex Pro Mouse Cytokine
Assay (BioRad, Hercules, CA).

Assessment of IFN-inducible genes (ISGs) and JAK-STAT related gene expression in total
splenocytes and kidney

Following euthanasia, kidney tissues were harvested and immediately frozen in RNAlater
Stabilization Solution (Thermo Fisher Scientific, Waltham, MA). Total RNA was isolated
from Kkidney tissues and splenocytes using the mirVana miRNA kit (Life Technologies,
Frederick, MD) and quantified with an Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA). For gPCR, cDNA was synthesized using a Tagman reverse transcription
kit (Life Technologies, Frederick, MD) and analysis performed with a CFX96 Real Time
Detection System (BioRad, Hercules, CA) with specific primers and probes (Life
Technologies, Frederick, MD). The comparative threshold cycle and an internal control (18S
rRNA) were used to normalize the expression of the target genes. RNA from MRL/MpJ
mice was used as a control. The fold induction in gene expression was calculated by
dividing AAct values from vehicle-treated MRL/Ipr vs MRL/MpJ or tofacitinib-treated
MRL/Ipr vs MRL/MpJ. The following primers and probes were utilized: /sg15,
MmO01705338_s1; CXCL10, Mm00445235_m1; MX1, Mm00487796_m1; STATI,
MmO00439531_m1; STATZ, Mm00490880_m1; /F/71, Mm00515153_m1. Expression levels
of 547 immune-related genes were analyzed using the nCounter Mouse Immunology codeset
(NanoString Technologies, Seattle, WA) following the manufacturer's protocols. Data were
normalized based on internal reference genes provided by the manufacturer.
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Quantification of NET release, endothelial cell differentiation, and assessment of
endothelium-dependent vasorelaxation

Tibias and femurs were collected at euthanasia. Bone marrow neutrophils were obtained as
previously described and plated at a density of 0.25 x106 cells/cm? in RPMI 1640 without
phenol red (23). For the Sytox assay (see below) cells were seeded on poly-lysine coated
coverslips for a 15 minutes adherence step. Upon adhesion, neutrophils were left untreated
or treated with lipopolysaccharide (LPS, 500 ng/mL, Sigma, St. Louis, MO) for 5 hours
before fixation with 4% PFA.

Fluorescence microscopy

Coverslips were stained with anti-myeloperoxidase (1:500, Dako, Carpinteria, CA) and
Hoechst 33342 (1:10,000, Technologies, Frederick, MD) before mounting with ProLong
Gold Antifade (Life Technologies). Cells were analyzed by fluorescent microscopy using a
Zeiss LSM780 confocal microscope (Zeiss). Pictures were taken using the 40X objective
(%400 total magnification). Percent of neutrophils forming NETs were counted using Adobe
Photoshop CS6 (San Jose, CA). EPCs were cultured and stained as previously described
(25).

Sytox green uptake assay

Untreated or LPS-treated neutrophils were incubated with 0.2 pM Sytox Green (Life
Technologies, Frederick, MD) for 5 hours, then fixed as stated above. The resulting
fluorescence from extracellular DNA (NETSs) was quantified (excitation 485 nm, emission
520 nm) using a FLUOstar Omega spectrophotometer (BMG Labtech, Offenburg,
Germany).

Assessment of endothelium-dependent vasorelaxation

After euthanasia, thoracic aortas were excised, cleaned, and cut into 2-mm length rings.
Endothelium was left intact, and aortic rings were mounted in a myograph system (Danish
Myo Technology A/S). Vessels were pre-contracted with potassium sorbate sphere (PSS)
containing 100 mM potassium chloride (KPSS) and then returned to PSS. Cumulative
concentrations of phenylephrine (PE) (10~ M to 106 M) were then added to the bath to
establish a concentration-response curve. A PE concentration corresponding to 80%
maximum was added, and contraction was allowed to reach a stable plateau. To examine
endothelium-dependent relaxation, acetylcholine (Ach, 10™° M to 1076 M) was added
cumulatively to the bath and a curve was generated. Finally, a normal vascular smooth
muscle response was confirmed by removing PE and Ach.

Plasma Lipid and Lipoprotein Analysis

Plasma obtained at euthanasia was separated by centrifugation for 10 min at 3000xg at 4°C,
and analyzed for total and free cholesterol levels using Cholesterol-E and Free Cholesterol-E
kits (Wako Diagnostic, Mountain View, CA). Cholesteryl ester was calculated for each
sample by subtracting free cholesterol from the total cholesterol for each sample. To
calculate HDL-C levels, LDL was precipitated using the Cholesterol, HDL Test and the
precipitating reagents (Stanbio Laboratory, Boerne, TX). Levels of total and free cholesterol
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were determined as for the complete serum samples. LDL-C levels were calculated by
subtracting the amount of HDL-C from the total serum cholesterol. Free cholesterol and
cholesteryl esters were calculated in a similar manner.

Statistical analysis

RESULTS

To calculate statistical significance, a nonparametric Mann-Whitney test was used, unless
otherwise specified. A value of p< 0.05 was considered statistically significant. For
endothelium-dependent vasorelaxation, curves were first analyzed using an asymmetric (five
parameters) logistic equation, and significance of each individual data point was determined
by two-way ANOVA. Unless otherwise specified, results are represented as mean + SEM.

