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Polymyositis is a rare and severe inflammatory mus-
cle disorder. Treatments are partially efficacious but
have many side effects. New therapeutic approaches
must be first tested in a relevant animal model. Reg-
ulatory CD4�CD25� T cells (Tregs) have been redis-
covered as a pivotal cell population in the control of
autoimmunity, but the connection between polymy-
ositis and Tregs is currently unknown. To develop a
reproducible experimental autoimmune myositis
model of polymyositis, mice were immunized once a
week for 3 weeks with 1 mg of partially purified
myosin emulsified in complete Freund’s adjuvant. All
mice injected with myosin and complete Freund’s
adjuvant developed myositis. The infiltrates were
composed of CD4� and CD8� cells, as well as macro-
phages, but did not contain B lymphocytes. In mice
that were depleted of Tregs, the myositis was more
severe, as determined by quantitative scoring of mus-
cle inflammation (2.36 � 0.9 vs. 1.64 � 0.8, P �
0.019). In contrast, injection of in vitro expanded
polyclonal Tregs at the time of immunization signifi-
cantly improved the disease (quantitative score of
inflammation 0.87 � 1.06 vs. 2.4 � 0.67, P � 0.047).
Transfer of sensitized or CD4�-sorted cells from the
lymph nodes of experimental autoimmune myositis
mice induced myositis in naïve, irradiated, recipient
mice. Thus, experimental autoimmune myositis is a
reproducible, transferable disease in mice, both ag-
gravated by Treg depletion and improved by poly-

clonal Treg injection. (Am J Pathol 2009, 174:989–998;

DOI: 10.2353/ajpath.2009.080422)

Idiopathic inflammatory myopathies can be classified into
six categories based on clinical and immunohistological
features1–3: (i) dermatomyositis; (ii) polymyositis, (iii) in-
clusion body myositis, (iv) non-specific myositis2; (v) im-
mune-mediated necrotizing myopathy,2 and (vi) overlap
myositis.3 Depending on the classifications,1–3 overlap
myositis is sometimes also called polymyositis or myositis
associated with specific autoantibodies (such as anti-
synthetase or anti-signal recognition particle antibodies).
Inclusion body myositis is the most frequent myositis in
patients �50 years of age and overlap myositis repre-
sents two thirds of the remaining cases.3 Polymyositis is
very rare and overdiagnosed.4

Patients with polymyositis or overlap myositis present
proximal muscle weakness and may also have cardiac
and/or pulmonary dysfunctions that result in substantial
morbidity and mortality. The general treatment is cortico-
steroid and immunosuppressive drugs. The obligatory
and often severe side effects of these drugs, which have
to be taken for many months or years, prompted us to
propose an alternative treatment, which first had to be
tested in an animal model.

Myositis has been induced previously in guinea pigs,
rats, mice, cats, and monkeys with a variety of agents,
including syngenic and xenogenic muscle homogenates,
purified muscle antigens, viruses (coxsackie virus, influ-
enza, FIV), trypanosomes, drugs, and naked DNA con-
structs (for review5). The results of these experiments
varied, and a generalized, reproducible myositis was
rarely observed. Nevertheless, a reproducible inducible
rat model (called experimental autoimmune myositis
[EAM]) was obtained by immunizing Lewis rats with pu-
rified skeletal myosin or C-protein.6,7
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Regulatory CD4�CD25� T cells (Tregs) have been
identified as a pivotal cell population in the control of
autoimmunity.8 Mice that are rendered deficient for these
cells develop multiple T-cell mediated organ specific
autoimmune diseases.9 Moreover, administration of Treg
to such deficient mice prevents the appearance (or re-
appearance) of autoimmune diseases. The best example
of the role of natural Treg in humans is a fatal autoimmune
disease called IPEX [immune dysregulation (allergy),
polyendocrinopathy (type 1 diabetes, thyroiditis), enter-
opathy (inflammatory bowel diseases), X-linked syn-
drome], which is due to mutations in the gene FOXP3
encoding for the forkhead/winged-helix transcription fac-
tor Scurfin.10 CD4�CD25� natural Tregs in mice specifi-
cally express Foxp3 (the murine ortholog of human
FOXP3), and ectopic or transgenic expression of Foxp3
can convert naïve T cells to Tregs that phenotypically and
functionally resemble natural CD4�CD25� Tregs.11 Fi-
nally, Foxp3-deficient mice fail to develop CD4�CD25�

Tregs, leading to the occurrence of fatal inflammatory
diseases.12 Tregs represent about 10% of the normal
CD4 T-cell compartment in mice and humans. To our
knowledge, the role of Tregs in myositis has not been
analyzed.

