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Repeated inflammation in the heart is one of the
initiation factors of dilated cardiomyopathy (DCM). In
a previous study, we established a new animal model
for DCM by immunization of rats with recombinant
cardiac C-protein fragment 2 (CC2). The present study
examined factors involved in the development of
DCM. Analysis using overlapping peptides revealed
that the major carditogenic epitope resides only in
the residue 615-647 [CC2 peptide 12 (CC2P12)]. How-
ever, immunization with CC2P12 induced moderate
inflammation without subsequent DCM. CDR3 spec-
tratyping analysis of the T-cell repertoire demon-
strated that VB4-positive T cells were preferentially
expanded in both CC2- and CC2P12-immunized rats.
Although there was no significant difference in the
T-cell characteristics, examinations of the B-cell
epitope revealed that marked epitope spreading oc-
curred in CC2-immunized but not CC2P12-immunized
rats from 4 weeks after immunization. Consistent
with this finding, immunization with CC2P12 and
simultaneous transfer of anti-peptide antisera induced sig-
nificantly more severe inflammation and fibrosis than
CC2P12 immunization alone. However, the transfer of the
antisera without CC2P12 immunization did not induce any
pathology. These findings suggest that T-cell activation
and B-cell epitope spreading in the CC2 molecule is a key
step for the switch from myocarditis to the development
of DCM. (Am J Pathol 2007, 170:43-51; DOI:
10.2353/ajpath.2007.060544)

Dilated cardiomyopathy (DCM) is a serious and fre-
quently fatal disorder and is a common cause of heart
failure. The majority of DCM is sporadic, and mostly
virus-induced immune mechanisms are suspected.’ Be-
cause the heart biopsy sometimes demonstrates the

presence of inflammation, several immunosuppressive
therapies have been tried to improve the status of
DCM.2=* However, significant progress has not been
made, although these therapies have shown some im-
provements of the disease. Difficulties in finding effective
therapies are mainly based on the fact that the pathogen-
esis of DCM is still poorly understood. The establishment
of a suitable animal model that mimics human DCM and
elucidation of pathogenesis of DCM will provide useful
information for the development of effective therapies.

In a previous study, we demonstrated that cardiac
C-protein, one of the myosin-binding proteins, induced
severe experimental autoimmune carditis (EAC) and sub-
sequent DCM in Lewis rats.® Seventy-five percent of rats
immunized with C-protein died by day 50, and all of the
survivors developed DCM. Furthermore, it was revealed
that cytokines and chemokines produced by T cells and
macrophages were up-regulated in the heart lesions,
mainly during the inflammatory phase of EAC. These
findings suggest that pathogenic T cells and possibly B
cells play an important role in the development of EAC
and subsequent DCM.

In the present study, we first examined the cardito-
genic epitopes that reside in the cardiac C-protein frag-
ment 2 (CC2) (corresponding to amino acid residues
317-647). Using overlapping peptides, we found that
only peptide 12 (CC2P12) possessed the carditis-induc-
ing ability in the CC2 molecule. Interestingly, CC2P12
induced nonfatal moderate EAC and did not develop
DCM. Analysis of clonally expanded T cells in CC2- and
CC2P12-immunized rats demonstrated that there was no
significant difference between the two groups. In con-
trast, CC2-immunized rats exhibited marked B-cell
epitope spreading 4 weeks after immunization and after-
ward, whereas CC2P12-immunized rats raised antibod-
ies only against CC2P12 and CC2. Based on these
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Table 1. Amino Acid Sequences of Synthetic Peptides Encompassing CC2 Used in the Study
Peptide Residue Sequence
P1 317-348 AEEDVWEILRQAPPSEYERIAFQYGVTDLRGM
p2 344-375 DLRGMLKRLKGMRRDEKKSTAFQKKLEPAYQV
P3 371-402 PAYQVSKGHKIRLTVELADHDAEVKWLKNGQE
P4 398-429 KNGQEIQMSGSKYIFESIGAKRTLTISQCSLA
P5 425-456 QCSLADDAAYQCVVGGEKCSTELFVKEPPVLI
P6 452-483 PPVLITRPLEDQLVMVGQRVEFECEVSEEGAQ
P7 479-510 EEGAQVKWLKDGVELTREETFKYRFKKDGQRH
P8 506-537 DGQRHHLIINEAMLEDAGHYALCTSGGQALRE
P9 533-564 QALRELIVQEKKLEVYQSIADLMVGAKDQAVF
P10 560-591 DQAVFKCEVSDENVRGVWLKNGKELVPDSRIK
P11 587-619 DSRIKVSHIGRVHKLTIDDVTPADEADYSFVPE
P12 615-647 SFVPEGFACNLSAKLHFMEVKIDFVPRQEPPKI

