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A growing body of evidence indicates that viral infec-
tions of the heart contribute to ongoing myocarditis
and dilated cardiomyopathy. Murine models of cox-
sackievirus B3 (CVB3)-induced myocarditis mimic the
human disease and allow identification of susceptibil-
ity factors that modulate the course of viral myocar-
ditis. Susceptible mouse strains develop chronic myo-
carditis on the basis of restricted viral replication,
whereas resistant strains recover after successful virus
elimination. In comparative whole-genome microarray
analyses of infected hearts, several genes involved in
the processing and presentation of viral epitopes were
found to be uniformly up-regulated in acutely CVB3-
infected susceptible mice compared with resistant ani-
mals. In particular, expression of the catalytic subunits
LMP2, LMP7, and MECL-1, immunoproteasome pro-
teins important in the generation of major histocom-
patibility complex (MHC) class I-restricted peptides,
was clearly enhanced in the susceptible host. Increased
expression resulted in enhanced formation of immuno-
proteasomes and altered proteolytic activities of protea-
somes in the heart. This was accompanied by a
concerted up-regulation of the antigen-presenting
machinery in susceptible mice. Thus, we propose
that increased formation of immunoproteasomes
in susceptible mice affects the generation of antigenic
peptides and the subsequent T-cell-mediated immune
responses. (Am J Pathol 2006, 168:1542–1552; DOI:
10.2353/ajpath.2006.050865)

Viral infections of the heart, which may produce acute
myocarditis, have been increasingly associated with
the development of dilated cardiomyopathy (DCM) due
to the presence of viral nucleic acids and proteins and
possibly chronic inflammatory processes.1 A recent
study has reported cardiac viral infections in a majority
of patients with sporadic DCM.2 Cardiotropic viruses
thus emerge as prevalent environmental factors that
appear to cause or modulate the course of DCM. The
progression of cardiac viral infections depends
strongly on genetic host factors and may range from
rapid and complete virus elimination or silencing with-
out clinical symptoms to rapidly progressive or fatal
disease. Thus, the identification of susceptibility fac-
tors affecting the course of viral infection in humans is
of central clinical importance to improve diagnosis and
prognosis of myocarditis and DCM.

Coxsackievirus B3 (CVB3) infections are one of the
most frequent causes of human myocarditis.3 Although
the majority of infections are subclinical, CVB3 infec-
tion can produce severe acute myocarditis and may
lead to ongoing myocarditis and DCM.4 Murine models
of CVB3-induced myocarditis mimic the human dis-
ease process, providing a unique opportunity to define
the involvement of host factors that determine the
course of disease. Susceptible mouse strains, like
A.BY/SnJ and SWR/J mice, develop ongoing myocar-
ditis after acute infection due to the presence of viral
RNA and the restricted synthesis of viral proteins after
acute infection; resistant C57BL/6 and DBA/1J mouse
strains, however, eliminate the virus after acute infec-
tion.5 The chronic course of disease points to evasion
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of CVB3 from immunological surveillance. Experiments
with immune-deficient mice have revealed that both
humoral and cellular immune responses are necessary
to control CVB3 infection.6 – 8 In T-cell-mediated immu-
nity, CD4 as well as CD8 T-cell subsets play a protec-
tive role.9,10 The importance of CD8 T-cell responses in
CVB3 myocarditis has been demonstrated by analysis
of CVB3-infected �2-microglobulin gene-deleted
(�2m�/�) mice, perforin gene-deleted (perforin�/�)
mice, fas-deficient lpr/lpr mice, and CD8 T-cell-de-
pleted CD4 gene-deficient mice.9,11–13 The studies of
CVB3 infection of �2m�/� mice and perforin�/� mice
have underlined a preponderant role of cytokines pro-
duced by CD8 T cells in protection against ongoing
myocarditis in comparison with the direct cytolytic ac-
tion of virus-specific CD8 T cells.11

In antiviral immunity mediated by CD8 T cells, specific
recognition of viral antigens presented by MHC class I
molecules is crucial for virus elimination.14 Antigenic
peptides are generated by proteases involved in the
turnover and degradation of cellular and viral proteins.15

Among these proteases, the proteasome is essential for
the generation of most MHC class I-restricted antigenic
peptides. For degradation, proteins are first covalently
tagged with multiubiquitin chains and then targeted to the
26S proteasome, which consists of a 20S catalytic core
complex and two 19S regulatory complexes. The 20S
catalytic core is composed of 14 nonidentical subunits
building four stacked rings of seven subunits each.
Seven different but related � subunits form the two outer
rings, whereas the two inner rings contain seven different
� subunits. The hydrolyzing activities of the 20S core
reside in three of the seven � subunits, ie, �1, �2, and �5,
located in both of the two inner rings.16 Proteasomal
processing results in the generation of small peptides
that are transported via transporter-associated proteins
(TAPs) into the endoplasmic reticulum, where they are
loaded onto MHC class I molecules. MHC class I mole-
cules at the cell surface then present these antigenic
peptides to CD8 T cells. On stimulation of cells with
inflammatory cytokines, namely interferon-�, the three
catalytic � subunits are replaced by their inducible coun-
terparts LMP2, LMP7, and MECL-1, thus forming the
so-called immunoproteasome.17 This newly assembled
immunoproteasome has an altered cleavage site prefer-
ence and a different protein cleavage rate, resulting in
enhanced generation of antigenic peptides. Thus, immu-
noproteasome activity influences T-cell selection by
changing the relative prevalence by which epitopes are
presented on the cell surface.18

