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Recombinant programmed cell death 1 inhibits
psoriatic inflammation in imiquimod-treated mice
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Abstract. Psoriasis is a common chronic inflammatory
skin disease. Programmed cell death ligand 1 (PD-L1) and
programmed cell death 1 (PD-1) are expressed on immune
cells in a number of chronic inflammatory diseases. However, a
limited number of studies have investigated the expression and
function of the PD-L1 and PD-1 pathway in psoriatic inflam-
mation. The present study used human psoriasis samples and
imiquimod-induced murine psoriasis models to investigate the
potential role of PD-1 in the modulation of psoriatic inflam-
mation. The results demonstrated that inhibition of PD-1
function with antibodies promoted psoriasis development.
PD-1-fragment crystallizable (PD-1-Fc) treatment inhibited
psoriatic inflammation and exhibited additive effects with
anti-tumor necrosis factor a therapy in imiquimod-induced
mouse psoriasis, suggesting that PD-1-Fc treatment may serve
as a new therapeutic strategy for psoriasis.
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Introduction

Patients with psoriasis exhibit chronic skin inflammation,
which is characterized by thick and scaly plaques (1,2).
Psoriasis is an autoimmune disease mediated by T cells;
studies using a range of immune antagonists and human skin
xenografts have identified that CD8" and CD4* T cells infil-
trate into psoriatic skin lesions (1,3-6).

Programmed cell death 1 (PD-1), a member of the
superfamily of cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) immunoglobulins involved in immune regulation,
has attracted increasing attention in immune disease (7).
PD-1 activation functions as a rheostat to regulate immune
activities, inhibiting T-cell activation (8). PD-1 is activated
by binding its ligands, programmed cell death ligand 1
(PD-L1) and PD-L2 (9-11), which signal T cells to inhibit cell
proliferation, cytotoxicity and cytokine production (12). PD-1
cannot normally be detected on the surface of resting T cells;
however, following activation by ligand binding to T-cell
receptors, activated T cells express high levels of PD-1 (13,14).
PD-1 signaling also affects cytokine production, including
interferon y (IFN-vy), interleukin 2 (IL-2) and tumor necrosis
factor a (TNF-a) (12). Mice lacking PD-1 are resistant to viral
infections, tumor growth and metastasis (15-17). Inhibiting
PD-1 or its ligand PD-L1 has demonstrated promising benefits
in metastatic melanoma treatment by overcoming the immu-
nosuppressive tumor microenvironment and, consequently,
has been approved by FDA for use in patients (18-20).

Traditional therapeutics for patients with psoriasis,
including topical agents, systemic therapies and phototherapy,
are not always sufficiently satisfactory; topical agents
frequently result in short-term outcomes, and effective
phototherapy treatment demands high requirements for
clinician expertise and techniques to prevent skin erythema,
photoaging or burning by inadequate choice of phototherapy
types, parameters or unnecessary exposure (2,21). Despite
the demonstrated efficacy of biologic immune therapeutics
in psoriasis treatment, which consist of two main classes that
target T cells and cytokines, inconsistent efficacy is still an
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issue in clinical trials (22). To maximize the immunothera-
peutic efficacy of psoriasis treatments, there is an urgent need
to understand the predominant mechanisms of pathogenesis
to provide experimental support for innovative treatments and
rational combinations.

The activation of PD-1 signaling has previously been used
to block T-cell activation, proliferation and cytotoxicity (8,23).
In addition, a previous study has demonstrated that PD-1
upregulation occurs in mouse psoriatic inflammatory skin
induced by imiquimod (IMQ) (24). Treatment with recom-
binant PD-L1 protein significantly suppresses IMQ-induced
psoriasis (25). Additionally, PD-1-null mice exhibit severe
psoriatic inflammation (24). Thus, the hypothesis of the
present study was that PD-1-targeted therapies may represent
a promising new therapeutic strategy in psoriasis treatment.