Our goals were i) to establish a reproducible EAM
model in mice, and ii) to analyze how Tregs regulate
myositis in vivo and, in particular, to provide the pre-
clinical basis for future Treg therapy.

Materials and Methods

Mice

Six to twelve-week-old female BALB/c or C57Bl6 mice
were purchased from Charles River Laboratories or from
Iffra Credo (France). All animals were maintained under
specific pathogen-free conditions. Mice were manipu-
lated according to European Economic Community
guidelines.

Evaluation of Muscle Strength

Muscle strength was evaluated using an inverted screen
test as described in the literature.13 A 50-cm2 screen of
wire mesh consisting of 12 mm2 of 1 mm diameter wire
was used. The mouse was placed in the center of the wire
mesh screen. Immediately, the screen was rotated to the
inverted horizontal position over 3 s, with the mouse’s
head declining first. The screen was held steadily 20 cm
above a padded surface. A stop-watch was started and
the time at which the mouse fell off was noted. All mice
were evaluated independently by one investigator who
was blinded to the immunization protocol that had been
used.

Preparation of Myosin

Myosin was partially purified according to the method of
Perry with few modifications.6 Rabbit or autologous
mouse skeletal muscle kept at �80°C was thawed,

minced, and weighed. A total of 30 ml of chilled 0.3 M/L
KCl–0.15 M/L sodium phosphate buffer (pH 6.5) was
added to 10 g of minced muscle tissue and kept on ice
for 45 minutes. This homogenate was centrifuged at
15,000 rpm for 30 minutes at 4°C, and the supernatant
collected. The filtrate was then diluted with 15 volumes of
chilled Milli-Q-filtered (Millipore, France) purified water to
precipitate the myosin. The precipitated myosin was col-
lected by centrifugation at 5000 rpm, dissolved in 0.5 M/L
KCl, and stored at �80°. For in vitro culture and Western
blot analysis, this myosin preparation was solubilized
after chymotrypsin digestion.14

Mice Immunization Protocol

Mice were immunized 1, 2, 3, or 4 times, at 1-week
intervals, with 100 �l containing 1 mg myosin (or with 100
�l of phosphate-buffered saline [PBS] in control groups)
emulsified with an equal volume of adjuvant. Tested ad-
juvants were complete Freund’s adjuvant (CFA, Sigma),
incomplete Freund’s adjuvant (Sigma), Alum, CpG (ODN,
Coley Pharmaceutical Group) or PBS alone. These prep-
arations were injected on bilateral sides of the hind foot
pads (first immunization), the tail base (second immuni-
zation), and flanks (third and fourth immunizations) on a
weekly basis. Pertussis toxin (Sigma) was injected intra-
peritoneally (500 ng in 200 �l saline) during the first
immunization. Two weeks after the last immunization,
muscle blocks were taken for histology.

Histological Grading of Inflammatory Lesions
and Immunohistochemistry

H&E-stained 5-�m paraffin sections of three muscles
(gastrocnemius, quadriceps, and triceps) were exam-
ined histologically for the presence of mononuclear cell
infiltration and necrosis of muscle fibers. For each sam-
ple, four groups of serial sections were cut at a 200-�m
distance. From each group, one 5-�m-thick section was
used for H&E staining. All fields of each section were
analyzed. The histological severity of inflammation in
each muscle block was graded as follows6,7: grade 1 �
involvement of a single muscle fiber or �5 muscle fibers;
grade 2 � a lesion involving 5 to 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
points were added to the grade. All slides were evaluated
independently by two investigators who were blinded to
the immunization protocol that had been used. The dif-
ferences in evaluation between the two observers were
resolved via conference microscopy.

For immunohistological analyses, serial cryosections
were fixed with cold acetone and immunostained with rat
anti-mouse CD4 (clone RM4-5, Pharmingen), rat anti-
mouse CD8b (clone 53-5.8, Pharmingen), rat anti-mouse
CD45R/B220 (clone RA3-6B2, Pharmingen), rat anti-
mouse CD11b (clone M1-70.15, Pharmingen) monoclo-
nal antibodies (BD Biosciences), and rabbit anti-laminin
(Sigma) polyclonal antibodies. AlexaFluor488-conju-
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gated anti-rat (Molecular Probes) and Cy3-conjugated
goat anti-rabbit IgG (H�L, Jackson ImmunoResearch)
were used as secondary antibodies. For major histocom-
patibility complex (MHC) class I staining, cryosections
were immunostained with biotin anti-mouse H-2Kd (SF1-
1.1, Pharmingen) in combination with fluorescein isothio-
cyanate (FITC)-conjugated-streptavidin. Immunostaining
with biotin mouse IgG 2a, � isotype control was per-
formed. Nuclei were counterstained with 4,6-diamidino-
2-phenylindole (DAPI) and appeared in blue. The slides
were mounted and observed with a Leica TCS-SP(UV)
confocal microscope at the MSSM-Microscopy Shared
Resource Facility.

