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Figure 1. Preparation of a surface hydrophilicity gradient by photodegradation. (a) Surface treatment of glass plates
with a silane coupling reagent. (b) Excitation of the surface molecules and oxygen by VUV irradiation and subsequent
oxydation. Reproduced with permission from Langmuir, 23, 1845 (2007). Copyright 2007 American Chemical Society.
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Figure 2. The photoirradiation apparatus used to prepare gradient surface. (a) A general view of the excimer
device, (b) prepargtion of a gradient surface on an ODS-SAM surface using the VUV excimer device. The hydropho-
bicity and hydrophilicity of the SAM surface is shown by the gray and white colors. Reproduced with permission
from Langmuir, 23, 1845 (2007). Copyrighf 2007 American Chemical Society.
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Figure 3. Water contact angle measurements. (a) Static water contact angles at different irradiation light intensi-
ties: O; 3.3 mW/cm?, A; 1.2 mW/cm?, and {J; 0.6 mW/cm?. (b) The distance-dependent water contact angle is
calculated using data from Figure 3(a). The irradiation energy and sliding rate were (A) 3.3 mW/cm? and 0.05
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(E) 1.2mW/cm? and 0.0625 mm/s, and (F) 3.3 mW/cm? and 0.1 mm/s. Reproduced with permission from Lan-
gmuir, 23, 1845 (2007). Copyright 2007 American Chemical Society.
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Figure 4. (a) Fluorescence microscopy of a patterned surface, and (b) a gradient sur-
face. The surface was labeled with 5-aminofluorescein (FA-NH,), which targeted the
VUV irradiated regions on the surface. Luminance=1mW/cm? and exposure time=
20s. Reproduced with permission from Langmuir, 23, 1845 (2007). Copyright 2007

" American Chemical Society.
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Figure 5. The movement of a water drbpwith a volume of
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(2007). Copyright 2007 American Chemical Society.
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Figure 6. (a) Position of a droplet with a nominal volume of 2 ul. plotted against
the transverse time, on a surface prepared with a irradiation energy of 1.2 mW/ cm?
and a slide movement rate of 0.05 mm/s, respectively. The velocity of the water
droplet was determined by the tangent of the curve. (b) Time dependence of the
differential of (a). Reproduced with permission from Langmuir, 23, 1845 (2007).
Copyright 2007 American Chemical Society.
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Figure 7. Relationship between the movement of a water droplet and the
gradient of the contact angle with distance. A-F correspond to the data
obtained from Figure 3b. Reproduced with permission from Langmuir, 23,
1845 (2007). Copyright 2007 American Chemical Society.
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surface gradient. A-F correspond to the data in Figure 3b.
Reproduced with permission from Langmuir, 23, 1845 (2007).
Copyright 2007 American Chemical Society.
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Figurelll. Optical property of the prepared polymer in solu-
tion. The concentration of polymer, HNO;, and Ce,(SO,); or
Ce,(S04),, was 0.5 wt%, 0.3 M, and 1 mM, respectively. The
temperature was raised at a rate of 0.5°C/min. The solution
was stirred with a magnetic stirrer. Reproduced with permis-
sion from J. Phys. Chem. B, 110, 5170 (2006). Copyright 2006
American Chemical Society.
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Figure 12. Self-oscillating behaviour in solution. The concen-
tration of polymer, malonic acid, NaBrO;, and HNO, was 0.25
wt%, 0.1 M, 0.2 M and 0.3 M, respectively. The solution was
stirred with a magnetic stirrer at 20°C. Reproduced with per-
mission from J. Phys. Chem. B, 110, 5170 (2006). Copyright
2006 American Chemical Society.
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Figure 13. Self-oscillating behaviour of the immobilized polymer in a BZ reaction solu-
tion. The concentration of malonic acid, NaBrO;, and HNO; was 0.1 M, 0.3 M and 0.3 M,
respectively. Reproduced with permission from J. Phys. Chem. B, 110, 5170 (2006).
Copyright 2006 American Chemical Society.
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Figure 14. Synthesis of a photo-reactive phosphatydilcholine-contdirig polymer (Az-PMAc). Reproduced
with permission from Biomaterials, 26, 1381 (2005) . Copyright 2005 Elsevir.
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Figure 15. Microscopic image of (a) photo-mask and )
immobilized Az-PMAc. Reproduced with permission from
Biomaterials, 26, 1381 (2005). Copyright 2005 Elsevir.
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Figure 16. Protein (albumin, immunoglobulin, and fibrinogen) adsorption on
a micropattern of immobilized Az-PMAc. Reproduced with permission from
Biomaterials, 26, 1381 (2005). Copyright 2005 Elsevir. ’
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Figure 17. Time course of cell adhesion on polyethylen partially covered with immobilized with
Az-PMAc. Reproduced with permission from Biomaterials, 26, 1381 (2005). Copyright 2005

Elsevir.

