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Aberrant Muscle Antigen Exposure in Mice Is Sufficient to
Cause Myositis in a Treg Cell-Deficient Milieu

Nicholas A. Young,' Rahul Sharma,? Alexandra K. Friedman,' Benjamin H. Kaffenberger,'
Brad Bolon,' and Wael N. Jarjour'

Objective. Myositis is associated with muscle-
targeted inflammation and is observed in some Treg
cell-deficient mouse models. Because an autoimmune
pathogenesis has been strongly implicated, the aim of
this study was to investigate the hypothesis that abnor-
mal exposure to muscle antigens, as observed in muscle
injury, can induce autoimmune-mediated myositis in
susceptible hosts.

Methods. FoxP3 mutant (scurfy) mice were mated
to synaptotagmin VII (Syt VII) mutant mice, which
resulted in a new mouse strain that combines impaired
membrane resealing with Treg cell deficiency. Lympho-
cyte preparations from double-mutant mice were adop-
tively transferred intraperitoneally, with or without
purified Treg cells, into recombination-activating gene
1 (RAG-1)-null recipients. Lymph node cells from mice
with the FoxP3 mutation were transferred into RAG-1-
null mice either 1) intraperitoneally in conjunction
with muscle homogenate or purified myosin protein or
2) intramuscularly with or without cotransfer of puri-
fied Treg cells.

Results. FoxP3-deficient mouse lymph node cells
transferred in conjunction with myosin protein or mus-
cle homogenate induced robust skeletal muscle inflam-
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mation. The infiltrates consisted predominantly of
CD4+ and CD8+ T cells, a limited number of macro-
phages, and no B cells. Significant inflammation was
also seen in similar experiments using lymph node cells
from FoxP3/Syt VII double-mutant mice but was absent
in experiments using adoptive transfer of FoxP3 mutant
mouse cells alone. The cotransfer of Treg cells com-
pletely suppressed myositis.

Conclusion. These data, derived from a new,
reproducible model, demonstrate the critical roles of
Treg cell deficiency and aberrant muscle antigen expo-
sure in the priming of autoreactive cells to induce
myositis. This mouse system has multifaceted potential
for examining the interplay in vivo between tissue injury
and autoimmunity.

Idiopathic inflammatory myopathies are a group
of systemic autoimmune diseases characterized by
chronic muscle inflammation resulting in weakness (1)
and a variety of clinical manifestations (2). Because
inflammation of muscle tissue is the underlying mecha-
nism of disease pathology in each condition, current
treatments include broad-spectrum immunosuppressive
agents and, more recently, targeted immune therapy
directed against inflammatory cells and inflammatory
mediators (3,4). Although these treatments can be rela-
tively effective, they can result in significant complica-
tions due to systemic immunologic suppression (5-7).
However, the development of more specific therapies
for immune-mediated myositis requires more data re-
garding pathogenesis (8). Animal models can provide
insight into the pathogenesis of these diseases and
facilitate the identification of new pathways that can be
targeted therapeutically.

Synaptotagmin VII (Syt VII) is a member of the
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synaptotagmin family of membrane-trafficking proteins
(9). Mice that have mutations affecting both copies of
the Syt VII allele develop an inflammatory myositis,
presumably as a consequence of exposure to endoge-
nous muscle tissue antigen through impaired membrane
resealing (10). Thus, it has been proposed that Syt VII
deficiency can cause inflammation by activation and
expansion of lymphocytes through exposure to endoge-
nous antigens not normally encountered during the
initial establishment of immune tolerance (11).

The FoxP3 gene product scurfin is an X-linked
transcription factor involved in the maturation and
activation of Treg cells (12). Treg cells actively suppress
autoreactive cells and control the immune response (13).
In humans, immune dysregulation, polyendocrinopathy,
and enteropathy, X-linked syndrome is caused by a
FoxP3 mutation that leads to a severe multiorgan auto-
inflammatory condition frequently resulting in death
within the first 2 years of life (14). Scurfy (FoxP3
mutant) mice devoid of functional Treg cells also suc-
cumb to multiorgan inflammation primarily affecting the
skin, lungs, and liver (12). We previously demonstrated
that intraperitoneal adoptive transfer of scurfy mouse
lymph node cells into recombination-activating gene 1
(RAG-1)-null mice not only recapitulated these mani-
festations but also induced inflammation in the colon,
salivary glands, and lacrimal glands (15). Hence, al-
though scurfy mice display autoimmune responses
against only a few target organs, transfer of scurfy mouse
lymphocytes to RAG-1-null mice induces severe inflam-
mation in some of the organs that were spared in the de
novo inflammatory response (16). This reveals the pres-
ence of a repertoire of autoreactive immune cells against
more organs than initially observed in the scurfy mouse.

