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Heart failure, a leading cause of death in humans, can emanate from myocarditis. Although most
individuals with myocarditis recover spontaneously, some develop chronic dilated cardiomyopathy.
Myocarditis may result from both infectious and noninfectious causes, including autoimmune responses
to cardiac antigens. In support of this notion, intracellular cardiac antigens, like cardiac myosin heavy
chain-a, cardiac troponin-I, and adenine nucleotide translocator 1 (ANT,), have been identified as
autoantigens in cardiac autoimmunity. Herein, we demonstrate that ANT; can induce autoimmune
myocarditis in A/J mice by generating autoreactive T cells. We show that ANT; encompasses multiple
immunodominant epitopes (namely, ANT; 21-40, ANT; 31-50, ANT; 171-190, and ANT; 181-200).
Although all four peptides induce comparable T-cell responses, only ANT,; 21-40 was found to be a major
myocarditogenic epitope in immunized animals. The myocarditis-inducing ability of ANT; 21-40 was
associated with the generation of T cells producing predominantly IL-17A, and the antigen-sensitized T
cells could transfer the disease to naive recipients. These data indicate that cardiac mitochondrial
proteins can be target autoantigens in myocarditis, supporting the notion that the antigens released as
a result of primary damage may contribute to the persistence of chronic inflammation through auto-
immunity. (Am J Pathol 2016, 186: 3160—3175; http://dx.doi.org/10.1016/].ajpath.2016.08.005)

Myocarditis can occur as a result of exposure to various
infectious and noninfectious insults, but does not generally
lead to a fatal outcome (ie, most affected individuals can
recover spontaneously). However, a proportion of those
affected can develop dilated cardiomyopathy (DCM). Esti-
mates indicate that approximately half of DCM patients
undergo heart transplantation because of a lack of alterna-
tive therapeutic options.' ~ Furthermore, several clinical
studies suggest that DCM patients can have autoantibodies
to several cardiac antigens, including adenine nucleotide
translocator (ANT).* © Because DCM can arise as a sequel
to myocarditis, it has been postulated that autoimmune
response may be an underlying mechanism in its
pathogenesis.’

ANT exists in multiple isoforms, all four of which are
expressed in humans (ANT;, ANT,, ANT;, and ANT,), but
only three in mice (ANT;, ANT,, and ANT,). ANT, is
expressed in muscle tissues (heart and skeletal) and the
brain, ANT, can be expressed in liver, kidney, and heart,
and ANT, expression is restricted to the testes in mice.*”
Nonetheless, all isoforms are encoded by nuclear DNA,
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Myocarditis Induced by ANT;,

and after transcription and translation, proteins are imported
into the mitochondria and finally inserted into the inner
mitochondrial membrane.'’ The solute carrier family 25,
member 4 (Slc25a4) gene encoding for ANT protein plays
a critical role in energy metabolism in that it shuttles ADP
from the cytoplasm to the mitochondria in exchange for
ATP; also, it has been proposed to be involved in the for-
mation of mitochondrial permeability transition pore com-
plex.'"'? Pathologically, ANT, dysfunction has been found
to be associated with several diseases, such as autosomal
dominant progressive external ophthalmoplegia, Sengers
syndrome, and autosomal dominant facioscapulohumeral
muscular dystrophy.'® More important, mice deficient in
Slc25a4 show DCM/myocardial hypertrophy, ventricular
dilation, and reduced cardiac function in association with
enhanced cytochrome c release and caspase 3 activation,
and myopathy involving ragged-red muscle fibers and
hyper-proliferation of mitochondria but with no significant
changes in retinal function."* '® Conversely, transgenic
overexpression of Slc25a4 in the cardiomyocytes of rodents
leads to improved contractile function/myocardial remod-
eling and calcium transport, significant reduction in cardiac
fibrosis, including the prevention of diabetic cardiomyopa-
thy, and apoptotic response to transforming growth factor-
B1."77?° These observations suggest that cardiomyocytes
may be more sensitive than skeletal myocytes to alterations
in ANT; functions, like muscle contractibility and
apoptosis. This notion is further supported by observations
that autoantibodies to human ANT, (hANT)) epitopes, like
hANT; 139-148 and hANT; 234-243, were identified in
sera from idiopathic DCM patients.”’ Likewise, ANT anti-
bodies were found to be associated with impairment in
myocardial calcium homeostasis, and development of
idiopathic DCM in mice immunized with human ANT
peptides.”” Mechanistically, how these autoantibodies can
alter the functions of ANT] is not clear. Similarly, it is not
known whether autoreactive T cells for ANT; have any role
in the pathogenesis of myocardial damage, given that T-cell
help is critical for the production of antibodies to protein
antigens like ANT;.

To define a role for putative autoantigens, various
experimental models of autoimmune diseases have been
successfully used. One such model for cardiac autoimmu-
nity is experimental autoimmune myocarditis (EAM), which
involves induction of disease in susceptible rodent strains by
immunizing animals with cardiac antigens or their peptide
fragments.” 7 In this study, we used the EAM model in
A/] mice to demonstrate that ANT; possesses multiple
immunodominant epitopes, and one of these, ANT; 21-40,
was found to induce myocarditis in the immunized animals.
Furthermore, myocarditogenicity of ANT; 21-40 was
associated with the generation of T cells capable of pro-
ducing predominantly IL-17A, and the antigen-sensitized T
cells can transfer the disease to naive recipients, suggesting
that ANT; can be a potential autoantigen in the heart
autoimmunity.
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Materials and Methods
Mice

A/J mice (6 to 8 weeks old, H-2%) obtained from the Jackson
Laboratory (Bar Harbor, ME) were maintained in accor-
dance with the guidelines of the University of Nebraska-
Lincoln. All experiments involved the use of female mice
unless otherwise indicated. The animals were maintained
according to the guidelines of the Institutional Animal Care
and Use Committee.

Peptide Synthesis

A total of 29 overlapping peptides of 20-mers, except ANT;
281-298 (18-mer), spanning the entire amino acid sequence of
mouse ANT; (298 residues), bovine ribonuclease (RNase)
43-56 (VNTFVHESLADVQA), and biotinylated hen egg
lysozyme (HEL) 46-61 (YNTDGSTDYGILQINSR) were
synthesized on 9-fluorenylmethyloxycarbonyl chemistry (Neo-
peptide, Cambridge, MA). All peptides were high-performance
liquid chromatography purified (>90%), and identity was
confirmed by mass spectroscopy. The peptides were dissolved
in ultrapure water, aliquoted, and stored at —20°C.

Induction of EAM by Active Immunization

Peptide emulsions were prepared in complete Freund adju-
vant (CFA; Sigma-Aldrich, St. Louis, MO) containing
Mycobacterium tuberculosis H37TRA extract (Difco Labora-
tories, Detroit, MI) to a final concentration of 5 mg/mL. The
disease was induced by twice administering peptide/CFA
emulsions (100 pg per mouse) s.c., in inguinal and sternal
regions, with an interval of 7 days. In addition, each animal
received pertussis toxin (PT; List Biological Laboratories,
Campbell, CA; 100 ng per mouse) i.p., on days 0 and 2 after
the first immunization.”” *° In some experiments, animals
were administered with CFA emulsions with no peptides, but
all received PT as described above.

