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Abstract

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

Methods—CIM was induced in wild type mice, L-selectin-deficient (L-selectin”") mice,
ICAM-1-deficient (ICAM-17") mice, and both L-selectin- and ICAM-1-deficient (L-

selectin” ICAM-17") mice. The severity of myositis, inflammatory cell infiltration, and mMRNA
expression in the inflamed muscles were examined. The effect of dendritic polyglycerol sulfate
(dPGS), a synthetic inhibitor 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
myositis compared to wild type mice, while ICAM-1 deficiency did not inhibit the development of
myositis. L-selectin”- mice transferred with wild type T cells developed myositis. Wild type mice
treated with dPGS significantly diminished the severity of myaositis compared to control-treated
wild type mice.

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

Polymyositis (PM) is a chronic autoimmune inflammatory myopathy. It affects striated
muscles and induces varying degrees of muscle weakness, especially in the proximal
muscles [1]. Although the pathogenesis of PM has not been elucidated, cytotoxic CD8* T
cells are thought to have a prominent role in the development of myositis [2]. Recently, the
C protein-induced myositis (CIM) model was established as an animal model for 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 protein fragments in C57BL/6 mice. CIM elicits abundant
perforin-positive CD8" T cells that infiltrate endomysial sites. In addition, CD8" T cell
depletion inhibits the progression of myaositis. In the CIM model, inflammatory cytokines,
including interleukin (IL)-1, IL-6, and tumor necrosis factor (TNF)-a, mediate the induction
and development of myositis [3, 5, 6]. This CIM model is primarily utilized to examine the
inflammatory phase of PM.

Leukocyte recruitment into inflammatory sites 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 expressed by
most leukocytes [10]. In addition, L-selectin plays significant roles in the activation of
multiple intracellular signaling pathways [11]. ICAM-1 (CD54) is a member of the Ig
superfamily that is constitutively expressed on endothelial cells, subsets of leukocytes,
fibroblasts, and epithelial cells [12]. It can be transcriptionally up-regulated by several
proinflammatory cytokines, such as TNF-a, interferon (IFN)-v, 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]. However, the
relative contributions of L-selectin and ICAM-1 are largely dependent upon the type of
inflammatory models being employed. For instance, in the immediate-type hypersensitivity
model, deficiency of either L-selectin or ICAM-1 resulted in a reduced immune response to
similar degrees. Deficiency of both L-selectin and ICAM-1 did not exhibit a synergistic
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-) 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 adhesion molecules in CIM by using L-selectin-
mice, ICAM-17" mice, and L-selectin and ICAM-1 doubly deficient (L-selectin” ICAM-17")
mice. Inhibition of L-selectin ameliorated the severity of myositis. The results of this study
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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 polymyositis.

Materials and Methods

Mice

L-selectin”~ mice were produced as described [18]. ICAM-1"- mice [19] were from the
Jackson Laboratory (Bar Harbor, ME). L-selectin”"ICAM-17- mice lacking both L-selectin
and ICAM-1 were generated as described [14]. All mice were backcrossed more than 8
generations onto the C57BL/6 genetic background. Female mice used for experiments were
8-10 weeks old. Age-matched C57BL/6 mice (Jackson Laboratory) 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 protein fragments [3] emulsified in 200 pl of Freund's complete adjuvant (CFA)
containing 100 pg of heat-killed Mycobacterium butyricum (Difco, Detroit, MI) [5]. The
immunogens were injected at multiple sites in the back and footpads. 0.2-2 pg of pertussis
toxin (Seikagaku Corporation, Tokyo, Japan) in phosphate buffered saline (PBS) was
injected intraperitoneally at the same time.

