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Abbreviations used

cLN: Cervical lymph node

DC: Dendritic cells

EV: Epidermodysplasia verruciformis

Foxp3: Forkhead box protein P3

GFP: Green fluorescent protein

IL-22BP: IL-22 binding protein

LFA-1: Lymphocyte function-associated antigen 1

Nr2f6: Nuclear receptor subfamily 2 group F member 6

PASI: Psoriasis Area and Severity Index

Rag: Recombination-activating gene

RhoH: Ras homolog gene family H

ROR: Retinoic acid–related orphan receptor

STAT: Signal transducer and activator of transcription

gdT17: IL-172producing gdT

TC1: IFN-g–producing CD81 T

TCR: T-cell receptor

Ubr5: Ubiquitin protein ligase E3 component N-recognin 5

ZAP: Zeta chain–associated protein
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Background: Ras homolog gene family H (RhoH) is a
membrane-bound adaptor protein involved in proximal T-cell
receptor signaling. Therefore RhoH plays critical roles in the
differentiation of T cells; however, the function of RhoH in the
effecter phase of the T-cell response has not been fully
characterized.
Objective: We sought to explore the role of RhoH in
inflammatory immune responses and investigated the
involvement of RhoH in the pathogenesis of psoriasis.
Methods: We analyzed effector T-cell and systemic
inflammation in wild-type and RhoH-null mice. RhoH
expression in T cells in human PBMCs was quantified by using
RT-PCR.
Results: RhoH deficiency in mice induced TH17 polarization
during effector T-cell differentiation, thereby inducing
psoriasis-like chronic dermatitis. Ubiquitin protein ligase E3
component N-recognin 5 (Ubr5) and nuclear receptor subfamily
2 group F member 6 (Nr2f6) expression levels decreased in
RhoH-deficient T cells, resulting in increased protein levels and
DNA binding activity of retinoic acid–related orphan receptor
gt. The consequential increase in IL-17 and IL-22 production
induced T cells to differentiate into TH17 cells. Furthermore,
IL-22 binding protein/Fc chimeric protein reduced psoriatic
inflammation in RhoH-deficient mice. Expression of RhoH in
T cells was lower in patients with psoriasis with very severe
symptoms.
Conclusion: Our results indicate that RhoH inhibits TH17
differentiation and thereby plays a role in the pathogenesis of
psoriasis. Additionally, IL-22 binding protein has therapeutic
potential for the treatment of psoriasis. (J Allergy Clin Immunol
2019;143:1878-91.)

Key words: Psoriasis, T cell, TH17, IL-22 binding protein, retinoic
acid–related orphan receptor gt, Nr2f6, T-cell receptor signaling

Ras homolog gene family H (RhoH) is an atypical small
GTPase with no GTPase activity. Our group and others have
reported that RhoH plays a critical role in immune cell function
by acting as a membrane-bound adapter for various proximal
protein kinases, including zeta chain–associated protein (ZAP)
70, spleen tyrosine kinase, lymphocyte-specific protein kinase,
and C-terminal Src kinase, thereby modulating signal trans-
duction pathways.1-6 T-cell development and activation depend
on RhoH. Because T-cell receptor (TCR) signaling is strongly in-
hibited by RhoH deficiency, human RhoH deficiency increases
susceptibility to epidermodysplasia verruciformis (EV), a rare in-
herited skin disease.7

Psoriasis is a chronic inflammatory skin disorder characterized
by formation of hard scaly plaques8,9 and hyperproliferation of
keratinocytes in the epidermis. Multiple factors contribute to
the pathogenesis of psoriasis, including genetic, environmental,
and immunologic triggers.10 T cells are also recognized as a crit-
ical mediator of the pathogenesis of psoriasis because effective
treatment of psoriasis has been reported uwith cyclosporine.11,12

The current accepted model of the cause of psoriasis primarily in-
volves the IL-23/IL-22 axis.13 TH17 cells activated by IL-23 pro-
duce IL-17 and IL-22, which in turn induce keratinocyte
proliferation.

Although T cells seem to be important for the progression of
psoriasis, the precise role of T cells in the pathogenesis of
psoriasis is still unclear, partly because of the lack of a psoriasis
mouse model with T-cell defects. The RhoH-deficient mice we
generated represent a unique mouse model of psoriasis induced
by the loss of a component of the TCR signal transduction
pathway. In the current study we demonstrated that an increase in
numbers of TH17 cells led to chronic skin inflammation and clin-
ical symptoms reminiscent of those observed in human psoriasis.
We also found that IL-22 binding protein (IL-22BP) improved the
psoriasiform dermatitis phenotype in RhoH2/2 mice. Our find-
ings offer novel insight into the pathogenesis of psoriasis and
highlight the role of IL-22 as a promising target of therapeutic
intervention.
METHODS

Mice
BALB/c mice were purchased from SLC Japan (Shizuoka, Japan). BALB/c

recombination-activating gene 2 (Rag2)2/2 mice (Model 601) were purchased

from Taconic Farm (Germantown, NY). RhoH2/2 and RhoH transgenic mice

were backcrossed onto the BALB/c background strain for more than 10 gener-

ations. Conditional knockout mice lacking RhoH were generated by the target-

ing vector containing locus of X-over P1 (LoxP) sites flanking exons 2 and 3 of

the RhoH locus and flippase flanked a premature stop codon and a neomycin

cassette. Embryonic stem cell clones were expanded and injected into primary

blastocysts. Generated mice were crossed to the germline flippase deleter to

excise the flippase recognition target–flanked cassette. Cd4-cre transgenic and

ERT22cre transgenic mice were gifts from Dr T. Ikawa (Riken, Wako, Japan).

ERT22cre mice were treated daily for 3 days by means of intraperitoneal injec-

tion of 4 mg of tamoxifen dissolved in olive oil and allowed to rest for 1 day. IL-

222/2 mice were generated by using CRISPR/Cas9 genome editing systems.

