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Abstract

Aims: The immunomodulatory and anti-inflammatory properties of mesenchymal stem cells (MSCs) have been
proposed in several autoimmune diseases and successfully tested in animal models, but their contribution to
psoriasis and underlying pathways remains elusive. Likewise, an increased or prolonged presence of reactive
oxygen species and aberrant antioxidant systems in skin are known to contribute to the development of psoriasis
and therefore effective antioxidant therapy is highly required. We explored the feasibility of using extracellular
superoxide dismutase (SOD3)-transduced allogeneic MSCs as a novel therapeutic approach in a mouse model
of imiquimod (IMQ)-induced psoriasis-like inflammation and investigated the poorly understood underlying
mechanism. In addition, the chronicity and late-phase response of inflammation were evaluated during con-
tinued activation of antigen receptors by applying a booster dose of IMQ. Results: Subcutaneous injection of
allogeneic SOD3-transduced MSCs significantly prevented psoriasis development in our IMQ-induced mouse
model, likely through a suppression of proliferation and infiltration of various effector cells into skin with a
concomitant modulated cytokine and chemokine expression and inhibition of signaling pathways such as toll-
like receptor-7, nuclear factor-kappa B, p38 mitogen-activated kinase, and Janus kinase—signal transducer and
activator of transcription, as well as adenosine receptor activation. Innovation and Conclusion: Our data offer a
novel therapeutic approach to chronic inflammatory skin diseases such as psoriasis by leveraging immuno-
modulatory effects of MSCs as well as SOD3 expression. Antioxid. Redox Signal. 24, 233-248.

Introduction duction and an aberrant antioxidant system may be the main
factors in pathogenesis of psoriasis (6, 17, 38, 57). ROS ac-

SORIASIS IS AN IMMUNE-MEDIATED chronic inflammatory tively promote the secretion of inflammatory Thl cytokines

disease involving skin and joints, or both, and hallmarks
are abnormal epidermal differentiation, hyperproliferation,
angiogenesis, and increased T-cell infiltrates. Psoriasis is Innovation
associated with a proliferation of activated T helper cells 1
(Th1), Th17, and Th22 T cells with increased production of
cytokines such as interferon-gamma (IFN-y), tumor necrosis
factor-alpha (TNF-a), interleukin (IL)-17, and IL-22 in skin
(35). Psoriatic cutaneous lesions are promoted and sustained
by T-cell and neutrophil infiltration into both dermis and
epidermis, which leads to inflammation, causing a reduction
of global antioxidant capacity of the skin. It has been sug-
gested that increased reactive oxygen species (ROS) pro-

The present study provides the first piece of evidence
for application of extracellular superoxide dismutase
(SOD3) in mesenchymal stem cells (MSCs) to treat pso-
riasis and reveals basic pathways of immune regulation.
The use of SOD3-transduced MSCs is more effective than
MSCs alone. Enhancing the immunomodulatory and an-
tioxidant activities of MSCs such as transduction of SOD3
may be a powerful approach for treatment of psoriasis.
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and infiltration and proliferation of neutrophils, which are
directly involved in pathogenesis. Similarly, the cellular
signaling pathways such as mitogen-activated protein
(MAP) kinase/activator protein-1, nuclear factor-kappa B
(NF-xB), and Janus kinase—signal transducer and activator
of transcription (JAK-STAT) are also known to be redox
sensitive (9) and have been proven to be involved in the
progression of psoriasis (46, 55, 57). It is also known that
JAK-STAT signaling pathways play a pivotal role in immune
regulation as well as in inflammatory responses. Several
cytokines and growth factors upregulated in psoriasis, such as
IL-6, the IL-20 family of cytokines (IL-19, IL-20, IL-22, IL-
24), and IL-23 are able to induce STAT activation (16, 44,
55). Therefore, the STAT pathway is one of the major targets
for the treatment of Th17-derived diseases such as psoriasis.

Mesenchymal stem cells (MSCs), which are multipotent
progenitor cells, have potent immunosuppressive and anti-
inflammatory effects through either cell-cell contacts or by
secreting soluble factors (50) and thus can have clinical ap-
plications (11, 28). The immunomodulatory effect of MSCs
has been exploited to treat diseases such as acute graft-
versus-host disease, experimental encephalomyelitis, and
diabetes (45). However, very little is known about the role
of MSCs in chronic inflammatory skin diseases such as
psoriasis. MSCs isolated from psoriatic patients have shown
that the defective resident MSCs produced angiogenic and
proinflammatory mediators, which led to reduction in an-
tioxidant capacity of the cells, contributing to the develop-
ment of skin lesions in psoriasis (8). More interestingly,
skin obtained from the psoriatic lesion has shown to ex-
press reduced levels of extracellular superoxide dismutase
(SOD3) (21).

Recently, our groups have shown that SOD3 can inhibit
Ultraviolet B-induced skin inflammation, hyaluronic acid
fragment-mediated skin inflammation, contact hypersensi-
tivity, and allergic airway inflammation in mice models (21—
23, 33). Ross et al. also demonstrated that SOD3 plays a key
role in regulating inflammation in collagen-induced arthritis
(43). Similarly, previous studies have proven that inhibition
of superoxide ions by the NADPH oxidase inhibitor, gentian
violet, could be beneficial in treatment of chronic skin dis-
eases (3, 29). Therefore, these observations led us to inves-
tigate the role of SOD3, a powerful antioxidant enzyme, in
MSC-mediated immune modulation of psoriasis, which
shows similar pathogenesis to that of other autoimmune
diseases. The basic pathway of immune regulation by MSCs
in psoriasis is not known and the therapeutic implications of
SOD3 in psoriasis are poorly understood.

