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Fig. 4 a Survival curves for IIP patients with pulmonary hyperten-
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without PH (n = 15). Survival time did not differ significantly
between the groups (p = 0.866)

Table 5 Results of multivariate Cox analysis '

HR 95 % CI p value HR 95 % CI p value
Age per 5 years 1.28 1.11-1.47 0.001* Age per 5 years 1.13 0.96-1.33 0.119
Female gender 0.50 0.28-0.89 - 0.017* Female gender 0.48 0.24-0.95 0.036*
BMI per 5 0.67 0.44-1.05 0.082 BMI per 5 0.43 0.24-0.76 0.003*
[8)13 1.87 1.05-3.33 0.033* urr 0.93 0.43-2.03 0.874
Presence of honeycombing 1.76 0.89-3.46 0.101 Presence of CVD 0.17 0.07-0.43 <0.001*
Presence of CVD 0.20 0.10-0.41 <0.001* PaCO, per 5 mmHg 1.20 0.88-1.64 0.236
FVC per 5 % predicted 1.02 0.93-1.12 0.635 HR hazard ratio, CI confidence interval, BMI body mass index, UIP
FEV, per 5 % predicted 1.04 0.95-1.14 0.336 usual interstitial pneumonia, CVD collagen vascular disease, PaCO,
DLo per 5 % predicted 0.99 0.89-1.12 0.982 partial carbon dioxide pressure in the arterial blood gas
P20, per 5 mmHg 0.98 0.87-1.09 0.740 * Statistical significance
PaCO, per 5 mmHg 1.44 1.10-1.88 0.007*
KL-6 per 100 U/ml 0.99 0.96-1.02 0.516

HR hazard ratio, CI confidence interval, BMI body mass index, UIP
usual interstitial pneumonia, CVD collagen vascular disease, FVC
forced vital capacity, FEV,; forced expiratory volume in 1's, DL¢o
carbon monoxide diffusing capacity, PaO, partial oxygen pressure in
the arterial blood gas, PaCO, partial carbon dioxide pressure in the
arterial blood gas, KL-6 Krebs von den Lungen-6

* Statistical significance

survival rates of 77.6 and 88.9 %, respectively, and 5-year
survival rates of 67.4 and 81.5 %, respectively (p = 0.2).
These results suggest that CVD-UIP has a better survival
than IPF (IPF-UIP), which is consistent with the results of
Song et al. [8]. Taken together, these results indicate that
the presence of CVD is associated with a better prognosis
in patients with UIP histology, but not in those with NSIP

@ Springer

histology. However, the survival times measured in most
studies might have been unreliable because the timing of
the IP diagnosis is usually obscure. For instance, CVD-IP is
often diagnosed while the underlying CVD is being fol-
lowed; therefore, the survival time could be accordingly
overestimated. Our study suggested that CVD-IP is still
associated with a better prognosis than ITP even after these
diseases have worsened to an oxygen-dependent state.
Although surgical lung biopsy is regarded as the most
reliable method for classifying disease phenotypes, we
often prefer to use HRCT findings for making classification
decisions because of the risks associated with the surgical
procedure, especially in patients with severe disease. The
association between HRCT findings and prognosis is
clinically important, and HRCT classifications have been
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evaluated against histologic findings in several studies. In a
report by Flaherty et al. [20], the HRCT images in 73
patients who had IIP with histologically proven UIP pat-
terns (IIP-UIP) were classified as definite UIP, probable
UIP, intermediate, probable NSIP, and definite NSIP pat-
terns. The patients with HRCT patterns interpreted as
definite UIP or probable UIP had significantly shorter
survival times compared to those with other HRCT pat-
terns. Therefore, this study suggests that HRCT patterns
can be associated with prognosis even in patients with UIP
on histology. However, Sumikawa et al. [21] reported
conflicting results. These authors categorized the HRCT
images of patients with histologically proven IPF as defi-
nite UIP, consistent with UIP, and suggestive of an alter-
native diagnosis, but they did not find any significant
difference in survival among the 3 HRCT patterns. We
failed to find differences in survival between the HRCT
patterns based on the 2011 ATS/ERS statement and
between the presence and absence of honeycombing in our
cohort. Although histological examinations were per-
formed for few patients in our study, we propose 2 possible
explanations for the results regarding the HRCT patterns.
First, many of the patients with a HRCT pattern inconsis-
tent with UIP might have had histologic UIP. Second, the
prognosis might have been poor even for patients with
histology other than UIP once they became oxygen-
dependent. V

In our study, acute exacerbation was the most frequent
cause of death for patients with IIP, while it was rare in
those with CVD-IP. Acute exacerbation is a devastating
event and is an important cause of death, especially in
IPF. Daniels et al., who reviewed autopsy reports from
42 patients with IPF, reported that respiratory-related
causes accounted for 64 % of deaths; among these
respiratory-related causes, acute exacerbation occurred
with the highest frequency, followed by pneumonia and
gradual progression of disease [22]. Although acute
exacerbation is known to occur in patients with CVD-IP,
it occurs at a lower frequency in CVD-IP patients
compared to in patients with IPF [23]; this may partly
account for the better prognosis of CVD-IP observed in
our cohort.

In our study, male gender, low BMI, and the absence of
CVD were independently associated with a poor prognosis
after adjusting for confounders. We excluded the factor of
the presence of honeycombing from the multivariate ana-
lysis although the p value of the factor in the univariate
analysis was almost near 0.1. Otherwise, including both
factors of UIP pattern and the presence of honeycombing
can cause a problem of multicollinearity because there was
a strong correlation between these two factors (p < 0.001
on Fisher’s exact test). Even when the presence of hon-
eycombing was included in the multivariate analysis, the

results did not change significantly (data not shown). Pre-
vious studies have also reported that gender and BMI are
significant prognostic factors [24, 25]. Conversely, Kondoh
et al. [26] who retrospectively analyzed 110 patients with
IPF, showed that high BMI was an independent risk factor
for acute exacerbation of IPF (hazard ratio, 1.20; 95 %
confidence interval, 1.46-5.85; p < 0.001), but it was not
associated with survival (hazard ratio, 0.97; 95 % confi-
dence interval, 0.88-1.07; p = 0.590) [26]. Pulmonary
function data, particularly carbon monoxide diffusing
capacity (DLco) <40 % of predicted value, are also
reported to be useful prognostic indicators [2, 18]. How-
ever, no correlation between spirometric data and prog-
nosis was found in our study, possibly due to patient
selection. Our study included patients receiving LTOT, and
more than 85 % of these patients had severely impaired
pulmonary function, with DLco <40 % of predicted value.
Thus, the usefulness of a pulmonary function test as an
independent predictor of survival was likely negated in this
population.

PH is a common condition and has been demonstrated to
be an important poor prognostic factor in IPF [27] and
systemic sclerosis [28]. However, the association between
PH and survival was unclear in this study. This may be
because few patients underwent evaluation for pulmonary
hemodynamics, and most patients were evaluated with
UCG. UCG is often performed to evaluate pulmonary
hemodynamics as a substitutive method for right heart
catheterization because it is less invasive and less time
consuming. However, UCG is a less reliable measure than
catheterization for detecting PH [19].

This study had several limitations. First, this was a
single-center retrospective study consisting of a small
sample size. Second, histologic examinations were not
performed in the majority of the patients. Finally, the
association between treatments other than LTOT and the
prognosis was not examined because evaluating treatment
effects in a study with a retrospective design would be
difficult and would yield potentially misleading results.
However, even with these limitations, our study provides
clinically useful information regarding the prognosis from
the initiation of LTOT and the prognostic factors in this
clinical setting because the data reflect real clinical
practice.

Conclusions

The present study showed that the prognosis of oxygen-
dependent IP is poor, especially in patients with IIP,
regardless of the HRCT pattern. Male gender, low BMI,
and the absence of CVD were the independent negative
prognostic factors in patients with IP receiving LTOT. It is
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important that we continue to advance our understanding of

the
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Introduction limited time window and only at the lower distal end of mouse
vaginal cavity in the vicinity of skin [1]. Subsequently, several
studies involving various types of knockout mice revealed the
crucial involvement of proapoptotic Bcl2 family proteins [2,3],
along with other signaling molecules, in mouse vaginal remodeling
{4,5]. However, the exact mechanisms by which rapid increases of
estrogen level in the mouse internal environment induce the
extensive apoptosis in vaginal epithelium at the time of puberty
remain unknown [1,6]. We found that mice lacking Semaphorin
4D (Sema4D) often develop imperforate vagina and hydrometro-

In mice, the blind ending of the vaginal cavity in each female
pup opens to the skin around 5 weeks after birth when sex
hormone level rises in the internal environment; vaginal opening is
one of very few postnatal tissue remodeling events in mice [1]. The
study of transgenic mice that overexpress the human anti-
apoptotic protein Bcl-2 in the vaginal mucosa clearly shows that
this postnatal tissue remodeling process depends heavily on
massive mucosal apoptosis; these cell deaths occur in a very

PLOS ONE | www.plosone.org 1 May 2014 | Volume 9 | Issue 5 | e97909



colpos [7]; Sema4D is a semaphorin that controls axon guidance
during neuronal development [8,9].