The present study was undertaken to analyze tissue-
specific host factors that might influence the course of
CVB3 myocarditis in susceptible and resistant mouse
strains. In infected hearts, we identified several genes
involved in the processing and presentation of viral
epitopes that were more strongly up-regulated in CVB3-
infected susceptible mice compared with resistant ani-
mals. In particular, increased expression of immunopro-
teasomal subunits LMP2, LMP7, and MECL-1 resulted in
enhanced formation of immunoproteasomes and altered
proteolytic activities of cardiac proteasomes. This was

accompanied by a concerted up-regulation of the anti-
gen-presenting machinery, namely TAP and MHC class I
molecules in susceptible mice. Surprisingly, enhanced
up-regulation of the antigen-processing and -presenting
machinery in susceptible mice did not lead to efficient
virus elimination but resulted in the development of on-
going myocarditis. We propose that increased genera-
tion of immunoproteasomes affects the generation of an-
tigenic peptides and alters the T-cell-mediated immune
responses to CVB3 epitopes in susceptible mice.

Materials and Methods

Virus and Mice

CVB3 used in this study was derived from the infectious
cDNA copy of the cardiotropic Nancy strain, and virus
stocks were prepared as described previously.19 Immu-
nocompetent inbred mice [strains C57BL/6 (H-2b), A.BY/
SnJ (H-2b), DBA/1J (H-2q), and SWR/J (H-2q)] were kept
under specific pathogen-free conditions at the animal
facilities of the Department of Molecular Pathology, Uni-
versity Hospital Tuebingen, and experiments were con-
ducted according to the German animal protection law.
Four- to 5-week-old mice were infected intraperitoneally
with 1 � 105 plaque-forming units of purified CVB3 as
described previously.5 At days 4, 8, and 28 post infection
(p.i.), mice were anesthetized, and hearts were perfused
with phosphate-buffered saline and removed for analysis.

Determination of Virus Load

The viral load of hearts from infected mice (n � 9) was
determined as previously described.11 TCID50, defined
as the dilution required to infect 50% of inoculated wells,
was determined by the method of Reed-Muench and is
expressed as TCID50 per milligram of cardiac tissue.

Pooling of Probes and Statistical Analysis

For RNA experiments, isolated RNA of five individual
mice of every mouse strain, either infected or uninfected,
was pooled in equal amounts to normalize individual
variations of gene expression in the mouse strains. In first
experiments for real-time reverse transcriptase-polymer-
ase chain reaction (RT-PCR), we investigated individual
RNAs in comparison with pooled RNA of one mouse
strain to obtain information on the individual variation of
expression levels. Because the expression variations of
individual RNAs within one mouse strain were minimal
and the mean values similar to pooled RNA, we decided
to use pooled RNA for our experiments. To obtain suffi-
cient material for the elaborate purification procedure of
20S proteasome, we pooled protein extracts from 10
hearts of uninfected or CVB3-infected mouse strains,
thereby normalizing the variation in proteasome compo-
sition of individual mice. For this reason, we did not apply
statistical analysis on the real-time RT-PCR, Western blot,
two-dimensional (2-D) gel, or activity measurements.
However, we repeated all experiments twice to ensure
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reproducibility of our results. When statistical analysis
was performed, data are expressed as means � SD.
Significance was calculated by use of Mann-Whitney U-
test using SPSS 11.0 software. An error probability of p �
0.05 was regarded as significant.

DNA Microarray Hybridization and Analysis

Total RNA of murine heart tissue was isolated by using
Trizol reagent (Invitrogen, Karlsruhe, Germany) followed
by the RNeasy Mini Kit (Qiagen, Duesseldorf, Germany).
RNA of five animals was pooled in equal amounts, and 5
�g of total RNA was used for biotin-labeled cDNA syn-
thesis. RNA was converted to cDNA using 100 pmol of a
T7T23V primer (Eurogentec, Cologne, Germany) contain-
ing a T7 promoter. The cDNA was used in in vitro tran-
scription reactions in the presence of biotinylated nucle-
otides. A portion of the resulting cRNA (12.5 �g) was
fragmented and used for hybridization to an identical lot
of MG-U74Av2 chips (Affymetrix, Santa Clara, CA). Data
analysis was performed with gene expression software
supplied by Affymetrix (GeneChip, MicroDB, and Data
Mining Tool). For normalization, all experiments were
scaled to a target intensity of 150. The filter for regulated
genes was fold changes �2 or ��2 and change p
values p � 0.001 or p � 0.999.

Real-Time RT-PCR

RNA isolated for the microarray analysis was used for
real-time RT-PCR. RNA (500 ng) was digested with
DNase (Ambion, Huntingdon, UK) and reverse-tran-
scribed with molony murine leukemia virus reverse tran-
scriptase (Invitrogen). The PCR primers to amplify cDNA
of mouse proteasome LMP7 (PSMB8), LMP2 (PSBM9),
MECL-1 (PSMB10), and �5 (PSMA5) and the housekeep-
ing gene hypoxanthine phosphoribosyl transferase
(HPRT) were purchased from TIB MOLBIOL (Berlin, Ger-
many). The SYBR Green method was applied for quanti-
tative amplification of the cDNAs as described previous-
ly.20 Briefly, PCR amplification was performed in 25 �l of
TaqMan Universal PCR Master Mix (Perkin Elmer/Applied
Biosystems, Lincoln, CA) containing either 0.3 or 0.9
�mol/L primer and 0.4 �l of the reverse transcription
reaction in a 5700 Sequence Detection System (Perkin
Elmer/Applied Biosystems). Thermal cycling conditions
comprised activation of uracil-N-glycosylase at 50°C for 2
minutes and an initial denaturation step at 95°C for 10
minutes, followed by 95°C for 15 seconds and 60°C for 1
minute for 40 cycles. The threshold cycle (CT) is defined
as the number of cycles required for the fluorescence
signal to exceed the detection threshold. The mRNA
expression was standardized to HPRT gene as a house-
keeping gene by means of the �CT method. Expression
of immunoproteasomal subunits in infected animals was
normalized to expression in noninfected controls using
the comparative Ct method (2���Ct).

