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ARTICLE INFO ABSTRACT

Keywords: Psoriasis is a chronic inflammatory skin disease with no cure. Although the origin of psoriasis and its underlying
Electrophilic fatty acids pathophysiology remain incompletely understood, inflammation is a central mediator of disease progression. In
Psoriasis

this regard, electrophilic nitro-fatty acids (NO2-FAs) exert potent anti-inflammatory effects in several in vivo
murine models of inflammatory diseases, such as chronic kidney disease and cardiovascular disease. To examine
the therapeutic potential of NO>-FAs on psoriasiform dermatitis, we employed multiple murine models of
psoriasis. Our studies demonstrate that oral treatment with nitro oleic acid (OA-NO) has both preventative and
therapeutic effects on psoriasiform inflammation. In line with this finding, oral OA-NOy downregulated the
production of inflammatory cytokines in the skin. In vitro experiments demonstrate that OA-NO; decreased both
basal IL-6 levels and IL-17A-induced expression of IL-6 in human dermal fibroblasts through the inhibition of NF-
kB phosphorylation. Importantly, OA-NO, diminished STAT3 phosphorylation and nuclear translocation via
nitroalkylation of STAT3, which inhibited keratinocyte proliferation. Overall, our results affirm the critical role
of both NF-xB and STAT3 in the incitement of psoriasiform dermatitis and highlight the pharmacologic potential
of small molecule nitroalkenes for the treatment of cutaneous inflammatory diseases, such as psoriasis.

Nitro oleic acid
Cutaneous inflammation

1. Introduction immuno-suppressive drugs, for which long-term adverse effects, signif-

icant costs, morbidity, sex differences, and loss of effectiveness remain a

Psoriasis is a chronic inflammatory skin disease affecting 2-3% of the
US population. It is characterized by an infiltration of cutaneous in-
flammatory cells releasing cytokines, growth factors, and chemokines
that modulate keratinocyte differentiation and proliferation [1]. Our
understanding of the pathophysiology of psoriasis has significantly
progressed in the past decade. In this regard, advancement in our mo-
lecular knowledge has led to an improved understanding of psoriasis;
thus, influencing the development of efficient therapeutics, including
TNF-a inhibitors and IL-17A antibodies [2]. Although new biologics
have improved therapeutic options, in general, patients need lifelong
therapies and current therapies predominantly rely on systemic acting

concern [3-5]. Therefore, the development of an oral therapeutic agent
that reversibly and specifically inhibits signaling pathways and inflam-
mation in psoriasis pathogenesis is paramount.

Naturally occurring electrophilic nitro-fatty acids (NOy-FAs) are
nitration products of unsaturated fatty acids that mediate anti-
inflammatory, antioxidant, and cytoprotective actions [6,7]. The ther-
apeutic potential of NO>-FAs has been demonstrated in several in vivo
murine models of inflammatory diseases, such as chronic kidney disease,
cardiovascular disease, diabetes, and allergic contact dermatitis [8-12].
The primary mechanism whereby NO2-FA regulate metabolic, cell
signaling, and anti-inflammatory responses is via nitroalkylation, a
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post-translational protein modification representing the adduction of
nucleophilic amino acids such as cysteine and histidine by the electro-
philic p-carbon of the nitroalkene substituent [13]. In this regard, nitro
oleic acid (OA-NOj), a prototypical NOo-FA, displays an
anti-inflammatory role in preventing and treating various model system
disease phenotypes by modulating redox-sensitive transcription factors,
receptors, and proteins including PPARy, NF-xB, Keapl/Nrf2, STING
and heat-shock factor response [6,14,15]. CXA-10, the specific
10-NO3-OA isomer, is currently in Phase II clinical trials aimed at
treating vascular and pulmonary diseases.

Our previous study demonstrated that subcutaneous injections of
OA-NO; inhibit and treat contact hypersensitivity (CHS) in a murine
model [8]. However, the therapeutic effect of OA-NO; on psoriasis is still
unknown. Importantly, [14C]10—N02—OA and LC-MSMS studies have
revealed that >95% of systemically-absorbed 10-NO5-OA is esterified in

A
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chylomicron triglycerides [16]. This distribution mechanism’s main
pharmacokinetic consequences are a) the limitation of nitroalkene
inactivation during absorption and circulation and b) avoidance of he-
patic first pass degradation, thus facilitating free fatty acid nitroalkene
delivery to tissues upon the hydrolysis of triglycerides containing
esterified nitroalkene fatty acids by capillary lipoprotein lipases. This
fatty acid acquisition mechanism is also actively used by the skin to
sustain ceramide, sphingolipid, and triglyceride synthesis, with the skin
being the tissue most affected by deficits in essential fatty acids. The
present study tested the hypothesis that small molecule nitroalkenes
such as NOy-FA display anti-psoriatic actions by regulating
redox-sensitive transcription factors central to the development of pso-
riasis, including NF-kB and STAT3.
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2. Results and discussion
2.1. Protective effect of oral OA-NO; on acute models of psoriasis