Semaphorins are a family of secreted and transmembrane
glycoproteins with phylogenetically conserved domains; they were
originally identified as repulsive axon guidance molecules that
function during development of the nervous system [10]. Sema4D
(also called CD100) is a class 4 transmembrane-type semaphorin
that binds to Plexin-B1, which is a transmembrane receptor and a
member of the plexin family, to induce repulsive cytoskeletal
changes in growth cones of cultured neurons [11]. Sema4D and
Plexin-B1 interact via their conserved sema domains of ~400
amino acids each; each sema domain forms a seven-blade [3-
propeller fold in the extracellular domain of the respective protein
[10,12,13]. Binding of Sema4D to Plexin-Bl causes Plexin-Bl
molecules to cluster; this clustering facilitates GTPase activating
protein (GAP) activities of the two GAP domains in the
intracellular region of each Plexin-Bl molecule [14]. The
augmented Plexin-Bl GAP activities in neurons 1) downregulate
activities of Ras family members and 2) induce dephosphorylation
of Akt and ERK and activation of glycogen synthase kinase
(GSK)-3B; these events reduce integrin-mediated cell adhesion to
the extracellular matrix, and consequently induce morphological
remodeling of growth cones and dendrites in cultured neurons
[14,15,16]. In contrast, Sema4D binding to Plexin-Bl on
endothelial cells stimulates the activation of the phosphatidylino-
sitol 3-kinase (PI3K)-Akt pathway and of ERK to induce
endothelial cell migration [17,18]. Thus the Sema4D signal either
facilitates or weakens the same intracellular signaling pathway
depending upon the cell type and cellular context. Membrane-
bound Sema4D on T lymphocytes is cleaved via metalloprotease-
dependent proteolysis, and the extracellular domain is then shed as
diffusible secreted protein from a membrane surface to the
surrounding extracellular environment [19]. Soluble secreted
Sema4D is thought to function as a guidance cue that acts across
long distances to inhibit immune cell migration [19]. Plexin-B1 is
also converted from a precursor into an active heterodimeric form
composed of distinct subunits resulting from proprotein conver-
tase-mediated processing of Plexin-B1l [20]. The proteolytically
processed, active form of Plexin-Bl transmits a more intense
Sema4D-dependent intracellular signal than does the unprocessed
precursor [20].

The high frequency of vaginal atresia and the significant
attenuation of vaginal epithelial apoptosis in Sema4D-deficient
(Sema4D—/—) mice indicates that vaginal mucosal apoptosis and
the vaginal opening process do not occur normally in these mice.
Furthermore, we demonstrated that Sema4D binds to Plexin-B1
receptor to induce apoptosis of vaginal epithelial cells in culture. -
Estradiol administration in infant Sema4D-deficient mice does not
induce precocious vaginal opening; therefore, Sema4D may
function downstream of estrogen action during postnatal vaginal
tissue remodeling [7]. However, mouse vaginal opening occurs 5
weeks after birth when estrogen levels increase rapidly in female
mice, and the pro-apoptotic signals in the maturing vaginal
epithelial cells may be enhanced via estrogen-mediated functional
modulation of Sema4D and Plexin-Bl. Here, we examined
whether estrogen induces structural and functional changes in
Sema4D and Plexin-Bl that lead to the induction of vaginal
epithelial apoptosis and the consequent tissue remodeling. The
results of our study indicated 1) that Sema4D cleavage and Plexin-
B1 activation were both estrogen dependent and 2) that these
events led to vaginal epithelial apoptosis in this postnatal tissue
remodeling event.

PLOS ONE | www.plosone.org
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Materials and Methods

Generation of Sema4D—/— Mice

Sema4D—/— mice generated by gene targeting [21] were
backcrossed with BALB/c mice for 10 generations. Pairs of
resultant heterozygous mice were bred to obtain homozygous,
knockout mice and their wild-type (WT) littermates. The mice
were bred for the preparatory and pairwise in the animal facilities
of Wakayama Medical University and the animal center in the
Faculty of Pharmacy, Meijo University. Each researcher and each
laboratory technician followed the guidelines promulgated by the
Physiological Society of Japan and the respective guidelines on
animal experiments from Wakayama Medical University and from
Meijo University when caring for or sacrificing mice and when
conducting protocols involving mice. Each institutional Animal
Ethics Review committee, the Wakayama Medical University
committee and the Meijo University committee, approved the
experimental protocols (approval number: 267; Wakayama
Medical University, 2012-yaku-jitsu-8; Meijo University).

Genotype Analysis
Mouse tail DNA, Sema4D gene-specific primers, and PCR were
used as described previously to determine each mouse genotype

[21].

Immunohistochemistry and TUNEL Assay

Mice were sacrificed by intraperitoneal injection of pentobar-
bital sodium (Kyoritsuseiyaku Co., Tokyo, Japan) and then
subjected to transcardiac perfusion of 4% paraformaldehyde.
Each vagina excised from a mouse was fixed overnight in 4%
paraformaldehyde solution. Fach vagina was then embedded
longitudinally in paraffin and cut into 4-pm serial sections.
Sections were immunolabeled with anti-cleaved caspase-3 (Cell
Signaling Technology, Beverly, MA), anti-Akt (Cell Signaling
Technology), or anti-Erk1/2 antibody (Cell Signaling: Technolo-
gy). TUNEL assays were performed basically as described
previously [22], using a fluorometric TUNEL assay system
(Promega, Madison, WT) following the manufacturer’s protocols.

Western Blot

To reduce the variance among samples, dissection of each
mouse vagina was conducted as follows. A mouse was sacrificed
via intraperitoneal injection of pentobarbital sodiurm; a laparotomy
was then performed to expose the reproductive organs, and the
fatty tissues around the vagina were then removed. The pubic
bone was resected to view the lower region of the vagina; the
urinary bladder, urethra, and rectum were then separated from
the vagina. In each case of an unopened vagina, the border area
between the lowest end of the vagina and the skin surface of the
expected vaginal orifice was transversely cut so that the septum
covering the lower extremity of the vagina [1] was included in the
vaginal tissue sample; simultaneously, the uterine cervix was pulled
ventrally with forceps. In each case of an opened vagina, the
region between the vaginal orifice and the surrounding skin was
cut while the uterine cervix was pulled ventrally with forceps. Each
vagina was obtained via a transverse cut beneath the lowest
extremity of the uterine cervix to exclude the cervix; each such
vagina was rapidly minced into small pieces on ice. Tissue extracts
were prepared by homogenizing the mouse vaginal tissue in T-
PER Tissue Protein Extraction Reagent (Thermo Scientific Inc.,
Waltham, MA) with a protease inhibitor, o-complete (Roche
Applied Science, Penzberg, Germany), and a phosphatase
inhibitor, PhosStop (Roche Applied Science). The Bio-Rad
Protein assay (Bio-Rad, Hercules, CA) was used to measure the

May 2014 | Volume 9 | Issue 5 | 97909
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Figure 1. Increase of soluble Sema4D and reorganization of Plexin-B1 receptor during vaginal development. (A) The membrane-
bound (larger) and soluble (smaller) forms of Sema4D are evident on western blots containing proteins from vaginal tissue extracts. The precursor
(larger) and active form (smaller) of Plexin-B1 are also evident on western blots containing proteins from vaginal tissue extracts; the active 75 kDa
form represents a fragment of the 300 kDa Plexin-B1 precursor produced by proprotein convertase. The fragments resulting from the proprotein
convertase-dependent cleavage are integrated into signaling-active receptors, which have a distinct conformation from the precursors [20). Age
(weeks): vaginal protein extracts from 2-, 3-, 4-, 4.5, 5-, 8-, 9-, or 18-week-old mice. Mb: membrane-bound. (B) The ratio of soluble Sema4D to total
Sema4D increases significantly in 5-week-old mouse vaginal tissue. Each data point represents the mean * SEM of 3 to 6 mice. *P<<0.05, ANOVA. (C)
The ratio of membrane-bound Sema4D to B-actin significantly decreases in 5-week-old vaginal tissue. Each column represents the mean * SEM of 4
mice. *P<<0.05, ANOVA. (D) The ratio of soluble Sema4D to B-actin in 5-week-old mouse vaginal tissue is significantly higher than that in 2-, 3-, or 4-
week-old mouse vaginal tissue. Each value represents the mean * SEM of 3 to 6 mice. ¥*P<0.05, ANOVA. (E) Based on real-time PCR data, the
expression of Sema4D mRNA increases significantly in vaginal tissue from 5-week-old mice as compared with that from any other developmental
stage. Plexin-B1 mRNA levels show no changes during vaginal opening except for a significant decline in 11-week-old mice. Each column represents
the mean = SEM of 4 mice. ¥P<<0.05, ANOVA. (F) The ratio of active Plexin-B1 to B-actin is significantly higher in 5-week-old mouse vaginal tissue than

in that from any other developmental stage. Each point represents the mean = SEM of 3 to 6 mice. *P<0.05, ANOVA.

doi:10.1371/journal.pone.0097909.g001

protein content in each tissue extract, and samples containing
15 pg of protein were prepared with a solution of 60 mM Tris-
HCI (pH 6.8), 2% SDS, 10% glycerol, 0.1% bromophenol blue,
and 5% B-mercaptoethanol; each of these samples was incubated
at 100°C for 5 min and subjected to electrophoresis through a
10% SDS-polyacrylamide gel; separated proteins were then
transferred to polyvinylidine difluoride membranes (Amersham
Pharmacia Biotech, Buckinghamshire, UK). Sema4D, plexin-BI,
cleaved caspase-3, Akt, phospho-Akt, ERK1/2, and phospho-
ERK1/2 were detected with the respective antibodies and an
ECL-plus or ECL Western blot detection system in accordance
with the manufacturers’ instructions (Amersham). The antibodies
utilized were anti-CD100/Sema4D (BD Transduction Laborato-
ries, NJ, USA), anti-plexin-B1 (Santa Cruz Biotechnology, Inc.),
anti-cleaved caspase-3 (Cell Signaling Technology), anti-Akt (Cell
Signaling Technology), anti-phospho-Akt (Cell Signaling Tech-
nology), anti-Erk1/2 (Cell Signaling Technology), anti-phospho-
Erkl1/2 antibody (Cell Signaling Technology), and B-actin
antibody (Cell Signaling Technology).