Materials and methods

Characteristics of patients with psoriasis. Patients with
psoriasis vulgaris were diagnosed according to characteristic
skin changes and histopathological features. Prior to skin
biopsy collection, systemic anti-psoriasis medications or ultra-
violet phototherapy were discontinued for at least 8 weeks,
and topical anti-psoriasis medications were discontinued for
at least 4 weeks. No evidence of autoimmune disease other
than psoriasis, malignant tumor and active viral or bacterial
infection was present at the time of patient recruitment. Skin
biopsies were collected from 10 patients [lesion skin; 6 (60%)
males, 4 (40%) females; age, 30-72 years; mean age, 49 years]
for IHC staining. The inflammatory level of psoriatic lesions
was evaluated using The Psoriasis Area and Severity Index
(PASI; range, 0-72) (26), which included four body regions: The
head (h), trunk (t), upper extremities (u) and lower extremities
(1); and the levels of erythema (E), infiltration (I), desquama-
tion (D) and body surface area (A). The degree of severity
was defined as 0 (no symptoms), 1 (slight), 2 (moderate),
3 (marked), or 4 (very marked), with the surface area defined
as 1 (<10%), 2 (10-29%), 3 (30-49%), 4 (50-69%), 5 (70-89%)
or 6 (90-100%). The PASI was calculated using the following
formula: PASI=0.1x (E,+ I, +D)x A, +02x (E,+I,+D,)
XA, +03x(E+L+D)x A +04x (E +1+D)x A, (20).
All participants signed informed consent prior to enrollment.
The study was approved by the Beijing Chaoyang Hospital
Scientific and Ethics Committee (approval no. 2016-11-4-5)
and was conducted according to the Declaration of Helsinki.

Animal experiments. For all the mouse experiments,
C57BL/6 mice (8-12 weeks old; Jackson Laboratory) were
treated every day with a topical IMQ cream (62.5 mg
in 5%; 3M Company) on the backs and ears, whereas the
control mice were treated with Vaseline Lanette cream
(Fagron, Inc.), and all mice were observed for the following
8 consecutive days as previously described (27). A total of
180 mice were used in this experiment. PASI scoring was
used to quantify the erythema, thickness and scaling inde-
pendently (score range, 0-4). The total score was calculated
as previously described (27). The experimental mice were
maintained under pathogen-free conditions, with ad libitum
food and water. Mice were euthanized by inhalation of
CO, in a controllable manner at a flow rate of 15% volume
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displacement per minute, and the skin tissues were obtained
and analyzed on the indicated days as described below.

Mouse in vivo experimental procedures. In the neutralizing
anti-PD-1 mAb experiment, mice (8-12 weeks old) were
intraperitoneally injected with 200 ug anti-PD-1 (RMP1-14)
(n=20) or IgG (n=20) daily for 7 days starting when IMQ
treatment was initiated. A total of 40 mice were used for
this experiment. In the PD-1-Fc and anti-TNF-a interven-
tion experiment, mice of the same age were intraperitoneally
injected with 50 ug PD-1-Fc and/or anti-TNF-a on day 0 and
day 3, starting at IMQ treatment initiation. Each individual
group had 20 mice (5 mice per time point), with 80 mice in
total used for this experiment. All mice were monitored daily,
and ear thickness was measured with a dial thickness gauge
caliper daily. Mice were euthanized by inhalation of CO,,
and the tissues were obtained and analyzed on the indicated
day as described. All mouse experiments were approved by
the Institutional Animal Care and Use Committee at Beijing
Chaoyang Hospital in Capital Medical University in Beijing
China (approval no. 2016-A-177).

Single-cell suspension preparation and flow cytometry. The
isolated skin-draining inguinal lymph nodes from the mice
were mashed with frosted glass slides and filtered through
a 70-um cell strainer to produce a single-cell suspension
(1x107 cells/ml). The single-cell suspension was fixed with
2% paraformaldehyde for 15 min at room temperature prior
to blocking with mouse IgG for 30 min on ice. Subsequently,
the cells (1x10® in 100 ul) were incubated with anti-CD45
PerCP-Cy5.5 (cat. no. 45-0451-82; Invitrogen; Thermo
Fisher Scientific, Inc.), anti-CD4 FITC (cat. no. RM4-5; BD
Biosciences), anti-CD8 PE (cat. no. 553032; BD Biosciences)
and anti-PD-1 PE-Cy7 (cat. no. 25-9985-82; Invitrogen;
Thermo Fisher Scientific, Inc.) antibodies on ice for 1 h.
The cells were analyzed with an LSRII flow cytometer (BD
Biosciences), and the data were analyzed with FlowJo software
v10 (FlowJo, LLC).