Histology

Hearts and noncardiac tissues (brain and liver) were collected
at termination on day 21 after immunization, and the tissues
were fixed by immersion in 10% phosphate-buffered
formalin.”* Four to six longitudinal tissue layers were cut
from each heart, and up to two layers were also cut from
noncardiac tissues (namely, brain and liver). Two to six serial
histological sections were then cut to a 5 pum thickness from
each layer, skipping 25 pm between sections. All sections
were stained with hematoxylin and eosin and examined by a
board-certified pathologist (D.S.) blinded to treatment. After
ascertaining the inflammatory changes, the total number of
inflammatory foci was determined by sections with the largest
number of foci or by adding nonoverlapping foci across
sections, as reported previously.”® The disease severity was
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assessed as follows: heart: O foci, normal; 1 to 5 foci, mild
multifocal; 6 to 25 foci, moderate multifocal to coalescing;
and 26 or more foci, diffuse’*>’; and liver: 0 to 6 foci,

background; and >6 foci, multiple scattered.

Immunohistochemistry

Hearts collected on day 21 from animals immunized with
ANT, 21-40 were examined for the presence of T cells and
non-T cells, and also for apoptosis. T cells were identified by
immunostaining with anti-mouse CD3 (Abcam, Cambridge,
MA); CD11b (BD Biosciences, San Jose, CA) and Ibal
(Abcam) antibodies, which recognize both macrophages and
dendritic cells, were used to detect non-T cells.”® 3% To
evaluate apoptosis, anti-mouse, cleaved caspase 3 (Cell
Signaling Technology, Danvers, MA) antibody was used. All
the primary antibodies were raised in rabbits. Briefly,
paraffin-embedded heart sections were deparaffinized and
rehydrated, and endogenous peroxidase activity was blocked
with 3% hydrogen peroxide for 30 minutes. To retrieve an-
tigens, sections were treated with 10 mmol/L sodium citrate
buffer (pH 6.0) in a water bath at 98°C for 15 minutes. After
blocking with 5% nonfat dry milk for 30 minutes, sections
were incubated with primary antibodies at 4°C overnight.
After incubating with goat anti-rabbit IgG conjugated with
horseradish peroxidase (Vector Laboratories, Burlingame,
CA; and Abcam) as a secondary antibody for 2 hours at room
temperature, sections were incubated with diaminobenzidine
as a substrate, fixed, counterstained with hematoxylin, and
examined as described above.

MRM Imaging

For the assessment of structural and functional abnormalities
of hearts in ANT; 21-40—immunized mice, magnetic reso-
nance microscopy (MRM) imaging was used as a noninvasive
tool.”' Briefly, animals were anesthetized using 2% isoflurane
and transferred onto animal holder, and the body temperature
was monitored using a rectal thermometer. Respirometry and
pulse oximetry were used to gate the respiratory and cardiac
signals, respectively. MRM imaging was performed using a
wide-bore (89-mm) 9.4-T vertical-bore magnet (Varian, Inc.,
Walnut Creek, CA) equipped with triple axis gradients of 100
G/cm and a 4-cm radiofrequency imaging coil, as we have
described previously.”' Short axis slices of hearts were
captured in eight time frames using an echo-based cine pulse
sequence, and the images were analyzed using Segment
software version 1.8 R1430 (Segment, Medviso, Sweden) to
assess the structural (left ventricular wall thickness) and
functional parameters [end diastolic volume, end systolic
volume, stroke volume (SV), and ejection fraction (EF)].

T-Cell Proliferation Assay

Draining lymph nodes (maxillary, mandibular, axillary, and
inguinal) were harvested from EAM animals at day 21 after
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immunization. Single-cell suspensions were prepared by
lysing the erythrocytes using 1x ammonium chloride
potassium buffer (Lonza, Walkersville, MD). After washing,
cell pellets were suspended in RPMI 1640 medium supple-
mented with 10% fetal bovine serum, 1 mmol/L sodium
pyruvate, 4 mmol/L L-glutamine, 1x each of nonessential
amino acids and vitamin mixture, and 100 U/mL penicillin-
streptomycin (Lonza; hereafter called growth medium).
Lymph node cells (LNCs) were stimulated at a density of 5 x
10 cells/mL in triplicate with the indicated peptides (0 to 100
pg/mL) in growth medium; cells cultured with no peptides
were used as medium controls. After 48 hours, cells were
pulsed with tritiated 3 [H]-thymidine (1 pCi/well; MP Bio-
medicals, Santa Ana, CA) for 16 hours, and proliferative
responses were then measured as counts per minute using a
Wallac liquid scintillation counter (Perkin Elmer, Waltham,
MA). In some experiments, recall responses were tested in
animals immunized with a single dose of peptide/CFA
emulsion (100 pg per mouse).

IA-Binding Assay

To determine the affinities of peptides binding to major his-
tocompatibility complex (MHC) class II (IA¥), soluble TA*
molecules were expressed as described previously.’”*
Briefly, IA* constructs representing the extracellular
domains of IA*-o and IA*-B were designed with the IASB
construct engineered to contain class II—associated
invariant-chain peptide 88-102 (VSQMRMATPLLMRPM)
in the N-terminus, followed by a thrombin cleavage site to
facilitate the release of class II—associated invariant-chain
peptide. After expressing the protein using baculovirus vec-
tor in sf9 insect cells, the soluble IAX molecules were purified
on an anti-IA* affinity column (clone 10-2.16; BioXcell, West
Lebanon, NH), and the empty IA* molecules were finally
obtained by cleaving the class [I—associated invariant-chain
peptide with thrombin (20 IU/mg; Novagen, Madison, WI).
The reaction mixtures were prepared for individual peptides
to include thrombin-cleaved IAX monomers (0.35 ng),
competitor peptides [ANT, 21-40, ANT, 171-190, and ANT;,
181-200 (0.00001 to 100 pmol/L)], and a constant amount of
biotinylated reference peptide, HEL 46-61 (1 pmol/L), in a
buffer containing 50 mmol/L sodium phosphate, pH 7.0, 100
mmol/L sodium chloride, 1 mmol/L. EDTA, and 1x protease
inhibitor (Sigma-Aldrich). The mixtures were incubated at
room temperature overnight. In addition, anti-IA* (10 pg/mL)
was coated onto 96-well white fluorescence plates (Nunc,
Rochester, NY) in 0.2 mol/L sodium phosphate, pH 6.8, and
the plates were incubated overnight at 4°C. After washing five
times with 1x wash buffer (Perkin Elmer), wells were
blocked with 2% casein for 2 hours at room temperature, and
then washed. The reaction mixtures described above were
added in duplicate and incubated on a rocker at room tem-
perature for 1 hour, followed by washing as above. Finally,
europium-labeled streptavidin (0.1 pg/mL) was added in
dissociation-enhanced lanthanide fluoroimmunoassay buffer,
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followed by dissociation-enhanced lanthanide fluo-
roimmunoassay enhancement solution (Perkin Elmer). Fluo-
rescence intensity was measured at excitation/emission
wavelengths of 340/615 nm using a Victor Multilabel Plate
Reader (Perkin Elmer). The 50% inhibitory concentration
(ICsp) for each peptide was calculated based on the concen-
trations of competitor peptides, which prevented 50% binding
of the reference peptide (HEL 46-61), as described
previously.”**

Cytokine Bead Array Analysis

LNCs obtained from mice immunized with ANT; peptides
were stimulated with or without immunizing ANT, peptide/
RNase 43-56 (50 pg/mL). Culture supernatants were
collected on day 3 after stimulation and analyzed for cyto-
kines using beads conjugated with capture and detection
antibodies, according to the manufacturer’s recommenda-
tions (BD Biosciences). Briefly, standard curves were
obtained by serially diluting (1:2) the lyophilized mouse
cytokine standard mix containing IL-2, interferon (IFN)-v,
IL-4, IL-6, IL-10, IL-17A, and tumor necrosis factor (TNF)-
a, in concentrations ranging from 20 to 5000 pg/mL,
whereas assay diluent alone served as a zero standard.
Capture beads coated with antibodies representing the above
cytokines were mixed together and added to a tube con-
taining diluted standards or test samples. After adding
detection antibodies, tubes were incubated at room tem-
perature in the dark for 2 hours. All samples were washed
by centrifugation at 200 x g for 5 minutes, and the pellets
were suspended in wash buffer. Finally, the samples were
acquired by flow cytometer, and data analyzed by FCAP
Array software version 3.0 (BD Biosciences).