PLOS ONE | www.plosone.org

Ovariectomy and Estrogen Supplementation

For each ovariectomy (OVX), both ovaries were excised from a
22-day-old mouse while the mouse was under anesthesia from
intraperitoneal injection of pentobarbital sodium. As controls,
sham operations, in which both ovaries were manipulated but not
resected, were performed on WT or Sema4D—/— mice.
Ovariectomized mice were then separated into three groups: in
two groups, from postnatal day 24 to postnatal day 34, B-estradiol
(E2, 0.1 pg/kg body weight, Sigma Chemical Co., St. Louis, MO)
(OVX-E2 group) or vehicle oil (OVX-oil group) was injected daily
and subcutaneously into each mouse, and in the remaining group,
no injection was administered (OVX group). The OVX-E2 and
OVX-oil groups were sacrificed for Western and immunohisto-
chemical analysis 24 hours after the last injection. Both sham-
operated and OVX mice were also sacrificed for Western and
immunohistochemical analysis on postnatal day 35. Uterine
weight of each mouse was measured to assess the effects of
OVX, oil supplementation (OVX-oil) and estrogen supplementa-
tion (OVX-E2), as shown in Fig. SI.
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Figure 2. Hormonal regulation of structural changes in Sema4D and Plexin-B1. (A-D) To investigate whether estrogen induces structural
changes in Sema4D, Plexin-B1, or both, ovariectomized mice receive daily subcutaneous injections (s.c.) of 17-estradiol (E2, 0.1 ug/kg) until 5 weeks
after birth. As expected, both soluble Sema4D and active Plexin-B1 are detected in vaginal tissue from sham-operated 5-week-old female WT mice
(SemadD+/+). Interestingly, after ovariectomy (OVX) and ovariectomy plus oil supplementation (OVX-oil), the amounts of both soluble Sema4D and
active Plexin-B1 significantly decrease. The decrease in active protein levels is rescued by daily subcutaneous injection of E2 (OVX-E2); these findings
indicate that the enzymes cleaving membrane-type Sema4D and Plexin-B1 precursor are induced by estrogen. In Sema4D—/~ mice, OVX and OVX-
oil result in significant decreases in the active form of Plexin-B1; these decreases are abrogated by OVX-E2 treatment. Both membrane-bound and
soluble Sema4D are not evident in samples from Sema4D—/— mice. Each value in the graphs (C, D) represents the mean = SEM of 5 mice. *P<0.05,
ANOVA.

doi:10.137 1/journal.pone.0097909.g002

Real-time RT-PCR secreted Sema4D during vaginal development; samples of tissue
The SV Total RNA Isolation System (Promega, Madison, WI) extracts were taken from each stage of postnatal mouse vaginal
was used according to the manufacturer’s instructions to extract development. The ratio of soluble to total SemadD was

RNA from vaginal tissues of sham-operated WT and Se- significantly higher 5 weeks after birth, which is when vaginal
mad4D—/— mice, as well as from OVX, OVX-oil, and OVX- opening occurs, than at any other developmental stage (Fig. 1A,

E2 mice. Total RNA was extracted from developing vaginal tissues ~ B). Membrane-bound Sema4D level was significantly lower at 5
via the same procedure. The QuantiTect Primer Assays and the weeks after birth than at any other developmental stage (Fig. 1C).
following probes Mm_Semadd_1_SGQT00115206, The results illustrated that the rate of conversion from membrane-
Mm_Plxnbl_1_SG QT00126483, Mm_B2m_2_SG bound Sema4D to secreted Sem4D was significantly higher at the
QTO01149547 (Qijagen, Tokyo, Japan) were used according to time of vaginal opening than at any other developmental stage.
the manufacturer’s instructions to perform real-time RT-PCR. Concordant with the significantly higher level of soluble
secreted - Sema4D in 5-week-old vaginal tissues, the Sema4D
Statistics mRNA level was also significantly higher in 5-week-old vagina

Each data value was expressed as a mean = standard error of tissue based on real-time RT-PCR analysis (Fig. 1E).
the mean (SEM). Comparisons between WT and Sema4D—/—

mice were conducted with the Student’s t-test or a one-way or two- Reorganization of Plexin-B1 during Vaginal Development
way analysis of variance (ANOVA) followed by a post hoc test. A Western blots were probed with anti-Plexin-B1l antibodies to
level of p<<0.05 was considered statistically significant. examine whether the expression of the Sema4D receptor, Plexin-
B1, changed during vaginal development. Vaginal tissue protein

Results extracts from each developmental stage and anti-Plexin-Bl
antibodies that detected both a 300 kDa form and a smaller

Conversion of Membrane-bound Sema4D to Soluble 75 kDa form were used for this analysis (Fig. 1A). The 300 kDa
Secreted Sema4D during Vaginal Development protein represents the precursor form of Plexin-B1 that exists prior
Western blots were probed with anti-Sema4D antibodies to to digestion by a protease, proprotein convertase [20]. The smaller
examine the expression patterns of membrane-bound and soluble 75 kDa protein represents the Plexin-Bl fragment that is
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Figure 3. Estrogen increases levels of Sema4D mRNA, but not
Plexin-B1 mRNA in mouse vagina. (A) Sema4D mRNA levels were
significantly lower in vaginal tissues from OVX WT mice than in vaginal
tissues from sham-operated mice. Based on comparisons between OVX-
E2 and OVX-oil mice, OVX-E2 treatment induced a significant increase of
Sema4D mRNA levels in WT vaginal tissues. The Sema4D mRNA variant
transcribed in Semad4D—/— mice, but not translated into Sema4D
protein exhibits an expression pattern similar to that of wild-type
Sema4D mRNA. Each value represents the mean = SEM of 5 mice. *P<
0.05, ANOVA. (B) Plexin-B1 mRNA levels in vaginal tissues from any
Sema4D—/— mice group were significantly higher than those in vaginal
tissues from any WT mice group. In WT or Sema4D—/— mice, any
treatment does not induce any significant alteration of Plexin-B1 mRNA
levels in vaginal tissues. Each value represents the mean * SEM of 5
mice. ¥P<0.05, ANOVA.

doi:10.1371/journal.pone.0097909.g003

generated by proprotein convertase-mediated digestion [20]. After
convertase-mediated digestion of the Plexin-Bl precursor, the
conformation of Plexin-B1 protein structure is transformed into an
active form that transmits Sema4D signal more intensely (20, Fig.
S2). Interestingly, the ratio of the smaller 75 kDa band to the §-
actin band was significantly higher for the 5-week sample than for
any other sample (Fig. 1F). Thus the western blot findings
indicated that the active form of Plexin-B1 was highest at 5 weeks,
which is the time of mouse vaginal opening. Real-time PCR
analysis demonstrated that Plexin-BI mRNA levels were constant
during postnatal vaginal development except that the mRNA
declined significantly by the 11th week (Fig. 1E).

Conversion of Sema4D and of Plexin-B1 is Estrogen-
dependent

Postnatal vaginal remodeling in mice is a hormonally triggered
process [1]; therefore, we investigated whether proteolytic release
of Sema4D and reorganization of Plexin-Bl during remodeling
were each estrogen dependent. Mice were initially subjected to
ovariectomy on postnatal day 22; one third of these mice were
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each injected with exogenous estrogen (OVX-E2 mice), another
third with vehicle only (OVX-oil mice, Fig. 2A) and the remaining
third received no injection (OVX mice). Western blot analysis was
used to examine both Sema4D proteolysis and Plexin-Bl
conversion in these ovariectomized mice when the mice became
5 weeks old (Fig. 2B). Conversion of membrane-bound Sema4D
into the soluble form was significantly lower in OVX mice than in
sham-operated WT mice (Fig. 2B, C). In contrast, this Sema4D
conversion was significantly higher in WT OVX-E2 than in WT
OVX-oil mice (Fig. 2B, C); these findings indicated that
proteolytic conversion of Sema4D was estrogen dependent.
Reorganization of Plexin-B! into an active form was significantly
lower in WT OVX mice than in sham-operated WT mice (Fig. 2B,
D). The reorganization of Plexin-B1 was significantly higher in
WT OVX-E2 mice than in WT OVX-oil mice; these findings
indicated Plexin-Bl reorganization during mouse vaginal tissue
remodeling was estrogen dependent (Fig. 2B, D). The phenom-
enon was also confirmed in Sema4D—/— mice (Fig. 2B, D).

To examine whether OVX and OVX-E2 treatment affected
Sema4D or Plexin-BI mRNA expression, or both, Sema4D and
Plexin-BI mRNA levels in vaginal tissues were quantified via real-
time RT-PCR for sham-operated WT and Sema4D—/~— mice, as
well as OVX mice, OVX-oil mice and OVX-E2 mice. Sema4D
mRINA levels in vaginal tissues from WT OVX mice were
significantly lower than in vaginal tissues from WT sham-operated
mice. Conversely, Sema4D mRNA levels were significantly higher
in vaginal tissues from OVX-E2 WT mice than vaginal tissues
from OVX or OVX-oil mice (Fig. 3A); these findings indicated
that estrogen mediated transcriptional modulation of Sema4D gene.
Real-time PCR with forward and reverse primers corresponding
to nucleotide sequences in the second and third exons of the
Sema4D gene, respectively, detected a Sema4D mRINA variant in
Sema4D—/— vagina tissues (Fig. 3A). The Sema4D mRNA variant
did not contain the region transcribed from the coding sequences
in the first exon of the Sema4D gene because the coding sequences
covering the translation-initiation codon are not found in the
Sema4D—/— mice genome [21]. Thus, the Sema4D mRNA
variant was not translated to Sema4D protein. Indeed, the
Sema4D protein could not be detected in the Sema4D—/—
vagina (Fig. 2B, C) or in Sema4D—/— immune cells [21]. Levels
of this mRINA variant were significantly higher in Sema4D—/—
vaginal tissues from OVX-E2 mice than in vaginal tissues from
OVX or OVX-oil mice (Fig. 3A); these findings indicated that
estrogen  mediated transcriptional modulation of this Sema4D
mRNA variant. Plexin-BI mRNA levels in vaginal tissues from
sham-operated Sema4D—/— mice, as well as OVX, OVX-oil,
and OVX-E2 mice, were significantly higher than Plexin-BI
mRNA levels in any WT group (Fig. 3B). However, neither OVX
nor OVX-E2 treatment significantly altered Plexin-BI mRNA
levels in the vaginal tissues of WT or Sema4D~—/— mice (Fig. 3B).
Thus, the increase of Plexin-B1 reorganization into an active form
in vaginal tissues of OVX-E2 mice resulted from an increase in the
estrogen-dependent cleavage of Plexin-B1 precursor.