Reverse transcription-quantitative (RT-g)PCR. Mouse skin
was isolated for the extraction of total RNA using the RNeasy
Mini kit (cat. no. 74104; Qiagen GmbH). The cDNA was synthe-
sized with SuperScript II Reverse Transcriptase (Invitrogen;
Thermo Fisher Scientific, Inc.) with dNTPs and poly(A)
oligo(dT),s as a template primer at 42°C for 50 min. A total of
40 ng cDNA was used as the template for the RT-qPCR assay
with SYBR® Green PCR master mix (Applied Biosystems;
Thermo Fisher Scientific, Inc.) in a 25-ul reaction system
using a Quantstudio 12K Flex qPCR System (Thermo Fisher
Scientific, Inc.) under the following thermocycling conditions:
Denaturation at 95°C for 15 sec and annealing/extension
at 60°C for 1 min for total 40 cycles. Control RT-qPCR was
performed using the master mix without reverse transcriptase.
The relative gene expression levels were normalized to the
expression of Gapdh. The comparative Ct method used was
previously described (28). QPCR was performed three times.
The relative transcript levels of IL17, IFN-vy, IL-22,
and TNFoa were determined by RT-qPCR as previously
described (29,30). The primers used were as follows: Mouse
IL17 forward, 5'-TTTAACTCCCTTGGCGCAAAA-3
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and reverse, 5S-CTTTCCCTCCGCATTGACAC-3'; mouse
IFN-y forward, 5'-ATGAACGCTACACACTGCATC-3'
and reverse, 5'-CCATCCTTTTGCCAGTTCCTC-3'"; mouse
TNFa forward, 5'-CCCTCACACTCAGATCATCTTCT-3'
and reverse, 5'-GTCACGACGTGGGCTACAG-3"; mouse
IL22 forward, 5'-ATGAGTTTTTCCCTTATGGGGAC-3' and
reverse, 5'-GCTGGAAGTTGGACACCTCAA-3'"; and mouse
Gapdh forward, 5"TGTGTCCGTCGTGGATCTGA-3' and
reverse, 5“"TTGCTGTTGAAGTCGCAGGAG-3.

Antibodies, cytokines and in vivo treatment fusion proteins.
The neutralizing monoclonal antibody (mAb) against PD-1
(clone RMP1-14; cat. no. BE0146) and Rat IgG2a (clone 2A3;
cat. no. BE0089) in vivo were purchased from Bio X Cell. The
PD-1-Fc protein (cat. no. 50124-MO03H) was obtained from
Sino Biological, Inc. Anti-mouse TNF-a (clone XT3.11; cat.
no. BEO058) mAb was purchased from Bio X Cell. Anti-CD3
(cat. no. sc-20047), anti-CD8 (cat. no. sc-7188) and anti-CD4
(cat. no. sc-7219) antibodies were purchased from Santa Cruz
Biotechnology, Inc. Anti-PD-1 and CD279 (cat. nos. PA5-2035
and PAS5-32543) antibodies were purchased from Thermo
Fisher Scientific, Inc., and the anti-PD-1 (clone J43; cat.
no. 11-9985-81) antibody was purchased from eBioscience.

Histology and immunohistochemical (IHC) staining. Patient
biopsies and mouse skin samples were fixed in formalin
at room temperature for 24 h and embedded in paraffin.
Hematoxylin and eosin (H&E) staining was performed as
previously described (29). IHC staining was performed as
previously described (29) with anti-CD4, anti-CD8 and
anti-PD-1 antibodies. An Olympus light microscope was used
to examine the slides. Two independent researchers analyzed
the H&E and ITHC staining slides. Epidermal thickness was
assessed by quantification of keratinocyte numbers in the
epidermis. Cells positive for CD4, CD8 and PD-1 were quanti-
fied as the mean number of positive cells in five high power
fields (original magnification, x400).