Single-guide RNA was designed for the target sequence (59-CACA-
GATGTCCGGCTCATCG-39) and prepared, as described previously.14

Briefly, hCas9 mRNAs (100 ng/mL) and single-guide RNAs (50 ng/mL)

were coinjected into the cytoplasm of pronuclear stage eggs obtained by

means of in vitro fertilization from superovulated BALB/c female and male

mice. Eggs were transferred into the oviducts of pseudopregnant female

mice. The same phenotype of two Il22 knockout mouse lines, which were

identified either 157 or 53 bp deletion upstream from the Protospacer adjacent

motif (PAM) sequence, were established from 2 independent embryonic stem

cell lines. Mice were treated with intravenous injection of either vehicle (Sol-

utol HS 15/ethanol/H2O, 15/10/75) or 0.1 mg of lenalidomide.
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All micewere bred andmaintained under specific pathogen-free conditions

in our animal facility. All animal experiments were approved by the Animal

Care and Use Committee of the National Center for Global Health Medicine

Research Institute (no. 23-Tg-31) and conducted in accordance with

institutional procedures.
Flow cytometry and cell sorting
Lymphoid tissues were crushed and passed through a 42-mm-pore nylon

mesh 3 times to obtain single-cell suspensions. Skin-infiltrating cells were

prepared by digesting skin fragments with collagenase D (Roche, Mannheim,

Germany) and DNase I (Roche). Skin lymphoid cells were corrected through a

40% to 70%Percoll step gradient. Cells (13 106) were stained with saturating

concentrations of indicated antibodies for 30 minutes at 48C and washed in

200 mL of staining medium (HBSS containing 0.1% BSA and 0.1% sodium

azide). If needed, cells were then stained with saturating concentrations of

appropriate fluorochrome-conjugated streptavidin or goat F(ab9)2 anti-rabbit

IgG for 10 minutes at 48C. For detection of intracellular cytokines, cells

were incubated approximately 5 hours after initiation of phorbol 12-

myristate 13-acetate plus ionomycin stimulation under brefeldin

A treatment. Then cells were fixed with 2% paraformaldehyde for 30 minutes,

permeabilized with 0.1% saponin, and stained with antibodies. Forkhead box

protein P3 (Foxp3) staining was performed with the Foxp3 staining kit (eBio-

science, San Diego, Calif), according to the manufacturer’s protocol. Cells

were analyzed on FACSCanto II (Becton Dickinson, San Jose, Calif). For

cell sorting of naive, green fluorescent protein (GFP)1, and CCR61 CD4 T

cells, isolated cells were stained and sorted with the FACSAria III (Becton

Dickinson).
Antibodies
Monoclonal antibodies specific for B220 (RA3-6B2), CD4 (GK1.5), CD8a

(53-6.7), CD25 (PC61.5), CD62L (MEL-14), NK1.1 (PK136), TCRb (H57-

597), Foxp3 (FJK-16s), and retinoic acid–related orphan receptor (ROR) gt

(B2D) were purchased from eBioscience. Monoclonal antibodies against

CD3ε (2C11), CD4 (OKT4), CD11a (H155-78), CD44 (IM7), integrin b7

(FIB504), CCR6 (29-2L17, G034E3), TCRab (IP26), TCRgd (GL3), IFN-g

(XMG1.2), IL-2 (JES6-5H4), IL-17A (TC11-18H10.1), IL-17F (9D3.1C8),

and IL-22 (1H8PWSR) were purchased from BioLegend (San Diego, Calif).

Monoclonal antibodies targeting CD3ε (2C11), CD28 (37.51), IL-4 (554435),

IFN-g (XMG1.2), and Ly-6G (1A8) were purchased from BD Biosciences.

Polyclonal and monoclonal antibodies for Loricrin (Covance, Princeton, NJ),

Ki67 (Abcam, Cambridge, United Kingdom), and keratin 14 (Covance) were

used for immunohistochemistry.
Histologic analysis
Tissues were fixed overnight in 4% paraformaldehyde, dehydrated, paraffin

embedded, sectioned (6 mm), and stained with hematoxylin and eosin. Frozen

tissues embedded in OCT compound (Sakura Finetek, Torrance, Calif) were

sliced into 5-mm-thick sections with a cryostat (Leica,Wetzlar, Germany), air-

dried, fixed with acetone, and stained with hematoxylin and eosin or specific

antibodies, as described previously. Multicolor images were obtained with a

BZ-9000 fluorescence microscope (Keyence, Osaka, Japan).
Quantitative mRNA analysis
Total cellular RNAwas reverse transcribed with Superscript III first-strand

synthesis supermix using quantitative RT–PCR (Life Technologies, Grand

Island, NY). Real-time PCR was performed with the SYBR Premix ExTaq

(TaKaRa, Kusatsu, Japan) and StepOne Real-Time PCR System (Life

Technologies).
Cytokine analysis
Cytokine measurement was performed with mouse plasma incubated with

the Bio-Plex Pro Mouse Cytokine Group III 8-plex panel plate and processed
according to themanufacturer’s instructions (Bio-Rad Laboratories, Hercules,

Calif). Data were collected and analyzed on a Bio-Plex 3D Suspension Array

System (Bio-Rad).
In vitro cell differentiation
Sorted naive CD41 T cells were activated with antibodies against CD3 and

CD28 (2mg ∙mL21) in the presence of recombinant human TGF-b1 (0.5 ng ∙
mL21; PeproTech, Rocky Hill, NJ), IL-1b (20 ng ∙ mL21; 21-8012-U010;

Tonbo Biosciences, San Diego, Calif), and IL-23 (20 ng ∙ mL21; 14-8213-

63; eBioscience) and recombinant murine IL-6 (40 ng ∙ mL21; 406-ML;