Sema4D is Integral for Estrogen-dependent Vaginal
Epithelial Apoptosis In vivo

To determine whether Sema4D is essential to vaginal epithelial
apoptosis i vive, we measured and compared apoptosis in WT and
Sema4D—/— mice; these mice were ovariectomized or sham-
operated 3 weeks after birth and then treated with estrogen or
vehicle until 5 weeks after birth. Caspase-3 activation was used to
measure vaginal apoptosis, and caspase-3 activation was signifi-
cantly higher in WT OVX-E2 mice than in WT OVX-oil mice
(Fig. 4A, C). In contrast, based on both western blot analysis and
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Figure 4. Essential role of Sema4D in estrogen-mediated vaginal apoptosis. (A) Both OVX and OVX-oil treatment of WT (Sema4D+/+) mice
result in a significant decrease in cleaved caspase-3 level in vaginal tissue relative to cleaved caspase-3 levels in sham-operated mice (Sham). All
vaginal tissue samples were taken from 5-week-old mice. Levels of cleaved caspase-3 were significantly higher in vaginal tissues from WT OVX-E2
mice than in vaginal tissues from WT OVX or WT OVX-oil mice. Levels of cleaved caspase-3 in vaginal tissue did not differ among OVX, OVX-E2, and
OVX-oil Semad4D~/~ mice; these findings indicate that Sema4D is essential to estrogen-mediated vaginal apoptosis. Each value represents the mean
+ SEM of 5 mice. *P<.0.05, ANOVA. (B, C) Both TUNEL assays and cleaved caspase-3 immunohistochemistry with vaginal tissue sampled from sham-
operated (Sham) 5-week-old WT female (Sema4D+/+) mice show that the number of apoptotic epithelial cells is significantly larger than that in
samples from Sham-treated Semad4D—/— mice. OVX-oil treatment of WT mice significantly decreases apoptotic cell number in 5-week-old vaginal
epithelia relative to that in Sham; compared with OVX-oil treatment, OVX-E2 treatment of WT mice induces a significant increase in apoptotic cell
number in 5-week-old vaginal epithelia, comparable to the level of Sham. OVX-E2 treatment does not induce significant apoptosis in 5-week-old

vaginal epithelia of Sema4D—/— mice. Data are shown as means = SEM; n=5 per group.

doi:10.1371/journal.pone.0097909.g004

immunohistochemistry, vaginal apoptosis in ovariectomized Se-
ma4D—/— mice remained low even in Sema4D—/— OVX-E2
mice (Fig. 4A, B, C). The results indicated that Sema4D was
essential for estrogen-dependent vaginal epithelial cell apoptosis
in vivo during the postnatal vaginal tissue remodeling that occurs 5
weeks after birth.

Dephosphorylation of Akt and ERK at the Time of Vaginal
Opening is an Estrogen-dependent, Sema4D-mediated
Event in Vaginal Epithelium

The mechanism suppressing activation of Akt and ERK may
operate downstream of semaphorin signaling [16,23]; therefore,
we examined the localization of Akt and ERK in the mouse
vagina. Immunohistochemical findings indicated that these
molecules were present in vaginal epithelium of WT and of
Sema4D—/— mice (Fig. 5A). To examine whether dephosphor-
ylation of Akt and of ERK operates in vaginas of 5-week-old WT
mice, we used western blots to measure phosphorylated and
unphosphorylated forms of these proteins during mouse vaginal
development. The levels of both p-Akt and p-ERK decreased
significantly in vaginas of 5-week-old WT mice at the time of
vaginal opening; these findings indicated that Sema4D signal
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suppressed phosphorylation-dependent activation of Akt and of
ERK (Fig. 5B).

To examine whether the decreases in p-Akt and in p-ERK
depended on Sema4D, we compared WT and Sema4D—/— mice
with regard to the levels of p-Akt and p-ERK in vaginal epithelium
5 weeks after birth. Western blot analysis showed that p-Akt and p-
ERK expression was significantly higher in the Sema4D—/—
vaginal tissue than in WT vaginal tissue (Fig. 5C). Thus, Sema4D
signal may induce dephosphorylation of Akt and ERK at the time
of vaginal opening.

To determine whether the decreases in p-Akt and p-ERK
expression in mouse vaginal tissue 5 weeks after birth are estrogen
dependent and Sema4D mediated, we measured p-Akt and p-
ERK levels in vaginal tissues from WT and from Sema4D—/—
mice that had been ovariectomized or sham-operated 3 weeks
after birth and treated with vehicle only or estrogen thereafter. In
vaginal tissue of WT mice, p-Akt and p-ERK expression 5 weeks
after birth was significantly higher in OVX mice than in sham-
operated mice (Fig. 6). On western blots, p-Akt and p-ERK levels
were significantly lower in vaginal tissues from 5-week-old WT
OVX-E2 mice than in those from OVX mice or from OVX-oil
mice (Fig. 6); these findings indicated that regulation of
dephosphorylation of Akt and ERK was estrogen dependent. To

May 2014 | Volume 9 | Issue 5 | €97909



Estrogen-Dependent Enhancement of Sema4D Signal

B Age (weeks)

A WT Sema4D 2 3 4 45 5 8 9 18 Blet:
G0KDa | o v e e | p-AKE

" 60KDa| | Akt
44 kDa

1P o= === == = = == = |P-ERKI2

2‘21 llzgg l e IERKI/Z

i o)
ERK 225 - g15 7
22 2
< 1
215 s
I 1 vl
.;—E EO.S h sk
=0.5 - * =
4
AN < 0 2 o
C R & 7727344558018 @ 2 344558 918
& %@&{b 0 3 - Age (weeks) - Age (weeks)
£ "
(5]
60kDa | wm | Akt £s 2
—— 5
Dby =—=|pEriz Sk
44 kDa [ ] 221
42 kDa| ™= ™= |ERKI/2 g
g
43k Da | ww-we— |B-actin S
¢ P © "V "pAkUAKkt p-ERK/ERK

Figure 5. Dephosphorylation of Akt and ERK during vaginal opening. (A) Immunohistochemistry demonstrates that Akt and ERK are
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doi:10.1371/journal.pone.0097909.g005

determine the extent to which this change in Akt and ERK
phosphorylation depended on Sema4D, we examined tissues from
Sema4D—/— mice. Notably, for Sema4D—/— mice, phosphor-
ylation levels of Akt and ERK did not differ significantly among
vaginal tissues from sham-operated, OVX, and OVX-oil mice
(Fig. 6). However, Akt and ERK phosphorylation in vaginal tissue
was significantly lower in Sema4D—/— OVX-E2 mice than in
Sema4D—/— OVX-oil mice, but the Akt and ERK phosphor-
ylation in Sema4D—/— OVX-E2 mice was significantly higher
than that in WT OVX-E2 mice (Fig. 6). These results indicated
that normal estrogen-dependent dephosphorylation of Akt and
ERK at the time of vaginal opening was partially, but not
completely, dependent on Sema4D.

Discussion

Using Sema4D~/— BALB/c mice, we documented three
novel, crucial observations regarding the estrogen-dependent
apoptosis that occurs during postnatal vaginal opening in mice.
We found that 1) Sema4D, which is classified as a class 4
semaphorin, played an indispensable role as a downstream effector
of estrogen action during apoptosis of vaginal epithelial cells as the
vagina opens; 2) estrogen-dependent Sema4D processing and
estrogen-dependent Plexin-Bl reorganization increased Sema4D
signal transduction efliciency during vaginal opening; and 3)

PLOS ONE | www.plosone.org

Sema4D contributed to estrogen-dependent attenuation of both
Akt and ERK signaling during vaginal opening.

The high incidence of imperforate vagina and the prominent
decrease in vaginal epithelial apoptosis during puberty in
Sema4D—/— mice led to the hypothesis that Sema4D could
induce apoptosis of vaginal epithelial cells. Our previous findings
regarding Sema4D—/— vaginal epithelial cells in culture demon-
strate the apoptosis-inducing activity of Sema4D [7]. Similarly,
Sema3A, a member of class 3 semaphorins, induces apoptosis of
kidney podocytes [24]. Notably, Sema4D could promote apoptosis
of oligodendrocytes to control the differentiation of oligodendro-
cytes [25]. Furthermore, Sema3A has been implicated in Fas-
mediated apoptosis; specifically, it may help the Fas molecule
migrate into lipid rafts [26]. Thus, semaphorins exhibit crucial
roles not only in axon guidance, but also in induction of apoptosis
during development. However, the receptor and signal transduc-
tion machinery involved in semaphorin-mediated apoptosis have
not been explored in detail. Our previous findings indicate that
Plexin-B1 is involved in Sema4D-induced apoptosis of vaginal
epithelial cells in culture [7]. In WT ovariectomized mice,
apoptosis in vaginal epithelia was significantly higher in the
OVX-E2 mice than in vehicle-treated ovariectomized mice (Fig. 4).
In contrast, OVX-E2 treatment did not induce significant
apoptosis in 5-week-old vaginal epithelia of Sema4D~/— mice
(Fig. 4). Thus, these data indicated that Sema4D functioned as an
essential downstream effector of estrogen action mediating vaginal
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Figure 6. Sema4D contributes to the estrogen-dependent dephosphorylation of Akt and ERK during mouse vaginal opening.
Western blot shows that ovariectomy (OVX) and ovariectomy plus oil (OVX-oil) both increase the phosphorylation level of Akt and ERK1/2 in vaginal
tissue from 5-week-old WT (Sema4D+/+) mice. B-estradiol (E2) supplementation after ovariectomy (OVX-E2) induces significant dephosphorylation of
Akt and ERK1/2 in vaginal tissue from 5-week-old WT mice. OVX and OVX-oil do not significantly increase phosphorylation of Akt and ERK1/2 in
vaginal tissue from 5-week-old Sema4D—/— mice relative to that in sham-operated mice (Sham). OVX-E2 induces weak but significant
dephosphorylation of Akt and ERK in vaginal tissue from 5-week-old Sema4D—/— mice. Dephosphorylation levels in the Sema4D—/~ vagina is
significantly lower than that in the WT vagina. Each data point represents the mean = SEM of 3 to 6 mice. *P<<0.05, ANOVA.

doi:10.1371/journal.pone.0097909.g006

epithelial apoptosis ¢ vivo during postnatal tissue remodeling.
Thus, this is the first manuscript reporting that a semaphorin
known as an axon guidance molecule exhibited a decisive role in
the downstream effects of estrogen action in the process of mouse
vaginal opening [1]. Our study of ovariectomized mice further
revealed that Sema4D was involved in the estrogen-dependent
dephosphorylation of pAkt and pERK in postnatal vaginal tissue
remodeling (Fig. 6). Similar to the signal transduction pathway of
Sema4D that functions in neuronal growth cone guidance
[14,15,16], the Sema4D pathway in vaginal epithelium may
involve dephosphorylation of pAkt and pERK; this dephosphor-
ylation may depend on downregulation of Ras family members;
this Ras family downregulation may in turn be caused by Plexin-
B1 GAP activities that are activated by Sema4D signal in vaginal
epithelial apoptosis during vaginal opening in mice.