Tofacitinib preventive treatment limits lupus manifestations in MRL/Ipr mice

MRL//prmice spontaneously develop a severe SLE-like phenotype characterized by
autoantibodies to nuclear antigens, glomerulonephritis, and skin inflammation. To assess if
JAK inhibition prevented immunopathology, MRL/Jpr mice started tofacitinib treatment at
10 weeks of age when they lacked any overt lupus manifestations (Figure 1A). At 18 weeks
in the preventive treatment, control, vehicle-treated MRL//pr mice had high levels of anti-
ANA and anti-dsDNA antibodies compared to control MRL/MpJ mice, whereas tofacitinib
treatment blocked the appearance of autoantibodies (Figure 1B). MRL//prmice also
developed renal disease as manifested by glomerular hypercellularity and immune complex
deposition. Tofacitinib prevented renal pathology as judged by changes in histopathologic
scores and immune complex deposition (Figure 1C). Renal pathology can also be assessed
by measuring proteinuria (urine albumin:creatinine ratio). In tofacitinib treated MRL/Ipr
mice, the level of proteinuria was significantly reduced compared with the controls (Figure
1D). Additionally, we found a reduction in blood urea nitrogen (BUN) serum levels in
tofacitinib treated MRL//pr compared with control mice, although this was not significant
(Supplemental Figure 1). MRL//prmice typically develop an erythematous, scarring rash
reminiscent of human lupus (26) (27). Vehicle-treated mice developed facial and dorsal skin
hyperplasia, rash, and alopecia more frequently than tofacitinib-treated mice (Supplemental
Figure 2). Furthermore, histologic analysis showed significantly reduced hyperplasia and
skin inflammatory infiltrates in tofacitinib-treated mice compared to vehicle-treated mice
(Figure 1E). Overall, tofacitinib significantly limited renal damage and skin inflammation in
the preventive arm treatment.

A characteristic immunopathological feature of disease in MRL//pr mice is massive
splenomegaly and lymphadenopathy caused by hyperproliferation of T and B cells and
expansion of double-negative (DN) CD3* CD4~ CD8™ T cells (28). Therefore, we next
compared splenic cell subsets in the preventive tofacitinib-versus vehicle-treated groups.
Spleens from the tofacitinib-treated mice were reduced in size and total cell number when
compared to vehicle-treated mice (Figure 2A left panel and Supplemental Figure 3A).
Moreover, total numbers of T cells, (Figure 2A right panel) CD8* T cells and DN T cells
were significantly reduced, whereas CD4* T cells were not (Figure 2B) (29). In contrast,
CD4* T cells, total B cells, CD138* B cells. IgD* B cells or dendritic cells were not
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significantly reduced (Figure 2C and Supplemental Figure 3B). Our data suggested that
tofacitinib had the greatest effects on T cells homeostasis in the preventive model.

Because tofacitinib affects cytokines that can impact hematopoiesis including red blood cells
(11), we also examined this outcome. Significant reduction in red blood cells, hemoglobin
concentration and hematocrit were evident after 8 weeks of tofacitinib treatment (Table 1).
No changes were seen in neutrophils, monocytes, eosinophils, and basophils numbers.
Overall, these results indicate that tofacitinib ameliorates the clinical features of murine
lupus with expected effects on erythrocytes and lymphoid cells but not myeloid cells.

Tofacitinib decreases pro-inflammatory cytokines and modulates type | IFN responses in
MRL/lIpr mice

Overproduction of an array of cytokines is an important contributor to immunopathology in
human and murine models of lupus (3). Vehicle-treated MRL//pr mice had elevated levels of
proinflammatory cytokines including TNF-a, IFN-y, IL-17A, IL-2, and MIP1-a (CCL3)
and the preventive treatment with tofacitinib normalized cytokine levels (Supplemental
Figure 4). Overproduction of IFNs is also a hallmark of lupus and can be measured by
expression of IFN-stimulated genes (ISGs) in tissues (7) (30). Expression of multiple ISGs
was significantly reduced in the splenocytes of tofacitinib-treated mice compared to the
vehicle-treated mice in the preventive trial (Figure 3A and 3B). Furthermore, increased
expression of ISGs was observed in the renal tissue of MRL/Ipr mice, and tofacitinib
administration resulted in significant decrease of 1SGs expression (Figures 3C). Overall,
these results indicate that preventive administration of tofacitinib was effective at
suppressing IFN-dependent and JAK-STAT-related genes and significantly limited synthesis
of proinflammatory cytokines all events implicated in lupus pathogenesis.

Tofacitinib significantly decreases NET release

Recent evidence implicates dysregulated NET formation and clearance as a mechanism
leading to enhanced exposure of modified nuclear autoantigens, amplification of type I IFN
and other proinflammatory responses, and induction of vascular damage in human and
murine SLE. Indeed, we previously showed that MRL//pr mice display enhanced
spontaneous NETosis that promotes pDC activation leading to increased type | IFN
responses (2) (23). As the JAK/STAT pathway is functional in neutrophils and cytokines can
prime NETosis, we determined if tofacitinib modulates NET formation in bone marrow-
derived neutrophils. While the numbers of total neutrophils in the peripheral blood and in
the bone marrow were unchanged with treatment (Table 1 and data now shown), both
spontaneous and LPS-induced NETosis were significantly decreased in neutrophils obtained
from tofacitinib-treated mice (Figure 4A and 4B).

Tofacitinib administration improves endothelium-dependent vasorelaxation, endothelial
cell differentiation and lipoprotein profiles in MRL/Ipr mice

We previously demonstrated that MRL//pr mice exhibit impairments in endothelium-
dependent vasorelaxation, suggesting endothelial dysfunction (23). Moreover, type | IFNs
have been implicated in premature vascular damage in human and murine lupus as well as in
the induction of abnormal phenotype of endothelial progenitor cells (EPCs) involved in
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vascular repair (31) (32). Given the effect of tofacitinib on several cytokines potentially
involved in vascular dysfunction, we assessed if the drug would modulate vascular function
and repair (18) (19) (33). Indeed, prophylactic tofacitinib treatment resulted in significant
improvements in endothelium-dependent vasorelaxation (Figure 4C). Furthermore, the
capacity of EPCs to differentiate into mature endothelial cells /in vitro, following
proangiogenic stimulation, was significantly increased in the tofacitinib group (Figure 4D
and 4E).