Induction of EAM by Adoptive Transfer of Antigen-
Sensitized T Cells

LNCs were obtained from animals immunized with ANT;
21-40 in CFA once or twice, and the cells were stimulated
with concanavalin-A (2.5 pg/mL; Sigma-Aldrich) for 2
days. Viable cells were then harvested and administered
retro-orbitally or i.p. (1.6 to 6.0 x 107 cells per animal in 1x
PBS/1% fetal bovine serum) into naive mice primed with
lipopolysaccharide (25 pg per mouse; Sigma-Aldrich),
which was administered i.p., on day —4 and on the day of
infusion, as previously described.”®*® Naive mice that
received 1x PBS or lipopolysaccharide alone served as
controls. Each animal also received PT (100 ng per mouse)
i.p., on day O and day 2 after transfer; at termination on day
14, hearts were collected for histology.”**°

Determination of Antibody Titers by ELISA

A/] mice were immunized with ANT; 21-40 in CFA for
induction of EAM, as described above, and serum samples
were collected on indicated days for measurement of ANT),
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21-40—reactive antibodies by enzyme-linked immunosor-
bent assay (ELISA). ANT,; 21-40 (10 pg/mL) and RNase
43-56 (negative control; 10 ng/mL) peptides in 1x coating
buffer (eBioscience, San Diego, CA) were coated onto
96-well polystyrene microtiter plates, which were incubated
at 4°C overnight. After washing with 1x PBS/0.05%
Tween-20, wells were blocked with a blocking buffer (1x
PBS/2% bovine serum albumin/3% normal goat serum) for
1.5 hours at room temperature. Plates were washed again,
and 1:10- to 1:100-diluted serum samples were added in
duplicate and incubated at 37°C for 1 hour.”” After washing
as above, horseradish peroxidase—labeled donkey anti-
mouse IgG secondary antibody (Santa Cruz, Dallas, TX)
was added and incubated at room temperature for 2 hours,
followed by addition of 1x tetramethylbenzidine solution as
substrate (eBioscience). Finally, the reactions were stopped
using 1 mol/L phosphoric acid. Plates were read at 450 nm
using an automated ELISA reader (BioTek Instruments,
Winooski, VT), and OD values were then obtained.

Measurement of Serum cTnI and AST

Cardiac troponin I (cTnl) levels were measured in the sera
from mice immunized with or without ANT; 21-40 using a
high-sensitivity cTnl ELISA kit, according to manufacturer’s
recommendations (Life Diagnostics Inc., West Chester, PA).
Briefly, 100 uL of cTnl horseradish peroxidase conjugate and
100 pL of standards/samples were added to anti—cTnlI-coated
wells. After mixing, plates were incubated on an orbital
shaker for 1 hour at room temperature, followed by addition of
tetramethylbenzidine as substrate, and the reactions were
stopped by adding 1N HCI. Plates were read at 405 nm using
an automated ELISA reader (BioTek Instruments) to obtain
the OD values. Aspartate aminotransferase (AST) concen-
trations were measured by using Vitros 250 Chemistry
Analyzer (Ortho-Clinical Diagnostics, Rochester, NY).

RT-PCR Analysis

Total RNA was extracted from lymphoid (thymus and spleen)
and nonlymphoid (heart, thigh muscle, brain, and liver) tissues
harvested from naive A/J mice using the Trizol method
(Invitrogen, Carlsbad, CA). To remove genomic DNA
contamination, 1 pg of total RNA was treated with amplifi-
cation grade DNase I (Invitrogen), and cDNAs were synthe-
sized using M-MLV Reverse Transcriptase kit, as
recommended (Invitrogen). PCR amplifications were per-
formed using gene-specific primers, as previously described:
ANT, 5-AAAAATATGTGTAATACCCAAGCTCACA-3
(forward) and 5'-TGTTTTCTTTCCTCAAGAATAGTCTG-
TTAAAC-3' (reverse)’®; ANT,, 5-AGGGCGCATGGTC-
CAA-3' (forward) and 5-ATCTCATACAAGACAAGCA-
CAAAC-3 (reverse)™; ANT,, 5'-TGGAGCAACATCCTT-
GTGTG-3' (forward) and 5'-AGAAATGGGGTTTCC-
TTTGG-3' (reverse)’; and glyceraldehyde-3-phosphate de-
hydrogenase, 5'-CGGCAAATTCAACGGCACAGTCAA-3’
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(forward) and 5'-CTTTCCAGAGGGGCCATCCACAG-3'
(reverse).3  The PCR products were stained with ethidium
bromide and resolved on 1.5% agarose gel electrophoretic
analysis.

Statistical Analysis

t-test was used to determine differences between groups for
cardiac abnormalities, heart and body weight ratio, T-cell
responses, IA*-binding affinity, antibody reactivity, cyto-
kine secretion, inflammatory foci, and AST concentrations.
In T-cell responses, for some peptides with varied back-
ground levels, the count per minute values were scaled
within the replicates and doses using a constant multiplier
determined by the average count per minute values.
P < 0.05 was considered significant.

Results

Identification of Myocarditogenic Epitopes of ANT; in
A/J Mice

To identify the disease-inducing epitopes of ANT,, we used
A/J mice bearing the MHC class II haplotype H-2%; these
mice are highly susceptible to the induction of EAM by
active immunizations.”> We first generated an overlapping
peptide library to identify the disease-inducing epitopes by
generating 29 peptides of 20-mers with 10 overlapping
amino acids between them, except ANT; 281-298 (18-mer)
(Table 1). These peptides encompassed the complete coding
sequence (298 amino acids) of ANT;, and, for reasons
described later, some peptides were acetylated at the
N-terminal end. We designate these as acetylated peptides,
whereas routinely synthesized (ie, amidated) peptides are
termed nonacetylated peptides.

