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Psoriasis is a common, autoimmune, chronic inflammatory skin disease. It has been demonstrated that cutaneous
T17 cells play an important pro-inflammatory role in the pathogenesis of psoriasis, through the production of
various Th17-related cytokines. Our previous studies have demonstrated that CD30L/CD30 signal plays a pivotal
role in the differentiation of CD4™ Th17 cells and Vy6*y8 T17 cells in the gut-associated lymphoid tissues of
mouse. However, its effect on the pathogenesis of psoriasis is unknown. Here, we fully prove that CD30L/CD30
signaling plays a novel protective role in the development of psoriasis in mice, through selective inhibition of

CCR6 expression and Th17-related cytokine synthesis in the Vy4*y8 T17 cell subset. Meanwhile, treatment with
agonistic anti-CD30 mAb had a significant therapeutic effect on our psoriasis mouse model. Therefore, the
CD30L/CD30 signaling pathway is an ideal target for antibody therapy, which may become a new approach for
the immunobiological treatment of psoriasis.

1. Introduction

Psoriasis is a prevalent, chronic inflammatory skin disease that af-
fects approximately 0.5%-1% of children and 2%-3% of the world's
population [1]. Although the pathogenesis of psoriasis is unclear, it is
generally thought that several factors including genetics, infections, the
endocrine system, environmental factors, and the immune system all
contribute to its development [2]. Currently, numerous studies have
shown that psoriasis is an autoimmune disease characterized by in-
flammation and injury to the skin tissue, which is induced by a dis-
turbance of immune response resulting from several factors including
external pathogens, internal autoantigens, and interactions with kera-
tinocytes (KCs) [1-4].

In the early stage of psoriasis, epidermal KCs play an important role.
When stimulated by several risk signals, they can synthesize and secrete
a large number of antimicrobial peptides (AMPs), (-defensin, S100
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protein, and immune effectors. These effectors can activate CD11c™
myeloid dendritic cells (mDCs), which initiate the innate immune re-
sponse; then, the effectors induce activation of cutaneous “resident T
cells” and the subsequent production of proinflammatory cytokines
such as TNFa, IFN-y, IL-17A, and IL-22 [3,5,6]. Various cytokines can
induce KCs to secrete different types of chemokines, thus recruiting
more inflammatory cells for infiltration [3]. Under such circumstances,
activated Thl cells secrete IFN-y and induce the secretion of CXCL9,
CXCL10, and CXCL11, thus recruiting more Th1 cells; IL-17A-producing
Th17 cells are activated and then secrete a high amount of IL-17A, in-
ducing increased synthesis of CCL20, CXCL1, CXCL2, and CXCL8/IL-8
and thereby recruiting more T17 cells and neutrophils to migrate to-
ward the skin lesions [7,8]. Similarly, increased secretion of IL-22 via
the activation of Th22 cells is the major cause of the excessive pro-
liferation of KCs [9]. Therefore, during the innate and adaptive immune
response in the local skin lesions of psoriasis, KCs and T cells form a
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Fig. 1. CD30L deficiency increases IMQ-induced skin inflammation and acanthosis. (a) Phenotypic presentation of mouse back skin for WT or CD30LKO mice
treated with IMQ or vehicle for 5 days. (b) Histological presentation of WT or CD30LKO mice back or ear skin induced by IMQ or vehicle at day 5 ( x 200). (¢) Back

and ear skin thickness of WT or CD30LKO mice was measured on the days indicated. Data are presented as mean *

s.d. (n = 8-10 mice per group) obtained from a

representative of three separate experiments. (d) Clinical scores during IMQ treatment. WT or CD30LKO mice was treated with IMQ for 7 days. Erythema, scaling,
and thickness of the back skin were scored on a scale from 0 to 4; scores were obtained from 8 to 10 mice per group. Data are presented as mean * s.d. obtained
from a representative of three separate experiments. Statistically significant differences between WT and CD30LKO mice are shown (*P < 0.05; **P < 0.01;

***p < 0.001).

positive feedback mechanism via the interactions described above, ac-
celerate the activation and proliferation of KCs, amplify the immune
effects, and eventually form a “malignant feedback loop” in the im-
munological pathogenesis of psoriasis [3].

According to previous studies, CCR6* Th17 cells, as the major ef-
fector cells, migrate to the skin lesions in response to CCL20, then
produce IL-17A promoting the formation of a “malignant loop” in the
immunological pathogenesis of psoriasis [10]. However, recent studies
have shown that v8 T cells in the dermis are an important source for IL-
17A, IL-22, and IL-17F; they also widely participate in the occurrence
and development of psoriasis [11-15]. Basic scientific and clinical
studies on the immunobiological effects of cutaneous y8 T cells have
become a new focus in the research on the pathogenesis of psoriasis.
Epidermal proliferation, dermal inflammation, and IL-17A production
were markedly reduced in T cell receptor 8-deficient (TCR8 ™) mice
with psoriasis [13]. In CCR6 /™ mice, dermal v8 T cells migrating to
skin lesions was evidently exhibited reduced IL-22 secretion. Both the
epidermal thickening and the activation and excessive proliferation of
KCs in the psoriatic skin lesions of CCR6 /" mice were also sig-
nificantly inhibited, and the disease symptoms in the IL-23-induced
psoriasis mouse model were significantly alleviated [16]. Some recent
reports have confirmed that PD-L1/PD-1 and adiponectin can effec-
tively relieve inflammatory psoriatic symptoms in skin tissue by in-
hibiting IL-17A production by y8 T cells [14,17]. Thus, T17 cells, in-
cluding Th17cells and y8T17cells, along with their associated
cytokines, play essential roles in the pathogenesis of psoriasis.