C-protein fragment 2 encompasses amino acid 317-647 residues of human cardiac C-protein.

findings, we performed transfer experiments and demon-
strated that both activation of T cells and anti-peptide
antibody elevation are required for the initiation and sub-
sequent progression of the disease. The present study
strongly suggests that B-cell epitope spreading is an
essential step for the switch from myocarditis to DCM.

Materials and Methods

Animals and Proteins

Lewis rats were purchased from SLC Japan (Shizuoka)
and bred in our animal facility. Seven- to 11-week-old
male and female rats were used.

Preparation of Recombinant C-Protein
Fragments and Synthetic Peptides

The preparation of recombinant C-protein was precisely
described previously.® Polymerase chain reaction (PCR)
products corresponding to fragments 1, 2, 3, and 4 were
inserted into a cloning vector, pCR4 Blunt-TOPO in the
Zero Blunt TOPO kit (Invitrogen, Groningen, The Nether-
lands), and clones with correct sequences were sub-
cloned into an expression vector, pQE30 (Qiagen, Tokyo,
Japan). Then, recombinant C-protein fragments pro-
duced in transformed Escherichia coli were isolated under
denaturing conditions and purified using Ni-NTA Agarose
(Qiagen).

Synthetic peptides encompassing CC2, designated as
CC2P1-CC2P12 (Table 1), were synthesized using a
peptide synthesizer (Shimadzu, Kyoto, Japan). All of the
peptides used in this study were >90% pure as deter-
mined and were purified if necessary using HPLC.

Conjugation of CC2P12 with KLH

To increase immunogenicity of CC2P12, the peptide was
conjugated with keyhole limpet hemocyanin (KLH; Wako,
Tokyo, Japan) as described previously.® KLH (in 0.083
mol/L sodium phosphate, 0.9 mol/L NaCl, and 0.1 mol/L
ethylenediamine tetraacetic acid, pH 7.2) and m-maleim-
idobenzoyl-N-hydrosuccinimide ester in dimethyl sulfox-
ide (MBS; Pierce, Chicago, IL) at concentrations of 10
and 20 mg/ml, respectively, were incubated at a ratio of

10:1 for 1 hour at room temperature. Then, excess MBS
was removed on a HiTrap desalting column (Amersham
Biosciences, Tokyo, Japan). Finally, the KLH-CC2P12
complex was formed by incubating MBS-KLH with
CC2P12 for 2 hours at room temperature.

EAC Induction and Tissue Sampling

Lewis rats were immunized once on day 0 with the indi-
cated antigen with complete Freund’s adjuvant (CFA)
(2.5 mg/ml Mycobacterium tuberculosis) in the hind foot
pads. At the time of immunization, rats received an intra-
peritoneal injection of 2 ug of pertussis toxin (PT; Seika-
gaku Corp., Tokyo, Japan). The numbers of rats used for
experiments are shown in the footnotes of tables and the
figure legends. Histological and immunohistochemical
examinations were performed at the indicated time points
using frozen and paraffin-embedded sections of the
heart. Although evaluation of EAC and DCM was mainly
based on histological examinations (see below), clinical
score was also recorded: grade 1, dyspnea; grade 2,
dyspnea plus ruffling of fur; and grade 3, moribund con-
dition or death.

Histological Grading of Inflammatory Lesions
and Immunohistochemistry

EAC inflammatory lesions were evaluated using hema-
toxylin and eosin (H&E)-stained sections according to the
following criteria: grade 1, rare focal inflammatory le-
sions; grade 2, multiple isolated foci of inflammation fre-
quently associated with pericarditis; grade 3, diffuse in-
flammation involving the outer layer of the muscle; grade
4, grade 3 plus focal transmural inflammation; and grade
5; diffuse inflammation with necrosis. CC2 immunization
induced pericarditis that was frequently associated with
pericardial and pleural effusion. However, we did not
include the findings in the scores because the above
grading system covered the whole range of mild to se-
vere EAC. The extent of fibrosis revealed by Azan stain-
ing was graded into five categories: grade 1, rare scat-
tered foci of fibrosis; grade 2, multiple isolated foci of
fibrosis; grade 3, fibrosis involving the outer layer of the



muscle; grade 4, grade 3 plus partial transmural fibrosis;
and grade 5, diffuse fibrosis.