List of Primers Used

Mouse �5 forward, 5�-CGCTCATCATCCTCAAGCAAG-
3�; mouse �5 reverse, 5�-AAATTCTGACCAGGCTGCA-
CC-3�; mouse LMP7 forward, 5�-TGCTTATGCTACCCA-
CAGAGACAA-3�; mouse LMP7 reverse, 5�-TCCACTT-
TCACCCAACCGTC-3�; mouse LMP2 forward, 5�-GTTCT-
GGCTGCTGCAAACGT-3�; mouse LMP2 reverse, 5�-
GTCCCAGCCAGCTACTATGAGATG-3�; mouse MECL-1
forward, 5�-GAAGACCGGTTCCAGCCAA-3�; mouse
MECL-1 reverse, 5�-CACTCAGGATCCCTGCTGTGAT-3�;
mouse HPRT forward, 5�-TGAAGGAGATGGGAGGCCA-
3�; and mouse HPRT reverse, 5�-AATCCAGCAGGTC-
AGA-3�.

In Situ Hybridization

CVB3 positive-strand genomic RNA in tissues was de-
tected using single-stranded 35S-labeled RNA probes
that were synthesized from the dual-promoter plasmid
pCVB3-R1.5 Control RNA probes were obtained from the
vector pSPT18. 35S-labeled antisense and sense RNA
probes for detection of LMP7 were synthesized by in vitro
transcription from the dual-promoter plasmid pTOPO-
LMP7 containing an 828-bp murine cDNA fragment. Pre-
treatment, hybridization, and washing conditions of
dewaxed 5-�m paraffin tissue sections were performed
as described previously.5 Slide preparations were sub-
jected to autoradiography, exposed for 3 weeks at 4°C
and counterstained with hematoxylin and eosin. LMP7
mRNA content at the single cell level was determined by
counting silver grains in n � 50 cells per mouse strain.
For quantitative comparison of CVB3 RNA content in
myocytes, heart tissue slides were autoradiographed for
only 4 days, and grains were counted (n � 50 cells per
mouse strain).

Cell Lysate Generation and Proteasome
Purification

Ten hearts of infected mice or uninfected controls were
pooled, minced in liquid nitrogen, and lysed in H2O
containing a protease-inhibitor cocktail (Complete;
Roche Molecular Biochemicals, Mannheim, Germany)
under hypo-osmotic conditions by repeated freezing
and thawing. 20S proteasomes were isolated by dilut-
ing the lysate with lysis buffer containing 20 mmol/L
Tris, pH 7.2, 1 mmol/L ethylenediamine tetraacetic
acid, 1 mmol/L NaN3, 1 mmol/L dithiothreitol, 0.1%
NP-40 supplemented with 2 �mol/L pepstatin, 2 �mol/L
bestatin, and protease-inhibitor cocktail. Filtered ly-
sates were applied onto DEAE Sephacel (Amersham
Pharmacia Biotech, Freiburg, Germany) and carefully
washed with 50 and 150 mmol/L NaCl until no protein
was detected by UV absorption (280 nm). Proteasomes
were eluted with 400 mmol/L NaCl in TEAD (20 mmol/L
Tris-HCl [pH 7.2], 1 mmol/L ethylenediamine tetraace-
tic acid, 1 mmol/L NaN3, and 1 mmol/L dithioerythrit)
buffer and concentrated by ammonium sulfate precip-
itation between 40 and 70% saturation. Protein frac-
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tions were separated by ultracentrifugation on sucrose
gradients (10 to 40%) and ultracentrifuged at 40,000
rpm for 16 hours in a Beckman Coulter SW40 rotor
(Beckman, Krefeld, Germany). Fractions containing
proteasomes were pooled and applied to a MonoQ
column (FPLC; Amersham Pharmacia Biotech, Munich,
Germany) and eluted with a linear gradient of 100
to 500 mmol/L NaCl in TEAD. 20S proteasome purifica-
tion was performed twice in two different animal
experiments.

Western Blot Analysis

To identify immunoproteasome subunit protein expres-
sion, protein extracts of isolated myocardial 20S protea-
somes were separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) in 15%
polyacrylamide gels, and Western blots were performed
following standard procedures.21 Antibodies used for
specific detection included K464/A for LMP2 subunit,
K63/5 for LMP7 subunit, K65/4 for MECL-1 subunit, and
K379 for �6 subunit. Proteasomes of the human lympho-
blastoid B-cell-derived T2 cell line and the T2 transfectant
T27mp, which expresses mouse proteasome subunits
LMP2, LMP7, and MECL-1, served as negative and pos-
itive controls, respectively.

