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Figure 2. Confirmation of the efficiency of the ELISA system. Using the ELISA system, ARS antibodies were measured in 694 serum samples
from patients with various CTDs and IIP, and 30 serum samples from healthy controls. The cutoff value (25 U/mL) is indicated by a horizontal dotted

line.
doi:10.1371/journal.pone.0085062.g002

and IP anti-ARS-positive patients showed a better response to
initial GG therapy but it can exacerbate the condition more often
in anti-ARS-positive than in anti-ARS-negative patients [1,26].
Therefore, anti-ARS antibodies are useful not only in diagnosis,
predicting the clinical course and therapy decisions in IIM, but
also in classifying IP patients and predicting late-onset myopathy
in IP-preceding patients.

An immunoprecipitation assay has been used to detect each
anti-ARS antibody but to date, it can only be performed in a
limited number of laboratories. To detect them more easily and
routinely, we aimed to establish an ELISA system using the six

Table 2 The frequency of each anti-ARS antibody in IIM, other
CTD and IIP.

RNA-IP(%)

8% (77/250)

IM 30

P 10.7% (18/168)

non-IPF 12.3% (16/130)

recombinant ARS antigens to simultaneously detect anti-Jo-1, PL-
7, PL-12, EJ, O], and KS antibodies. We did not include anti-
tyrosyl or phenylalanyl synthetase because they have been
reported only in one case each. However, some differences in
clinical manifestations and prognoses among patients expressing
different ARS antibodies, especially between anti-Jo-1 and non-
anti-Jo-1 patients, have been observed [14,15]. However, different
treatments for patients expressing different anti-ARSs have not
been established. Currently, we treat anti-ARS-positive patients

Table 3 The frequency of each anti-ARS antibody in subsets
of IIM.

1M classification Total Jo-1 PL-7PL-12EJ KS

n (%)

Il dermatomyositis 93 13 10 1 9 0 33 (35.5)

IV malignancy-associated 7 o 1 0 0 0
myositis

1(143)

doi:10.1371/journal.pone.0085062.t002
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Table 4 Comparison of clinical backgrounds between anti-
ARS (+) and (—) non-IPF patients.

non-IPF n=130

(<)n=114 (+) n=16 p-value

female (n; (ratio%)) 39(34.2) 12(75.0) <0.01

49(43) <0.05

77.9%174 <0.05

%VC (%) mean

KL-6 (U/mL)

1287+693 N.S

%VC: % vital capacity, %DLCO: % diffusing capacity of carbon monoxide.
doi:10.1371/journal.pone.0085062.t004

with expectation of a standard clinical course in which the disease
can recur with tapering of GC and in which exacerbation of IP is
associated with a poor prognosis [1,14]. Therefore, presently, we
are focusing on determining whether a patient with IIM or IIP is
anti-ARS positive or not for the first screening when we begin
treatment. This is why we decided to use a mixture of ARS
antigens and not just single antigens to detect ‘multiple anti-ARS
antibodies’ simultaneously.

We first prepared recombinant ARSs in E. coli, but recombinant
PL-7 and OJ did not react well with their corresponding
autoantibodies either using immunoblotting or an ELISA. For
PL-7, structural conformation was important for antigenic activity
because the recombinant PL-7 showed good reactivity only when
it was expressed in a eukaryotic Hi-5 cell and was not denatured
prior to being measured in the ELISA. Conversely, when
recombinant PL-7 was denatured with urea or SDS, it was weakly
detected with the PL-7 antibody, although its antigenicity was not
completely lost. Such antigenic characteristics have also been
reported previously by others [27]. This suggests that the
synthetase epitope recognized by the anti-PL-7 antibody is in its
native tertiary conformation.

In contrast, recombinant OJ (isoleucyl-tRNA synthetase) was
not well detected even when it was expressed in Hi-5 cells and
analyzed under non-denaturing conditions. This may be due to
the unique feature of this isoleucyl-tRNA synthetase, which is a
component of the multi-enzyme complex containing nine ARSs
with three nonenzymatic factors [28,29]. In screening tests,
positivity of anti-OJ in patients’ sera was determined by the
pattern of immunoprecipitation using Hela cell extracts as
originally described by Targoff e al. [28]. But there is a possibility
that some ‘anti-OJ antibodies’ may recognize other components of
the multi-enzyme complex rather than isoleucyl-tRNA synthetase
itself, or alternatively the structural conformation of the complex
may be important for recognition by anti-OJ, as was previously
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suggested by Targoff e al. [10]. They examined 11 patient sera
with anti-OJ for evidence of reaction with other components of the
complex. Ten out of 11 sera significantly inhibited enzyme activity
of isoleucyl-tRNA synthetase, but some of them also significantly
inhibited other ARSs such as leucyl-, lysyl-, or arginyl-tRNA
synthetases. Moreover, immunoblot analysis of anti-OJ revealed
that the majority of the sera could not identify a shared band and
only a few sera recognized isoleucyl-tRNA synthetase. These
results suggest that most ‘anti-OJ sera’ may react with multiple
synthetases of the multi-enzyme complex or react with conforma-
tional epitopes of the complex. For this reason, we considered that
it would be difficult to prepare the immunoreactive OJ antigen as
a single molecule; therefore, we developed an ELISA system using
the other five recombinant ARSs. This may not significantly affect
the sensitivity of the ELISA because the prevalence of anti-OJ
antibodies in patients is very low among the six anti-ARS
antibodies.

The efficiency of this newly established ELISA system was
acceptable because the sensitivity and specificity of the system
compared with RINA immunoprecipitation were 97.1% and
99.8%, respectively, even if anti-OJ-positive sera was not excluded.
The prevalence of anti-ARS in our IIM cohort was comparable
with previous reports [1,2]. It was noteworthy that 10.7% of IIP
patients, and in particular, 12.1% of non-IPF patients were
positive for anti-ARS antibodies and there were some differences
between anti-ARS-positive and negative IIP patients in their
clinical backgrounds and treatments. Anti-ARS-positive patients
were treated significantly more frequently with GC or the
combination of GC and immunosuppressants. However, we are
not yet ready to recommend immunosuppressive therapy for anti-
ARS-positive IIP patients because we have not yet collected
enough data on their clinical response and prognosis. Although
some of these anti-ARS-positive IIP patients might develop
myopathy later, it suggests that the measurement of anti-ARS
antibodies may be useful in stratifying patients into disease subsets,
which may help in predicting their clinical course.

A line-blot assay for the detection of multiple MSAs/MAAs
(EUROLINE Myositis Profile 3) has been used in which anti-Jo-1,
PL-7, PL-12, EJ, and OJ are included. This system can detect and
discriminate MSAs/MAAs without further anti-ARS tests, but it
does not include anti-KS, which has a stronger association with
IIP than myositis [30]. To address this point, our system can more
efficiently detect anti-ARS and therefore, is the preferred assay to
use for IIP patients than the line-blot assay, although our ELISA
does not aim to discriminate specificity for each anti-ARS
antibody.