Conversion of membrane-bound Sema4D to secreted Sema4D
was significantly higher during vaginal opening than during any
other period of development (Fig. 1A, B, C, D). The increase in
the conversion of membrane-bound Sema4D to secreted Sema4D
may facilitate induction of apoptosis by increasing the activity of
Sema4D as a ligand that acts on both neighboring and distant cells
[19]. Sema4D mRNA levels peaked in vaginal epithelium 5 weeks
after birth (Fig. 1E); this increase may have boosted apoptosis by
increasing ligand quantity. Based on comparisons between OVX-
E2 and OVX-oil mice, OVX-E2 treatment induced a significant
increase in Sema4D mRNA levels in mouse vagina (Fig. 3A),
indicating that estrogen may have modulated transcription of the
Sema4D gene. Since the ratio of soluble Sema4D to total Sema4D

PLOS ONE | www.plosone.org

increased in concert with the increase of Sema4D mRINA in vaginal
tissues of WT OVX-E2 mice (Fig. 2B, C), the significant increase
in soluble Sema4D in OVX-E2 mice relative to that in OVX-oil
mice resulted from enhanced estrogen-dependent cleavage of
membrane-bound Sema4D to soluble Sema4D in vaginal tissues
in OVX-E2 mice relative to that in OVX-oil mice. Accordingly,
experiments involving ovariectomy demonstrated that the conver-
sion from membrane-bound to secreted Sema4D was estrogen
dependent (Fig. 2B, C); therefore, the activities and/or amounts of
cleavage enzyme releasing soluble Sema4D by cutting membrane-
bound Sema4D may increase in response to the estrogen increase
at the time of vaginal opening. Although a previous study reported
that the function of the cleavage enzyme is to produce the secreted
form of Sema4D by cutting membrane-bound Sema4D during T
cell activation in the immune system [19], the present study is the
first to demonstrate the estrogen-dependent conversion of
Sema4D from a membrane-bound precursor to a secreted protein.

Expression of a short fragment of Plexin-B1 that results from
enzyme-dependent proteolysis of a Plexin-B1 precursor peaked at
the time of vaginal opening; this pattern was similar to the pattern
of soluble Sema4D production (Fig. 1A, F). Research with human
cell lines showed that a proprotein convertase cleaves the
precursor of Plexin-B1 and results in a conformational change of
the Plexin-B1 molecule and enhancement of Plexin-Bl-mediated
signal transduction [20]. Sites that contain the amino acid
sequence RXXR and that may be recognized by proprotein
convertases actually reside in the mouse Plexin-Bl molecule
(Rs46EERR and R;169GPR, Figure S2). The predicted molecular

May 2014 | Volume 9 | Issue 5 | €97909



size of the cleavage Plexin-B1 molecule produced by proprotein
convertases coincides with the size actually detected on western
blots probe with anti-Plexin-B1 antibodies (Fig. 1A, Figure S2).
The activated form of Plexin-Bl, structurally modified and
activated for signaling by the proteolytic cleavage, increased most
in amount at the time of vaginal opening; this proteolytic
conversion may have accelerated vaginal epithelial apoptosis by
enhancing signal transduction of Sema4D. Conversion of Plexin-
Bl precursor into active Plexin-Bl in mouse vaginal tissue was
estrogen dependent (Fig. 1A, Fig. 2B, D); therefore, the amounts
and/or activities of the proprotein convertases that cleave Plexin-
Bl may also increase in an estrogen-dependent manner. Even
though the receptor activation that is mediated by the proteolytic
cleavage of Plexin-Bl was previously observed in several cultured
cell lines [20], our study is the first to demonstrate the estrogen
dependency of the proteolytic conversion of Plexin-Bl during
mouse vaginal opening.

C57BL/6 Sema4D —/— mice do not exhibit a high incidence of
imperforate vagina, but BALB/c Sema4D—/— mice do. LH-RH
neuron precursor cells in C57BL/6 Sema4D—/— mice exhibit
defective migration from the olfactory placode to the hypothala-
mus during embryonic brain development [27]. A significant
decrease in secondary ovarian follicles is also evident in
Sema4D—/— C57BL/6 mice [28]. Our previous study revealed
no significant difference in serum estrogen levels between
Sema4D—/— BALB/c mice and WT mice 5 weeks after birth.
[7]. Since injection of P-estradiol into infant Sema4D—/— mice
does not lead to vaginal opening, the possibility that vaginal atresia
in pubescent Sema4D—/— mice was caused by insufficient
secretion of estrogen was excluded [7]. Further experiments
involving ovariectomy, estrogen supplementation, and WT and
Sema4D—/— BALB/c mice clearly revealed that the Sema4D
was essential to vaginal epithelial apoptosis, which was regulated
by the estrogen present during vaginal opening (Fig. 4A, B, C).
Previous findings indicate that Plexin-Bl is the receptor that
induces apoptosis of vaginal epithelial cells in culture [7]; however,
a closed vaginal phenotype has not been reported in Plexin-
Bl1—/— C57BL/6 mice [29,30]. Future experiments may be
necessary to examine whether the closed vaginal phenotype also
occurs in BALB/c mice lacking Plexin-Bl. The structural
conversion of Sema4D and of Plexin-Bl that was evident in
BALB/c mice was also evident in C57BL/6 mice during postnatal
vaginal development (Fig. S3). However, the day of vaginal
opening (5 weeks old) coincided with the peak in the conversion of
both Sema4D and Plexin-Bl in BALB/c mice, (Figure 1), but
there was no concordance between the day of vaginal opening
(37.18%0.787 day old, n=17) and the peak of the proteolytic
conversions (24 to 28 days old) in C57BL/6 mice (Fig. S3). These
observations may illustrate that postnatal vaginal tissue remodeling
processes are more dependent on Sema4D/Plexin-Bl signal
transduction system in BALB/c mice than in C57BL/6 mice.

Thus, we propose that extensive apoptosis that occurs in
epithelial cells in the vaginal cavity during postnatal vaginal
opening in BALB/c mice is induced by Sema4D-Plexin-Bl
signaling and that this signaling is enhanced by the estrogen-
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Figure S1 Confirmation of the effect of ovariectomy and
estrogen supplementation. Both ovariectomized (OVX) WT
(Sema4D+/+) and Sema4D—/— mice exhibit a significant
decrease in uterine weight when compared with sham-operated
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SEM. *P<0.05. OVX, ovariectomy; OVX-oil, ovariectomy plus
oil supplementation; OVX-E2, ovariectomy plus 17B-estradiol
supplementation.

(TIF)

Figure S2 The sites of Plexin-Bl cleaved by proprotein
convertase. Plexin-B1, the Sema4D receptor, transforms from a
precursor protein into an active protein via a conformational
change that is caused by proprotein convertase-dependent
cleavage of Plexin-Bl. The proprotein convertase recognizes and
cleaves the RXXR sequence residing in the target protein. A
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R546EERR and Ry;69GPR of mouse Plexin-Bl is detected as a
75 kDa band on the western blot probed with anti-Plexin-B1l
antibody (A-8). A-8 is a monoclonal antibody raised against the
peptide fragment comprising amino acids 771-1070 of human
plexin-B1, which is highly conserved with mouse plexin-Bl and
covered by the 75 kDa region detected by western blot with A8. A
previous study showed that the region covering the transmem-
brane and intracellular region, which is generated by proprotein
convertase-mediated digestion of mouse plexin-B1, has a molec-
ular size of 150 kDa [30]. EC: extracellular domain, TM:
transmembrane domain, IC: intracellular domain, PCs: propro-
tein convertases.

(TIF)

Figure 83 Conversion of Sema4D and Plexin-Bl into
respective soluble and active form during C57BL/6
vaginal development. The conversion of both Sema4D and
Plexin-B1 into the respective soluble and active forms peaked 3.5
to 4 weeks (24 to 28 days) after birth; this time period does not
coincide with the vaginal opening in C57BL/6 mice (37 days old).