Lymphoproliferative Test

Lymphocytes were harvested from lymph nodes and
spleen. Splenic dendritic cells were isolated from spleno-
cyte suspensions using magnetic CD11c� microbeads
(N418, Miltenyi Biotec, Germany) and MACS Columns
placed in a magnetic field, according to the manufactur-
er’s protocol. Three � 105 lymphocytes and 6 � 104

dendritic cells pulsed with different concentration of chy-
motrypsin-digested mouse myosin (2 to 20 �g/ml) per
well were added in 96-well, flat bottomed plates. Cells
were cultured in complete RPMI-1640 medium supple-
mented with 10% fetal calf serum for 96 hours at 37°C
and 5% CO2, and 1�Ci [3H] thymidine was added during
the last 18 hours. Thymidine incorporation was measured
in a �-scintillation counter (1450 PLUS Wallac). Values
are expressed as cpm from triplicate wells. Anti-CD3
antibodies (1 �g/ml, BD bioscience) were used as a
positive control.

Western Blot for Anti-Myosin Antibody
and Autoantibody Detections

SDS-polyacrylamide gel electrophoresis of myosin, solu-
bilized after chymotrypsin digestion, was performed on a
gradient (5% to 15%) acrylamide gel with Broad Range
(Bio-Rad) as a size marker. Partially purified digested
myosin peptides were then blotted onto a polyvinylidene
difluoride membrane, Immobilon (Millipore) using a semi-
dry-transfer system. The transferred membrane was
blocked with 5% skimmed milk and incubated with di-
luted sera (1/8000), followed by detection with horse-
radish peroxidase-conjugated anti-mouse IgG (H�L)
(DAKO) and enhanced chemiluminescence (Amersham
Biosciences).

Screening of autoantibodies was performed on sera
(1/80 dilution) by indirect immunofluorescence using
HEp-2 cells (Immuno Concepts, Sacramento, CA) ac-
cording to standard clinical procedures, along with pos-
itive and negative controls. For detection of autoantibod-
ies against Jo-1, PL-7, PL-12, Mi-2, Ku, and PM-Scl
immunoblot assay was performed using the anti-Myositis
Antigen kit (EUROLINE-WB, Bio Advance, Bussy Saint
Martin) conforming to manufacturer’s protocol. To detect
bound antibodies, enzyme-labeled anti-mouse IgG

(Sigma) was used in PBS buffer (0.01 M/L, pH 7.4) at a
1:1000 dilution.

Adoptive Transfer of Mononuclear Cells

For transfer of sensitized cells, EAM mice were sacrificed
10 days after the last immunization. Draining lymph
nodes (inguinal and popliteal) were collected (so called
ex vivo cells). CD4� or CD8� lymphocytes were isolated
using magnetic CD4� (Ly-2) or CD8a� (L3-T4) mi-
crobeads (Miltenyi Biotec, Germany) and MACS Col-
umns according to the manufacturer’s protocol. B-cells
were isolated from the remaining fraction after CD4� and
CD8� T-cell sorting. For in vitro restimulated cells, drain-
ing lymph node cells (8 � 106/ml) were stimulated in
complete RPMI-1640 medium supplemented with 10%
fetal calf serum for 6 days at 37°C and 5% CO2, with 20
�g/ml of chymotrypsin-treated mouse myosin in the pres-
ence of human recombinant interleukin 2 (100 U/ml, Pro-
leukin, Novartis Pharma). Cells (1 � 106 cells/ml) were
then cultured with anti-CD3 and anti-CD28-coated
4.5-�m paramagnetic microbeads using a bead to cell
ratio of 1:1 (Invitrogen) for 24 hours. Paramagnetic mi-
crobeads were removed before transfer. Before transfer,
cells were characterized using fluorescence-activated
cell sorting (FACS) analyses. Ex vivo or in vitro restimu-
lated cells were transferred by retro-orbital i.v. injections
into naive 9-week-old BALB/c irradiated (4 Gy, total body
irradiation, 24 hours before transfer) recipient mice. The
control group consisted of transferred unsorted, CD4�,
CD8�, and B (ex vivo or in vitro restimulated) cells from
PBS-CFA-immunized mice. Recipient mice were sacri-
ficed on day 15 for histopathological analysis.

Adoptive Transfer of Serum

For transfer of serum, EAM mice were sacrificed and bled
10 days after the last immunization. Three hundred �l of
serum were injected by retro-orbital i.v. injection into
naive 9-week-old BALB/c irradiated (4 Gy, total body
irradiation, 24 hours before transfer) recipient mice. The
control group consisted of serum transfer from PBS-CFA-
immunized mice or normal mice. Recipient mice were
sacrificed on day 15 for histopathological analysis.