R&D Systems, Minneapolis, Minn) plus anti–IFN-g (20 mg ∙ mL21) and

anti–IL-4 (20 mg ∙ mL21) antibodies.
Chromatin immunoprecipitation assay
Chromatin immunoprecipitation assays were performed with the chro-

matin IPAssay kit (Millipore, Temecula, Calif). Briefly, cells were fixed in a

formaldehyde solution and then resuspended in SDS lysis buffer. Lysates were

sonicated with an E220 focused-ultrasonicator (Covaris, Woburn, Mass) to a

desired fragment size distribution of 100 to 200 bp. Immunoprecipitation

reactions were performed with anti-RORgt (eBioscience) or anti–nuclear

receptor subfamily 2 group F member 6 (Nr2f6; GeneTex, Irvine, Calif)

antibodies. Chromatin immunoprecipitates were quantified by using the real-

time PCR system.
Human blood samples
Blood samples were collected from control subjects or patients with

psoriasis before receiving any medical treatment. Informed consent was

obtained from each participant. Sixteen patients with psoriasis between 23

and 84 years of age (average, 61.4 years; female, 37.5%) were included in

this study. Eleven healthy volunteers who were 34 to 73 years of age

(average, 54.0; female, 36.36%) and taking no medication served as

control subjects. PBMCs were isolated from blood samples with a

lymphocyte separating medium. Total RNA was extracted with RNeasy.

These studies were approved by the Nagoya City University Institutional

Review Board.
Purification of IL-22BP–Fc chimera
293T cells were transfected with the construct encoding the fusion

protein IL-22BP (full-length)/Fc portion of human IgG and cultures in GIT

medium. IL-22BP/Fc chimera protein were purified with protein

A Sepharose beads.
Statistical analysis
Statistical analyses were performed with GraphPad Prism statistical

analysis software (GraphPad Software, La Jolla, Calif). Group

differences were analyzed by using the unpaired Student t test or

2-way ANOVA with multiple comparisons, followed by Tukey posttest

comparisons, for 3 or more groups. P values of .05 or less were

considered significant.
RESULTS

RhoH2/2 BALB/c mice had a chronic skin disorder
The SKG mutation is a naturally occurring loss-of-function

mutation in ZAP70 that disrupts thymic T-cell selection and
triggers autoimmune arthritis in BALB/c mice.15 Although
RhoH functions as an adaptor for ZAP-70, RhoH2/2 mice never
had arthritis or any signs of autoimmune symptoms, such as
autoantibody production or intestinal degeneration, even after
backcrossing mice to a BALB/c background for more than 10
generations (see Fig E1 in this article’s Online Repository at
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www.jacionline.org). Unexpectedly, however, after 10 weeks of
age, RhoH2/2 mice spontaneously had inflammation in the skin
of the eyelid, ear, and tail (Fig 1, A) and exhibited mild weight
loss (see Fig E2 in this article’s Online Repository at www.
jacionline.org). Immunohistochemistry staining for loricrin
and keratin revealed signs of epidermal hyperplasia (acanthosis)
and parakeratosis in the inflamed tissue (Fig 1, C and E). We
also observed elongated capillaries with Ki671 proliferating
keratinocytes in the basal layer of the epidermis (Fig 1, D).
RhoH2/2 mice also exhibited intraepidermal microabscesses
containing Ly-6G1 cells, indicating that neutrophils had been
recruited to the inflamed lesions (Fig 1, E). We also found
that CD11c1 dendritic cells (DCs) and CD41 T cells had infil-
trated the dermis of RhoH2/2 mice (Fig 1, E and F). Further-
more, physiologic stimuli (tape-stripping) applied to the dorsal
skin induced epidermal thickening reminiscent of what was
observed in the eyelids of RhoH2/2 mice (the Koebner phenom-
enon; see Fig E3 in this article’s Online Repository at www.
jacionline.org). We also found that repeated administration of
zymosan, a molecule that promotes TH17 cell differentiation,16

accelerated and augmented the severity of dermatitis symptoms
in RhoH2/2 mice, even when the mice were young (see Fig E4
in this article’s Online Repository at www.jacionline.org).
Taken together, RhoH2/2 mice exhibited multiple hallmarks
of human psoriasis.
Loss of RhoH in T cells induced dermatitis
To investigate the role of lymphocytes in the pathogenesis of

chronic dermatitis in RhoH2/2 BALB/c mice, we outcrossed
these mice to Rag22/2 mice. As shown in Fig 1, G, dermatitis
did not develop inmice lacking lymphocytes, despite the presence
of innate lymphoid cells, indicating that mature lymphocytes (T
and/or B cells) are an absolute requirement for disease
progression.

Next, we crossed RhoH2/2 BALB/c mice to mice expressing
RhoH-Tg under the control of the human CD2 promoter to restore
T-cell development.6 RhoH2/2, RhoH-Tg mice, which express
RhoH exclusively in T cells, did not have dermatitis (Fig 1, H),
indicating that RhoH deficiency in T cells was critical for the in-
duction of dermatitis. In addition, total splenocytes transferred
from BALB/c RhoH2/2 mice into BALB/c nu/nu mice induced
mild eyelid inflammation after 2 to 4 weeks (see Fig E5 in this ar-
ticle’s Online Repository at www.jacionline.org). Although the
Koebner phenomenon in RhoH2/2 splenocytes transplanted
into nu/numice was not tested, these results clearly demonstrated
that the loss of RhoH in T cells induced dermatitis in BALB/c
RhoH2/2 mice.
Proportion of TH17 cell and IFN-g–producing
CD81 T cells increased in RhoH2/2 mice