In this study, we aimed to investigate the efficacy and
pathways of immunomodulation of SOD3 overexpressed in
MSCs using the mouse model of imiquimod (IMQ)-induced
psoriasis-like inflammation. Generally, the IMQ-induced
skin inflammation model is based on daily application of
IMQ for 6 days (52). However, prolonged application of IMQ
and its effects on immune homeostasis are not reported. We
believe that prolonged IMQ application on skin may elicit
late-phase inflammatory cascades and thus helps to under-
stand the chronicity of disease during continued activation of
antigen receptors. Therefore, mice also received daily IMQ
application during the entire 12-day experimental period.

We used adenovirus-mediated SOD3 gene transfer to human
cord blood-derived MSCs to achieve more potent therapeutic
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efficacy to treat psoriasis. Subcutaneous administration of
SOD3-transduced MSCs reduced the psoriatic symptoms more
potently than MSCs alone via exerting stronger immuno-
modulatory activity in both early and chronic late phases. We
suggest that SOD3-transduced MSCs might serve as a novel
therapeutic in the fight against psoriasis and other autoimmune
diseases.

Results

SOD3-transduced MSCs significantly prevent
the development and severity of psoriasis induced
by IMQ in mice

To investigate the role of MSCs and MSCs overexpressing
SOD3, in psoriasis pathogenesis, mice were subcutaneously
injected with MSCs or SOD3-transduced MSCs before 24 h
and on the 6th day of IMQ application. IMQ was applied
daily for 6 or 12 consecutive days. Mice were sacrificed on
days 6 and 12 (Fig. 1A). Phenotypically, IMQ application on
the back skin of the mice started to display signs of erythema,
scaling, and thickening, followed by inflammation, which
continuously increased in severity up to the end of the ex-
periment. In both SOD3-transduced MSCs and MSC-treated
groups, the psoriatic erythema, scaling, and thickening were
highly reduced compared with the IMQ group. SOD3-
transduced MSC-treated mice showed stronger inhibition of
psoriasis phenotype compared with MSC-treated mice on
both 6- and 12-day models (Fig. 1B). Hematoxylin and eosin
(H&E) staining showed increased epidermal thickness and
infiltration of mononuclear cells into the dermis with IMQ
application. However, MSCs alone and SOD3-transduced
MSCs showed decreases in epidermal thickness and mono-
nuclear cell infiltration. The epidermal thickness was sig-
nificantly reduced in the SOD3-transduced MSC group
compared with the other groups (Fig. 1C, D).

SOD3-transduced MSCs reduce the ROS level

in skin and inhibit the infiltration of T cells, neutrophils,
and dendritic cells more potently than MSCs alone

in skin, spleen, and lymph nodes

At the end of experiments, after 6 or 12 days of IMQ
treatment, significantly enlarged spleens were observed in the
mice. The splenic and lymph nodes (axillary, lateral axillary,
and inguinal) masses were decreased in the SOD3-transduced
MSCs compared with MSCs or IMQ alone-treated groups
(Fig. 2A-C). To further investigate the effect of SOD3-
transduced MSCs in IMQ-induced skin inflammation, we
first evaluated the total ROS levels in single-cell suspension
of skin by flow cytometry. As shown in Figure 2D, the levels
of ROS were highly increased in the skin of IMQ-treated
mice compared with control. Administration of SOD3-MSCs
or MSCs markedly reduced the ROS level in skin. The SOD3-
transduced MSC group had significantly less ROS compared
with IMQ or MSC-treated groups.

We next evaluated the cellular composition of the skin,
spleen, and lymph nodes (T cells, neutrophils, and dendritic
cells) by flow cytometry and immunohistochemistry (IHC)
staining, and also determined the absolute number of infil-
trating immune cells. The infiltration of T cells was higher in
the back skin of IMQ-treated mice and highly reduced in
MSCs or SOD3-transduced MSC-treated mice. The infiltration



FIG. 1. Treatment with
SOD3-transduced  MSCs
inhibits epidermal hyper-
proliferation, decreases
acanthosis, and reduces the
disease severity in psoriasis
mouse model. (A) An ex-
perimental setup and (B)
phenotypical presentation of
mouse back skin after 6- and
12-day regimens are shown.
Measurement of epidermal
thickness (C) and hematox-
ylin and eosin staining of
the back skin of mice (D).
Data are represented as mean=+
SD. #p <0.001 (control group
vs. IMQ-treated group in all
cases); *p<0.05, **p<0.01,
**%p<0.001  (IMQ-treated
group vs. MSC-treated group
in all cases). Scale bar, 100 ym.
IMQ, imiquimod; MSCs, mes-
enchymal stem cells; SD,
standard deviation; SOD3,
extracellular superoxide dis-
mutase. To see this illustration
in color, the reader is referred
to the web version of this
article at www.liebertpub.com/
ars

FIG. 2. SOD3-transduced
MSC:s effectively decrease
spleen and lymph node
masses and reduce the
ROS level in skin. (A)
Photomicrograph of spleens
of control, IMQ alone, MSC:s,
and SOD3-transduced MSC-
treated mice. (B, C) Spleen
and lymph node masses were
determined. (D) ROS pro-
duction was measured in
single-cell suspensions by
staining with H2DCFH-DA
(5 uM). Data are represented
as meanzxSD. p<0.001
(control group vs. IMQ-
treated group for all cases);
**p < 0.01, **¥p <0.001 IMQ-
treated group vs. MSC-
treated group for all cases).
ROS, reactive oxygen spe-
cies. To see thisillustrationin
color, the reader is referred to
the web version of this article
at www.liebertpub.com/ars
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of T cells in skin of the 6-day model was higher than the 12-day
model, which was significantly decreased in the SOD3-
transduced MSC group (Fig. 3A upper two panels, B; Fig. 4A,
D left 1st—2nd panels; the higher magnification of effector
cells in skin with isotype controls is illustrated in Supple-
mentary Fig S6; Supplementary Data are available online at
www.liebertpub.com/ars). In spleen, the recruitment of T cells
(CD4" and CD8" T cells) was not significantly different
between MSC-treated, SOD3-transduced MSCs, or IMQ
alone-treated mice. The infiltration of these cells was lower
compared with control mice (Fig. SA Ist—4th panels, B, C,
and F upper two panels). However, the total T cells remained
increased in lymph nodes of IMQ, MSCs, or SOD3-transduced
MSC-treated mice in both 6- and 12-day models (Fig. 6A
upper 1st—4th panels, B, and C).

