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Originally  recognized  as a regulator  of axon  guidance  in  the  nervous  system,  Semaphorin  4D  (Sema4D,
CD100)  also  participates  in  various  immune  responses  and  many  immune-related  diseases.  However,
whether  Sema4D  is  involved  in  the  pathogenesis  of contact  hypersensitivity  (CHS)  remains  unclear.  In  this
study, we  explored  the  role  of Sema4D  in  oxazolone-induced  CHS  using  Sema4D  knockout  (KO)  mice.  We
found that  Sema4D  KO  mice  developed  attenuated  CHS  responses,  as indicated  by  milder  ear-swelling,
lower  expression  of IL-1�,  IL-6,  CXCL2  and  CXCL5,  and  decreased  recruitment  of  neutrophils,  CD8+ T
cells  and  CD4+ T cells.  CHS  was  impaired  in  the  wide  type  (WT)  mice  reconstituted  with  bone  marrow
from  Sema4D  KO  mice,  indicating  that deletion  of  Sema4D  gene  in  hematopoietic  cells  played  a  key  role
in the  alleviated  CHS in  Sema4D  KO  mice.  CHS  was  also  attenuated  in  the  WT  mice  transferred  with
draining  lymph  nodes  (dLNs)  cells from  oxazolone-sensitized  Sema4D  KO  mice,  and  the  activation  and
differentiation  of  hapten-specific  CD8+ T cells  were  impaired  in Sema4D  KO  mice.  Furthermore,  Sema4D

KO  mice  expressed  less  IL-1�  and CXCL2  than  WT  mice  after  oxazolone  sensitization,  and  after  transferred
with  dLNs  cells  from  oxazolone-sensitized  WT  mice,  naïve  Sema4D  KO  mice  showed  attenuated  CHS
responses  upon  oxazolone  challenge,  indicating  that  the  innate  immune  response  of  CHS  in Sema4D  KO
mice  was  also  abrogated.  Taken  together,  our  findings  revealed  for the  first  time  that  Sema4D  positively
regulated  both  the adaptive  and  innate  immune  responses  in CHS.

©  2016  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Allergic contact dermatitis (ACD), a common skin disease char-
cterized by itching, erythema, vesicles and blisters, is a T-cell
ependent delayed hypersensitivity reaction (type IV hypersen-
itivity) caused by exposure of the skin to hapten. Advances in
apten-induced contact hypersensitivity (CHS), a murine model of
CD, have expanded our understanding of the mechanism of ACD,
specially the specific roles of a variety of immune cells (Honda
t al., 2013). CHS is considered as a T helper 1 (Th1)/T cytotoxic 1

Tc1)-dominated skin inflammation, which can be induced by top-
cal application with hapten, small molecule including oxazolone
OXA), dinitrofluorobenzene and fluorescein isothiocyanate. CHS is
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composed of the sensitization and the elicitation phases, in which
both the adaptive and innate immune responses are involved. Dur-
ing the sensitization phase, the reactive hapten covalently couples
to proteins, and the haptenated proteins are captured and pro-
cessed by cutaneous dendritic cells (DCs), and the DCs then migrate
to the draining lymph nodes (dLNs) and prime antigen-specific
skin-homing CD8+ T cells or CD4+ T cells. In the meanwhile, ker-
atinocytes and other skin-resident cells are activated, and these
cells produce various chemical mediators, which are required for
the migration and maturation of DCs (Kabashima et al., 2003). The
elicitation phase is initiated by the innate immune response, and
exposure to the same hapten triggers a cascade of events resulting
in the infiltration of neutrophils, monocytes and effector T cells
into the inflamed tissues, and these cells can induce inflamma-
tion by producing large amounts of pro-inflammatory cytokines

and chemokines (Martin et al., 2011). However, answers are elu-
sive regarding how the immunoregulatory molecules are involved
in the adaptive and innate immunity in CHS, and further investi-
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Table 1
Primers for the analysis of mRNAs.