To test our hypothesis that OA-NO, can inhibit psoriasiform
inflammation, we evaluated two acute models of psoriasis (imiquimod;
IMQ and rmlIL-23), termed psoriasiform dermatitis, in C57BL/6 mice.
These models share many features of human psoriasis, including pro-
nounced cutaneous inflammation characterized by epidermal thick-
ening (acanthosis), inflammatory cell infiltration, microabscess
formation, and the increased production of inflammatory cytokines,
including IL-1p, IL-6, IL-23, IL-17A, and TNF-a [17-20]. We first
assessed the effect of oral OA-NO, on the IMQ-induced psoriasiform
model. For this, mice were administered oral OA-NO-, or vehicle control
18 h prior to topical IMQ application to dorsal skin and ears, according
to Fig. 1A schematic. Ear thickness significantly decreased in
OA-NOo-treated mice after 72 h, compared to IMQ treatments alone
(Fig. 1A). Moreover, OA-NO, also significantly suppressed transcripts of
inflammatory cytokines characteristic of psoriasis including IL-1p, IL-6,
IL-17A, and IL-23 (Fig. 1B). TNF-a expression decreased but did not
reach statistical significance (p = 0.06; Fig. S1). Consistent with the
protective role of OA-NOs in skin inflammation, histological analysis
demonstrated a significant decrease in inflammatory infiltrates and
epidermal thickness in ear skin of mice treated with OA-NOg, compared
to IMQ treatments alone (Fig. 1C, D, and E). Similar results were ob-
tained when dorsal back skin was assessed (data not shown).

In a second set of experiments, the rmIL-23 psoriasiform model was
induced according to the schematic in Fig. 2A. Oral OA-NO;, or vehicle
control was administered 18 h prior to rmIL-23 ear injections and then
every other d for 10 d. Similar to the IMQ model, OA-NO, significantly
blocked the increase in ear thickness induced following IL-23 injections
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(Fig. 2A). Furthermore, OA-NO> significantly suppressed IL-1p, IL-6, and
IL-17A mRNA transcript levels compared to vehicle controls (Fig. 2B).
Histological analysis of ear tissues demonstrated that OA-NO, signifi-
cantly inhibited cellular infiltration and epidermal thickening compared
to rmIL-23 treatments alone (Fig. 2C-E). Together these data indicate
that OA-NO; has an inhibitory effect on the pathogenesis of acute
psoriasiform skin inflammation.

2.2. Therapeutic and preventative properties of oral OA-NOz on
psoriasiform inflammation in chronic murine models

To assess whether OA-NO; treatment has therapeutic and preven-
tative effects on psoriasiform inflammation in chronic murine models,
we utilized K14-VEGF transgenic mice. VEGF is highly expressed in
psoriatic lesions and is a critical cytokine mediating angiogenesis [21,
22]. The ears and facial region of K14-VEGF mice gradually develop
psoriatic-like features, including red and scaly plaques, epidermal
thickening, parakeratosis, inflammatory infiltrate, and epidermal
microabscesses [23] and (Fig. 3).

The therapeutic capacity of OA-NO, was evaluated in 9 to 10-wk-old
K14-VEGF mice with an ear thickness of 0.5 mm and the development of
red scaly plaques on both ears. As diagramed in Fig. 3A, oral OA-NO; or
vehicle control was administrated every other day for 12 wk. Ear
thickness was measured every wk for 5 wk; after this time point plaques
on the ear interfered with measurements. The results demonstrate that
OA-NO; significantly suppressed ear thickness compared to vehicle
control (Fig. 3B). The redness and plaque formation (scabbing) on the
ears and face were likewise inhibited by OA-NO, treatment, compared
to vehicle controls (Fig. 3C and D). In line with the clinical and
phenotypical findings, molecular analysis demonstrated a significant
reduction in IL-1p, IL-6, and IL-17A transcripts, compared to vehicle
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Fig. 3. Oral OA-NO, has a therapeutic
effect on psoriasiform inflammation in
the K14-VEGF mouse model. (A) OA-NO,
or vehicle control was orally administrated
to K14-VEGF mice according to schematic.

(B) Ear thickness was measured weekly for
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controls (Fig. 3E). Histological analysis of ear cross-sections also
exhibited a significant reduction of epidermal thickening and cellular
infiltration in the OA-NOy-treated group (Fig. 3F, G, and H).

To assess the capacity of OA-NO2 to block the development of
psoriasis-like lesions, we utilized 6 to 8-wk-old K14-VEGF mice that had
minimal or no signs of inflammation, the ear thickness of these mice was
less than 0.4 mm with no redness or only a pale tint of redness. Oral OA-
NO3 or vehicle control was administered every other day for 12 wk.
Results in the preventative model mirrored those in the therapeutic
model by preventing the development of lesions (Fig. S2).