Table 1. Contact Angles of Az-pullﬁlan-modified surfaces

Surface Conta(gt) angle
Polystyrene 90.3+£0.4
Polystyrene modified Az-pullulan 73.0t1.6
Polyethylene 66.7+1.3
Polyethylene modified Az-pullulan ©T22+1.9
Aminosilane-coupled glass 50.8+1.0
Aminosilane-coupled glass modified Az- 72.4+2.0

pullulan
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Figure 18. Cell adhesion on a micropattern of immobilized
Az-pullulan. Reproduced with permission from Biomaterials,
26, 2401 (2005). Copyright 2005 Elsevir.
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Figure 19. Synthesis of a photo-reactive polyethylene glycol-containing polymer (Az-PEG).
Reproduced with permission from Acta Biomaterialia, 3, 1024 (2007). Copyright 2007 Elsevir.
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Figure 20. Phase contrast microscopic image of a micropattern of immobilized Az-PEG on (a)
titanium, (b) glass, and (c) Thermanox™. Reproduced with permission from Acta Biomaterialia,

3, 1024 (2007). Copyright 2007 Elsevir.
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Figure 21. Secondary ion image (TOF-SIMS) of a micropattern of immobilized
Az-PEG on (a) titanium, (b) glass, and {c) Thermanox™. Reproduced with permis-
sion from Acta Biomaterialia, 3, 1024 (2007). Copyright 2007 Elsevir.
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Figure 22. Atomic force microscopic image of immobilized Az-PEG on (a) titanium, (b) glass,
and (¢) Thermanox™. Reproduced with permission from. Acta Biomaterialia, 3, 1024 (2007).
Copyright 2007 Elsevir.
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Figure 23. Protein adsorption on a micropattern of immobilized Az-PEG on (a) titanium, (b) glass, and (c)
Thermanox™. Reproduced with permission from Acta Biomaterialia, 3, 1024 (2007). Copyright 2007 Elsevir.

100 pm 100 pm 100 um

Figure 24. Cell adhesion on a micropattern of immobilized Az-PEG on (a) titanium, (b) glass,
and (¢) Thermanox™. Reproduced with permission from Acta Biomaterialia, 3, 1024 (2007).
Copyright 2007 Elsevir. ’

Table 2. Contact angle of Az-PEG-modified surfaces

Surface Contact angle (°) FsR N (Figure 24). .
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A New Murine Model to Define the Critical Pathologic and
Therapeutic Mediators of Polymyositis
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Objective. To establish a new murine model of
polymyositis (PM) for the understanding of its patho-
logic mechanisms and the development of new treat-
ment strategies.

Methods. C protein-induced myositis (CIM) was
induced by a single immunization of recombinant hu-
man skeletal C protein in CS7BL/6 mice, as well as in
CD4-depleted, CD8-depleted, and mutant mice as con-
trols. Some mice were treated with high-dese intra-
venous immunoglobulin (IVIG) after disease induction.
Muscle tissues were examined histologically.

Results. In mice with CIM, inflammation was
confined to the skeletal muscles. Histologic examination
revealed a common pathologic feature of CIM and PM,
involving abundant infiltration of CD8 and perforin-
expressing cells in the endomysial site of the injured
muscle. Suppression of myositis was achieved by deple-
tion of both CD4 and CDS8 T cells. Despite the develop-
ment of serum anti—C protein antibodies in wild-type
mice, severe myositis was induced in mice deficient in B
cells. Induction of myositis was suppressed in
interleukin-1a/g (IL-1¢a/B)-null mutant mice, but not
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in tumor necrosis factor @ (TNFa)-null mutant mice.
Use of IVIG, a treatment with proven efficacy in PM,
suppressed CIM in the subgroup of treated mice.

Conclusion. CIM mimics PM pathologically and
clinically. Infiltration of CD8 T cells is the most likely
mechanism of muscle injury, and IL-1, but not B cells or
TNFa, is crucial in the development of CIM. IVIG has
therapeutic effects in CIM, suggesting that the effects of
IVIG are not mediated by suppression of antibody-
mediated tissue injury. This murine model provides a
useful tool for understanding the pathologic mecha-
nisms of PM and for developing new treatment strate-
gies.

