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To gain insight into the strategies of the immune system
to confer resistance against the development of chronic
coxsackievirus B3 (CVB3) myocarditis we compared the
course of the disease in C57BL/6 mice, B2-microglobu-
lin knockout (82m™’") mice, and perforin-deficient
(perforin—/~) mice. We found that perforin™~ mice as
well as immunocompetent C57BL/6 mice reveal a resis-
tant phenotype with complete elimination of the virus
from the heart in the course of acute myocarditis. In
contrast, myocardial CVB3 infection of B2m~’~ mice
was characterized by a significantly higher virus load
associated with a fulminant acute inflammatory re-
sponse and, as a consequence of virus persistence, by
the development of chronic myocarditis. Interferon-y
secretion of stimulated spleen cells was found to be
significantly delayed in B2m ™"~ mice compared to per-
forin™’~ mice and C57BL/6 control mice during acute
myocarditis. In addition, generation of virus-specific
IgG and neutralizing antibodies were found to be signif-
icantly decreased in $2m™’~ mice during acute infec-
tion. From these results we conclude that protection
against the development of chronic myocarditis
strongly depends on the expression of $2m, influenc-
ing the catabolism of IgG as well as the production of
protective cytokines, such as interferon-y. Moreover,
CVB3-induced cardiac injury and prevention of chronic
myocarditis was found to be unrelated to perforin-me-
diated cytotoxicity in our model system. (Am_J Pathol
2003, 162:1709—-1720)

Enteroviruses, such as coxsackieviruses of group B
(CVB), are known to induce a variety of acute and chronic
forms of diseases, including myocarditis, meningitis, and

pancreatitis.” Although most enterovirus infections are
bland and self-limiting, acute enterovirus infections of the
heart may cause severe congestive heart failure and
sudden cardiac death.>® In addition, the detection of
persistent enterovirus infection in patients with chronic
heart muscle disease,®® as well as the discovery of
chronic myocarditis in persistently infected immunocom-
petent mice,®” indicate that the typically cytolytic CVB
are capable of evading immunological surveillance. In
previous experimental studies of CVB3 myocarditis it has
been demonstrated that permissive mice, such as A/J
(H-2%), A.CA/J (H-2", A.BY/J (H-2°), and SWR/J (H-29),
develop chronic myocarditis that is associated with virus
persistence.®® Analysis of persistent myocardial infec-
tion by strand-specific in situ hybridization revealed that
enterovirus persistence is characterized by restricted vi-
ral plus-strand RNA synthesis and gene expression.® In
contrast to permissive mice, resistant mouse strains, eg,
DBA/1J (H-29) or C57BL/6 (H-2°) eliminate the virus dur-
ing acute myocarditis, thus preventing the development
of chronic heart muscle disease.®

Although much attention has been focused on the
definition of host-specific factors influencing the outcome
of myocarditis, ' we still have a rudimentary understand-
ing of how innate and specific immune response mech-
anisms control myocardial CVB3 infection to prevent
chronic myocarditis. In several murine models of CVB3
myocarditis a beneficial role of antibodies has been sug-
gested. CVB3-infected newborn mice were found to be
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protected from death if CVB3-neutralizing antibodies
were given 24 hours before or 2 hours postinfection (p.i.)
but not if administered 24 hours p.i."®"" More recently, it
has been suggested that B cells might also contribute to
long-term control of myocarditis because CVB3-infected
B cell-deficient mice establish a persistent type of myo-
cardial infection that is associated with severe fibrosis.'?
In agammaglobinemic humans the failure to produce
antibodies has been shown to enhance susceptibility to
persistent infections with polioviruses,'® echoviruses, '
and coxsackieviruses.'® The protective role of the im-
mune system in limiting viral replication and in clearing
virus from the heart was further proven in studies of
CVBgG-infected SCID mice, illustrating that animals that
lack both B and T cells develop severe chronic heart
disease.'® In addition, severe ongoing myocardial dam-
age in association with inflammation was reported in T
cell-deficient NMRI mice,"” suggesting that T lympho-
cytes execute important antiviral properties. The rele-
vance of CD4* T cells as essential mediators for virus
clearance and for the development of myocarditis has
been strengthened by experiments in CD4 knockout
mice'® and MHC class Il knockout mice that are also
devoid of a CD4" T cell response.'®

Whereas the protective role of CD4" T cells in murine
CVB3 myocarditis is widely accepted, the role of CD8* T
lymphocytes in the development and progression of
chronic myocarditis is controversially discussed. CD8"
cytotoxic T lymphocytes (CTLs) represent the most im-
portant defense mechanism against intracellular patho-
gens.?° They effectively mediate lysis of virus-infected
target cells in a MHC class |-dependent manner. De-
pending on the target cell, CTLs confer lysis by either a
perforin-dependent pathway or by fas-induced apopto-
sis.?" Additionally, CD8" T cells may achieve clearance
of acute and also persistent virus infections via produc-
tion of antiviral cytokines, such as tumor necrosis factor
(TNF)-a and interferon (IFN)-y, possibly via direct inter-
ference with viral gene expression.?*2® Although the role
of CTLs in CVB3 myocarditis is not yet defined there is
evidence that these cells play an important role in the
control of myocardial CVBS3 replication. The analysis of
acute myocarditis in CD8™* T cell-depleted CD4 knockout
mice indicated that viral titers are significantly increased
in the absence of functional CTLs.'® On the other hand,
CTLs have been reported to be the major effector cell
population of myocardial organ injury in CVB3-infected
mice, promoting the relevance of autoimmunity in the
pathogenesis of chronic myocarditis.?*

Knockout mice have been proven to provide highly
attractive systems for the analysis of specific immune cell
functions in cytolytic as well as in noncytolytic virus in-
fections.?®2% In this study we have used two different
knockout mouse strains, perforin (perforin™'~),227 and
B2-microglobulin (82m~/~) knockout mice to dissect the
relative contribution of specific immunological compo-
nents in their role to prevent chronic myocarditis. As a
consequence of the failure to express B2m molecules,
B2m~'~ mice are primarily deficient in CD8" T cells,?%:2°
NK1* T cells,***" and an IgG-recycling receptor (FCRn),
which protects IgG from catabolism.32-34

Here, we show that chronic myocarditis in g2m~/~
mice develops as a consequence of the failure to limit the
initial virus load of the heart muscle because of an inef-
fective antiviral antibody response and a diminished
IFN-v secretion. Moreover, our findings demonstrate that
progression from acute to chronic enterovirus myocardi-
tis is independent of perforin-mediated pathways.