In Vivo Treg Depletion Protocol

For Treg cell depletion, mice were injected i.p. with 200 �l
of saline buffer containing 100 �g of anti-CD25� antibod-
ies (PC 61 clone) 1 day before the first immunization.15

In Vitro Poly-Treg Production and in vivo Treg
Injection Protocol

Treg cells were purified as previously described.15

Briefly, spleen and peripheral lymph node cells were first
labeled with biotin-labeled, anti-CD25 monoclonal anti-
body, (7D4, Becton Dickinson, San Diego, CA) and anti-
biotin microbeads (Miltenyi Biotec, Bergisch Gladbach,
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Germany) and purified using magnetic large cell selec-
tion columns (Miltenyi Biotec). CD25� cells were then
stained with FITC-labeled anti-CD4, phycoerythrine-la-
beled anti-CD62L and streptavidin-Cy-Chrome (Pharmin-
gen, San Diego, CA). The CD4�CD25�CD62Lhigh

T cells were sorted by flow cytometry using a FACS
Aria (Becton Dickinson), yielding a purity of 99%.
CD4�CD25�CD62Lhigh Tregs were cultured in the pres-
ence of anti-CD3 and anti-CD28-coated 4.5-�m para-
magnetic microbeads (Invitrogen) and human IL-2 (600
U/ml).16 Before transfer, Tregs were phentoypically and
functionally characterized using FACS analysis and sup-
pression assay. For Treg injection, 2 �106 Tregs were
transferred by retro-orbital injection the day before each
immunization.

Suppression Assays

Splenocytes, harvested from syngenic naive mice, were
irradiated (20 Gy) and plated onto 96-well plates (105

cells/well). T effector cells (Teff, lymph node cells har-
vested from naïve mice) at a constant number (105 cells/
well) were then added with a varying number of in vitro
expanded Treg cells to provide Teff/Treg ratios of 1:0,
1:1, 2:1, 4:1, and 8:1. A combination of 2 �g/ml of soluble
anti-CD3 mAb (145–2C11, PharMingen) provided the
polyclonal stimulus for proliferation. Cells were incubated
in RPMI with 10% fetal bovine serum in a total volume of
200 �l. At 3 days of culture, 1 �Ci of 3H-thymidine (Am-
ersham Biosciences) was added for the final 12 hours to
assess proliferation.

Flow Cytometric Analysis

The following antibodies were used for flow cytometry
analysis: PE-labeled anti-CD4 (RM4-5, Pharmingen),

anti-CD8 (clone 53-6.7), anti-CD19 (clone 1D3, Pharm-
ingen), anti-62L (clone MEL-14, Pharmingen), anti-
FoxP3 (FJK16-second, eBioscience), FITC-labeled anti-
CD4 (clone RM4-5 Pharmingen), anti-62L (clone MEL-14,
Pharmingen), APC-labeled anti-CD25 (clone PC61
Pharmingen), PercP CD4 (clone RM4-5, Pharmingen),
and biotinylated anti-CD25 (clone 7D4, Pharmingen) re-
vealed with streptavidin-Cy-Chrome (Pharmingen) and
appropriate isotype antibody controls. At least 105 events
were acquired on a FACS LSRII (Becton Dickinson) and
analyzed using FlowJo software.

Statistical Analysis

Histological scores were compared using the Mann-Whit-
ney U-test. P values less than or equal to 0.05 were
considered significant. StatView software (Abacus Con-
cepts) was used for statistical analyses.

Results

Myosin in CFA Injection Creates an
Obvious EAM

The muscle strength of BALB/c mice was evaluated 10
days after the last immunization using an inverted
screen test.13 Significant loss of strength was observed
as the screen test score for EAM was 50 seconds �20
(n � 10) vs. for control mice 128 seconds �21 (n �
10), P � 0.016.

Pathological analysis remains the cornerstone to con-
firm the presence of EAM. Myositis in EAM mice was
characterized by both endomysial inflammation (Figure 1
A–C), scattered fibers undergoing necrosis and phago-
cytosis, or invaded fibers (Figure 1 D) and regenerated

Figure 1. Cross-sections of Gastrocnemius mus-
cles from mice with EAM (after three immuniza-
tions with purified myosin), 10 days after the last
immunization. Endomysial inflammatory infil-
trate: (A) histological grade 1, (B) grade 2, and
(C) grade 4. D: invaded fibers (white arrows),
scattered fibers undergoing necrosis and phago-
cytosis (black arrows) perivascular infiltrate
(black arrowhead). E: regenerated fibers. H&E
staining.
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fibers (Figure 1 E). The incidence of EAM increased
significantly with the number of immunizations (table 1).
Only one out of four mice developed myositis after the
first myosin injection, whereas 82% (9/11; P � 0.038)
developed myositis after two immunizations, and 100%
(20/20; P � 0.005) after three and four immunizations. In
parallel, the degree of muscle inflammation, evaluated by
the score of histological inflammation,6,7 increased with
the number of immunizations (from 0.5 � 0.86 after one
injection to 2.33 � 1.10 after four immunizations, P �
0.033, Table 1) ie, going from some single sparse muscle
fiber invasion to massive endomysial inflammatory infil-
tration in some mice (Figure 1 A–C).