In both scurfy mice and RAG-1-null mice that
underwent adoptive transfer, muscle tissue was spared
from an inflammatory response. To examine the role of
antigens to muscle tissue in this phenomenon, we ad-
ministered intramuscular injections of scurfy mouse
lymph node cells into RAG-1-null recipients, thus in-
flicting a muscle injury and inducing severe myopathy
(16). We hypothesized that despite a complete defi-
ciency of Treg cells, scurfy mice and the RAG-1-null
recipients of scurfy mouse cells still fail to develop
muscle inflammation due to a lack of critical exposure to
muscle antigens.

In the present study, we tested this hypothesis by
comparing FoxP3/Syt VII double-mutant mice with Syt
VII mutant mice to determine the influence of Treg cells
on suppression of muscle inflammation. Our results
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indicate that Syt VII deficiency mediates the generation
of primed immune cells in donor mice that are capable
of targeting muscle, which, when combined with Treg
cell deficiency, results in the induction of severe myosi-
tis. Conversely, Treg cell supplementation can effec-
tively suppress this autoimmune inflammatory response.
Furthermore, myosin is identified as a muscle antigen
capable of priming the immune response in this model.
Taken together, these results outline a new mouse
model of immune-mediated myositis and suggest the
critical roles of abnormal autoantigen exposure and loss
of Treg cell suppression in the development of muscle
tissue inflammation.

MATERIALS AND METHODS

Mice and breeding. All mice were housed at The Ohio
State University Wexner Medical Center (OSUWMC) in a
Biosafety Level 3 barrier facility. Housing conditions included
a 12-hour light/dark cycle, with chow and water available
ad libitum. The facilities were maintained at 22-23°C with
30-50% relative humidity. All animal maintenance protocols
were approved by the Institutional Animal Care and Use
Committee through University Laboratory Animal Resources
at OSUWMC.

Male wild-type (WT) CS57BL/6 (B6) mice, female
B6.Cg-FoxP3*"*/] (FoxP3"/~) mice, and B6.129S7-
Ragl"™™°m/J (RAG-1-null) mice were obtained from The
Jackson Laboratory. Female B6.129S1-Syt7'™!Nan/j (Syt
VII*'™) mice were a generous gift from Dr. Norma Andrews
(University of Maryland). Female FoxP3™/~ mice were mated
with male WT B6 mice to generate male FoxP3~/Y (scurfy)
mice. Female Syt VII'™/~ mice were mated with male WT B6
mice to generate male Syt VII™/~ mice. The Syt VII*/~ mice
were then crossbred to produce Syt VII ™/~ mutant mice. The
FoxP3 and Syt VII mutations were combined by mating male
FoxP3*/¥/Syt VII*'~ mice with female FoxP3*/~/Syt VII*/~
mice.

Genotyping. The tails of all mice in litters with FoxP3
or Syt VII mutations were clipped at 22 (*2) days of age. DNA
was extracted according to a published protocol (The Jackson
Laboratory) using a DNeasy Blood & Tissue Kit (Qiagen)
according to the manufacturer’s instructions. Polymerase chain
reaction (PCR) amplification was performed for both genes,
using The Jackson Laboratory protocol. The primer sequences
used for amplification were as follows: for WT Syt VII, forward
5'-CATCCTCCACTGGCCATGAATG-3' and reverse 5'-G-
CTTCACCTTGGTCTCCAG-3'; for mutant Syt VII, forward
5'-CTTGGGTGGAGAGGCTATTC-3' and reverse 5'-AGG-
TGAGATGACAGGAGATC-3'; for WT FoxP3, forward
5"-CTCAGGCCTCAATGGACAAG-3’; for mutant FoxP3,
forward 5'-TCAGGCCTCAATGGACAAAA-3'. A common
reverse primer (5'-CATCGGATAAGGGTGGCATA-3") was
used for FoxP3. The PCR products were electrophoresed on
2% agarose gels, and the bands were visualized with ethidium
bromide.
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Adoptive transfer of lymph node cells. FoxP3 /Y
(scurfy) mice with the Syt VII*/*, Syt VII*/~, or Syt VII /~
genotype were killed at 25 (*2) days of age by cervical
dislocation, under anesthesia. Single cell suspensions of 0.7-
1.5 X 107 cells in 200 pl of sterile phosphate buffered saline
(PBS) (pH 7.3-7.4) from pooled lymph nodes (tonsillar, sub-
mandibular, axillary, and inguinal locations) were injected
intraperitoneally into male RAG-1-null mice.