In contrast to T cells, infiltration of neutrophils (Gr1+ cells)
and dendritic cells (CD11C+ cells) was significantly higher in
skin, spleen, and lymph nodes of IMQ alone and MSC-treated
mice compared with SOD3-transduced MSC-treated mice. In
skin, the total number of neutrophils and dendritic cells was
significantly more in 12 days of IMQ treatment. The number of
these effector cells was potentially reduced both in SOD3-
transduced MSCs and MSC-treated mice following a 6-day
regimen. The SOD3-transduced MSC group showed relatively
lower neutrophil infiltration compared with the MSC-treated
group. At the 12-day regimen, the SOD3-transdued MSC
group showed significant decrease in neutrophils and dendritic

IMQ+LACZ-MSC

IMQ+MSC

IMQ+50D3-MSC

> CD11C+ Cells
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cell population compared with IMQ alone or MSC-treated
groups (Fig. 3A 3rd-6th panels, C, D; Fig. 4B, C, and D 3rd-
6th panels). Similarly, the SOD3-transduced MSC-treated
group showed effective decrease in dendritic cell infiltration in
the spleen of 6- and 12-day models. The number of neutrophils
was potentially lower in SOD3-transduced MSC-treated mice
compared with IMQ alone or MSC-treated mice following the
6- and 12-day regimens. Numbers of infiltrating neutrophils
and dendritic cells remained unchanged and increased in
the 12-day regimen between IMQ and MSC-treated groups
(Fig. 5A 5th-S8th panels, D, E, and F 3rd—6th panels). Inter-
estingly, in lymph nodes, the total number of neutrophils and
dendritic cells was significantly reduced only in the SOD3-
transduced MSC group following the 6-day regimen, whereas
the 12-day model had a relatively lower population of neu-
trophils and markedly reduced infiltrating dendritic cells in the
SOD3-transduced MSC group compared with IMQ or MSC-
treated groups (Fig. 6A 5th—-8th panels, D, and E). These data
show that SOD3-transduced MSCs have strong immunoreg-
ulatory functions compared with MSC-treated mice.

SOD3-transduced MSCs suppress
the proliferation and differentiation of CD4" T cells

To determine whether SOD3-transduced MSCs can also
suppress T-cell proliferative responses in vitro, we performed
carboxyfluorescein diacetate succinimidyl ester—mixed

FIG. 3. Accumulation
of T cells, neutrophils,
and dendritic cells in the
back skin is potentially
reduced in the SOD3-
transduced MSC group.
(A) Representative histo-
gram of expression of
T cells, neutrophils, and
dendritic cells. Open and
filled histogram represents
i | isotype controls and cells
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£ 40008 tively. Total cell counts
200108 and absolute number of
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FIG. 4. The effector cells
that mainly infiltrate the
dermis region of the skin
are decreased in the SOD3-
transduced MSC group.
(A-D) IHC analysis of infil-
trating immune cells in skin.
(A) T-cell count, (B) Grl+
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cell count. (D) Representa-
tive images of the skin. The
arrows indicate the infiltra-
tion of effector cells. Quan-
tification of staining was
performed by two research-
ers for two sections of two
mice in each group. Data are
represented as mean+SD
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cases); p<0 05 (day 6 vs.
day 12). Scale bar, 200 um.
IHC, immunohistochemistry.
To see this illustration in

color, the reader is referred to
the web version of this article
at www.liebertpub.com/ars
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lymphocyte reaction (CFSE-MLR) assay to examine CD4"
and CD8" T-cell proliferation. The proliferation was sharply
inhibited by both SOD3-transduced MSCs and MSCs, al-
though SOD3-transduced MSCs did not show significant
differences from the other MSC groups. The suppression of
CD4* and CD8" T-cell proliferation by SOD3-transduced
MSCs were not affected when treated with Cu/Zn SOD in-
hibitor, sodium diethyldithiocarbamate trihydrate (DETCA)
(Fig. 7A).

Next, to evaluate whether SOD3-transduced MSCs could
affect CD4" T-cell differentiation, we examined the ex-
pression of key transcription factors in cultured mouse
CD4" T cells under the appropriate polarizing conditions.
The mRNA levels of IL-17, IL-22, chemokine ligand
(CCL)-20, and retinoic acid-related orphan receptor gam-
ma (RORyt), which are signature markers for Th17 cells,
were markedly suppressed by SOD3-transduced MSCs
compared with MSCs alone. However, SOD3-transduced
MSCs increased the mRNA levels of Foxp3, IL-10, and
transforming growth factor-beta (TGF-f), which are sig-
nature markers for Treg-positive cells (Fig. 7B, C). Simi-
larly, IFN-y, T-bet, IL-4, and GATA3, which are signature
molecules for Th1l and Th2 cell lineages, were also affected
by overexpression of SOD3 in MSCs (Fig. 7D, E). SOD3-
transduced MSCs also showed increased Treg cell population
compared with MSC groups when cocultured with activated

splenocytes for 3 days (Fig. 7F). SOD3-transduced MSC-
mediated stronger inhibition of T-cell differentiation and
increased Treg population were reversed when treated with
the Cu/Zn SOD inhibitor, DETCA (10 uM), indicating that
SOD3-transduced MSCs can greatly affect differentiation of
CD4" T cells.