Because the significance of TH17 cells in the pathogenesis
of psoriasis is widely accepted,17 we analyzed the TH17 cell
polarization in RhoH2/2 mice. The TH17-associated cytokines
IL-17, IL-22, and IL-23 and the proinflammatory cytokine IL-
6 were significantly upregulated in inflamed skin lesions and
blood from RhoH2/2 mice (Fig 2, A and B, and see Fig E6
in this article’s Online Repository at www.jacionline.org).
Plasma IL-21 and IL-2 levels were not changed in RhoH2/2

mice. Accordingly, there was an increase in infiltration of
IL-17A1CD41 TH17 cells into dermal lesions in RhoH2/2

mice (Fig 2, C). There was a general decrease in the number
of peripheral mature T cells in RhoH2/2 mice because of
impaired T-cell development (see Fig E7, A and B, in this ar-
ticle’s Online Repository at www.jacionline.org).18,19 Howev-
er, RhoH2/2 mice with dermatitis symptoms exhibited an
increase in the number of CD41 and CD81 T cells exclusively
in the cervical lymph nodes (cLNs), which function as the
draining lymph nodes of the eyelids (Fig 3, A and B). b2-
(lymphocyte function-associated antigen 1 [LFA-1]) and b7-
integrins were expressed at higher levels in TH17 cells in
cLNs of RhoH2/2 mice (see Fig E8 in this article’s Online Re-
pository at www.jacionline.org). The proportion of TH17 cells
significantly increased in cLNs (Fig 3, C and D), inguinal LNs,
mesenteric LNs, and spleens of RhoH2/2 mice. TH17 cells ex-
press the chemokine receptor CCR6 at the cell surface (see Fig
E7, C).20 The number of CD41CCR61 cells increased in
RhoH2/2 lymph nodes and spleens (see Fig E7, D).

gd T cells are an alternative source of IL-17, and IL-
172producing gdT (gdT17) cells are reported to be involved in
patients with psoriasis-like dermatitis.21 However, the number of
gdT17 cells in the cLNs of RhoH2/2 mice decreased compared
with RhoH1/1 mice (see Fig E7, F). Similar to TH17-related cy-
tokines, IFN-g is considered a critical mediator of psoriasiform
skin inflammation because IFN-g–producing CD81 T (TC1) cells
can initiate and orchestrate psoriasis-like skin inflammation.22,23

Consistent with this finding, the number of TC1 cells increased in
the lymph nodes of RhoH2/2 mice (Fig 3, C and D).

To test whether the increase in numbers of TH17 and TC1 cells
was simply a consequence of chronic dermatitis, we analyzed
young BALB/c RhoH2/2mice before development of dermatitis,
as well as C57BL/6 RhoH2/2 mice, which never have dermatitis.
Even in the absence of inflammatory symptoms, the proportion of
TH17 cells increased in young BALB/c RhoH2/2 mice and in
C57BL/6 RhoH2/2mice (Fig 3,G andH). These findings demon-
strated that the increase in numbers of TH17 and TC1 cells was not
the result of inflammation but was a direct consequence of RhoH
deficiency. Accordingly, the ectopic expression of RhoH exclu-
sively in T cells in RhoH2/2, RhoH-Tg mice abolished the increase
in numbers of TH17 and TC1 cells (Fig 3, I and J, see Fig E7).

To verify that the increase in TH17 and TC1 cells was due to T
cell–intrinsic effects, we generated a conditional RhoH deletion
in T cells by using mice harboring a Cre-recombinase transgene
under the control of the CD4 promoter. Similar to global RhoH
deficiency, the conditional deletion of RhoH in mature T cells
also induced an increase in the number of TH17 and TC1 cells
(see Fig E9, A and B, in this article’s Online Repository at
www.jacionline.org), indicating that this effect was a direct result
of RhoH deficiency in T cells. Collectively, these results demon-
strate that the absence of RhoH in T cells leads to an increase in
the number of TH17 and TC1 cells in vivo.
TH17 cells in RhoH2/2 mice induced psoriasis-like

dermatitis
TH17 cells play a role in the pathogenesis of psoriasis progres-

sion. To investigate whether psoriasis-like dermatitis in RhoH2/2

mice could be due to the observed increase in numbers of
TH17 cells, we transferred isolated CD41CCR61 TH17 cells
from young BALB/c RhoH2/2 mice into BALB/c Rag2/2

mice. CD41CCR61 cells from RhoH2/2 mice promoted the
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FIG 1. RhoH2/2 mice have psoriatic lesions. A and B, Blepharophimosis in 1-year-old RhoH2/2 mice (Fig 1,

A) and dermatitis scores at the indicated periods of time (Fig 1, B). Disease severity was assessed once a

week on a scale of 0 to 3: 0, no inflammation; 0.5, puffy eye; 1, eyelid swelling; and 1.5, eyelid erosion for

each eye. Data shown aremeans from 51mice (data points, >11). ****P < .0001, 2-way ANOVA and the Bon-

ferroni test with multiple comparisons. C, Representative eyelid skin sections stained with hematoxylin and

eosin. D and E, Immunohistochemical staining for loricrin-positive, keratin 14–positive, Li671 keratinocytes;

Ly6-G1 neutrophils; CD11c1 DCs; and CD41 T cells. F, Migratory CD41 T cells in mouse skin sections.

**P < .01, unpaired t test. G, Eyelid sections (top) stained with hematoxylin and eosin and mean clinical

scores (bottom) in RhoH2/2, Rag22/2, and RhoH2/2Rag22/2 mice with dermatitis. H, Hematoxylin and

eosin-stained eyelid sections (top) and clinical scores in RhoH2/2 and RhoH2/2, RhoH-Tg mice with dermatitis

induced by 15 mg/kg zymosan (bottom). ***P < .001.
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progression of skin inflammation in Rag2/2 mice, whereas
RhoH1/1 CD41CCR61 cells did not have any effect (Fig 4, A
and B). IL-17 inhibition by mAbs targeting IL-17 (secukinumab
and ixekizumab) and IL-17RA (brodalumab) have successfully
shown significant improvement in patients with psoriasis. Admin-
istration of anti–IL-17A/IL-17RA antibodies ameliorated skin
inflammation in RhoH2/2 mice (see Fig E10 in this article’s On-
line Repository at www.jacionline.org), indicating the importance
of TH17 cells in the pathogenesis of our dermatitis model. These
results indicate that the loss of RhoH in T cells led to an increase
in TH17 cells in vivo and that the increase in TH17 cells caused
psoriasis-like chronic dermatitis.

http://www.jacionline.org


FIG 2. T cell–intrinsic immune responses in psoriatic inflammation in RhoH2/2 mice. A, Il17F, Il6, and Il22
mRNA levels in the eyelids of wild-type (Wt; n 5 10) and RhoH2/2 (n 5 11) mice. B, Serum concentrations

of IL-17 and IL-23p19 determined by using Bio-Plex. C, Representative fluorescence-activated cell sorting

plots of intracellular IFN-g versus IL-17A staining in CD41 T cells that had infiltrated the eyelid (left).