CD30 and CD30 ligand (CD30L, also known as CD153) belong to the
TNF receptor (TNFR)/TNF superfamily [18]. CD30 is mainly expressed
on the surface of activated effector or memory T cells and B cells, while
CD30L is primarily expressed on activated T cells and also on macro-
phages and special dendritic cell (DC) subsets [19]. CD30 expression is
significantly increased in the skin lesions of psoriasis patients, and
CD30L can be highly expressed on mast cells in the skin lesions of pa-
tients with atopic dermatitis and psoriasis [20]. CD30/CD30L signaling
can activate the MAPK/ERK signaling pathway via CD30L-induced re-
verse signal, promote the secretion of IL-8 and participating in the
immune response in inflamed skin [20]. In addition, blocking the
CD30L/CD30 signal can down-regulate the migration of CD4™ T cells
into skin tissue [21]. Consequently, it has been suggested that CD30L/
CD30 signal may play a potentially important role in triggering the
inflammatory response in skin. Our previous has shown that CD30L/
CD30 signals can promote the activation and differentiation of CD4*
Th17 cells and IL-17A*Vy6*y8 T cells (according to Heilig and Tone-
gawa nomenclature) [22] in the intestinal mucosa and mucosa-asso-
ciated tissues [23-25]. The immunological characteristics of skin tissue
are different from those of intestinal mucosal tissues. Therefore, it is
still not clear whether CD30L/CD30 signal transduction has the simi-
larly effects on T17 cell mediated inflammatory immune response in the
skin lesions of psoriasis.

In this study, we investigated the role of CD30L/CD30 signaling in
the pathogenesis of psoriasis, using Cd30l gene deletion mice
(CD30LKO mice) to establish a psoriasis model induced by imiquimod
(IMQ)-treatment. We found that Cd30l gene deletion resulted in sig-
nificantly enhanced susceptibility to IMQ-induced psoriasis. Further,
we found the inflammatory symptoms of psoriatic skin lesions in mice
were effectively improved through stimulating CD30L/CD30 signaling
transduction with agonistic anti-CD30 antibody. These results
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demonstrate that CD30L/CD30 signal plays an important and novel
protective role in the pathogenesis of psoriasis mediated by cutaneous
y8T17 cells.

2. Materials and methods
2.1. Mice

Age- and sex-matched C57BL/6J (B6, as WT mice) male mice were
purchased from Beijing Vital River Laboratory Animal Technology Co.,
Ltd. (Beijing, China). The generation and preliminary characterization
of CD30LKO mice were described previously [23] with eight or more
generations backcrossed onto B6 mice. All mice were maintained under
specific pathogen-free conditions and were offered food and water ad
libitum. All mice were used at 6-8 wk of age. This study was approved
by the Animal Welfare and Ethics Committee of China Medical Uni-
versity (IACUC No. 16090 M). Experiments were performed under the
control of the Guidelines for Animal Experiments.

2.2. Antibodies

Mouse biotin anti-CD16/32 (2.4G2); FITC-anti-TCR f chain; PE-anti-
CD4 (GK1.5); APC-anti-CD8a (53-6.7); APC-, BV421-, PE-, and PereCP-
anti-TCRy8 (GL3); FITC anti-TCR Vy1.1/Cr4 (2.11); FITC-, PE-, and
APC-anti-TCR Vy2 (UC3-10A6); APC-anti-TCR Vy3 (536); FITC- and
APC-anti-F4/80 (BMS8); PE- and APC-anti-Ly-6G/Ly-6C (RB6-8C5);
FITC-anti-CD11b (M1/70); PE-anti-CXCR2 (SA044G4); PerCP-anti-I-A/I-
E (M5/114.15.2); APC-anti-CCR6 (29-2L17); PE Cy7-anti-CD27
(LG.3A10); PE-anti-CD30 (mCD30.1); PE- and APC-anti-CD30L
(RM153); PE-anti-IL-22 (Poly5164); and Alexa Fluor 488- and APC-anti-
IL-17A (TC11-18H10.1) were purchased from Biolegend (San Diego,
CA). Mouse FITC-anti-TCR Vy3 (536), APC Cy7-anti-CD11b (M1/70),
BV510-anti-I-A/I-E  (M5/114.15.2), Alexa Fluor 647-anti-CD196
(140706), and PE-anti-IL-17A (TC11-18H10) were obtained from BD
Biosciences (San Diego, CA). Mouse PE-anti-Ki-67 (SolA15), PerCP-anti-
IL-22 (1H8PWSR), and PE-anti-IL-17F (eBio18F10) were obtained pur-
chased from e-Bioscience (San Diego, CA). Purified anti-mouse CD3e
antibody (145-2C11) was obtained from Biolegend. Purified rat anti-
Mouse CD16/CD32 (2.4G2) was obtained from BD Biosciences.