IL-1� Forward
Reverse

5′-GCCACCTTTTGACAGTGATG-3′

5′-AAGGTCCACGGGAAAGACAC-3′

IL-6 Forward
Reverse

5-TGCAAGAGACTTCCATCCAGT-3′

5-CTGCAAGTGCATCATCGTTGT-3′

IL-17A Forward
Reverse

5′-TCTGTGTCTCTGATGCTGTTGC-3′

5′-ATCAGGGTCTTCATTGCGGT-3′

IFN-� Forward
Reverse

5-ACTGGCAAAAGGATGGTGAC-3′

5-ACCTGTGGGTTGTTGACCTC-3′

TSLP Forward
Reverse

5′-AGGGGCTAAGTTCGAGCAAA-3′

5′-CGTCATTTCTCTCAGTTTCAGGG-3′

CXCL2 Forward
Reverse

5′-CAACCACCAGGCTACAGGG-3′

5′-GTTAGCCTTGCCTTTGTTCAGT-3′

CXCL5 Forward
Reverse

5′-CATCTAGCTGAAGCTGCCCC-3′

5′-AGCTTTCTTTTTGTCACTGCCC-3′

T-bet Forward
Reverse

5′-ACAAGTACCAGCCGCGATTC-3′

5′-TGCTTCCTTTTCTCCCGACG-3′

GATA-3 Forward
Reverse

5′-GAGATGGTACCGGGCACTAC-3′

5′-GGTCCCCATTAGCGTTCCTC-3′
Z. Zhu et al. / Molecular I

ations on the roles of these molecules in the pathogenesis of CHS
re in demand.

Semaphorins are a family of membrane proteins that originally
haracterized as guidance molecules in the nervous system, and
ncreasing evidences indicated that many members of semaphorins

ay  also play important roles in the immune system (Kumanogoh
nd Kikutani, 2013). Semaphorin4D (Sema4D, also known as
D100) is the first semaphorin (Hall et al., 1996) that has been
roved as an immunoregulatory molecular with diverse functions

n immune system (Zhang et al., 2013). Sema4D is expressed on
 wide range of cells, including multiple type of cells in ner-
ous and epithelial tissue (Negishi-Koga et al., 2011; Soong et al.,
012; Kruger et al., 2005). In the immune system, Sema4D is
xpressed with high levels on T cells (Liu et al., 2015), acti-
ated B cells, macrophages, and dendritic cells (DCs) (Liu et al.,
015). Sema4D plays multiple roles in immune responses including
ntigen-specific T cell priming (Kumanogoh et al., 2002), antibody
roduction (Shi et al., 2000) and cell-to-cell adhesion (Luque et al.,
015; Zhu et al., 2007). Studies using Sema4D-deficient (Sema4D
O) mice reveals that Sema4D is required in experimental autoim-
une encephalomyelitis (EAE) (Okuno et al., 2010), experimental

lomerulonephritis (Li et al., 2006) and lung allergic inflamma-
ion (Shanks et al., 2013). It’s also demonstrated that Sema4D can
romote the wound healing (Witherden et al., 2012) and the recov-
ry of dextran sulfate sodium-induced colitis(Meehan et al., 2013)
hrough modulating the function of �d T cells. However, to our
nowledge, the relationship between Sema4D and CHS has not
et been discussed, and it still remains to be determined whether
ema4D is involved in the pathogenesis of CHS.

In the present study, we explored the role of Sema4D in CHS
sing Sema4D KO mice, and our data showed that CHS was  sig-
ificantly attenuated in Sema4D-deficient mice compared to wild
ype (WT) mice. Activation and differentiation of CD8+ T cells in
HS were impaired in Sema4D-deficient mice; moreover, deletion
f Sema4D induced attenuated responses of innate cells in both
he sensitization and elicitation phases of CHS. Taken together, our
tudy reveals for the first time that Sema4D participates in both the
ensitization and the elicitation phase of CHS through activating the
daptive and innate immune responses.