Numbers represent the proportion of stained cells in the total population of live CD41 T cells. The scatter

plot presents quantitative analysis of CD41IL-17A1 TH17 cells with more than 12 mice per group. *P < .05

and **P < .01. n.s., Not significant.
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FIG 3. RhoH is essential for TH17 cell development. A, Representative spleens and lymph nodes from

RhoH2/2 mice (right) and age-matched wild-type (WT) mice (left). B, CD41 T cells (top) and CD81 T cells

(bottom) in cLNs from RhoH2/2 and WT mice. C and E, Flow cytometric analysis of IFN-g versus IL-17A

production in CD41 (Fig 3, C) and CD81 (Fig 3, E) T cells from cLNs. D and F, Data represent

means 6 SEMs of IL-171CD41 cells (Fig 3, D) and IFN-g1CD81 T cells (Fig 3, F) from more than 11 mice

per group. G and H, Proportion of IL-17A1CD41 (Fig 3, G) and IFN-g1CD81 T cells (Fig 3, H) in wild-type

and RhoH2/2 C57BL/6 mice. I and J, Proportion of IL-17A1CD41 (Fig 3, I) and IFN-g1CD81 (Fig 3, J) T cells

in RhoH2/2, RhoH-Tg mice. *P < .05, ***P < .001, and ****P < .0001.
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FIG 4. RhoH inhibits TH17 cell differentiation. A and B, Histology and clinical scores of eyelid sections from

mice with dermatitis induced by adoptive transfer of TH17 cells. C, Proportion of IL-17A1CD41 T cells in

naive CD4 T cells grown under TH17-polarizing conditions for 4 days. Cells stained for intracellular IL-17A

and IFN-g and were gated on live CD41 T cells. D, Proportion of IL-171 cells in naive CD41 T cells isolated

from RhoHfl/fl cre-ERT21 mice exposed to tamoxifen and grown under TH17-polarizing conditions for

3 days. ***P < .001 and ****P < .0001. WT, Wild-type.
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RhoH deficiency promotes TH17 differentiation

in vitro
Next, we sought to determine the mechanism underlying the

increase in numbers of TH17 cells in RhoH
2/2 mice. Because the

increase in numbers of TH17 cells appeared to be a T cell–intrinsic
effect, we assessed the effect of RhoH deficiency on TH17 differ-
entiation in vitro. Although a subset of peripheral T cells in
RhoH2/2 mice had already skewed toward a TH17 phenotype
(Fig 3, C,D,G, and I), they exhibited a CD44hiCD62Llo activated
phenotype, and the population of CD44loCD62Lhi naive T cells
did not include IL-17–producing cells (see Fig E11 in this article’s
Online Repository at www.jacionline.org). Therefore we isolated
naive CD62LhiCD41 T cells from RhoH2/2 mice and incubated
them in TH17 differentiation medium. RhoH is a critical compo-
nent of the TCR signaling pathway, and therefore the response to
TCR stimulation was strongly inhibited in RhoH2/2 T cells.6 As
expected, TH17 differentiation induced by stimulation with
ordinary concentrations of anti-TCR (5–10 mg/mL monoclonal
anti-CD3) was inhibited in RhoH2/2 naive T cells (see Fig E12
in this article’s Online Repository at www.jacionline.org).
However, differentiation into TH17 cells was enhanced
in RhoH2/2 T cells stimulated with higher concentrations of
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anti-CD3 (100–500mg/mL; Fig 4, C; see Fig E12). This enhance-
ment was specific to TH17 induction because differentiation into
the TH1, TH2, and regulatory T lineages was comparable in cells
treated with the stimulating antibody (see Fig E13 in this article’s
Online Repository at www.jacionline.org).

To exclude the possibility that the upregulation of TH17 differ-
entiation was due to changes in naive CD41T cells resulting from
impaired T-cell development, we analyzed mice in which RhoH
was deleted after normal thymic differentiation by using a
tamoxifen-inducible Cre-ERT2 system. The upregulation of
TH17 differentiation in RhoH

2/2 naive T cells was also observed
in naive T cells isolated frommicewith the conditional deletion of
RhoH in mature T cells (Fig 4, D), indicating that this effect was
not an indirect consequence of impaired T-cell development. In
addition, lenalidomide-mediated inhibition of RhoH24 also
enhanced TH17 cell differentiation in naive T cells (see Fig
E14, A and B, in this article’s Online Repository at www.
jacionline.org).

Furthermore, we generated a conditional mutant in which
RhoH was exclusively deleted in peripheral T cells by crossing
mice harboring a cd2-cre transgene with RhoHfl/fl mice.25 As
shown in Fig E14, A, the loss of RhoH in peripheral T cells also
promoted TH17 differentiation (see Fig E14, C). Together, these
results indicate that loss of RhoH inmature naive T cells promotes
differentiation into TH17 cells.
RhoH orchestrates RORgt-mediated transcription
To elucidate the role of RhoH in TH17 differentiation, we eval-

uated TH17-associated signal transduction. IL-6 receptor–
mediated signaling is critical for the induction of RORgt, a master
transcriptional regulator of TH17 cell differentiation. Therefore
we evaluated IL-6 receptor–mediated signal transducer and acti-
vator of transcription (STAT) 3 activation in RhoH2/2 T cells.
However, IL-6–induced STAT3 phosphorylation was comparable
in RhoH2/2 T cells and wild-type T cells (see Fig E15, A, in this
article’s Online Repository at www.jacionline.org).