2.3. Induction of psoriasiform skin inflammation by IMQ

Male WT or CD30LKO mice were given a daily topical dose of 62.5 mg
of IMQ cream (5%) (Aldara, INOVA Pharmaceuticals, Singapore) on the
shaved back or ear for 5-7 consecutive days. Control mice were treated
with the same dose of a vehicle cream (Vaseline Lanette cream, Fagron).
To ameliorate any suffering of mice observed throughout these experi-
mental studies, mice were euthanized by CO, inhalation on day 5 after
IMQ-treatment and the tissues of back skin or ear were removed. Sections
were taken for cell culture, flow cytometry, or histology. All procedures
were approved and supervised by the Institutional Animal Care and Use
Committee of China Medical University. Disease severity was assessed by
visual assessment for the affected skin area. To be precise, erythema,
scaling and thickening were scored independently on a scale from O to 4
(0, none; 1, slight; 2, moderate; 3, marked; 4, very marked), and the total
score (erythema plus scaling plus thickness) served as the measure of the
severity (scale 0-12).
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Fig. 2. The accumulation of neutrophils and macrophages in the skin lesions. Single cells were isolated from ear or back skin of WT or CD30LKO mice treated
with IMQ for 5 days. The frequency (a) and the absolute number (b) of neutrophils (CD11b " Gr-1*F4/80) or macrophage (CD11b* F4/80* Gr-1") in ear or back skin
were analyzed by flow cytometer. Data indicates the mean *+ s.d. (n = 3 to 5 mice per group) from a representative of two separate experiments. Statistically
significant differences between WT and CD30LKO mice are shown (*P < 0.05; **P < 0.01; ***P < 0.001). (c) Expression of Cxcl2, Cxcl3, Cxcl5, and Cxcr2 mRNA
measured by gPCR in back skin tissues of WT or CD30LKO mice treated with IMQ for 5 days. The figure shows fold changes of the indicated genes normalized for
Rps17 mRNA versus skin tissue of WT mice.
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Fig. 3. The skin-homing of y8 T cell subsets in CD30LKO mice treated with IMQ. Single cells were isolated from skin lesions from WT or CD30LKO mice at day 5
after IMQ- or vehicle-treatment, then were analyzed by flow cytometry. (a) The absolute number of total v8 T cells in ear or back skin of WT or CD30LKO mice treated
with IMQ for 5 days. (b-c) The frequency and the cell number of y8 T cell subsets (including Vy1*, Vy4™, Vy5*, and Vy1~Vy4~Vy5 subsets) in skin lesions of ear
and back skin of WT or CD30LKO mice treated with IMQ or vehicle are indicated. Data indicate the mean * s.d. (n = 3 mice per group) from a representative of
three separate experiments. Statistically significant differences between WT and CD30LKO mice are shown (*P < 0.05; **P < 0.01; ***P < 0.001).

2.4. Histological analysis

Before and/or after treatment with IMQ, the mouse back skin or ear
was fixed in formalin and embedded in paraffin. Sections (6 um) were
stained with hematoxylin and eosin (H&E).

2.5. RNA reverse transcription and gPCR

Total RNA was extracted from tissues of back skin on day 5 after
IMQ-induced psoriasis using TRIzol™ reagent (TakaRa, Japan); a
NanoDrop spectrophotometer (ND-2000c) was used for RNA quality
control. Complementary DNA was synthesized using PrimeScript™ RT
regent Kit with gDNA Eraser (TakaRa, AK4501). qPCR was carried out
with the SYBR’Premix Ex Taq™ II (TakaRa, AHX1024N) in a Light
Cycler 480 II (Roche). Relative quantities (A cycle threshold (Ct) value)
were obtained by subtracting the Ct value of Cxcl2, Cxcl3, Cxcl5, Cxcr2,
Ccr6, Ccl20, II-17a, 1I-17f, or II-22 from Rpsl7. The fold change was
calculated according to formula 2~ #2“", Each reaction was performed in
triplicate. Primers sequences were used as described in Supplementary
Table 1.

2.6. Cell preparation

dLN samples were minced through a 70-um mesh to obtain single-
cell suspensions. To isolate single cells from mouse whole-back or ear
skin before and/or after IMQ-treatment, back or ear skin tissue was
excised and the subcutaneous fat or the middle cartilage layer, re-
spectively, was removed. The skin tissues were incubated in 3.5 ml 10%
RPMI (Wako, Japan) containing 1 ml type IV collagenase (10 mg/ml,
Sigma-Aldrich) and 500pl Dnase I (1mg/ml, Sigma-Aldrich) for
75minat 37 °C. Then, digestion was terminated by adding an equal
amount of RPMI containing 10% FCS (Wako, Japan) and 1% penicillin/
streptomycin (Wako, Japan). Finally, the single cells were filtered
through a 70-um filter (Corning).

2.7. Flow cytometric analysis

Single-cell suspensions were extracted from skin lesions and dLNs as
described above. The cells were preincubated with an Fcy receptor-
blocking mAb (CD16/32; 2.4G2) for 15minat 4°C to prevent non-
specific staining. After washing, cells were stained with combinations of
mADbs against various surface antigens. Stained cells were washed twice
and re-suspended. In some experiments, propidium iodide (PI, 1 pg/ml)
was added before analysis using a FACSCelesta Flow Cytometer (BD
Biosciences) to detect and exclude dead cells for the analysis of surface
staining.

For intracellular cytokine staining, cells were stimulated with
phorbol myristate acetate (PMA, 25ng/ml; Sigma-Aldrich) and iono-
mycin (1 pg/ml, Sigma-Aldrich) for 5h at 37 °C. Brefeldin A (10 pg/ml;
Sigma-Aldrich) was added for the last 4 h of incubation. After culture,
cells were harvested and surface stained with various mAbs for
30 min at 4 °C. Then, the intracellular expression of IL-17A, IL-17F and
IL-22 was analyzed using a BD Cytofix/Cytoperm™ (BD Biosciences) or
Transcription Factor Buffer Set (BD Pharmingen) according to the
manufacturer's instructions. Finally, cells were washed, resuspended,
and analyzed with a FACSCelesta Flow Cytometer. The data were
analyzed using BD FACSDiva 8 (BD Biosciences).
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2.8. Enzyme-linked immunosorbent assay

To measure cytokine production by T cells from skin lesions or
dLNs, single cells were isolated and cultured with 96-well flat-bottom
plates (Falcon; BD Biosciences) coated with anti-CD3 (10 pg/ml) and
soluble anti-CD28 mAbs (1 pg/ml) for 48 hat 37 °C under 5% CO,. IL-
17A, IL-17F, IL-22, IL-6, or TNF-a secretion in the culture supernatant
was measured using an appropriate ELISA Kit (R&D Systems) according
to the manufacturer's protocols. In some experiments, the skin lesions of
mice treated with IMQ for 5 days were isolated and homogenized, then
the level of various cytokines in the supernatants was measured by
ELISA.

2.9. In vivo treatment of mice with agonistic anti-CD30 mAb

Agonistic anti-CD30 mAb (clone mCD30.1) was obtained as pre-
viously described [23]. The mAbs, diluted to 1 mg/ml in PBS, were
stored at —80 °C until use. For in vivo activation, 100 pg/head of ago-
nistic anti-CD30 mAb or isotype control antibody (hamster IgG1l, BD
Biosciences) was injected i.p. into WT mice from day 0 to day 5 after
IMQ-induced psoriasis.