Endomysial muscle lesions in EAM mice consisted of
infiltration by mononuclear cells (CD4� and CD8�) and
macrophages (CD11b�, Figure 2A–C). B cells have
never been observed in inflammatory infiltrates, but were
observed in lymph node sections of the same EAM mice
(data not shown).

MHC class I overexpression was observed in some
non-atrophic or atrophic fibers, always in contact with
inflammatory cells, and in regenerated fibers (Figure 3A–
F). It was also observed in capillaries and inflammatory
cells, as expected (Figure 3). No fluorescence was ob-
served when serial staining was performed with control
isotypic antibody (data not shown).

Among the different adjuvants tested (CFA, incomplete
Freund’s adjuvant, Alum, CpG) or PBS alone, only CFA
triggered myositis (data not shown). Similarly, EAM was
induced in BALB/c (Figures 1 and 2) and C57Bl/6 mice
(n � 10, data not shown). Two different sources of myosin
were tested, from autologous or xenogenic (rabbit) mus-
cle homogenates, with equivalent results (Table 1). Fur-
ther experiments involving cell transfers and Treg deple-

tion (see below) were then performed using autologous
(BALB/c) myosin.

Transfer of the Disease and Myosin-Specific
CD4� T Cell Involvement

EAM could be transferred to irradiated naïve mice by
injection of freshly purified unsorted lymph node cells
from the EAM mice (pooled cells consisted of 42% CD4�,
20% CD8� T-cells, and 38% CD19� B-cells). Indeed,
two out of the six recipients developed myositis with a
histological grade of 1 and 2 (Table 2), while none of the
recipients of cells from control mice (immunized by PBS
in CFA) developed myositis (data not shown). In other
transfer experiments performed with in vitro re-stimulated
unsorted cells (pooled cells consisted of 67% CD4� and
29% CD8� T-cells), seven out of nine injected mice
developed a myositis (Table 2). As shown in Figure 4,
some of the infiltrates achieved grade 4 and a number of
invaded fibers can be seen (Figure 4A). Furthermore, as
expected, lymphoproliferative responses of these lymph
node cells from EAM mice were also observed (and not
from control ones) when they were exposed to progres-
sively increasing doses of the myosin preparation, with a
dose effect (Figure 4B). Using in vitro restimulated sorted
CD4� T cells from EAM mice, two out of five recipient
mice developed the disease, with a histological grade of
1 and 2.5 (Table 2). In contrast, the CD8� T cells and B
cells could not transfer EAM (Table 2, purity of sorted
cells was up to 95%). Finally, none of the eight sera from
eight different EAM mice injected into recipient mice
generated any detectable muscle infiltrate.

Table 1. Incidence and Severity of EAM in Gastrocnemius Muscle of BALB/c Mice after Various Numbers of Immunizations with
Partially Purified Myosin

Number of
injections

PBS in CFA
Incidence of

EAM/n

Rabbit myosin in CFA Mouse myosin in CFA

Incidence of
EAM/n

Histologic score
mean � SD

Incidence of
EAM/n

Histologic score
mean � SD

1 0/4 1/4 0.5 � 0.86 ND ND
2 0/11 9/11 1.45 � 0.89 ND ND
3 0/19 13/13 1.76 � 0.79 6/6 2.33 � 0.47
4 0/7 7/7 2.33 � 1.10 ND ND

ND: not done.

Figure 2. Immunohistochemistry of muscular infiltrates on 3 serial sections. Muscle fiber membranes are stained with an anti-laminin antibody in red. Nuclei
were counterstaining with DAPI in blue. The cells of the muscular inflammatory infiltrates are stained in green with (A) anti-CD4, (B) anti-CD8, or (C) anti-CD11b
(macrophages) antibodies. Arrows highlight the same scattered fiber undergoing necrosis and phagocytosis.
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Autoantibodies in EAM Mice