To further confirm the therapeutic effect of OA-NO, on psoriasiform
inflammation, we utilized an alternative K5-IL-17C model of psoriasis.
By 8-10 weeks of age K5-IL-17C mice have developed red scaly plaques
and significant hair loss, indicating a fully developed psoriasiform in-
flammatory response [24]. At this point, OA-NO, was administered
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every other day for 2 wk following disease manifestation, including hair
loss and lesional development on the dorsal neck and back (Fig. S3A).
Within 2 wk, lesions had considerably progressed in the vehicle-treated
group; however, following treatment with OA-NO3, disease progression
was halted (Fig. S3B). Additionally, IL-1p and IL-6 transcripts were
significantly downregulated following OA-NO, treatment, compared to
the vehicle controls (Fig. S3C). Histological examination of non-lesional
and lesional skin from K5-IL-17C mice also confirmed that OA-NO,
resolved established psoriasiform inflammation, as evidenced by a sig-
nificant decrease in epidermal thickness and inflammatory infiltrate
(Figs. S3D and S3E).

Overall, utilizing both acute and chronic murine models of psoriasis,
we determined that OA-NO; has the capacity to improve the disease
course and inhibit psoriasiform dermatitis, leading to the normalization
of keratinocyte proliferation and cutaneous inflammation. In this
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regard, OA-NO, suppressed the expression of critical inflammatory cy-
tokines such as IL-1p, IL-6, and IL-17A.

2.3. Capacity of OA-NOy to inhibit STAT3 and NF-kB phosphorylation
and IL-6 production in vivo

STATS3 is a cytoplasmic transcription factor that transmits signals to
the nucleus following stimulation with psoriasis-associated cytokines,
such as IL-6 [25]. Binding of IL-6 to its receptor induces activation of
tyrosine-protein kinase JAK2, which mediates phosphorylation of
STATS3 at Tyrosine 705 (Tyr705) [26]. Phosphorylation induces STAT3
nuclear translocation where it controls the expression of genes involved
in cellular proliferation, differentiation, migration, survival, and onco-
genesis [27]. Importantly, STAT3 phosphorylation is enhanced in
lesional psoriatic skin along with increased cytokines and growth factors
that stimulate STAT3 activation, such as IL-6 [28-31]. Moreover, STAT3
is involved in the psoriasis-dependent IL-23 signaling pathway [32].
Transgenic mice constitutively over-expressing STAT3 in keratinocytes
develop cutaneous lesions reminiscent of human psoriatic lesions [30,
31]. Thus, STAT3 is a well-established potential drug target to treat
psoriasis [31,33,34]. In M1 and M2 macrophages OA-NO; inhibits the
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activation of STAT1, STAT3, and STAT6 when activated by LPS and IL-4
[35]. In order to determine whether OA-NO2 manifests anti-psoriatic
actions in vivo through modulation of STAT3, we assessed the outcome
of OA-NO; on STAT3 phosphorylation in our murine models of psoriasis.
Immunoblot analysis of ear homogenates demonstrated that OA-NO,
was capable of significantly impairing STAT3 Tyr705 phosphorylation
induced following IMQ treatment and in the chronic K14-VEGF model
(Fig. 4A and B). However, there was not a significant decrease in
PSTAT3 in the K5-IL-17¢ model (Fig. 4C). In line with previous findings
[6,36], data confirm the capacity of OA-NO; to significantly inhibit
phosphorylation of NF-kB p65 subunit in the K14-VEGF model (Fig. 4B).
Whereas a significant suppression of NF-kB p65 phosphorylation was not
detected in the IMQ and K5-IL-17c models (Fig. 4A and C). The lack of an
inhibition of pSTAT3 in the K5-IL-17¢ model and pNF-«B in the IMQ and
K5-IL-17c models is likely due to tissue collection timing, as these
measurements were performed at the conclusion of the experiments and
these transcription factors have a short window of activation. This
supports an effect of OA-NO, that begins early in the inflammatory
cycle. Moreover, it is expected that OA-NO, has additional as yet iden-
tified targets in these mouse models, beyond pSTAT3 and NF-kB. In this
regard, the activation of the DNA sensing STING pathway is also
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Fig. 4. OA-NO, inhibits STAT3 and NF-xB
phosphorylation and reduces production
of IL-6 in vivo. (A-C) STAT3, pSTAT3, NF-
kB, and pNF-xB levels in cutaneous ear ho-
mogenates were determined by immuno-
blotting analysis. f-Actin levels were used as
internal loading controls. Skin was harvested
(A) 6 d following IMQ treatment in C57BL/6
mice, (B) after 12 wks of OA-NO, treatment
in K14-VEGF mice, and (C) following 2 wk of
OA-NO, treatment in K5-IL-17C mice,
representative blots are presented. Densi-
tometry results are plotted in the bar graphs
(IMQ, n = 4-5: K14-VEGF, n = 12-13: K5-
IL17¢, n 4). Phophorylated band in-
tensities were quantified by ImageJ software
and normalized to total STAT3 or NF-kB
expression. (D-F) IL-6 protein levels were
assessed in cutaneous homogenates by
ELISA. Bars represent the mean + SEM from
5 mice per group with each sample ran in
triplicate. *p < 0.05, **p < 0.01, ***p < 0.001
and ****p < 0.0001.