Recent studies in RA patients indicated that tofacitinib has beneficial effects on the
lipoprotein metabolism by modifying cholesterol ester catabolism and high density
lipoprotein (HDL) function (34). Similarly to the human RA studies, we observed that total
HDL cholesterol was significantly increased in the tofacitinib-treated mice, with a more
prominent effect on HDL cholesteryl ester, indicating that tofacitinib treatment restored
lipoprotein homeostasis (Supplemental Figure 5). Overall, these results indicate that JAK/
STAT inhibition improves lupus vasculopathy and modulates deleterious lipoprotein profiles
in murine lupus.

Therapeutic treatment with tofacitinib limited lupus manifestations in MRL/Ipr mice

Finally, to determine whether tofacitinib could reverse established disease, drug
administration was delayed until signs of active lupus (proteinuria) were evident in all the
animals (14 weeks of age), and treatment was continued for 6 weeks (therapeutic treatment
arm; Figure 1A). Given that, in the preventive treatment, autoantibody production,
proteinuria, endothelial cell differentiation and induction of ISGs were the most significantly
altered in response to tofacitinib, we focused our analysis on these parameters for the
therapeutic treatment arm. Notably, in the tofacitinib-treated group, we observed significant
reduction in anti-dsDNA levels whereas, ANAs were also reduced but not significantly
(Figure 5A). Proteinuria was significantly reduced (Figure 5B), and serum BUN and
creatinine levels were reduced in the tofacitinib-treated group (Supplemental Figure 6).

Tofacitinib-treated mice displayed a significant increase in endothelial differentiation, and a
trend of improvement in endothelial dependent vasorelaxation although in these mice, which
were only treated for 6 weeks, the improvement in the vasorelaxation did not reach statistical
significance (Figure 5C and Supplemental Figure 7). Importantly, as we previously observed
in the preventive treatment, gene expression analysis showed a significant reduction in 1SGs
in the tofacitinib-treated group. In particular, type | IFN-driven ISGs (Mx1, Statl, /sg15, and
Ifit7) were the most significantly reduced (Figure 5D) (35) (36). Taken together, these results
indicate that tofacitinib administration results in amelioration of disease-associated features
when administered to mice with established lupus features.

DISCUSSION

While the treatments for SLE have improved over the last several decades, current therapies
are still suboptimal, promote significant side effects and, to this date, have not shown to
consistently modify both lupus disease activity, and the enhanced CV risk characteristic of
this disease. We now show that the use of oral Jakinibs, and specifically tofacitinib, a drug
that preferentially targets JAK1 and JAK3, has pleiotropic beneficial effects in murine lupus
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including: a) significant amelioration of clinical phenotype and organ damage; b)
modulation of innate and adaptive immune dysregulation; ¢) improvement in vascular
functions and lipoprotein profiles. The observed effects of tofacitinib on innate and adaptive
immune dysregulation likely play key roles in modifying clinical responses and
vasculopathy. Indeed, pharmacologic JAK inhibition resulted in significant abrogation in
IFN responses, other proinflammatory cytokines considered crucial in lupus pathogenesis,
NETosis, and T lymphocyte subsets associated with lupus pathogenicity.

The main effects induced by tofacitinib on adaptive immune cells were a reduction of CD8*
and DN T cells. This is consistent with other inflammatory models driven by cytotoxic
CD8* lymphocytes, where JAK inhibition strongly suppressed these responses (16) (37)
(17). In SLE, higher numbers of cytotoxic, effector CD8* T cells are associated with disease
activity and may lead to autoantigen generation through perforin/granzyme-related pathways
(38). DN T cells are expanded in the peripheral blood and tissues from SLE patients as well
as murine models. These cells synthesize pro-inflammatory cytokines and induce antibody
production through promotion of B-cell differentiation (39) (40) (41) (42). Given the
significant reductions in splenic DN T cells induced by tofacitinib and the decreases in
circulating cytokine levels, it is likely that some of the beneficial effects of this drug in the
lupus phenotype, including vasculopathy, are due to repression of such responses (43).

Synthesis of type | IFNs driven by endogenous nucleic acids is considered an early event
that primes the immune system for immune dysregulation and development of
autoimmunity. As such, strategies that target the type | IFN pathway are actively being
investigated (44). As type | IFNs signal through the JAK/STAT pathway, tofacitinib blocked
the biological responses to these cytokines that was reflected in significant decreases in the
type | IFN signature in these mice. It is likely that inhibition of this pathway by tofacitinib
led to pleiotropic effects limiting dysregulation of innate and adaptive immune responses
including roles in priming neutrophils to undergo NET formation, alterations in B cell
ontogeny, as well as improvements in lupus vasculopathy.