In conclusion, our ELISA system using a mixture of five
recombinant ARSs shows similar efficiency to RNA immunopre-
cipitation and makes it possible to more readily detect anti-ARS
antibodies in patients with PM/DM and IIP, and can be widely
applied in daily practice.
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acquired demyelinating sensory and motor neuropathy (MAD-
SAM) and distal acquired demyelinating symmetric neuropathy
(DADS) [3]. t-CIDP is clinically defined by the presence of
chronically progressive or recurrent symmetrical proximal and
distal weakness and sensory dysfunction in all extremities
developing over at least two months and likely affects a relatively
uniform group of patients [4,5]. In contrast, MADSAM neurop-
athy is characterized by an asymmetrical multifocal pattern of
motor and sensory impairment (mononeuropathy multiplex) likely
representing an asymmetrical variant of CIDP [6,7]. On the other

Introduction

Chronic inflammatory demyelinating polyradiculoneuropathy
(CIDP) is a rare autoimmune-mediated neuropathy thought to
constitute a group of heterogeneous disorders involving a wide
range of clinical phenotypes, variable clinical course and differing
responses to immunotherapy [1,2]. The Joint Task Force of the
European Federation of Neurological Societies and Peripheral
Nerve Society (EFNS/PNS) convened in 2010 divided CIDP into
two clinical subtypes: “typical CIDP (t-CIDP),” the classical

pattern of CIDP, and “atypical CIDP,” which include multifocal
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hand, DADS neuropathy is characterized by symmetrical sensory
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and motor polyneuropathy of the distal upper and lower limbs
predominantly associated with muscle weakness and/or sensory
disturbances in the distal limbs [8,9]. These three CIDP subtypes
share a common feature, namely, chronic demyelinative neurop-
athy of supposed immune origin; however, the different clinical
phenotypes appear to result from differences in the underlying
immunopathogenesis [10].

Various previous reports have demonstrated that the patholog-
ical breakdown of the blood-nerve barrier (BNB), which allows for
the entry of immunoglobulins, cytokines and chemokines into the
peripheral nerve system (PNS) parenchyma, is a key event in the
disease process of CIDP [11,12,13], and the result of electrophys-
iological examinations have led to a new hypothesis concerning
the pathogenesis of CIDP, namely that differences in the degree of
BNB malfunction partly determine the differences in both the
distribution of demyelinative lesions and clinical phenotypes
observed between t-CIDP and MADSAM neuropathy
[10,14,15]. In the present study, we evaluated the contributions
of humoral factors in sera obtained from patients with each clinical
subtype of CIDP to BNB breakdown and clarified the association
between BNB disruption and clinical profiles using our previously
established human BNB-derived immortalized endothelial cells
[16].

Materials and methods

Serum and cerebrospinal fluid samples

The study protocol was approved by the ethics committee of
Yamaguchi University and Chiba University. All patients
consented to participate and written informed consent was
obtained from each subject. Serum was collected from a total of
25 CIDP patients with t-CIDP (n=12), MADSAM (n=10) and
DADS (n=3) in the initial progressive phase of the disease or at
relapse, without either corticosteroid or intravenous immunoglob-
ulin (IVIg) treatment, diagnosed at Chiba University Hospital or
Yamaguchi University Hospital. All patients fulfilled the diagnostic
criteria for CIDP based on the guidelines reported by the EFNS/
PNS 2010 [3]. The inclusion criteria was a diagnosis of definitive
or probable CIDP. None of the patients with DADS had anti-
myelin-associated glycoprotein (MAG) antibodies. Sera obtained
from 10 healthy individuals served as normal controls. All serum
samples were inactivated at 56°C for 30 minutes just prior to use.
Cerebrospinal fluid (CSF) samples obtained from the 25 patients
with CIDP were analyzed with respect to the protein level in the
GSF, the IgG index and/or GSF/serum albumin ratio (Q Alb).
The clinical and electrophysiological data for all CIDP patients
were analyzed. The clinical parameters included the Hughes
functional grading scale [17], which was used as a functional
assessment, and the total Medical Research Council (MRC) scale
for four muscle groups (deltoid, wrist extensor, iliopsoas and
tibialis anterior muscles). All 25 patients received immune system-
modulating treatment, including corticosteroids and IVIg. Treat-
ment was considered to be effective if the patient’s condition,
including the Hughes scale and MRC score, was found to have
improved after therapy. Nerve conduction studies were performed
according to conventional procedures and using standard electro-
myography machine (Neuropack M1, Nihon Kohden, Tokyo,
Japan; Viking 4, Nicolet Biomedical Japan, Tokyo, Japan). Motor
nerve studies of the median, ulnar and tibial nerves were
performed, including F wave analyses. The terminal latency index
(TLI) was calculated based on the following formula: TLI=
terminal distance (mm)/(distal latency (ms) X conduction velocity
(m/s)). A partial motor conduction block was defined as a more
than a 50% reduction in the compound muscle action potentials
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(CMAP) between the stimulus sites, and abnormal temporal
dispersion was defined as a more than 30% increase in duration
between the proximal and distal CMAP, in accordance with the
EFNS/PNS guidelines [3].

Cell culture and treatment

Immortalized human peripheral nerve microvascular endothelial
cells (PnMECs), termed “FH-BNBs”, were generated previously in
our laboratory [16]. The cells were cultured in medium [Dulbecco’s
modified Eagle’s medium (DMEM; Sigma, St. Louis, MO, USA)
containing 10% fetal bovine serum (FBS; Sigma, St. Louis, MO,
U.8.A) and antibiotics] with 10% patient serum or culture medium
containing 10% FBS, which was used as a control, in an incubator at
37°C with 5% COy/air. The cells were maintained for either
24 hours to measure the transendothelial electrical resistance (TEER)
value or 48 hours to extract total proteins.

Reagents

We purchased polyclonal anti-claudin-5 and anti-occludin
antibodies from Zymed (San Francisco, CA, U.S.A). Polyclonal
anti-actin antibodies were purchased from Santa Cruz (Santa
Cruz, CA, US.A).

Western blot analysis

After boiling, aliquots containing equal amounts of protein
(15 ug) were separated via SDS-PAGE (Bio-Rad, Hercules, CA).
The proteins were then transferred onto nitrocellulose membranes
(Amersham, Chalfont, UK), as previously described [18]. The
membranes were subsequently treated with the relevant primary
antibodies (dilution: 1:100) for two hours and then incubated with
the secondary antibodies (dilution: 1:2,000) for one hour at room
temperature. Finally, the proteins were visualized using an
enhanced chemiluminescence detection system (ECL-prime,
Amersham, UK). The optical density of each band was assessed
using the Quantity One software program (Bio-Rad).

Transendothelial electrical resistance (TEER) studies

The TEER values in the cell layers were measured using a
Millicell electrical resistance apparatus (Endohm-6 and EVOM,
World Precision Instruments, Sarasota, FL, U.S.A), according to
the manufacturer’s instructions. The cells were seeded (1x10°
cells/insert) on collagen-coated Transwell inserts (pore size:
0.4 um, effective growth area: 0.3 cm® BD Bioscience, Sparks,
MD, USA), and the TEER value for each insert was calculated
following treatment with each type of medium (non-conditioned
medium was used as a control, the conditioned medium contained
10% patient serum) for 24 hours by subtracting the blank from
each reading. Fach condition was tested in triplicate for each
experiment.

Data analysis

Differences in the median values between the groups were
examined according to the Mann-Whitney U test, with two-sided
P value of <0.05 considered to be statistically significant. Pearson
correlation coefficients were used to test the associations. All
statistical analyses were performed using the IBM SPSS statistical
software program, version 21]J.