In our initial screening, to determine the pathogenicity of
ANT, peptides, we made seven pools of nonacetylated
peptides (pools I to VII) with each containing four to five
overlapping peptides. Groups of mice were immunized with
peptide/CFA emulsions (50 pg of each peptide), and the
animals were euthanized on day 21 after immunization to
harvest hearts for histology and lymph nodes for T-cell
proliferation assay. Histological analysis of hearts by
hematoxylin and eosin staining from pools I, IV, and V
revealed inflammatory infiltrates composed of lymphocytes
and macrophages. The disease prevalence ranged from 25%
to 50%, and the mean foci in the respective pools were
3.50 £+ 0.50, 5.00, and 1.55 £ 0.50 (Supplemental Table
S1). This moderate number of foci was expected because
all the peptides in a given pool might not be immunogenic or
myocarditogenic. In support of this proposition, T-cell pro-
liferative responses were evident only in ANT; 21-40 and
ANT], 31-50 in pool I, none in pool IV, and only in ANT;
171-190 and ANT; 181-200 in pool V (data not shown).
Thus, the possibility existed that animals immunized with
the individual peptides could show more pronounced disease
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Table 1  List of Overlapping Peptides of ANT; Used to Determine
Their Myocarditogenicity and Immunogenicity

ANT, Peptide Sequence

1-20 MGDQALSFLKDFLAGGIAAA
11-30 DFLAGGIAAAVSKTAVAPIE
21-40 VSKTAVAPIERVKLLLQVQH
31-50 RVKLLLQVQHASKQISAEKQ
41-60 ASKQISAEKQYKGIIDCVVR
51-70 YKGIIDCVVRIPKEQGFLSF
61-80 IPKEQGFLSFWRGNLANVIR
71-90 WRGNLANVIRYFPTQALNFA
81-100 YFPTQALNFAFKDKYKQIFL
91-110 FKDKYKQIFLGGVDRHKQFW
101-120 GGVDRHKQFWRYFAGNLASG
111-130 RYFAGNLASGGAAGATSLCF
121-140 GAAGATSLCFVYPLDFARTR
131-150 VYPLDFARTRLAADVGKGSS
141-160 LAADVGKGSSQREFNGLGDC
151-170 QREFNGLGDCLTKIFKSDGL
161-180 LTKIFKSDGLKGLYQGFSVS
171-190 KGLYQGFSVSVQGIIIYRAA
181-200 VQGIIIYRAAYFGVYDTAKG
191-210 YFGVYDTAKGMLPDPKNVHI
201-220 MLPDPKNVHIIVSWMIAQSV
211-230 IVSWMIAQSVTAVAGLVSYP
221-240 TAVAGLVSYPFDTVRRRMMM
231-250 FDTVRRRMMMQSGRKGADIM
241-260 QSGRKGADIMYTGTLDCWRK
251-270 YTGTLDCWRKIAKDEGANAF
261-280 TAKDEGANAFFKGAWSNVLR
271-290 FKGAWSNVLRGMGGAFVLVL
281-298 GMGGAFVLVLYDEIKKYV

in tandem with T-cell responses. We then chose a total of 12
peptides, four from each pool (I, IV, and V), and immunized
groups of mice with the individual peptide/CFA emulsions.
As shown in Table 2, ANT; 21-40 induced myocarditis in
the immunized animals with an incidence of 50%. In most of
those affected, mild multifocal inflammatory foci were
evident (3.40 £ 1.03). In contrast, animals immunized with
other peptides (namely, ANT; 11-30, ANT; 31-50, ANT;,
131-150, ANT; 151-170, and ANT, 161-180) showed only
isolated lesions and the disease incidences were also low.
Interestingly, one animal immunized with ANT; 171-190
showed widespread lesions, but the reason for such an iso-
lated occurrence is not known. Figure 1A shows the distri-
bution of lesions, and as expected, sections derived from the
ANT; 21-40—immunized group showed multiple foci
composed of lymphocytes and macrophages as opposed to
isolated lesions seen in other groups, whereas no lesions
were detected in the naive or CFA/PT groups. No necrosis or
fibrosis was evident in any of the groups. Further charac-
terization of infiltrates revealed the detection of both T cells
and non-T cells (macrophages and dendritic cells), as
ascertained by staining respectively with CD3 and CD11b
and Ibal antibodies (Figure 1B). We also verified that the
disease process induced with ANT; 21-40 was not
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Table 2 Induction of Myocarditis by ANT; Peptides
Peptide modifications
Nonacetylated Acetylated
ANT Peptides Incidence (%) Inflammatory foci* Incidence (%) Inflammatory foci*
1-20 0/5 (0) 0 1/5 (20) 1.00
11-30 1/5 (20) 1.00 2/5 (40) 1.00
21-40 5/10 (50) 3.40 £ 1.03 4/10 (40) 3.25 £ 1.44
31-50 2/8 (25) 1.00 Not tested
121-140 0/5 (0) 0 Not tested
131-150 1/5 (20) 2.00 0/5 (0) 0
141-160 0/5 (0) 0 Not tested
151-170 1/5 (20) 1.00 0/5 (0) 0
161-180 1/5 (20) 3.00 1/5 (20) 1.00
171-190 1/10 (10) 16.00 1/5 (20) 2.00
181-200 0/10 (0) 0 0/5 (0) 0
191-210 0/5 (0) 0 Not tested

Inflammatory foci were absent in hearts from both naive (n = 10) and CFA/PT (n = 5) groups.

*Represents means + SEM derived from myocarditic animals.
CFA, complete Freund adjuvant; PT, pertussis toxin.

associated with apoptosis of cardiac myocytes nor were there
any alterations in the levels of c¢Tnl, which was used as a
marker of cardiac damage (data not shown).

Previous reports suggest that the disease-inducing abilities
of some autoantigens can be increased when peptides are
modified to include an acetyl group at the N-terminal end.*’
One such epitope is cardiac myosin heavy chain-a acetylated
614-643, which can induce myocarditis in Balb/c mice only
in the acetylated form, and the acetylated peptides are ex-
pected to prevent from intracellular degradation, leading to
their better loading with MHC class II molecules.”” Thus, we
reasoned that the acetylated forms of poor disease-inducing
ANT; peptides could induce more severe disease than their
counterparts. Contrary to our expectations, none of the
acetylated peptides resulted in significant change in
myocarditis severity (Table 2), suggesting that the patho-
genic potential is unlikely to be affected for all peptides with
acetylation. Nevertheless, the disease incidence and severity
induced with the acetylated form of ANT; 21-40 was com-
parable to that induced by the nonacetylated form (Table 2).
Thus, we have identified ANT; 21-40 as the myocardito-
genic peptide that induces EAM in immunized animals.

MRM Imaging of Animals Immunized with ANT; 21-40
Revealed Cardiac Abnormalities in Live Animals

We had previously established a MRM technique that
permitted us to determine cardiac functions as a noninvasive
procedure in mice affected with autoimmune myocarditis.”’
Groups of mice were immunized with or without ANT,
21-40, and the animals were subjected for MRM imaging to
measure end diastolic volume, end systolic volume, SV, EF,
and left ventricular wall thickness. Expectedly, both SV and
EF were significantly reduced in immunized animals on
different days as compared to healthy group [day 30 to 35:
SV, 11.33 £ 2.17 pL versus 25.67 + 4.67 uL; EF,
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30.17 £ 2.52% versus 65.67 = 0.88% (P < 0.05); and day
46: SV, 9.00 £ 2.52 pL versus 29.00 = 0.58 pL; EF,
24.00 £+ 4.51% versus 60.00 = 1.15% (P < 0.01)]. Like-
wise, increase in end systolic volume was apparent on day
46, whereas reduction in end diastolic volume was not
significant (Table 3). Nevertheless, increase in left ventric-
ular wall thickness was noted on all the days (Table 3 and
Supplemental Figure S1A), suggesting that ANT; 21-40
may be a candidate autoantigen that can trigger dilated
cardiomyopathy. This finding was further supported by an
observation that the heart weight/body weight ratios were
significantly elevated in the ANT; 21-40—immunized ani-
mals (P = 0.041) (Supplemental Figure S1B).