Although myositis was not transferable by B cells or sera,
we also looked for humoral responses against myosin in
EAM mice. By Western blotting, the serum from 25 out of
25 tested EAM mice reacted to solubilized myosin (Figure
5A). The signal was detected at up to a 1:8000 serum
dilution and corresponds to the electophoretic pattern of
chemotrypsin-digested myosin.17 In contrast, the sera of
control mice (immunized by PBS in CFA, n � 19) did not
react with these extracts (Figure 5A). EAM mice had
therefore produced antibodies specific to muscle pro-
teins. Because patients with myositis may have specific

autoantibodies, we also looked for their presence in EAM
mice. We first screened sera by immunofluorescence on
HEp-2 cells. The induction of EAM resulted in detectable
antinuclear antibodies (at 1/80 dilution) in only 4 out 16
mice, without any specific pattern evocative of a partic-
ular autoantibody, consequently most of the EAM mice
did not produce antinuclear antibodies (Figure 5B). Nev-
ertheless, we tested 16 EAM and 18 control mice for the
presence of autoantibodies against Jo-1, PL-7, PL-12,
Mi-2, Ku, and PM-Scl. None of the EAM mice had positive
immunoassay dot blot, and only one control mouse was
anti-Jo-1 positive.

Effect of Tregs in the EAM Model

To evaluate the effect of Tregs on the severity of EAM, we
first examined the effect of Treg depletion. Twelve mice
per group were immunized with or without Treg cell de-
pletion using the PC61 antibody. As we have previously
shown,18 the effect of PC61 lasts for at least 30 days and
as expected at day 16 after its injection, Treg cells are
almost undetectable (Figure 6, A and B). Myositis was
studied 10 days after the third immunization. In Treg
depleted mice, we observed a significantly increased
score of muscular inflammation in the gastrocnemius
(2.36 � 0.9 vs. 1.64 � 0.8 in non-depleted animals, P �
0.019, Figure 6C). The disease was also more diffuse in
Treg-depleted animals compared with non-depleted an-
imals, ie, triceps were more frequently affected (Figure
6C). No histological abnormalities were detected in car-
diac muscle, small intestine, spleen, or lungs. As a con-
trol, we checked that muscles of Treg depleted mice
receiving CFA alone remained free of endomysial inflam-
matory infiltrates and necrosis.

EAM Treg-depleted mice were also tested for the pres-
ence of autoantibodies. Nine Treg depleted EAM mice
were tested for the presence of antinuclear antibodies on
HEp-2 cells. Nine out of 9 Treg depleted EAM tested mice
developed autoantibodies (detectable at 1/80 dilution)
with a cytoplasmic pattern on HEp-2 cells (Figure 5C),
evocative of the pattern observed in the sera from pa-
tients with known autoantibodies to anti-aminoacyl-tRNA
synthetases. Then, we looked for specific myositis-asso-
ciated antibodies in a large panel (n � 37) of Treg-
depleted EAM mice. As a control, the same antibodies

Table 2. Incidence and Severity of Myositis in Recipient Irradiated Mice after Passive Transfer of Draining Lymph Node Cells
from EAM Mice

In vitro stimulation Type of cells Number of injected cells � (106) Incidence of myositis Histologic score

No Unsorted cells* 20 2/6 1 and 2
No Sorted CD4� cells 10 0/5 0
No Sorted CD8� cells 10 0/3 0
No Sorted B cells 10 0/5 0
Yes Unsorted cells** 10 7/9 2.4 � 1.45 (mean � SD)
Yes Sorted CD4� cells 6 2/5 1 and 2.5
Yes Sorted CD8� cells 4 0/5 0
Yes Sorted B cells 10 0/4 0

Cells were harvested from draining lymph nodes of EAM mice.
*Ex vivo unsorted cells consist of 42% CD4�, 20% CD8� T-cells and 38% CD19� B-cells.
**In vitro restimulated unsorted cells consist of 67% CD4� and 29% CD8� T-cells. CD4� and CD8� T-cells were sorted by using magnetic label.

B-cells were isolated using the negative fraction after selection of CD4� and CD8� T-cells. Purity of sorted cells was up to 95%.

Figure 3. MHC class I expression in muscle fibers of EAM mice. Muscle fiber
membranes are stained with an anti-laminin antibody in red. Nuclei were
counterstaining with DAPI in blue. MHC class I immunoreactivity (anti-H2kd)
in green was observed on capillaries (arrows A–B), but also on inflamma-
tory cells. A–D: Overexpression of MHC class I was observed on the surface
and/or within muscle fibers of EAM mice, in non-atrophic (A–B) or atrophic
(C–D) fibers, in contact with inflammatory cells, and in regenerated fibers
characterized by centralized nuclei (arrows E–F). Asterisks represent in-
flammatory cells.
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were tested in 16 non-Treg depleted EAM and 18 control
mice. Seven out of the 37 (19%) depleted EAM mice had
positive immuno-dot blot assays (two anti-Jo-1, one anti-
PL7, and four anti-Ku). Compared with control and non
Treg-depleted EAM mice (one anti-Jo-1 positive mouse
among 34), the difference was significant (P � 0.03).