2.10. Statistical analysis

The data were analyzed with GraphPad Prism 7 and are presented as
the mean # s.d. A Student's t-test was used when two conditions were
compared, while analysis of variance (ANOVA) with Bonferroni or
Newman-Keuls correction was used for multiple comparisons.
Probability values of < 0.05 were considered significant; two-sided
Student's t-tests or ANOVA were performed. *P < 0.05; **P < 0.01;
***p < 0.001.

3. Results

3.1. Cd30Ll gene deletion leads to a marked increase in susceptibility to
psoriasis induced by IMQ

First, vehicle cream (control group) or Aldara Ointment containing
5% imiquimod (experimental group) was administered at a dose of
62.5 mg/day/head to the skin on the back of each wildtype (WT) mouse
to induce psoriasis. The treated skin tissue was collected on days 0, 3,
and 5 after IMQ-treatment. Total protein was extracted from skin tissue
and changes in CD30L expression were measured. We found that the
expression of CD30L protein in the skin lesions gradually increased with
the development of skin inflammation (Supplementary Fig. 1). Subse-
quently, we examined different cell types for the expression of CD30L
and CD30 in mouse skin prior to and following IMQ-treatment. It was
found that y§ T and CD4* T cells, especially the Vy4*y8 T cell subset,
mainly express CD30; however, the other cell types in the inflammatory
skin lesions have extremely low expression. The expression of CD30 in
Vy4*y8 T cells was markedly increased following IMQ-treatment
(Supplementary Fig. 2). We also found that Vy4*vy§ T, CD4* T, and
CD11b*F4/80" Gr-1" cells express CD30L. In addition to CD30, the
expression of CD30L in Vy4 8 T cells in the inflammatory skin lesions
was significantly higher than that in naive mice (Supplementary Fig. 2).
Moreover, there was no significant difference in CD30L expression in
skin macrophages (CD11b*F4/80" Gr-1") prior to and following IMQ-
treatment (Supplementary Fig. 2b). Thus, we hypothesized that the
Cd30l gene might play an important role in the formation of psoriatic



D. Yue, et al Journal of Autoimmunity 101 (2019) 70-85

A CCR6 CCL20
4- 15-
S .l o
Back skin & 5 10
ack skin £ 5
k) T 5
o 14 ke
(N Lo
0 2 0 2
& & ¥
Q Q
S 9’
O @)
B Cont. IMQ Cont. IMQ
0| ¢ 0 3 0 : 8.4
A ] @ A @ ] 9:;"' m
o
@ E] F]
I B S 19 - 0.4
2 z |
02 0.02 - 01 19 w
i ] 1 = ] ) L Q
] ] ~
_ »
e O 2.8 D 018 202
gated on y3T cells CCR6
] )
C WT 1; 20 *k X 10 il
(2]
- S5 g 8
E 7.5 1EDTS - 6
i m|_ 10 o
A m 8 0 = 4
i ) = 5 T 2 =
= ‘S +>
o 0 © 0 T
3 o
of o oS
oY oY
k=)
o ;j 20 * \:7 30 .
& Fao® .
.y © 8 - 20
o G °
= 0L ;5 %_ 10
) "
o 0 © 0
° & 0 X & 4O
gated on 3T cells  CCR6 N %Q\,‘l‘ g < %Q\,‘l‘
$ &

Fig. 4. The expression of CCR6 in v3 T cell subsets increased in CD30LKO mice after IMQ-treatment. (a) Expression of Ccr6 and Ccl20 mRNA measured by qPCR
in back skin tissues of WT or CD30LKO mice treated with IMQ for 5 days. The figure shows fold changes of the indicated genes normalized for Rps17 mRNA versus
skin tissue of WT mice. (b) The expression of CCR6 in the Vg5™ or Vg4 ™ v8 T cell subsets in ear or back skin of WT mice treated with IMQ or vehicle for 5 days. Data
indicate the mean (n = 3-4 mice per group) from a representative of three separate experiments. (c) The percentage and the absolute number of CCR6*Vy4™* v§ T
cells in ear and back skin of WT or CD30LKO mice treated with IMQ are indicated. Data indicate the mean # s.d. (n = 3 mice per group) from a representative of
three separate experiments. Statistically significant differences between WT and CD30LKO mice are shown (*P < 0.05; **P < 0.01).
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Fig. 5. CD30L deficiency enhances Th17-related cytokine production from Vy4™ y8 T cells. The levels of IL.-17A, IL-17F and IL-22 mRNA (a) or protein (b) in
the skin lesions of WT or CD30LKO mice were measured at day 5 after IMQ-treatment. Data indicate the mean =+ s.d. (n = 5 mice per group) from a representative of
two separate experiments. The frequency and the absolute number of IL-17A-, IL-22-, or IL-17F-producing y8 T cells (¢) or Vy4™ v8 T cells (d) in ear or back skin from

WT or CD30LKO mice treated with IMQ. Data indicate the mean =

s.d.

(n = 3-4 mice per group) from a representative of three separate experiments. Statistically

significant differences between WT and CD30LKO mice are shown (*P < 0.05; **P < 0.01; ***P < 0.01).
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Fig. 5. (continued)

lesions. In order to further explore the role of Cd30l gene in the pa-
thogenesis of psoriasis, we used CD30LKO mice to establish the IMQ-
induced psoriasis model and dynamically compared the effects of the
Cd30l gene deletion on the occurrence and development of psoriasis
skin inflammation in mice. As shown in Fig. la-d, the scaling, er-
ythema, skin thickness on the back or ear, and the total score of back
skin were increased significantly in CD30LKO mice on day 5 after IMQ-
treatment as compared with WT mice. Moreover, histopathological
examination showed that the epidermis of the back and ear skin of
CD30LKO mice was markedly thickened and the infiltration of in-
flammatory cells into the skin tissue was significantly increased
(Fig. 1b). These results demonstrate that the deletion of Cd30l gene
leads to the aggravation of psoriasis-like skin inflammation in mice
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induced by IMQ, suggesting that CD30L/CD30 signal transduction may
play an important protective role in the pathogenesis of psoriasis.