Results

Clinical characteristics
The clinical profiles of patients with t-CIDP, MADSAM and
DADS are summarized in Table 1. The mean Hughes grade was

August 2014 | Volume 9 | Issue 8 | 104205

— 240 —



significantly higher in the t-CIDP patients than in the MADSAM
or DADS patients and in the MADSAM patients than in the
DADS patients. In addition, significantly lower mean MRC values
for both the total score for the four muscle groups and the iliopsoas
alone were observed in the t-CIDP patients compared to those
noted in the MADSAM and DADS patients. Meanwhile, the
mean CSF protein concentration was higher in the t-CIDP and
DADS patients than in the MADSAM patients. Based on the
results of the electrophysiological examinations of the median
nerve, the t-CIDP and DADS patients demonstrated a more
prolonged average motor nerve distal latency than the MADSAM
patients, and while the t-CIDP patients displayed greater slowing
of mean motor nerve conduction than the MADSAM patients.
Furthermore, a higher frequency of conduction block was
observed in the MADSAM patients than in the t-CIDP patients.
In contrast, the MADSAM patients exhibited temporal dispersion
much less frequently than did the -CIDP and DADS patients.

The sera obtained from the patients with t-CIDP,
MADSAM and DADS disrupted the BNB

We first examined the effects of the sera obtained from the
patients with the three clinical subtypes of CIDP on the expression
levels of tight junction proteins and the TEER values in the FH-
BNBs. Consequently, the protein ratio of claudin-5 to actin
proteins was significantly lower in the FH-BNBs exposed to sera
from the patients with t-CIDP, MADSAM and DADS than in
those incubated with sera from the healthy controls, as determined

Table 1.

CIDP Sera Disrupt the Blood-Nerve Barrier

in a Western blot analysis (Figs. 1 A-E). In contrast, the ratio of
occludin to actin proteins in the FH-BNBs did not change after a
challenge with the sera obtained from the CIDP patients or
healthy controls (Figs. 1A-D, F). Meanwhile, the TEER values in
the FH-BNBs were significantly decreased following exposure to
the sera obtained from the t-CIDP, MADSAM and DADS
patients in comparison to that observed after exposure to sera of
the healthy control (Fig. 1G). Furthermore, the ratio of claudin-5
to actin proteins and the TEER values observed after exposure to
the sera obtained from t-CIDP patients were significantly lower
than those observed after exposure to the sera obtained from the
MADSAM and DADS patients (Figs. 1E, G). Moreover, the
TEER values observed after exposure to the sera obtained from
the DADS patients were significantly lower than those observed
after exposure to the sera obtained from the MADSAM patients,
although the ratio of claudin-5 to actin proteins was not
significantly different between the two groups (Figs. 1E, G).

Correlations between the clinical, laboratory and
electrophysiological findings and BNB malfunction in the
patients with CIDP

We next examined the associations between the clinical,
laboratory and electrophysiological findings and the ratio of
claudin-5 to actin proteins and/or the TEER values in the FH-
BNBs exposed to the sera from the CIDP patients. Consequently,
the decrease in either the claudin-5 protein level or TEER value in
the FH-BNBs was found to be associated with the clinical severity.

MADSAM (n=10)

t-CIDP (n=12)

DADS (n=3)

Clinical profile

95.3 (£34.7)

0.028 (£0.047)

Conduction velocity (m/s)

0.34 (£0.13)

Terminal latency index

Temporal dispersion 80% [8/10)

55.8 (£31.4)

0.009 (£0.006)

0.39 (£0.18)

30% [3/10]

0.011%,

0.007**%, 0.037%**

114.9 (£63.7) 0.002%, 0.028***

0.014 (+0.011)

0.033*

0.18 (+0.11) NS

100% [3/3] 0.018%, 0.017***

*t-CIDP vs MADSAM, **t-CIDP vs DADS, ***MADSAM vs DADS.
Data are expressed as mean (=SD), median [range] or percent {number}.

action potential.
doi:10.1371/journal.pone.0104205.t001
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+-CIDP, typical chronic inflammatory demyelinating polyradiculoneuropathy; MADSAM, multifocal acquired demyelinating sensory and motor neuropathy; DADS, distal
acquired demyelinating symmetric neuropathy, [Vig: Intravenous immunoglobulin, MRC: Medical Research Council, CSF: cerebrospinal fluid, CMAP: compound muscle
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Figure 1. The sera obtained from the patients with t-CIDP, MADSAM and DADS disrupted the BNB. (A) - (D) Effects of the sera obtained
from patients with three different phenotypes of chronic inflammatory demyelinating polyneuropathy (CIDP) on the protein levels of claudin-5 and
occludin in the FH-BNBs, as determined using a Western blot analysis. The cells were exposed to sera from either patients with typical CIDP (t-CIDP)
(A), multifocal acquired demyelinating sensory and motor neuropathy (MADSAM) (B) or distal acquired demyelinating symmetric neuropathy (DADS)
(Q) or healthy volunteers (D). (E) The sera obtained from the patients with t-CIDP, MADSAM neuropathy and DADS neuropathy decreased the protein
ratio of claudin-5 to actin proteins in the FH-BNBs compared to that observed following exposure to the sera from the healthy volunteers. The
decrease in the claudin-5 levels in the FH-BNBs was greater after incubation with the sera obtained from the t-CIDP patients than after that with the
sera from the patients with MADSAM and DADS. (F) There were no significant differences between the patients with the three different phenotypes
of CIDP and the healthy controls regarding the occludin protein levels in the FH-BNBs. (G) The effects of the sera on the transendothelial electrical
resistance (TEER) values in the FH-BNBs were also evaluated. Adding sera obtained from the patients with t-CIDP, MADSAM neuropathy or DADS
neuropathy resulted in decreased TEER values in the FH-BNBs in comparison with that observed in the cells treated with the sera obtained from the
healthy volunteers. Markedly decreased TEER values in FH-BNBs were also observed in the FH-BNBs following incubation with the sera obtained from
the t-CIDP patients compared to that noted in the cells incubated with sera from patients with MADSAM or DADS neuropathy. The TEER values were
decreased following exposure to the sera obtained from the patients with DADS neuropathy compared to that observed after exposure to the sera
obtained from the patients with MADSAM neuropathy. The bars indicate the mean fevel in each group. Control: non-conditioned DMEM containing
20% FBS. t-CIDP: conditioned medium with 10% sera obtained from patients with t-CIDP diluted with non-conditioned DMEM containing 10% FBS.
MADSAM: conditioned medium with 10% sera obtained from patients with MADSAM diluted with non-conditioned DMEM containing 10% FBS.
DADS: conditioned medium with 10% sera obtained from patients with DADS diluted with non-conditioned DMEM containing 10% FBS. Normal:
conditioned medium with 10% sera obtained from a healthy volunteer diluted with non-conditioned medium of DMEM containing 10% FBS.
doi:10.1371/journal.pone.0104205.g001
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Figure 2. Associations between the clinical findings and BNB malfunction in the patients with CIDP. Correlations between the claudin-5
to actin protein ratios and the TEER values in the FH-BNBs following exposure to sera and the clinical parameters in the patients with CIDP.
Associations between the claudin-5 to actin protein ratios and TEER values and the Hughes grade (A), duration of disease from onset (B), total Medical
Research Council (MRC) scores for four muscle groups (deltoid, wrist extensor, iliopsoas, and tibialis anterior muscles) (C), MRC score for the iliopsoas
muscle (D) and response to treatment, including intravenous immunoglobulin (IVig) and corticosteroids (E). A lower ratio of claudin-5 to actin
proteins was significantly associated with a higher Hughes grade, while a lower TEER value significantly correlated with a higher Hughes grade and
lower MRC score.