Comparison of T-Cell Responses between Various ANT,
Peptides Revealed No Direct Correlation with
Myocarditogenicity

We sought to determine a relationship, if any, between
myocarditogenicity and immunogenicity by evaluating
T-cell responses. LNCs derived from immunized mice were
used to measure recall responses based on 3 [H]-thymidine
incorporation assay. These analyses resulted in the identi-
fication of three patterns of peptides (Figure 2): i) Peptides
that induce both myocarditis and T-cell responses. The
strong candidate in this category is ANT; 21-40, to which
the LNCs generated from immunized mice responded with a
greater magnitude, but had no response to the control,
RNase 43-56, suggesting that the responses were specific to
ANT,; 21-40 (Figure 2A). Although two other peptides,
ANT; 31-50 and ANT; 171-190 (Figure 2A), induced
T-cell responses comparable to ANT; 21-40, their ability to
induce disease was low (Table 2). ii) Peptides that induce
negligible myocarditis but mild or no T-cell responses. This
scenario was apparent for the following peptides: ANT;
11-30, ANT, 131-150, ANT; 151-170, and ANT; 161-180
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A

Figure 1  Induction of myocarditis by ANT,
peptides in A/J mice. Groups of mice were
immunized with or without peptide/complete
Freund adjuvant (CFA) emulsions pertussis toxin
(PT) twice with an interval of 7 days, and PT was
administered on day 0 and day 2 after the first

immunization. After 21 days, animals were
euthanized and hearts were collected for
histological evaluation of inflammation. A:
Hematoxylin and eosin staining. Representative
sections are shown for each peptide [naive and
CFA/PT groups: normal cardiac tissue with intact

myocytes; ANT; 11-30: moderate inflammatory
focus along the epicardium; ANT; 21-40: mul-
tiple foci near the epicardium (solid arrows)
and in the myocardium (dotted arrows); ANT;
31-50 and ANT; 131-150: small focus in the
endocardium; ANT; 151-170: widespread in-
flammatory focus along the epicardium; ANT,
161-180: isolated focus in the myocardium; and
ANT; 171-190: small focus in the myocardium,
all shown with solid arrows]. Boxed areas are
shown at higher magnification to the right. B:

-
CD3

CD11b |

Immunohistochemistry. Heart sections ob-
tained from animals immunized with or without
ANT; 21-40 were stained for the presence of
CD3* T cells, and non-T cells (CD11b* and
Iba1l%) using the corresponding antibodies.
After washing, sections were stained with
horseradish peroxidase—conjugated, secondary
antibodies to detect cells positive for each
marker, shown with arrows. No CD3" T cells are
seen in the control; and rare dendritic cells were
(D11b™ and Iba1™ in the controls. Inflamma-
tory foci were also present in the cardiac valves

lba1 | 14

(Figure 2B). iii) Peptides that do not induce myocarditis but
generate T-cell responses. The peptide ANT; 181-200
(Figure 2C) qualifies for this feature. Overall, because ANT,
21-40 induced both T-cell responses and myocarditis to a
greater severity than other peptides, we decided to follow
this peptide for further characterization.

Binding of ANT; 21-40 to MHC Class II Molecule, IA,
Is Poor Compared to Other Peptides

One characteristic feature of immunodominant epitopes that
induce T-cell responses is their ability to bind MHC class II
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in mice immunized with ANT; 21-40.n = 5 to
10 mice per group (A). Scale bars: 200 um
(A, main images); 50 um (A, magnifications);
40 um (B).

molecules. To evaluate whether the ANT, peptides that we
have identified can bind MHC molecules with similar affin-
ity, we used IA*-binding assay.”* In brief, we used HEL 46-
61, a well-characterized IA*-binder,"" as a reference peptide
to derive the binding affinities of ANT; peptides. We chose
three peptides that induce T-cell responses but varying de-
grees of myocarditis: ANT; 21-40, an inducer of both
myocarditis and T-cell response, and ANT; 171-190 and
ANT; 181-200, both of which induce T-cell responses but
with mild or no disease (Table 2). Unexpectedly, we found
ANT] 21-40 to be a poor binder of IA¥ (ICs0, >100 pmol/L)
compared to ANT; 171-190 (ICs, 2.53 + 1.48 umol/L) and
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Table 3 Assessment of Cardiac Abnormalities of Hearts in Mice Immunized with ANT, 21-40

Day 30 to 35 Day 46
Parameters Naive ANT; 21-40 Naive ANT; 21-40
End diastolic volume, uL 37.33 + 6.17 30.33 £+ 3.90 42.67 + 2.91 33.00 + 4.51
End systolic volume, pL 11.67 £ 2.33 18.83 + 2.37 13.67 £ 2.33 24.33 £+ 1.86*
Stroke volume, plL 25.67 + 4.67 11.33 £+ 2.17* 29.00 + 0.58 9.00 + 2.52**
Ejection fraction, % 65.67 + 0.88 30.17 £ 2.52*** 60.00 + 1.15 24.00 £ 4.51**
LV wall thickness, mm 0.87 4+ 0.09 1.45 4+ 0.06*** 0.83 4+ 0.03 1.43 4+ 0.03***

Data are expressed as means + SEM.
*P < 0.05, **P < 0.01, and ***P < 0.001 versus naive group.
LV, left ventricular.

ANT; 181-200 (ICs0, 3.13 £ 1.23 umol/L) (Figure 3). It is
possible that ANT; 21-40 may bind to the IE* molecule,
which also is expressed in A/J mice42; however, because of
the lack of reagents for the IE*-binding assay, we did not

ANT, 21-40—Sensitized T Cells Produce Predominantly
Cytokines of Th17 Phenotype That Transfer Disease to
Naive Recipients

address this possibility.

To evaluate the pathogenic potential of ANT; 21-
40—sensitized T cells, we used two readouts. First, we

- 211 27 1
18] @ ANT; 2140 18] ® ANT; 3150 24 @ ANT;171-190
© ‘O RNase 43-56 O RNase 43-56 214 © RNase 43-56
o 154 151
-~ 181
x 121 121 154
E 9 91 124
o 4
o 61 61 *kk *kk 2_
34 *kk *kk 3
31 dekedke dkk
0 T T T 0 T T T 0 T T T
0 10 100 0 10 100 0 10 100
Peptide concentration (ug/mL)
B 18 18 181 18+
& ANT, 11-30 & ANT, 131-150 @ ANT, 151-170 # ANT, 161-180
« 15710 RNase 43-56 151 O RNase 43-56 1571 O RNase 43-56 151 O RNase 43-56
S 12 OA:S 121 12 12
x
91 91 91 %w"éa 91 OA———_——Q
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Figure 2  ANT, peptides induce T-cell responses in A/J mice. Experimental autoimmune myocarditis
was induced in A/J mice by immunizing with peptide/complete Freund adjuvant (CFA) emulsions, as
described in Materials and Methods. Animals were euthanized on day 21 after immunization to harvest
C 8- lymph nodes, and single-cell suspensions were prepared. Recall responses were tested by stimulating
@ ANT,181-200 lymph node cells (LNCs) with immunizing peptides or RNase 43-56 as control. After 2 days, cells were
o 6l < RNase 43-56 pulsed with 3[H]-thymidine for 16 hours, and proliferative responses were then measured as counts per
= minute (cpm). A: Peptides that induce both myocarditis and T-cell responses. B: Peptides that induce
x ] negligible myocarditis but mild or no T-cell responses. C: Peptides that do not induce myocarditis but
£ generate T-cell responses. For some peptides (ANT; 21-40, ANT; 171-190, and ANT; 181-200), prolif-
& 2] erative responses also were measured in animals immunized with only one dose of peptide/CFA emulsions
Fedek Fekk and euthanized 10 days later for preparation of LNCs. Because there were no differences between animals
0 immunized once or twice, data were pooled. Values representing two to five individual experiments each
0 10 100 involving three to five mice are shown, and each experiment contained three replicates. Data are