Establishment of T-Cell Lines and the
Proliferative Assay

CC2- or CC2P12-specific T-cell lines were established
from draining (popliteal) lymph node cells taken from
CC2- or CC2P12-immunized rats by cycle stimulations
with CC2 or CC2P12 in the presence of mitomycin C-
treated thymocytes as antigen-presenting cells. Between
antigen stimulations, T cells were propagated in culture
medium containing 5% Con A supernatant.

Proliferative responses of lymph node cells were as-
sayed in microtiter wells by the uptake of [°H]thymidine.
After being washed with phosphate-buffered saline,
lymph node cells (2 X 10° cells/well) were cultured with
the indicated concentrations of CC2 or CC2 peptides for
3 days, with the last 18 hours in the presence of 0.5 uCi
of [®H]thymidine (Amersham Pharmacia Biotech, Tokyo,
Japan). In some experiments, the proliferative responses
of CC2- or CC2P12-specific T-cell lines (3 X 10* cells/
well) were assayed in the presence of the antigens and
antigen-presenting cells (5 x 10° cells/well). The cells
were harvested on glass-fiber filters, and the label uptake
was determined using standard liquid scintillation
techniques.

CDR3 Spectratyping

CDR3 spectratyping was performed as described previ-
ously.”® In brief, PCR products were added to an equal
volume of formamide/dye loading buffer and heated at
94°C for 2 minutes. The amplified PCR products were
electrophoresed on polyacrylamide sequencing gels,
and the fluorescence-labeled DNA profile on the gels
was directly recorded using an FMBIO fluorescence im-
age analyzer (Hitachi, Yokohama, Japan). The presence
or absence of contaminations of the reagents used in
PCR was examined every 10 PCR analyses by perform-
ing PCR without the templates. When contaminations
were present, all reagents used and the results obtained
during the period were discarded.

ELISA

The levels of anti-CC2 and anti-CC2 peptide antibodies
were measured using the standard ELISA test. Recom-
binant CC2 and CC2P1-P12 (10 ng/ml) were coated onto
microtiter plates, and serially diluted sera from normal
and immunized animals were applied. After washing,
appropriately diluted horseradish-conjugated anti-rat
19G, 1gG1, or IgG2a was applied. The reaction products
were then visualized after incubation with the substrate.
The absorbance was read at 450 nm.
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Generation of Polyclonal Antibodies Against
CC2 and CC2 Peptides

Polyclonal antibodies against CC2 and CC2 peptides
were raised by immunizing rats with the antigens/CFA
four times on a weekly basis. Sera were obtained 1 week
after the last immunization, and ammonium sulfate-pre-
cipitated preparations were used for the transfer experi-
ments. The presence of antibodies against the indicated
antigens was confirmed by ELISA.

Statistical Analysis

Unless otherwise indicated, Student’s t-test or Mann-
Whitney’s U-test was used for the statistical analysis.

Results

Autoimmune Carditis-Inducing Ability of
Recombinant C-Protein and Synthetic Peptides

As reported in our previous study,® recombinant CC2
(amino acid residues 317-647 of human cardiac C-pro-
tein) possessed the strongest carditogenic activity
among four recombinant proteins encompassing the en-
tire molecule. In the present study, we prepared 12 over-
lapping synthetic peptides (Table 1) covering the CC2
molecule and examined their carditis-inducing ability. As
shown in Table 2, we first screened all of the peptides
using the peptide mixtures (groups A through D). Only
mixture 4 containing peptides 10, 11, and 12 at 100 g of
each peptide (CC2P10 to -P12) induced EAC in all of the
immunized rats (group D), whereas mixtures 1, 2, and 3
induced mild EAC in one of three rats (groups A through
C). Then, we tested the carditogenicity of each peptide in
mixture 4 and found that only peptide 12 (CC2P12) pos-
sessed a carditis-inducing ability (group G). However, it
should be noted that compared with CC2, both inflam-
mation and fibrosis induced with CC2P12 were signifi-
cantly milder as estimated on day 17 and 6 weeks after
immunization (group G versus group |). Because immu-
nization with 300 g of CC2P12 did not differ to 100 g of
CC2P12 immunization in terms of the histological sever-
ity, the pooled data are shown in Table 2. In addition,
CC2P12-immunized rats did not develop DCM at 6 weeks
postimmunization (PI) (see below). Another important as-
pect was the survival rate. As shown in Figure 1, 75% of
the rats immunized with CC2 died of cardiac failure by
day 50 PI. In sharp contrast, all of the rats immunized with
CC2P12 had survived by day 50. Furthermore, CC2P12
was conjugated with KLH to increase the immunogenic-
ity, and rats were immunized with the conjugate. How-
ever, this procedure did not augment the carditis-induc-
ing ability of CC2P12 (group H). In an additional
experiment, we immunized rats with a mixture of P1, P5,
P8, P11, and P12, but the histological score was not
significantly different from that of P12-immunized rats
(data not shown). Collectively, these findings suggest
that substances induced after CC2P12 immunization lack
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Table 2. Histological Severities of EAC Induced by Immunization with the Peptide Mixtures, Synthetic Peptides, and
Recombinant CC2*
Group Antigen Sampling Incidence Inflammation Fibrosis