doi:10.1371/journal.pone.0104205.g002

In addition, a lower ratio of claudin-5 to actin proteins significantly median nerve (Fig. 4B) and higher frequency of abnormal
correlated with a higher Hughes grade (Fig. 2A) and higher Q temporal dispersion (Fig. 4F). In contrast, no significant differ-
Alb level (Fig. 3C), while a lower TEER value was significantly ences were noted between the claudin-5 to actin protein ratio or

associated with a higher Hughes grade (Fig. 2A), lower MRC TEER value and the duration of disease from onset (Fig. 2B),
score (Fig. 2C), particularly in the iliopsoas muscle (Fig. 2D), response to immunotherapy (Fig. 2E), concentration of CSF
more pronounced slowing of the motor nerve conduction in the proteins (Fig. 3A), IgG index (Fig. 3B), distal latency (Fig. 4A),

PLOS ONE | www.plosone.org 5 August 2014 | Volume 9 | Issue 8 | e104205

— 243 —



(A)

CIDP Sera Disrupt the Blood-Nerve Barrier

R=0.256 R=0.049 R=0.220
=14 P=0.458 14 p=0.079 14 i P=0.003
B < o 1.2 ©
S 12 o 1.2 o &L
ey o 1 o
' 1 8 ~ 1 8 8] | §
= O . O | L i
5 08 ¢ 53\‘:, o 08 0\@\@ [¢] 08 | ~Q 0 o
2 o S 06 | 0
C % SN oo o o ‘ o o o
— . T,

0. N 0.4 . 0.4 ~
',g 4 o (:)U < C? o ((‘Q:’r \%
8 o2 o ° 0.2 a 02 Yo
0 ] 0 EO— s :
0 0.5 1 0 0.5 1 0 0,01 0.02 0.03
R=0.211 R=0.349 R=0.219
0 p=0337 70 P=0.642 70 P=0.319
< 60 8 60 | o © 60 | o©
2 0 M;*}é oo s 8%;& o g, oo
= 40 | 0 o ° 40 o © w0 | aHho o
o 3
ﬁ 30 o 30 © 30 . o
= 20 20 20 |
10 0 - 10 |
0 50 100 150 200 05 1
- 0 0.01 0.02 0.03
CSF protein (mg/di) IgG index Q Alb
(n=25) (n=20) (n=22)

Figure 3. Associations between the CSF parameters and BNB disruption in the patients with CIDP. Correlations between the claudin-5 to
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protein level (A), IgG index (B) and albumin ratio (Q Alb) (C) in the patients with CIDP. A lower ratio of claudin-5 to actin proteins was significantly

associated with a higher Q Alb.
doi:10.1371/journal.pone.0104205.g003

conduction block (Fig. 4E) or CMAP amplitude (Fig. 4C) or 'TLI
index (Fig. 4D) in the median nerve.

Discussion

According to the 2010 EFNS/PNS guidelines, CIDP comprises
several clinical subtypes, including -CIDP, MADSAM and
DADS, based on the distribution of signs and symptoms [3].
Electrophysiological examinations provide important information
regarding the pathogenesis of CIDP, as the distribution patterns of
demyelinating lesions differ substantially between the different
clinical phenotypes of CIDP [14]. These observations prompted us
to hypothesize that differences in the patterns of BNB disruption at
least partly determine the distribution of demyelinating lesions and
clinical phenotypes of CIDP [10]. In cases of t-CIDP, motor nerve
conduction studies frequently show a prolonged distal latency or
duration of the distal CMAP, suggesting that demyelination
predominantly may affect the distal nerve terminals, where the
BNB is most vulnerable, during the initial phase of the disease
[10,14]. However, demyelination also affects the intermediate
nerve trunk after a long course of disease in individuals with t-
CIDP, due to gradual disruption of the BNB in the nerve trunk.
This phenomenon reflects profound slowing of nerve conduction,
conduction block and/or abnormal temporal dispersion in the
intermediate nerve segments, as identified on motor nerve
conduction studies [10]. These disease processes suggest the
importance of BNB breakdown in the development of t-CIDP. In
contrast, electrophysiology studies of MADSAM have character-
ized the disease as involving multifocal nerve conduction block in
the intermediate nerve trunks, with preservation of the nerve
terminals and roots [10,19], suggesting the presence of multifocal
demyelination in these regions. The pattern of BNB disruption

PLOS ONE | www.plosone.org

appears to differ between MADSAM and -CIDP, as the
multifocal breakdown of the BNB at the site of conduction block
may be required for the development of the former condition [10].
The hypothesis suggested by the findings of an electrophysiological
studies is of great interest because it may explain the clinical
variety of CIDP; however, it is not adequately supported by the
results of pathological or cell biological examinations. Only one
report regarding pathological changes in the endoneurial micro-
vessels of patients with CIDP has been published to date [11]. This
report described the characteristic of pathological changes in tight
junction proteins, including a decrease in the level of claudin-5 and
altered localization of ZO-1 on sural nerve biopsy samples
obtained from t-CIDP patients. However, it remains unclear
whether breakdown of the BNB is involved in the pathogenesis of
atypical CIDP.

In the present study, we used our previous established human
BNB-derived endothelial cells [16] and assessed the degree of BNB
damage following exposure to sera by calculating the changes in
the protein ratio of claudin-5 to actin proteins and measuring the
TEER value [18]. Our results demonstrated that the sera obtained
from the patients with three clinical phenotypes of CIDP all
significantly decreased claudin-5 expression and the TEER value
in the FH-BNBs, suggesting that humoral factors present in the
sera of MADSAM and DADS patients, as well as t-CIDP patients,
induce the BNB malfunction. The decrease in the claudin-5
protein level and TEER values observed following exposure to the
sera obtained from the t-CIDP patients was more remarkable than
that observed after incubation with the sera obtained from the
patients with MADSAM or DADS. These findings indicate that
the severity of BNB breakdown differs depending on the clinical
phenotype of CIDP; humoral factors in the sera of t-GIDP patients
may cause more severe BNB damage than those present in the
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Figure 4. Correlation between the electrophysiological findings and BNB disruption in the patients with CIDP. Associations between
the claudin-5 to actin protein ratios and the TEER values in the FH-BNBs following exposure to sera and the electrophysiological findings of the
median nerve, including the distal nerve latency (A), conduction velocity (B), compound muscle action potential (CMAP) (C), terminal latency index
(TLI index) (D) and presence of conduction block (E) or abnormal temporal dispersion (F) in the patients with CIDP. A lower TEER value was highly
associated with slower motor nerve conduction and the presence of abnormal temporal dispersion.

doi:10.1371/journal.pone.0104205.g004

sera of patients with MADSAM or DADS. These results partly
support the hypothesis suggested by the electrophysiological
studies regarding the importance of BNB breakdown induced by
humoral factors in t-CIDP sera.

We next examined the associations between the clinical,
laboratory or electrophysiological findings and the degree of
BNB damage following exposure to the sera obtained from the
CIDP patients. Consequently, the severity of BNB damage after

PLOS ONE | www.plosone.org

exposure to the sera significantly correlated with both a higher
Hughes grade and lower MRC score, particularly in the iliopsoas
muscle, which reflect the presence of clinical disability and
proximal muscle weakness, respectively. Severe BNB breakdown
was also found to be associated with a decrease in the speed of
conduction in the median nerve in addition to abnormal temporal
dispersion, thus indicating the presence of demyelination in the
intermediate segments. Furthermore, this damage correlated with
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an increased ) Alb value, which may reflect disruption of the
BNB surrounding the nerve roots. Taken together, these findings
suggest that the breakdown of the BNB induced by humoral
factors in CIDP sera results in a wide range of symptoms of
demyelination from the intermediate nerve trunk to the nerve
root, and correlates with both clinical disability and proximal
muscle weakness characteristics of t-CIDP. On the other hand, no
associations were observed between impairment of the BNB and
the duration of the disease or response to immunotherapy in the
CIDP patients in our study. This finding suggests that BNB
damage does not become more severe as the duration of discase
increase, and that the extent of such damage cannot be used to
predict the response to treatment.