Materials and Methods

Virus and Mice

cDNA-generated CVB3 (Nancy strain)®® was grown and
propagated in Vero cells (African Green monkey kidney
cells). Stock virus was prepared by three times freezing
and thawing and further purified by sucrose gradient
centrifugation. Ten 4- to 5-week-old inbred mice of strains
C57BL/6, C57BL/6 perforin~/~, and C57BL/6 beta2-mi-
croglobulin™~ (B2m /") (all H-2°) were infected intra-
peritoneally with 1 X 10° plaque-forming units of purified
CVB3. Animals were sacrificed at different time points
p.i., noninfected animals of all strains were used as con-
trols.

Virus Titration

Hearts of infected mice were homogenized in 100 ul of
RPMI, tissue debris was removed by centrifugation, and
Vero cells were inoculated with serial twofold dilutions of
infectious supernatant in four wells per dilution on a 96-
cluster plate. After 2 days of incubation at 37°C super-
natants were removed and cells were stained with trypan
blue. TCIDg,, defined as that dilution required to infect
50% of inoculated wells, was determined by the method
of Reed-Muench.

Tissue Preparation

Samples of aseptically removed tissues (heart, pancreas,
spleen, brain) were either fixed for 12 hours in phos-
phate-buffered (pH 7.2) 4% paraformaldehyde and em-
bedded in paraffin for histology, in situ hybridization, and
terminal dUTP nick-end labeling (TUNEL) assays or quick
frozen in liquid nitrogen for immunohistochemistry.

Histopathology

Histological analysis was performed on deparaffinized
5-um-thick tissue sections that were stained with hematox-
ylin and eosin (H&E) to assess inflammation and myocyte
injury or with Sirius Red to visualize the degree of fibrosis.
The extent of myocardial lesions comprising cell necrosis,
inflammation, and scarring was quantified on H&E-stained
transverse sections of both heart chambers. Myocardial
damage was quantified by selection of 30 visual fields per
heart tissue section by systematic random sampling at a
magnification of X160. Area fractions of myocardial injury
(area of damage per total area of myocardium in um?/mm?)



were calculated by point counting according to standard
morphometric procedures.®

In Situ Hybridization

CVB3-positive strand genomic RNA in tissues was de-
tected using single-stranded 3°S-labeled RNA probes
that were synthesized from the dual-promoter plasmid
pCVB3-R1.6 Control RNA probes were obtained from the
vector pSPT18. Pretreatment, hybridization, and washing
procedures of dewaxed 5-um paraffin tissue sections
were performed as described previously.® Slide prepa-
rations were subjected to autoradiography, exposed for 3
weeks at 4°C, and counterstained with H&E.

For quantitative evaluation of hybridized heart tissue sec-
tions, in situ autoradiographs (n = 7 mice per mouse strain)
were processed by an interactive image analyzing system,
applying the Optimas software (Stemmer, Pucheim, Germa-
ny). Slide preparations were analyzed using a black and
white video camera mounted on a microscope at a primary
magnification of X10 and x40, respectively. Video signals
were digitized resulting in images of 512 X 512 pixels with
a gray-value range of 0 to 255 for each pixel. By applying a
chain-code algorithm the autoradiographic signals were
segmented from the background. Thereafter, areas of in-
fected cells were automatically analyzed within 50 visual
fields (each 100,000 um?) per tissue section that were
selected by systematic random sampling. Area fractions of
infected tissues are expressed as arithmetic means = SEM
of seven animals per time point.

Immunhistochemistry

For characterization of heart muscle-infiltrating immune
cells, cryostat heart tissue sections were fixed for 10
minutes in—20°C cold acetone and incubated for 1 hour
at room temperature with rat anti-mouse antibodies
against murine Mac-1 (clone M1/70, Roche, Grenzach-
Wyhlen, Germany), la (clone M5/114, Roche), CD4 (clone
H129.19, Pharmingen, Hamburg, Germany), CD8a
(clone 53-6.7, Pharmingen), CD45R/B220 (clone RA3-
6B2, Pharmingen), followed by three washing steps in
Tris-buffered saline and incubation for 1 hour at room
temperature with a secondary antibody (biotinylated anti-
rat immunoglobulin; DAKO, Hamburg, Germany). Visual-
ization of positive cells was completed by treatment with
a streptAB-complex/AP (DAKO) and new fuchsin
(DAKO). Slides were counterstained with hematoxylin.
Quantification of immunohistochemically positive cells
was achieved by counting at a magnification of X400 in
150 randomly selected quadrants (mean area, 62,500
um?) per tissue section. Results are expressed as arith-
metic means of seven animals per strain = SEM.®

TUNEL Assay

Five-um-thick paraffin-embedded heart muscle sections
taken from all three inbred mouse strains at 4, 8, 12, and
28 days p.i. were deparaffinized and rehydrated. For the
detection of apoptotic cardiac cells the ApopTag in situ
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apoptosis detection kit (Oncor, Heidelberg, Germany)
was applied according to the manufacturer’'s protocol
with new fuchsin as chromogen. Slides were counter-
stained with hematoxylin.