3.2. Cd30l gene deletion results in increased inflammatory cell infiltration
in skin lesions of mice

The inflammatory cells infiltrating in the inflammatory skin tissues,
such as neutrophils and macrophages, play an important role in pro-
moting the formation of the “malignant loop” for psoriasis
[1,26,27,28]. Therefore, we investigated the effects of Cd30l gene de-
letion on the infiltration of neutrophils and macrophages into the skin
lesions. The results showed that Cd30l-deficiency resulted in a sig-
nificant increase in the percentage of and absolute numbers of
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Fig. 6. mCD30.1 mA b treatment significantly improved psoriatic inflammatory symptoms in WT mice. (a) Phenotypic presentation of mouse back skin lesions
in WT mice after mCD30.1 mA b treatment (n = 5 per group). (b) WT mice were treated with IMQ and mCD30.1 mA b for 5 days. Erythema, scaling, and thickness of

the back skin were scored on a scale from 0 to 4; scores were obtained from 5 mice per group. Data are presented as the mean =+

s.d. obtained from a representative

of two separate experiments. Statistically significant differences between control- and mCD30.1 mA b-treated mice are shown (*P < 0.05; **P < 0.01). (c)
Histological presentation of WT mice back skin lesions treated with control or mCD30.1 mAb at day 5 ( X 200).

neutrophils (CD11b*Gr-1") and macrophages (CD11b*F4/80%) in
inflamed tissue at day 5 after IMQ-administration (Fig. 2a and b). It has
been reported that neutrophils or macrophages expressing chemokine
receptor CXCR2 can migrate to skin lesions under the induction of
chemokines CXCL2, CXCL3, or CXCL5 and participate in the formation
of skin inflammation [7,29]. As shown in Fig. 2c, the expression of
Cxcl2, Cxcl3, Cxcl5, and Cxcr2 mRNA in the skin lesions of CD30LKO
mice were significantly higher than those in WT mice. These results
suggest that these neutrophils or macrophages may migrate from the
draining lymph node (dLN) to the inflamed skin tissue through the
interaction of CXCR2 and its ligands. Next, we further detected CXCR2
expression on the neutrophils or macrophages found in the dLN before
and after the induction of psoriasis. As shown in Supplementary Fig. 3a,
in normal WT mice, low levels of CXCR2 were expressed in CD11b* Gr-
1" cells or CD11b*F4/80* cells from the dLN. However, with the
development of psoriatic skin inflammation, the expression of CXCR2 in
CD11b*Gr-1" cells increased gradually, while the expression of CXCR2
in CD11b*F4/80* cells did not change significantly. Thus, IMQ-in-
duced skin inflammation can upregulate CXCR2 expression on
CD11b*Gr-1* neutrophils, then promote the migration of these neu-
trophils to the skin lesions. Therefore, we analyzed whether Cd30I gene
deletion affects CXCR2 expression in inflammatory cells, such as
CD11b*Gr-1*, CD11b*F4/80 %, or y8T cells in the dLN. We found that
CXCR2 expression on CD11b*Gr-1* cells in the dLN from CD30LKO
mice was significantly upregulated on day 1 after IMQ-induced psor-
iasis as compared with WT mice, but there was no significant change in
CXCR2 expression in CD11b"F4/80™ cells or y8T cells (Supplementary
Fig. 3b). Therefore, these results suggest that Cd30l gene deletion leads
to enhanced infiltration of CXCR2"CD11b* Gr-1" neutrophils into the
skin lesions from the dLN, and thus accelerates the formation of the
“malignant loop” of psoriasis.

3.3. €d30l gene deletion enhances the ability of Vy4* 8 T cell homing to
sites of skin inflammation

It has been reported that T17 cells, including Th17 (IL-177A*CD4™ T
cells), Tc17 (IL-17A*CD8* T cells), and y8T17 (IL-17A* 8T cells),
have the ability to promote inflammatory cells (neutrophils, macro-
phages, etc.) to infiltrate inflamed skin tissue by secreting IL-17A, IL-22,
IL-17F, and other inflammatory cytokines, thus promoting the devel-
opment of psoriasis [13,30,31,32]. Therefore, we continued to in-
vestigate whether the increase in CXCR2*CD11b " Gr-1" neutrophils in
the skin lesions of mice caused by Cd30l gene deletion is related to
T17 cells and their associated cytokines. First, we detected the skin
infiltration of CD4* or CD8* afT cells, but there were no significant
differences between WT and CD30LKO mice (Supplementary Fig. 4).
The results revealed that Cd30l gene deletion did not affect the homing
of cutaneous aff T cells. Subsequently, we detected the proportion and
quantity of y8 T cells and their subsets in skin lesions. We found that
compared with WT mice, the total number of y8 T cells in the ear or
back skin lesions of CD30LKO mice increased significantly (Fig. 3a).
Further analysis of y8 T cell subsets showed that the major y8 T cell
subsets in the normal skin tissue of mice was “skin-resident y8 T cells”,
i.e., Vy5% y8 T cells, and after inducing skin inflammation, the per-
centage of VY57 y8 T cells was markedly decreased, while that of Vy4 ™
v8 T cells was significantly increased (Fig. 3b). These results indicate
that increased cutaneous Vy4* v8 T cells in the skin lesions may mi-
grate from dLNs; we refer to these cells as “skin-homing y8 T cells”.
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Compared with WT mice, there was no significant increase in the
number of “skin-resident y8 T cells” in CD30LKO mice, but both the
proportion and absolute cell number of Vy4™* “skin-homing v8 T cells”
were increased significantly. Meanwhile, there was a relative decrease
in the percentage of Vy1~ Vy4~ Vy5 y8 T cells and almost no Vyl ex-
pression in y8 T cells within the skin lesions (Fig. 3b and c). These
results demonstrate that Cd30l gene deletion selectively promotes the
skin-homing of Vy4™ y8 T cells, rather than affecting CD4™ Th17 or
CD8™ Tcl7 cells, suggesting that CD30L/CD30 signaling may play an
important protective role in the skin inflammatory responses mediated
by Vy4™ v8 T cells.