Polymyositis (PM) is a chronic autoimmune in-
flammatory myopathy affecting striated muscles (1).
Damage of muscles results in varying degrees of muscle
weakness. Dysphagia with choking episodes and respira-

‘tory muscle weakness can occur in acute cases of PM.

Currently, the pathogenesis of PM is unknown, and
patients are therefore treated with nonspecific immuno-
suppressants. High-dose corticosteroids are the first-line
treatment but are not effective in all patients. Improve-
ment of disease often depends on the dosage of cortico-
steroids, making a dosage reduction difficult and thus, in
many cases, necessitating administration of methotrex-
ate or other immunosuppressants as adjunctive treat-
ment. Because these medications can elicit a wide
variety of adverse drug reactions, new therapies to
address the specific pathologic features of PM are
needed. ’

In affected muscles of patients with PM, infiltra-
tion of mononuclear cells leads to muscle fiber necrosis.
These cells are found in the endomysial site, where
non-necrotic muscle fibers are damaged, and also in the
perimysial and perivascular sites of the muscles. Immu-
nohistochemical studies have disclosed that CD8 T cells
are most abundant in the endomysial site and invade
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non-necrotic muscle fibers (2,3). These CD8 T cells
express cytotoxic effector molecules, known as perforins,
that are oriented toward target muscle fibers (4). Sur-
face expression of class I major histocompatibility com-
plex (MHC) molecules on muscle fibers is up-regulated
(5). In a study of T cells from patients with PM
compared with normal donors, CD8 T cell clones ex-
panded more frequently in the peripheral blood of
patients with PM (6,7). Moreover, some of these clones
could be found in muscle biopsy samples from the same
patients (6,7). All of these observations support the view
that PM is driven by cytotoxic CD8 T cells.

In rheumatoid arthritis (RA), another auto-
immune disease, biologic agents that block tumor necro-
sis factor o (TNFe«) have been introduced into clinical
use. TNFa blockade has an enormous effect in modu-
lating the clinical course of RA (8). Animal models of
arthritis serve to help identify therapeutic targets and to
test the effect of these therapeutic reagents (9-11). In
contrast, in PM, the lack of appropriate animal models
has hampered basic research studies and delayed the
development of new treatments.

Experimental autoimmune myositis (EAM), es-
tablished previously as an animal model of PM, is
inducible specifically in SJL/J mice by repeated admin-
istration of muscle homogenate or partially purified
myosin (12,13). This model is a complex representation
of disease, because SJL/J mice have'a dysferlin gene
mutation that causes spontaneous muscle necrosis and
secondary muscle inflammation (14). Immunohisto-
chemical studies have shown that infiltrating T cells in
the muscle are dominated by CD4 T cells, suggesting
that the EAM disease model is mediated by CD4 T cells
(15). ,
We established a new murine model that can be
induced with a single injection of a recombinant skeletal
muscle fast-type C protein. This myosin-binding protein
is in the cross-bridge-bearing zone of A bands of
myofibrils (16,17). Biochemical purification studies
showed that C protein appears to be the main immuno-
pathogenic component of the crude skeletal-muscle my-
osin preparation used for the induction of experimental
myositis in Lewis rats (18,19). In this study, we used
recombinant protein fragments to confirm the immuno-
genicity of the C protein. This myositis, designated as C
protein-induced myositis (CIM), can be induced in
C57BL/6 (B6) mice and in other strains of mice. Its
histologic and immunohistochemical .features mimic
those of PM. Functional studies have indicated that
cytotoxic CD8 T cells are primarily responsible for the
pathologic mechanisms of this disease.

1305

Susceptibility to CIM in B6 mice has facilitated
studies of the immunologic components required to
induce myositis. In the present study, we were able to
show that the effects of immunoglobulins are not neces-
sary for the development of CIM, despite the presence
of B cells in the affected muscles and anti-C protein
antibodies in the sera. Although both interleukin-1
(IL-1)~positive and TNFa-positive cells infiltrated the
muscles of affected mice, only IL-1, not TNFea, was
crucial in the development of CIM. Interestingly, CIM
was suppressed by infusion of intravenous immuno-
globulins (IVIGs), which has been used as a last resort
for treatment of patients with PM who do not respond to
or tolerate immunosuppressive reagents. Thus, we show
that our new model is useful in investigating the patho- :
logic mechanisms of autoimmune myositis and in devel-
oping new treatment strategies for this disease.