Muscle protein homogenates were prepared by resect-
ing thigh skeletal muscle (quadriceps femoris) tissue from WT
B6 mice. The muscle tissue was mechanically dissociated in
sterile PBS (pH 7.3-7.4) at a 30% (weight/volume) ratio and
passed through a cell strainer. Following a freeze—thaw cycle,
adoptive transfer was carried out by intraperitoneal injection
of a FoxP3~"Y/Syt VII'/* lymph node preparation of 0.7-1.5 X
107 cells plus with either 200 ul of the muscle homogenate
or 1.11 mg of purified myosin protein (Sigma-Aldrich) ad-
justed with PBS to a volume of 200 wl. Intramuscular injec-
tions (0.7-1.5 X 107 cells in 200 ul) of FoxP3~/¥/Syt VII*/*
lymph node preparations were administered simultaneously
into the quadriceps femoris muscle of male RAG-1-null
littermates. All male RAG-1-null mice were monitored every
other day for ~4 weeks. Monitoring included assessment of
body weights and physical signs of disease progression.

Treg cell purification and adoptive transfer. CD4+
CD25+ Treg cells were isolated from the lymph nodes of
WT B6 mice by immunomagnetic sorting, using a commercial
CD4+CD25+ Treg cell isolation kit (Miltenyi Biotec) accord-
ing to the manufacturer’s protocol. Treg cell purification was
confirmed by flow cytometry (BD FACSCalibur platform; BD
Biosciences) to be >80% CD4+/CD25+, using antibodies
targeting the lymphocyte markers CD3 (eBioscience), CD4
(eBioscience), and CD25 (eBioscience) according to the man-
ufacturer’s instructions. Flow cytometry data were acquired
using CellQuest Pro software version 5.1 (BD Biosciences) and
analyzed further with FlowJo version 7.6.5 software (Tree
Star). Enriched Treg cells (0.5 X 10°) and/or FoxP3 ™'Y lymph
node cells (5.0 X 10° in sterile PBS (pH 7.3-7.4) were
transferred intravenously (200 wl) into the tail veins of male
RAG-1-null mice. Additionally, Treg cells (0.5 X 10°) and/or
FoxP3~/¥/Syt VII "/~ lymph node cells (5.0 X 10°) in sterile
PBS (pH 7.3-7.4) were transferred intraperitoneally (200 ul)
into male RAG-1-null mice. The final Treg cell:lymph node
cell supplementation ratio in both experimental conditions was
1:10.

Tissue collection and processing for histologic exami-
nation. FoxP3 /Y mice with the Syt VII*/*, Syt VII*/~, or Syt
VII™/~ genotype were killed on day 16 or day 26. FoxP3™'Y
mice with the Syt VII™/*, Syt VII™/~, or Syt VII ™/~ genotype
were killed at 4, 8, 12, or 18 weeks. Recipient RAG-1-null mice
were killed on day 28. All mice were killed by cervical
dislocation, under anesthesia. The quadriceps femoris muscle
from each mouse was resected and flash-frozen in liquid
nitrogen—cooled isopentane followed by cryosectioning, or was
fixed immediately by immersion in neutral buffered 10%
formalin and then processed into paraffin. Serial paraffin
sections were stained with hematoxylin and eosin (H&E)
(Leica Microsystems) or labeled by indirect immunohisto-
chemistry to detect CD3 (Dako), B220 (CD45R; BD Biosci-

ences), and F4/80 (AbD Serotec). Serial frozen sections were
used for H&E staining and indirect immunohistochemistry to
localize CD4 and CDS8 (both from BD Biosciences). All
staining was performed on tissue sections cut at 4 um, accord-
ing to the manufacturer’s protocol.

Microscope slide imaging and analysis. Glass slides
were scanned at 200X or 400X resolution on an Aperio
ScanScope XT eSlide capture device and analyzed using
Aperio ImageScope digital analysis version 9.1 software. To
quantify the extent of inflammation and lymphocyte localiza-
tion, an Aperio positive pixel count algorithm was run to
determine cellular nuclei or positively labeled membranes
using calibrated hue, saturation, and intensity values following
previously described methods of computer-assisted image ana-
lysis (17). From each mouse, 10 measurements of identical
total surface area of muscle tissue were quantitated to define a
mean value of strong positive pixel intensity. All digitization
was verified by manual slide analysis and histopathologic
scoring, as described below.

Histopathologic scoring. H&E-stained paraffin sec-
tions of skeletal muscle were submitted for independent
histopathologic analysis by a board-certified veterinary pathol-
ogist (BB). Microscopic lesions in the muscle indicating degen-
eration and inflammation were subjected to blinded histo-
pathologic analysis using the 10X objective of a bright-field
light microscope and a tiered, semiquantitative scoring scheme
with predefined criteria (0 = within normal limits, 1 = minimal
change, 2 = mild change, 3 = moderate change, and 4 =
marked change).