3.4. Cd30l gene deletion selectively enhances the expression of CCR6 and
Ki-67 in CD27~ Vy4*y8 T cell subsets

A large number of studies have shown that CCR6 expression is es-
sential for skin homing of T17cells, including y8 T17cells
[13,16,33,34]. Therefore, we first discussed the effect of Cd30l gene
deletion on CCR6 expression in y8 T cells in inflammatory skin lesions.
We found levels of Ccr6 and Ccl20 mRNA expression in the skin lesions
of CD30LKO mice were markedly higher than those in WT mice
(Fig. 4a). Compared with normal mice, the expression of CCR6 on y8 T
cells markedly increased in skin lesions after IMQ-induced psoriasis
(Fig. 4b). Of note, CCR6 was primarily expressed on homing Vy4* y§ T
cells, but not on resident Vy5* y8 T cells (Fig. 4b). Furthermore, the
frequency and absolute cell number of CCR6* Vy4™* y8 T cells in skin
lesions in CD30LKO mice were significantly higher than that in WT
mice (Fig. 4c).

The skin homing y8 T cells are mainly derived from either the dLN
or circulation, so we further analyzed the y8 T cells and their subsets
within the dLN. As shown in Supplementary Fig. 5a, the percentage and
cell number of the Vy4™ y8 T cell subset in the dLN of CD30LKO mice
markedly increased at day 5 after IMQ-administration, while Vy1* y§ T
cells had no significant change, as compared with those in WT mice.
Furthermore, the expression of CCR6 in y8 T cells was significantly
higher than that in WT mice (Supplementary Fig. 5b). Moreover, in y8 T
cell subsets of CD30LKO mice, only Vy4* y8 T cells expressing CCR6
were significantly increased when compared with those in WT mice, yet
Vy1*y8 T cells from the dLN from WT and CD30LKO mice hardly ex-
pressed CCR6 (Supplementary Fig. 5b—d). We noted that compared with
WT mice, there was a significant increase in the percentage and cell
number of the CD27 ~Vy4*y8 T cell subset in dLN of CD30LKO mice,
but no evident change in the cell number in the CD27 *Vy4™v8 T cell
subset (Supplementary Fig. 5e). In addition, we measured expression of
Ki-67, a proliferation marker, and found that Ki-67 expression in y8 T
cells and particularly Vy4* y8 T cell subset in dLN of CD30LKO mice
was significantly increased (Supplementary Fig. 5f). Therefore, these
results suggest that Cd30l gene deletion promotes the proliferation of
the CCR6™ CD27~ Vy4™ y8 T cell subset in the dLN of mice with IMQ-
induced psoriasis. Furthermore, an increase in the number of skin-
homing Vy4* v8 T cells were observed, thus contributing to the for-
mation of “malignant loop” in psoriasis and aggravating the symptoms
and progression of psoriasis.

3.5. CD30L/CD30 signaling transduction down-regulates CCR6 expression
in the Vy4* v8 T cell subset

The experimental results described above suggest that CD30L/CD30
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Fig. 7. mCD30.1 mA b treatment significantly inhibited the function of Vy4* y3 T17 cells. WT mice were treated with mCD30.1 mA b or control mAb during
psoriasis-induction by IMQ; single cells from back skin or the dLN were analyzed by flow cytometry at day 5 after IMQ/mAb treatment. (a) The total cell number of y8
T cells in back skin was enumerated. (b) The cell number and percentage of y8 T cell subsets (Vy1™, Vy4™, Vy5* or Vy1~Vy4") from back skin or dLNs were
measured. (c) The expression of CCR6 in Vy4™ vy T cells and the absolute number of CCR6 " Vy4* yv8 T cells in back skin or dLN are shown. The cell number and
percentage of IL-17A- or IL-17F-producing y8 T cells (d) and IL-17A- or IL-17F-producing Vy4* y8 T cells (e) in back skin or dLN were measured. Data indicate the
mean * s.d. (n = 5 mice per group) from a representative of three separate experiments. Statistically significant differences between control and mCD30.1 mA b

treated mice are shown (*P < 0.05; **P < 0.01).

signaling may selectively contribute to migration of Vy4* v8 T cell
subset into the inflamed skin tissue. In order to explore this possibility,
we dynamically and comparatively analyzed the expression correlation
between CD30L and CCR6 in y8 T cell subsets. In vitro, after the culture
of dLN cells from WT mice with or without anti-CD3 mAb stimulation,
we detected the expression changes of CCR6 or CD30L in various y8 T
cell subsets. The CCR6-expressing v T cell subset was primarily a Vy4 ™
subset (Supplementary Fig. 6a and b). After activation via TCR stimu-
lation, CD30L*/*Vy4* 8 T cells expressed high level of CD30L
(Supplementary Fig. 6c), but CCR6 was simultaneously gradually
downregulated. This result is consistent with a recent report, that v8

T17 cells downregulate CCR6 upon activation [35]. However, CD30L~”/
“Vy4t y8 T cells continued to express high level of CCR6
(Supplementary Fig. 6d). In addition, CD30 expression on Vy4* y8 T
cells in skin lesions from CD30LKO mice was significantly increased, as
compared with that in WT mice (Supplementary Fig. 6e). These findings
suggest that CCR6 was primarily expressed on the Vy4™ y8 T cell subset
and up-regulation of CD30L expression appeared to inhibit CCR6 ex-
pression in Vy4* y8 T cells. These data suggest that the absence of
CD30L/CD30 signal transduction may cause activated Vy4™ y8 T cells
in the dLN to continuously express a high level of CCR6, further pro-
moting their migration into inflammatory skin tissue and thus
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mediating the skin inflammatory response.