A Mix 1 (P1 to P3) 3 weeks 1/3 0.7 =07 0

B Mix 2 (P4 to P6) 3 weeks 1/3 0.3+0.3 0

C Mix 3 (P7 to P9) 3 weeks 1/3 02+0.2 0

D Mix 4 (P10 to P12) 3 weeks 3/3 25x12 0

E P10 Day 17 0/3 of 0

F P11 Day 17 1/3 0.2 x0.2" 0

G P12 Day 17 4/4 2.0+ 04" 0
6 weeks 6/6 1.8 = 0.47 1.8 = 0.6*

H P12-KLH 4 weeks 2/3 0.7 +0.3 0.7 £0.3
6 weeks 3/3 1.3 =0.3" 0.8 = 0.4*

| CC2 Day 17 5/5 41+ 04" 15*x04
6 weeks 6/6 3.8 02" 41 =0.2F

*Lewis rats were immunized once with mixtures 1, 2, 3, and 4 that had consisted of peptides 110 3, 4to 6, 7 to 9, and 10 to 12, respectively (100
ng of each peptide), in CFA in the foot pads along with intraperitoneal injection of pertussis toxin (2 ug). Because mix 4 showed carditogenicity, each
peptide in the mixture (P10, P11, and P12) was tested in a similar manner. For comparison, the results obtained with recombinant C-protein fragment 2
are also shown. The denominators in the incidence column represent the number of rats used for each experiment.

TAnalysis of variance and multiple comparison (Scheffe’s F-test) were performed, and significant differences were noted in the following
combinations: P10 versus CC2, P = 0.002; P11 versus CC2, P = 0.0001; P12 versus CC2, P = 0.008 on day 17; P12 versus CC2, P = 0.003; P12-

KLH versus CC2, P = 0.003 at 6 weeks.

*+Significant differences were noted in the following combinations: P12 versus CC2, P = 0.011; P12-KLH versus CC2, P = 0.004 at 6 weeks.

some aggravation factors for EAC/DCM induced by im-
munization with CC2.

Figure 2 depicts normal histology of the heart (A, D, G,
and J) and pathology of EAC induced by CC2 (B, E, H,
and K) and CC2P12 (C, F, I, and L). At 2 weeks PI, when
EAC was at the acute inflammatory stage, the hearts
taken from CC2-immunized rats showed marked hyper-
trophy (Figure 1B), whereas the hearts from CC2P12-
immunized rats showed slight enlargement (Figure 1C).
We measured the long and short axes of the middle
portion of normal, CC2-immunized, and CC2P12-immu-
nized rats and calculated the heart area at this level. As
shown in Table 3, there were significant differences be-
tween normal and CC2-immunized rats (P = 0.01) and
between CC2- and CC2P12-immunized rats (P = 0.005),
indicating that the hearts from CC2-immunized rats
showed marked hypertrophy. In contrast, there was no
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Figure 1. The survival rate of rats immunized with recombinant CC2/CFA or
CC2P12/CFA with the intraperitoneal injection of pertussis toxin. Seventy-five
percent of rats immunized with CC2 died between days 15 and 49 PI,
whereas all of the rats immunized with CC2P12 survived during the obser-
vation period.

significant difference between the normal and CC2P12-
immunized groups. H&E (Figure 2, E and F) and azan
(Figure 2, H and |) stainings showed that compared with
CC2-induced EAC (Figure 2, E and H), both inflammation
and fibrosis were mild (Figure 2, F and 1). In sections
immunostained for macrophages, there was extensive
and diffuse macrophage infiltration in CC2-induced EAC
(Figure 2K), whereas macrophage infiltration in CC2P12-
induced EAC was mild and focal (Figure 2L). B-cell infil-
tration was absent in both types of EAC (data not shown).