Katz et al. reported that patients with demyelinating sensory
polyneuropathy and distal weakness can be classified as having
DADS, in order to distinguish the phenotype from t-CIDP [8]. In
addition, two-thirds of patients with DADS have IgM monoclonal
gammopathy, and the discase is usually associated with anti-MAG
antibodies [20,21]. DADS associated with positivity for anti-MAG
antibodies, termed anti-MAG ncuropathy, is separated from
CIDP according to the 2010 EFNS/PNS guidelines [3,22]. In
contrast, DADS without anti-MAG antibodies is often considered
to be a variant of CIDP, and some reports have described
differences in the response to immune treatment between DADS
patients with and without anti-MAG antibodies [23,24]. In the
present study, we assessed the effects of sera obtained from three
patients with DADS without anti-MAG antibodies, and found that
the level of BNB damage after exposure to the sera from these
patients was milder than that observed following exposure to the
sera of the t-CIDP patients. In addition, we demonstrated a
prolonged distal latency and smaller terminal latency index, both
of which suggest preferential demyelination in the distal nerve
terminals, to be more frequent in the patients with DADS,
although these findings did not correlate with the severity of BNB
damage. These results suggest that the phenotypic discrepancies
observed between t-CIDP and DADS may be due to differences in
the location of BNB breakdown; namely, the “DADS phenotype”
may be associated with primary involvement at the distal nerve
terminal with a vulnerable BNB, as the humoral factors in DADS
sera do not induce substantial BNB malfunction at the nerve
trunk, compared to that observed in the setting of t-CIDP.

Based on the hypothesis suggested by the finding of electro-
physiological studies, the conduction block in the nerve trunk
noted in patients with MADSAM is thought to always be
accompanied by focal breakdown of the BNB [10]. However,
our present results suggest that this conduction block may have
little relationship with the involvement of the BNB induced by
humoral immunity, as the BNB damage observed after exposure
to the sera obtained from the MADSAM patients was milder than
that detected after exposure to the sera obtained from the t-CIDP
and DADS patients and the presence of conduction block did not
correlate with the severity of BNB damage after exposure to sera
from any of the patients. Nevertheless, due to the in vitro nature of
our experiments, we were unable to fully estimate the importance
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Experimental Polymyositis in Mice
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Naoko Okiyama,” Jens Dernedde,” Marie Weinhart,® Rainer Haag,” Thomas F. Tedder,’
Kazuhiko Takehara,' Hitoshi Kohsaka,” and Manabu Fujimoto'

Objective. To investigate the role of adhesion
molecules in C protein—induced myositis (CIM), a mu-
rine model of polymyositis (PM).

Methods. CIM was induced in wild-type mice,
L-selectin-deficient (L-selectin™™) mice, intercellular
adhesion molecule 1 (ICAM-1)-deficient (ICAM-1""7)
mice, and mice deficient in both L-selectin and ICAM-1
(L-selectin™”/“"ICAM-1"'" mice). Myositis severity, in-
flammatory cell infiltration, and messenger RNA ex-
pression in the inflamed muscles were analyzed. The
effect of dendritic polyglycerol sulfate, a synthetic inhib-
itor that suppresses the function of L-selectin and
endothelial P-selectin, was also examined.

Results. L-selectin™/™ mice and L-selectin™/~
ICAM-1""" mice developed significantly less severe myo-
sitis compared to wild-type mice, while ICAM-1 deficiency
did not inhibit the development of myositis. L-selectin™/~
mice that received wild-type T cells developed myositis.
Treatment with dendritic polyglycerol sulfate significantly
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diminished the severity of myositis in wild-type mice
compared to treatment with control.

Conclusion. These data indicate that L-selectin
plays a major role in the development of CIM, whereas
ICAM-1 plays a lesser role, if any, in the development of
CIM. L-selectin—targeted therapy may be a candidate
for the treatment of PM.

Polymyositis (PM) is a chronic autoimmune in-
flammatory myopathy. It affects striated muscles and
induces varying degrees of weakness, especially in the
proximal muscles (1). Although the pathogenesis of PM
has not been elucidated, cytotoxic CD8+ T cells are
thought to play a prominent role in the development of
myositis (2). Recently, the C protein-induced myositis
(CIM) model was established as an animal model of PM
(3). The skeletal muscle C protein is a myosin-binding
protein that regulates muscle filament components (4).
This murine myositis is readily induced by a single
immunization with recombinant skeletal muscle C pro-
tein fragments in C57BL/6 mice. CIM elicits abundant
perforin-positive CD8+ T cells that infiltrate endomy-
sial sites. In addition, CD8+ T cell depletion inhibits the
progression of myositis. In the CIM model, inflamma-
tory cytokines, including interleukin-1 (IL-1), IL-6, and
tumor necrosis factor e (TNFa), mediate the induction
and development of myositis (3,5,6). The CIM model is
primarily used to examine the inflammatory phase of
PM.

Leukocyte recruitment into sites of inflammation
is accomplished by constitutive or inducible expression
of multiple adhesion molecules (7-9). L-selectin
(CD62L), which primarily mediates leukocyte capture
and rolling on the endothelium, is constitutively ex-
pressed by most leukocytes (10). In addition, L-selectin
plays significant roles in the activation of multiple intra-
cellular signaling pathways (11). Intercellular adhesion
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molecule 1 (ICAM-1; CD54) is a member of the Ig
superfamily that is constitutively expressed on endothe-
lial cells, subsets of leukocytes, fibroblasts, and epithelial
cells (12). It can be transcriptionally up-regulated by
several proinflammatory cytokines, such as TNFa,
interferon-y (IFNy), and IL-1 (12). L-selectin and
ICAM-1 act in concert with each other during leukocyte
migration from blood to extravascular tissues where
inflammatory responses occur in vivo (13,14).

The relative contributions of L-selectin and
ICAM-1 are largely dependent on the type of model
of inflammation being used. For instance, in the
immediate-type hypersensitivity model, deficiency of
either L-selectin or ICAM-1 resulted in the immune
response being reduced to similar degrees. Deficiency
of both L-selectin and ICAM-1 did not exhibit a syner-
gistic effect (15). Introducing defective ICAM-1 into
L-selectin—deficient (L-selectin /) mice resulted in a
profoundly decreased pulmonary fibrosis compared to
that observed in mice with a deficiency of a single
adhesion molecule in a bleomycin-induced pulmonary
fibrosis model (16). However, wound healing was not
inhibited by L-selectin deficiency, while delayed wound
healing was observed in ICAM-1-deficient (ICAM-17"7)
mice (17). Nevertheless, the relative contributions and
interaction of L-selectin and ICAM-1 in the CIM model
remain unknown.

In this study, we investigated the role of ad-
hesion molecules in CIM by using L-selectin™'~ mice,
ICAM-1""" mice, and L-selectin and ICAM-1 double-
deficient (L-selectin™"ICAM-1"") mice. Inhibition of
L-selectin ameliorated the severity of myositis. The
results of this study indicate that L-selectin contributes
to the development of CIM more than ICAM-1 does,
and that L-selectin might serve as a therapeutic target
for the treatment of PM.