MATERIALS AND METHODS

Mice. B6, SJL/J, BALB/c, DBA/1, and C3H/He mice
were purchased from Charles River (Yokohama, Japan). NZB
and MRL/Mp+/+ mice were purchased from SLC (Shizuoka,
Japan). Mutant B6 mice rendered double-null for IL-1a/8
were established previously (20), while Igu-null mutant B6
mice (21) and TNFa-null mutant mice (22) were kindly
provided by Drs. Karasuyama (Tokyo Medical and Dental
University) and Sekikawa (formerly at the National Institute of
Agrobiological Science), respectively. All experiments were
done under specific pathogen—free conditions in accordance
with the ethics and safety guidelines for animal experiments of
Tokyo Medical and Dental University and RIKEN.

Recombinant human skeletal C protein. Four comple-
mentary DNA (cDNA) fragments encoding overlapping
cDNA fragments 1, 2, 3, and 4 of human fast-type skeletal
muscle C protein were amplified from human skeletal muscle
cDNA using polymerase chain reaction. Primers used were
5'-GAGAGGTACCATGCCTGAGGCAAAACCAGCG-3'
and 5'-GAGAGTCGACTCAGAACCACTTGAGGGTCAG-
GTC-3' for fragment 1, 5'-GAGAGGATCCGACCTGACC-
CTCAAGTGGTTC-3' and 5'-GAGAAAGCTTTCACAGC-
CAGGTAGCGACGGGAGG-3’ for fragment 2, 5'-AGA-
GGATCCCCTCCCGTCGCTACCTGGCTG-3' and 5'-GA-
GAAAGCTTTCACCGGGGCTTTCCCTGGAAGGG-3' for
fragment 3, and 5'-AGAGGATCCCCCTTCAGGGAAAGC-
CCCGG-3' and 5'-GAGAAAGCTTTCACTGCGGCACTC-
GGACCTC-3' for fragment 4 (Qiagen, Hilden, Germany)
(underlining indicates the restriction enzyme recognition sites
for subcloning into the pQE30 expression vector). These
primers were introduced into the TOP10F’ bacterial host
(Invitrogen, Carlsbad, CA) and were used to prepare recom-
binant C protein fragments according to the manufacturer’s
protocol. Soluble recombinant C proteins were dialyzed
against 0.5M arginine, 2 mM reduced glutathione, 0.2 mM
oxydized glutathione in phosphate buffered saline (PBS), pH
74 (fragments 1 and 2) or 25 mM glycine HCl, pH 3.0
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(fragments 3 and 4). Endotoxin was removed using Detoxi-Gel
Endotoxin Removal Gel (Pierce, Rockford, IL).

Induction of CIM. Female mice, ages 8—10 weeks, were
immunized intradermally with 200 ug of the C protein frag-
ments emulsified in Freund’s complete adjuvant (CFA) con-
taining 100 pg of heat-killed Mycobacterium butyricum (Difco,
Detroit, MI). The immunogens were injected at multiple sites
of the back and foot pads, and 2 ug of pertussis toxin (PT)
(Seikagaku Kogyo, Tokyo, Japan) in PBS was injected intra-
peritoneally at the same time. Hematoxylin and eosin—stained
10-um sections of the proximal muscles (hamstrings and
quadriceps) were examined histologically for the presence of
mononuclear cell infiltration and necrosis of muscle fibers. The
histologic severity of inflammation in each muscle block was
graded as follows (18,19): grade 1 = involvement of a single
muscle fiber or <5 muscle fibers; grade 2 = a lesion involving
5-30 muscle fibers; grade 3 = a lesion involving a muscle
fasciculus; and grade 4 = diffuse, extensive lesions. When
multiple lesions with the same grade were found in a single
muscle block, 0.5 point was added to the grade.

Immunohistochemical analysis. Cryostat-frozen sec-
tions (6 wm) fixed in cold acetone were stained with anti-CD8a
(53-6.7; BD Biosciences PharMingen, San Diego, CA), anti-
CD4 (H129.19; BD Biosciences PharMingen), anti-B220
(RA3-6B2; BD Biosciences PharMingen), anti-CD11b (M1/70;
BD Biosciences PharMingen), anti-CD68 (FA-11; Serotec,
Oxford, UK), anti-IL-1a (40508; Genzyme/Techne, Minneap-
olis, MN), or anti-TNFa (MP6-XT22; BioLegend, San Diego,
CA) monoclonal antibodies (mAb). To stain perforin mole-
cules, air-dried sections were treated with 0.5% periodic acid
solution and then stained with antiperforin mAb (CBS5.4;
Alexis Biochemicals, San Diego, CA). Nonspecific staining was
blocked with 4% Blockace (Dainippon, Osaka, Japan).