Characterization of Pathogenic T Cells

We next tried to determine whether a carditogenic pep-
tide, CC2P12, contains an immunodominant or cryptic
T-cell epitope. The representative results of three exper-
iments are shown in Figure 3, A and B. When CC2 was
immunized, the draining lymph node cells responded
vigorously to CC2 but not to all of the overlapping peptide
(P1 to P12 in Figure 3A). Similar experiments were per-
formed using CC2-specific T-line cells after four to five
cycles of antigen stimulation, and essentially the same
results were obtained (data not shown). After CC2P12
immunization, lymph node cells responded well to
CC2P12 and also to CC2 to a lesser extent (Figure 3B).
These findings suggest that CC2P12 is processed and
presented to T cells from CC2P12-immunized rats but is
a cryptic epitope in the CC2 molecule for T cells from
CC2-immunized rats.

In a previous study, we showed with CDR3 spectra-
typing analysis that in cardiac myosin-induced EAC,
VB8.2 and VB10 TCR were clonally expanded in the
inflamed heart and that VB8.2- and VB10-targeted immu-
notherapy was effective in ameliorating the severity of
EAC.” We performed a similar analysis to characterize
the nature of clonally expanded T cells in the heart with
C-protein-induced EAC. The representative profiles are
depicted in Figure 3, C and D, and all of the results are
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Figure 2. Normal histology (A, D, G, and J) and pathology of EAC induced by immunization with CC2 (B, E, H, and K) and CC2P12 (C, F, I, and L). At 2 weeks
PI, when EAC was at the acute inflammatory stage, the hearts taken from CC2-immunized rats showed marked hypertrophy (B) compared with the normal heart
(A), whereas the hearts from CC2P12-immunized rats showed only slight enlargement (C). H&E (E and F) and azan (H and D) stainings showed that compared
with CC2-induced EAC (E and H), both inflammation and fibrosis of the heart were mild in CC2P12-immunized rats (F and I). In sections immunostained for
macrophages, there was extensive and diffuse macrophage infiltration in CC2-induced EAC (J), whereas macrophage infiltration in CC2P12-induced EAC was mild
and focal (K). A—C: H&E staining; the photographs were taken at the same magnification. D-F: H&E staining, X240. G-I: Azan staining, X240. J-L: ED1 staining,
X 240.
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Table 3. Measurements of Hearts under Normal and Diseased Conditions*
No. of rats Diameter (mm) Estimated area of
Condition examined Long axis Short axis hearts (mm?)"
Normal 3 0.83 = 0.10 0.72 = 0.12 0.47 = 0.14%
cc2 6 1.20 £ 0.19 0.97 = 0.08 0.91 + 0.19%
CC2P12 6 0.91 = 0.08 0.80 = 0.11 0.58 = 0.13%

*Rats were immunized once with CC2 or CC2P12, and the hearts were taken at 6 weeks after immunization. The long and short axes of the
diameter were measured at the middle portion of the hearts. The hearts from CC2P12-immunized rats were measured before and after fixation, and
those from normal and CC2-immunized rats were measured only after fixation. Because there was no significant change before and after fixation, all

the values shown in the table are those measured after fixation.
TThe heart area was calculated as long axis/2 X short axis X 3.14.

*Significant differences were noted between normal and CC2-immunized rats (P = 0.01) and between CC2- and CC2P12-immunized rats (P =
0.005). However, there was no significant difference between normal and CC2P12-immunized rats.

summarized in Figure 3E. Infiltrating T cells in the heart of
CC2-immunized rats on day 25 Pl showed VB3 and V4
expansion (Figure 3C, arrows), and those of CC2P12-
immunized rats on day 17 Pl showed VB4, VB8.6, and
VB17 expansion (Figure 3D, arrows). The longitudinal
study of CC2-immunized rats revealed interesting find-
ings. On day 9 PI, T cells infiltrating the heart were rather
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Figure 3. A and B: The proliferative responses of lymph node cells taken
from CC2-immunized (A) and CC2P12-immunized (B) rats on day 12 PIL
Lymph node cells (2 X 10> cells/well) were cultured with the indicated
antigen for 72 hours, with the last 18 hours in the presence of [*Hlthymidine.
The cells were harvested on glass-fiber filters, and the label uptake was
determined using standard liquid scintillation techniques. Each symbol rep-
resents the mean value of triplicate assays, and SEMs were within 10% of the
mean values. C and D: CDR3 spectratyping profiles of heart-infiltrating T cells
taken from CC2-immunized (C) and CC2P12-immunized (D) rats. Marked
spectratype expansions are indicated by arrows. E: Summary of the results
of CDR3 spectratyping of T cells in the hearts from CC2- and CC2P12-
immunized rats. Each line represents the result obtained from one rat. Closed
circles represent VB clonal expansion. N, the normal spectratype pattern; w,
weeks.