Mice were sacrificed at day 14 after immunization with C protein and muscle tissues were
harvested. Hematoxylin and eosin (H&E)-stained 10-pm sections of the hamstrings and
quadriceps were examined histologically. The histologic severity of myositis in each muscle
block was graded as follows [3]: grade 1 = involvement of at least 1 muscle fiber but fewer
than 5 muscle fibers; grade 2 = a lesion involving 5-30 muscle fibers; grade 3 = a lesion
involving a muscle fasciculus; grade 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 also 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 in thickness) taken from the left thigh 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 um in thickness) taken from the right thigh were fixed in
formalin, dehydrated, embedded in paraffin, and were then incubated with rat monoclonal
antibodies specific for CD3 (CD3-12; Serotec, Oxford, UK), F4/80 (A3-1: Abcam,
Cambridge, UK), and myeloperoxidase (MPO; NeoMarkers, Fremont, CA). Six
inflammatory mononuclear cell foci in the serial sections were studied. Stained cells were
counted in every focus under high magnification (400x) using a light microscope. The mean
score was used for analysis. The stained sections were evaluated by two independent
observers who reported comparable results.
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Adoptive transfer of spleen T cells

Single-cell splenic leukocyte suspensions of naive, unimmunized wild type mice were
generated by gentle homogenization. CD90.2 mAb-coupled microbeads (Miltenyi Biotech,
Bergisch Gladbach, Germany) were used to purify T cell populations according to the
manufacturer's instructions. The purity of extracted T cells from donor mice was measured
using a FACSCanto |1 flow cytometer (BD Biosciences, San Jose, CA) with purities of over
90%. Viable spleen T cells (8 x 10%) were transferred intravenously into recipient L-
selectin”~ mice. 24 h after adoptive transfer of T cells, recipient L-selectin”- mice were
immunized with C protein fragments and their muscles were harvested 14 days after
immunization as described above. PBS-injected mice served as controls.

Real-time reverse transcription-polymerase chain reaction

Total RNAs were extracted from muscle samples using QIAGEN RNeasy spin columns
(QIAGEN, Crawley, UK) and real-time quantitative reverse transcription-polymerase chain
reaction (RT-PCR) was performed using the TagMan® system (Applied Biosystems, Foster
City, CA) on an ABI Prism 7000 Sequence Detector (Applied Biosystems) [20]. TagMan
probes and primers for IL-1, IL-6, IL-10, IL-12a, IFN- vy, tumor necrosis factor (TNF)-a,
monocyte chemoattractant protein (MCP)-1, and glyceraldehydes-3-phosphate
dehydrogenase (GAPDH) were purchased from Applied Biosystems. Relative expression of
RT-PCR products was determined using the AA cycle threshold technique. Each reaction
was performed at least in triplicate.

Dendritic polyglycerol sulfates treatment

Dendritic polyglycerol sulfates (dPGS) are multivalent inhibitors of inflammation that
inhibit both L-selectin and endothelial P-selectin with high efficacy [21]. dPGS (0.3 mg/
mouse) was injected subcutaneously on the shaved neck of wild type mice for 11
consecutive days, beginning 3 days after immunization with C protein. Mice injected
subcutaneously with PBS served 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

L-selectin deficiency ameliorates myositis severity

To determine if there is a role of adhesion molecules in myositis, we assessed the severity of
myositis in wild type, L-selectin”, ICAM-17, and L-selectin”"ICAM-1"" mice (Figure 1A).
Histological scores were significantly lower in L-selectin”- mice compared to wild type
mice (P < 0.01) (Figure 1B). Similarly, ICAM-1"- mice demonstrated a 50% decreased
myositis severity compared to wild type mice, although the differences did not reach
significance. L-selectin/ ICAM-1"- mice displayed significantly lower histological scores
compared to wild type mice (P < 0.01). Histological scores of L-selectin”~ and L-
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selectin”"ICAM-1/- mice were also significantly lower than those of ICAM-17" mice (P <
0.01 and P < 0.01, respectively). We also assessed necrotic muscle areas to evaluate muscle
damage (Figure 1C). Necrotic muscle areas were significantly smaller in L-selectin”- mice
compared to wild type mice (P < 0.01). ICAM-17- mice showed a 69% decrease in necrotic
muscle areas compared to wild type mice. L-selectin” ICAM-17- mice displayed
significantly decreased necrotic muscle areas comparable to those of L-selectin”~ mice.
Necrotic muscle areas of L-selectin”" and L-selectin” ICAM-17- mice were also
significantly smaller than those of ICAM-17- mice (P < 0.01 and P < 0.05, respectively).
Histological scores paralleled the increased levels of necrotic muscle areas. L-selectin”- and
L-selectin” ICAM-1"" mice developed little or a minimal degree of myositis. These results
suggest that L-selectin contributes profoundly to the development of CIM, whereas the
contribution of ICAM-1 is less relevant.