Western blotting and ELISA. Mouse back skin with psoriatic
lesions after IMQ treatment for 6 days was isolated and lysed
with RIPA buffer and protease inhibitor cocktail (Thermo
Fisher Scientific, Inc.), followed by homogenization with a
D1000 Handheld Homogenizer (Benchmark Scientific, Inc.)
for ELISA with the IL-17 Mouse ELISA kit (cat. no. BMS6001;
Thermo Fisher Scientific, Inc.) and IL-23 Mouse ELISA kit
(cat. no. BMS6017; Thermo Fisher Scientific, Inc.) according
to the manufacturer's instructions.

The skin lysis protein concentration was measured with the
Braford Protein Assay kit I (Bio-Rad Laboratories, Inc.), and
50 ug total protein of each sample was loaded into each lane and
separated with 12% SDS-PAGE. After transfer onto a PVDF
membrane, 5% (weight/volume) 5% BSA (Sigma-Aldrich;
Merck KGaA) was used for blocking at room temperature for
1 h, and then anti-IL17 (1:1,000, cat. no. ab218013; Abcam),
anti-IL23 (1:400, cat. no. ab45420; Abcam), and the control
horseradish peroxidase (HRP)-conjugated anti-B-actin
(1:4,000, cat. no. ab49900, Abcam) antibodies were used to blot
the membranes at 4°C overnight. After the 3 washes with 1X
TBS buffer with 1% Tween-20 (TBST), a goat anti-rabbit IgG
secondary antibody (cat. no. 1706515; Bio-Rad Laboratories,
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Inc.) was used to blot the membrane at room temperature for
2 h. Subsequently, 1X TBST was used to wash the membranes
again prior to incubation with Pierce SuperSignal chemi-
Iuminescent substrate (Thermo Fisher Scientific, Inc.). The
membranes were visualized by autoradiography into clear-blue
X-ray film (cat. no. 34089; Thermo Fisher Scientific, Inc.), and
the densitometry analysis was performed with ImageJ 1.8.0
(National Institutes of Health).

Statistical analysis. The experiments were repeated three
times. Data are presented as the mean + SD. Statistical
analysis was performed using GraphPad Prism 7 (GraphPad
Software, Inc.). Statistical significance was analyzed by a
two-tailed unpaired Student's t-test. Correlation was deter-
mined with Pearson's correlation coefficient. For comparing
multiple groups, one-way ANOVA and Tukey's post hoc test
was performed. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

PD-1 is upregulated and correlates with markers of psoriatic
inflammation. Immunohistochemical staining was performed
on patient psoriatic tissue samples using specific anti-PD-1
antibodies. The expression of PD-1 was detectable in all
psoriatic samples and was enhanced with increasing psoriatic
inflammation (Fig. 1A). In addition, the numbers of CD4*
(Fig. 1B) and CD8" (Fig. 1C) T cells increased in patients
with high levels of psoriatic lesions. These results indicated an
inflammation-associated role of PD-1 in psoriasis.

To identify the associations among epidermal hyperplasia,
inflammation and PD-1 expression, epidermal thickness was
measured by quantifying the keratinocyte number in the
epidermis in five different regions to indicate psoriatic inflam-
mation (31). The number of PD-1* cells was significantly
correlated with the number of keratinocytes (Fig. 1D), which
suggested that PD-1* cells were associated with the progres-
sion of skin inflammation. Furthermore, the number of PD-1*
cells was significantly correlated with the number of CD4*
and CD8* T cells (Fig. 1E and F). Collectively, these results
indicated that PD-1 expression levels were associated with
skin inflammation in psoriasis.