MATERIALS AND METHODS

Mice. L-selectin ™~ mice were produced as previously

described (18). ICAM-1""" mice (19) were from The Jackson
Laboratory, and L-selectin™/"ICAM-1"/" mice were gener-
ated as previously described (14). All mice were backcrossed
more than 8 generations onto the C57BL/6 genetic back-
ground. Female mice ages 8-10 weeks were used in the
experiments. Age-matched C57BL/6 mice (The Jackson Lab-
oratory) were used as controls. All mice were housed in a
specific pathogen—free barrier facility and screened regularly
for pathogens. The Committee on Animal Experimentation of
Kanazawa University Graduate School of Medical Science
approved all studies and procedures.

CIM induction. To induce CIM, 8-10-week-old female
mice were immunized intradermally with 200 pg of murine C
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protein fragments (3) emulsified in 200 ul of Freund’s com-
plete adjuvant (CFA) containing 100 ug of heat-killed Myco-
bacterium butyricum (Difco) (5). The immunogens were in-
jected at multiple sites in the back and footpads. Pertussis toxin
(0.2-2 ug; Seikagaku) in phosphate buffered saline (PBS) was
injected intraperitoneally at the same time.

Mice were killed on day 14 after immunization with C
protein, and muscle tissue specimens were harvested. Hema-
toxylin and eosin (H&E)-stained 10-pum sections of the ham-
strings and quadriceps were examined histologically. The his-
tologic severity of myositis in each muscle block was graded (3)
on a scale of 1-4, where 1 = involvement of =1 muscle fiber
but <5 muscle fibers, 2 = a lesion involving 5-30 muscle fibers,
3 = a lesion involving a muscle fasciculus, and 4 = diffuse,
extensive lesions. When multiple lesions with the same grade
were found in a single muscle block, 0.5 was added to the
grade. We also assessed necrotic muscle areas. Necrotic muscle
areas were quantified by measuring necrotic muscle fibers
showing decreased H&E staining and the replacement of
muscle fibers by mononuclear cell infiltrates (6).

Immunohistochemical staining. Muscle sections (4 um
thick) obtained from the left thighs of the mice were frozen in
cold 2-methylbutane and were stained with anti-CD8a (53-6.7)
and anti-CD4 (RM4-5) (BD Biosciences). Muscle sections
(4 wm thick) obtained from the right thighs of the mice were
fixed in formalin, dehydrated, embedded in paraffin, and then
incubated with rat monoclonal antibodies specific for CD3
(CD3-12; Serotec), F4/80 (A3-1; Abcam), and myeloperoxi-
dase (MPO; NeoMarkers). Six inflammatory mononuclear cell
foci in the serial sections were studied. Stained cells were
counted in every focus under high magnification (400} using
a light microscope. The mean score was used for analysis. The
stained sections were evaluated by 2 independent observers
who reported comparable results.

Adoptive transfer of mouse spleen T cells. Single-cell
suspensions of splenic leukocytes from naive, nonimmunized
wild-type mice were generated by gentle homogenization.
CD90.2 monoclonal antibody-coupled microbeads were used
to purify T cell populations according to the recommenda-
tions of the manufacturer (Miltenyi Biotech). The purity of
extracted T cells from donor mice was measured using a
FACSCanto II flow cytometer (BD Biosciences), and purities
were >90%. Viable spleen T cells (8 X 10°) were transferred
intravenously into recipient L-selectin™~ mice. Twenty-four
hours after adoptive transfer of T cells, recipient L-selectin ™/~
mice were immunized with C protein fragments, and 14 days
after immunization their muscles were harvested as described
above. PBS-injected mice were used as controls.

Real-time reverse transcription—polymerase chain re-
action (RT-PCR). Total RNAs were extracted from muscle
samples using Qiagen RNeasy spin columns, and real-time
RT-PCR was performed using a TagMan system (Applied
Biosystems) on an ABI Prism 7000 Sequence Detector (Ap-
plied Biosystems) (20). TagMan probes and primers for IL-13,
IL-6, IL-10, IL-12«, IFNYy, TNFq, monocyte chemoattractant
protein 1 (MCP-1), and GAPDH were purchased from Ap-
plied Biosystems. Relative expression of RT-PCR products
was determined using the AAC, technique. Each reaction was
performed at least in triplicate.

Treatment of mice with dendritic polyglycerol sulfate.
Dendritic polyglycerol sulfates are multivalent inhibitors of
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inflammation that inhibit both L-selectin and endothelial
P-selectin with high efficacy (21). Wild-type mice were injected
subcutancously with dendritic polyglycerol sulfate (0.3 mg/
mouse) into the shaved neck for 11 consecutive days, beginning
3 days after immunization with C protein. Mice injected
subcutancously with PBS were used as controls.

Statistical analysis. The Mann-Whitney U test was
used to determine the level of significance of differences in the
sample means. The Bonferroni test was used for multiple
comparisons. All statistical analysis was performed using Prism
software.

RESULTS

Amelioration of myositis severity in L-selectin~
deficient mice. To determine if adhesion molecules play
a role in myositis, we assessed the severity of myositis in
wild-type, L-selectin™/~, ICAM-1"/", and L-selectin ™/~
ICAM-1""" mice (Figure 1A). Histologic scores were
significantly lower in L-selectin™™ mice than in wild-
type mice (P < 0.01) (Figure 1B). Similarly, ICAM-1"""
mice demounstrated a 50% decrease in myositis se-
verity score compared to wild-type mice, although the
differences did not reach significance. L-selectin™~
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Figure 1. C protein-induced myositis in wild-type (WT) mice,
L-selectin—~deficient mice, ICAM-1-deficient mice, and mice deficient
in both L-selectin and ICAM-1. Mice were killed on day 14 after
immunization with C protein, and muscle tissue specimens were
harvested. A, Representative images of muscle inflammation in the
indicated mouse genotypes. Hematoxylin and eosin stained. Original
magnification X 100 in top panels; X 400 in bottom panels. B and C,
Histologic score (B) and area of muscle fiber necrosis (C) in each
mouse group. Bars show the mean = SEM (n = 8-10 mice per
genotype). = = P < 0.05; == = P < (0.01.
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Figure 2. Inflammatory cell infiltration into the inflamed muscles of
wild-type and L-selectin™” mice with C protein-induced myositis.
Mice were killed on day 14 after immunization with C protein, and
muscle tissue specimens were harvested. A, Representative immuno-
histochemical images showing CD3, CD4, CDS, F4/80, and myeloper-
oxidase (MPO) staining in tissue sections from wild-type and
L-selectin™" mice. Original magnification X 400. B, Numbers of
CD3+, CD4+, and CD8+ T cells, F4/80-positive macrophages, and
MPO-positive neutrophils in wild-type and L-selectin™~ mice on day
14. Bars show the mean * SEM (n = 8-10 mice per genotype).
wio= P < (.01,

ICAM-1""" mice displayed significantly lower histo-
logic scores compared to wild-type mice (P < 0.01).
Histologic scores in L-selectin™/~ and L-selectin ™/~
ICAM-1""" mice were also significantly lower than
those in ICAM-1"'" mice (P < 0.01 for both).