3.6. Cd30l gene deletion enhances cytokine production by CCR6 ™" Vy4* v§
T17 cells

CCR6*Vy4™ y§ T cells in the dLN migrated to the psoriatic skin
lesions and contributed to the excessive proliferation of KCs and the
release of bioactive factors through the secretion several cytokines, thus
accelerating the formation of the “malignant loop” in psoriasis [36].
Therefore, we further investigated the function of activated y8 T cells,
especially Vy4* y8 T cell subset in the skin lesions and dLNs. The ex-
pressions of IL-17A, IL-22 and IL-17F in the skin lesions of CD30LKO
mice were significantly higher than those in WT mice at mRNA and
protein levels (Fig. 5a and b). Compared with WT mice, the frequency
and the number of IL-17A-, IL-22-, or IL-17F-producing y8 T cells in the
skin lesions of CD30LKO mice were increased (Fig. 5c), while no sig-
nificant change was observed in IFN-y-producing y8 T cells (data not
shown). In particular, the expression of IL-17A, IL-22, and IL-17F in the
Vy4* y8 T cell subset in skin lesions was significantly increased
(Fig. 5d). Furthermore, IL-17A% or IL-22" y8 T cells from the dLN also
expressed high level of CCR6 in CD30LKO mice as compared with those
in WT mice (Supplementary Fig. 7a and b). In y8 T cell subsets, the
percentage and absolute cell number of IL-17A%, IL-22%, or IL-17A™
IL-22" Vy4* 48 T cells in the dLN were markedly increased in
CD30LKO mice (Supplementary Fig. 7c). In addition, the secretion of
inflammatory cytokines such as IL-22, IL-17A, IL-6, and TNFa in the
dLN were also significantly higher in CD30LKO mice than those in WT
mice (Supplementary Fig. 7d). Thus, Cd30l gene deletion selectively
induces Vy4™ v8 T cells in the dLN to continuously express high level of
CCR6 under the chemotactic action of CCL20; then CCR6 " CD27 ~Vy4*
v8 T cells migrate into the inflammatory skin tissues and induce the
infiltration of neutrophils to the skin lesions by producing a large
quantity of y8T17-associated cytokines including IL-17A, IL-22, and IL-
17F, thus promoting the progression of psoriasis in mice. Therefore,
CD30L/CD30 signal transduction plays an important and novel pro-
tective role in the pathogenesis of IMQ-induced psoriasis in mice.

3.7. Evaluation of the therapeutic efficacy of a CD30L/CD30 signaling-
targeted agonistic mAb on psoriasis in WT mice

Here, we have demonstrated that CD30L/CD30 signal transduction
plays a protective role in the pathogenesis of IMQ-induced psoriasis via
in vivo and in vitro experiments. Thus, we evaluated the therapeutic
efficacy of a CD30L/CD30 signaling targeted agonistic mAb on psoriasis
in WT mice. First, the agonistic anti-mouse CD30 antibody (clone:
mCD30.1) was prepared with hybridoma cells and then purified; we
have previously demonstrated that the mCD30.1 mA b can specifically
bind to CD30 molecules and stimulate CD30 signal transduction [23].
WT mice were injected intraperitoneally with mCD30.1 mA b or isotype
antibody (hamster I1gG1, as a control) at a dose of 100 ug/head/day
from 0d to 5d during psoriasis induction with IMQ. Thereafter, the
development of psoriasis in mice was observed. As shown in Fig. 6, after
treatment with agonistic mCD30.1 mA b, the scaling, erythema, skin
thickness and related disease activity index scores of the mice were
markedly improved compared with those in the control group. Second,
the number of y8 T cells in the skin lesions was markedly reduced after
treatment with agonistic mCD30.1 mAb (Fig. 7a); the decrease was
primarily observed in the percentage and absolute number of Vy4*y8 T
cells (Fig. 7b). Furthermore, the expression CCR6 in the Vy4*y8 T cell
subset also significantly down-regulated (Fig. 7c). Meanwhile, there
was a marked reduction in the expression of IL-17A, IL-22, and IL-17F
in y8 T cells, particularly in the Vy4*y8 T cell subset in both the dLN
and the skin of mice after agonistic mCD30.1 mA b treatment as com-
pared with control group (Fig. 7d and e). Finally, we also investigated
the effects of antibody-regulated CD30L/CD30 signaling on the ex-
pression of IL-17A and CCR6 in Vy4*y8 T cells from dLN in vitro. In

83

Journal of Autoimmunity 101 (2019) 70-85

accordance with the in vivo experimental results, blocking CD30L/CD30
signaling with a soluble anti-CD30L mAbD significantly promoted the
expression of IL-17A and CCR6 in activated Vy4*y8 T cells, and sti-
mulating this signaling with an agonistic mCD30.1 mA b reversed these
results (Supplementary Fig. 8). These results demonstrate that stimu-
lation of CD30L/CD30 signal transduction with the agonistic
mCD30.1 mA b can partially inhibit migration to the skin by the Vy4™"
v8 T cell subset and can downregulate the secretion of Th1l7-related
cytokines, thus partially inhibiting the formation of “malignant loop” of
psoriasis. This treatment had a significant therapeutic effect on psor-
iasis in mice. Therefore, the CD30L/CD30 signal may be a potential
candidate target for immunological therapy of psoriasis.