PD-1 is upregulated in IMQ-treated mouse T cells. An
IMQ-induced mouse psoriasis model was used to determine
PD-1 expression. The representative skin inflammatory lesion
was observed between days 0 and 8 (Fig. 2A). Inflammation
was also indicated by the thickness of skin determined by
H&E staining of epidermal samples from the backs and ears
of the mice (Fig. 2B).

To analyze immune cell population changes, skin-draining
lymph nodes were collected to detect the CD4* and CD8*
T-cell populations in the IMQ-induced psoriasis mouse model
using flow cytometry. The results demonstrated that the
percentages of CD4* and CD8* T cells within the CD45* cells
increased following treatment with IMQ compared with those
from mice treated with DMSO (Fig. 2C and D). In addition,
the PD-1" CD4* population was significantly increased in
IMQ-treated mice compared with those treated with DMSO
(Fig. 2E and F). These results indicated that the level of PD-1
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Figure 1. Upregulation of PD-1 expression in psoriatic lesions. (A-C) Psoriatic lesions from patients with different inflammation levels were assayed for
(A) PD-1%, (B) CD8* (C) and CD4" T cells by immunohistochemical staining. Representative immunohistochemical staining images from one of 10 psoriasis
biopsy specimens are presented. (D-F) CD4* and CD8* T cells and PD-1* lymphocytes were quantified, and the mean number of positive cells was determined
per high-power field imaged. Pearson's correlation coefficients were calculated for the correlations between (D) keratinocytes and PD-1* cells, (E) CD4* and

PD-1*cells, and (F) CD8* and PD-1* cells. N=10. PD-1, programmed cell death 1.
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Figure 2. PD-1 levels in IMQ-induced psoriasis. (A) Phenotypic presentation of IMQ-induced mouse dorsal skin at the indicated time points. (B) Representative
histopathological staining of IMQ-induced mouse psoriasis at the indicated time points. N=5 at each time point. (C and D) Representative plots and quantifica-
tion of flow cytometry analysis for CD4* and CD8* T cell percentages among total CD45*cells in the skin-draining lymph nodes isolated from mice on day 6.
(E and F) Representative plots and quantification of flow cytometry analysis for the percentage of PD-1"*CD4* cells in the skin-draining lymph nodes isolated
from mice on day 6. N=5. ““P<0.001 vs. DMSO. PD-1, programmed cell death 1; IMQ, imiquimod.

increased in psoriatic lesions, suggesting that PD-1 may serve =~ PD-1-targeting intervention was used to treat IMQ-induced
a role in the modulation of psoriatic inflammation. mouse psoriasis. Specifically, 200 ug/day neutralizing mAb

against PD-1 was used to treat the IMQ-induced mice.
Anti-PD-1 treatment enhances psoriatic inflammation. To  Isotype-matched IgG was used as a negative control. PASI was
analyze PD-1 signaling in psoriasis progression in vivo, a  determined every day to quantify the psoriatic inflammation
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and evaluate the progression of psoriasis (27). The results
demonstrated that skin inflammation increased following IMQ
treatment for 6 days and decreased after IMQ treatment for
8 days, and that anti-PD-1-treated mice exhibited exacerbated
psoriatic lesions and higher cumulative PASI sores compared
with those in the control group (Fig. 3A and B). Epidermal
thickness for the PASI score, which indicates the level of
psoriatic inflammation, was assessed using histopathological
staining of the back skin psoriatic lesions (Fig. 3B and C). The
results demonstrated increased inflammatory immune cell
populations in mice treated with anti-PD-1 compared with
those in the IgG group. In addition, compared with mice treated
with IgG, mice treated with anti-PD-1 exhibited increased
percentages of CD4* and CD8* T cells in the skin-draining
lymph nodes on day 6 (Fig. 3D and E). The levels of cytokines
were measured in psoriatic back skin isolated from mice
treated with IgG or anti-PD-1 using RT-qPCR. The results
demonstrated that enhanced cytokine expression, including
that of IL-17, IL-22, IFN-y and TNFa, was detected in mice
with IMQ-induced psoriasis treated with anti-PD-1 compared
with that in mice treated with IgG (Fig. 3F).