We next examined the effect of the injection of in vitro
expanded polyclonal Tregs on EAM severity. Cells ex-
panded after 21 days of culture kept the phenotype (Fig-
ure 6, D and E) and function (Figure 6F) of Tregs. When
2 � 106 polyclonal Tregs were injected at the time of
immunization (n � 5), a significant decrease of the myo-
sitis histological scores was observed compared with
mice not injected with Tregs (0.87 � 1.06 vs. 2.4 � 0.67,
P � 0.047, Figure 6G).

Finally, we looked for the persistence over time of the
myositis in Treg depleted mice. Muscle sections were
examined at various time points after the last immuniza-
tion. We observed a spontaneous regression of muscle
inflammation. The incidence of EAM was 100% on days
10 (n � 35), 35 (n � 3), and 50 (n � 3); 50% on days 70
(n � 2); and 0% on days 140 (n � 2).

Discussion

We have established a highly reproducible EAM mouse
model, adapted from the rat, offering all of the advan-
tages of this extensively studied species, in particular for
the Treg analysis. This EAM was transferable, aggra-

vated by Treg depletion, accompanied in some cases by
specific autoantibodies and improved by in vitro ex-
panded polyclonal Treg injection.

Concerning the pathological features, this EAM mouse
model resembles human polymyositis in several re-
spects. We observed necrotic and regenerating fibers
and endomysial infiltrates with some invaded fibers. Im-
munohistochemical examination revealed that many of
the infiltrating cells were CD8� lymphocytes, with MHC
class I overexpression in some fibers. In mice sensitized
by C protein, called the C protein-induced myositis (CIM)
model, abundant infiltration of CD8 and perforin-express-
ing cells in the endomysial site of injured muscle, to-
gether with MHC class I overexpression in some fibers19

is also observed, in line with our results. However, some
of the pathological features of the EAM are distinct from
polymyositis. The MHC class I overexpression is not dif-
fuse, and not only CD8� T cells, but also many CD4�

cells and CD11b� macrophages infiltrated the muscle
fibers, thus simulating more overlap myositis20 rather
than pure polymyositis. Overlap myositis can also be
defined by the presence of autoantibodies such as anti-
synthetases or anti-Ku.3 Looking for the presence of
these antibodies, we found significantly more positive
mice in the Treg-depleted group. Because we did not
perform IgG purification or competitive testing, the posi-
tive signal, which we observed could be due to a xeno-
genic reaction. Nevertheless, the aspect of anti-nuclear
antibodies by immunofluorescence on HEp-2 cells is

Figure 4. Transfer of EAM. A: Cross-sections of
gastrocnemius muscle were analyzed 10 days after
the transfer of 10 � 106 in vitro restimulated cells
from EAM mice. Endomysial inflammatory infil-
trate: histological grade 4. The inset panel shows
high-power magnification of an invaded fiber
(boxed area). B: Specific response to myosin of
lymph node cells from EAM mice. Cells were in
vitro restimulated for 96 hours in the presence of
increasing doses of the solubilized myosin prepa-
ration. Thymidine incorporation was measured
and values are expressed as cpm from triplicate
wells. Anti-CD3 antibodies (1 �g/ml, BD bio-
science) were used as a positive control.

Figure 5. A: Presence of antibodies against myosin in EAM mice. Western blot analyses revealed antibodies against myosin in all 25 EAM mice analyzed (3
representative samples are shown lanes 1–3), whereas they were not observed in 19 control mice immunized with PBS in CFA (3 representative samples are shown
lanes 4–6). On the left side molecular weights in kDa are represented. B: Immunofluorescent staining on HEp-2 cells to detect autoantibodies from the sera (1:80
dilution) of EAM and (C) Treg depleted EAM mice. The latter shows a cytoplasmic pattern condensed around the nucleus, which diminishes toward the periphery.
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evocative of the presence of these specific antibodies.
Furthermore, in one other transgenic myositis model in-
duced by conditional up-regulation of MHC class I in
muscle, the same autoantibodies were also evidenced in
some mice, by a similar method.21 Treg cells are able to
suppress humoral responses to systemic self-antigens
such as DNA/chromatin22 and Treg-depleted mice have
higher titers of autoantibodies compared with non Treg
depleted ones.23 Similarly, in EAM, dendritic cells pre-
senting self-antigens (such as t-RNA synthetases found
in regenerating muscle cells24) can initiate anti-syn-
thetase autoantibodies production, but in particular when
Treg cells are depleted. The presence of such autoanti-
bodies, together with the pathological features of the
infiltrate observed in this model, are arguments for the
overlap myositis nature of the disease. Another argument
came from the adoptive transfer experiments: unsorted or
CD4� lymph node cells elicited myositis in some of the
recipient mice. Polymyositis and inclusion body myositis
are known as mainly CD8 cell-mediated intramuscular
Ag-specific autoimmunity.25–27 However, nothing in this
field is known for overlap myositis but CD4� cells may
play a role in the development of eg, autoantibodies in
this condition.