NETs have been proposed to represent an important source of immunostimulatory molecules
and modified autoantigens that can trigger loss of tolerance in predisposed hosts.
Furthermore, NETS are involved in the induction of type I IFN responses through activation
of plasmacytoid DCs. Cytokines, autoantibodies, and immune complexes can trigger
enhanced NETSs formation and may be involved in neutrophil dysregulation in SLE (2). As
tofacitinib treatment led to decreases in all of these lupus-associated features, it is possible
that this is an important mechanism by which this drug improves the clinical phenotype as
well as vascular dysfunction. We previously showed that human and murine lupus are
characterized by profound impairments in endothelium-dependent vasorelaxation and
inability of the damaged vasculature to undergo proper vascular repair (45). Importantly,
tofacitinib administration led to significant improvements in these parameters. While the
mechanisms leading to amelioration of the vasculopathy with tofacitinib are as yet unclear,
the significant modulation that this drug promoted in both type I IFN responses and NET
formation, both considered important factors in premature endothelial damage, make it
likely that these are the key downstream pathways by which this drug was effective (18) (46)
(47) (48).
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Lipoprotein dysregulation is associated with the development of atherosclerosis and CVD.
This is particularly relevant in patients with chronic inflammatory diseases that have
enhanced risk for vascular complications (49). Previous evidences have been conflicting
with regards to tofacitinib promoting beneficial versus detrimental lipoprotein modulation.
Tofacitinib has been reported to increase HDL (34) and recent studies indicate that this drug
can restore lipoprotein homeostasis and improve cholesterol efflux capacity in RA patients.
(50) (34). The effects of tofacitinib on cholesterol transport was proposed to be resulting
from an increase in cholesterol ester production rate through augmented activity of the
lecithin-cholesterol acyltransferase (LCAT) (34). Given the changes observed in lipoprotein
profiles of tofacitinib-treated mice and in particular the reduction in the fraction of free
cholesterol, which has recently been shown to be proatherogenic, the lipoprotein changes
induced by tofacitinib could be an additional mechanism by which JAK inhibition could be
vasculoprotective in systemic autoimmunity (51). Nevertheless, the molecular events leading
to change of lipid balance by JAK inhibition need to be further investigated. Future studies
should address the role of tofacitinib in modulation of vascular health and their effects on the
endothelium in human SLE.

Various JAK isoform-selective inhibitors are currently being developed and tested in
preclinical models and early-stage clinical trials (14). The availability of such reagents will
allow us to better define the molecular events leading to the efficacy of tofacitinib and new
Jakinibs in SLE and SLE-associated CVD. While the mice in this study tolerated the drug
well despite a drop in RBCs, presumably due to JAK2-mediated erythropoietin inhibition
(52), in future studies, it will be important to assess the effect of Jakinibs on predisposition
to infections and overall immune surveillance.

In summary, tofacitinib administration to lupus-prone mice resulted in significant
improvements in clinical phenotype, immune dysregulation and vasculopathy characteristic
of this disease. These results suggest that modulation of the JAK/STAT pathway has the
potential to be beneficial in the treatment of SLE and its associated vascular damage.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

The authors thank Drs. Jean-Baptiste Telliez and James D. Clark for critically reading this manuscript. We are
grateful to Dr. Crystal Brobst-Wormell and the animal care staff at NIAMS for their technical assistance as well as
the Light Imaging Section and Flow Cytometry Section at NIAMS for their technical support. We thank Ms. Nickie
L Seto and Ms. Erica C Moore for their technical assistance. This work was supported by the NIAMS Intramural
Research Program and partially by a CRADA with Pfizer.

Financial support information This work was supported by the Intramural Research program of the National

Institute of Arthritis and Musculoskeletal and Skin Diseases (AR041181-07 and ZIAAR041199) and by a CRADA
with Pfizer, Inc.

Arthritis Rheumatol. Author manuscript; available in PMC 2017 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Furumoto et al.

Page 11

REFERENCES

1

10

11

12.

13.

14.

15.

16.

. Frieri M. Mechanisms of disease for the clinician: systemic lupus erythematosus. Annals of allergy,

asthma & immunology : official publication of the American College of Allergy, Asthma, &
Immunology. Apr; 2013 110(4):228-32. PubMed PMID: 23535084.

. Kaplan MJ. Neutrophils in the pathogenesis and manifestations of SLE. Nature reviews

Rheumatology. Dec; 2011 7(12):691-9. PubMed PMID: 21947176. Pubmed Central PMCID:
3243068. Epub 2011/09/29. eng. [PubMed: 21947176]

. Ronnblom L, Elkon KB. Cytokines as therapeutic targets in SLE. Nature reviews Rheumatology.

Jun; 2010 6(6):339-47. PubMed PMID: 20440285, [PubMed: 20440285]

. Eriksson C, Eneslatt K, lvanoff J, Rantapaa-Dahlqgvist S, Sundqvist KG. Abnormal expression of

chemokine receptors on T-cells from patients with systemic lupus erythematosus. Lupus. 2003;
12(10):766-74. PubMed PMID: 14596426. [PubMed: 14596426]

. Lit LC, Wong CK, Tam LS, Li EK, Lam CW. Raised plasma concentration and ex vivo production

of inflammatory chemokines in patients with systemic lupus erythematosus. Annals of the
rheumatic diseases. Feb; 2006 65(2):209-15. PubMed PMID: 15975968. Pubmed Central PMCID:
1798029. [PubMed: 15975968]

. Munroe ME, Vista ES, Guthridge JM, Thompson LF, Merrill JT, James JA. Proinflammatory

adaptive cytokine and shed tumor necrosis factor receptor levels are elevated preceding systemic
lupus erythematosus disease flare. Arthritis Rheumatol. Jul; 2014 66(7):1888-99. PubMed PMID:
24578190. Pubmed Central PMCID: 4128244. Epub 2014/03/01. eng. [PubMed: 24578190]

. Crow MK, Olferiev M, Kirou KA. Targeting of type | interferon in systemic autoimmune diseases.

Translational research : the journal of laboratory and clinical medicine. Feb; 2015 165(2):296-305.
PubMed PMID: 25468480. Pubmed Central PMCID: 4306610. [PubMed: 25468480]

. Esdaile JM, Abrahamowicz M, Grodzicky T, Li Y, Panaritis C, du Berger R, et al. Traditional

Framingham risk factors fail to fully account for accelerated atherosclerosis in systemic lupus
erythematosus. Arthritis and rheumatism. Oct; 2001 44(10):2331-7. PubMed PMID: 11665973.
[PubMed: 11665973]

. Cervera R, Khamashta MA, Font J, Sebastiani GD, Gil A, Lavilla P, et al. Morbidity and mortality

in systemic lupus erythematosus during a 10-year period: a comparison of early and late
manifestations in a cohort of 1,000 patients. Medicine. Sep; 2003 82(5):299-308. PubMed PMID:
14530779. [PubMed: 14530779]

. Kahlenberg JM, Kaplan MJ. Mechanisms of premature atherosclerosis in rheumatoid arthritis and
lupus. Annual review of medicine. 2013; 64:249-63. PubMed PMID: 23020882. Pubmed Central
PMCID: 4198172.