Detection of Virus-Specific Antibodies by
Enzyme-Linked Immunosorbent Assay (ELISA)

Detection of virus-specific serum IgM and IgG immuno-
globulins was performed by an indirect ELISA. Microtiter
plates (Polysorb; Nunc, Wiesbaden, Germany) were
coated with purified CVB3 antigen (200 ng/well in 100 ul
of 0.1 mol/L carbonate, pH 9.6)%¢ and incubated over-
night at room temperature. Plates were blocked with 5%
bovine serum albumin (Sigma, Taufkirchen, Germany) in
phosphate-buffered saline for 1 hour and subsequently
incubated with twofold serial dilutions of sera obtained
from infected mice at different time points p.i. After an
incubation at room temperature for 2 hours the plates
were washed and incubated with either horseradish per-
oxidase-conjugated goat anti-mouse IgG or peroxidase-
conjugated goat anti-mouse IgM secondary antibody (Di-
anova, Hamburg, Germany) for an additional hour.
Antibody binding was detected after a substrate reaction
for 15 minutes with 3,5,3',5'-tetramethylbenzidine. The
reaction was stopped with 1 mol/L of H,SO, and the
absorbance at 450 nm was measured with a plate reader
(Sanofi, Berlin, Germany). CVB3-specific antibody titers
were defined as the highest dilution of serum showing an
OD greater than the mean OD of sera obtained from
naive mice plus threefold the SEM.

In Vitro Neutralization Assay

To define in vitro neutralization titers of sera taken from
CVBS-infected mice, infectious virus corresponding to
100 TCIDgo/well was incubated with twofold serial dilu-
tions of sera on a microtiter plate and incubated for 2
hours at 37°C. Vero cells (10* per well) were added and
plates were incubated for additional 48 hours. Cells were
stained with trypan blue and neutralization titers were
defined as the highest serum dilutions leading to com-
plete protection against CVB3-induced cytolysis.

Flow Cytometry

For flow cytometric analysis of cytokine production
mouse splenocytes (2 X 105/ml) were stimulated for 4
hours with 5 ng/ml of phorbol 12-myristate-13-acetate
and 500 ng/ml of ionomycin in the presence of Brefeldin
A (GolgiPlug; Pharmingen). Cells were harvested and Fc
receptors were blocked with Fc Block (Pharmingen). To
identify the relevant cell populations cells were incubated
with fluorochrome-conjugated anti-CD4-PerCP and anti-
CDS3-APC antibodies, respectively. For intracellular cyto-
kine staining cells were fixed and permeabilized (Cytofix/
Cytoperm Plus, Pharmingen), washed, and incubated
with anti-IFN-vy fluorescein isothiocyanate and anti-inter-
leukin (IL)-4 phycoerythrin or with the appropriate isotype



1712  Klingel et al
AJP May 2003, Vol. 162, No. 5

controls (Pharmingen). The percentage of cytokine-ex-
pressing CD4™ T cells was determined in a four-color
analysis using a FACSCalibur (Becton Dickinson, Heidel-
berg, Germany) flow cytometer.

Determination of Cytokines

Single-cell suspensions of spleen cells from CVBS3-in-
fected mice and from uninfected controls were prepared
at indicated time points after infection and restimulated
with 2 X 107 plaque-forming unit equivalents of heat-
inactivated (20 minutes at 65°C) CVB3. After 4 days of
restimulation, cell culture supernatants were screened for
cytokine production, ie, IFN-y and IL-4 by commercially
available ELISA kits (OptEIA kits for mouse IFN-vy, IL-4;
Becton-Dickinson). Tests were performed according to
the manufacturer’s instructions.

Results

Outcome of CVB3 Infection

To determine whether lack of B2m and perforin expres-
sion influences the outcome of CVB3 myocarditis,
B2m~’'~ and perforin~/~ mice as well as C57BL/6 control
mice were infected intraperitoneally with 10° plaque-
forming units of purified CVB3 and sacrificed at days 4, 6,
8, 10, 12, and 28 p.i. Clinical signs of illness, such as
weight loss, were observed in all three mouse strains
during acute infection with up to 25% loss of weight in
B2m~’'~ mice. Mortality was less than 5% in all strains and
only observed during acute myocarditis. Whereas per-
forin™/~ mice and C57BL/6 control mice completely re-
covered after acute infection, B2m~/~ mice consistently
revealed clinical symptoms, eg, rough hair coat and
hunched posture at any time of infection as observed up
to 28 days p.i. (data not shown).

Histopathology of Hearts from CVB3-Infected
B2m~"", Perforin~"~, and C57BL/6 Mice

Serial stained tissue sections from the hearts including
the right and left ventricle of all three mouse strains were
morphologically investigated after staining with H&E and
Sirius Red at indicated time points after infection. At day
4 p.i. the myocardium of B2m~'~, perforin™/~, and
C57BL/6 mice was characterized by small disseminated
foci of inflammation in association with single infected
myocytes in both ventricles. In the course of infection the
virus-induced mononuclear cell infiltrates as well as myo-
cyte necroses increased in all animals. The maximum of
inflammatory cardiac lesions was observed in all three
mouse strains at day 12 p.i., however with considerable
differences regarding the extent of virus-induced myo-
cardial injury (Figure 1; A, B, and C; H&E stains). As
shown in Figure 1A, in B2m~/~ mice numerous mononu-
clear cells as well as damaged myocytes were observed.
In contrast, perforin~/~ (Figure 1B) and C57BL/6 mice
(Figure 1C) revealed only small scattered foci of inflam-

matory lesions. The morphometrical quantitation of heart
muscle damage comprising myocytolysis, inflammation,
and fibrosis at day 12 p.i. revealed an area percentage of
damage in B2m~/~ mice of 19.6 + 4.2%, whereas per-
forin™/~ mice and C57BL/6 control animals exhibited
myocardial injury in only 3.6 = 1.2% and 1.2 = 0.9%,
respectively. As demonstrated by stainings of heart mus-
cle tissue sections with Sirius Red, the cardiac inflamma-
tion was primarily replaced by fibrosis in all three mouse
strains at 28 days p.i. (Figure 1; D, E, and F). Whereas the
hearts of B2m~/'~ mice disclosed large disseminated fi-
brotic areas (Figure 1D) in association with inflammatory
cells (compare Figure 2D), the myocardia of perforin™/~
mice (Figure 1E) and C57BL/6 control mice (Figure 1F)
were characterized by comparably small areas of scar-
ring in the absence of notable inflammation at 28 days p.i.