PD-I1-Fc inhibits inflammation in the IMQ-induced psori-
atic mouse model. The present study investigated the role of
PD-1 in psoriasis inflammation and its therapeutic potential
by determining the benefits of recombinant PD-1-Fc therapy
on psoriasis progression in IMQ-induced psoriatic mice. The
recombinant PD-1-Fc protein (50 ug per injection) exhib-
ited a weak inflammatory response in IMQ-treated mouse
(Fig. 4A). The PASI score was measured each day, and the
results demonstrated that the PD-1-Fc-treated mice exhibited
lower cumulative PASI scores compared with those in the
control group (P<0.001 after treatment for 6 days; Fig. 4B).
Histopathological examination of skin lesions confirmed
that treatment with PD-1-Fc decreased the thickness of the
epidermis of mouse back and ears (Fig. 4C). This result
suggested that treatment with PD-1-Fc reduced psoriatic
inflammation. Compared with the control mice, mice treated
with PD-1-Fc exhibited decreased percentages of CD4* and
CD8* T cells in the skin-draining lymph nodes (Fig. 4D and E).
Cytokine levels were detected in mouse back psoriatic skin
using RT-qPCR; the results revealed that PD-1-Fc treatment
inhibited cytokine expression, including IL-17, IL-22, IFN-y
and TNFa, in psoriatic skin compared with that in the control
mice (Fig. 4F).

PD-I-Fc and anti-TNF-a exert an additive effect to alle-
viate psoriatic inflammation. Anti-TNF-a therapy is used in
psoriasis treatment to reduce psoriatic inflammation (32). The
IMQ-induced psoriasis model was used to confirm the benefits
of anti-TNF-a, and the resulted demonstrated that anti-TNF-a
decreased the epidermal thickness of the mouse psoriatic ear,
which is one of the key epidermal parameters to evaluate
psoriasis development (Fig. 5A). In addition, the effects of
co-treatment with anti-TNFa and PD-1-Fc were assessed.
PD-1-Fc (50 ug per injection) alone or together with anti-TNFa
(50 pg per injection) were administered to IMQ-treated mice
with intraperitoneal injections on days O and 3, starting at IMQ
treatment initiation; PD-1-Fc treatment enhanced the benefits
of anti-TNF-a therapy, and the co-treatment resulted in
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weaker skin inflammation compared with that of anti-TNF-a
treatment alone (Fig. 5B and C).

Flow cytometry was performed to analyze the percentage
of CD4* and CD8* T cells in the skin-draining lymph nodes,
and the results revealed that compared with anti-TNFa treat-
ment alone, co-treatment with PD-1-Fc and anti-TNFa reduced
the percentages of CD4* and CD8* T-cell in total CD45* cells
(Fig. 5D and E). To determine the potential function of PD-1-Fc
in microenvironmental cytokine production, mouse back skin
tissues were homogenized after 6 days of IMQ treatment for
western blotting and ELISAs. The results demonstrated that the
levels of IL-17 and IL-23 were reduced by co-treatment with
PD-1-Fc and anti-TNF-a compared with anti-TNF-a treatment
alone (Fig. 5F). The ELISA results revealed that PD-1-Fc or
anti-TNF-a alone significantly suppressed cytokine IL-17 and
IL-23 production (Fig. 5G), which was in agreement with the
previous conclusion. In addition, co-treatment with PD-1-Fc
and anti-TNF-a further inhibited IL-17 and IL-23 production
(Fig. 5G). These results suggested that recombinant PD-1-Fc
may be a potential candidate for co-treatment with anti-TNFa.
in patients with psoriasis.

Discussion

The results of the present study identified a potential
therapeutic strategy for patients with psoriasis. Traditional
treatments are insufficient as topical agents usually function
in the short-term; phototherapy treatment has high demands
for physicians; and methotrexate, PUVA therapy, retinoids
and cyclosporine are highly toxic to patients (2). Targeted
biologic therapies are considered to be safer and more effec-
tive compared with generalized therapies (33). Through the
analysis of clinical samples from patients with psoriasis, the
present study identified that PD-1 was expressed in human
psoriatic lesions, and upregulated PD-1 was associated with
the level of psoriatic inflammation, suggesting a potential role
for PD-1 in psoriasis development and progression. The results
of the present study also demonstrated that PD-1-Fc treatment
effectively alleviated IMQ-induced psoriatic inflammation in
mice.