3

PNFKB/NFKB

K14-VEGF

200

150

100
ek

50

0:

Vehicle OA-NO,

PNFKB/NFKB

K5-L-17¢

Vehicle OA-NO,

K5-IL17C

‘ i *kk

Vehicle OA-NO,



P. Wang et al.

targeted by nitro fatty acids [37]. These inflammatory pathways are
represented differentially in the various psoriasis models and likely are
inhibited by nitro fatty acids differentially, explaining why the observed
decrease in epidermal thickness in the K5-IL-17c model (Fig. 3D) is not
as pronounced as in the other psoriasis models.

IL-6 is one of the major cytokines mediating activation of STAT3 in
the course of psoriatic lesional development [38]. Therefore, we further
examined IL-6 protein expression in the skin. As shown in Fig. 4D-F,
OA-NO; significantly inhibits production of IL-6 induced in both acute
and chronic models. Together these in vivo data suggest that OA-NO,
inhibits psoriasiform inflammation, in part, by blockade of IL-6 pro-
duction and STAT3 phosphorylation.

2.4. OA-NOg suppresses NF-kB and STAT3 signaling in vitro

Multiple autoimmune inflammatory diseases are dependent on IL-6
and IL-17A [38]. In this regard, IL-6 is one of the main inducers of
Th17 differentiation and function [32]. Data presented herein demon-
strate that OA-NO3 inhibits IL-6 expression in both acute and chronic
psoriatic dermatitis. Previous studies indicate that fibroblasts have an
IL-17A-initiated positive-feedback loop of IL-6 production, dependent
on NF-xB signaling [38,39]. To evaluate whether OA-NO; exerts an
anti-inflammatory effect via regulation of an IL-17A/IL-6 pos-
itive-feedback loop, we first analyzed the outcome of OA-NO; treat-
ments on rhIL-17A-induced IL-6 expression in normal human dermal
fibroblasts (NHDFs). OA-NO, treatment significantly decreased basal
expression and rhIL-17A-induced expression of IL-6, compared to OA
(corresponding native fatty acid control) and vehicle controls (Fig. 5A).
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We further assessed the ability of OA-NO, to inhibit NF-kB signaling in
our model system. Importantly, OA-NO; inhibits NF-kB signaling by
multifaceted mechanisms [6,36,40]. The first-described and most
prominent mechanism involves the nitroalkylation of the highly
conserved Cys38 in the NF-kB p65 subunit. This nitroalkylation inhibits
p65 phosphorylation and blocks NF-kB binding to the DNA Rel homol-
ogy domain, which subsequently inhibits the transcription of inflam-
matory genes [6]. The second mechanism involves the inhibition of
IKK-B, which prevents the degradation of the NF-kB IkBa inhibitory
subunit. Under basal conditions, IkBa represses p65 and NF-xB activa-
tion. Additionally, p65 is regulated through polyubiquitination and
proteasomal degradation [6,41]. Thus, we assessed the capacity of
OA-NO; to suppress NF-kB signaling in fibroblasts treated with
rhiL-17A. Consistent with IL-6 blockade, OA-NO, inhibited
rhIL-17A-induced NF-kB phosphorylation in NHDFs, compared to OA
and vehicle controls (Fig. 5B). Our data suggests that the modulatory
effect that OA-NOs has on fibroblasts inflammation is, in part, mediated
through the limitation of NF-kB activation by inhibiting p65 phos-
phorylation, along with suppression of IL-6, which is important for Th17
differentiation and promotion of keratinocyte proliferation [32,42].
STAT3 is a key mediator of IL-6 functions in numerous cell types,
including keratinocytes, and participates in the regulation of genes
controlling survival, proliferation, and angiogenesis [27,38]. Therefore,
we further assessed the effect of OA-NO; on STATS3 signaling in HaCaT
cells, a human keratinocyte cell line. Following a pretreatment with
OA-NO,, IL-6-dependent STAT3 nuclear translocation was inhibited
compared to vehicle control and OA treatment groups, as demonstrated
by immunofluorescence microscopy (Fig. 5C). Consistent with these