Analysis of Myocardial CVB3 Infection in
B2m ", Perforin~'~, and C57BL/6 Mice

To compare the extent of myocardial virus infection in the
knockout mouse strains [Figure 2; A to D (B2m ™/~ mice)
and Figure 2; E to H (perforin™/~ mice)], with that in
C57BL/6 control mice (Figure 2; | to L) in the course of the
disease, RNA/RNA in situ hybridizations were performed
from paraffin-embedded hearts. In all three mouse strains
the acute phase of myocarditis was found to be charac-
terized by increasing numbers of infected myocytes [Fig-
ure 2; A, E, and | (4 days p.i.); B, F, and J (8 days p.i.)].
During acute infection (8 days p.i.) the highest amounts
of in situ hybridization-positive myocardial foci were ob-
served in B2m~'~ mice (Figure 2B). In contrast, per-
forin™/~ mice (Figure 2F) revealed the typical infection
patterns of resistant C57BL/6 control mice (Figure 2J)
with only small areas of infection, indicating that perforin
is not a relevant factor for limiting virus spread. Consistent
with in situ hybridization results, concomitant TCIDs, assays
revealed a significant elevation of virus titers in hearts of
B2m~’~ mice (TCIDg, 1 X 10%/g cardiac tissue) compared
to those of perforin™'~ mice (TCID5, 1.1 X 10%/g cardiac
tissue) and C57BL/6 mice (TCIDs, 1.7 X 10°%/g cardiac
tissue) at day 8 p.i. Twelve days p.i., in all three mouse
strains a considerable decline of myocardial infection was
noted [Figure 2; C, G, and K (12 days p.i.)]. However, the
immune response was not found to be capable of eliminat-
ing CVB3 completely from the hearts of B2m~/~ mice, thus
inducing a persistent type infection in the myocardium (Fig-
ure 2D, 28 days p.i.). Moreover, virus persistence was not
only observed in heart muscle but also in lymphatic tissue of
spleens and lymph nodes and in single cells of the pancre-
ata and brains from B2m~/~ mice. By contrast, in none of
the organs from perforin™~ mice or C57BL/6 control mice
was a persistent type of infection noted in in situ hybridiza-
tion experiments (data not shown).

To compare myocardial infection quantitatively in the
three mouse strains we used an interactive image anal-
ysis system to measure the extent of in situ-positive myo-
cardium (um?) per mm? of cardiac cross-tissue sections
(Figure 3). As soon as 4 days p.i. higher area fractions of
infection were observed in B2m ™/~ mice than in the other
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Figure 1. H&E stains of hearts from CVB3-infected 2m™/~ mice (A), perforin~/~ mice (B), and C57BL/6 mice (C) 12 days p.i. illustrate marked differences in

the extent of inflammatory lesions with the most severe myocardial damage in 82m™

from hearts 28 days p.i. reveal the largest areas of fibrosis in f2m™/

mice (E) compared to C57BL/6 mice (F). Original magnifications, X85.

two mouse strains. At the maximum of cardiac infection
(day 8 p.i.) the area fractions of infection were found to be
seven times higher in B2m~/~ mice than in perforin™/~
and C57BL/6 mice. At day 12 p.i. still three times more
virus-positive cardiac tissue was present in 2m /" mice
than in perforin™/~ and control mice, indicating impaired
resolution of the virus from the hearts of B2m ™/~ mice.

Characterization of Cardiac Immune Cells in
CVB3 Myocarditis of B2m~~, Perforin™"~, and
C57BL/6 Mice

To identify immune cell populations of myocardial infil-
trates in the course of CVB3 myocarditis immunohisto-
chemical stainings were performed from frozen heart
muscle-tissue sections using antibodies to Mac-1 (mac-
rophages, natural killer cells), la (activated macro-
phages, B cells, dendritic cells), CD4 (T helper cells),
CD8 (cytotoxic T cells), and CD45R/B220 (B cells and
lytically-active subsets of lymphokine-activated killer

~ mice (D). Scarring was found to be slightly but not significantly diminished in perforin™

/~ mice (A). Correspondent to the findings of inflammation, Sirius Red stains

/=

cells). As soon as 4 days p.i. small inflammatory foci
consisted primarily of Mac-1 and la-positive cells in all
three mouse strains. In the course of infection an addi-
tional cardiac infiltration of CD4* (B2m /") or CD4* and
CD8™ T lymphocytes (perforin™/~ and C57BL/6 mice),
respectively, was noted. The maximum of myocardial
mononuclear cell infiltrates was reached around day
12 p.i. in all mice (Figure 4). As illustrated in Figure 4, the
hearts of B2m~/'~ mice revealed significantly more Mac-
1%, la*, and CD4™ cells than the two resistant mouse
strains. At day 28 p.i. chronic myocardial inflammation
consisting of macrophages and CD4*T lymphocytes
were observed only in 82m~/~ mice.

Quantitative Analysis of Immune Cell Subsets

At the maximum of cardiac inflammation (day 12 p.i.), the
immunohistochemical stainings from the hearts of the
knockout and control mice were quantitated by an inter-
active image analysis system. The number of mononu-
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Figure 2. In situ hybridization for the detection of CVB3 infection in the myocardium of B2m ™"~ mice (A, 4 days p.i.; B, 8 days p.i. C, 12 days p.i.; D, 28 days
p.i), perforin™’~ mice (E, 4 days p.i., F, 8 days p.i;; G, 12 days p.i,; H, 28 days p.i.), and C57BL/6 mice (1, 4 days p.i.; J, 8 days p.i.; K, 12 days p.i; L, 28 days
p.i.). The most CVB3 RNA-positive cells are observed in 82m™~’~ mice 8 days p.i. (B). In contrast to perforin~/~ mice (H) and C57BL/6 mice (L), 82m ™/~ mice
(D) still reveal CVB3 RNA in the myocardium at day 28 p.i., demonstrating viral persistence. Results are representative for a total of seven mice per strain.