Bound antibodies were visualized with peroxidase-
labeled anti-rat IgG antibodies and associated substrates (Hist-
ofine Simple Stain Max PO; Nichirei, Tokyo, Japan). The
sections were also stained with biotinylated mouse anti-mouse
H-2K® mAb (AF6-88.5; BD Biosciences PharMingen) and with
biotinylated mouse anti-mouse I-A® mAb (AF6-120.1; BD
Biosciences PharMingen). They were then incubated with
-peroxidase-conjugated streptavidin and its substrates (Chemi-
con, Temecula, CA). For double immunofluorescence staining,
the sections were preincubated with 5% heat-inactivated rat
serum and 1% bovine serum albumin, and were stained with
Alexa Fluor 647-conjugated anti-CD8a mAb (53-6.7, BD
Biosciences PharMingen) and fluorescein isothiocyanate
(FITC)—conjugated anti-CD4 mAb (RM4-5; BD Biosciences
PharMingen).

The bound antibodies were visualized using SP2ZAOBS
confocal laser microscopy (Leica, Heidelberg, Germany).
Spleens or popliteal lymph nodes were stained as positive
controls. Isotype controls were used as negative control. The
stained sections were evaluated by 2 independent observers,
who reported results that were comparable.

Quantification of mononuclear cell subsets. The
method used to quantify stained cells in the immunobhisto-
chemical analysis was based on a previously published method
(2). Briefly, 5 inflammatory mononuclear cell foci in the serial
sections from 4 mice with CIM were studied. At least 1 focus
from each mouse was evaluated. Stained mononuclear cells
infiltrating into the endomysial, perimysial, and perivascular

SUGIHARA ET AL

sites of the foci were enumerated separately. The frequency of
each subset was calculated in relation to the sum of all subsets.
The CD4:CDS8 ratios were calculated on the basis of these
calculations. The CD4:CD8 ratios in double immunofluores-
cence staining were calculated in the same manner as in the
immunohistochemical analyses. CD68-positive and CD11b-
positive cells in the serial sections were also enumerated in the
same manner, and the frequencies of CD68-positive cells were
calculated in relation to the number of CD11b-positive cells.

Rotarod test. Muscle function was evaluated with a
MK-630 rotarod device (Muromachi Kikai, Tokyo, Japan) as
described previously (23). The rotarod test was performed on
each mouse by measuring the running time until the mouse fell
off the rod while the rod was turning at 20 revolutions per
minute for 200 seconds. The running ability of each mouse was
scored in 5 categories of running time: score 1 = 049 seconds,
score 2 = 50~99 seconds, score 3 = 100-149 seconds, score 4 =
150-200 seconds, score 5 = >200 seconds. Mice were initially
trained to accommodate them to the task, and then tested 2
days thereafter.

In vive depletion of CD8 or CD4 T cells. For the
depletion of CD8 or CD4 T cells in B6 mice, the mice were
injected intraperitoneally with 1 mg of purified anti-CD8
(53.67.2) mAD (24), anti-CD4 (GK1.5) mAb (24), or purified
rat 1gG (Sigma-Aldrich, St. Louis, MO) as a control, for 3
consecutive days. This treatment started 10 days before the
immunization. Injection of 500 ug of the same mAb was
repeated every other day for 14 days. Splenocytes and lymph
node cells from the treated mice were stained with phyco-
erythrin (PE)-conjugated anti-CD8 mAb (53.67, BD Bio-
sciences PharMingen) or PE-conjugated anti-CD4 mAb
(H129.19; BD Biosciences PharMingen), together with FITC-
conjugated anti-CD3 mAb (145-2C11; BD Biosciences Phar-
Mingen). The cells were then analyzed with FACSCalibur
(Becton Dickinson, San Jose, CA).

IVIG treatment. A subgroup of the mice were treated
with IVIG. Human gamma immunoglobulins (Venoglobulin-
IH; Benesis, Osaka, Japan) (400 mg/kg/day) were injected
intravenously into the tail vein for 5 consecutive days, begin-
ning 3 days after immunization.

Statistical analysis. Histologic scores were compared
with the Mann-Whitney U test. P values less than or equal to
0.05 were considered significant.

RESULTS

Histologic features of CIM in immunized mice.
Recombinant human fast-type skeletal C protein frag-
ments were prepared using a prokaryotic expression
system. Because of the size of the C protein, 4 overlap-
ping protein fragments were generated: fragment 1
(amino acids 1-290), fragment 2 (amino acids 284-580),
fragment 3 (amino acids 567-877), and fragment 4
(amino acids 864-1142). B6 mice were immunized at
multiple sites of the back and foot pads with each
fragment emulsified in CFA. PT was also injected intra-
peritoneally. To compare the immunogenicity of the 4
fragments, 5 mice per group were immunized with each
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