Fig. 5. OA-NO, inhibits NF-kB and STAT3
signaling in vitro. (A) IL-6 transcript
expression in NHDF cells was determined
following 12 h of stimulation with rhIL-17A
(50 ng/mL). Cells were preincubated with 3
pM OA or OA-NO, for 30 min. Values are
expressed as mean + SEM from 3 individual
samples with each sample ran in triplicates,
*xxxp < 0.0001. Data are one representative
of two independent experiments. (B) NF-xkB
phosphorylation in NHDF cells was assessed
by immunoblotting following stimulation
with rhIL-17A. Cells were preincubated with
3 pM OA or OA-NO,. Data are one repre-
sentative of three independent experiments.
(C) Nuclear translocation of STAT3 in HaCaT
cells was examined by immunoflouresce
microscopy following stimulation with rhIL-
6 (50 ng/mL) for 1 h, with pretreatment of 3
pM OA or OA-NO,. Scale bar = 25 pm.
Representative images from three indepen-
dent experiments. (D) HaCaT cell nuclear
and cytosolic protein extracts were assessed
for STAT3 and PCNA following 1 h rhIL-6
stimulation. Representative of two indepen-
dent experiments. (E-F) Basal (E) and rhIL-
6-stimulated (F) phospho-STAT3 levels in
HaCaT cells. (E) For basal phospho-STAT3
levels, cells were treated with indicated
doses of OA or OA-NO, for 24 h. (F) For
rhiL-6-stimulated phospho-STAT3 levels,
cells were preincubated with 3 pM OA or
OA-NO, for 30 min and then stimulated with
rhIL-6 (50 ng/mL) for 1 h. Data are one
representative  of three independent
experiments.
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findings, OA-NO, also significantly suppressed IL-6-induced STAT3
phosphorylation in NHDFs (Fig. S4A). This phenomenon was further
confirmed by immunoblot analysis of keratinocyte cytoplasmic and
nuclear extracts (Fig. 5D). Immunoblotting results also revealed that
OA-NO, suppressed both basal (Fig. S5E) and IL-6-induced (Fig. 5F)
STATS3 phosphorylation at Tyr705. Phosphorylation of STAT3 is neces-
sary for its dimerization, nuclear translocation, and DNA binding [32].
In accordance with inhibiting STAT3 activation, OA-NO» impaired
keratinocyte growth in a dose- and time-dependent manner as observed
by cellular proliferation assay (Fig. S5). Moreover, OA-NO, also inhibits
TNF-a-induced NF-«kB phosphorylation in HaCaT cells (Fig. S4B). While
prior studies applying OA-NO topically to inflamed skin perpetuated
the inflammatory response [43], here we demonstrate that OA-NOy
applied directly in vitro to keratinocytes had an anti-inflammatory effect.
This data further supports our prior findings that the inflammatory
response potentiated in vivo by topically applied OA-NO,, does not occur
through keratinocyte stimulation [43]. Overall, our in vitro data dem-
onstrates that OA-NO, inhibits NF-xB and STAT3 signaling and exerts
anti-inflammatory as well as anti-proliferative effects on fibroblasts and
keratinocytes.

2.5. Molecular mechanisms accounting for OA-NOx—dependent STAT3
inhibition

The alkenyl nitro group of NO»-FA provides an electrophilic char-
acter to the p-carbon of the nitroalkene, facilitating Michael addition
reactions with biological nucleophiles such as protein cysteine and
histidine residues. This nitroalkylation reaction is reversible and redox-
dependent [44]. NOy-FA display pleiotropic anti-inflammatory actions
by nitroalkylating several redox-sensitive transcription factors and
proteins including PPARy, p65 (NF-kB), Keapl (Nrf2), STING, and
heat-shock factors [6,14,15,37]. Therefore, we tested whether OA-NO,
inhibits STAT3 phosphorylation by direct nitroalkylation of STATS3.
HaCaT cells were treated with either biotin-OA-NO- or biotin-OA, con-
trol, and cell lysates were analyzed by streptavidin-agarose pulldown
assay. As demonstrated in Fig. 6A, the extent of STAT3-OA-NO,-biotin
adduct formation was increased in a dose-dependent manner (1.25-10
pM). Non-electrophilic biotinylated OA did not associate with STAT3. In
order to further demonstrate the reversibility of this modification, cells

A
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were stimulated with biotin-OA-NO» for 2 h, followed by N-acetylcys-
teine (NAC) for another 2 h. NAC is a prodrug for -cysteine and acts as a
precursor of reduced glutathione (GSH). The nitroalkylated form of
STATS3 was significantly suppressed by NAC treatment (Fig. 6B). Since
both NAC and GSH potentially denitroalkylate target proteins [44-46],
these observations support the reversibility of STAT3 nitroalkylation. In
order to verify the inhibition of STAT3 phosphorylation by
OA-NO»-mediated nitroalkylation, we further assessed the reversibility
of STAT3 phosphorylation by NAC treatment. HaCaT cells were treated
with OA-NO;, for 2 h, followed by increasing doses of NAC for another 2
h. Finally, cells were stimulated by IL-6 for 1 h. Consistent with previous
data, OA-NO; inhibited IL-6-induced STAT3 phosphorylation. Notably,
the suppressive effect of OA-NO; was reversed in a dose-dependent
manner by NAC (Fig. 6C). These data indicate that OA-NO2 can
reversibly inhibit phosphorylation of STAT3 by direct nitroalkylation of
STATS3, which is thiol redox state sensitive and more likely to occur in an
oxidative environment such as psoriasiform inflammation where thiol
levels are diminished. Moreover, these studies demonstrate that STAT3
nitroalkylation inhibits STAT3 Tyr705 phosphorylation. This could be
through the inhibition of JAK2-dependent phosphorylation. Similarly,
S-nitrosation of STAT3 at cysteine 259 has been shown to inhibit
JAK2-mediated phosphorylation [47].

2.6. OA-NOg suppresses Th17 and Th1 cell differentiation

In vivo studies demonstrate that both Type 1 and Type 17 inflam-
matory cytokines are suppressed by OA-NO,. To further assess cellular
mechanisms of OA-NO-, we examined the effect of OA-NO5 on Th17 and
Th1 differentiation in an in vitro setting utilizing naive CD4" T cells
isolated from peripheral blood mononuclear cells. Following 5 d of
Th17- or Thl-polarizing cytokine induction, production of IL-17A and
IFN-y was measured, respectively, by ELISA. As depicted in Figs. S6A
and B, OA-NOy significantly suppressed IL-17A and IFN-y production,
compared to vehicle controls. Thus, OA-NO; has the capacity to directly
inhibit Th17 differentiation in an effort to block psoriasiform
inflammation.