Counterstain, H&E. Original magnifications, X70.

clear cells per mm? heart tissue section was found to be
four times higher in B2m~/~ mice (795 + 115 cells/mm?)
than in perforin™/~ (191 + 63 cells/mm?) and C57BL/6
control mice (180 = 48 cells/mm?). Table 1 illustrates the
relative contribution of immune cell subsets in the murine
hearts. In all three mouse strains the majority of infiltrating
cells was found to be Mac-1* with 43.2 = 2.6% in
C57BL/6, 55.9 + 2.3% in perforin™/~, and 58.1 + 1.8% in
B2m~/~ mice. la* immune cells were present in g2m~/~
and perforin ™/~ mice in 24.8 = 2.3 and in 29.7 * 3.1%,
respectively, and in the control mice in 17.0 = 3.4%.
Relatively more CD4™ T lymphocytes were detected in
C57BL/6 (42.7 + 2.5%) and B2m '~ (38.3 + 1.7%) mice

30000

o R2m*
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~I~ ® C57BL/6
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ek || i Pl |
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Figure 3. Kinetics of area fractions of infection (um?/mm?) representing in
situ hybridization-positive tissue within a transverse cardiac tissue section of
B2m /", perforin~/~, and C57BL/6 mice in the course of myocarditis. Area
fractions of infected tissues are expressed as arithmetic means of seven
animals = SEM per time point.

compared to those in perforin™/~ mice with 29.2 + 3.1%.
Regarding CD8" T lymphocytes comparable relative
amounts were observed in perforin™/~ (11.3 = 1.4%) and
C57BL/6 (10.2 = 0.4%) mice whereas, as expected, in
hearts of B2m~/~ mice only a small number of CD8* T
cells (1.4 = 0.3%) was present. CD45R/B220* B cells
represented only a minor cell population (2.2 to 3.9%) in
the hearts of all CVB3-infected mice.

Visualization of Apoptosis in CVB3-Infected
Hearts

To determine whether apoptotic events induced by CD8"
T cells may contribute to the pathogenesis of acute and
chronic myocarditis in the three different mouse strains,
the hearts were analyzed by TUNEL assays in the course
of CVB3 infection. As soon as 4 days p.i. cardiac apo-
ptotic endothelial cells were randomly detected in single
animals, independently of the mouse strain (Figure 5,
inset). In the course of myocarditis the vast majority of
TUNEL-positive cells were identified in all three mouse
strains within inflammatory lesions, representing apopto-
tic immune cells as demonstrated in Figure 5 in the heart
of a p2m~/~ mouse 8 days p.i. After day 12 p.i. only
B2m~’'~ mice revealed single apoptotic immune cells in
areas of chronic inflammation. Single myocytes undergo-
ing apoptosis (Figure 5, arrow) were noted in 2m~’'~ and
perforin™’~ mice as well as in control animals at a very
low frequency (one apoptotic myocyte per mid-cardiac
tissue section).
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CD8+

Figure 4. Visualization of immunohistochemically stained Mac-1" (A, E, and D, Ia* (B, F, and J), CD4" (C, G, and K), and CD8" (D, H, and L) cells in hearts
of B2m~’~ (A-D), perforin™/~ (E-H), and C57BL/6 (I-L) mice 12 days p.i. Results are representative for a total of seven mice per strain. Counterstain,

hematoxylin. Original magnifications, X50.

Different Cytokine Production in Knockout and
Control Mice

Previous investigations have demonstrated that CD8* T
cells may play a role in the regulation of CD4" Th1/Th2
activity.3” Therefore, we determined in our model sys-
tems the accumulation of Th1/Th2 cytokines IFN-y and
IL-4 in CD4™" T cells after polyclonal stimulation by fluo-
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Figure 5. In situ detection of apoptotic cells by TUNEL assay in the hearts of
CVB3-infected mice. In the course of infection single endothelial cells (inset)
and myocytes (arrow) are found to be TUNEL-positive. The majority of
apoptotic cells, however, represent mononuclear inflammatory cells as ex-
emplary demonstrated in a 82m ™/~ mouse heart. Counterstain, hematoxylin.
Original magnification, X400.

rescence-activated cell sorting analysis. At any time of
infection, the number of IL-4-producing T cells was found
to be below background levels in B2m ™/~ as well as in
perforin™/~ and C57BL/6 mice (data not shown). In con-
trast, in all three mouse strains a typical Th1 response
developed with measurable IFN-vy levels as observed up
to day 28 days p.i. (Figure 6). At all time points p.i.
investigated significantly lower numbers of IFN-y produc-
ing T cells were observed in B2m ™/~ mice after mitogenic
stimulation of spleen cells compared to those of per-
forin™/~ and C57BL/6 mice. Interestingly, the number of
splenic IFN-y-expressing CD4™ T cells obtained from
B2m~/~ mice were significantly reduced at the maximum
of virus replication (day 6 and 8 p.i.).