. O'Shea JJ, Schwartz DM, Villarino AV, Gadina M, Mclnnes 1B, Laurence A. The JAK-STAT
pathway: impact on human disease and therapeutic intervention. Annual review of medicine. 2015;
66:311-28. PubMed PMID: 25587654.

Clark JD, Flanagan ME, Telliez JB. Discovery and development of Janus kinase (JAK) inhibitors
for inflammatory diseases. Journal of medicinal chemistry. Jun 26; 2014 57(12):5023-38. PubMed
PMID: 24417533. [PubMed: 24417533]

Changelian PS, Flanagan ME, Ball DJ, Kent CR, Magnuson KS, Martin WH, et al. Prevention of
organ allograft rejection by a specific Janus kinase 3 inhibitor. Science. Oct 31; 2003 302(5646):
875-8. PubMed PMID: 14593182. [PubMed: 14593182]

Furumoto Y, Gadina M. The arrival of JAK inhibitors: advancing the treatment of immune and
hematologic disorders. BioDrugs. Oct; 2013 27(5):431-8. PubMed PMID: 23743669. Pubmed
Central PMCID: 3778139. Epub 2013/06/08. eng. [PubMed: 23743669]

Ghoreschi K, Jesson M, Li X, Lee JL, Ghosh S, Alsup JW, et al. Modulation of innate and
adaptive immune responses by tofacitinib (CP-690,550). J Immunol. Apr 1; 2011 186(7):4234-43.
PubMed PMID: 21383241. Pubmed Central PMCID: 3108067. Epub 2011/03/09. eng. [PubMed:
21383241]

Xing L, Dai Z, Jabbari A, Cerise JE, Higgins CA, Gong W, et al. Alopecia areata is driven by

cytotoxic T lymphocytes and is reversed by JAK inhibition. Nature medicine. Sep; 2014 20(9):
1043-9. PubMed PMID: 25129481. Pubmed Central PMCID: 4362521.

Arthritis Rheumatol. Author manuscript; available in PMC 2017 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Furumoto et al.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Page 12

Okiyama N, Furumoto Y, Villarroel VA, Linton JT, Tsai WL, Gutermuth J, et al. Reversal of CD8
T-cell-mediated mucocutaneous graft-versus-host-like disease by the JAK inhibitor tofacitinib. The
Journal of investigative dermatology. Apr; 2014 134(4):992-1000. PubMed PMID: 24213371.
Pubmed Central PMCID: 3961527. [PubMed: 24213371]

Thacker SG, Berthier CC, Mattinzoli D, Rastaldi MP, Kretzler M, Kaplan MJ. The detrimental
effects of IFN-alpha on vasculogenesis in lupus are mediated by repression of IL-1 pathways:
potential role in atherogenesis and renal vascular rarefaction. J Immunol. Oct 1; 2010 185(7):
4457-69. PubMed PMID: 20805419. Pubmed Central PMCID: 2978924. Epub 2010/09/02. eng.
[PubMed: 20805419]

Sikorski K, Chmielewski S, Olejnik A, Wesoly JZ, Heemann U, Baumann M, et al. STAT1 as a
central mediator of IFNgamma and TLR4 signal integration in vascular dysfunction. Jak-Stat. Oct
1; 2012 1(4):241-9. PubMed PMID: 24058779. Pubmed Central PMCID: 3670280. [PubMed:
24058779]

Perry D, Sang A, Yin 'Y, Zheng Y'Y, Morel L. Murine models of systemic lupus erythematosus.
Journal of biomedicine & biotechnology. 2011; 2011:271694. PubMed PMID: 21403825. Pubmed
Central PMCID: 3042628. [PubMed: 21403825]

Cohen PL, Eisenberg RA. Lpr and gld: single gene models of systemic autoimmunity and
lymphoproliferative disease. Annual review of immunology. 1991; 9:243-69. PubMed PMID:
1910678.

Andrews BS, Eisenberg RA, Theofilopoulos AN, Izui S, Wilson CB, McConahey PJ, et al.
Spontaneous murine lupus-like syndromes. Clinical and immunopathological manifestations in
several strains. The Journal of experimental medicine. Nov 1; 1978 148(5):1198-215. PubMed
PMID: 309911. Pubmed Central PMCID: 2185049. [PubMed: 309911]

Knight JS, Subramanian V, O'Dell AA, Yalavarthi S, Zhao W, Smith CK, et al. Peptidylarginine
deiminase inhibition disrupts NET formation and protects against kidney, skin and vascular disease
in lupus-prone MRL/Ipr mice. Annals of the rheumatic diseases. Aug 7.2014 PubMed PMID:
25104775. Epub 2014/08/12. Eng.