. Methods

.1. Mice

Sema4D KO mice were kindly provided by the RIKEN BRC
hrough the National Bio-Resource Project of the MEXT, Japan,
hich was originally produced by Shi et al. (Shi et al., 2000).

ema4D KO mice and C57BL/6 mice (CD45.2 and CD45.1) were
oused in specific pathogen-free conditions. All animal experi-
ents were performed in compliance with the guidelines outlined

n the Guide for the Care and Use of Laboratory Animals of the
niversity. 8–12-week-old female mice were used in experiments.

.2. OXA-induced CHS model

Mice were sensitized by epicutaneous application of 100 �l of
.0% oxazalone (dissolved in anhydrous ethanol, Sigma-Aldrich, St.
ouis, MO,  USA) on shaved abdomen. Five days later, baseline ear

hickness of each mice was measured, and mice were then chal-
enged with 10 �l of 1% OXA or ethanol on both sides of one ear.
ar thickness was measured 24 h after the elicitation using an engi-
eer’s micrometer caliper.
Hprt Forward
Reverse

5′-TGGATACAGGCCAGACTTTG-3′

5′-GATTCAACTTGCGCTCATCTTA-3′

2.3. Histology

Briefly, mice were sacrificed and ear tissues were collected 24 h
after the elicitation and fixed in 10% formalin for 12 h. After fixa-
tion, tissue samples were embedded in paraffin blocks, sectioned
at 4 �m thickness and stained with haematoxylin and eosin (H&E).

2.4. Quantitative real-time PCR analysis

Total RNAs were isolated using TRIzol Reagent (Invitrogen, Life
Technologies, CA, USA) according to the manufacturer’s proto-
col. cDNAs were synthesized from 2 �g of total RNA using Prime
ScriptTM RT Master Mix  (Takara, Dalian, China), and quantitative
real-time PCR (qRT-PCR) was performed on CFX384 Real time PCR
detection system (Bio-Rad, Hercules, CA, USA) using SYBR Premix
Ex Taq II (Takara, Dalian, China). The thermocycling profiles were
as follows: 95 ◦C for 1 min, followed by 40 cycles of 95 ◦C for 15s,
60 ◦C for 15s, and 72 ◦C for 30s, followed by dissociation curve anal-
ysis to verify the amplification of a single product. The primers
(Table 1) were synthesized by Sangon Inc (Shanghai, China). The
relative expression of the genes was  normalized to the levels of
Hprt.

2.5. Preparation of single-cell suspension

Briefly, the skin of each ear was mechanically separated into
two halves, and then minced with scissors into small pieces and
digested for 40 min  at 37◦ using 2 mg/ml  collagenase type 11,
500 �g/ml hyaluronidase and 100 �g/ml DNase (all from Sigma-
Aldrich, St. Louis, MO,  USA). The digested tissue was  then mashed
over a 70 �m filter and washed with culture media to obtain the
single-cell suspension. Single-cell suspension of dLNs was obtained
by mechanically dissociated and incubated in 400 U/ml Collagenase
D (Roche Applied Science) for 30 min.

2.6. Flow cytometry

Single-cell suspension was  stained using antibodies (All pur-
chased from Biolegend, San Diego, CA, USA) as follows: CD8 (clone
53-6.7), Gr-1 (clone RB6-8C5), CD4 (clone GK1.5), CD45.1 (clone
A20) and CD45.2 (clone 104). Dead cells were excluded with 7-AAD

(Biolegend, San Diego, CA, USA). Fc receptors were blocked using Fc
Blocker (clone 2.4G2, Biolegend, San Diego, CA, USA). Absolute cell
counts for quantifying cell populations in the suspension were per-
formed using CountBrightTM Absolute Counting Beads (Invitrogen,
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Fig. 1. Attenuated CHS responses in Sema4D-deficient mice. WT  and Sema4D KO
mice  were sensitized with 3% oxazalone. Five days later, the mice were challenged
with 1% oxazalone or vehicle (ethanol, EtOH) on the ears. (A) Ear thickness was
measured at 6, 24, 48 and 72 h after challenge, and the increase in ear thickness from
baseline was shown. (B) H&E staining of ear samples collected 24 h after challenge.
(Original magnification 200 × , scale bar = 300 �m)  (C) The relative expression of IL-
1�,  IL-6, INF-�, TSLP, CXCL2 and CXCL5 in the ear samples 24 h after challenge were
00 Z. Zhu et al. / Molecular I