heterogonous, and no particular VB expansion was noted
(Figure 3E). In contrast, between days 14 and 28 Pl when
the inflammatory lesion reached at the maximal level,®
VB4 expansion was detected in all of the cases exam-
ined. Other VBs such as VB1, -7, -8.5, and -16 were
expanded in one-half of the cases. Interestingly, T cells
found in the heart at the later stage (6 and 10 weeks),
when there was extensive fibrosis, showed the normal
spectratype pattern (Figure 3E). These findings sug-
gested that infiltrating T cells showing oligoclonal expan-
sion play an important role in the development of EAC
lesions (see the results of the transfer experiments be-
low). However, T cells found at the later stage may be
less involved in the disease progression. CDR3 spectra-
typing analysis of heart-infiltrating T cells of CC2P12-
immunized rats was performed on day 17 and at 4 weeks
Pl and revealed that there was VB4 expansion in all of the
cases examined. Taken together, VB4-positive T cells
appear to play an important role in lesion formation in
both CC2- and CC2P12-induced EAC, and there was no
significant difference in the T-cell characteristics be-
tween the two groups.

Characterization of Pathogenic B Cells and Anti-
C-Protein Antibodies

As shown in Table 2 and Figure 2, CC2P12-immunized
rats showed mild to moderate EAC without subsequent
DCM. Moreover, unlike CC2-induced EAC, CC2P12-in-
duced EAC was not fatal. These findings suggest that
there are factors in CC2, but not in CC2P12, that aggra-
vate EAC and induce DCM. Because we did not find
clear differences between CC2- and P12-reactive T cells
in the clonality analysis, we next examined the nature of
antibodies raised by CC2 (Figure 4A) and CC2P12 (Fig-
ure 4B) immunization. From 1 to 12 weeks PI, sera were
collected from CC2-immunized rats, and the levels of
antibodies against CC2 and CC2P1 to -P12 were deter-
mined by ELISA (Figure 4A). At the early stage (1 to 3.5
weeks), only anti-CC2 antibodies were elevated in CC2-
immunized rats. Then, anti-P8 and anti-P11 antibodies
rose between 4 and 6 weeks, and some others showed at
a high level thereafter. In one case examined at 12 weeks
Pl (4335 in Figure 4A), antibodies against all of the pep-
tides were detected. This finding clearly showed that
there was B-cell epitope spreading in CC2-immunized
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Figure 4. The kinetics of anti-CC2 and anti-CC2 peptide antibodies in CC2-
immunized (A) and CC2P12-immunized (B) rats. A: The levels of anti-CC2
and anti-CC2 peptide antibodies were determined using ELISA. Recombinant
CC2 and CC2P1-P12 (10 pg/ml) were coated onto microtiter plates, and
diluted sera from CC2-immunized rats were applied. After washing, horse-
radish peroxidase-conjugated anti-rat IgG was allowed to react. The reaction
products were then visualized after incubation with the substrate. The ab-
sorbance was read at 450 nm. B: The kinetics of anti-CC2 and anti-CC2
peptide antibodies in CC2P12-immunized rats. During the observation pe-
riod, only anti-CC2P12 and anti-CC2 antibodies were elevated.

rats. Because this phenomenon was detected in the pe-
ripheral blood and there was no B-cell infiltration in the
heart (data not shown), B-cell epitope spreading would
take place in the lymphoid organ. In sharp contrast, in
CC2P12-immunized rats, only antibodies against
CC2P12 and CC2 were recognized in all of the rats
examined by 6 weeks Pl (Figure 4B).