SOD3-transduced MSCs strongly affect
the expression of inflammatory mediators
that play pivotal roles in psoriasis

Next, we studied the effect of SOD3-transduced MSCs
or MSCs on expression of proinflammatory mediators in the
skin of a psoriatic mouse. Similar to the histological chan-
ges, quantitative real-time polymerase chain reaction (PCR)
analysis also showed that the mRNA levels of T-cell-
specific cytokines were increased in IMQ-treated mouse
skin, whereas MSCs effectively decreased these mRNA
levels. Consistent with the results of CD4" T-cell differen-
tiation, MSCs or SOD3-transduced MSCs inhibited the
mRNA levels of IL-17A and IL-22, which are Th17 cell-
specific cytokines. The suppression by SOD3-transduced
MSCs was at a greater degree than by MSCs alone. Simi-
larly, increased mRNA level of IL-20 was only inhibited by
SOD3-transduced MSCs in the 6-day group, whereas mar-
ginal decrease in expression was observed in the 12-day
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group with no significant differences between the MSCs and
SOD3-transduced MSC-treated mice.

Interestingly, upregulated mRNA levels of IL-6 and IL-23
after IMQ treatment were effectively reduced in the SOD3-
transduced MSC group compared with the MSC group. In
contrast, the anti-inflammatory cytokine, IL-10, was in-
creased in the MSC-treated group with significantly higher
expression in the SOD3-transduced MSC group in both 6-day
and 12-day regimens. The mRNA level of chemokine,
CXCL-1, remained elevated in all groups compared with
control at 6-day regimen, but reduced in both MSCs and
SOD3-transduced MSC groups following 12-day regimen. In
both 6- and 12-day groups, MSCs and SOD3-transduced
MSCs effectively and differentially inhibited the mRNA
levels of other major inflammatory mediators in psoriasis,
such as IL-1f, TNF-o, IFN-y, CCL-17, and CCL-20 (Fig. 8).
The induction of inflammatory mediators following 6- and
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12-day regimens was differential and transient, despite con-
tinuous IMQ treatment.

Toll-like receptor-7 activation, a downstream target
NF-xB, MAP kinase signaling, and JAK-STAT
signaling are affected by SOD3-transduced MSCs

IMQ has been reported to exert its biological activity
through toll-like receptor-7 (TLR-7) and/or TLR-8 activation,
thereby activating NF-xB signaling (14, 26, 47). Therefore, we
investigated the effects of MSCs and SOD3-transduced MSCs
on activation of TLR-7 and its downstream NF-xB signal-
ing at 6 and 12 days of treatments. As shown in Figure 9A,
both MSCs and SOD3-transduced MSCs effectively inhibited
TLR-7 activation and NF-xB expression at the protein level.
SOD3-transduced MSCs strongly inhibited TLR-7 activation
and NF-xB expression in the 6- and 12-day groups. In contrast,
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FIG. 5. SOD3-transduced MSCs effectively reduce neutrophil and dendritic cell recruitment in spleen compared
with MSCs. (A) Representative histograms showing infiltrate populations in spleens. (B—E) Absolute cell numbers and (F)

#

IHC staining for T cells, neutrophils (Grl+), and dendritic cells (CD11C+) in spleen. Data are represented as mean £ SD.
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group vs. MSC-treated group for all cases); scale bar, 50 um. To see this illustration in color, the reader is referred to the

web version of this article at www.liebertpub.com/ars
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the MSC-treated groups did not show inhibition of the TLR-7
activation, but did show suppressed expression of total NF-«xB
in the 12-day group. However, the development of psoriasis
was also diminished in MSC groups following 12 days of
treatment, suggesting the effects of MSCs on multiple path-
ways of inhibition of psoriasis at different levels.

The cytokine-mediated JAK-STAT signaling pathway also
regulates the immune response (2). Thus, we examined whe-
ther MSCs or SOD3-transduced MSCs could also regulate
JAK-STAT signaling. Both MSCs and SOD3-transduced
MSCs inhibited phosphorylation of STAT1 and STAT3 pro-
teins only in the 12-day-treated group, whereas the SOD3-
transduced MSCs showed a significant effect compared
with MSCs alone. STAT1 and STAT3 phosphorylation was
not inhibited in the 6-day-treated group, and total STATI1
expression remained elevated in the IMQ, MSCs, or SOD3-
transduced MSC groups at both 6 and 12 days. However, el-
evated total STAT3 levels were effectively reduced only in the
SOD3-transduced MSC group at 12 days of IMQ treatment
(Fig. 9B). Moreover, it was recently reported that inhibition of
JAK1 activation could be a more effective approach to reduce
psoriasis pathogenesis (56). Our data showed that only SOD3-
transduced MSCs inhibited the activation of JAK1 and total
JAK1 protein levels, whereas we could not observe the
phosphorylation of JAK?2, and the level of total JAK?2 protein
remained unchanged in all groups. These data indicate that
administration of SOD3-transduced MSCs may be more ef-
fective than MSCs alone in reducing psoriasis pathogenesis by
targeting JAK1 activation (Fig. 9C).
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MAP kinases play key roles in inflammatory signaling in
mammalian cells and were shown to be responsible for epi-
dermal hyperproliferation in psoriasis (18, 30, 54). In this
study, IMQ induced phosphorylation of p38 in the 6-day
groups and declined thereafter. The phosphorylation of p38
by IMQ treatment was inhibited both in the SOD3-transduced
MSCs and MSCs alone groups. In contrast, we could not
observe the phosphorylation of JNK, suggesting the in-
volvement of p38 in psoriasis pathogenesis (Fig. 9D).