Next, we evaluated expression levels of various TH17-related
genes. Consistent with upregulation of TH17 differentiation,
Il17a/f and Il22 expression levels markedly increased in
RhoH2/2 T cells cultured in TH17-polarizing conditions for
4 days (Fig 5, A). However, expression levels of IL-21, another
pleiotropic cytokine produced by TH17 cells, did not increase.
Consistent with these findings, serum levels of IL-17 increased
in RhoH2/2 mice, whereas serum levels of IL-21 remained un-
changed (Fig 2, B). Transcription of Il17 and Il22, but not Il21,
depends on RORgt. Therefore we predicted that RORgt expres-
sion levels could be increased in RhoH2/2 T cells. However,
levels of mRNA for RORgt and RORa decreased in RhoH2/2

T cells in comparisonwithRhoH1/1T cells (Fig 5,A). In contrast,
RORgt protein levels significantly increased in RhoH2/2 T cells
(Fig 5, B), suggesting that RhoH might be involved in the post-
transcriptional regulation of RORgt.

Consistent with these results, TCR-induced expression of
ubiquitin protein ligase E3 component N-recognin 5 (Ubr5), a
gene encoding a ubiquitin E3 ligase for RORgt, decreased in
RhoH2/2 T cells (Fig 5, A). This finding indicated that the reduc-
tion in Ubr5 expression enhanced RORgt stability, thereby
increasing RORgt protein levels in RhoH2/2 T cells.

In addition, TCR-induced expression of the gene encoding the
nuclear orphan receptor Nr2f6 (also referred to as Ear2 or V-erbA-
Related Protein2) was inhibited in RhoH2/2 T cells (Fig 5, A).
Nr2f6 inhibits RORgt binding to the IL-17 promoter, and there-
fore a reduction in Nr2f6 expression levels could lead to an in-
crease in RORgt binding to the IL-17 promoter region.
Consistent with this hypothesis, chromatin immunoprecipitation
experiments revealed that the recruitment of Nr2f6 to the IL-17
promoter was inhibited, and this effect was accompanied by a
concomitant increase in RORgt binding to the IL-17 promoter
(Fig 5, C). Furthermore, retrovirus-mediated overexpression of
Nr2f6 in RhoH2/2 T cells nearly abolished upregulation of
TH17 differentiation (Fig 5,D). Collectively, these results suggest
that RhoH regulates the stability and DNA binding activity of
RORgt during TH17 cell differentiation, especially at the late
effector phase.
RhoH expression in patients with psoriasis
Because RhoH deficiency in BALB/c mice induced psoriatic

dermatitis by promoting the TH17 lineage, we investigated the
potential role of RhoH in the pathogenesis of human psoriasis.
First, we analyzed RhoH mRNA expression in PBMCs from
patients with psoriasis by using the quantitative PCR method
(RhoH expression was divided based on T-cell lineage marker
CD3 expression to measure T-cell specific expression from
PBMC samples). Although RhoH expression levels were similar
in T cells from healthy donors and patients with psoriasis (data not
shown), these differed between patients stratified by Psoriasis
Area and Severity Index (PASI) scores. RhoH expression levels
were significantly lower in patients with more severe disease
(PASI > 20 [high PASI scores]) compared with those with less
severe disease (PASI <_ 20 [low PASI scores]; Fig 5, E). Therefore
RhoH expression levels might be related to the severity of
psoriatic symptoms.

We also found that RhoH expression was maintained at low
levels in TH17 cells isolated from RORgt-GFP knock-in trans-
genic mice. RhoH levels decreased in RORgt1 CD41 T cells
compared with GFP2CD41 T cells (Fig 5, F), and similar results
were observed in sorted human CCR61CD41 T cells (Fig 5, G).
IL-22BP suppresses progression of skin

inflammation in RhoH2/2 mice
Next, we evaluated the therapeutic potential of IL-22 inhibition

in our RhoH knockout mouse model. IL-22 plays an important
role in the pathogenesis of psoriasis,26 and Il22 expression levels
strongly increased in the eyelid legion of RhoH2/2 mice (Fig 2,
A). An IL-22 deficiency generated by using the CRISPR/Cas9
system completely abolished the development of dermatitis in
RhoH2/2 mice (Fig 6, A), indicating that the development of
dermatitis in this model was dependent on IL-22. A previous
study demonstrated that blocking IL-22 activity by using an anti-
body against IL-22 was effective in psoriasis mouse model treat-
ment.27 Therefore we investigated the therapeutic effect of
IL-22BP (IL-22RA), an endogenous soluble decoy receptor for
IL-22. Repeated administration of a recombinant wild-type IL-
22BP/Ig-Fc fusion protein partially inhibited dermatitis in
RhoH2/2 mice, whereas a mutant (A66/A118) version of IL-
22BP, which does not bind to IL-22, did not have any effect
(Fig 6, B-D). This finding suggests that neutralization of IL-22
by IL-22BP represents a potential therapeutic strategy for the
treatment of psoriasis.
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FIG 5. RhoH orchestrates TH17 cell differentiation through Nr2f6 and Ubr5. A, Gene expression levels in

naive T cells cultured for 4 days under TH17-polarizing conditions were analyzed by using real-time PCR.

B and C, Protein levels (Fig 5, B) and chromatin binding (Fig 5, C) in the IL-17 promoter region of RORgt

and Nr2f6. D, Proportion of IL-17A1CD41 T cells from RhoH2/2 mice. E, Correlation between RhoH expres-

sion levels and PASI scores in patients with psoriasis. F andG,mRNA expression levels in T cells from GFP-

RORgt mice (Fig 5, F) and in PBMCs from healthy human volunteers (Fig 5, G). Expression levels of RhoH

were normalized to a-actin. *P < .05, **P < .01, ***P < .001, and ****P < .0001.
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FIG 6. Inhibition of IL-22 attenuates psoriatic dermatitis in RhoH2/2 mice. A, Clinical scores for eyelid

swelling in RhoH2/2, RhoH2/2IL-221/2, and RhoH2/2IL-222/2 mice. B-D, Representative images (Fig 6, B),
clinical scores (Fig 6, C), and hematoxylin and eosin (H&E)–stained eyelid sections (Fig 6,D) frommice intra-

venously injected once a week with 25 mg of IL-22BP/Fc wild-type (wt) or mutant (mut) recombinant protein.