(TIF)
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Approximately one-third of patients with multiple sclerosis (MS) respond poorly to interferon-beta (IFN-B)
therapy. Serum Sema4A is increased in MS patients, and those who have high Sema4A do not respond to
IFN-p therapy. In this study, we investigated whether recombinant Sema4A abrogates the efficacy of IFN-B in
mice with experimental autoimmune encephalomyelitis (EAE), an animal model of MS. Administration of
Sema4A concurrently with IFN-3 diminished the efficacy of IFN-B in EAE, These effects of Sema4A were attributed
to promote Th1 and Th17 differentiation and to increase adhesive activation of T cells to endothelial cells, even in

(EAE) © 2014 Elsevier B.V. All rights reserved.
Interferon-beta (IFN-B)

SemadA

1. Introduction proliferation and altering the cytokine milieu from pro-inflammatory

Multiple Sclerosis {MS) is an inflammatory demyelinating disease of
the central nervous system (CNS) that causes neurological disability in
young adults (Noseworthy et al., 2000). Although several disease-
modifying drugs (DMDs) have been developed (Ransohoff, 2007;
Pelletier and Hafler, 2012; Sempere et al., 2013), interferon-beta (IFN-B)
remains one of the most prescribed treatments for relapsing-remitting
multiple sclerosis (RRMS). IFN-B therapy reduces overall relapse rates
by approximately 30% and improves prognosis (Rudick and Goelz,
2011).

The mechanisms of action of IFN-B have been studied utilizing
experimental autoimmune encephalomyelitis (EAE), an animal model
of MS, along with assessment of clinical responses to IFN-3 therapy in
humans. The mechanisms of action of [FN-B involve multiple immuno-
regulatory functions, including blocking the trafficking of lymphocytes
to the CNS (Floris et al., 2002), reducing expression of major histocom-
patibility class II molecules (Jiang et al.,, 1995), attenuating T cell
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to anti-inflammatory (McRae et al., 1998; Kozovska et al., 1999;
Ramgolam et al., 2009).

Although IFN-B therapy is safe and generally well tolerated, a major
problem with this therapy is that approximately one-third of patients
with MS do not respond to the therapy (Rio et al., 2006). Because

-early initiation of appropriate treatments is necessary for a better

prognosis (Kappos et al., 2007), distinguishing responders from non-
responders prior to the initiation of treatment is critical. Although no
established biomarkers exist that predict responsiveness to IFN-3,
Th17-skewing are suggested to be related to [FN-R resistance (Lee
etal, 2011; Balasa et al,, 2013). We previously reported that high levels
of serum Sema4A are correlated with nonresponsiveness to IFN-p
therapy (Nakatsuji et al., 2012). However, the underlying mechanisms
of how Sema4A affects the response to IFN-3 remain unknown.
Sema4A is a membrane-type class IV semaphorin that we originally
identified using a dendritic cell cDNA library (Kumanogoh et al., 2002).
Although semaphorins were originally identified as axon guidance
molecules that act during neural development, Sema4A also plays a cru-
cial role in the immune and vascular systems (Kumanogoh et al, 2002,
2005; Toyofuku et al,, 2007). In the immune system, Sema4A activates
Th cells and promotes differentiation of Th1 and Th17 cells, whereas
it is involved in angiogenesis and migration of endothelial cells by
modulating vascular endothelial growth factor signaling in the vascular
system (Toyofuku et al.,, 2007; Meda et al., 2012). Consistent with its
important role in Th cells, Sema4A has been implicated in EAE. Treatment
with anti-Sema4A antibodies inhibits antigen-specific T cell generation
and ameliorates EAE (Kumanogoh et al., 2002). In addition, Sema4A is
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increased in the sera of patients with MS (Nakatsuji et al., 2012). These
data together suggest that Sema4A plays critical roles in both MS and
EAE.

In this study, we investigated whether recombinant Sema4A abro-
gates the efficacy of IFN-P in the EAE model of MS and analyzed the
underlying mechanisms.

2. Materials and methods
2.1. Animals & reagents

Wild-type C57BL/6 female mice were purchased from Oriental Yeast
Corp. (Tokyo, Japan) and were maintained in a specific pathogen-free
environment. Experimental procedures were approved by the Animal
Care and Use Committee of Osaka University Graduate School of
Medicine (Permit Number: 20-084-6). All possible efforts were made
to minimize animal suffering and limit the number of animals used.
Recombinant murine IFN-B (PBL Biomedical Laboratories, Piscataway,
NJ) and recombinant human IFN-p 1b (Bayer, Osaka, Japan) were used.
Sema4A-Fc protein was made as previously described (Kumanogoh
et al, 2002). Briefly, we generated recombinant soluble mouse Sema4A
protein comprising the putative extracellular region fused to the
human immunoglobulin 1 (IgG1) Fc fragment.

2.2. MOG-specific T cell response and cytokine assay

Eight to 11 weeks old C57BL/6 female mice were immunized with
100 pg myelin oligodendrocyte glycoprotein (MOG)ss.55 peptide
(MEVGWYRSPFSPVVHLYRNGK) emulsified in complete Freund's
adjuvant (CFA) containing 400 pg of Mycobacterium tuberculosis
H37Ra (Difco Laboratories, MI, USA). For the recall assay, we collected
the draining lymph nodes from mice 6 days after immunization. CD4™
T cells were positively selected from the draining lymph nodes using
an auto MACS cell purification system (Merck Millipore, Darmstadt,
Germany), and 1 x 10% cells were restimulated for 72 hours with
various concentrations of the MOGss.ss peptide in the presence of
irradiated (3,000 rad) splenocytes (1 x 10° cells). Cytokines in the
supernatant were assayed using mouse IFN-vy, IL-17A, IL-4 and IL-10
ELISA kits (R&D Systems, Minneapolis, MN, USA).

2.3. Induction of EAE and treatments

EAE was induced using a modification of our previously reported
method (Takata et al,, 2011). In brief, 8 to 11 weeks old C57BL/6 female
mice were subcutaneously injected with 100 pg MOG 3555 emulsified
in CFA supplemented with intraperitoneal injections of 200 ng pertussis
toxin (List Laboratories, Campbell, CA, USA) on days 0 and 2.

For IFN-R treatment, IFN-f 1b (10,000 U) or phosphate buffered
saline (PBS) was intraperitoneally injected to immunized mice every
other day from days 0 to 10 after immunization. In addition, Sema4A-
Fc (20 pg) or control human IgG (20 pg) was intravenously injected
on days 0, 1, 3, 5, 7, 9 and 10 after immunization. All mice were
monitored daily for clinical signs and were scored as follows using a
scale of 0-5: 0, no overt signs of disease; 1, limp tail; 2, hind limb paral-
ysis; 3, complete hind limb paralysis; 4, complete forelimb paralysis; 5,
moribund state or death.

2.4. Histological and immunohistochemical analyses

Mice were sacrificed 22 days after immunization followed by trans-
cardiac perfusion with 4% paraformaldehyde in PBS. For hematoxylin
and eosin (H&E) staining, spinal cords were embedded in paraffin
after perfusion with 4% PFA and 4 um sections were cut from paraffin
embedded blocks. Semi-quantitative histological analysis of inflamma-
tory cellular infiltration was performed according to the following
scoring system as previously described (Okuda et al,, 2002): 0, no

inflammation; 1, cellular infiltrates only in the perivascular areas and
meninges; 2, mild cellular infiltration in the parenchyma; 3, moderate
cellular infiltration in the parenchyma; 4, severe cellular infiltration in
the parenchyma. For immunohistochemistry, Spinal cords were isolated,
postfixed in 4% paraformaldehyde in PBS overnight, and then trans-
ferred to 30% sucrose in PBS overnight. Subsequently, the spinal cords
were embedded in optimal cutting temperature (OCT) compound and
frozen in liquid nitrogen. Frozen sections were cut at a thickness of
10 pm. For immunohistochemistry, the sections were incubated over-
night at 4 °C with primary antibodies, followed by appropriate second-
ary antibodies for 2 hours at room temperature. The antibodies used in
this study were as follows: rabbit anti-glial fibrillary acidic protein
(GFAP) (1:500; Dako, Carpinteria, CA, USA), rabbit anti-Ibal (1:500;
Wako, Osaka, Japan), FITC-conjugated anti-CD3 (1:200; BD Biosciences,
Franklin Lakes, NJ, USA), anti-von Willebrand factor (VWF) (1:500;
Merck Millipore), anti-intercellular adhesion molecule (ICAM)-1
(1:50; BD Biosciences) and anti-vascular cell adhesion molecule
(VCAM)-1 (1:50; Merck Millipore) antibodies. Images were captured
by either a LSM510 laser scanning microscope (Zeiss, Thornwood, NY,
USA) or a BZ9000 microscope (Keyence, Osaka, Japan). For quantifica-
tion of T cells, microglia and astrocytes, we analyzed the density of
CD3-, Ibal- or GFAP-positive cells, respectively, in every third sample
section of horizontal spinal cord Sections. A total of 3 sections per
mouse were analyzed and cell densities were counted in 4 randomly
selected fields per section. We analyzed the area of double positive
lesions of ICAM-1and vWF, and VCAM-1 and vWF in 4 randomly selected
fields per section with NIS-elements software (Nikon, Tokyo, Japan). A
total of 3 sections per mouse were analyzed.

2.5. Flow cytometry analysis

Lymphocytes were isolated from mice 6 days after immunization
with MOGss_ss. Cells were washed twice with staining buffer containing
2% fetal bovine serum (FBS) and 0.09% sodium azide at pH 7.4 (BD
Biosciences). To decrease non-specific cell staining, Fc receptors were
blocked by incubating cells for 15 minutes on ice with an optimal
concentration of rat anti-mouse CD16/CD32 antibody (1:50; BD Biosci-
ences) diluted in staining buffer. Cells were then stained for 30 minutes
onice in the dark in the presence of APC-Cy7-labeled anti-CD4 antibody
(1:100; BD Biosciences), followed by incubation with the following
biotinylated anti-integrin antibodies: anti-a4, anti-al, anti-B1 and
anti-p2 (1:100; BD Biosciences). Thereafter, cells were washed twice
with staining buffer and stained with FITC-conjugated streptavidin for
30 minutes. After staining, cells were washed twice with staining buffer,
resuspended in staining buffer and passed through a Becton Dickinson
FACS CANTO-2 ™ flow cytometer with Diva ™ software.