Psoriasis is a chronic cutaneous inflammatory disease characterized
by hyperproliferative keratinocytes, inflammatory cell infiltration, and
angiogenesis. Although the etiology of psoriasis development is yet to be

Fig. 6. OA-NO, inhibits activation of
STAT3 by nitroalkylation. Nitroalkylation
of STAT3 in HaCaT cells was assessed uti-
lizing biotinylated OA-NO, and streptavidin-
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OA-NO, for 2 h then incubated with or
without 1 mM NAC for another 2 h. (C)
RhIL-6-stimulated phospho-STAT3 levels in
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immunoblot techniques. HaCaT cells were
treated with or without OA-NO, for 2 h,
followed by increasing doses of NAC for
another 2 h, and then stimulated with IL-6
for 1 h. Data are one representative of
three independent experiments.
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fully understood, there has been substantial progress in understanding
psoriasis pathogenesis in recent years. A common set of effectors,
including cytokines such as IL-23 and IL-17, and transcription factors
such as NF-kB and STATS3, are involved in psoriasis pathogenesis [48]. In
this regard, resolution of psoriasis correlates with the inhibition of the
IL-17 response [49]. Both IL-6 and STAT3 are essential modulators of
Th17 differentiation and function, through a positive feedback loop that
enhances expression of IL-6 and IL-17, and phosphorylation of STAT3
[38,39]. As STAT3 is a central signaling factor in Th17 differentiation,
blockade of IL-17A by OA-NO; is likely dependent, in part, on the in-
hibition of STAT3 activation [50]. Moreover, IL-23-mediated STAT3
activation has a critical role in the upregulation of IL-17 secretion and
IL-23 receptor expression, as well as Th17 maturation and survival
[51-53]. In the current study, we demonstrate the capability of OA-NO,
to inhibit psoriasiform dermatitis in both acute and chronic murine
models. In this regard, OA-NO, suppressed the expression of critical
inflammatory cytokines such as IL-1f, IL-6, and IL-17A. Mechanistically,
we have determined that OA-NOj blocks the IL-17A/IL-6 positive
feedback loop and suppresses cutaneous inflammation through NF-xB
and STATS3 signaling blockade (Fig. S7). It is hypothesized that NF-xB
and STATS3 trigger the mechanisms that induce cutaneous inflammatory
diseases, including psoriasis. Thus, NF-kB and STAT3 suppression are
viable therapeutic approaches to treating psoriasis [48].

3. Conclusion

In summary, our studies demonstrate that oral treatment with OA-
NO; has both preventative and therapeutic effects on psoriasiform
inflammation. In line with this finding, OA-NOy downregulated the
production of psoriasis-dependent inflammatory cytokines in the skin,
including IL-1f, IL-23, IL-6, and IL-17. In vitro experiments demon-
strated that OA-NO-, decreases both basal IL-6 levels and IL-17A-induced
expression of IL-6 through the inhibition of NF-kB phosphorylation.
Additional novel findings are that a) OA-NO diminishes STAT3 phos-
phorylation and nuclear translocation, which inhibits keratinocyte
proliferation and b) OA-NO, regulates STAT3 activation by post-
translational modification of STAT3 via nitroalkylation. Overall, these
results confirm the critical role of both NF-kB and STAT3 in psoriasiform
dermatitis and highlight the potential of NO2-FA and other small
molecule nitroalkenes as therapeutic agents for the treatment of cuta-
neous inflammatory diseases, such as psoriasis.

4. Materials and methods
4.1. Materials

OA, OA-NOy, and biotinylated OA-NO, were synthesized, purified,
and quantitated as previously described [7]. Biotinylated OA was pur-
chased from Cayman Chemical (Ann Arbor, MI). The concentration of
OA-NO; was calculated gravimetrically or spectrophotometrically using
the following extinction coefficients in phosphate buffer, OA-NOo, Ageg
8.22 M~ lem™!. Primary antibodies for immunoblotting studies were
obtained from the following sources: GAPDH (Cell Signaling Technol-
ogy, Beverly, MA, catalog 51748S), p-Actin (Cell Signaling Technology,
catalog 4970S), PCNA (Cell Signaling Technology, catalog 13110S),
B-Tubulin (Cell Signaling Technology, catalog 86298S), NF-kB (Cell
Signaling Technology, catalog 8242), p65NF-kB (Ser536) (Cell Signaling
Technology, catalog 3033S), STAT3 (Cell Signaling Technology, catalog
12640S) or pSTAT3 (Tyr705) (Cell Signaling Technology, catalog
91458S). Aldara/Imiquimod was purchased from 3M Pharmaceuticals.