*P < .05 and **P < .01.
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DISCUSSION
Although multiple animal models of psoriasis have been

reported,28 few of them are associated with components of the
TCR signal transduction pathway. Therefore it was unexpected
that the loss of RhoH, an adaptor protein that functions in prox-
imal TCR signaling, caused psoriatic dermatitis. However,
RhoH can inhibit the transcriptional activity of RORgt by modu-
lating RORgt stability and promoter-binding activity, thereby
suppressing TH17 cell polarization. For this reason, RhoH defi-
ciency induces psoriasis-like dermatitis by upregulating
TH17 cell polarization. It is obvious that a simple increase in
TH17 cell numbers is not enough to induce psoriasis-like derma-
titis because the symptom does not occur on the B6 background
with the same increase in TH17 cell numbers. Additionally,
BALB/c-RhoH2/2 mice did not have induced psoriatic arthritis
or other systemic manifestations. Therefore multiple other factors
are apparently important for the development of psoriasis.

Both IL-17 and IFN-g play critical roles in the pathogenesis of
psoriasis. IFN-g expression is increased in psoriatic lesions
compared with nonpsoriatic skin,29 and it colocalizes with IL-
17 expression in psoriatic lesions.30 IFN-g programs DCs to stim-
ulate IL-17–producing T-cell expansion through IL-23 and IL-1.
In patients with psoriasis, IL-17 and IFN-g exhibit synergistic ef-
fects on the production of various proinflammatory cytokines,
including IL-6 and TNF-a.8 We found that the proportion of
both IL-17–producing TH17 cells and IFN-g–producing TC1 cells
increased in RhoH2/2 mice. b7-Integrin contributes tissue hom-
ing of TH17 cells,31 and RhoH inhibits expression of the b2-
integrin LFA-1, which is also critical for entry into lymph no-
des.32 Given the increase in b7-integrin and LFA-1 expression
in RhoH2/2 TH17 cells (see Fig E8), the increased integrin
expression could partly account for the increase in numbers of
TH17 cells in lymph nodes of RhoH2/2 mice.

Because IL-2 inhibits TH17 cell differentiation,
33 reduced IL-2

production or reduced IL-2 response could enhance TH17 cell dif-
ferentiation. However, we observed comparable IL-2 production
by RhoH2/2 T cells in TH17-inducing culture (see Fig E16 in this
article’s Online Repository at www.jacionline.org), as well as
equivalent levels of IL-2 in sera of RhoH2/2 mice (see Fig E6,
B). Additionally, activation of STAT5 in TH17-inducing culture
was unaltered (see Fig E15, B), suggesting undisturbed IL-2
receptor–dependent signaling. Collectively, we concluded that
increased TH17 differentiation inRhoH

2/2micewas independent
of IL-2. On the contrary, RhoH2/2 naive CD41 T cells produced
more IL-2 in T0 conditions (see Fig E16, A). Because IL-2 en-
hances TC1 cell differentiation,34 increased regional IL-2 levels
might contribute to the increase in numbers of TC1 cells in
RhoH2/2 mice.

In addition to CD41 TH17 cells, gdT17 cells, type 3 innate
lymphoid cells, CD81 TC17 cells, mast cells, and neutrophils
are potential sources of IL-17.35,36 The importance of gdT17 cells
in imiquimod-induced psoriatic dermatitis is well appreciated.21

However, the proportion of gdT17 cells strongly decreased in
the eyelids and cLNs of RhoH2/2mice (see Fig E7, F), indicating
that dermatitis in RhoH2/2mice was independent of gdT17 cells.
The SKG mutation in Zap70 inhibits gdT17 cell development,37

and therefore RhoH deficiency could have a similar effect on
gdT17 cell development.38 The results of our experiments using
Rag2/2, RhoH2/2 double-knockout mice and RhoH2/2, RhoH-Tg

mice indicated that RhoH depletion in ab T cells induced
dermatitis. Moreover, TH17 differentiation was upregulated,
even in mice in which RhoH was deleted after normal T-cell
development (Fig 4, D, and see Fig E14). Therefore it can be
inferred that upregulation of TH17 cell differentiation was
primarily a consequence of RhoH deficiency in T cells rather
than due to indirect effects. Collectively, these findings indicate
that non-ab T cells are not likely to contribute to the pathogenesis
of psoriasis-like dermatitis in RhoH2/2 mice.

TCR-dependent signal transduction was strongly inhibited in
RhoH2/2 T cells. The strength of TCR signaling affects lineage
commitment during effector T-cell differentiation. Because
weak TCR signaling activity was reported to promote TH17 dif-
ferentiation,39 this activity might account for the upregulation
of TH17 differentiation in RhoH2/2 T cells. However, TH17 dif-
ferentiation was not strongly induced inRhoH2/2T cells exposed
to lower concentrations of anti-CD3 (see Fig E12), indicating that
weak TCR signaling activity cannot account for the tendency of T
cells to differentiate into TH17 cells in RhoH2/2 mice.

RORgt plays central roles in the differentiation and function of
TH17 cells, and RORgt protein levels and DNA binding activity
are regulated through multiple mechanisms. Recent studies
have demonstrated that Ubr5 induces RORgt proteolysis and
Nr2f6 competitively binds to RORgt response elements.40,41

Therefore the balance among RORgt, Ubr5, and Nr2f6 is crucial
for the dynamic regulation of TH17 cell development. In our study
expression levels ofUbr5 andNr2f6 increased in response to TCR
stimulation (Fig 5, A),41 and this effect was inhibited in RhoH2/2

T cells. Alterations in TCR signaling resulting from the absence
of RhoH could account for insufficient levels of Nr2f6 and
Ubr5 during TH17 cell differentiation. Both proteins are induced
at a relatively late phase during TH17 differentiation, and they
potentially mediate a negative feedback loop that inhibits exces-
sive inflammatory responses. In contrast, STAT3 phosphorylation
in the early stages of TH17 cell differentiation and expression of
various early responder genes, including RORgt, were not
affected in RhoH2/2 T cells, indicating that the initial stages of
TH17 cell differentiation were not affected by RhoH deficiency.
Therefore RhoHmight regulate TH17 cell differentiation at a later
phase, such as maturation of effector TH17 cells.