arlsbad, CA, USA). All FACS analyses were completed on a FACS
alibur instrument (BD Biosciences, San Jose, CA, USA) and were
nalyzed using FlowJo software (Tree star, Ashland, TN, USA). In
ddition, CD8+ T cells were isolated from single-cell suspension of
LNs using a MoFlo XDP sorter (Beckman Coulter, Brea, CA, USA).

.7. Establishment of bone marrow chimera mice

Recipient mice were irradiated with 900 rads of gamma  irra-
iation; on the same day donor bone marrow (BM) cells were

solated from the femur and tibia of donor mice and red blood
ells were lysed with red blood cells lysis buffer. Each recipient was
ransferred with 5 × 106 WT  or Sema4D-deficient BM cells through
ntravenous injection. Eight weeks after bone marrow transplanta-
ion, BM chimera mice were used in experiments.

.8. Adoptive transfer

Adoptive transfer of dLNs cells was performed as previously
escribed with some modifications (Kaplan et al., 2005). In brief,
ema4D-deficient mice, WT  mice (CD45.2 or CD45.1) were sensi-
ized with OXA. Five days after sensitization, single-cell suspension
f dLNs cells was obtained, and naïve mice were injected intra-
enously with 5 × 107 dLNs cells. Two hours later, baseline ear
hickness was measured and the mice were challenged with 10 �l
f 1.0% OXA on both sides of one ear. Ear thickness was  measured
4 h later and the ear thickness above baseline was calculated.

.9. Statistical analysis

Statistical analyses were performed using SPSS 17.0 (SPSS Cor-
oration, Chicago, IL, USA). Data are shown as mean ± standard
eviation. A Student’s t-test or one-way ANOVA with a Tukey post
est were used to calculate the statistical significance of the exper-
mental data. The level of significance was set at P < 0.05. Single
sterisks (*) indicate p < 0.05 and double asterisks (**) indicate

 < 0.01.

. Results

.1. Attenuated CHS responses in Sema4D-deficient mice

To investigate the role of Sema4D in CHS, Sema4D-deficient
CD100−/−, KO) mice and WT  mice were sensitized and elicited
ith the hapten oxazolone (OXA). After challenge, the ear thick-
ess of Sema4D KO mice was approximately half of that of WT
ice (Fig. 1A). H&E staining of ear specimens obtained 24 h after

licitation revealed that the ears of Sema4D KO mice had less
nflammatory cell infiltration and appeared thinner than that of

T mice (Fig. 1B). Cytokines and chemokines in the ears after elic-
tation were investigated by qRT-PCR and the results revealed that
he expression levels of IL-1�, IL-6, CXCL2 and CXCL5 were signif-
cantly lower in Sema4D KO mice compared to WT mice (Fig. 1C).
here was no significant difference in the relative expression of
FN-� or TSLP between the two groups. Moreover, FACS analysis of
ingle-cell suspension indicated that 24 h after OXA challenge, the
umbers of infiltrating Gr1+, CD8+ or CD4+ cells (Fig. 2A–B) in the
ars of Sema4D KO mice were significantly lower compared to WT
ice. Collectively, our data proved that KO of Sema4D attenuated

he hapten-induced CHS responses in mice.