Statistical analysis. All data were expressed as the
mean *= SD. Statistical significance was determined by Stu-
dent’s paired 2-tailed ¢-tests using Microsoft Excel version 2010
software. P values less than or equal to 0.05 were considered
significant.

RESULTS

Effect of Syt VII deficiency in mice without Treg
cells. Syt VII deficiency results in membrane leakage
and is reported to induce spontaneous myositis (11), but
the extent of inflammation is limited compared with that
observed in our scurfy mouse lymphocyte adoptive
transfer model (16). To investigate the role of Treg cells
in the suppression of spontaneous myositis, we intro-
duced Treg cell deficiency onto the Syt VII mutant
background by generating FoxP3/Syt VII double-mutant
mice, in order to examine the combined effects of these
2 mutations on the development of myositis.

In muscle tissue from mice with the Syt VII
deficiency alone (Syt VII/7), the leukocyte infiltrate
was mild but diffuse and was observed in both necrotic
and non-necrotic areas. This inflammation was evident
at 4 weeks but decreased slightly at later time points
(Figure 1A). No distinguishable histologic difference
was observed between Syt VII*/* and Syt VII*/~ geno-
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Figure 1. Muscle tissue inflammation in mice with the synaptotagmin VII (Syt VII) mutation is marked at 4 weeks but subsides over time. A, Muscle

tissue inflammation in heterozygous (Syt VII*/~) and mutant (Syt VII

) mice. Mice were killed at the indicated times, and paraffin-embedded

skeletal muscle tissue sections were stained with hematoxylin and eosin. All images were cropped for enhanced resolution and are representative
of trends observed in at least 3 mice at each time point in independent experiments. Original magnification X 200. B, Extent of myositis in Syt VII '~
mice at the 4-week time point, as determined by blinded histopathologic scoring. Values are the mean = SD (n = 3 mice of each genotype). * = P <

0.05 versus Syt VII™/~.

types at any time point (data not shown). Histopatho-
logic scores for muscle inflammation in Syt VII™/~ mice
were statistically significantly higher than those in Syt
VII"'~ mice only at the 4-week time point, with mean +
SD scores (4-point scale) of 1.7 = 0.58 and 0.33 = 0.58,
respectively (Figure 1B).

Skeletal muscle tissue was harvested from FoxP3/
Syt VII double-mutant (FoxP3~/¥/Syt VII™/~) mice at
16 days or 26 days, in order to observe inflammation.
Although the FoxP3 mutation alone (FoxP3~/Y) was not
sufficient to cause an inflammatory response directed
toward muscle, a deficiency of Syt VII in combination
with the FoxP3 mutation (FoxP3~"Y/Syt VII /") resulted
in significant infiltration of muscle at both 16 days and
26 days after birth (Figure 2A). The inflammation
followed a histologic pattern representative of polymy-
ositis in humans, with the endomysial leukocyte infil-
trates targeting areas of non-necrotic, morphologically
normal muscle fibers. However, both perifascicular in-
flammation and perivascular inflammation were also
observed. Histopathologic scoring of the H&E-stained
sections at the 4-week time point showed a mean * SD
score of 2.6 + 0.55 for double-mutant mice (FoxP3~"Y/
Syt VII"/7), which was significantly higher than the
scores for single-mutant mice (0.33 * 0.58 for Syt
VII*/~ [Figure 1B] and 0.6 *+ 0.55 for FoxP3 /Y [Figure
2B)).

Immunohistochemical staining was performed on
the sections obtained from FoxP3~/Y/Syt VII/~ mice at
4 weeks. Application of a pan-B cell marker (B220

[CD45R]) revealed no detectable positive infiltrate in
the muscle tissue, while the pan T cell marker CD3
clearly showed the presence of many CD3+ T cells in
the same areas (Figure 2C). Staining for markers to
identify plasmacytoid and myeloid dendritic cells was
negative (data not shown). Taken together, these results
demonstrate not only that aberrant antigen exposure in
an environment lacking Treg cells results in more robust
inflammation than that observed under conditions of Syt
VII deficiency alone, but also that this response consists
largely of T cells.