MSCs and SOD3-transduced MSCs also inhibit
IMQ-induced inflammation independent of TLR-7
signaling through regulation of the late-phase
inflammatory responses

IMQ is also shown to induce the activation of transcription
factor NF-kB and the downstream production of proin-
flammatory cytokines, in the absence of TLR-7, through the
adenosine receptor-dependent mechanism (48, 49, 53). To
further investigate the cause and therapeutic effect of SOD3-
transduced MSCs or MSCs in the IMQ-induced psoriasis
mouse model, independent of TLR-7 signaling, we explored
adenosine receptor activation and dependent mechanism.
Our results showed that all known subtypes of adenosine
receptors are expressed in the skin. We did not observe the
significant expression of Al and A3 in all groups, but ex-
pression levels of A2A and A2B were reduced in the MSC-
administered groups compared with IMQ-treated groups at
6-day regimen. Interestingly, in the 12-day group, the increased
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expression of Al, A2B, and A3 by IMQ treatment was sig-
nificantly reduced in the MSCs and SOD3-transduced MSC
groups, although there were only slight differences in the
MSCs and SOD3-transduced MSC groups, suggesting a role
of MSCs in adenosine receptor expression balance and hence
the inhibition of late-phase inflammation (Fig. 9E).

We also evaluated the downstream effects of adenosine
receptor activation or inhibition. Our data showed that the
levels of cyclic adenosine monophosphate (cAMP) were
higher in tissue and blood plasma in the MSCs and SOD3-
transduced MSC-treated groups at the 6-day regimen. SOD3-
transduced MSCs showed a higher level of cAMP in blood
plasma at the 6-day regimen and in both tissue and blood
plasma samples at the 12-day regimen compared with the
MSC groups (Fig. 9F).

Downstream of cAMP, the phosphorylation of cAMP re-
sponse element-binding protein (CREB) was increased in
MSCs and SOD3-transduced MSC-treated groups at 6 days
and more significantly at 12 days of IMQ treatment. The
SOD3-transduced MSC-treated group showed higher levels
of phosphorylation of CREB compared with MSCs alone-
treated group at both 6 and 12 days. Similarly, protein kinase
A (PKA) phosphorylation was elevated in the MSC group
and more significantly elevated in the SOD3-transduced
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MSC group at 12 days of treatment (Fig. 9G). Moreover, the
endogenous inhibitors of cAMP, the phosphodiesterases
(PDEs), specifically PDE4B mRNA expression, reduced in
MSCs or SOD3-transduced MSC groups compared with the
IMQ-treated group, whereas the mRNA levels of isoform
PDE4A were also found to be downregulated along with the
IMQ alone-treated group (Fig. 9H). Therefore, these results
suggest the involvement of pathways other than TLR-7 and
their regulation by SOD3-transduced MSCs or MSCs during
the chronic phase of inflammation.

Discussion

In this study, we demonstrated the novel use of MSCs that
overexpress SOD3, a powerful antioxidant enzyme, to prevent
the severity and progression of psoriasis through the regulation
of immune cell infiltration and functions, specifically dendritic
cells, neutrophils, and Th17 cells, and by regulating epidermal
functions, TLR-7-dependent and independent pathways, MAP
kinases, and JAK-STAT pathways, which augment the in-
flammatory actions. In this study, we used allogeneic MSCs
derived from human cord blood as several studies showed that
immunosuppressant functions of MSCs are not major histo-
compatibility complex restricted and therefore could be more
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functional in clinical settings (1, 5, 12, 25, 42). Most studies
showed that MSCs exert immunosuppressive effects and inter-
fere with effector cell function through various molecules such
as TGF-f3, indoleamine-pyrrole 2,3-dioxygenase (IDO-1), heme
oxygenase-1 (HO-1), prostaglandin E2 (PGE2), galectin-1, IL-
1 receptor antagonist (IL-1Ra) (15, 31, 39), and many others,
which may have not been entirely identified. The contribution
of individual suppressive molecule is dependent on the ex-
perimental setting and on the species studied.
Overexpression of SOD3 in MSCs resulted in increased
secretion of SOD3 with higher activity without affecting the
proliferation ability and positive surface marker expression
such as CD73, CD90, and CD105. ROS levels did not change
much in SOD3-transduced MSCs in normal condition,
whereas increased ROS levels in MSCs upon exposure to
FAS ligand were significantly reduced in SOD3-transduced
MSCs (Supplementary Figs. SIA-D and S2A, B). Interest-

ingly, overexpression of SOD3 in MSCs affects the differ-
entiation of MSCs into adipogenic and osteogenic lineages by
promoting and weakly reducing the differentiation potential,
respectively, with no effect on differentiation into chondro-
genic lineage (Supplementary Fig. S3A-C). However,
SOD3-MSCs showed enhanced immunomodulatory property
compared with MSCs alone through increased expression
of various immunosuppressive factors such as intracellular
IL-1Ra, TGF-$, IL-10, HO-1, and IDO-1. Interestingly,
priming MSCs with TNF-« and IFN-y induced IDO-1 and
IL-10 expression, which was further increased in SOD3-
transduced MSCs. We did not observe the SOD3 effect on
PGE2 secretion and galectin-1 expression in MSCs (Sup-
plementary Fig. S4A-D). These results suggest the role of
SOD3 in overall immunomodulation by MSCs.

We showed that SOD3-transduced MSCs or MSCs, when
given subcutaneously before and after the application of IMQ
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FIG. 8. Regulation of the expression of signature inflammatory mediators by SOD3-transduced MSCs. Total RNA
was isolated from the mouse back skin from each group and quantitative real-time PCR was performed to evaluate proin-

ﬂammatory mediators. Statistical significance is displayed for all the samples; error bar indicates SD; *p <0.05,

"5 <0.01,

p<0.001 (control group vs. IMQ-treated group for all cases); *p <0.05, **p <0.01, ***p<0.001 (IMQ-treated group vs.