CC2P12 Immunization and Cotransfer of Anti-
CC2 or CC2 Peptide Antibodies Elicited Severe
EAC

We further tried to identify factors that are responsible for
the development of full-blown EAC and subsequent
DCM. We already obtained the following findings. First,
although CC2P12 was the sole carditis-inducing peptide
in the CC2 molecule, CC2P12 induced relatively mild
EAC without subsequent DCM. Second, there was no
significant difference in the T-cell specificity between
CC2-immunized and CC2P12-immunized rats. Finally,
CC2-immunized rats showed marked intramolecular
epitope spreading in the antibody production, whereas
CC2P12-immunized rats developed antibodies that re-
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acted with the immunizing antigen and the CC2 mole-
cule. These findings raised the possibility that the gener-
ation of CC2-reacting T cells and generation of
antibodies against various parts of the CC2 molecule are
essential for full-blown EAC and subsequent DCM.

To test this possibility, we performed transfer experi-
ments using various types of T cells and antibodies. The
results are summarized in Table 4. Adoptive transfer of
spleen and lymph node cells induced mild EAC in the
recipients, whereas adoptive transfer of CC2-specific T-
line cells did not elicit inflammation (Table 4, groups A
and B). This finding suggests that not only T cells but also
B cells are required for the development of inflammation
in the heart. Cotransfer of anti-CC2 or anti-CC2P1-12
antisera after CC2P12 immunization aggravated both in-
flammation (Table 4, group D versus F, P = 0.03; group
E versus F, P = 0.005) and fibrosis (Table 4, group D
versus F, P = 0.049; group D versus F, P = 0.01) of EAC.
There was no significant difference in the carditis-exac-
erbating ability between anti-CC2P1-12 and anti-CC2
antisera (Table 4, group D versus E). It should be noted
that the transfer of anti-CC2 antisera alone did not induce
EAC at all (group G). These findings strongly suggest that
T cells are required for the initiation of inflammation in the
heart and that anti-CC2 antibodies aggravate both in-
flammation and fibrosis.

Discussion

DCM is a serious problem for patients with heart failure
because the disease progresses irreversibly and often
ends in death. To develop effective therapies, it is
essential to elucidate the pathomechanisms of the de-
velopment of DCM. However, there are few good ex-
perimental models for DCM. In a previous study, we
succeeded in inducing severe EAC with a high fatality
rate and subsequent DCM in survivors by immunizing
Lewis rats with cardiac C-protein.® This animal model is
useful not only for the elucidation of the pathomecha-
nisms of DCM but also for the development of effective
immunotherapies.®

In the present study, we first tried to determine the
carditis-inducing epitopes in the CC2 molecule and
found that only peptide 12 (CC2P12), covering the resi-
dues 615-647, contains carditogenic epitope(s). Inter-
estingly, immunization with CC2P12 induced moderate
EAC but did not lead to subsequent DCM. Here, we
demonstrated in a C-protein-induced animal model that
B-cell epitope spreading occurred in CC2-immunized
rats with DCM but not in CC2P12-immunized rats without
DCM and that elevation of antibodies against various
parts of the CC2 molecule is essential for the induction of
more severe inflammation and fibrosis. However, it
should be noted that activation of pathogenic T cells as
demonstrated by CDR3 spectratyping is essential for the
initiation of lesion formation because adoptive transfer of
anti-CC2 antisera alone did not induce pathology at all.

Epitope spreading was first described in detail by
Lehmann et al® as a key process for the development of
chronic autoimmune encephalomyelitis. Initially, T-cell
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Table 4. Summary of Cell and Antibody Transfer Experiments in EAC
Cell transfer Ab transfer
Group Immunization Cells Dose Ab
A — SpC + LNC* 107 —
B — CC2 TCL* 102to 6 X 10° —
C — CC2P12 TCL* 3.5t06 x 10° —
D CC2P12* — — Anti-P1-P12 sera
E CC2P12* — — Anti-CC2 sera
F CC2P12* — — Normal sera
G — — — Anti-CC2 sera

*CC2-reactive T cells or CC2P12 with or without antibodies were administered, and the degree of inflammation and fibrosis was evaluated 3 weeks
after cell transfer. The denominators in the incidence column represent the number of rats used for each experiment. SpC, spleen cells; LNC, lymph

node cells; TCL, T-cell line; —, not performed.
Th.e., not examined.

*CC2P12 was immunized, and the indicated sera (1 ml after 5-fold dilution) were injected intravenously twice a week for 5 weeks. Rats were

examined histologically 6 weeks after the immunization.