T-lymphocyte activation is essential for the maintenance of
psoriasis, and multiple mechanisms are involved in T-cell acti-
vation (34). PD-1 is bound by its ligands PD-L1 and PD-L2 and
inhibits T-cell activity to prevent autoimmunity (23). However,
it remains unclear whether deregulation of PD-1 expression
is a hallmark of the progression of the autoimmune disease
psoriasis (23). The PD-1/PD-L1 mechanism has been exten-
sively studied in the context of understanding T-cell activation
and immune checkpoint-targeted therapy (35-37). Immune
checkpoint inhibition with anti-PDI or anti-PD-L1 therapies
results in psoriasis exacerbation (38,39). PD-1 expression
is detected on the surface of several types of immune cells,
including T cells, monocytes, dendritic cells (DCs), natural
killer cells, B cells and macrophages (12,40). PD-L1 serves
an important role in the regulation of T cell-mediated immu-
nity (41,42). DCs express both the PD-1 receptor and PD-L1
to interact with cells expressing either PD-1 or PD-L1 (43).
Pro-inflammatory cytokines and TLR ligands induce DC
activation, during which high levels of PD-L1 expression
are observed (44,45). PD-L1 is also expressed on the surface
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Figure 3. Anti-PD-1 treatment aggravates psoriatic inflammation in mice with IMQ-induced psoriasis. (A) Physical presentations of IMQ-induced mouse
dorsal skin in control IgG or anti-PD-1-treated animals. (B) Erythema, thickness, scales and cumulative disease score (mean + SD) of five mice/group were
evaluated over time. (C) Representative histopathological staining of IMQ-induced biopsies (N=5) harvested from mice treated with anti-PD-1 or IgG after
IMQ treatment for 0,4, 6 and 8 days. (D and E) Representative plots and quantification of flow cytometry analysis of CD4* and CD8* T cell percentages among
the total CD45* cells in the skin-draining lymph nodes isolated from mice treated with IgG or anti-PD-1. (F) Reverse transcription-quantitative PCR analysis
of the expression of IL-17, IFN-y, IL-22 and TNF-a in mouse psoriatic skin lesions. “P<0.05, “P<0.01, “"P<0.001 vs. IgG. PD-1, programmed cell death 1; IMQ,
imiquimod; IgG, immunoglobulin G; IL, interleukin; IFN-vy, interferon y; TNF-o, tumor necrosis factor o.
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Figure 4. Recombinant PD-1-Fc fusion protein treatment inhibits IMQ-induced psoriatic inflammation. (A-F) IMQ-induced mice were administered PD-1-Fc
protein or IgG control. (A) Representative images of IMQ-induced psoriatic dorsal skin from each treatment cohort. (B) Skin erythema, thickness, scales and
cumulative disease score were evaluated over time. (C) Representative histopathological staining of IMQ-induced psoriatic skin and ear biopsies over time.
N=5. (D and E) Representative plots and quantification of flow cytometry analysis for CD4* and CD8* T cell percentages among the total CD45* cells in the
skin-draining lymph nodes isolated from mice treated with IgG or PD-1-Fc. (F) The mRNA expression levels of IL-17, IFN-y, IL-22 and TNF-a were analyzed
by reverse transcription-quantitative PCR in IMQ-induced mouse skin treated with IgG or PD-1-Fc. "P<0.05, “P<0.01, “*P<0.001 vs. IgG. PD-1, programmed
cell death 1; IMQ, imiquimod; IgG, immunoglobulin G; IL, interleukin; IFN-vy, interferon y; TNF-o, tumor necrosis factor o.
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Figure 5. Recombinant PD-1-Fc fusion protein enhances anti-TNF-a efficacy in inhibiting IMQ-induced skin inflammation. (A) Representative histopatho-
logical staining of anti-TNF-a-treated IMQ-induced mouse ear biopsies after IMQ treatment for 0, 4, 6 and 8 days. N=5. (B) Representative images of
IMQ-induced mouse dorsal skin treated with anti-TNF-a or PD-1-Fc + anti-TNF-a at the indicated time points. (C) Representative histopathological staining
of IMQ-induced mouse psoriasis treated with anti-TNF-a or PD-1-Fc + anti-TNF-a after IMQ treatment for 0, 4, 6 and 8 days. N=5. (D and E) Representative
plots and quantification of flow cytometry analysis for CD4* and CD8* T cell percentages among the total CD45" cells in the skin-draining lymph nodes isolated
from IMQ-induced mouse model treated with anti-TNF-a or PD-1-Fc + anti-TNF-a. "P<0.05, “P<0.01 vs. anti-TNF-a. (F) Skin tissue from IMQ-induced
mice treated with anti-TNF-o or PD-1-Fc + anti-TNF-a was homogenized for the western blotting assay to detect IL-17 and IL-23 levels; $-actin was used as
the loading control. (G) IMQ-induced psoriatic mice were administered control IgG, PD-1-Fc, anti-TNF-a or PD-1-Fc + anti-TNF-a as indicated, and the skin
tissue was homogenized for ELISA assays to detect IL-17 and IL-23 cytokine production. N=5. "“P<0.001. PD-1, programmed cell death 1; IMQ, imiquimod;