Induction of severe inflammation in the skeletal
muscle of RAG-1-null recipients by adoptive transfer of
lymph node cells from FoxP3~"¥/Syt VII”/~ mice. We
previously showed that adoptive transfer of scurfy
(FoxP3~"Y) mouse lymph node cells into RAG-1-null
recipients via either intraperitoneal or intravenous injec-
tion was unable to induce inflammation of skeletal
muscle, while intramuscular injection of scurfy mouse
cells did trigger myositis (16). Adoptive transfer of
lymph node preparations from male scurfy mice with
and those without Syt VII deficiency were delivered via
intraperitoneal injection into RAG-1-null mice to de-
termine whether the priming of lymph node cells in the
double-mutant mice, in which myositis develops sponta-
neously, imparts the ability of these cells to induce
inflammation despite the absence of muscle injury or Syt
VII mutation in the recipient. Adoptive transfer of
FoxP3~/¥/Syt VII™/~ mouse lymph node cells by intra-
peritoneal injection resulted in robust muscle tissue
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FoxP3™/~ mice to produce male wild-type, Syt VII mutant (Syt VII/"), FoxP3 mutant (FoxP3~’Y), and double-mutant (Foxp3~"¥/Syt VII /") mice.
A, Hematoxylin and eosin-stained muscle sections obtained from mice killed at 2 weeks or 4 weeks (+2 days). Original magnification X 200.
B, Extent of myositis in Foxp3~"¥/Syt VII*/~ and Foxp3~"Y/Syt VII '~ mice at the 4-week time point. Each symbol represents an individual mouse.
Bars show the mean = SD. C, Immunohistochemical staining for CD3 (T cell marker), F4/80 (macrophage cell marker), and B220 (B cell marker)
in muscle sections obtained from FoxP3/Syt VII double-mutant mice at the 2-week and 4-week time points. Original magnification X 400. Results
are representative of observations made in at least 3 mice at each time point and were independently verified in subsequent experiments. * = P <

0.005 versus Syt VIT*/~,

inflammation (mean *= SD histopathologic score 3.0 *
0.63) compared with that following adoptive transfer of
FoxP3~/Y/Syt VII'/~ mouse cells (mean = SD 0.9 =
0.57) (Figures 3A and B). The histology and extent of
inflammation did not differ significantly between trans-
fers of FoxP3 /Y/Syt VII™/* and FoxP3~/Y/Syt VII*/~
mouse lymph node preparations (data not shown).
Immunohistochemical analysis further revealed
that the response included both CD4+ and CDS8+
T cells and F4/80+ macrophages, while B cells were
again absent in the inflammatory infiltrate (Figure 3C).
Additionally, staining for interleukin 17 (IL-17)-
secreting cells revealed little or no positive detection
(data not shown). Digital image analysis demonstrated
that CD4+ T cells were detected at significantly higher

levels relative to the other cell types in the muscle tissue
infiltrates (Figure 3D). These data demonstrated that
leukocytes educated in the FoxP3/Syt VII double-
mutant mouse are sufficient to cause severe myositis in
an adoptive transfer model.

Role of lymph node cell priming with abnormal
muscle antigens in the induction of myositis in the
RAG-1-null mouse adoptive transfer model. In order to
further explore the postulate that endogenous antigen
exposure leads to myositis development, adoptive trans-
fer of Treg cell-deficient (FoxP3~/Y) mouse lymph node
cells into RAG-1-null mice was performed under sev-
eral conditions that aberrantly exposed these cells to
muscle antigens. Because muscle tissue homogenate
(18-22) and myosin protein (23) have been previously
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Figure 3. Intraperitoneal (IP) adoptive transfer of FoxP3/synaptotagmin VII (Syt VII) double-mutant mouse lymph node cells induces robust
myositis in recombination-activating gene 1 (RAG-1)-null recipients. FoxP3-deficient (FoxP3~"Y) lymph node preparations from mice with either
a heterozygous or mutant Syt VII genotype were made at the time the mice were killed, and transferred by intraperitoneal (IP) injection into
RAG-1-null mice. A, Tissue inflammation in muscle sections obtained 4 weeks after adoptive transfer of FoxP3~/¥/Syt VII*/~ mouse cells or
FoxP3~/¥/Syt VII"/~ mouse cells. Hematoxylin and eosin (H&E) stained; original magnification X 80 (left) and X 200 (right). B, Histopathologic
scores of the H&E-stained sections, as determined by blinded analysis. Each symbol represents an individual mouse. Bars show the mean * SD. C,
Immunohistochemical staining for CD4, CDS8, B220, and F4/80 in muscle sections obtained from FoxP3~/Y/Syt VII ™/~ mice 4 weeks after adoptive
transfer. All images are representative of trends observed in 6 mice (n = 2 individual experiments). Original magnification X 200. D, Results of
digital image analysis showing the pixel intensity values for CD4 T cells, CD8 T cells, F4/80 macrophages, and B220 B cells. Values are the mean
+ SD. * = P = 0.001 versus Syt VII'"/~ (B) and versus all other cell subtype markers (D).