Peptide concentration (ug/mL)
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expressed as means + SEM (A—C). *P < 0.05, ***P < 0.001 between indicated doses (10 pg/mL and
100 pg/mL of ANT; peptides versus RNase 43-56).
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71 ANT, 21-40

111C5,: >100 umol/L
0 1 L] L] 1 1 L) L] 1

ANT, 171-190

111Cy,: 2.53 % 1.48 pmol/L**

Fluorescence units x 106
i =9

ANT, 181-200

141C,,: 3.13 £ 1.23 pmol/L***

0.00001 -
0.0001 -
0.001 -
0.01 -
0.1 -

Competitor peptide (umol/L)

Figure 3  Binding of ANT, peptides to IA* molecules. Reaction mixtures
containing thrombin-cleaved IA* monomers (0.35 pg), competitor peptides
[ANT, 21-40, ANT; 171-190, and ANT, 181-200 (0.00001 to 100 umol/L)],
and biotinylated HEL 46-61 (1 pmol/L) were individually prepared and
added to fluorescence plates coated with anti-IA* in duplicate. After
washing, europium-labeled streptavidin was added in dissociation-
enhanced lanthanide fluoroimmunoassay (DELFIA) buffer, followed by
DELFIA enhancer. Fluorescence intensity was measured at excitation/
emission wavelengths of 340/615 nm, and 50% inhibitory concentration
(ICsp) values were calculated. Representative data sets from three indi-
vidual experiments with two replicates in each are shown. Data are means
+ SEM. **P < 0.01, ***P < 0.001 versus ANT; 21-40 ICso.

evaluated cytokine secretion in the supernatants obtained
from cells stimulated with ANT; 21-40, whereas superna-
tants obtained from RNase 43-56 (irrelevant peptide)—
stimulated cultures and medium alone served as controls. As
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Figure 4  Cytokine analysis in the supernatants derived from ANT; 21-

40—stimulated cultures. Lymph node cells obtained from ANT; 21-
40—immunized mice were stimulated with or without ANT; 21-40 or RNase
43-56 (control). Supernatants collected on day 3 after stimulation were
analyzed using beads conjugated with cytokine-capture antibodies and
detection antibodies by cytometric bead array, as described in Materials and
Methods. Values obtained from four individual experiments are shown. Data
are expressed as means + SEM. *P < 0.05. IFN-vy, interferon-y; Th, T
helper; TNF-o, tumor necrosis factor-a.

shown in Figure 4, cytokine analysis was performed for a
panel of cytokines: T helper (Th) 1 (IL-2 and IFN-vy), Th2
(IL-4 and IL-10), Th17 (IL-17A), IL-6, and TNF-o.
Evidently, excluding IL-4, supernatants from all groups
were positive for all cytokines tested and the magnitude of
cytokine responses to be higher for IFN-vy, and IL-17A,
followed by IL-2 and TNF-a, and IL-6 and IL-10. Com-
parisons between groups revealed that the levels of the
above cytokines were significantly higher in ANT,
21-40—sensitized culture supernatants in relation to control
groups (medium alone or RNase 43-56; P < 0.05)
(Figure 4). Correspondingly, however, secretion of IL-2 was
lower in ANT; 21-40 group as compared to controls
(P = 0.052), suggesting that the proliferating cells may
continuously consume IL-2. The findings that the total
amount of inflammatory cytokines (IFN-y, IL-6, IL-17A,
and TNF-a) produced in response to ANT,; 21-40 was more
than IL-10 suggest that the inflammatory microenvironment
can possibly negate the effects of anti-inflammatory
cytokines, like IL-10. However, among the inflammatory
cytokines, IL-17A may be a key contributor for disease
pathology as its levels were strikingly elevated versus
others. We next asked whether ANT; 21-40—sensitized T
cells could transfer the disease to naive mice. Briefly, LNCs
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obtained from ANT; 21-40—immunized mice were stimu-
lated with concanavalin-A for 2 days. Viable cells were
administered into naive mice primed with lipopolysaccha-
ride, and 14 days later, hearts were collected for histological
evaluation of inflammatory changes. Figure 5 shows that
heart sections from recipients of ANT; 21-40—reactive T
cells (Figure 5, C and D), but neither those from the PBS
group (Figure 5A) nor lipopolysaccharide-primed
(Figure 5B) animals, showed inflammatory infiltrates, sug-
gesting that ANT; 21-40—sensitized T cells are pathogenic.
Thus, the histological data obtained with both active im-
munization (Figure 1 and Table 2) and adoptive transfer
EAM (Figure 5) complement each other and indicate that
ANT, 21-40 is a pathogenic epitope that can act as a target
autoantigen in cardiac autoimmunity.

Naive Peripheral Repertoire in A/J Mice Does Not
Contain ANT; 21-40—Reactive T cells

We asked whether preexisting autoreactive T-cell repertoire
is a contributing factor for disease occurrence such that their
expansion may occur in the immunized animals, leading to
the development of myocarditis. The presence of such a
repertoire of cells has previously shown to be correlated
with the lack of expression of autoantigens, like cardiac
myosin and proteolipid protein in the thymus.****

Figure 5  Induction of myocarditis by ANT, 21-40—sensitized T cells in
naive mice. Lymph node cells were prepared from animals immunized for
experimental autoimmune myocarditis induction or those immunized with
peptide/complete Freund adjuvant emulsions only once, and the cells were
stimulated with concanavalin-A for 2 days. Viable cells were then harvested
and administered i.p. or retro-orbitally into naive mice primed with lipo-
polysaccharide (LPS), where LPS-primed alone, and phosphate-buffered
saline (PBS) only recipients were used as controls. All animals received
pertussis toxin i.p., on days 0 and 2 after transfer. At termination on day
14, hearts were collected and examined for inflammatory changes by he-
matoxylin and eosin staining. Representative sections are shown from two
individual experiments, each involving two mice per group: normal cardiac
tissues in A (PBS control) and B (LPS control), as opposed to inflammatory
foci (arrows) containing infiltration by mononuclear cells in C and D (re-
cipients of ANT; 21-40—sensitized T cells). Scale bars = 40 um (A—D).
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Splenocytes harvested from naive mice were used to
assess their reactivity to ANT; 21-40. Using RNase 43-56
as a control peptide, we noted that the splenocytes did not
respond to ANT; 21-40 (Supplemental Figure S2), sug-
gesting the absence of preexisting endogenously derived
repertoire of ANT-reactive T cells in the naive animals.

Evidence that ANT, 21-40 Can Act as a Target Antigen
for the Production of Autoantibodies

It was previously found that some ANT, antibodies impair
myocardial calcium homeostasis by cross-reacting with
myolemmal calcium channels.”> ANT; antibodies also were
detected in patients with idiopathic DCM.”' In addition, mice
immunized with human ANT; peptides showed varied
amounts of autoantibodies in association with DCM. In our
model, by testing for antibodies in the serum samples collected
from immunized animals, we noted a significant increase in
the production of ANT; 21-40—reactive antibodies by at least
12- to 20-fold (day 21 to 52 after immunization) as compared
to the control groups (P < 0.001), and the response was
specific as the sera from ANT; 21-40—immunized animals did
not react with the control peptide (RNase 43-56) (Figure 6).
Similarly, sera from naive animals also showed no reactivity
to ANT, 21-40 (Figure 6). Because ANT; 21-40—immunized
animals showed autoantibodies and also T-cell responses, the
data suggest that ANT; 21-40 may act as a common epitope
for both B cells and T cells.