Dema B, Charles N, Pellefigues C, Ricks TK, Suzuki R, Jiang C, et al. Immunoglobulin E plays an
immunoregulatory role in lupus. The Journal of experimental medicine. Oct 20; 2014 211(11):
2159-68. PubMed PMID: 25267791. Pubmed Central PMCID: 4203948. [PubMed: 25267791]

Cates AM, Holden VI, Myers EM, Smith CK, Kaplan MJ, Kahlenberg JM. Interleukin 10 hampers
endothelial cell differentiation and enhances the effects of interferon alpha on lupus endothelial
cell progenitors. Rheumatology. Jun; 2015 54(6):1114-23. PubMed PMID: 25416712. Pubmed
Central PMCID: 4447841. [PubMed: 25416712]

Tanaka H, Ikehara S, Furukawa F, Sekita K, Nakamura T, Inoue S, et al. The relationship between
murine lupus nephritis and thymic abnormalities. Nihon Jinzo Gakkai shi. Aug; 1984 26(8):1069—
77. PubMed PMID: 6513178. [PubMed: 6513178]

Horiguchi Y, Furukawa F, Hamashima Y, Imamura S. Ultrastructural lupus band test in the skin of
MRL mice. Archives of dermatological research. 1986; 278(6):474-80. PubMed PMID: 3539034.
[PubMed: 3539034]

Zhang Z, Kyttaris VC, Tsokos GC. The role of IL-23/IL-17 axis in lupus nephritis. J Immunol. Sep
1; 2009 183(5):3160-9. PubMed PMID: 19657089. Pubmed Central PMCID: 2766304. [PubMed:
19657089]

Yokoyama S, Perera PY, Terawaki S, Watanabe N, Kaminuma O, Waldmann TA, et al. Janus
Kinase Inhibitor Tofacitinib Shows Potent Efficacy in a Mouse Model of Autoimmune
Lymphoproliferative Syndrome (ALPS). Journal of clinical immunology. Oct; 2015 35(7):661-7.
PubMed PMID: 26453583. [PubMed: 26453583]

Migliorini A, Anders HJ. A novel pathogenetic concept-antiviral immunity in lupus nephritis.
Nature reviews Nephrology. Mar; 2012 8(3):183-9. PubMed PMID: 22249778. [PubMed:
22249778]

Denny MF, Thacker S, Mehta H, Somers EC, Dodick T, Barrat FJ, et al. Interferon-alpha promotes
abnormal vasculogenesis in lupus: a potential pathway for premature atherosclerosis. Blood. Oct
15; 2007 110(8):2907-15. PubMed PMID: 17638846. Pubmed Central PMCID: 2018671.
[PubMed: 17638846]

Arthritis Rheumatol. Author manuscript; available in PMC 2017 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Furumoto et al.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 13

Mohan S, Barsalou J, Bradley TJ, Slorach C, Reynolds JA, Hasni S, et al. Endothelial progenitor
cell phenotype and function are impaired in childhood-onset systemic lupus erythematosus.
Arthritis Rheumatol. Apr 17.2015 PubMed PMID: 25891295.

Rousvoal G, Si MS, Lau M, Zhang S, Berry GJ, Flores MG, et al. Janus kinase 3 inhibition with
CP-690,550 prevents allograft vasculopathy. Transplant international : official journal of the
European Society for Organ Transplantation. Dec; 2006 19(12):1014-21. PubMed PMID:
17081232. Epub 2006/11/04. eng. [PubMed: 17081232]

Charles-Schoeman C, Fleischmann R, Davignon J, Schwartz H, Turner SM, Beysen C, et al.
Potential mechanisms leading to the abnormal lipid profile in patients with rheumatoid arthritis
versus healthy volunteers and reversal by tofacitinib. Arthritis Rheumatol. Mar; 2015 67(3):616—
25. PubMed PMID: 25470338. [PubMed: 25470338]

Quah HS, Miranda-Hernandez S, Khoo A, Harding A, Fynch S, Elkerbout L, et al. Deficiency in
type | interferon signaling prevents the early interferon-induced gene signature in pancreatic islets
but not type 1 diabetes in NOD mice. Diabetes. Mar; 2014 63(3):1032—40. PubMed PMID:
24353186. [PubMed: 24353186]

Lighvani AA, Frucht DM, Jankovic D, Yamane H, Aliberti J, Hissong BD, et al. T-bet is rapidly
induced by interferon-gamma in lymphoid and myeloid cells. Proceedings of the National
Academy of Sciences of the United States of America. Dec 18; 2001 98(26):15137-42. PubMed
PMID: 11752460. Pubmed Central PMCID: 64996. [PubMed: 11752460]

Craiglow BG, King BA. Tofacitinib Citrate for the Treatment of Vitiligo: A Pathogenesis-Directed
Therapy. JAMA dermatology. Jun 24.2015 PubMed PMID: 26107994.

Blanco P, Pitard V, Viallard JF, Taupin JL, Pellegrin JL, Moreau JF. Increase in activated CD8+ T
lymphocytes expressing perforin and granzyme B correlates with disease activity in patients with
systemic lupus erythematosus. Arthritis and rheumatism. Jan; 2005 52(1):201-11. PubMed PMID:
15641052. [PubMed: 15641052]

Crispin JC, Oukka M, Bayliss G, Cohen RA, Van Beek CA, Stillman IE, et al. Expanded double
negative T cells in patients with systemic lupus erythematosus produce IL-17 and infiltrate the
kidneys. J Immunol. Dec 15; 2008 181(12):8761-6. PubMed PMID: 19050297. Pubmed Central
PMCID: 2596652. [PubMed: 19050297]

Wong CK, Lit LC, Tam LS, Li EK, Wong PT, Lam CW. Hyperproduction of IL-23 and IL-17 in
patients with systemic lupus erythematosus: implications for Th17-mediated inflammation in auto-
immunity. Clinical immunology. Jun; 2008 127(3):385-93. PubMed PMID: 18373953. [PubMed:
18373953]

Edgerton C, Crispin JC, Moratz CM, Bettelli E, Oukka M, Simovic M, et al. IL-17 producing
CD4+ T cells mediate accelerated ischemia/reperfusion-induced injury in autoimmunity-prone
mice. Clinical immunology. Mar; 2009 130(3):313-21. PubMed PMID: 19058762. Pubmed
Central PMCID: 2661238. [PubMed: 19058762]