SOD3 transduced MSCs or MSC-treated group).

following the experimental regimens, reduced inflammatory
and activated T cells, neutrophils, and dendritic cell responses.
Interestingly, we observed that SOD3-transduced MSCs
inhibited the severity and development of the disease to a
greater extent compared with MSCs alone. We believe that
these results could help to shape future clinical strategies for
the treatment of psoriasis or other inflammatory disorders
such as atopic dermatitis and rheumatoid arthritis.
IMQ-induced skin inflammation involves the infiltration of
mononuclear cells into the spleen, lymph nodes, dermis, and
epidermis, resulting in thickened epidermis and dermis. The
recruitment of such immune cells is crucial for psoriasis
pathogenesis, which is mediated through expression of var-
ious proinflammatory cytokines and chemokines in the le-
sions (52). Our results showed that the expression levels of
such inflammatory mediators were elevated in IMQ-induced
mouse skin. However, in the SOD3-transduced MSC group,
the expression of inflammatory mediators was effectively
lowered when compared with other MSC groups in both

experimental regimens. The immunomodulatory and repar-
ative anti-inflammatory properties of MSCs have been
evaluated in various autoimmune inflammatory models and
have various conflicting results (10, 40). Therefore, in an
attempt to augment the therapeutic efficacy of MSCs to
prevent or treat psoriasis, we developed genetically modified
MSCs, using adenoviral vector encoding SOD3. SOD3-
transduced MSCs exerted more potent effect on epidermis
and dermis homeostasis management by reducing the thick-
nesses of the epidermis and by inhibiting the infiltrations of
various immune cells into the skin, spleen, and lymph nodes.
These results suggest the enhanced immunomodulatory ac-
tivity in MSCs through overexpression of SOD3.

In this study, we demonstrated that SOD3-transduced
MSCs regulated CD4" T-cell differentiation and immune
responses, thereby reducing IMQ-induced skin inflamma-
tion. Our study showed that SOD3-transduced MSCs effec-
tively inhibited the expression of Th cell lineage-specific
transcription factors and cytokines. Among them, SOD3-
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transduced MSCs significantly affected IL-17, CCL-20, and
RORyt (Th17 cell regulators) when compared with MSCs
alone. In addition, SOD3-transduced MSCs increased the
mRNA levels of Foxp3, cytokines IL-10, and TGF- specific
for Treg cells. The stronger immunomodulation by SOD3-
transduced MSC:s is partly due to the increased expression of
HO-1 and TGF-f, which inhibits proinflammatory cytokines,
while promoting IL-10 production and generation of immu-
nosuppressive Treg subsets both in vitro and in vivo (Fig. 7F
and Supplementary Figs. S4 and S5). The enhanced inhibitory
effects of SOD3-transduced MSCs on CD4" T-cell differen-
tiation suggest the role of SOD3 and its beneficial effects when
overexpressed in MSCs to prevent inflammatory disorders that
are caused by aberrant immune responses, particularly the
pathology mediated by Th17 subsets such as during psoriasis,
rheumatoid arthritis, multiple sclerosis, inflammatory bowel
disease, graft-versus-host disease, experimental encephalo-
myelitis, and atherosclerosis and the pathology mediated by
Th2 subsets such as atopic dermatitis, allergy, and asthma.

In case of proliferative effects of MSCs and SOD3-
transduced MSCs on T cells, we did not observe any signif-
icant differences, although they effectively suppressed the
proliferation. In this study, overexpression of SOD3 in MSCs
did not correspond to suppressive potency of MSCs. One of

the potential explanations may be that the suppressive or
immunomodulatory property of SOD3 is overpowered by the
dominant presence of other immunosuppressive factors in
MLR milieu. IMQ has been reported to exert its biological
activity through TLR-7 and/or TLR-8 activation by pro-
moting NF-kB signaling (14, 47). SOD3-transduced MSCs
strongly inhibited TLR-7 activation and NF-xB expression at
the protein level in both the 6- and 12-day groups. MSCs
alone were found to be ineffective in the 12-day-treated
groups compared with SOD3-MSC-administered mice. The
severity of psoriasis was also less in MSC-administered mice,
suggesting multiple pathways of inhibition and the involve-
ment of overall immune responses.