Although there have been no reports of psoriasis-associated
SNPs in theRhoH locus, a nonsenseRhoHmutation (Y38X) iden-
tified in patients with persistent EV–human papillomavirus infec-
tion is associated with T-cell defects.7 EV–human papillomavirus
has been linked to psoriasis,42,43 and it might play an important
role in psoriasis progression. A recently identified psoriasis sus-
ceptibility gene, T-cell activation Rho GTPase-activating protein
(TAGAP), has been shown to interact with RhoH and to inhibit its
function.44,45 This finding suggests that RhoH is potentially asso-
ciated with the pathogenesis, progression, or both of psoriasis in
human subjects. Consistent with this hypothesis, RhoH expres-
sion levels decreased in PBMCs from patients with high PASI
scores compared with those with low PASI scores (Fig 5, E), indi-
cating that RhoH expression levels are inversely correlated with
the severity of psoriasis symptoms. A previous report demon-
strated that the severity of psoriatic symptoms is directly corre-
lated with the number of TH17 cells.27 We found that
TH17 cells expressed lower levels of RhoH than naive T cells
(Fig 5, F and G), and therefore the decrease in RhoH expression
in patients with high PASI scores could be due to an increase in
the proportion of TH17 cells. In contrast to a previous report,27
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RORgt expression levels did not significantly differ between pa-
tients with high PASI and those with low PASI scores in the pre-
sent study (see Fig E17 in this article’s Online Repository at www.
jacionline.org). However, despite the lack of a difference in the
number of TH17 cells, RhoH might affect psoriatic symptoms
by modulating TH17 cell function during the late phase of
TH17 cell differentiation.

Several cytokines produced by TH1, TH17, and TH22 cells are
implicated in the pathogenesis of psoriasis. In ourRhoH2/2model
Il22 mRNA levels increased in inflamed lesions (Fig 6, A). We
concluded that the increase in IL-22 in RhoH2/2 mice was due
to the increase in numbers of TH17 cells. Involvement of TH22,
another IL-22 producer, seemed less significant because
expression of Ahr, a master regulator for TH22-differentiation,

46

was decreased in RhoH2/2 T cells (see Fig E18 in this article’s
Online Repository at www.jacionline.org). IL-22 plays a critical
role in the maintenance of epidermal homeostasis by promoting
keratinocyte migration and antimicrobial peptide production,
and therefore IL-22 upregulation can lead to epidermal
hyperplasia and skin inflammation, 2 hallmarks of psoriasis.47,48

A direct correlation between serum IL-22 levels and the severity
of psoriatic symptoms was reported in clinical studies,49 and
genetic studies revealed that Il22 polymorphisms are associated
with susceptibly to psoriasis.50,51 IL-22 has also been implicated
in patients with several autoimmune diseases, including systemic
lupus erythematosus and rheumatoid arthritis.52,53 In ourRhoH2/2

model psoriasis-like dermatitis was strongly dependent on IL-22
(Fig 6, A), indicating that IL-22 plays an important role in the
pathogenesis of psoriasis. Skin inflammation also depended on
IL-17 in this model (see Fig E10); however, Il17a/f2/2RhoH2/2

triple-knockout mice had more severe dermatitis than RhoH2/2

mice, with a tremendous increase in serum IL-22 levels (data
not shown). Further extensive study is needed to characterize these
surprising phenomena, but the double deficiency of IL-17A/F
resulted in an unexpected increase in IL-22 levels.

Targeting cytokine crosstalk between T cells and keratinocytes
is a promising approach for treating patients with psoriasis.54

Several therapeutic trials evaluating treatments that block the
IL-23/22/17 axis are currently being conducted. A clinical trial
analyzing an antibody against IL-22 (ILV-094) was terminated
in 2011.55 Although inhibiting IL-22 with a neutralizing antibody
did not exert substantial therapeutic effects in a large fraction of
patients with psoriasis, a phase II trial of ILV-094 in patients
with atopic dermatitis is still ongoing. We demonstrated that
blocking IL-22 with chimeric recombinant wild-type IL-22BP/
Fc partially attenuated eyelid swelling. IL-22BP is a soluble
endogenous decoy receptor with a strong affinity (1 pmol/L) for
IL-22, and therefore it is expected to exert a stronger inhibitory
effect compared with an mAb against IL-22. A previous study
demonstrated that retinoic acid, which is used as a therapeutic
agent for psoriasis, strongly induced IL-22BP expression in
DCs.56 Furthermore, a recent study in mice demonstrated that
IL-22 restored glycemic control in mice with diabetes.57,58

Further studies should be conducted to investigate the role of
IL-22 in metabolism and immunity. The therapeutic potential of
upregulating IL-22BP by using a low-molecular-weight com-
pound in patients with psoriasis and atopic dermatitis also merits
investigation.

In the present study we demonstrated that RhoH suppresses
psoriatic skin inflammation. Moreover, we substantiated that IL-
22BP exerts therapeutic effects on the psoriasis mouse model,
presumably by controlling keratinocyte proliferation. Therefore
modulating IL-22 signaling might represent a potent therapeutic
strategy for the treatment of chronic skin diseases.
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Key messages

d RhoH deficiency induces TH17 cell differentiation after
psoriasis-like dermatitis in mice.

d In patients with severe psoriasis, RhoH mRNA expression
in PBMCs is decreased in comparison with that in healthy
subjects and patients with mild psoriasis.

d IL-22BP treatment to RhoH-deficient mice improves skin
inflammation characterized by psoriasiform dermatitis.
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