2.6. bEnd.3 cell culture and treatment

bEnd.3 cells, a murine brain cerebrovascular endothelial cell line,
were maintained in DMEM (Wako) supplemented with 10% FBS and
100 U/mL penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA).
bEnd.3 cells were incubated at 37 °C in a humidified incubator with
5% CO, and 95% air. Cells were stimulated with human IgG (20 pg/mil),
Sema4A-Fc (20 pg/ml), IFN-B (5 U/ml) + human IgG (20 pg/ml) or
IFN-B (5 U/ml) + SemadA-Fc (20 pg/ml) for 6 hours. After stimulation,
mRNA was collected for RT-RCR.

2.7. Adhesion assay

The adhesion of CD4™" T cells to bEnd.3 cells was examined under
static conditions as previously described with minor modifications (De
Clerck et al., 1994). Briefly, we collected the lymphocytes from mice
immunized with MOGss.ss emulsified in CFA 6 days after immunization.
Lymphocytes from MOGss.ss-immunized mice were restimulated with
the MOGss_s5 peptide (50 pg/ml) for 24 hours. After restimulation,
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CD4™ T cells were positively collected from lymphocytes using an auto
MACS cell purification system. CD4™ T cells were labeled with 0.5 mM
2/,7'-bis(carboxyethyl)-5,6 carboxyfluorescein acetomethylester (BCECF-
AM) (DOJINDO, Tokyo, Japan) in RPMI-1640 medium containing 10%
FBS at 37 °C for 45 minutes and subsequently washed with PBS.
bEnd.3 cells in 96-well plates were incubated for 24 hours and then
treated with IFN-@ (5 U/ml), recombinant Sema4A-Fc (20 pg/ml) or
both for further 24 hours. Then, bEnd.3 cells were further incubated
with BCECF-AM-labeled CD4* T cells at 37 °C for 1 hour. Thereafter,
nonadherent cells were removed by washing with PBS. Fluorescence
intensity was measured by SH-9000Lab (Corona Electric, Ibaraki,

Japan).

2.8. Quantitative RT-PCR

RNA was isolated from bEnd.3 cells or homogenized flash-frozen
mouse spinal cords and purified using ISOGEN (Nippon Gene Co.,
Tokyo, Japan) according to the manufacturer's recommendations.
cDNA was generated from 100 ng each RNA sample with an oligo dT
primer and ReverTra Ace reverse transcriptase (Toyobo, Osaka, Japan)
according to the manufacturer's recommendations.

Real-time RT-PCR was performed using the thermal cycler TagMan
7900HT Fast Real-Time PCR System (Applied Biosystems, Carlsbad,
CA, USA). Combined primers and probes were purchased from Applied
Biosystems: Actb (Mm00607939_s1), Vcam1 (Mm01320970_m1),
[cam1 (MmO00516023_m1), Ifng (Mm01168134_m1) and Il17a
(Mm00439618_m1). PCR reactions were performed in triplicate in
20 pl using the Taq Man Universal PCR Master Mix (Applied Biosystems)
and 1 pl cDNA. RT-PCR was carried out at 95 °C (10 minutes), followed by
40 cycles of 94 °C (1 minute), 56 °C (1 minute) and 72 °C (2 minutes).
The relative expression levels of each mRNA were calculated using the
AACt method and normalized to 3-actin. Results are expressed relative
to the control group.

2.9, Statistical analysis

EAE data, quantitative RT-PCR results and ELISA data are presented
as means 4 SEM. Statistical significance was determined with one-
way ANOVA. p-values less than or equal to 0.05 were considered statis-
tically significant.

3. Results
3.1. Sema4A promotes Th1 and Th17 differentiation in the presence of IFN-3

Induction of myelin-reactive Th1 and Th17 cells is the first crucial
step for the initiation and progression of EAE and MS (Ishizu et al,,
2005; Goverman, 2009). I[FN-R suppresses the differentiation of these
cells (Guo et al, 2008; Durelli et al., 2009; Zhang et al., 2011). To inves-
tigate the association between Sema4A and IFN-B in Th1 and Th17
differentiation, we first immunized C57BL/6 mice with MOGszs._55 and
treated them with recombinant Sema4A-Fc in the presence of IFN-3.
CD4* T cells were collected from draining lymph nodes by positive
selection, and the cytokines produced from MOG-reactive CD4™ T
cells following restimulation with MOGss_55 were examined. IFN-
treatment alone suppressed IFN-y and IL-17 production (Fig. 1A and
B), as described previously (Guo et al., 2008; Zhang et al,, 2011).
Sema4A alone did not change the production of IFN~y and IL-17. How-
ever, Sema4A in addition to IFN-B reversed the suppression of these
cytokines by IFN-B alone, and increased the production to the level of
mice receiving control IgG (Fig. 1A, B). IL-4 was not detectable under
any conditions (data not shown). The level of IL-10 was not altered by
IFN-B and/or Sema4A (Fig. 1C). These data suggest that SemadA
promoted Th1 and Th17 differentiation in the presence of IFN-R.
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Fig. 1. Sema4A promotes Th1 and Th17 differentiation even in the presence of I[FN-B.
C57BL/6 mice were immunized with MOGss_s5 and treated with PBS + human IgG
(Control, n = 6), PBS + Sema4A-Fc (Sema4A, n = 6), I[FN- + human IgG (IFN-B,
n = 6) or IFN-$ + SemadA-Fc (IFN-B + SemadA, n = 6). Six days after immunization,
CD4™ T cells from the draining lymph nodes were restimulated for 72 hours with various
concentrations of MOGss_s5 in the presence of irradiated splenocytes from C57BL/6 mice.
IFN-v, IL-17 and 1L-10 in the culture supernatants were assayed by ELISA. Data are the
mean + SEM of two independent experiments. *p < 0.05; **p <001

3.2. Sema4A promotes T cell adhesion to endothelial cells

After differentiation of encephalitogenic T cells, their adhesion to the
endothelium is required for entry into the CNS and development of EAE
and MS (Palmer, 2013). Very late antigen-4 (VLA-4, a4P1 integrin) and
leukocyte function-associated antigen-1 (LFA-1, L2 integrin) are
needed for T cell tethering to the endothelium (Archelos et al.,, 1999).
We examined whether the expression of VLA-4 and LFA-1 on CD4* T
cells is increased by Sema4A. Recombinant Sema4A-Fc or IFN-B was
administered to MOGss_ss-immunized C57BL/6 mice, and CD4% T
cells were collected from draining lymph nodes to analyze the expres-
sion of VLA-4 and LFA-1. The expression levels of these integrins were
not affected by Semad4A, IFN-{ or a combination of these (Fig. 2A).
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Fig. 2. Sema4A promotes T cell adhesion to endothelial cells. CD4™ T cells were isolated from draining lymph nodes of MOGss.ss-immunized mice, which were treated with human IgG
(Control), SemadA-Fc (Sema4A), IFN-p -+ human IgG (IFN-B) or IFN-( + SemadA-Fc (IFN-p -+ SemadA) (n = 4 per each group). (A) a4, oL, 1 and B2 integrins on CD4™ T cells were
analyzed by flow cytometry. SemadA did not affect the expression of LFA-1 or VLA-4. Data are representative of two independent experiments. (B) Relative mRNA expression of [CAM-1
and VCAM-1 in bEnd.3 cells. bEnd.3 cells were incubated for 1 day with human IgG (Control, n = 9), Sema4A-Fc (Sema4A, n = 9), IEFN- + human IgG (IFN-p, n = 7) or
IFN-B + Sema4A-Fc (IFN-P -+ Sema4A, n = 7). Data are the mean £ SEM of four independent experiments. *p < 0.05 (C) T cell adhesion to endothelial cells. bEnd.3 cells were
stimulated with human IgG (Control, n = 3), SemadA-Fc (SemadA, n = 3), IEN-B + human IgG (IFN-B, n = 3) or IFN-} + SemadA-Fc (IFN-p + SemadA, n = 3). CD4™ T cells were
isolated from the spleens of MOG3s.ss-immunized mice (n = 3). CD4™ T cells were labeled with BCECF-AM and incubated on a bEnd.3 cell layer for 1 h. Then, nonadherent cells
were removed, and the fluorescence intensity was measured. Sema4A promoted T cell adhesion to endothelial cells regardless of IFN-p treatment. Data are the mean £ SEM from a

representative of three independent experiments. *p < 0.05.

Next, we examined whether VCAM-1 and ICAM-1, ligands for VLA-4
and LFA-1, respectively that are expressed on endothelial cells, are
affected by SemadA with or without IFN-P. bEnd.3 cells were incubated
with recombinant Sema4A-Fc in the presence or absence of IFN-{3, and
then the expression of mRNA for VCAM-1 and ICAM-1 was analyzed
using quantitative RT-PCR. We found that Sema4A alone increased the
expression level of ICAM-1 and VCAM-1 in endothelial cells (Fig. 2B).
The enhanced expression of ICAM-1 and VCAM-1 by Sema4A was
observed even in the presence of [FN-B. Consistent with RT-PCR analy-
sis, immunohistochemical analysis also showed Sema4A enhanced the
expression of ICAM-1 and VCAM-1 in bEnd.3 compared to those stimu-
lated control IgG (Supplementary Fig. 1A and B). Furthermore, we
performed an adhesion assay using splenic CD4™" T cells and bEnd.3
cells in the presence of recombinant Sema4A-Fc and IFN-B. CD4* T
cells were incubated with a cell layer of bEnd.3 cells that had been
treated with Sema4A. Adhesion of T cells to the bEnd.3 cell layer was
significantly increased compared to cells not treated with Sema4A
(Fig. 2C). These results suggest that Sema4A promotes T cell adhesion
to endothelial cells by increasing [CAM-1 and VCAM-1, even in the pres-
ence of IFN-P.

3.3. IFN-B is not effective in mice with EAE that received recombinant
Sema4A-Fc

To determine whether Semad4A inhibits the beneficial effect of [FN-3
in vivo, recombinant Sema4A-Fc was administered to mice with EAE
that were also treated with IFN-R. IFN-P in the absence of Sema4A
delayed the onset and attenuated the disease severity of EAE, as

previously reported (Inoue et al., 2012). Although Sema4A alone did
not affect the severity, administration of Sema4A concurrently with
IFN-B resulted in exacerbation of EAE to a level similar to or worse
than that in the control group (Fig. 3A).