Two-Dimensional Mini-Gelelectrophoresis and
Spot Identification by Mass Spectroscopy

For resolution of 20S proteasome proteins, we combined
isoelectric focusing by carrier ampholytes with SDS-
PAGE.22 We applied 5 �g of protein to the anodic side of
a carrier ampholyte isoelectric focusing (IEF) gel. In the
second dimension, proteins were separated in 0.75-mm-
thick 15% SDS-PAGE gels (7 � 8 cm) followed by silver
staining.23 Individual spots were excised, digested by
trypsin, desalted and concentrated by ZIPTIP, and ana-
lyzed by matrix-assisted laser desorption-ionization mass
spectrometry as described recently.24

Measurement of Proteasome Activity

Proteolytic activities of the 20S proteasomes of CVB3-
infected pooled heart tissues and controls were as-
sessed using synthetic peptides linked to the fluoro-
metric reporter aminomethylcoumarin (AMC) as
described previously.20 For the determination of chy-
motrypic-like activity, the peptide S-LLVY-AMC was
used; Z-LLE-AMC for caspase-like and BzVGR-AMC
for tryptic-like activity. 20S proteasomes (300 ng)
were incubated for 30 minutes at 37°C in incubation
buffer (50 mmol/L Tris-HCl, pH 8.2, 10 mmol/L
Mg(CH3COO)2, and 1 mmol/L dithiothreitol) and 0.2
mmol/L substrate. Release of the fluorometric reporter
AMC was quantitated in a Spectra MAX Gemini EM
plate reader (Molecular Device, Munich, Germany)
using 370-nm excitation and 445-nm emission
wavelengths.

Results

Enhanced Expression of Genes Involved in
Antigen Processing and Presentation in
Susceptible Mice during Acute Infection with
CVB3

In an attempt to identify differential gene expression pat-
terns associated with different courses of CVB3 myocar-
ditis, we performed whole-genome microarray analyses.
For this purpose, we isolated RNA from hearts of nonin-
fected and CVB3-infected susceptible (ABY/SnJ and
SWR/J) and resistant (C57BL/6 and DBA1/J) mouse
strains at different time points after infection (early [day
4 p.i.], acute [day 8 p.i.], and chronic [day 28 p.i.] stages
of disease). To exclude haplotype-specific expressional
regulation in response to CVB3 infection, we used sus-
ceptible and resistant mouse strains with two different
MHC haplotypes, namely H-2b (ABY/SnJ and C57BL/6)
and H-2q (SWR/J and DBA1/J). When we examined dif-
ferential gene expression of CVB3-infected susceptible
and resistant animals compared with noninfected con-
trols irrespective of the infection phase, a uniform pattern
emerged with increased expression of several genes
involved in antigen processing and presentation in sus-
ceptible mice (Table 1, see highlighted genes). In partic-
ular, we observed concerted up-regulation of the three
catalytic subunits of the immunoproteasome, LMP2,
LMP7, and MECL-1, and increased expression of anti-
genic peptide transporter (Abcb2, synonym for TAPb2)
and several MHC class I molecules like H2-D, H2-K, or
H2-T. Hence, we analyzed cardiac expression of these
genes in susceptible and resistant mice at different time
points after CVB3 infection in detail. As summarized in
Figure 1, investigations of different phases of infection by
microarray (left panel) and real-time RT-PCR (right panel)
analysis revealed that as early as day 4 p.i., all three
immunoproteasomal subunits, LMP7, LMP2, and
MECL-1, were uniformly up-regulated on CVB3 infection
in all four mouse strains. However, in the acute phase
(day 8 p.i.), expression of LMP7, LMP2, and MECL-1 was
clearly enhanced in susceptible A.BY/SnJ and SWR/J
mice compared with resistant C57BL/6 and DBA/1J mice.
Calculated from the quantitative PCR data, the differ-
ences in immunoproteasome expression between sus-
ceptible and resistant mouse strains within the two hap-
lotypes H-2b (A.BY/SnJ; C57BL/6) and H-2q (SWR/J;
DBA/1J) ranged from 2.5- to 5.5-fold up-regulation for
LMP7 and MECL-1, respectively. During the chronic
phase of myocarditis (day 28 p.i.), LMP7, LMP2, and
MECL-1 expression was only slightly increased, irrespec-
tive whether CVB3 was persistent (A.BY/SnJ, SWR/J) or
was eliminated (C57BL/6, DBA/1J) from the myocardium.
Similarly, enhanced cardiac gene expression of classical
and nonclassical MHC class I, �2-microglobulin, TAP,
and tapasin (a component of the class I peptide-loading
system) was observed during the acute phase of infec-
tion. The ratio of fold changes of these genes between
susceptible and resistant mice was in every case higher
in susceptible mice, varying from 1.4- to 2.9-fold (Table
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2). Detailed analysis of the time course of immunoprotea-
some expression during CVB3 myocarditis revealed that
the highest expression was detected at day 8 p.i. and
was reduced to uninfected control levels in resistant
C57BL/6 mice by day 10 p.i. (Figure 2). In susceptible
A.BY/SnJ mice, expression levels of LMP2, LMP7, and
MECL-1 were still slightly elevated at day 10 and were
almost completely reduced to uninfected control levels at
day 12 p.i., indicating that immunoproteasome up-regu-
lation is not an incidental observation on a single day but
has relevance for ongoing myocarditis.