To evaluate whether reduced IFN-y production ob-
served after polyclonal stimulation in B2m~'~ mice also
affects virus-specific T cells, spleen cells of infected an-
imals were isolated 4, 8, 10, and 28 days p.i. and stimu-
lated with inactivated CVB3 antigen. Supernatants were
analyzed for IFN-y production by standard ELISA tech-
nigues. As shown in Table 2, virus-specific T cells ob-
tained 8 days p.i. from perforin™~ and also from C57BL/6
mice were found to produce detectable amounts of
IFN-y. However, INF-y production by CVB3-specific T
cells from B2m™~'~ mice reached only background levels
at this time point. Despite the delay of IFN-y production in
B2m~/~ mice during acute infection, an ongoing antiviral
cytokine response was observed in these animals, most
likely because of the persistence of viral antigen with
detectable levels of IFN-y at day 28 p.i.
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Table 1. Characterization of Cardiac Cell Infiltrates in CVB3-Infected Mice 12 Days p.i.

% Positive cells

Mouse strain Cells/mm? Mac-1 CD4 CD45R/B220 CD8a
B2m’/’ 795 = 115 581 +18 248 +23 38317 22=*+03 1.4 +0.3
Perforin ™/~ 191 = 63 5569 *+23 29.7 = 3.1 29.2 = 3.1 36=*038 11.3+x1.4
C57BL/6 180 = 48 432+ 26 170+ 34 427 =25 39*+05 102+ 0.4
Contribution of immune cell subsets (Mac-1, la, CD4, CD45R/B220, CD8a) in the inflammatory response of hearts from g2m~/'~, perforin~™/~, and

C57BL/6 mice 12 days after CVB3 infection (n = 7 per mouse strain).

CVB3-Specific Antibody Responses in B2m ™"~

Perforin™’~, and C57BL/6 Control Mice

It is known that a defective CD8" T cell response may
influence the appearance or maintenance of antiviral se-
rum antibodies either because of a low concentration of
free antigen because of inefficient lysis of infected cells
or because of an abnormal cytokine expression pattern.
Because an efficient antibody response is essential for
the control of infections with cytolytic viruses, the anti-
body responses after CVB3 infection in g2m~'", per-
forin~/~, and C57BL/6 mice were analyzed by ELISA and
neutralization assays.

In all three mouse strains virus-specific IgM responses
were effectively induced with comparable titers. Maxi-
mum serum IgM levels were detected at day 6 p.i. and
declined to background values until day 12 p.i. (data not
shown). In contrast, serum IgG responses were found to
be significantly different in B2m~/~ mice compared to
those of perforin™/~ and C57BL/6 mice (Figure 7A).
Whereas the course of induction of virus-specific IgG
antibodies was comparable during the early phase of
infection (up to day 6 p.i.) in all animals, B2m~/~ mice
showed a dramatic decline in serum IgG between day 6
and 8 p.i. Also at later time points (day 12 and 28 p.i.) IgG
concentrations were significantly lower in B2m~/'~ mice
than in the two resistant mouse strains.

To determine whether the reduction of CVB3-specific
IgG antibodies in B2m~/~ mice interferes with effective

. 35

u R2m-+-
5. H1:m perforin-- {
: < o C57BL/6

0 4 6 8 10 28
Days post infection

Figure 6. Frequency of IFN-y-producing CD4" T cells as determined by
fluorescence-activated cell sorting analysis. Spleen cells from B2m ™/~ per-
forin™/~, and C57BL/6 mice, respectively, were isolated from CVB3-infected
animals at different time points p.i. Cells were stimulated for 4 hours with
phorbol 12-myristate-13-acetate and ionomycin in the presence of Brefeldin
A, and INF-y production of CD4™ T cells was subsequently analyzed by flow
cytometry. Values represent mean frequency of INF-y-secreting cells = SEM,
P < 0001, between B2m ™/~ and perforin~/~ mice at day 6 p.i., and P < 0.01
between B2m~/~ and C57BL/6 mice at day 6 p.i. as determined by one-way
analysis of variance and Tukey-Kramer multiple comparisons test.

virus control, in vitro neutralization assays were per-
formed. As shown in Figure 7B, virus-specific neutralizing
antibodies (nAbs) can be detected as early as 6 days p.i.
in all three mouse strains. Whereas nAb concentrations
gradually increased with time in resistant C57BL/6 and
perforin ™/~ mice, there was a highly significant decrease
in nAb titers in B2m~/~ mice after 8 days p.i., which
correlates with the reduction of CVB3-specific IgG during
the acute infection (Figure 7A). At later stages of infection
(day 28 p.i.) the nAbs reached their highest amounts in all
three mouse strains, but the levels were still significantly
reduced in p2m /" mice compared to the resistant
mouse strains.

Discussion

The aim of this study was to elucidate strategies of the
immune system relevant to prevent the transition of acute
myocarditis into the chronic form of the disease. For this
purpose we compared the course of CVB3 infection in
B2m~’'~ mice with that in perforin™/~ mice and immuno-
competent C57BL/6 control mice. Importantly, we found
that in contrast to C57BL/6 and perforin™/~ mice, g2m ™/~
mice are not capable of eliminating the virus from the
heart, thus resulting in chronic myocarditis. As g2m~'~
mice are primarily devoid of CD8* T cells and previous
investigations suggested that CD8" T lymphocytes are
required to clear CVB4 infection from the pancreas®® we
attempted to discriminate the role of CD8™ T cells in the
murine models of CVB3 myocarditis.