We also assessed necrotic muscle areas to evalu-
ate muscle damage in the mice (Figure 1C). Necrotic
muscle areas were significantly smaller in L-selectin™~
mice than in wild-type mice (P < 0.01). ICAM-1"/~
mice showed a 69% decrease in necrotic muscle areas
compared to wild-type mice. L-selectin™/"ICAM-1"/~
mice displayed significantly decreased necrotic muscle
areas comparable to those of L-selectin™/~ mice. Ne-
crotic muscle areas in L-selectin™~ and L-selectin™/~
ICAM-1""" mice were also significantly smaller than
those in ICAM-17/" mice (P < 0.01 and P < 0.05,
respectively). Histologic scores paralleled the increases
in necrotic muscle areas. L-selectin™/~ and L-selectin /™~
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Figure 3. Adoptive transfer of T cells from wild-type (WT) mice into
L-selectin ™/~ mice. Mice were killed on day 14 after immunization
with C protein, and muscle tissue specimens were harvested. A,
Representative muscle sections stained with hematoxylin and eosin
(H&E) and immunohistochemical images showing CD4 and CDS8
staining in sections from L-selectin™/~ mice, L-selectin™~ mice
treated with vehicle, and L-selectin™ ™ mice that received wild-type T
cells. Original magnification X 400. B, Histologic score in each mouse
group. C, Numbers of CD4+ and CD8+ T cells. Bars in B and C show
the mean = SEM (n = 5 mice per group). = = P < (.01

ICAM-1"'" mice developed a minimal degree of myo-
sitis. These results suggest that L-selectin contributes
profoundly to the development of CIM, whereas the
contribution of ICAM-1 is less relevant.

Reduced leukocyte recruitment in L-selectin-
deficient mice. Since L-selectin™/™ mice, but not
ICAM-1""" mice, showed significantly less severe myo-
sitis compared to wild-type mice, we assessed inflamma-
tory cell infiltration in the inflamed muscles of wild-type
mice and L-selectin ~/~ mice (Figures 2A and B). Immuno-
histologic staining revealed that CD3+, CD4+, and
CD8+ T cells, F4/80-positive macrophages, anid MPO-
positive neutrophils were all significantly reduced in
L-selectin™~ mice compared to wild-type mice (P <
0.01 for all comparisons). We detected very few B220+
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B cells in the inflamed muscles of either wild-type mice
or L-selectin™/~ mice (data not shown). These results
suggest that L-selectin plays an important role in the
migration of leukocytes into inflamed muscles in the
CIM model.

Development of myositis in L-selectin™/~ mice
that received wild-type T cells. Although L-selectin is
expressed on various leukocyte subsets, CD8+ T cells
are considered to be crucial for the induction of CIM.
Therefore, we performed adoptive transfer experi-
ments to confirm the importance of L-selectin expres-
sion on T cells. As described above, L-selectin™™ mice
exhibited minimal development of myositis. In contrast,
L-selectin™/~ mice that received T cells from naive,
nonimmunized wild-type mice developed readily appar-
ent myositis. Histologic scores in L-selectin™~ mice that
received wild-type T cells were ~10-fold higher than
those of L-selectin™~ mice and L-selectin™/~ mice
treated with vehicle (P < 0.01 for both) (Figures 3A and
B). Although the histologic scores in L-selectin ™/~ mice
that received wild-type T cells were 52% lower than
those in wild-type mice, the difference did not reach
significance. Our analysis of cell infiltration showed that
both CD4+ and CD8+ T cells were more abundant
in L-selectin™’~ mice that received wild-type T cells
(Figure 3C). These results indicate that L-selectin ex-
pression on T cells is important for leukocyte migration
into inflamed muscles and the development of myositis
in mice.

Cytokine expression in CIM. We next compared
messenger RNA (mRNA) expression in inflamed mus-
cles from wild-type and L-selectin™/~ mice by RT-PCR
(Figure 4). The levels of mRNA for IL-6, IL-10, 1L-12,
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Figure 4. Levels of mRNA in the inflamed muscles from wild-type
(WT) and L-selectin™~ mice on day 14 after immunization with
C protein. Bars show the mean = SEM (n = 5 or more mice
per genotype). = = P < 0.05. IL-1B8 = interleukin-18; IFNy =
interferon-y; TNFa = tumor necrosis factor «; MCP-1 = monocyte
chemoattractant protein 1.
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Figure 5. Decreased severity of myositis in wild-type mice treated
with dendritic polyglycerol sulfate (dPGS). Dendritic polyglycerol
sulfate was injected into mice intradermally for 11 consecutive days,
beginning 3 days after immunization with C protein. Mice were killed
on day 14 after immunization, and muscle tissue specimens were
harvested. A, Representative images of muscle inflammation in wild-
type mice treated with dendritic polyglycerol sulfate or phosphate
buffered saline (control). Hematoxylin and eosin stained. Original
magnification X 100 in top panels; X 400 in bottom panels. B and C,
Histologic scores (B) and area of muscle fiber necrosis (C) in
each mouse group. D, Numbers of CD4+ and CD8+ T cells on day 14.
Bars in B-D show the mean = SEM (n = 8-10 mice per group).
= P < 0.05.

IFNy, and MCP-1 were significantly reduced in L-
selectin™/~ mice compared to wild-type mice (P < 0.05
for all comparisons). IL-18 and TNFa mRNA expres-
sion levels in L-selectin™/~ mice were decreased 21%
and 43%, respectively, compared to wild-type mice, but
the differences did not reach significance for either
cytokine.

Diminished severity of myositis in mice treated
with dendritic polyglycerol sulfate. Since dendritic poly-
glycerol sulfate is an inhibitor that suppresses the func-
tion of adhesion molecules, including L-selectin, wild-
type mice were treated with dendritic polyglycerol
sulfate. Wild-type mice treated with dendritic poly-
glycerol sulfate showed 52% lower histologic scores
than PBS-treated control wild-type mice (P < 0.05)
(Figures 5A and B). Necrotic tissue areas from wild-
type mice treated with dendritic polyglycerol sulfate
were significantly smaller than those from PBS-treated
control wild-type mice (£ < 0.05) (Figure 5C). Infiltra-
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tion of both CD4+ and CD8+ T cells was also signifi-
cantly decreased by dendritic polyglycerol sulfate treat-
ment (Figure 5D).

DISCUSSION

This is the first study to reveal the roles of
adhesion molecules in the development of CIM, a
murine model of PM. Specifically, L-selectin, but not
ICAM-1, was critical for the development of myositis.
The development of myositis was also prevented by
treatment with dendritic polyglycerol sulfate, which
binds to L-selectin and endothelial P-selectin and pre-
vents leukocytes from binding to inflamed vascular
endothelia (21). Thus, our findings indicate that
L-selectin plays a critical role in the development of
CIM, and that L-selectin could be a target for the
treatment of PM.

The cell adhesion molecules L-selectin and
ICAM-1 act cooperatively to mediate optimal leukocyte
rolling and the recruitment of leukocytes to sites of
inflammation (13,14,22-24). Although the relative con-
tributions of L-selectin and ICAM-1 vary among differ-
ent models of inflammation, ICAM-1 appears to play a
more predominant role than L-selectin in general. How-
ever, this study indicates that L-selectin is more impor-
tant than ICAM-1 in the development of CIM (Figures
IA and B).