4.2. Cell culture
HaCaT cells were purchased from AddexBio (San Diego, CA). NHDF

cells were purchased from Lifeline Cell Technology (Oceanside, CA).
Both cells were maintained in high glucose DMEM with 10% FBS,
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supplemented with 2 mM-glutamine, 100 U/mL penicillin, and 100 pg/
mL streptomycin. HaCaTs and NHDFs were cultured in serum-free
DMEM for 12 h prior to stimulation with IL-6 or IL-17A.

4.3. Animals

C57BL/6 wild type (WT) and K14-VEGF (FVB background) mice
were purchased from Jackson Laboratories (Bar Harbor, ME), K5-IL-17C
mice (C56BL/6 background) were a kind gift from Nicole Ward. Male
and female mice were used between the ages of 6-8 weeks (C57Bl/6),
9-10 wks (K14-VEGF: therapeutic model), 6-8 wks K14-VEGF (pre-
ventative model), and 8-10 wk (K5-IL-17c model). For the transgenic
models, K14-VEGF mice in the therapeutic studies had fully developed a
psoriasiform dermatitis with an ear thickness of 0.5 mm or greater and
the development of red scaly plaques on both ears and face. The K14-
VEGF mice in the preventative studies did not have signs of inflamma-
tion and an ear thickness of less than 0.4 mm. For the therapeutic K5-IL-
17c¢ mouse studies, the mice had developed a full-fledged psoriasiform
dermatitis with significant hair loss and lesional development (red scaly
plaques) on the dorsal neck and back. Mice were bred and housed under
specific pathogen-free conditions. All mice were treated according to the
University of Pittsburgh’s Institutional Animal Care Guidelines and the
NIH guide for the care and use of laboratory animals.

4.4. Oral delivery and dose selection

For oral administration, 100 pL of a suspension containing 0.2 mg of
OA-NOy, in an emulsion made of liposomes containing soybean oil,
medium-chain triglycerides, and egg lecithin was delivered via gavage.
0.2 mg/mouse was selected based on prior studies [8] and initial
dose-response curves (data not shown). In this regard, an initial study
was performed with oral OA-NOs in a CHS model to compare oral and
subcutaneous (SC) dosing from the prior CHS studies [8], the dose range
was 0.05, 0.1, 0.2, and 0.4 mg/mouse. The 0.2 mg/mouse dose was the
most efficient dose for suppressing ear thickness in both the oral and SC
dosing groups. These studies were repeated in the IMQ model of psori-
asis using 0.05, 0.1, 0.2, and 0.4 mg/mouse dosing range and again the
0.2 mg/mouse dose was the most efficient dose to suppress ear thick-
ness, one of our primary endpoint measurements.

4.5. IMQ-induced psoriasiform dermatitis in mice

C57BL/6 mice received a topical dose of 62.5 mg of IMQ cream (5%
Aldara) or control cream (Vanicream, Pharmaceutical specialties,
Rochester, MN) on the depilated back and ears for 6 consecutive days, as
previously described [18]. 18 hr prior to IMQ application, OA-NO, [0.2
mg/mouse] or vehicle (an emulsion made of liposomes containing
soybean oil, medium-chain triglycerides, and egg lecithin) were orally
administered. Ear thickness measurements were performed daily for
120 h using electronic calipers (Mitutoyo, Aurora, IL). On day 6 mice
were sacrificed and ears collected and fixed in formalin for histological
assessment, or frozen and homogenized for immunoblotting or ELISA.
Alternatively, mice were sacrificed on day 2 following IMQ application
and ear tissues were collected for RNA extraction.

4.6. IL23-induced psoriasiform dermatitis in mice

C57BL/6 mouse ears were injected intradermally with 1 pg recom-
binant mouse (rm)IL-23 (eBioscience, San Diego, CA) in 20 pl
phosphate-buffered saline (PBS) or vehicle control. OA-NO, (10 mg/kg)
or vehicle control were orally administered 18 h prior to IL-23 in-
jections. Injections and oral treatments were administered every other
day for 10 d. Ear thickness was measured daily. Mice were sacrificed on
day 10 and ear tissues collected and fixed in formalin for histological
study or prepared for RNA extraction.
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4.7. Real-time quantitative RT-PCR

Total RNA was extracted from tissues and cells utilizing TRI-reagent
(Molecular Research Center, Cincinnati, OH), quantified utilizing a
NanoDrop (DeNovix, Wilmington, DE), and reverse-transcribed using
the QuantiTect Reverse Transcription Kit according to manufacturer’s
instructions (Qiagen, Hilden, Germany). Real-time quantitative PCR was
performed utilizing Tagman Gene Expression Master Mix (Life Tech-
nologies, Carlsbad, CA) according to manufacturer’s instructions. Taq-
man primers utilized were specific for ActB (endogenous control), IL-1f,
IL-6, IL-17A, TNF-a, and IL-23. Reactions were run in triplicates and
analyzed on a StepOne Plus sequence detection system (Applied Bio-
systems, Waltham, MA). Relative fold-changes of RNA transcript
expression levels were normalized based on the 2 2% method.