shown to induce muscle-specific inflammatory responses
when coadministered with immunoadjuvant, FoxP3 mu-
tant mouse lymph node cells were injected intraperito-
neally into RAG-1-null mice in conjunction with muscle
tissue homogenate or purified myosin protein. This
resulted in pronounced myositis, and the resulting in-
flammation was similar to that observed when intramus-

cular injection was used as a positive control (Figure
4A). Quantitation (using digital image analysis) of the
inflammatory response induced by intramuscular injec-
tion showed significant infiltration compared with that
induced by intraperitoneal injection (Figure 4B). In
addition, the mean * SD histopathologic score resulting
from intramuscular injection was 3.0 = 0.0, compared
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Figure 4. Myositis is induced in RAG-1-null mouse recipients of FoxP3-deficient mouse lymph node cells exposed to muscle antigen. Lymph nodes
from FoxP3-deficient mice were prepared and transferred by intraperitoneal injection, intramuscular (IM) injection, intraperitoneal coinjection with
muscle tissue homogenate, or intraperitoneal coinjection with purified myosin protein. A, H&E-stained muscle tissue sections obtained from mice
in the 4 treatment groups 4 weeks after adoptive transfer. Original magnification X 200. B, Results of digital image analysis showing the pixel
intensity values for the inflammatory response induced by intraperitoneal and intramuscular injections. Values are the mean * SD.
C, Histopathologic scores of the H&E-stained muscle tissue sections, as determined by blinded analysis. Each symbol represents an individual mouse.
Bars show the mean = SD. Results are representative of trends observed in at least 3 mice (n = 2 individual experiments). * = P < 0.05;
wx = P < (.01; = = P < 0.005 versus intraperitoneal injection. See Figure 3 for other definitions.

with scores of 3.4 + (0.55 and 2.6 = 0.55 resulting from
intraperitoneal coinjection with muscle tissue homoge-
nate and intraperitoneal coinjection with purified myo-
sin protein, respectively (Figure 4C). All of these scores
were significantly higher than the score for intraperito-
neal adoptive transfer of FoxP3-deficient mouse lymph
node cells alone (0.9 * 0.57) (Figure 4C).

To characterize the cell subtypes present in these
muscle tissue infiltrates, immunohistochemistry was per-
formed on sections obtained from RAG-1-null mice
following these adoptive transfers. As with transfer of
FoxP3/Y/Syt VII™/~ mouse lymph node cells, concur-
rent introduction of FoxP3 ™'Y mouse lymph node cells
plus muscle protein resulted in inflammatory responses
consisting largely of T cells with a few macrophages,
while B cells were absent. Specifically, the infiltrates
were composed primarily of CD4+ T cells, with CD8+
T cells and F4/80+ macrophages present to a lesser
extent (Figure 5A). Digital image analysis showed that
CD4+ T cells were present at significantly higher levels
than CD8+ T cells, macrophages, or B cells (Figure 5B).

A comparison across all experimental conditions showed
that intraperitoneal transfer of FoxP3-mutant mouse
lymph node cells in combination with muscle tissue
homogenate attracted significantly more CD4+ T cells
(Figure 5B), a circumstance reflected by the highest
histopathologic score. Taken together, these results
demonstrated that aberrant exposure to endogenous
muscle tissue antigens profoundly influenced the speci-
ficity of a predominantly T cell-mediated inflammatory
response in this adoptive transfer model.

Effect of Treg cells in myositis induced by adop-
tive transfer of inflammatory cells targeting muscle
tissue. The suppressive potential of Treg cells toward
immune-mediated myositis was investigated in the
RAG-1-null mouse adoptive transfer model to deter-
mine whether normal mice harbor Treg cells capable of
suppressing inflammation induced by this aberrant ex-
posure to muscle antigens. RAG-1-null recipients were
given intramuscular injections of FoxP3 /Y mouse lymph
node cells or intraperitoneal injections of FoxP3~/Y/Syt
VII™/~ mouse lymph node cells supplemented with
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Figure 5. Inflammatory responses in myositis induced by exposure to muscle protein are predominated by CD4+ cells. Preparations of lymph node
cells from FoxP3-deficient mice were adoptively transferred into recombination-activating gene 1-null recipients by intramuscular (IM) or
intraperitoneal (IP) injection, with or without coadministration of muscle homogenate or purified myosin protein. A, Expression of CD4, CD8, F4/80,
and B220 within inflammatory infiltrates, as determined by immunohistochemistry. Original magnification X 200. B, Results of digital image analysis
showing the pixel intensity values in areas of infiltration for each leukocyte marker. Results are representative of similar trends observed in at least
5 mice (n = 4 independent experiments). Values are the mean = SD. * = P < 0.05; #+ = P < (0.0001 versus all other markers in the same

experimental group.

either additional lymph node cells or purified Treg cells
from WT B6 mice. Treg cell supplementation sup-
pressed muscle inflammation in RAG-1-null mice that
received intramuscular injections of FoxP3-deficient
mouse lymph node cells (Figure 6A) and in RAG-1-null
mice that received intraperitoneal injections of lymph
node cells from FoxP3/Syt VII double-mutant mice
(Figure 6B). The extent of inflammation was reduced
significantly by the addition of Treg cells, as assessed
both quantitatively by digital image analysis and semi-
quantitatively by coded histopathologic scoring (from a

mean *= SD of 3.0 = 0.0 without Treg cell supplemen-
tation to 0.9 £ 0.57 with Treg cell supplementation)
(Figure 6C). These results demonstrate the extensive
Treg cell repertoire of WT mice and the ability of these
cells to modulate the immune response in this model of
myositis.