Our data suggest that CVB3-infected susceptible mice
up-regulate expression of the antigen-processing and
-presenting machinery in a concerted manner during the
acute phase of CVB3 infection compared with resistant
mice. Importantly, this up-regulation occurs irrespective
of the MHC haplotype of the mouse strain, indicating a
general, MHC-independent mechanism for the develop-
ment of ongoing myocarditis in the heart of susceptible

animals. Because the generation of antigenic peptides
by the proteasome is the rate-limiting step in MHC class
I-restricted antigen presentation, we focused on the de-
tailed investigation of immunoproteasome expression for
further analysis.25

Increased Expression of LMP7 in
Cardiomyocytes and Infiltrating Cells of
Susceptible Mice

To identify the cells that contribute to the elevated ex-
pression levels of immunoproteasome subunits in CVB3-
infected hearts of susceptible animals, we performed in
situ hybridization experiments with specific RNA probes
for the murine immunosubunit LMP7. We chose LMP7 as
a representative gene for immunoproteasome expression
for two reasons: first, this subunit replaces the constitu-
tive �5 subunit, which forms the main proteolytic activity

Table 1. Differentially Expressed Genes in Hearts of CVB3-Infected Susceptible (A.BY/SnJ; SWR/J) and Resistant (C57BL/6;
DBA1/J) Mouse Strains versus Noninfected Controls

No.

Susceptible mouse strains Resistant mouse strains

Gene Fold change Gene Fold change

1 AW558444 7.4 Ifit1 10.1
2 Tgtp 6.0 Ifit3 7.7
3 Apod 5.8 Ifit2 5.5
4 Gtpi-pendi 5.7 AW558444 5.5
5 Ifit2 5.4 Apod 5.1
6 Iigp-pendi 5.2 AI046432 3.9
7 Gbp3 4.7 Gtpi-pendi 3.8
8 NULL 4.4 Ifi1 3.8
9 AI046432 4.3 Iigp-pendi 3.3

10 Igk-V28 4.2 Gbp3 3.2
11 Stat1 4.0 Tgtp 3.2
12 H2-Q2 4.0 H2-T17 3.1
13 LMP2 3.8 4921504P20 3.1
14 LMP7 3.8 H2-D1 2.9
15 H2-T17 3.7 H2-T10 2.8
16 C4 3.5 LOC56628 2.7
17 H2-D1 3.4 H2-Q7 2.7
28 Abcb2 3.1 Stat1 2.7
19 4921504P20 3.1 1110013J02 2.6
20 H2-T10 3.1 LMP7 2.6
21 H2-Q7 3.0 H2-K 2.5
22 MECL-1 2.9 Cd52 2.5
23 H2-K 2.9 C4 2.4
24 H2-T23 2.8 Xdh 2.4
25 Ctss 2.8 2010008K16 2.3
26 Cd53 2.8 Ctss 2.3
27 Gbp2 2.8 H2-L 2.3
28 1110013J02 2.6 NULL 2.3
29 Gp49a 2.4 H2-D1 2.2
30 C3 2.4 ß2-microglobulin 2.2
31 ß2-microglobulin 2.3 Ppicap 2.2
32 H2-L 2.3 Abcb2 2.2
33 Ppicap 2.2 Ifi202a 2.2
34 Ifi204 2.1 Ddit3 2.1
35 2010008K16 2.1 NULL 2.1
36 1910027D10 2.1 Mt2 2.1
37 Mt2 2.1 LMP2 2.1
38 NULL 2.0 Ifi204 2.0
39 Vcam 2.0 Myhcb 2.0
40 H2-Bl 2.0 MECL-1 2.0

The values are given as the fold change of genes in CVB3-infected susceptible or resistant mouse strains versus uninfected controls irrespective of
infection phase. The cut-off for regulated genes was fold changes �2 or ��2 and change p values p � 0.001 or p � 0.999.
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of the proteasome; second, LMP7 is essential for proper
assembly and maturation of immunoproteasomes.26 To
monitor CVB3 infection in parallel, an enterovirus-specific
RNA probe was used. We examined heart tissue from
A.BY/SnJ mice and C57BL/6 mice at day 8 p.i., because

Figure 1. Regulation of LMP7, LMP2, and MECL-1 expression in the course of
CVB3 myocarditis. Comparison of changes in immunosubunit expression of
CVB3-infected mice and uninfected controls at days 4, 8, and 28 p.i. obtained
by microarray analysis (left) and quantitative PCR analysis (right). At day
8 p.i., the strongest up-regulation of LMP7, LMP2, and MECL-1 was detected
in susceptible mice (A.BY/SnJ, SWR/J) compared with resistant mice
(C57BL/6, DBA/1J). At days 4 and 28 p.i., up-regulation was less pronounced
and nearly uniform in all four mouse strains. RNA was pooled from five
animals per mouse strain, and experiments were repeated twice.

Table 2. Increased Expression of MHC Class I and TAP Genes in Infected Susceptible Mice Compared with Infected Resistant
Mice during the Acute Phase of CVB3 Infection (day 8 p.i.) in the Heart

Gene Fold change in susceptible
mice (infected versus

control)

Fold change in resistant mice
(infected versus control)

Ratio of fold change
(susceptible versus

resistant mice)

H2-Q2 6.4 � 0.9 2.2 � 0.01 2.9
TAP transporter b2 6.2 � 1.4 2.4 � 0.2 2.6
TAP transporter b3 2.6 � 0.3 1.0 � 0.3 2.6
H2-T10 5 � 1.2 2.0 � 0.03 2.5
H2-T23 4.2 � 0.5 1.7 � 0.03 2.5
H2-T17 5.7 � 0.6 2.5 � 0.06 2.3
Tapasin 2.3 � 0.1 1.0 � 0.03 2.3
H2-D1 5.6 � 0.1 3.2 � 0.42 1.8
H2-Q7 4.6 � 0.2 2.6 � 0.2 1.8
H2-L 4.5 � 0.3 2.4 � 0.03 1.8
H2-K 4.6 � 0.1 2.7 � 0.1 1.7
ß2-microglobulin 3.2 � 0.0 2.3 � 0.4 1.4

The values are given as the mean of two independent array experiments for two susceptible (A.BY/SnJ; SWR/J) and resistant (C57BL/6; DBA/1J)
mouse strains � SD.