L-selectin deficiency reduces leukocyte recruitment

Since L-selectin”~ mice, but not ICAM-17" mice, showed significantly less severe myositis
compared to wild type mice, we assessed inflammatory cell infiltration in the inflamed
muscles in wild type mice and L-selectin”~ mice (Figure 2A-B). Immunohistological
staining revealed that CD3*, CD4*, and CD8" T cells, F4/80* macrophages, and MPO*
neutrophils were all significantly reduced in L-selectin”- mice compared to wild type mice
(P < 0.01, respectively). We detected very few B220* B cells in the inflamed muscles of
both wild type mice and 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.

L-selectin”" mice transferred with wild type T cells develop myositis

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
experiments to confirm the importance of L-selectin expression on T cells. As described, L-
selectin”~ mice exhibited minimal development of myosis. In contrast, L-selectin”- mice that
were transferred with T cells from naive, unimmunized wild type mice developed readily
apparent myositis. Histological scores of L-selectin”~ mice transferred with wild type T cells
were approximately 10-fold higher than those of L-selectin”- mice and L-selectin”~ mice
treated with vehicle (P < 0.01 and P < 0.01, respectively) (Figure 3A-B). Although the
histological scores of L-selectin”~ mice transferred with wild type T cells were 52% lower
than 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 given wild type T cells (Figure 3C). These results indicate that L-selectin expression
on T cells is important for leukocyte migration into inflamed muscles and the development
of myositis.

Cytokine expression in C-protein induced myositis

We next compared mRNA expression in inflamed muscles between wild type and L-
selectin”~ mice by RT-PCR (Figure 4). The mRNA expression levels of IL-6, IL-10, IL-12,
IFN-vy, and MCP-1 in L-selectin”~ mice were significantly reduced compared to those in
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wild type mice (P < 0.05, respectively). IL-1p and TNF-a mRNA expression levels in L-
selectin”~ mice were 21% and 43% decreased, respectively, compared to wild type mice,
although the expression levels for both cytokines did not reach significance.

Dendritic polyglycerol sulfate (dPGS) treatment diminished the degree of myositis

Since dPGS is an inhibitor that suppresses the function of adhesion molecules, including L-
selectin, wild type mice were treated with dPGS. Wild type mice treated with dPGS showed
52% lower histological scores than PBS-treated control wild type mice (P < 0.05) (Figure
5A-B). Necrotic tissue areas from wild type mice treated with dPGS were significantly
smaller than those of PBS-treated control wild type mice (P < 0.05) (Figure 5C). Infiltration
of both CD4* and CD8" T cells was also significantly decreased by dPGS treatment (Figure
5D).

Discussion

This is the first study to reveal the roles of adhesion molecules in the development of CIM, a
murine polymyositis model. Specifically, L-selectin, but not ICAM-1, was critical for the
development of myositis. The development of myositis was also prevented by treatment
with dPGS, which binds to L-selectin and endothelial P-selectin and prevents 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 polymyaositis.