SSignificant differences were noted in the following comparisons: D versus F, P = 0.03; E versus F, P = 0.005.
ISignificant differences were noted in the following comparisons: D versus F, P = 0.049; E versus F, P = 0.01.

epitope spreading was intensively investigated, and this
immunological event was thought to be highly involved in
the relapse and chronicity of autoimmune diseases.'®~'2
Later, it was reported that B-cell epitope spreading is
also involved in the pathogenesis of autoimmune diseas-
es.">14 Notably, Bischof et al'® have shown that immu-
nization of mice with myelin oligodendrocyte glycopro-
tein, but not with myelin basic protein and proteolipid
protein, induced extensive B-cell epitope spreading and
chronic autoimmune encephalomyelitis. Furthermore,
they observed that diversification of the B-cell reactivity
did not follow a sequential cascade that is seen in T-cell
epitope spreading but represented a simultaneous
spread toward a broad range of antigenic epitopes. In
the present study, we also observed a similar mode of
B-cell epitope spreading. Many reports have suggested
that autoantibodies against cardiac components play an
important role in the formation of DCM."®~2° This assump-
tion was also supported by the finding that immunoad-
sorption therapy to remove IgG ameliorated myocardial
inflammation® and improved the cardiac performance
and clinical status." In addition, we have also observed
that intravenous immunoglobulin administration sup-
pressed the development of CC2-induced DCM and
down-regulated anti-CC2 antibody production (our un-
published observation).

It is important to analyze the nature of DCM-inducing
antibodies. We induced severe EAC with extensive
fibrosis by immunization with CC2P12 plus transfer of
anti-P1 to -P12 antisera that had been raised by pep-
tide mixture immunization, but could not fully reconsti-
tute the features of EAC and DCM produced by CC2
immunization. One of the reasons for this was that in
our treatment protocol, it was difficult to maintain anti-
peptide antibodies at a high level (unpublished obser-
vation). Although the reconstitution experiments dem-
onstrated that anti-CC2P1-12 antisera possessed
almost the same carditis-exacerbating ability as anti-
CC2 antisera, there is a possibility that antibodies rec-
ognizing the conformational epitopes with high titers
elicited by CC2 immunization but not by CC2P12
immunization are involved in the processes of DCM

(Table continues)

formation. In this regard, we are currently generating
monoclonal antibodies against conformational epi-
topes of the CC2 molecule to test their ability of pro-
ducing DCM. The conformational epitope mapping
analysis would be helpful to identify pathogenic
antibodies.

Increasing information about the pathogenesis of
DCM will provide more chance for immunotherapies for
the prevention and/or cessation of DCM. If pathogenic
antibodies are identified more accurately, then specific
and selective immunoadsorption could be achieved
effectively with minimal side effects. In cases of DCM
developed in a manner similar to that shown in the
present study, intravenous immunoglobulin therapy,
which is already in clinical trials,?? is expected to be
effective. Another important aspect is the timing of
treatment initiation. As demonstrated in the previous®
and present studies, histological examination revealed
that fibrosis of the heart starts at 4 weeks Pl and
establishes at 6 to 8 weeks Pl. Generation of the full
range of pathogenic antibodies starts at the same pe-
riod of time. Therefore, this time point is critical for the
start of treatment. Improvements in the image analysis
and functional studies are expected to greatly increase
the effect of DCM therapy.

In summary, we identified the amino acid residue con-
taining carditis-inducing epitope(s) in the CC2 molecule.
By comparing CC2-induced EAC and subsequent DCM
with peptide-induced EAC, it was demonstrated that B-
cell epitope spreading is critical for the development of
DCM. Importantly, by down-regulating pathogenic anti-
bodies, it is possible to control the disease processes.
Information obtained in the present study will provide
useful information for the development of effective immu-
notherapies against human DCM.
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Table 4. Continued
Ab transfer Inflammation Fibrosis
Dose Incidence Grade Incidence Grade
— 2/2 2 ne’ n.e.
— 0/5 0 n.e. n.e.
— 2/3 0.8*+0.6 0/3 0
5X dilution (1 ml) X 2/week X 5 weeks 3/3 3.3+0.38 3/3 33=+0.2"
5x% dilution (1 ml) X 2/week X 5 weeks 4/4 3.4 +038 4/4 3.3=03"
5X dilution (1 ml) X 2/week X 5 weeks 4/4 1.5+ 0.58 4/4 1.6+ 04"
5X dilution (1 ml) X 2/week X 5 weeks 0/3 0 0/3 0
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