4.8. Immunoblotting

Cells and tissues were lysed in RIPA buffer [with addition of 1 mM
Na3VOy4, 10 mM NaF, and Protease Inhibitor Cocktail (Sigma Aldrich, St
Louis, MO; cocktail contains aprotinin, bestatin, E—64, leupeptin, and
pepstatin A)] and protein concentration was determined by Pierce BCA
Protein Assay. Equal amounts of lysate (10-30 pg) were subjected to
SDS-PAGE. Immunoblotting was performed utilizing GAPDH, p-Tubulin,
or B-Actin were assessed as protein loading controls and PCNA was
assessed as a marker for nuclear protein. Primary antibodies (1:1000)
were detected by enhanced chemiluminescence utilizing horseradish
peroxidase-conjugated secondary antibodies (1:5000; Santa Cruz
Biotechnology, Dallas, TX) and ECL substrate (GE Healthcare, UK Ltd).

4.9. ELISA

Cutaneous tissues were lysed using homogenizer tubes in PBS +1%
NP-40 (v/v) supplemented with Protease inhibitor cocktail (Sigma
Aldrich). Protein concentration was determined by Pierce BCA Protein
Assay. Equal amounts of the skin homogenates (100 pug) or cell culture
supernatants (100 pL) were analyzed for detection of cytokine secretion.
Samples were assayed by ELISA according to the manufacturer’s in-
structions using corresponding kits for mouse IL-6 (BD Biosciences,
catalog 555240), human IFN-y (BD Biosciences) and human IL-17A
(R&D Systems, Inc., Minneapolis, MN, catalog DY317-05). All ELISA
plates were analyzed using a SpectraMax 340 PC microplate reader
(Molecular Devices). Samples were analyzed in triplicates.

4.10. Microscopy

Cross sections of mouse skin was prepared and stained as previously
described [54]. Briefly, ear or dorsal skin was dissected and fixed with
10% phosphate buffered formalin for 24-72 h and then dehydrated and
embedded in paraffin. Cross-sections (5 pm) were cut and stained with
hematoxylin and eosin (H&E).

4.11. In vitro determination of NF-kB and STAT3 activation

Immunoblotting was performed with antibodies specific for GAPDH,
STAT3, pSTAT3 (Tyr705), NF-kB or pNF-kB (Ser536) (Cell Signaling
Technology). In immunofluorescence experiments, cells were fixed with
4% paraformaldehyde, permeabilized with 0.1% Triton X-100, and
immunostained using anti-STAT3 (Cell Signaling Technology) followed
by Alexa Fluor 488 secondary antibody (Invitrogen, Carlsbad, CA). In
the semi-quantitative analysis of cytoplasmic-nuclear STAT3 localiza-
tion, cells were processed according to the NE-PER cytoplasmic/nuclear
subcellular fractionation kit (Thermo Scientific, Rockford, IL).

4.12. Nitroalkylation assay

Cells treated with Biotin-OA-NO; or Biotin-OA were washed with
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PBS, harvested, and lysed in RIPA buffer. Protein from total cell lysates
was purified with Amicon Ultra-2 3K Centrifugal Filter Unit (Merck
Millipore Darmstadt, Germany). 500 pg of total cellular proteins were
incubated with Streptavidin Agarose Resin (Thermo Scientific) over-
night at 4 C. Resin was washed 4 x with RIPA buffer. Protein was eluted
in an equivalent volume of 2 x Gel Sample Loading Buffer (BioRad,
Hercules, CA) containing 10 mM p-mercaptoethanol at 95 °C for 3 min
and analyzed by 10% SDS-PAGE and immunoblotted with STAT3-and
GAPDH-specific antibodies.

4.13. Isolation of naive T cells and differentiation of Th1 or Th17 cells in
yitro

Whole blood leukopaks from healthy adult donors were purchased
from the Pittsburgh Central Blood Bank, with the approval of the Uni-
versity of Pittsburgh Institutional Review Board. PBMCs were isolated
from the buffy-coat by Ficoll-Paque Plus (GE Healthcare Bio-Science AB)
density gradient centrifugation. CD4" T cells were isolated with the
naive T Cell Isolation Kit (Miltenyi Biotec Inc., Bergisch Gladbach,
Germany). The isolated naive CD4" T cells were cultured in 96-well
plates at a density of 4 x 10* cells/well. For ThO cell cultures, cells
were activated with 10 pg/mL plate-bound human anti-CD3 (Pepro-
Tech, Cranbury, NJ) and 1 pg/mL soluble anti-CD28 (PeproTech, cata-
log 10311-20) for 5 days under nonpolarizing conditions. For Thl or
Th17 cell differentiation, cells were cultured utilizing Human Th1 or
Th17 Cell Differentiation Kit (R&D Systems, Inc.) according to the
manufacturer’s instructions.

5. Statistics

Results from multiple different groups were compared using a one-
way analysis of variance (ANOVA) followed by Tukey’s multiple com-
parison post-hoc test. Changes to groups that occurred overtime were
compared by a two-way ANOVA followed by a Bonferroni post-hoc test.
Comparison of two means was performed by a 2-tailed Student’s T-test.
A p value < 0.05 was considered statistically significant. Each experi-
ment was repeated 2-3 times.
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