TNF-a, tumor necrosis factor a; IL, interleukin.
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of CD4* and CD8* T cells to inhibit their activities (46).
However, there is also a co-stimulatory interaction between
PD-1 and PD-L1 to promote the development of memory CD4*
T cells (43). In addition, the function of PD-1 signaling in the
crosstalk between DCs and other effector cells, including yd
T cells, MDSCs and tumor-associated macrophages, is still
unclear (43). The results of the present study demonstrated
that PD-1-Fc negatively modulated psoriatic inflammation; the
specific signaling pathway involved in this modulation needs
to be explored in future studies.

Psoriasis can be induced or exacerbated by certain drugs,
such as immune checkpoint inhibitors anti-PD-1 and small
molecule TNF-a antagonists in cancer immunotherapy (47).
A meta-analysis has reported that patients with psoriasis
have a high risk of cancer incidence, as well as cancer-related
death (48). The association between cancer and psoriasis may
be related to inflammation; psoriasis is a chronic inflamma-
tory skin disease, and chronic inflammation is associated with
increased cancer risk (49). Immunomodulatory therapy for
psoriasis treatment, which suppresses immunity and helps to
reduce psoriasis symptoms, therefore, may decrease the risk
of developing cancers (48). PD-L1 has been demonstrated to
alleviate psoriatic inflammation, and PD-L1-Fc has exhibited
promising benefits in psoriasis treatment (25). Studies have
reported that PD-L1 levels serve a key role in the development
of effective T cells (41,42).

PD-1 is a T-cell regulator that belongs to the CD28/CTLA-4
superfamily and negatively modulates T-cell activity (7).
Treatment with soluble CTLA-4-Ig resulted in =50% improve-
ment of Physician's Global Assessment in clinical studies of
psoriasis vulgaris (50). The mouse psoriasis model used in the
present study was induced with IMQ, a ligand for Toll-like
receptor (TLR) 7 and TLRS, which is used to induce immune
activity and leads to mouse psoriasis; this mouse model is the
most widely used inducible psoriasis model (27,51). Using this
model, a previous study has revealed that PD-1 deficiency
leads to enhanced dermal inflammation and increased expres-
sion of inflammatory cytokines, including IL-17 and IL-22,
by innate yd-low T cells in the IMQ-induced psoriasis mouse
model (24). The results of the present study revealed that
PD-1-Fc treatment effectively alleviated psoriatic inflamma-
tion in the IQM-induced mouse model and has the potential to
exhibit synergistic effects with anti-TNF-a treatment.
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