The cell adhesion molecules L-selectin and ICAM-1 act cooperatively to mediate optimal
leukocyte rolling and the recruitment of leukocytes to inflammatory sites [13, 14, 22-24].
Although the relative contributions of L-selectin and ICAM-1 vary among different models
of inflammation, ICAM-1 appears to have a more predominant role than L-selectin in
general. However, this study indicates that in the development of CIM L-selectin outreaches
ICAM-1 cell adhesive function (Figure 1A-B). Previous reports clearly indicate that CD8* T
cells play a more significant role than CD4* T cells in the development of CIM. Tang et al.
also reported that the percentage of L-selectin® cells in CD8* T cells was greater than that of
CD4* T cells, especially in lymphoid tissues, and that L-selectin expression levels on CD8*
T cells were higher than on CD4" T cells in wild type mice [25]. In contrast, L-selectin
deficiency did not affect ICAM-1 expression [16]. Thus, the different expression levels of L-
selectin between CD4* and CD8" T cells may partly explain the results that L-selectin
deficiency had a greater effect on the degree of myositis than ICAM-1. Alternatively, L-
selectin is important for anti-viral immunity [26] and anti-tumor activity [27], in which
CD8™ cytotoxic T cells have 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 cytokines participate in the development of
CIM. Consistent with this, L-selectin”~ mice exhibited significantly decreased numbers of
leukocytes, including CD4* and CD8* T cells, F4/80 macrophages, and MPO* neutrophils,
in the inflamed muscles at day 14 following CIM induction (Figure 2A-B). In addition,
adoptive transfer of wild type T cells induced myositis in L-selectin”- mice (Figure 3A-C).
These data suggest that L-selectin expression on T cells is required for the induction of
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myositis via the recruitment of leukocytes into the muscles. However, alternatives should be
considered to explain the reduction of myositis severity seen in L-selectin”~ mice. It has
been reported that myositis development required both the activation of T cells and
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 reduced myositis severity.

L-selectin expression on leukocytes may be important not only for leukocyte infiltration, but
also for subsequent cytokine production. In the CIM model, 1L-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 mMRNA expression in the inflamed
muscles of L-selectin”- mice was significantly decreased compared to wild type mice
(Figure 4). Moreover, other inflammatory cytokines, including IL-12 and IFN-y, were
decreased in L-selectin”~ mice as well. The incidence of myositis in IL-1- and TNF-a-
deficient mice was significantly lower than wild type mice [3]. Although the differences did
not reach significance, IL-1p and TNF-a tended to decrease in L-selectin”- mice compared
to wild type mice in this study (Figure 4). Collectively, L-selectin expression appears to
influence cytokine production in inflamed muscles. However, the mechanism how L-
selectin is involved in cytokine regulation, needs to be evaluated.

Establishing effective polymyositis therapies has been long awaited. Corticosteroids have
been proven to be beneficial, but serious adverse effects can frequently occur. To date,
several studies targeting adhesion molecules have been performed. Bimosiamose is a small-
molecule and pan-selectin antagonist that targets E-, P- and L-selectin [29]. Inhaled
administration of Bimosiamose in asthmatic patients attenuated late asthmatic reactions [30].
Subcutaneous administration of Bimosiamose improved the clinical scores in patients with
psoriasis [31]. A humanized anti-L-selectin monoclonal antibody (aselizumab) significantly
increased survival time and decreased mortality in a baboon model of hemorrhagic-
traumatic shock [32]. However, intravenous administration of aselizumab for multiple
traumatized patients resulted in no significant improvement of efficacy in a phase Il clinical
trial [33]. Also caution should be paid in developing biological therapies targeting adhesion
molecules. A humanized anti-CD11a monoclonal antibody, efalizumab, was effective for the
treatment of psoriasis, but a long-term follow-up study revealed several fatal cases of
progressive multifocal leukoencephalopathy by JC virus [34], leading to voluntary
withdrawal of the therapeutic from the market. In this study, the synthetic compound dPGS,
which is an inhibitor that suppresses the function of leukocytic L-selectin and endothelial P-
selectin, improved myositis severity (Figure 5A-C). Therefore, we assume that a selectin-
targeted therapy could still be an option for the treatment of polymyositis.