DISCUSSION

Because an autoimmune pathogenesis of myositis
has been strongly implicated, this remains the focus of
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Figure 6. Treg cells suppress immune-mediated muscle tissue inflam-
mation. CD4+CD25+ Treg cells from wild-type C57BL/6 mice were
isolated by immunomagnetic sorting, and the purity was confirmed by
flow cytometry to be >80%. A and B, Representative hematoxylin and
eosin-stained paraffin-embedded muscle tissue sections from
recombination-activating gene 1-null mice that received intramuscular
injections of lymph node cells from Foxp3-deficient mice (A) or
intraperitoneal injections of lymph node cells from Foxp3/Syt VII
double-mutant mice (B), either with or without CD4+CD25+ Treg
cells. Original magnification X 200. C, Extent of inflammation induced
by adoptive transfer, with and without Treg cell supplementation, as
assessed quantitatively by digital image analysis and semiquantitatively
by histopathologic scoring. Bars show the mean = SD; values above
the bars are the mean = SD histopathologic scores (n = 3 independent
experiments). * = P < 0.001 versus no Treg cell supplementation.

both standardized and emerging therapeutic strategies
(24). Recent work has also shown that patients with
dermatomyositis (DM) have decreased numbers of Treg
cells in both peripheral blood and skin lesions when
compared with healthy subjects (25). Furthermore,
FoxP3+ Treg cells have been identified at the sites of
muscle inflammation in humans, and the association of
Treg cells with myoreactive Teff cells has also been
demonstrated (26). To our knowledge, the present study
is the first to investigate the contribution of abnormal
muscle antigen availability to the pathogenesis of myo-
sitis in a Treg cell-deficient environment.

FoxP3-deficient mice display intense auto-
immune inflammatory processes involving multiple or-
gans but exhibit very little evidence of myositis (16).
In contrast, Syt VII mutant mice develop a mild, self-
limiting inflammatory response involving the muscles
(11). Here, it is possible that muscle antigen—specific
Treg cells develop, which at later stages effectively
resolve the inflammation. Our findings show that the
deficiency of both genes resulted in the development of
significant muscle tissue inflammation, which can be
attributable to the lack of Treg cell suppression in the
presence of abnormal muscle antigen availability. The
robust myositis induced by intraperitoneal adoptive
transfer of lymph node cells from FoxP3/Syt VII double-
mutant mice into RAG-1-null mice demonstrates that
the Syt VII deficit is necessary for the generation and
expansion of effector immune cells that can target
muscle but is not required in the affected organ.

Antigens from muscle tissue have been shown to
elicit an inflammatory response when given in conjunc-
tion with adjuvant stimulation (18-23). Because immu-
noadjuvant injections in animal models can elicit well-
defined mechanisms of inflammation, even when given
alone, and have also been shown to lead to aspecific
immune cell activation (27), we examined the role of
intracellular muscle proteins as a means of promoting
myositis in our Treg cell-deficient model. Given the
strong association of Treg cells with myositis (26), the
conclusions supported by our data may therefore ulti-
mately hold more physiologic relevance and therapeutic
potential than conclusions based on data derived from
adjuvant-based models. Transfer of Treg cell-deficient
lymph node cells into RAG-1-null mice by intraperito-
neal injection with either muscle tissue homogenate or
purified myosin protein caused significant muscle in-
flammation. Although the greatest inflammatory re-
sponses were observed with coadministration of muscle
tissue homogenate, myosin protein by itself stimulated
notable muscle tissue inflammation. Considering that
anti-myosin autoantibodies have been previously de-
tected in patients with DM (28), this indicates that
myosin is at least one antigen capable of generating
myositis. Therefore, the neutralization of extracellular
myosin represents a potential therapeutic target for
minimizing autoinflammation.