Previous studies clearly indicate that CD8+ T
cells play a more significant role than CD4+ T cells in
the development of CIM. Tang et al (25) reported that
the percentage of L-selectin—positive cells in CD8+ T
cells was greater than that in CD4+ T cells, especially in
lymphoid tissues, and that L-selectin expression levels
were higher on CD8+ T cells than on CD4+ T cells in
wild-type mice. In contrast, L-selectin deficiency did not
affect ICAM-1 expression (16). Thus, the different ex-
pression levels of L-selectin between CD4+ and CD8+
T cells may partly explain the finding that L-selectin
deficiency had a greater effect on the degree of myositis
than ICAM-1 did in the present study. Alternatively, the
greater role of L-selectin may be explained by the fact
that L-selectin is important for antiviral immunity (26)
and antitumor activity (27), in which CD8+ cytotoxic T
cells play a substantial role. The etiologic role of CD8+
cytotoxic T cells may be another reason why L-selectin is
more important than ICAM-1 in the CIM model.

It is assumed that leukocyte infiltration and cyto-
kines participate in the development of CIM. Consistent
with this, L-selectin '~ mice exhibited significantly de-
creased numbers of leukocytes, including CD4+ and
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CD8+ T cells, F4/80-positive macrophages, and MPO-
positive neutrophils, in the inflamed muscles on day 14
following CIM induction (Figures 2A and B). In addi-
tion, adoptive transfer of wild-type T cells induced
myositis in L-selectin™~ mice (Figures 3A-C). These
data suggest that L-selectin expression on T cells is
required for the induction of myositis via the recruit-
ment of leukocytes into the muscles. However, alterna-
tives should be considered to explain the reduction in
myositis severity seen in L-selectin ™/~ mice. It has been
reported that myositis development required both the
activation of T cells and the conditioning of local muscle
tissue as a “seed and soil” model, and CIM regression
was due to attenuation of local CFA-induced immune
activation (28). Thus, local immune activation in
L-selectin™/~ mice might be impaired, leading to re-
duced myositis severity.

L-selectin expression on leukocytes may be im-
portant not only for leukocyte infiltration, but also for
subsequent cytokine production. In the CIM model,
IL-6 deficiency inhibited the progression of myositis, and
IL-6 blockade reduced the severity of myositis (5).
Consistent with this previous report, our study showed
that IL-6 mRNA expression in the inflamed muscles of
L-selectin™/~ mice was significantly decreased compared
to that in wild-type mice (Figure 4). Moreover, other
inflammatory cytokines, including IL-12 and IFNv,
were decreased in L-selectin ™/~ mice as well. The inci-
dence of myositis in IL-1-deficient and TNFa-deficient
mice was significantly lower than that in wild-type mice
(3). Although the differences did not reach significance,
IL-1B8 and TNFa« tended to decrease in L-selectin™/~
mice compared to wild-type mice in this study (Fig-
ure 4). Taken together, these findings indicate that
L-selectin expression influences cytokine production in
inflamed mouse muscles. However, the mechanism by
which L-selectin is involved in cytokine regulation needs
to be evaluated.

The establishment of effective PM therapies has
long been awaited. Corticosteroids have been proven to
be beneficial, but serious adverse effects can frequently
occur. To date, several studies targeting adhesion mol-
ecules have been performed. Bimosiamose is a small-
molecule and pan-selectin antagonist that targets
E-selectin, P-selectin, and L-selectin (29). Inhaled ad-
ministration of bimosiamose in asthmatic patients was
shown to attenuate late asthmatic reactions (30). Subcu-
taneous administration of bimosiamose improved the
clinical scores in patients with psoriasis (31). A human-
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ized anti~L-selectin monoclonal antibody (aselizumab)
significantly increased survival time and decreased mor-
tality in a baboon model of hemorrhagic-traumatic
shock (32). However, intravenous administration of
aselizumab to multiple traumatized patients resulted in
no significant improvement of efficacy in a phase II
clinical trial (33). Also, caution should be paid in devel-
oping biologic therapies targeting adhesion molecules. A
humanized anti-CD1la monoclonal antibody, efali-
zumab, was effective for the treatment of psoriasis, but a
long-term followup study revealed several fatal cases of
progressive multifocal leukoencephalopathy by JC virus
(34), leading to voluntary withdrawal of the drug from
the market. In this study, the synthetic compound den-
dritic polyglycerol sulfate, which is an inhibitor that
suppresses the function of leukocytic L-selectin and
endothelial P-selectin, improved myositis severity (Fig-
ures SA-C). Therefore, we assume that a selectin-
targeted therapy could still be an option for the treat-
ment of PM.

We are well aware that our study is impacted
by a number of limitations. First, the murine CIM
model of PM that was used only mimics the inflam-
matory aspect of the human disease. Second, immune
responses against C protein have not been reported
in human PM patients. Third, we did not conduct
functional assays to directly assess muscle weakness in
this study. In previous experiments, we attempted sev-
eral assays, including a rotarod performance test and
the measurement of serum creatinine kinase. We used
rotarod tests in a previous study (3). However, accord-
ing to our experience, the rotarod test turned out to
be less reliable than histologic analyses, because mice
learn how to avoid falling off and do not necessarily
run consistently. In addition, serum levels of creatinine
kinase or other muscle-derived proteins are unreli-
able parameters. They are often high in normal mice,
presumably because of their physical activity (28). De-
vices are needed to directly quantify rodent muscle
strength to best observe the clinical course of the
disease.

In conclusion, immune cell infiltration initiated
via selectin-ligand interactions and the production of
proinflammatory cytokines, such as IL-6, and chemo-
attractants for inflammatory cells, such as MCP-1, may
be a trigger of myositis in CIM. Our findings also
indicate that the cell adhesion molecule L-selectin may
be a candidate for treating PM, an intractable auto-
immune disease.
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Clinical Images: Focal myositis demonstrated on positron emission tomography

c 0

The patient, a 43-year-old man, presented with a 3-month history of pain and swelling involving the posterior part of his left calf,
which was exacerbated by palpation. The circumference of the left calf was 3 cm greater than that of the right calf. He denied having
any generalized symptoms, including fever, weight loss, or muscle weakness. Laboratory testing revealed elevated levels of creatine
phosphokinase (3,470 IU/liter [normal <130 IU/liter]). The results of autoantibody screening tests (rheumatoid factor, antinuclear
antibodies, anti-Jo-1, PL-7, PL-12, and anti-signal recognition particle) were negative. The patient had negative findings on
serologic tests for infection with cytomegalovirus, Epstein-Barr virus, coxsackievirus, parvovirus, hepatitis virus, human immuno-
deficiency virus, and Toxoplasma. A heterogeneous mass involving the medial head of the left gastrocnemius and soleus muscles was
shown on gadolinium-enhanced T1-weighted (A) and T2-weighted (B) magnetic resonance images. Positron emission tomography
(PET) (C) and '"*F-fluorodeoxyglucose(FDG)-PET scanning (D) revealed marked uptake of FDG in the left calf muscles. Histologic
assessment of the muscles confirmed the diagnosis of focal myositis, with findings of inflammatory infiltrates associated with necrosis
and degeneration/regeneration of muscle fibers. Subsequently, the patient was given prednisone therapy (at an initial dosage of 30
mg/day), which resulted in resolution of the focal myositis. This case supports the notion that FDG-PET scanning is a noninvasive
test that is helpful for providing both detailed and complete morphofunctional cartography of muscle changes and guiding muscle
biopsy. Thus, when compared with magnetic resonance imaging, FDG-PET scanning has the advantage of showing the absence of
other sites of muscle inflammation, which confirms the diagnosis of focal myositis, and excluding underlying malignancy associated
with myositis.
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