.2. Attenuated CHS response in WT  mice reconstituted with BM

rom Sema4D KO mice

Next, we performed BM chimera experiments to explore
hether KO of Sema4D in radio-sensitive hematopoietic cells could
examined using quantitative real-time PCR. Data are shown as mean ± SD (n = 5-
6  mice/group) and are representative of three independent experiments. *P < 0.05,
**P < 0.01.

attenuate CHS responses. Eight weeks after BM reconstitution,
the mice were subjected to CHS, and the chimeric mice recon-
stituted with Sema4D-deficient BM showed milder ear swelling
after OXA challenge compared to their irradiated control mice
reconstituted with WT  BM (Fig. 3A). Moreover, there were less
infiltrating Gr1+, CD8+, or CD4+ cells in the chimeric mice reconsti-
tuted with Sema4D-deficient BM (Fig. 3B–D). And the expression of
pro-inflammatory cytokines and chemokines, including IL-1�, IL-6,
CXCL2 and CXCL5, in ears samples after elicitation was also signifi-
cantly lower in Sema4D KO mice compared with WT mice, as shown
by qRT-PCR (Fig. 3E). There was no significant difference in the
expression of IFN-� between the two  groups. Thus, our data indi-
cated that deletion of Sema4D in hematopoietic cells contributed
to the attenuated CHS responses in Sema4D KO mice.

3.3. Impaired sensitization of CHS in the absence of Sema4D
To further explore the involvement of Sema4D in the sensi-
tization phase of CHS in vivo, we  carried out adoptive transfer
experiments. Cell suspension from dLNs was prepared from
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Fig. 2. Impaired inflammatory cell infiltration in Sema4D KO mice in CHS. WT and Sema4D KO mice were sensitized and challenged with OXA as depicted in Fig. 1. Twenty-
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our  hours after challenge, single-cell suspension was prepared from the ears and 

r1+, CD8+ or CD4+ cells gated from live cells. (B) The absolute numbers of Gr1+, C
epresentative of three independent experiments. *P < 0.05, **P < 0.01.

ema4D KO mice or WT  mice with CD45.2 allotype 5 days after
apten sensitization, and transferred intravenously to naïve WT
ice with CD45.1 allotype. After OXA challenge, the mice receiving

LNs cells from sensitized Sema4D KO mice showed significantly
ilder ear swelling compared to the mice receiving dLNs cells

rom WT  mice (Fig. 4A). Moreover, there were less infiltrating Gr1+,
D8+ or CD4+ cells in naïve CD45.1 mice receiving dLNs cells from
ensitized Sema4D KO mice than WT  mice (Fig. 4B–D), and most
f the infiltrating CD4+ or CD8+ cells were CD45.2+ (donor) ori-
in (data not shown). These data indicated that dLNs cells from
ema4D-deficient mice after sensitization transferred attenuated
HS responses.

.4. Attenuated activation and differentiation of CD8+ T cells in
ema4D-deficient mice

A key event in CHS is the activation and differentiation of
apten-specific naïve CD8+ T cells into effector T cell subsets. There-

ore, we assessed the IFN-�-producing CD8+ T cells from the skin
LNs of Sema4D KO mice and WT  mice 24 h after elicitation. Both
he percentage and absolute number of IFN-�-producing CD8+ T
ells in dLNs of Sema4D KO mice were significantly lower than that
f WT  mice, and the mean fluorescence intensity (MFI) of IFN-�
taining in CD8+ T cells of Sema4D KO mice was also lower than
hat of WT  mice (Fig. 5A-B), indicating that the activation and dif-

erentiation of IFN-�-producing CD8+ T cells in Sema4D KO mice
ere impaired. T-bet and GATA-3 are critical transcription factors

or the polarization of Th1 cells and Th2 cells, respectively. Our data
howed that compared to WT  mice, the expression of T-bet was
d with antibodies against Gr1 (Ly-6G/Ly-6C), CD8 or CD4. (A) FASC result showing
r CD4+ cells in one ear. Data are shown as mean ± SD (n = 5-6 mice/group) and are

significantly lower in the dLNs of Sema4D KO mice 24 h after hap-
ten challenge, indicating that Th1/Tc1 polarization was hindered
(Fig. 5C). However, the expression of GATA-3 was not affected in
Sema4D KO mice, in sharp contrast to the decreased expression of
GATA-3 in WT  mice due to Th1 polarization (Fig. 5C). In addition,
the expression of IFN-�, but not IL-17A, was also lower in Sema4D
KO mice (Fig. 5C). Taken together, these results indicated that KO
of Sema4D impeded Th1/Tc1 cell polarization.