CD8™ cytotoxic T cells have been described to medi-
ate in vivo anti-viral effects either by direct lysis of cells via
perforin or, to a minor degree, by fas-dependent mech-
anisms®'39 and/or by the release of anti-viral cyto-
kines.?#233% For noncytolytic viruses, eg, lymphocytic
choriomeningitis virus it has been shown that clearance
of virus infection is strongly dependent on perforin-medi-
ated pathways.®® In contrast, for cytolytic viruses, such
as vaccinia virus, vesicular stomatitis virus, and semliki
forest virus neither perforin nor fas-related mechanisms
were found to be required for the resolution of infection.®®
In the present study we demonstrate that prevention of
chronic myocarditis is not mediated by elimination of
CVB3-infected cells via perforin-mediated cytotoxicity.
Perforin was previously described as a molecule that is
not relevant for CVB3 clearance but for exacerbation of
the severity of myocarditis.?® In our quantitative investi-
gations we could demonstrate that the area fractions of
infection and of myocardial lesions and well as the in-
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Days after infection

Mouse strain 0 4 8 10 28
B2m~—'~ 123 = 17 39+2 67 + 18 2018 + 241 1150 + 152
Perforin~/~ 114 = 40 62+ 4 1889 + 195 2966 *+ 308 248 £ 79
C57BL/6 48 + 12 21+3 775 + 321 2254 + 235 798 + 113

Spleen cells from CVB3-infected g2m~/~, perforin~/~, and C57BL/6 mice were prepared at indicated time points p.i. and restimulated with 2 x 107
PFU-equivalents of inacti-vated CVB3. Culture supernatants were harvested after 4 days and IFN-y secretion was determined by ELISA. Values

represent pg/ml = SEM.

flammatory response in perforin™/~ mice surpass those
of C57BL/6 control mice. In contrast to findings of Geb-
hard and colleagues,*® in our own, and in the experimen-
tal systems of others'® immunocompetent C57BL/6 mice
were found to be not susceptible for the development of
chronic CVB3 myocarditis or severe fibrosis. Our finding
that perforin does not influence the severity of myocardi-
tis is substantiated by our former observation that DBA/1J
mice that also possess the perforin gene reveal a resis-
tant phenotype that is characterized by a mild acute
myocarditis and the absence of chronic myocarditis or
late fibrosis.® However, discrepancies with regard to the
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Figure 7. Defective antibody responses in permissive B2m~/~ mice. Sera

from CVB3-infected f2m ™", perforin ™/~ and C57BL/6 mice were collected
at various time points p.i. and titers of virus-specific IgG antibodies (A) as
well as in vitro neutralization activity (B) were determined by CVB3-specific
ELISAs and neutralization assays, respectively. Values are mean titers (log,)
+ SEM, P < 0001, in IgG titers between 82m ™'~ and perforin™'~ mice at
days 8 and 28 p.i., and P < 0.01 between B2m~’~ and C57BL/6 mice at day
8 p.i., and P < 0001 between B2m /" and C57BL/6 at day 28 p.i. as
determined by one-way analysis of variance and Tukey-Kramer multiple
comparisons test.

various model systems might reflect divergent virus-spe-
cific virulence factors of the different CVB3 strains (CVB3
Woodruff strain“® versus the cDNA-generated cardiotro-
pic CVB3 Nancy strain®'”) used in these studies.

A potential anti-viral mechanism alternative to CD8% T
cell-dependent perforin-mediated lysis, eg, mediated by
fas-dependent cytotoxicity, was also discussed for CVB3
myocarditis in perforin™/~ mice*® because fas is abun-
dantly expressed in heart tissue.*' Fas-mediated signaling
belongs to the most potent stimuli that mediate cardiomyo-
cyte apoptosis.*? Therefore, we evaluated apoptotic events
in the course of CVB3 myocarditis by TUNEL assays. In
C57BL/6 control mice and B2m ™/~ mice as well as in per-
forin™/~ mice we found that the majority of apoptotic cells
represent inflammatory cells during acute myocarditis.
These observations are supported by the findings of Henke
and colleagues®® that the murine proapoptotic protein
Siva is the mediator of apoptotic processes within inflam-
matory areas of CVB3-infected murine heart and pan-
creas tissues and that apoptosis in myocytes is usually
not detected.'® Whereas in all three investigated mouse
strains apoptosis of inflammatory cells was consistently
observed during acute myocarditis only single cardiac
myocytes revealed signs of apoptosis. However, in com-
parison to Gebhard and colleagues”® who found apopto-
tic myocytes only in C57BL/6 control mice but not in
perforin™/~ mice, we observed TUNEL-positive myocytes
in perforin™/~ mice and B2m /" mice as well as in
C57BL/6 control animals at a very low frequency (one
apoptotic myocyte per mid-cardiac tissue section). In a
recent study, Peng and colleagues** demonstrated the
presence of 15 apoptotic myocytes per mid-ventricle
heart tissue section in acutely CVB3-infected permissive
mice. In contrast, quantitative analyses from Mall and
colleagues*® in permissive CVB3-infected mice revealed
that already before the cellular immune response invades
the heart more than 250 myocytes per cross tissue sec-
tion undergo cytolysis within 24 hours, confirming that
rather cytolysis than apoptosis determines myocyte injury
during acute CVB3 infection.*® In addition, experimental
data of Huber and colleagues?®” from CVB3-infected fas-
deficient Jpor/lpr mice and fas ligand-deficient gld/gld mice
support the concept that the fas system is not required to
prevent chronic myocarditis.

Despite the failure of CD8" cytotoxic T cells to elimi-
nate CVB3-infected cells via perforin or fas-mediated
pathways, there is evidence from our observations in
CD8™* T cell-deficient B2m ™/~ mice that CD8* T lympho-
cytes do contribute to the control of virus infection in the
acute phase of CVB3 myocarditis. Recent observations in
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CVB-infected CD8 knockout and CD4 knockout mice as
well as in CD8* T cell-depleted mice point to a time-
dependent role of CD8" T cells with beneficial effects
during acute CVB infections and detrimental effects dur-
ing chronic myocarditis.38®