Figure 2. Time course of immunoproteasome expression in CVB3-infected
susceptible and resistant mice. Quantitative RT-PCR analysis of expression of
LMP7, LMP2, and MECL-1 at days 4, 8, 10, 12, and 28 p.i. revealed that the
enhanced up-regulation in A.BY mice is prolonged up to day 10 p.i. compared
with resistant C57BL/6 mice. At days 12 and 28 p.i., both mouse strains show
expression levels of LMP7, LMP2, and MECL-1 that are similar to uninfected
controls, as indicated by the dashed line. RNA was pooled from five animals
per mouse strain, and experiments were repeated twice. Expression of immu-
noproteasomal subunits in infected animals was normalized to expression in
noninfected controls by means of the comparative Ct method (2���Ct).
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this time point represents the peak of CVB3 replication in
the myocardium. As shown in Figure 3A (I and II), the
extent of CVB3 infection was more pronounced in sus-
ceptible than resistant mice as also indicated by a higher
viral load (A.BY/SnJ mice 8.6 � 104 � 7 � 104/mg
cardiac tissue versus C57BL/6 mice 4.2 � 103 � 1 �
103/mg cardiac tissue at day 8 p.i.). However, individual
cardiomyocytes of both mouse strains had similar CVB3
RNA levels (148 � 10 grains/cell in A.BY/SnJ mice com-
pared with 146 � 11 grains/cell in C57BL/6 mice; n � 50
cells) when we enumerated the silver grains per cell.
Specific LMP7 mRNA expression was detected not only
in infiltrating immune cells within myocardial lesions but
also in cardiomyocytes of infected susceptible and resis-
tant mice compared with noninfected controls (compare
Figure 3A, III and IV; V and VI). When we quantitated
LMP7 mRNA expression levels in individual cells, we
observed a significantly higher expression of LMP7 in
infiltrating cells of susceptible A.BY/SnJ mice compared
with resistant C57BL/6 mice (Figure 3B). In addition,
LMP7 mRNA expression levels per cell were also signif-
icantly increased in cardiomyocytes of infected suscep-
tible compared with resistant animals (Figure 3B). Grain
density per cell was about eight times lower in cardiomy-
ocytes compared with infiltrating cells, indicating higher
LMP7 mRNA expression in inflammatory cells. These in
situ hybridization results extend our microarray and real-
time RT-PCR data by demonstrating increased immuno-
proteasome mRNA expression within cardiomyocytes
and infiltrating immune cells independent of viral load.
Moreover, quantification of signals on the single-cell level
strongly indicates that the enhanced immunoproteasome

mRNA expression in the hearts of susceptible animals is
not merely due to increased viral load and subsequent
enhanced infiltration of immune cells.

Enhanced Formation of Immunoproteasomes in
CVB3-Infected Susceptible Mice

Having demonstrated increased RNA expression of im-
munoproteasomal subunits in CVB3-infected susceptible
mice, we next sought to analyze whether these immuno-
subunits are translated and efficiently assembled into the
20S proteasome, thus forming the immunoproteasome.
We purified 20S proteasomes from the myocardium of
acutely CVB3-infected A.BY/SnJ and C57BL/6 mice and
analyzed incorporation of immunoproteasomal subunits
by Western blot and 2-D gel analysis. Western blot anal-
ysis of purified 20S proteasomes confirmed that the
markedly increased mRNA levels of LMP2, LMP7, and
MECL-1 in CVB3-infected A.BY/SnJ and C57BL/6 mice
were translated and efficiently incorporated into the 20S
proteasome (Figure 4, A and B). Importantly, the level of
all three immunoproteasome subunits was clearly in-
creased in the A.BY/SnJ mice compared with C57BL/6
mice (Figure 4, A and B), indicating enhanced incorpo-
ration of immunosubunits into 20S proteasomes of A.BY/
SnJ mice. Purified immunoproteasomes and constitutive
proteasomes from T27mp transfectant cells expressing
the mouse proteasome subunits LMP2, MECL-1, and
LMP7 in T2 cells (i20S) and nontransfected T2 cells
(c20S) served as positive and negative controls, respec-
tively (Figure 4A).27 Expression of the constitutive 20S

Figure 3. Identification and quantification of LMP7 mRNA-expressing cells in the myocardium of CVB3-infected susceptible (A.BY/SnJ) and resistant (C57BL/6)
mice by in situ hybridization. A: CVB3 infection is more pronounced in A.BY/SnJ mice (I) compared with C57BL/6 mice at day 8 p.i. (II). Increased LMP7
expression in cardiomyocytes of infected animals compared with uninfected controls (III and V and IV and VI) and in infiltrating cells (3A III and IV, inset) of
infected animals. Bars � 20 �m. B: Quantification of LMP7-specific silver grains in single cardiomyocytes and infiltrating cells (n � 50 � SD, p values were
determined by Mann-Whitney U-test).

1548 Szalay et al
AJP May 2006, Vol. 168, No. 5



proteasome subunit �6 was analyzed as a control for total
proteasome expression. In both mouse strains, expres-
sion of �6 remained unaltered on CVB3 infection (Figure
4A), which is in accordance with real-time RT-PCR data
(data not shown). Our results clearly show incorporation
of immunosubunits into the 20S proteasome on CVB3
infection. Moreover, formation of immunoproteasomes is
enhanced in mice susceptible to chronic myocarditis
compared with resistant mice.