4. Discussion

In this study, we investigated the role of CD30L/CD30 signal
transduction in the inflammatory responses mediated by skin
y8T17 cells, using CD30LKO mice to establish an IMQ-induced skin
psoriasis animal model. Our results show that CD30l gene deletion
causes v3 T cells, especially the Vy4*y8 T cell subset, to express high
level of CCR6, promotes skin-homing of the Vy4*y8 T cell subset, and
secretion of the cytokines IL-17A, IL-22, and IL-17F, thus accelerating
formation of “malignant loop” of psoriasis and aggravating skin in-
flammation in CD30LKO mice. In addition, we confirmed that agonistic
antibody therapy targeting CD30 signaling has a significant effect on
psoriasis in WT mice, suggesting that the CD30L/CD30 signaling may
be a potential candidate target for immunological therapy in psoriasis.

Previously, it was widely believed that the IFN-y/TNFa-Thl axis
and the IL-23/IL-17A-Th17 axis played a pivotal role in the pathogen-
esis of psoriasis in both humans and mice. Th1 cells produce TNFa and
IFN-y, whereas Th17 cells secrete IL-17A, IL-17F, and IL-22. When de-
livered to the skin, these proinflammatory cytokines can act on KCs and
endothelial cells, leading to activation, proliferation and production of
antimicrobial peptides [2,37]. In our previous studies, we demonstrated
that CD30L/CD30 signaling plays an important role in enhancing Th17
and Th1 cells responses in the intestinal mucosa and nervous system
[24,25,38,39]. Here, we unexpectedly found that Cd30l gene deletion
caused a significant increase in susceptibility to psoriasis induced by
IMQ. Although the accumulation of CD4™ or CD8* ap T cells in the
skin lesions of both WT and CD30LKO mice after inducing skin in-
flammation was significantly higher than that in normal skin tissues,
there was no significant difference in the recruitment of af§ T cells to
the inflamed lesions between WT and CD30LKO mice. Thus, it appears
that the enhanced inflammatory response in skin lesions of CD30LKO
mice is not related to immune responses mediated by af3 T cells. This
result is not consistent with the role of CD30L/CD30 signaling in the
intestinal mucosal immune response mediated by Thl or Th17 cells;
however, it suggests that CD30L/CD30 signaling outcomes differ de-
pending on the “regional immunity” of the tissue type and thus may
play different regulatory roles in the skin and intestinal mucosa tissues.

Recently, a large number of studies showed that the primary source
of IL-17A was not the expected Th17 cells, but a distinct population of
skin-invading immune cells called y8 T cells, which are widely involved
in the occurrence and development of psoriasis [12,13,14,40]. Further,
v8 T cells ablation results in drastically reduced disease [12,40]. In
addition, y8 T cells also contribute to the production of IL-22 and IL-17F
and expressed the chemokine receptor CCR6 [40], which allows them
to be recruited into skin [41]. At the same time, conventional aff T cells,
including Th17 cells, do not contribute to the development of psoriasis
lesions in this model [42,43]. The relevance of these findings was un-
derlined in human studies where a subset of IL-17A-producting y8 T
cells was found in the skin of patients with psoriasis [11]. Taken to-
gether, all this evidence suggests that skin-homing y8 T cells are the
predominant source of so-called Th17 cytokines, such as IL-17A, IL-17F,
and IL-22. According to our results in this study, skin-homing y8 T cells
mainly include the Vy4™ and Vy6™* v8 T cell subsets, but not the Vy1™*
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subset. Noticeably, Cd30l gene deletion only resulted in enhanced skin-
homing of the Vy4™ subset, but not the Vy6™ subset. In contrast, the
migration of Vy6* y8 T cell subset into skin lesions in CD30LKO mice
decreased as compared with that in WT mice. This finding is consistent
with our previous study in intestinal mucosa and mucosa-related tissues
[23]. Moreover, Vy4* y8 T cells, but not other subsets of v8 T cells, in
both the dLNs and skin lesions of CD30LKO mice expressed high levels
of CCR6 after psoriasis induction by IMQ. In accordance with our in
vitro results, Cd30l gene deficiency may upregulate CCR6 expression on
Vy4™* v8 T cells. Hence, CD30/CD30L signal transduction may inhibit
skin-homing by downregulating the expression of CCR6 in Vy4*y§ T
cells. However, CD30L was also found to be highly expressed in skin
macrophages, even though the expression level was not significantly
different prior to and following the induction of skin inflammation.
Therefore, the cellular interaction patterns through CD30L and CD30
and the specific intracellular signal regulation mechanisms remain
uncertain, at least in the present study, and require further investiga-
tion.

Based on CD27 expression, y8 T cell subsets can be further divided
into two subsets: CD27*% and CD27~. The CD27~ subset primarily
expresses T17-associated cytokines like IL-17A, while the CD27 " subset
are the primary source of IFN-y [44]. We showed that increased Vy4*
v8 T cells in the dLN of CD30LKO mice are part of the CD27~ popu-
lation, but not the CD27* population. Therefore, the production of IL-
17A, IL-17F, or IL-22 by CD30L™/ " CCR6*Vy4™' v8 T cells was sig-
nificantly increased while the production of INF-y. Indeed, these find-
ings were verified in subsequent treatment experiments, where it was
found that stimulation of CD30L/CD30 signaling by an agonistic anti-
CD30 mAD effectively alleviated psoriasis skin inflammation symptoms
in WT mice, through down-regulation of CCR6 expression in Vy4* y§ T
cells and inhibition of secretion of T17-related cytokines.

5. Conclusion

The present study has clarified the regulatory effects of CD30L/
CD30 signaling on the skin-homing, proliferation, and cytokine pro-
duction of the Vy4™* y8 T cell subset during the skin inflammation as-
sociated with psoriasis. In addition, we found that targeting the CD30L/
CD30 signal via agonistic antibody therapy had a significant effect on
psoriasis in mice. Our findings reveal a previously unknown CD30L/
CD30 signal-mediated protective mechanism for psoriasis and highlight
a critical role for Vy4* y8 T cells in the formation of an immune
“malignant loop” during psoriasis. Therefore, modulation of CD30L/
CD30 signaling by an agonistic anti-CD30 mAb may become a novel
biological therapy for psoriasis.
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