An elevation in the levels of creatine kinase was found
in our EAM mice (data not shown). However, since some

mice, including healthy animals, also have unexpectedly
high levels of creatine kinase, this elevation could be
attributed to uncontrollable hemolysis, as described else-
where.19 We observed spontaneous regression of the
muscle infiltrations over time, as described in the CIM
model.19 Compared with our EAM model, the spontane-
ous remission of CIM was more rapid since it was already
complete at day 63.19 This difference in the time course
may be due to intrinsic differences between the two
diseases or to the Treg depletion in our model that ag-
gravates the EAM.

Concerning the effect of treatments in EAM or CIM
models, it has been reported that intravenous glucocor-
ticoid pulse therapy caused an increase in the number of
apoptotic T cells in the inflamed muscles of rat EAM.28

ICOS (a member of CD28 family costimulatory receptor)
has been demonstrated to be expressed on muscle fiber-
infiltrating T cells in the EAM rats, but not in normal rats.29

Treatment with anti-ICOS monoclonal antibody reduced
both the incidence and the severity of myositis.29 In the
CIM model,19 myositis was inducible in tumor necrosis
factor �-null mutant mice but not in interleukin-1�/�-null
mutant mice, but intravenous immunoglobulin therapy
improved the disease.19 We demonstrated here that Treg
depletion aggravated the disease, whereas injection of
polyclonal Treg reduced both the incidence and the se-

Figure 6. Role of Treg in EAM. A: CD4 CD25 expression of lymph node cells in a control and (B) a
Treg depleted mouse. The analyses were performed 16 days after injection of (A) PBS or (B)
anti-CD25� monoclonal antibody (PC61 clone). C: Scores of inflammatory infiltrates in EAM mice with
or without T reg depletion (n � 12 for each group, *P � 0.05). D–E: In vitro expanded Treg phenotype
after 21 days of culture. F: In vitro expanded Tregs suppress lymphoproliferation of lymph nodes cells
stimulated with anti-CD3 monoclonal antibody. G: Scores of inflammatory infiltrates in control EAM
mice and EAM mice treated with polyclonal Tregs, intravenously injected the day before each
immunization (n � 5 for each group, * P � 0.05).
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verity of myositis. Furthermore, for breaking immune self-
tolerance, a strong adjuvant effect (only CFA works) and
pertussis toxin are needed in our model, as previously
described.6,7,19 Pertussis toxin has been reported to
have adjuvant properties with Th-1 induction effects.30

But, it has also been reported that in vivo pertussis toxin
injection reduces both the number and the function of
Treg.31 The effects of pertussis toxin should then be
additive to those of CFA and Treg depletion. There are
evidences that Tregs play a major role in the regulation of
many models of rodent autoimmune diseases. Adoptive
transfer of Tregs into autoimmune prone animals has a
profound effect on disease incidence and progression.
The first experiments performed by Sagakuchi et al9 in
1995 showed that adoptive transfer of CD25�-depleted T
cells resulted in the onset of various autoimmune dis-
eases, such as gastritis, thyroiditis, or diabetes in recip-
ient mice. Other examples include type 1 diabetes, ex-
perimental autoimmune encephalitis, gastritis, thyroïditis,
oophoritis, inflammatory bowel disease, graft versus host
disease, arthritis, and systemic lupus erythematosus.9,32–37

We have previously successfully tested the therapeutic ef-
fects of CD4�CD25highCD62LhighTreg in type 1 diabetes,
graft versus host disease, and uveoretinitis animal mod-
els.32,38,39 We have also shown,40 as have others,41,42 that
antigen specific Tregs are more effective than polyclonal
Tregs. That is why we are currently looking for the effect of
myosin specific Tregs in our model.

Finally, this preclinical data has encouraged us to de-
sign a clinical trial in severe myositis patients, consisting
of the injection of in vitro expanded polyclonal Tregs.

Acknowledgments

We acknowledge Jean-Luc Charuel from the Service
d’Immunochimie, Gisela Stoltenburg-Didinger from Insti-
tut de Myologie, Fernanda Pinto-Mariz from UMR 787S,
and Brigitte Verneau, Françoise Blanchet, Valérie Thu-
ries, and Odile Freytag from the Service de Neuropa-
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