2-D Analysis of Immunosubunit Expression of
20S Proteasomes

To show that the differences in the expression of immu-
nosubunits of the 20S proteasome are also reflected in
the stochiometric subunit composition, purified 20S pro-
teasomes from pooled hearts of uninfected and CVB3-
infected mice were separated on IEF-SDS-PAGE two-
dimensional gels followed by silver staining (Figure 5A).
Proteasome subunits were assigned according to their
migratory positions in 2-D gels as recently identified by
matrix-assisted laser desorption-ionization mass spec-

trometry.28 In uninfected myocardium, all immunoprotea-
some subunits were expressed at a low level compared
with their constitutive counterparts. After CVB3 infection,
incorporation of immunosubunits LMP2, LMP7, and
MECL-1 into 20S proteasomes was significantly up-reg-
ulated during the acute phase of CVB3 myocarditis,
whereas incorporation of the constitutive counterparts
was concomitantly reduced as shown by quantitative
densitometry (Figure 5B). Enhanced incorporation of im-
munoproteasome subunits was observed in CVB3-in-
fected A.BY/SnJ mice compared with C57BL/6 animals
(Figure 5, A and B). These data clearly indicate that
CVB3-infected susceptible animals have higher levels of
immunoproteasomes in the myocardium than infected
resistant mice.

Altered Proteolytic Activities of the Proteasome
in Hearts of CVB3-Infected Susceptible Mice

We next asked for the functional significance of immuno-
proteasome subunit incorporation into the proteasomes
of CVB3-infected mice. Replacement of the three consti-
tutive active subunits �1, �5, and �2 with LMP2, LMP7,

Figure 4. Enhanced incorporation of immunoproteasome subunits into 20S
proteasomes of hearts of CVB3-infected resistant and susceptible mice. For
purification of 20S proteasomes, 10 hearts of uninfected and CVB3-infected
C57BL/6 and A.BY/SnJ mice were pooled, respectively, and Western blot
analysis was performed. As controls, proteasomes of nontransfected T2 cells
(c20S) and transfected T2 cells (i20S) were used. A: Purified 20S proteasomes
from uninfected (control) or CVB3-infected mice were separated by SDS-
PAGE and probed with specific antibodies to detect LMP2, MECL-1, LMP7,
and �6 as indicated. Figure shows representative gel from two different 20S
proteasome preparations. B: Densitometric analysis of the Western blot
signals correspond to the indicated proteasome subunits in control and
CVB3-infected mouse strains.

Figure 5. Two-dimensional IEF-SDS-PAGE of 20S proteasome purified from
the pooled hearts of uninfected and CVB3-infected C57BL/6 and A.BY/SnJ
mice. A: Purified 20S proteasomes from uninfected (left) or CVB3-infected
(right) mice were separated by IEF-SDS-PAGE, and gels were silver stained.
The top panel shows gels from A.BY/SnJ mice, the bottom panel from
C57BL/6 mice. The constitutive subunits �1, �2, and �5 and the immuno-
proteasome subunits LMP2, LMP7, and MECL-1 are indicated. The 2-D gel
patterns shown were reproducible in four gels of two independent 20S
proteasome purifications. B: Densitometric evaluation of the indicated pro-
teasome subunits (A). The intensity values of each corresponding pair of
catalytic proteasome subunits are shown in single bars. In the fourth panel,
bars represent percentage of combined constitutive �1, �2, and �5 subunits
and of the immunosubunits LMP2, LMP7, and MECL-1.
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and MECL-1 has been shown to affect the proteolytic
activities of the proteasome, thereby altering quality and
quantity of generated peptides.27,29,30 Hence, we as-
sayed the three main proteolytic activities, namely chy-
motrypsin-, caspase-, and trypsin-like, of purified cardiac
20S proteasomes of CVB3-infected and control mice
(A.BY/SnJ, C57BL/6) in vitro.

The chymotryptic-like activity, which represents the
main proteolytic activity of the constitutive proteasome,
was clearly reduced in the hearts of CVB3-infected sus-
ceptible A.BY/SnJ mice compared with uninfected con-
trols but to a lesser extent in C57BL/6 resistant mice
(Figure 6A). 20S proteasomes from CVB3-infected mice
also showed reduced caspase-like activities (Figure 6B).
Again, this reduction was more pronounced in A.BY/SnJ
than in C57BL/6 mice. The trypsin-like activities of the
20S proteasome were unaffected by CVB3 infection and
did not differ between the mouse strains (data not
shown). The alterations in proteolytic activities—reduc-
tion of chymotryptic- and caspase-like activities—corre-
sponded to the enhanced incorporation of immunosub-
units into the proteasomes on CVB3 infection and to
increased levels of immunoproteasomes in susceptible
A.BY/SnJ compared with resistant C57BL/6 mice. We
observed a similar significant reduction in the chymotryp-
sin-like activity when we assayed whole-tissue lysates of
the myocardium (data not shown). The reduction of con-
stitutive proteasome activities points to an altered proteo-
lytic activity by immunoproteasomes in the heart of CVB3-

infected mice, an activity that is enhanced in susceptible
compared with resistant mice.

Discussion

This study was undertaken to identify tissue-specific host
factors that might influence the course of CVB3 infection
in the susceptible and resistant host. Here, we provide
evidence that susceptible mice, which develop ongoing
myocarditis, express increased levels of immunoprotea-
somes and show altered proteasomal proteolytic activi-
ties during the acute phase of infection compared with
resistant mice. This is accompanied by elevated levels of
genes involved in the antigen-presenting machinery such
as MHC class I molecules, �2-microglobulin, TAP, and
tapasin.