Boggio E, Clemente N, Mondino A, Cappellano G, Orilieri E, Gigliotti CL, et al. IL-17 protects T
cells from apoptosis and contributes to development of ALPS-like phenotypes. Blood. Feb 20;
2014 123(8):1178-86. PubMed PMID: 24363402. [PubMed: 24363402]

Usui F, Kimura H, Ohshiro T, Tatsumi K, Kawashima A, Nishiyama A, et al. Interleukin-17
deficiency reduced vascular inflammation and development of atherosclerosis in Western diet-
induced apoE-deficient mice. Biochemical and biophysical research communications. Mar 30;
2012 420(1):72—7. PubMed PMID: 22402284. [PubMed: 22402284]

Kirou KA, Gkrouzman E. Anti-interferon alpha treatment in SLE. Clinical immunology. Sep; 2013
148(3):303-12. PubMed PMID: 23566912. [PubMed: 23566912]

Ward MM. Premature morbidity from cardiovascular and cerebrovascular diseases in women with
systemic lupus erythematosus. Arthritis and rheumatism. Feb; 1999 42(2):338-46. PubMed PMID:
10025929. [PubMed: 10025929]

Knight JS, Zhao W, Luo W, Subramanian V, O'Dell AA, Yalavarthi S, et al. Peptidylarginine
deiminase inhibition is immunomodulatory and vasculoprotective in murine lupus. J Clin Invest.
Jul 1; 2013 123(7):2981-93. PubMed PMID: 23722903. Pubmed Central PMCID: 3696545. Epub
2013/06/01. eng. [PubMed: 23722903]

Thacker SG, Zhao W, Smith CK, Luo W, Wang H, Vivekanandan-Giri A, et al. Type | interferons
modulate vascular function, repair, thrombosis, and plaque progression in murine models of lupus

Arthritis Rheumatol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Furumoto et al.

Page 14

and atherosclerosis. Arthritis and rheumatism. Sep; 2012 64(9):2975-85. PubMed PMID:
22549550. Pubmed Central PMCID: 3411886. [PubMed: 22549550]

48. Denny MF, Yalavarthi S, Zhao W, Thacker SG, Anderson M, Sandy AR, et al. A distinct subset of

proinflammatory neutrophils isolated from patients with systemic lupus erythematosus induces
vascular damage and synthesizes type | IFNs. J Immunol. Mar 15; 2010 184(6):3284-97. PubMed
PMID: 20164424. Pubmed Central PMCID: 2929645. [PubMed: 20164424]

49. Ronda N, Favari E, Borghi MO, Ingegnoli F, Gerosa M, Chighizola C, et al. Impaired serum

cholesterol efflux capacity in rheumatoid arthritis and systemic lupus erythematosus. Annals of the
rheumatic diseases. Mar; 2014 73(3):609-15. PubMed PMID: 23562986. [PubMed: 23562986]

50. Boers M, Nurmohamed MT, Doelman CJ, Lard LR, Verhoeven AC, Voskuyl AE, et al. Influence of

glucocorticoids and disease activity on total and high density lipoprotein cholesterol in patients
with rheumatoid arthritis. Annals of the rheumatic diseases. Sep; 2003 62(9):842-5. PubMed
PMID: 12922956. Pubmed Central PMCID: 1754645. [PubMed: 12922956]

51. Thacker SG, Rousset X, Esmail S, Zarzour A, Jin X, Collins HL, et al. Increased plasma

cholesterol esterification by LCAT reduces diet-induced atherosclerosis in SR-BI knockout mice.
Journal of lipid research. Jul; 2015 56(7):1282-95. PubMed PMID: 25964513. Pubmed Central
PMCID: 4479333. [PubMed: 25964513]

52. Manshouri T, Quintas-Cardama A, Nussenzveig RH, Gaikwad A, Estrov Z, Prchal J, et al. The

JAK kinase inhibitor CP-690,550 suppresses the growth of human polycythemia vera cells
carrying the JAK2V617F mutation. Cancer science. Jun; 2008 99(6):1265-73. PubMed PMID:
18482053. [PubMed: 18482053]

Arthritis Rheumatol. Author manuscript; available in PMC 2017 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Furumoto et al.

Page 15

Disease onset

A Age: 0 wks 10wks 12 wks 14 wks 18 wks 20 wks
X r-vehicle

Preventive treatment trial

L |
Therapeutic treatment trial

E MRLIMpJ MRU/lpr-vehicle MRL/lpr-tofacitinib

Figure 1. Tofacitinib improves clinical parameters of murine lupus
(A) Schematic representation of tofacitinib treatment regimens. MRL//pr mice were treated

with either vehicle or tofacitinib by gavage once daily for 8 weeks between 10 weeks and 18
weeks of age for the preventive treatment, and for 6 weeks between 14 weeks and 20 weeks
of age for therapeutic treatment. (B) ANA and anti-dsDNA serum levels in the preventive
treatment group. (C) Representative H&E microphotographs of MRL//prkidneys (preventive
treatment) (top panel) and immunoglobulin G (IgG) deposition staining (bottom panel) are
shown (MRL/MpJ: left panel, vehicle-treated: center panel, and tofacitinib-treated: right
panel). Images were visualized using a 20x (0.75NA) magnification. Glomerulonephritis
clinical score (top right, detail described in materials and methods) and mean fluorescence
intensity (MFI) level of the IgG deposition (bottom right). MFI was evaluated using the
ImageJ software. (D) Urine albumin:creatinine ratio of the preventive treatment group. (E)
Representative H&E microphotographs of dorsal skin biopsies. Images were visualized
using a x20 (0.45NA) magnification. Skin clinical score (right, detail described in materials
and methods). For all experiments, n=7 to 13 mice per group. Results represent mean +
SEM. Statistical significance was calculated using the Mann-Whitney test: *p < 0.05, **p<
0.01, *** p<0.001, **** p<0.0001.
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Figure 2. Tofacitinib modulates the number of lymphocytes and dendritic cellsin the spleen
Cells were counted at the end of 8 weeks of treatment at 18 weeks of age of the preventive