Coadministration of lymph node cells from
FoxP3~/Y mice with muscle tissue homogenate resulted
in an enhanced inflammatory response compared with
coadministration with myosin protein, which implies that
additional intracellular autoantigens are presumably
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functioning pathogenically as well. Consistent with these
data, Hsp60 in inflamed muscle tissue has been shown to
be the target of regulatory autoreactive T cells in
patients with juvenile DM (29), and histidyl-transfer
RNA synthetase has been shown to be a target of human
v/6 T cell receptor in the lesions of patients with
polymyositis (30,31). Another muscle-specific protein,
chromatin remodeler Mi-2, is involved in muscle regen-
eration and has also been identified as a potential
autoantigen (32). Furthermore, autoantibodies to ace-
tylcholine receptor and muscle-specific kinase have been
observed in patients with myasthenia gravis (33). Taken
together, these findings suggest that antigen-specific
immunotherapy may require an individualized patient
approach despite similar histologic and clinical presen-
tations.

In the present study, the muscle inflammatory
infiltrate was devoid of B cells but included macro-
phages and a significant number of T cells in all cases.
This pattern is consistent with prior mouse models of
myositis, in which inflammatory infiltrates consisted
predominantly of T cells (chiefly CD4+ cells with some
CDS8+ cells) and occasional macrophages, but no B cells
(34). In addition, dendritic cells and IL-17-secreting
cells were either present in insignificant numbers or
were absent from the muscle tissue infiltrates in all
experimental conditions. This is consistent with our
previous studies in the scurfy mouse model, which
demonstrated that the majority of the tissue-infiltrating
cells are CD4+ Thl or Th2 cells (35,36).

In samples obtained from patients with juvenile
DM, inflamed muscle tissue was shown to contain
autoreactive T cells that significantly proliferate when
exposed to self antigen (29). Furthermore, our model
has shown that adoptive transfer of CD4+ cells alone is
sufficient to recapitulate muscle tissue pathology (16). In
addition, we recently showed that CD4+ T cells from
Treg cell-deficient mice highly express several receptors
involved in the trafficking of T cells to the sites of
inflammation (35,36), indicating that injury or stress to
muscle tissue may result in up-regulation of ligands to
these trafficking receptors and therefore play an impor-
tant role in the recruitment of muscle antigen—primed
T cells to muscle. Given that the pathogenesis of myo-
sitis most likely derives from T cells stimulated by self
antigens to induce autoimmunity (37), and that a subset
of CD4+ and CD8+ T cells can be detected in muscle
tissue despite immunosuppressive therapy (38), we con-
clude that effector T cells are essential in both the
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development of and the sustained inflammation in-
volved in disease pathology.

With Treg cell supplementation at a 1:10 ratio,
minimal muscle tissue infiltrate was observed. Similarly,
the suppressive role of polyclonal Treg cells expanded in
vitro in mediating experimental autoimmune myositis
was recently demonstrated in a reproducible mouse
model (34). Because there are no definitive data to date
demonstrating the involvement of Treg cells in human
myositis, our results underscore the need for such inves-
tigations. Recent studies in type 1 diabetes mellitus
demonstrated that patients with normal levels of circu-
lating Treg cells have a Treg cell defect locally in the
pancreas and lymph nodes (39); this suggests that Treg
cells in the muscles should be analyzed more closely
to better understand myositis pathology. Additionally,
the therapeutic application of Treg cells was shown
to resolve already-established inflammatory disease in
mouse models of acute renal (40) and lung injury (41).
Furthermore, it has been suggested that Treg cells
contribute to healing in addition to immunosuppres-
sion (42). Considering the translational research being
pursued in the use of Treg cell immunotherapy to
treat Crohn’s disease (43) and graft-versus-host dis-
ease (44), our results suggest that Treg cells may also
be of critical importance when exploring future thera-
peutic avenues for treating autoimmune-mediated myo-
sitis.

Mechanical stress and drug-induced injury to
muscle cells may lead to reversible cell degeneration or
myofiber death, both of which may allow the abnormal
release of endogenous muscle antigens that potentially
can invoke an autoimmune myopathy. Importantly, un-
der normal physiologic conditions, these damaged mus-
cle cells should be rapidly cleared by the tissue-resident
and circulating macrophages in order to avoid an auto-
immune response. Natural Treg cells specific for endog-
enous antigens should also be present or induced from
naive T cells to suppress this potential inflammatory
response. Dysregulation of this system could then result
in an autoimmune response. Accordingly, our in vivo
mouse system will be valuable in studying the myopathy
associated with drug-induced injury, particularly be-
cause in some cases the spectrum of myopathy following
a muscle injury involves an immune mechanism that is
responsive to steroid treatment (45). Furthermore, this
model could be used to demonstrate that specific non-
immune injury to a particular organ may be the means
by which systemic autoimmune diseases can target a
specific organ. Taken together, these data demonstrate
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interplay between aberrant antigen exposure, Treg cell
deficiency, and autoimmunity.
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