To our knowledge, the data presented here are the first
demonstrating increased immunoproteasome formation
and activity in the myocardium after in vivo infection with
CVB3, a human pathogenic enterovirus. Notably, the
most prominent immunoproteasome expression was de-
tected during the acute phase of infection, the time point
when the specific T-cell response starts to evolve in the
model of CVB3 myocarditis. Increased expression of
LMP2 on cardiac infection with CVB3 has also been
noted by a different microarray analysis.31 Similar to our
data, other in vivo models, including bacterial and fungal
infections, demonstrate replacement of constitutive pro-
teasomes by immunoproteasomes in the target organs at
the onset of adaptive immunity, indicating that immuno-
proteasome formation and subsequent epitope genera-
tion influence the adaptive T-cell response to the infec-
tious agent.32–34 The most crucial finding of our study is
that at the onset of acquired immunity, mice susceptible
to ongoing myocarditis show increased immunoprotea-
some expression in cardiomyocytes and infiltrating cells
compared with resistant mice.

On the basis of our data the following questions arise.
First, does enhanced immunoproteasome formation in
susceptible mice favor immune evasion of CVB3? In-
creased immunoproteasome formation was accompa-
nied by enhanced expression of several genes involved
in the antigen-presenting machinery, which indicates that
CVB3 does not use the common viral escape strategy of
MHC class I down-regulation.35 There is also no evi-
dence that any of the CVB3-encoded proteins act as
ubiquitin ligases to enhance degradation of MHC class I
molecules or to interfere directly with proteasome activity,
which was observed for other viral infections.36–39 The
second question concerns the host response to CVB3:
Does enhanced immunoproteasome formation affect
quantity and quality of generated antigenic peptides, and
what are the consequences for the specific CD8 T-cell
response in CVB3 myocarditis? Fluorescence-activated
cell sorting analysis revealed that the overall T-cell pop-
ulation in spleens of CVB3-infected animals at the acute
phase was only slightly higher than in uninfected controls
and that differences in CD4	 and CD8	 T-cell popula-
tions between susceptible and resistant mice were min-
imal (CD4	 T cells 27.91 � 0.86% in infected A.BY/SnJ

Figure 6. Altered proteolytic activities of purified heart proteasomes of
CVB3-infected resistant and susceptible mice. Proteolytic activities of 20S
proteasome purified from pooled hearts of uninfected and CVB3-infected
A.BY/SnJ and C57BL/6 mice are depicted as percent reduction of free AMC.
A: Chymotrypsin-like activity. B: Caspase-like activity.
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mice versus 21.07 � 2.4% in C57BL/6 mice and for
CD8	 T cells 9.62 � 0.62% versus 13.86 � 0.64%,
respectively).

Until now, we can only speculate on the answers con-
cerning epitope-specific T cells because the antigenic
epitopes generated by CVB3 are unknown, and no anti-
gen-specific CD8 T-cell lines are yet available. In gen-
eral, generation of MHC class I antigens is enhanced by
immunoproteasomes, resulting in the improved presen-
tation of immunodominant epitopes and concomitant
changes in the specific CD8 T-cell repertoire.40–47 Ac-
cordingly, increased formation of immunoproteasomes
and enhanced expression of TAPs, tapasin, and MHC
class I molecules in susceptible mice would result in
improved formation and presentation of immunodominant
epitopes and their corresponding T-cell clones. Surpris-
ingly, up-regulation of the antigen-processing and -pre-
senting machinery in susceptible mice does not lead to
efficient virus elimination but results in increased immu-
nopathology and ongoing myocarditis. One possible ex-
planation could be exhaustion of immunodominant T cells
after CVB3 infection as first described for chronic lym-
phocytic choriomeningitis virus infection by Zinkerna-
gel.48 Functional or physical exhaustion of immunodom-
inant T cells has been observed during the acute phase
of lymphocytic choriomeningitis virus infection, resulting
in the reversion of immunodominance hierarchy, and ex-
haustion has been correlated with high levels of pre-
sented epitopes.49 This hypothesis is also supported by
findings that suboptimal immunoproteasome expression
is sufficient to induce optimal CD8 T-cell activation.42

According to this model, improved formation and presen-
tation of immunodominant epitopes in susceptible mice
might result in T-cell exhaustion, thereby resulting in in-
complete virus elimination and persisting CVB3 infection
in the myocardium. Alternative explanations could be that
immunodominant epitopes generated by enhanced im-
munoproteasome activity are not protective, as shown for
the M45 peptide in murine cytomegalovirus infection,50 or
that immunodominant epitopes may be generated less
efficiently by immunoproteasomes of susceptible mice
compared with resistant mice, as has been shown for
some other viral and self epitopes.51

Yet, these hypotheses need to be verified. At present,
it is unclear in which manner the proteasome affects
generation of CVB3-derived antigenic peptides. There-
fore, our future studies will focus on the processing and
generation of MHC class I-restricted epitopes of CVB3
polypeptides by the proteasome and on the establish-
ment of CVB3 antigen-specific CD8 T cells to decipher
the specific CD8 T-cell response of the resistant and
susceptible host.

The present study may be of value to understand
persisting viral infections in general and persisting CVB3
infections in particular. In light of the rising evidence that
cardiotropic viruses are prevalent environmental factors
that may cause or modulate the course of dilated car-
diomyopathy, our study may contribute to improving
diagnosis and prognosis of patients susceptible for
the development of ongoing myocarditis and dilated
cardiomyopathy.
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