Consistent with the clinical score, histological analysis with H&E
staining of the spinal cord showed that mice receiving IFN-3 exhibited
reduced cellular infiltration, whereas Sema4A administration in addi-
tion to IFN-B increased cellular invasion compared to mice treated
with IFN-{ alone (Fig. 3B and C).

To further investigate the mechanism by which Sema4A abrogates
the beneficial effect of [FN- in EAE, spinal cord sections were stained
with anti-CD3, -Ibal and -GFAP antibodies to assess T cells, microglia
and astrocytes, respectively. T cell infiltration and the activation of
microglia and astrocytes were remarkably reduced in mice treated
with IFN-B compared to control mice (Fig. 4A and B). Decreased cellular
infiltration by IFN- treatment was accompanied by a reduction in the
mRNA expression of IFN-y and IL-17 in the spinal cord (Fig. 4C). These
results suggest that IFN- ameliorates EAE by inhibiting Th1 and Th17
pathology. Administration of recombinant Sema4A alone did not signif-
icantly affect the mRNA expression of IFN-y and IL-17, and no apparent
differences in T cell infiltration or glial activation were observed com-
pared to the control group. In contrast, when Sema4A was administered
in addition to IFN-3, T cell infiltration and glial activation were appar-
ently increased compared to mice receiving IFN-3 alone (Fig. 4A and
B). The decreased expression of [FN-vy and IL-17 mRNA by IFN-p was
abrogated by additional administration of Sema4A (Fig. 4C). Consistent
with mRNA levels of these cytokines, IFN-3 alone decreased I[FN-y-
positive cells and IL-17-positive cells in spinal cords, whereas Sema4A
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Fig. 3. Sema4A inhibits the efficacy of IFN-{ in mice with EAE. (A) The mean clinical scores of mice with EAE are shown. Immunized mice were treated with PBS + human IgG (Control;
open circles, n = 10), PBS + Sema4A-Fc (Sema4A; open squares, n == 8), [FlN-3 + human IgG (IFN-@; filled circles, n = 8) or IFN-B + Sema4A-Fc (IFN-p + SemadA; filled squares,
n = 8). Sema4A exacerbated the clinical score to the level of the control group, even in the presence of IFN-3. Data represent the mean score = SEM of two independent experiments.
*p < 0.05 for IFN-B versus Control; *p < 0.05 for IFN-B + Sema4A versus IFN-B. Representative images of H&E staining of spinal cords on day 22 post-immunization (B) and the
histological score (C) are shown. Sema4A promoted cellular infiltration in the presence of IEN-. The insets in (B) show higher magnification of the spinal cords. Scale bars: 400 pm.
Each bar in (C) indicates the mean pathological score + SEM of three mice from each group. *p < 0.05.

in addition to IFN-3 increased infiltration of these cells to the level of
control group (Supplementary Fig. 2A and B).

Because our in vitro data suggested that Sema4A promoted T cell
adhesion to endothelial cells by increasing ICAM-1 and VCAM-1 expres-
sion, we next examined the expression of these adhesion molecules in
the spinal cord of mice with EAE. The expression of VCAM-1 mRNA
was significantly increased in mice treated with IFN-B plus Sema4A
compared to mice treated with IFN-p alone. ICAM-1 expression also
tended to increase following treatment with IFN-B plus Sema4A com-
pared to mice treated with [FN-B alone (Fig. 4C), though the difference
was not significant. Immunohistochemical analysis revealed that [CAM-
1 and VCAM-1 were expressed on VWF-positive endothelial cells.
Expression of ICAM-1 and VCAM-1 was increased in mice treated with
IFN-3 plus Semad4A compared to mice treated with IFN-B alone
(Fig. 4D and E).

These data together suggest that Sema4A enhances not only Th1 and
Th17 differentiation but also T cell adhesion to endothelial cells in the
presence of [FN-B.

4. Discussion

In the current study, we investigated the implications of Sema4A on
the efficacy of IFN-R by administering recombinant Sema4A-Fc and
IFN-p to mice with EAE.

IFN-P confers its beneficial effect in MS and EAE through pleiotropic
mechanisms of action. Among these, suppression of encephalitogenic T
cells is one of the most important mechanisms. Reduction of T cell
activation and proliferation, and induction of a shift toward anti-
inflammatory cytokines have been shown to contribute to the efficacy
of IFN-B (Kieseier, 2011). Concerning effector Th cell differentiation,
IFN-R inhibits Th1 and Th17 differentiation (McRae et al,, 1998;
Durelli et al., 2009; Ramgolam et al.,, 2009). In contrast to the effects of

IFN-B, Sema4A activates T cells and promotes Th1 and Th17 differentia-
tion. Therefore, Sema4A may antagonize the suppressive effects of
IFN-B on encephalitogenic T cells. Indeed, deterioration of EAE by
Sema4A in the presence of IFN- was accompanied by an increase
in IFN-y and IL-17 production by MOG-reactive Th cells as shown in
Fig. 1.

We previously reported that the condition of MS patients with high
Semad4A tends to deteriorate after IFN-B therapy. In the present study,
recombinant Sema4A alone did not affect Th1 and Th17 reactions. How-
ever, Sema4A promoted the differentiation of these cells only when
it was administered in combination with IFN-B. These data suggest
that IFN- may promote encephalitogenic T cell activation signaling
downstream of Sema4A. [FN-P has not only anti-inflammatory but
also pro-inflammatory effects including enhancing Th1 differentiation
(Nagai et al,, 2003) and increasing IL-6, an inflammatory cytokine that
is required for development of Th17 cells (Ivanov et al, 2006;
Nakatsuji et al., 2006; Kimura et al., 2007) under certain conditions.
Indeed, patients with neuromyelitis optica, who are thought to have
more [L-6 involvement than MS patients (Chihara et al., 2011), have
been shown to deteriorate after receiving IFN-B therapy (Shimizu
et al,, 2010). Therefore, Sema4A may enhance IFN-B-induced pro-
inflammatory reactions followed by increased pathogenicity of enceph-
alitogenic T cells.

Th17 pathology has been implicated in the IFN- resistance in MS
(Axtell et al,, 2010; Balasa et al., 2013). Axtell et al. reported that I[FN-B
exacerbates EAE induced by adoptive transfer of Th17 cells (Axtell
et al, 2010) and suggested that [FN-3 enhances Th17-mediated inflam-
mation in the effector phase. Because MS patients with high Sema4A
exhibit skewing towards Th17 condition, Sema4A and Th17 are thought
to be closely linked in the context of IFN-{ resistance, Indeed, we dem-
onstrated that Sema4A promoted Th17 differentiation in the presence
of IFN-B treatment. Therefore, exacerbation of EAE in the presence of
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Fig. 4. SemadA promotes T cell infiltration into the CNS and increases the expression of [CAM-1 and VCAM-1 in the CNS of mice with EAE. (A) Immunostaining with anti-CD3, -Ibal and
-GFAP antibodies in spinal cords of mice with EAE is shown. Mice with EAE were treated with PBS + human IgG (Control), PBS + SemadA-Fc (Sema4A), IFN-B + human IgG (IFN-B) or
IFN-B 4 SemadA-Fc (IFN-p + SemadA). Spinal cords were collected 22 days after immunization. Scale bars: anti-CD3; 100 pm, anti-Ibal; 50 pm, anti-GFAP; 50 pm. (B) The numbers of
CD3-, Ibal- and GFAP-positive cells of spinal cord in each group are shown. Data presented in (A) and (B) is a representative of two animals. p < 0.05 (C) Expression of mRNA for IFN-y,
IL-17,ICAM-1 and VCAM-1 relative to that of mice with EAE treated with PBS + human IgG is shown (n = 4-5 per group). RNA was extracted from spinal cords of mice with EAE 21 days
after immunization. Semad4A counteracted the inhibition of IFN~y and IL-17 expression by IFN-{3 and promoted the expression of ICAM-1 and VCAM-1. Data are the mean + SEM from a
representative of two independent experiments. Double immunofluorescent staining with anti-ICAM-1/vWF and anti-VCAM-1/vWF in the spinal cord of mice with EAE (D) and
quantitative analysis of immunohistochemical staining (E) are shown. SemadA increased the expression of ICAM-1 and VCAM-1. Data presented in (D) and (E) is a representative of

two animals. Scale bars: 50 pm. >l‘p < 0.05.

both Sema4A and IFN-P treatment may be partially due to enhanced
Th17 differentiation by Semad4A.

In addition to the effect on encephalitogenic T cells, IFN-B has a
profound effect on T cell migration into the CNS (Palmer, 2013). Of
note, we found that Sema4A promoted T cell adhesion to endothelial
cells by increasing the expression of ICAM-1 and VCAM-1 on endothelial
cells. In this context, Sema4A may antagonize the efficacy of IFN-3,
which limits lymphocyte migration across the blood-brain barrier.
However, because Sema4A alone did not exacerbate the severity of
EAE compared to controls, enhancement of T cell adhesion by Sema4A
alone may not be sufficient to induce deterioration of EAE and MS.
Sema4A-induced T cell adhesion may contribute to the pathogenesis
of EAE and MS when combined with enhanced pathogenicity of enceph-
alitogenic T cells.

Consistent with our previous study of patients with MS, Sema4A
inhibited the therapeutic effect of [FN- in mice with EAE. This abroga-
tion was accompanied by an increase in antigen-specific Th1 and Th17
cell differentiation and T cell adhesion to endothelial cells. These results
not only suggest a close link between Sema4A and IFN-{3 resistance but
also support the notion that MS patients with high Sema4A will be non-
responders to [FN-B therapy. Our findings imply that DMDs other than
[FN-R may be appropriate for treatment of patients with MS who have
high levels of Semad4A. Further investigation is required to select appro-
priate DMDs for MS patients with high Sema4A.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/jjneuroim.2013.12.014.
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