In addition, our data also showed the involvement of MAP
kinase pathways in IMQ-mediated inflammation, which were
effectively inhibited in both the MSCs and SOD3-transduced
MSC group, but only in the 6-day-treated group, suggesting
the role of MAP kinases in initiation of early inflammatory
processes. SOD3-transduced MSCs also effectively inhibited
the activation of STAT proteins, specifically STAT1 and
STAT3, and activation of JAK1. The JAK-STAT signaling
pathways transduce cytokine-mediated signals and activate
JAK-STAT proteins to regulate CD4" T-cell differentiation
and are associated with a wide range of inflammatory
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diseases. Therefore, regulation of aberrantly activated STAT
signaling is important for the treatment of autoimmune
disorders (4, 20). The strong inhibitory activity of SOD3-
transduced MSCs on CD4" T-cell differentiation was due to
the combined effect of its regulation of multiple pathways at
various levels, such as the expression of key transcription
factors, expression of various proinflammatory cytokines,
and activated STAT proteins. The development of psoriasis is
known to be associated with STAT3, which is also necessary
for Th17 cell development and activated by IL-17, IL-22,
and IL-23 (34, 51). Our results showed that both STAT1 and
STAT3 were activated with increased total STAT1 and
STAT3 at both 6 and 12 days. Interestingly, the phosphory-
lations of STAT1 and STAT3 and total STAT3 protein ex-
pression levels were remarkably reduced in SOD3-transduced
MSC-treated mice, suggesting an enhanced therapeutic effi-
cacy of SOD3-transduced MSCs compared with MSCs alone.
In general, inhibiting JAK signaling has been shown to
be effective in reducing disease symptoms, demonstrating
therapeutic potential in treatment of inflammatory diseases. It
has been shown that inhibition of JAKI signaling blocks the
activity of cytokines, such as IL-6, IL-23, and 1L-22, and thus
predicted to cause significant amelioration of psoriasis pathol-
ogy (56). In our experimental model, SOD3-transduced MSC-
treated mice showed strong suppression of these inflammatory
mediators compared with IMQ or MSCs alone-treated mice.
Therefore, we investigated other aspects of psoriasis after
treatments with MSCs or SOD3-transduced MSCs. Both MSCs
and SOD3-transduced MSC-treated mice showed significant
reduction of IL-17 and IL-22 in the skin. Only SOD3-
transduced MSCs showed more significant reduction of IL-6
and IL-23 compared with MSCs or IMQ alone-treated groups
in the 6-day regimen. This may be due to stronger inhibition of
redox-sensitive pathways, such as activator protein-1, NF-xB,
and JAK-STAT, and the overall reduced inflammatory envi-
ronment by SOD3-transduced MSCs. However, at this pres-
ent situation, the precise mechanism is unknown and thus
warrants further study to address this notion. Accordingly,
SOD3-transduced MSCs showed strong inhibition of JAK1
phosphorylation and total JAK1 expression at protein levels.
Inhibition of JAK1 and JAK1-mediated cytokine activities,
specifically IL-6, IL-23, and IL-22, and significantly impairing
cytokine-dependent STAT1 and STAT3 phosphorylation by
SOD3-transduced MSCs further illustrated the strong inhibi-
tion of psoriasis progression by SOD3-transduced MSCs.
IMQ is also reported to regulate adenosine receptors and
inhibit adenylyl cyclase activity independent of TLR acti-
vation, thereby promoting the inflammatory actions (53). The
inflammatory environment has a strong impact on the effect
of activation of adenosine receptors in regulating immune
cells. Previously reported data have shown that late activation
of adenosine receptors contributes to increased Thl7 re-
sponses in an experimental autoimmune uveitis model (27).
In agreement with these findings, our results also showed
activation of adenosine receptors in the IMQ-induced psori-
asis model following the 12-day regimen, where the initiation
of inflammation had already been established. The effect of
adenosine receptor activation on chronic inflammatory re-
sponses was possibly related to the combined effects of T-cell
activation, proinflammatory environment, such as cytokines,
and TLR activation by ligands. Our data provide the evidence
that MSCs and SOD3-transduced MSCs can regulate the
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expression of all four adenosine receptor subtypes. The re-
sults showed elevated levels of adenosine receptor subtypes
in the 12-day-treated groups, which were inhibited to a sim-
ilar extent by administration of MSCs and SOD3-transduced
MSCs. However, the downstream of receptors, the cAMP
gradient, and the phosphorylation of PKA and CREB were
higher in SOD3-transduced MSC-administered mice com-
pared with MSCs alone. The cAMPs have been reported to
regulate T-cell functions and maintain immune homeostasis
by suppressing the release of proinflammatory mediators
such as TNF-«, IL-17, and IFN-y and by promoting the re-
lease of IL-10 (7, 32, 36). The precise mechanism of acti-
vation of all adenosine receptor subtypes by IMQ, augmented
inflammatory responses in psoriasis and their regulation by
MSCs require further investigation. Furthermore, the en-
dogenous cAMP-degrading enzyme, PDE4, has been asso-
ciated with proinflammatory responses via decreasing the
cAMP concentration (7). Our data showed a reduced level of
PDE4 in both MSC and SOD3-MSC-treated mice compared
with IMQ-treated mice. One mechanism of inhibition of
the inflammatory response in psoriasis, by MSCs or SOD3-
transduced MSCs, may be related to inhibition of PDE4.

In summary, we demonstrated that administration of ge-
netically modified SOD3-MSCs effectively prevented the de-
velopment of psoriasis through regulation of multiple
pathways. Early cellular interaction between epidermal cells
and infiltrated T cells in skin and higher expression of in-
flammatory mediators by IMQ treatment in the 6-day regimen,
which declined afterward, suggest the initiation of psoriasis,
which was effectively inhibited by SOD3-transduced MSCs
via negatively modulating activation of TLR-7, MAP kinase,
and NF-«xB pathways. In the 12-day regimen, where the in-
flammation had already been established, mainly neutrophils
and dendritic cell infiltration and activation of adenosine re-
ceptor pathways were involved in disease maintenance, despite
the activation of TLR-7. SOD3-transduced MSCs strongly
inhibited the disease progression by negatively modulating the
JAK-STAT pathway, suppressing the recruitment of neutro-
phils and dendritic cells in skin, spleen, and lymph nodes,
upregulating cAMP gradient, and inhibiting the pathogenic
adenosine receptor activation (Fig. 10). Our data strongly
suggest that overexpression of SOD3 in MSCs provides a new
enhanced therapeutic application for the treatment of chronic
inflammatory disorders. However, further experiments are
needed to understand the detailed mechanism of regulation in
physiopathology and treatment based on antioxidant strategies.

Materials and Methods
Mice and IMQ treatment

C57BL/6 mice were purchased from Central Laboratory
Animal, Inc., and kept under specific pathogen-free conditions.
Mice were provided with standard laboratory mouse chow and
water. The mice used for the study were 8 weeks of age. The
mice were treated according to the regulations of the Catholic
Ethics Committee of the Catholic University of Korea, which
conform to the National Institutes of Health guidelines.