Animals Immunized with ANT, 21-40 Showed
Inflammatory Lesions in the Liver, but Are Not Specific
to Antigen

It has been reported that localization of different ANT iso-
forms varies by tissue, and our focused isoform ANT] is
highly expressed in heart and skeletal muscles, and brain.”
Therefore, we sought to determine whether noncardiac
tissues from immunized animals show inflammatory in-
filtrates. We first verified the expression of all the three ANT
isoforms (ANT;, ANT,, and ANT},) in A/J mice by RT-PCR
analysis. The analysis revealed that ANT, was expressed
strongly in the heart, thigh muscle, and brain, but not in
other organs (liver, thymus, and spleen) (Supplemental
Figure S3). We could not provide histological data on
thigh muscles as the tissues were not available, but brains
from ANT; 21-40—immunized mice remained unaffected
(Figure 7). Next, we compared the sequences of various
ANT), epitopes with other isoforms, leading us to note the
sequence of ANT; 21-40 to be 95% identical with se-
quences of both ANT, and ANT, (Supplemental Table S2).
Based on this observation, and also because of the finding
that ANT, 21-40 was found to be a disease-inducing
epitope, we envisioned that ANT; 21-40—reactive T cells
would affect the organs in which other isoforms are highly
expressed (ANT,: liver; and ANTy: testes). By evaluating
livers for inflammatory changes, we noted that the livers
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obtained from mice immunized with ANT; 21-40 showed
multiple scattered lesions containing aggregates of lym-
phocytes as opposed to scanty inflammatory foci in the
naive animals (20.86 4+ 3.58 versus 2.10 + 0.69;
P = 0.0002) (Figure 7 and Table 4). In addition, by using
AST as a biochemical readout of liver damage, we noted
that serum from animals immunized with ANT; 21-40
showed elevated AST levels during the chronic phase of
disease (beyond 30 days after immunization) as compared to
naive mice (Supplemental Figure S4). However, livers, but
not brains, from animals that received CFA/PT with no
peptide also showed relatively more inflammatory foci as
compared to ANT; 21-40—immunized group (34.93 £+ 2.82
versus 20.86 + 3.58; P = 0.039) (Figure 7 and Table 4),
suggesting that the occurrence of inflammation in livers
from the ANT; 21-40 group is not specific to antigen. Thus,
the data do not point to a possibility that the inflammatory
changes might have resulted from ANT; 21-40 immuniza-
tions in the liver through cross-reaction with an equivalent
epitope that exists in ANT, (Supplemental Table S2).

Discussion

We described a new EAM model in which we demonstrated
that ANT, can act as a target autoantigen in the
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development of myocarditis. Clinically, myocarditis can
lead to DCM, and antibodies to several cardiac antigens,
including ANT), have been detected in patients with DCM,
suggesting that an autoimmune response can be one po-
tential underlying mechanism of DCM pathogenesis. In
support of this proposition, experimentally, it has been
shown that mice deficient for ANT; show DCM/myocardial
hypertrophy and transgenic overexpression of ANT; can
improve myocardial contractile function.'*'® Furthermore,
in various experimental settings, formation of autoanti-
bodies has been demonstrated in association with DCM in
animals immunized with ANT peptides.” "' Because CD4
T cells occupy a pivotal role in the induction of various
effector responses, including antibody production for pro-
tein antigens, we made efforts to identify the T-cell epitopes
of ANT to gain new insights into the pathogenesis of
myocardial injuries. To this end, we focused on ANT,,
because this isoform is highly expressed in muscle tissues
than others.”

For identification of myocarditogenic epitopes of ANT],
we used pools of peptides for initial screening, and after
identifying the pools that resulted in myocarditis, individual
peptides were tested for their myocarditogenicity. These
analyses led us to choose ANT; 21-40 as the major epitope
that can induce myocarditis in A/J mice that are routinely
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Figure 7  Histological evaluation of livers ob-
tained from mice immunized with or without ANT;

21-40. Groups of A/J mice were immunized with or
without ANT; 21-40 or complete Freund adjuvant
(CFA) alone twice with an interval of 7 days, and

the animals also received pertussis toxin (PT) on

day 0 and day 2 after the first immunization. After
21 days, the indicated tissues harvested from both
naive and immunized animals were evaluated for
inflammatory changes by hematoxylin and eosin

staining. A: Sections from naive group represent-
ing normal brain, and a small aggregate of lym-
phocytes in liver. Sections from CFA/PT (B), and
sections from ANT; 21-40—immunized groups (C)

being used to study cardiac autoimmunity.”® Although dis-
ease incidence induced with ANT, 21-40 was only 50%, our
efforts to enhance its myocarditogenicity using the acety-
lated form of this peptide were not successful. A similar
degree of myocarditis severity has been noted previously
with cardiac myosin 614-643—induced myocarditis in
rats.”” Pathologically, inflammation was a consistent finding
noted in all the immunized animals. By verifying immu-
nogenicity, ANT; 21-40 was found to induce T-cell
response and T-cell sensitization might not have occurred
through the ability of ANT; 21-40 to bind IA* (MHC class
IT molecule), as its IA*-binding affinity was estimated to be
poor (Figure 3). Such an observation was previously made
with another autoantigen, myelin basic protein acetylated 1-
11, which also induces severe experimental autoimmune
encephalomyelitis despite being a poor IA"-binder.** It may
be that in a polyclonal population, some T-cell clones can
recognize such low-affinity peptides displayed by the MHC

Table 4 Histological Evaluation of Liver for Inflammatory
Lesions

Group Incidence (%) Inflammatory foci
Naive 8/10 (80) 2.10 + 0.69
CFA/PT 5/5 (100) 34.93 £ 2.82***
ANT,; 21-40 14/14 (100) 20.86 £ 3.58***

Data are expressed as means + SEM. The ANT; 21-40 group represents
data obtained from animals immunized with both nonacetylated and
acetylated peptides.

***P < 0.001 versus naive group.

CFA, complete Freund adjuvant; PT, pertussis toxin.
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showing unaffected brain; and liver with multiple
scattered aggregates of lymphocytes (arrows).
n = 5 to 14 mice per group (A—C). Scale bars: 80
um (brain); 160 pm (liver, left column); 40 um
(liver, right column).

molecules in vivo. Alternatively, ANT; 21-40 might induce
a T-cell response by binding to another MHC molecule, IE¥,
which is also expressed in A/J mice. We could not address
this possibility because of the lack of reagents for the TE*
molecule. In contrast, however, we noted three peptides that
can induce T-cell responses, but with little (ANT; 31-50 and
ANT; 171-190) or no disease (ANT; 181-200) (Figure 2
and Table 2). Similar observations were also previously
noted for other self-antigens, like myelin oligodendrocyte
glycoprotein 181-195 and 186-200," and proteolipid pro-
tein 50-69 and 60-79,"° supporting the notion that genera-
tion of autoreactive T cells does not necessarily mean that
autoimmune responses ensue.