To further investigate the role of Sema4D in CD8+ cell differ-
entiation, we isolated CD8+ T cells from dLNs by FACS 5 days after
OXA sensitization and examined the expression of T-bet, GATA-3
and IFN-� by qRT-PCR. While there was  no significant difference
in the expression of IFN-� in CD8+ T cells between Sema4D KO
mice and WT  mice, the relative expression of T-bet was  significantly
lower in CD8+ T cells of Sema4D KO mice than that of WT  control
(Fig. 5D). These results suggested that KO of Sema4D impeded the
differentiation of naïve CD8+ T cell into cytotoxic T cells in CHS.

3.5. KO of Sema4D retarded the innate immune response in CHS

Haptens or haptenated self-proteins are recognized by the
innate immune system in the skin, which leads to the elaboration of
a number of pro-inflammatory cytokines and chemokines(Kaplan
et al., 2012). To investigate the innate responses in Sema4D KO and
WT mice after OXA application, ears of naïve Sema4D KO or WT

mice were treated with 1.0% OXA solution, and after 0, 2, 4 and 6 h,
mice were sacrificed and ears were harvested for qRT-PCR analysis
of IL-1� and CXCL2 expression. As shown in Fig. 6A and B, levels
of IL-1� and CXCL2 were lower in Sema4D KO mice compared to
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Fig. 3. Attenuated CHS in chimeric mice reconstituted with BM from Sema4D KO
mice. WT  mice were lethally irradiated and reconstituted with BM from WT or
Sema4D KO mice, and OXA-induced CHS was evaluated. (A) Ear thickness was  mea-
sured 24 h after the elicitation. The increase in ear thickness from baseline was
shown. (B-D) The numbers of Gr1+, CD8+ or CD4+ cells in one ear was  shown. (E)
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Fig. 4. Attenuated CHS in WT mice transferred with sensitized dLNs cells from
Sema4D KO mice. Naïve WT  mice with 45.1 allotype were adoptively transferred
with dLNs cells isolated from OXA-sensitized WT or Sema4D KO mice, followed by
treatment of the ears of recipient mice with OXA two  hours after the transfer. (A)
Twenty-four hours after OXA treatment, ear swelling was determined. The increase
in ear thickness from baseline was shown. (B-D) The numbers of infiltrating CD4+,
he  levels of IL-1�, IL-6, INF-�, CXCL2 and CXCL5 in the ears were examined using
uantitative real-time PCR. Data are shown as mean ± SD (n = 3-4 mice/group) and
re representative of three independent experiments. *P < 0.05, **P < 0.01.

T  mice, indicating that Sema4D deficiency resulted in a defect in
he production of pro-inflammatory cytokines and chemokines by
nnate cells in the skin, which might attenuate the CHS responses.

The elicitation phase of CHS can be divided into the early phase
6–12 h) which is dominated primarily by innate response, and the
ate phase (24–48 h) which is dominated largely by hapten-specific
-cell response (Christensen and Haase, 2012). To further investi-
ate the role of Sema4D in the innate response during the elicitation
hase of CHS, naïve Sema4D KO or WT  mice with CD45.2 allotype
ere transferred with dLNs cells from OXA-sensitized mice with
D45.1 allotype. The recipient Sema4D KO mice showed signifi-
antly milder ear swelling 24 h after elicitation compared to WT
ontrol (Fig. 6C). There were less infiltrating CD8+ or CD4+ cells, but
ot Gr1+ cells in Sema4D KO mice than WT  control (Fig. 6D–F), and
pproximately 90% of CD8+ and 50% of CD4+ T cells were CD45.1+

donor origin, data not shown). This result indicated that KO of
ema4D in the recipient mice retarded the recruitment of hapten-
pecific T cells, which may  mainly due to the aberrant activation of
nnate immune response.
. Discussion