The mice received a daily topical dose of 62.5 mg of com-
mercially available IMQ cream (5%) (Aldara; 3M Pharma-
ceuticals) on the shaved back skins for 6 days and received a
booster dose for 12 consecutive days to achieve the optimal
chronic and aggressive inflammation.
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Isolation, culture, and characterization of MSCs
and construction of recombinant adenoviral vectors

Human umbilical cord blood-derived MSCs were gener-
ated according to previously described methods (13, 41).
Details can be found in the Supplementary Materials and
Methods section.

Subcutaneous injection of MSCs

The regimens of immunosuppressive therapy with MSCs
were tested by administration of 2x 10° MSCs or SOD3-
transduced MSCs subcutaneously 24 h before and at day 6 of
IMQ application. Control mice received subcutaneous in-
jections of an equal volume of phosphate-buffered saline at
the same time points.

Histological evaluation and IHC analysis

Sections from the mouse back skins were stained with H&E
stain for histological evaluation. Immunohistochemical anal-
ysis was performed as previously described (24). Sections
were incubated with primary anti-mouse antibodies; CD3
(Abcam), CD11c (Abcam), and Grl (Abcam), and then with
diluted biotin-conjugated goat anti-rabbit IgG at 4°C follow-
ing the development using 3,3’-diaminobenzidine. Sections
stained with an antibody of the same isotype as the specific
antibody, but of irrelevant specificity, served as control.

T-cell proliferation and differentiation

The CFSE-MLR assays were performed to determine the
proliferation of CD4* and CD8" T cells (37). Similarly, CD4*
T-cell differentiation was induced under appropriate polar-
izing conditions as described in the Supplementary Materials
and Methods section.

Flow cytometric analysis

Single-cell suspensions from skin, spleen, and lymph nodes
were labeled with the following monoclonal antibodies and
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analyzed using BD FACSCanto™ II; PECY7 or fluorescein
isothiocyanate-conjugated anti-mouse CD4, phycoerythrin (PE)-
conjugated anti-mouse CD8, antigen-presenting cell (APC)-
conjugated anti-mouse Grl, PE-conjugated anti-mouse
CD11C, APC-conjugated CD25, and PE-conjugated FOXP3.
All of these antibodies were purchased either from Becton
Dickinson, eBioscience, or Biolegend.

Reverse transcriptase-PCR
and real-time quantitative PCR

First strand of cDNA was reverse transcribed from 1 ug
of total RNA isolated from the mouse back skin using
the QuantiTech reverse transcription kit (Qiagen). The primer
sets for IL-1p, IL-6, IL-17, 1L-20, IL-22, IL-23 TNF-o, IFN-y,
CXCL-1, CCL-17, CCL-20, PDE4A, and PDE4B were pur-
chased from Qiagen. Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) mRNA was used as an endogenous control. PCR
was performed using Rotor-Gene 6000 (Corbett) and a Quanti-
Tect SYBR Green PCR Kit (Qiagen). The amplification program
consisted of 1 cycle at 95°C for 10 min, followed by 35 cycles at
95°C for 20 s, 55°C for 20 s, and 72°C for 20 s. The expression of
adenosine receptor subtypes Al, A2A, A2B, A3, and GAPDH as
a control was assessed by reverse transcriptase (RT)-PCR. Pre-
viously designed primers were used for RT-PCR (19).

Western blot

Total protein was extracted using the mouse back skin and
Western blotting was performed. Equal amounts of protein
were loaded per lane and the blotted membranes were incu-
bated overnight with specific primary antibodies for target
molecules and were then detected using an enhanced che-
miluminescence system (GE Healthcare Life Sciences).

Statistical analysis

Statistical significance was assessed by comparing mean +
standard deviation values with Student’s #-test or analysis
of variance (ANOVA) for independent groups wherever
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appropriate. All determinations were performed in triplicate,
and experiments were repeated thrice unless otherwise stated.
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ANOVA = analysis of variance
APC = antigen-presenting cell
cAMP = cyclic adenosine monophosphate
CCL = chemokine ligand
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CD = cluster of differentiation
CFSE-MLR = carboxyfluorescein diacetate succinimidyl
ester—mixed lymphocyte reaction
CREB = cAMP response element-binding protein
DETCA = sodium diethyldithiocarbamate trihydrate
FBS = fetal bovine serum
FOXP3 = forkhead box P3
GAPDH = glyceraldehyde-3-phosphate dehydrogenase
GATAS3 = transacting T-cell-specific transcription
factor
H&E = hematoxylin and eosin
HO-1 =heme oxygenase-1
icIL-1Ra = intracellular IL-1 receptor antagonist
IDO-1 = indoleamine-pyrrole 2,3-dioxygenase
IFN-y = interferon-gamma
IHC = immunohistochemistry
IL = interleukin
IMQ = imiquimod
JAK-STAT = Janus kinase-signal transducer
and activator of transcription
JNK =c-Jun NH (2)-terminal kinase
MAP = mitogen-activated protein
MSCs = mesenchymal stem cells
NF-kB = nuclear factor-kappa B
PDE4 = phosphodiesterase 4
PE = phycoerythrin
PGE2 = prostaglandin E2
PKA = protein kinase A
RORyt =retinoic acid-related orphan
receptor gamma
ROS =reactive oxygen species
RPMI = Roswell Park Memorial Institute
RT-PCR =reverse transcriptase—polymerase
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SD = standard deviation
sIL-1Ra =soluble IL-1 receptor antagonist
SOD3 = extracellular superoxide dismutase
TGF-f = transforming growth factor-beta
Th=T helper
TLR-7 =toll-like receptor-7
TNF-o = tumor necrosis factor-o