We are well aware that our study is impacted by a number of limitations. First, the applied
murine CIM model of PM only mimics the inflammatory 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 several assays, including a rotarod test and
measuring serum creatinine kinase. We employed rotarod tests in a previous paper [3].
However, according to our experience, the rotarod test turned out to be less reliable than
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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 unreliable parameters. They are often high in normal mice, presumably because of their
physical activity [28]. Devices are needed to directly quantify rodent muscle strength to best
follow clinical disease course.

In conclusion, immune cell infiltration initiated via selectin-ligand interactions and the
production of proinflammatory cytokines, such as IL-6 and chemoattractants for
inflammatory cells, like 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
polymyositis, an intractable autoimmune disease.
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Figure 1.

C protein-induced myositis (CIM) in wild type (WT) mice, L-selectin-deficient (L-
selectin”") mice, ICAM-1-deficient (ICAM-17") mice, and both L-selectin- and ICAM-1-
deficient (L-selectin” ICAM-17-) mice. Mice were sacrificed at day 14 after immunization
with C protein and muscle tissues were harvested. A, Representative images of muscle
inflammation with hematoxylin and eosin (HE) staining. B-C, Histological score and the
area of muscle fiber necrosis in each mouse group. Bars show the mean + SEM. These
results represent those obtained with 8-10 mice of each genotype. **p < 0.01. A, Original
magnification: x100 (upper panels); x400 (lower panels).
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Figure 2.
Inflammatory cell infiltration into inflamed muscles of wild type (WT) and L-selectin”-

mice during C protein-induced myositis. Mice were sacrificed at day 14 after immunization
with C protein and muscle tissues were harvested. A, Representative immunohistochemical
images showing CD3, CD4, CD8, F4/80, and myeloperoxidase (MPO) staining in tissue
sections from L-selectin”~ mice and wild type mice. B, Numbers of CD3*, CD4*, and CD8*
T cells, F4/80* macrophages, and MPO™ neutrophils on day 14. Bars show the mean +
SEM. These results represent those obtained with 8-10 mice of each genotype. **p < 0.01.
A, Original magnification: x400.
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Figure 3.
Adoptive transfer of T cells from wild type mice into L-selectin”- mice. Mice were

sacrificed at day 14 after immunization with C protein and muscle tissues were harvested. A,
Representative muscle sections stained with hematoxylin and eosin (HE) and
immunohistochemical images showing CD4 and CD8 staining from L-selectin”~ mice, L-
selectin”~ mice with vehicle, and L-selectin”~ mice transferred with wild type T cells. B,
Histological score in each mouse group. C, Numbers of CD4* and CD8™ T cells. A, Original
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magnification: x400 (upper, middle and lower panels). B-C, Bars show the mean + SEM.
These results represent those obtained with 5 mice of each group. **p < 0.01.
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mRNA expression levels in the inflamed muscles from wild type (WT) and L-selection™

mice on day 14 after immunization with C protein. Bars show the mean + SEM. These

results represent those obtained with 5 or more mice of each genotype. *p < 0.05.
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Dendritic polyglycerol sulfate (dPGS) treatment in wild type mice decreased the severity of
myositis. dPGS was injected intradermally for 11 consecutive days, beginning 3 days after
immunization with C protein. Mice were sacrificed at day 14 after immunization and muscle
tissues were harvested. A, Representative images of muscle inflammation with hematoxylin
and eosin (HE) staining in wild type mice treated with dPGS and those treated with control.
B-C, Histological score and the area of muscle fiber necrosis in each mouse group. D,
Numbers of CD4* and CD8* T cells on day 14. Bars show the mean + SEM. These results
represent those obtained with 8-10 mice of each genotype. *p < 0.05. A, Original
magnification: x100 (upper panels); x400 (lower panels).
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