In the present study, we proved that Sema4D played a critical
ole in OXA-induced CHS. The CHS was significantly attenuated
Gr1+, or CD8+ cells in one ear were shown. Data are shown as mean ± SD (n = 3-4
mice/group), and are representative of three independent experiments. *P < 0.05,
**P  < 0.01.

in Sema4D KO mice, which may  mainly due to the absence of
Sema4D in hematopoietic cells; moreover, Sema4D-deficiency not
only impeded the activation and differentiation of CD8+ T cells in
the sensitization phase of CHS, but also impaired the activation of
skin-resident innate cells in both the sensitization and elicitation
phases. Taken together, our study revealed for the first time that
Sema4D was required in both the adaptive and innate immune
responses in CHS.

Previous studies have indicated that Sema4D is necessary for
the optimal T cell activation (Shi et al., 2000). In the mouse model
of EAE, a Th1-dominant immune response, deficiency of Sema4D
attenuated the antigen-specific activation of T cells (Kumanogoh
et al., 2002); and in the mice model of lung allergic inflammation,
Th2-type of immune response induced by OVA was also attenu-
ated in Sema4D KO mice (Shanks et al., 2013). However, these
studies mainly focused on the function of Sema4D in the activa-
tion of CD4+ cells, and the role of Sema4D in CD8+ cell activation
remains largely unknown. CHS is characterized as a Th1/Tc1-
dominant inflammation, in which CD8+ T cells are mainly involved
and have proinflammatory effector functions. Our results showed
that Sema4D was required for the differentiation of hapten-specific
naïve CD8+ T cells into effector T cells, proposing that Sema4D may
play an important role in the regulation of the function of CD8+

T cells. Several lines of evidence from human infectious diseases
also suggested that Sema4D might be involved in CD8+ T cell func-
tion. In patients suffering from Hantaan virus induced hemorrhagic
fever with renal syndrome (HFRS), elevated level of soluble Sema4D
was correlated with the reduced expression of Sema4D on CD4+

and CD8+ T cells in the acute phase of infection (Liu et al., 2013).
In HIV patients, the percentage of Sema4D-expressing CD4+ and
CD8+ T cells was  reduced, and Sema4D negative CD8+ T cells were
functionally impaired and present in increased numbers (Eriksson

et al., 2012). CD8+ cytotoxic T cells are key players in the immune
responses of both the CHS and the virus infection (Andersen et al.,
2006). Thus, our results obtained from Sema4D KO mice confirm
the observations in human studies, in that Sema4D plays an impor-
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Fig. 5. Impaired activation and differentiation of hapten-specific CD8+ T cell in Sema4D KO mice. WT and Sema4D KO mice were sensitized and challenged with OXA  as
depicted in Fig. 1. Twenty-four hours after challenge, single-cell suspension was  prepared from the dLNs and analyzed for intracellular IFN-� production. (A) FACS result of
IFN-�-producing cells gated from CD8+ cells in dLNs. (B) Percentage and total number of IFN-�-producing CD8+ T cells and MFI  of IFN-� expression in CD8+ cells from (A).
(C)  Cells from dLNs were harvested and the expression of IFN-�, IL-17A, T-bet and GATA
were  sorted by FACS and the expression of T-bet, GATA-3 and IFN-� were evaluated by q
are  representative of three independent experiments. *P < 0.05, **P < 0.01.