treatment. (A)Total numbers of splenocytes (upper left), T cells (upper right panel). (B)
Total numbers of CD4+ T cells (left panel), CD8+ T cells (center panel), and CD4~CD8~
(right panel) T cells. (C) B cells (left panel), and DCs (right panel). For all experiments, n=7
to 13 mice per group. Results represent mean + SEM. Statistical significance was calculated
using the Mann-Whitney test : *p < 0.05, **p< 0.01, *** p<0.001, **** p<0.0001.
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Figure 3. Tofacitinib modulates gene expression in murine lupus
(A) ISGs (Mx1, and Cxcl10) were quantified by RT-gPCR. (B) and (C) Expression of JAK-

STAT-regulated genes and additional ISGs in splenocytes (B) and kidney (C), measured by
NanoString Technology. For all experiments, n=8 mice per group. Results represent mean +
SEM. Statistical significance was calculated using the Mann-Whitney test: *p < 0.05, **p <
0.01, *** p<0.001, and **** p<0.0001.
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Figure 4. Tofacitinib reduces NET formation and amelior ates endothelium-dependent
vasorelaxation and endothelial cell (EC) differentiation in murine lupus

Bone marrow-derived neutrophils from MRL/MpJ mice, MRL//pr mice treated with vehicle,
or MRL//prmice treated with tofacitinib of the preventive treatment at 18 weeks of age. (A)
LPS-induced NETs (white arrows) were detected by extracellular colocalization of DNA
(blue) and myeloperoxidase (red) staining (x63 magnification). Representative fluorescent
images are shown. (B) Extracellular DNA release by neutrophils was detected using SYTOX
green dye. For all experiments, n=10 mice per group. (C) Isolated aortas were exposed to
phenylephrine (PE)-induced maximal contraction, followed by increasing concentrations of
acetylcholine (Ach), to measure endothelium-dependent vasorelaxation. Statistical
significance was analyzed by 2 way ANOVA. *p < 0.05, **p< 0.01. (D-E) Mature
endothelial cells (ECs) were quantified as those displaying dual uptake of Hoechst (blue)
acetylated-LDL (red) and BS-lectin (green). Representative fluorescent images are shown.
Experiments were performed in triplicates with 3 photomicrographs taken per well (MRL/
MpJ, vehicle-treated MRL//pr, tofacitinib-treated MRL//pr, scale bar = 100 um, HP = high-
power). For all experiments, n=8 to 10 mice per group. Results represent mean + SEM.
Statistical significance was calculated using the Mann-Whitney test : *p < 0.05, **p < 0.01,
and *** p<0.001.
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Figure5. Tofacitinib improves established SL E-like phenotype
(A) and (B) ANA and anti-dsDNA serum levels and albumin:creatinine ratio at 20 weeks of

age in the therapeutic treatment group. (C) Mature endothelial cells (ECs) were quantified as
those coexpressing Hoechst (blue) acetylated-LDL (red) and BS-lectin (green). Experiments
were performed in triplicates with 3 photomicrographs taken per well (MRL/MpJ, vehicle-
treated MRL//pr, tofacitinib-treated MRL//pr, scale bar = 100 um, HP = high-power). (D)
ISGs were quantified by RT-qPCR. For all experiments, n=7 to 13 mice per group. Statistical
significance was calculated using the Mann-Whitney test; *p < 0.05, **p< 0.01, *** p
<0.001.
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Table 1

Complete blood count (CBC) in the preventive treatment arm

MRL/MpJ MRL/lpr-vehicle | MRL/Ipr-tofacitinib | p value vehiclevstofacitinib
WBC (K/ul) 3.00 +1.55 12.77 £ 3.64 10.35+4.31 £=0.1909
RBC (M/ul) 8.56 + 0.55 7.92 £0.52 7.32+0.72 * p=0.0431
Hemoglobin (g/dL) | 13.76 +0.84 11.85+0.7 10.78 +1.17 * p=0.0209
Hematocrit (%) 40.33 £ 2.60 34.7+2.16 31.86 £ 2.63 *, p=0.016
MCV (fL) 47.11£0.74 43.85+1.26 43.61 £0.98 =0.6414
Platelets (K/ul) 779.88 + 159.74 | 647.73 +168.18 614.78 + 255.07 p=0.7326
Polys (%) 25.73+4.84 12.22 +4.23 12.74 + 8.58 =0.8604
Lympho (%) 47.64+10.84 66.85 + 10.06 64.20 + 11.57 =0.5896
Mono (%) 14.36 + 6.65 12.01 +7.07 17.11 +8.45 =0.1583
Eosino (%) 2.75+1.52 2.78 £6.26 1.67+1.41 =0.6084
Baso (%) 9.55+3.10 6.15+3.31 4.28 £4.57 £=0.3031
Poly (K/ul) 0.75 +0.37 1.57 +0.77 1.29+0.79 p=0.4275
Lympho (K/ul) 0.75+1.03 157 +3.22 1.29+ 355 1=0.2368
Mono (K/ul) 0.39 +0.21 1.40 +0.66 1.62+0.74 =0.478
Eosino (K/ul) 0.08 + 0.06 0.12+0.12 0.16 +0.16 =0.4406
Baso (K/ul) 0.26 +0.11 0.71 +0.34 0.46 + 0.48 £=0.181

CBC count has been done by NIH Hematology Section
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