As known from other cytolytic virus infections, CD8* T
lymphocytes cells can elaborate a variety of effector
mechanisms against the infection by induction of a cyto-
kine-based local antiviral state in the direct neighborhood
of the infected cells and by promoting the generation of
neutralizing antibodies.®®*® Regulatory CD8" T cells
have been shown to clear virus infection also in a noncy-
tolytic manner via production of antiviral cytokines, such
as IFN-y and TNF-a.%° Both cytokines are also synthe-
sized by infiltrating cells in hearts of immunocompetent
mice with CVB3 myocarditis.®" IFN-v, a cytokine that can
be produced by CD8" and CD4™ T cells and also by
natural killer cells belongs to one of the most potent
regulators of inflammation and immune function.®? Be-
cause previous reports provided evidence for a role of
CD8™ T cells in the regulation of CD4" T-cell cytokine
response,®” we analyzed CD4™" T cells for the secretion
of IFN-y and IL-4 in our model systems. In contrast to
IL-4, which is not detected in CVB3-infected C57BL/6
mice,®® perforin™/~ mice, or B2m~’~ mice, IFN-y secre-
tion could be measured in all three mouse strains during
acute myocarditis. However, the very low levels of IFN-y
in B2m~/~ mice during the maximum of myocardial virus
replication at day 6 and 8 p.i. indicate that in absence of
CD8™" T cells IFN-v is not efficiently secreted by CD4™ T
helper cells to reduce viral load during acute myocarditis.
This idea is supported by the recent findings that the
development of IFN-y-producing Th1 cells is dependent
on an efficient initial IFN-y production by CD8* T
cells.®*5% Moreover, the relevance for these results in
virus infections was confirmed by Peterson and col-
leagues®® who demonstrated that this helper effect of
CD8™" T cells in the development of CD4 Th1 cell re-
sponses appears to be an important mechanism in gen-
erating protective immunity in infection with Friend murine
retrovirus. Altered kinetics of IFN-y production with a
delay of 2 days compared to control mice was also
observed in lymphocytic choriomeningitis virus-infected
B2m~'~ mice.®”

The importance of IFN-vy in the induction of an optimal
anti-viral response was also confirmed in our investiga-
tions of immunocompetent mice. We found that in sus-
ceptible ABY/Snd mice the IFN-y production is consider-
ably delayed, reaching maximum levels of IFN-y
expression only 16 days p.i., whereas resistant C57BL/6
mice revealed the highest IFN-vy levels already 12 days
p.i. In addition, in ABY/Snd mice that develop chronic
myocarditis a significant delay of virus-specific antibody
production is observed during acute myocarditis (G Sza-
lay and colleagues, submitted).

The relevance of IFN-y in CVB3 myocarditis was fur-
ther supported by the observation that expression of
IFN-v from recombinant CVB3 variants protect mice from
lethal disease and virus-induced tissue damage.®® From
a study of Opavsky and colleagues®® it has been con-
cluded that local IFN-y expression may contribute to a

restricted cell-to-cell spread of CVBS3 in the heart, thus
limiting the extent of myocardial organ injury. Further-
more, IFN-y has also been shown to protect pancreatic
cells from invading CVB4 by activation of resident mac-
rophages.®®

Besides the finding of reduced IFN-y expression we
also observed a severe deficiency in production of 1gG
and neutralizing antibodies in CVB3-infected g2m~/~
mice. Despite the fact that class | molecules and CD8" T
cells do not play a direct role in promoting antibody
responses it has been demonstrated that 82m~'~ mice
infected with vaccinia virus,®° rotavirus,®" and influenza
virus®? develop lower virus-specific antibody titers than
do control mice. In correspondence to our findings of
normal serum IgM titers but reduced levels of 1gG, also
vaccinia virus-infected f2m~/~ mice were found to be
less efficient in antigen-specific IgG production than their
B2m*/~ littermates.®® To date, no mechanisms have
been defined to be responsible for the decreased pro-
duction of virus-specific antibody titers in these knockout
mice. Recently it has been shown that B2m ™/~ mice that
are deficient in the MHC class I-related Fc receptor
(FcRn), reveal an increased degradation of IgG3* and
have therefore lower levels of serum IgG than wild-type
mice.®2%2 Thus, it is likely that the failure of the FcRn-
mediated protection of IgG from catabolism® might ex-
plain our findings of reduced IgG titers and neutralizing
antibodies in CVB3-infected f2m ™'~ mice.

As demonstrated by in situ hybridization experiments
the extent of myocardial infection in g2m~/~ is seven
times higher than in perforin™/~ mice or C5/BL/6 mice.
These observations support the concept that a reduced
early antibody response in B2m~/~ mice leads to a high
cardiac viral load that cannot be eliminated by the invad-
ing natural killer cells, macrophages, and CD4™ T cells,
thus inducing a persistent type of infection. Studies with
MHC class Il knockout mice also support an important
role for antibodies in the control of CVB3 infection. It has
been suggested that because of their failure to generate
IgG and neutralizing antibodies, MHC class Il knockout
mice develop chronic CVB3 myocarditis in association
with persistent heart muscle infection.'® The extraordi-
nary role of antibodies in virus clearance was further
substantiated by the finding of high-viral organ titers and
chronic infections of heart, liver, pancreas, and spleen in
CVB3-infected B cell-deficient mice.'® Moreover, previ-
ous studies provided evidence that treatment of CVB3-
infected mice with polyclonal immunoglobulin protects
mice against cardiac damage and inflammation and im-
proves ventricular remodeling.”"%4

In summary, we have demonstrated the relevance of
B2m-dependent immune-mediated mechanisms in the
outcome of CVB3 myocarditis. From our data we con-
clude that the early limitation of the viral load by neutral-
izing IgG antibodies and the restriction of intramyocardial
virus spread by IFN-y, as demonstrated for C57BL/6
mice as well as for perforin™/~ mice, reduce the extent of
acute virus replication and inflammation, thus providing
protective mechanisms against the development of
chronic myocarditis. In contrast, the failure to eliminate
infected myocytes during acute stages of infection as



observed in B2m~’~ mice and also in permissive immu-
nocompetent mice® results in a persistent type of infec-
tion in association with ongoing chronic myocardial in-
flammation. Chronic inflammation because of persistent
viral infection is detrimental for myocardial function be-
cause of expression of cardiotoxic cytokines, such as
TNF-a and IL-1,5"% leading to cardiac fibrosis, the dom-
inant hallmark of chronic myocarditis and dilated cardio-
myopathy.
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