Fig. 6. Attenuated CHS in the elicitation phase in Sema4D KO mice. (A-B) Naïve
Sema4D KO or WT mice were treated with 1.0% OXA solution, and after 0, 2, 4 and
6  h, mice were sacrificed and ears were harvested for qRT-PCR analysis of IL-1�
(A)  and CXCL2 (B) expression. (C-F) Adoptive transfer of dLNs cells from sensitized
WT  mice with CD45.1 allotype to WT  or Sema4D KO mice with CD45.2 allotype
was  performed as described in Fig. 4. Ear thickness was  measured 24 h after OXA
application. The increase in ear thickness from baseline was shown (C). Numbers
of  Gr1+, CD8+ or CD4+ cells in one ear 24 h after the elicitation were shown (D-F).
Data are shown as mean ± SD (n = 3 mice/group) and are representative of three
independent experiments. *P < 0.05, **P < 0.01.
-3 were examined. (D) Five days after sensitization with OXA, CD8+ T cells in dLNs
uantitative real-time PCR. Data are shown as mean ± SD (n = 5-6 mice/group) and

tant role in regulating the function of CD8+ T cells. However, in
our in vivo system, we  couldn’t discriminate the defect in CD8+ T
cell activation was CD8+ T cell intrinsic or due to the aberrant sig-
nals from innate cells or Th cells. Further studies are needed to
explore the exact role and mechanism of Sema4D in the activation
and differentiation of CD8+ T cells.

CHS was once considered primarily an adaptive immune
response; however, innate cells also play important roles in CHS
(Kaplan et al., 2012). With the application of hapten, DCs and
other skin-resident cells are activated and produce various pro-
inflammatory cytokines and chemokines, which are critical for
both the sensitization phase and the elicitation phase of CHS
(Christensen and Haase, 2012). Recent study demonstrates that
Sema4D is also involved in innate immunity (Witherden et al.,
2012). DCs from Sema4D KO mice express lower levels of costim-
ulatory molecules and produce reduced IL-12 in EAE (Kumanogoh
et al., 2002). In the present study, naïve Sema4D KO mice produced
much less of IL-1� and CXCL2 upon OXA application, and developed
significant milder inflammation after transferred with dLNs cells
from sensitized WT  mice. These results indicated that the decreased
release of pro-inflammatory cytokines and chemokines in Sema4D
KO mice may  in part participate in the alleviated induction of CHS
in the elicitation phase. Therefore, the hyporesponseness of innate
immune response in Sema4D KO mice not only play a role in the
sensitization phase, but also serve as a potential trigger or amplifier
in the elicitation phase.

One important phenotype of Sema4D KO mice is that the num-
ber of B-1 cells in the peritoneal cavity and spleen is significantly
reduced (Shi et al., 2000). However, previous studies report that
peritoneal B-1 cells are also involved in CHS (Campos et al., 2003).
B-1 cells are radiation resistant, and would survive in the chimeric
mice reconstituted with Sema4D KO BM in our experiment, and
the effect of the reduced number of B-1 cells in Sema4D KO mice
could be excluded. Dendritic epidermal T cells (DETCs), a subset of
skin-resident �� T cells (Macleod and Havran, 2011), can be acti-
vated in an IL-1�-dependent manner and produce IL-17 in CHS

(Nielsen et al., 2014). Previous study demonstrates that there is
delayed wound healing in Sema4D KO mice, which is due to the
failed activation and migration of DETCs (Witherden et al., 2012). In
OXA-induced CHS model, activation of DETCs might be attenuated
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Zhu, L., Bergmeier, W.,  Wu,  J., Jiang, H., Stalker, T.J., 2007. Regulated surface
expression and shedding support a dual role for semaphorin 4D in platelet
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ue to the aberrant production of IL-1� in Sema4D KO mice, which
ay  contribute to the reduction of CHS response. It’s also reported

hat Sema4D and its receptors mediate the monocyte-endothelial
ell adhesion (Luque et al., 2015), and this cell-to-cell adhesion may
lay a role in the recruitment of leukocytes from blood vessels to
issues and might contribute to the alleviated response of CHS in
ema4D KO mice.

In summary, our study proved that Sema4D positively regulated
oth the adaptive and innate immune response in CHS, and Sema4D
argeting might be alternative treatment for ACD in the future. As
eletion of Sema4D is not in a cell-specific manner in Sema4D KO
ice, we were unable to investigate the function of Sema4D in a

articular type of cells in vivo, and future studies using conditional
ema4D KO mice would help to further our understanding on the
ell-specific function of Sema4D.
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