Next, we addressed the mechanistic basis for the induc-
tion of myocarditis induced with ANT; 21-40. Unlike other
autoimmune disease models, it was initially held that Th2
cytokines, like IL-4, favor myocarditis development,27
whereas Thl cytokines, more important, IFN-y can
dampen such an outcome.”” However, with the discovery of
Th17 cytokines, the current theory is that both Thl and
Th17 cytokines promote myocardial damage and that Th2
cytokines mediate anti-inflammatory functions, much as
they do in other autoimmune disease models, such as car-
diac myosin heavy chain-o. 334-352—induced myocarditis,
experimental autoimmune encephalomyelitis induced with
myelin oligodendrocyte glycoprotein 35-55 or proteolipid
protein 139-151, and experimental autoimmune uveitis
induced with interphotoreceptor retinoid-binding protein
161-180.”*% 7% By evaluating cytokine production in ANT,
21-40—sensitized T-cell cultures, we noted increased pro-
duction of all inflammatory cytokines (IFN-v, IL-17A, IL-6,
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and TNF-a), including anti-inflammatory cytokine, IL-10.
But the finding that the amount of secreted IL-10 was
negligible relative to cytokines that promote autoimmunity,
more important, IFN-y and IL-17A, suggests that the
disease-modifying effects of IL-10 are expected to be
insignificant in the microenvironment in vivo. Furthermore,
we asked whether variations, if any, in cytokine production
can differentiate peptides that induce T-cell responses and
disease, from those that induce only T-cell responses, but no
disease. We addressed this possibility by evaluating cyto-
kine secretion in response to one such epitope, ANT,
181-200, that induces T-cell response but not myocarditis.
Expectedly, none of the cytokines was found significantly
increased in peptide-stimulated cultures as compared to
control groups (Supplemental Figure S5). Together, the data
suggest that the T-cell—derived inflammatory cytokines, in
particular IL-17A, appear to be key mediators of tissue
damage in the target organs, as we and others have seen
with other animal models, as indicated above.

Our data may have a translational significance to support
an observation made in humans in that the severe combined
immunodeficient mice receiving peripheral blood lympho-
cytes from patients with myocarditis carrying autoantibodies
for ANT showed infiltration of lymphocytes in the hearts,
and impairment of left ventricular function.””* Further-
more, antibody reactivity has been noted for two ANT
epitopes (namely, hANT; 27-36 and hANT; 290-297) in
62% of myocarditis/DCM patients.55 In addition, Balb/c
mice immunized with hANT; 27-36 and hANT; 290-297
showed autoantibodies in association with DCM without
affecting other organs, such as lung, liver, and kidney.”’ In
our model, we also noted antibodies to ANT; 21-40 in the
immunized animals. Because the sequence of the mouse
peptide, ANT,; 21-40, is identical with the human counter-
part (100%), which also encompasses the hANT; 27-36
sequence, the ANT; 21-40—reactive antibodies may be
pathologically relevant. Likewise, antibodies for other epi-
topes, like ANT; 11-30 and ANT; 131-150, may be relevant
to cardiac pathology because these peptides can induce
myocarditis, albeit low (10% to 30% of animals) in the
absence of T-cell reactivity (Table 2 and Figure 2B). In all
of these scenarios, there exists a possibility that autoanti-
bodies can alter ANT, functions, like energy metabolism or
calcium homeostasis, but whether such antibodies can also
mediate tissue destruction through immune complex—
driven complement activation has not been shown.
Addressing the latter also requires a mechanistic under-
standing of how autoantibodies can reach mitochondria
across the cell membrane in cardiac cells.

Additional investigations in our model revealed two more
observations. Unlike experimental autoimmune encephalo-
myelitis induced with proteolipid protein 139-151,%°
preexistence of endogenous repertoire of ANT,-reactive T
cells appears not critical for the induction of myocarditis
with ANT; 21-40 as the naive animals did not show reac-
tivity to ANT; 21-40. The occurrence of inflammation in
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the liver in ANT; 21-40—immunized animals as well as in
those that received CFA/PT with no peptide suggests that
ANT,; 21-40 cannot be a target antigen for induction of
hepatitis. Although we did not examine skeletal muscles,
we had expected inflammation in the brain where ANT)] is
also highly expressed, but it was not the case. Imperme-
ability of autoreactive T cells into the brain by being an
immune-privileged organ is unlikely because the immu-
nized animals had received pertussis toxin, which is ex-
pected to break the blood-brain barrier.’” It is, however,
possible that ANT,; 21-40—sensitized T cells may reach the
brain, but may not gain access to ANT. Nonetheless, in-
flammatory lesions in the liver were expected because the
sequence of ANT; 21-40 is 95% identical to an equivalent
epitope within ANT,. However, livers in naive animals also
can show infiltrations as a consequence of immune re-
actions to gut microflora.”® More important, animals that
received only CFA/PT also showed relatively more in-
flammatory foci than the ANT; 21-40—immunized group.
Although the reason for such an elevation is unknown,
occurrence of non-specific inflammation in livers from an-
imals immunized with CFA has been described previously
in C57Bl/6 mice, and it was speculated to be because of
adjuvant oil.””

Although the data presented in this report support the
notion that mitochondrial proteins, like ANT,, can become
targets for autoreactive T cells, it is still unclear how the T
cells can recognize such proteins. A similar scenario has
been described for one other mitochondrial protein, the E2
subunit of pyruvate dehydrogenase, a target antigen for the
generation of autoreactive T cells in the mediation of pri-
mary biliary cirrhosis.®”°" In this system, it is proposed that
the epithelial cells in the bile duct can aberrantly express
MHC class II molecules and that mitochondrial protein may
find a way to assemble with the MHC molecules. In addi-
tion, surface expression of pyruvate dehydrogenase also has
been demonstrated.”> Whether such mechanisms are also
relevant to ANT,; remains to be investigated. However, re-
ports suggest that resident antigen-presenting cells in heart
tissue can carry the peptide fragments of intracellular car-
diac proteins, like myosin heavy chain-o.”” It is possible
that resident antigen-presenting cells, like dendritic cells or
macrophages, can present the proteins from cardiac cells
acquired by phagocytosis or autophagy through cross-
presentation pathway. Speculations have been made that
mitochondrial membrane proteins may escape into the
cytoplasm because of faulty leader sequences due to
possible mutations, leading to their eventual assembly with
MHC molecules.® All of these observations suggest that
mitochondrial proteins may gain access by some means to
MHC presentation pathways. In addition, a possibility exists
that ANT, expression may occur aberrantly at the cell sur-
face in the hearts of A/J mice. Previous demonstration of the
expression of ANT; or ANT, in the plasma membranes of
cerebellar neurons in C57Bl/6 mice supports this
possibility.”*
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Myocarditis Induced by ANT;,

In summary, we have demonstrated that the mitochon-
drial protein ANT; can be a source of target antigen for
immune attack by autoreactive T cells in the mediation of
autoimmune myocarditis. We have identified ANT; 21-40
as a myocarditogenic epitope, and the disease induced by
this peptide resembles the features of inflammatory
cardiomyopathy that can occur with or without myocyte
necrosis.®® Furthermore, we demonstrate that ANT, 21-40
cannot act as an autoantigen in the mediation of hepatitis as
the animals immunized with CFA/PT also showed lesions
in the liver. Based on antibody detection, ANT; has been
shown to be relevant to DCM pathogenesis that can
emanate from myocarditis as a chronic sequela.” Because
we show that ANT; 21-40 can induce myocarditis by
generating autoreactive T cells, and T-cell help is critical for
the production of antibodies to protein antigens, evaluation
of both autoreactive T cells and ANT; antibodies may
prove useful to find strong correlations with DCM in clin-
ical settings. The finding that ANT being a mitochondrial
protein acting as a target antigen in the development of
myocarditis, the disease induced with ANT; 21-40 can be
used to address the autoimmune pathology in the heart. Our
data also raise questions as to how self-tolerance for mito-
chondrial proteins can be attained, and how such a tolerance
can be broken. Mechanistic delineation of this phenomenon
may provide new insights into the development of heart
autoimmunity.
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