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In order to identify organ and cellular targets of persistent enterovirus infection in vivo, immunocompetent
mice (SWR/J, H-27) were inoculated intraperitoneally with coxsackievirus B3 (CVB3). By use of in situ
hybridization for the detection of enteroviral RNA, we show that CVB3 is capable of inducing a multiorgan
disease. During acute infection, viral RNA was visualized at high levels in the heart muscle, pancreas, spleen,
and lymph nodes and at comparably low levels in the central nervous system, thymus, lung, and liver. At later
stages of the disease, the presence of enteroviral RNA was found to be restricted to the myocardium, spleen,
and lymph nodes. To characterize infected lymphoid cells during the course of the disease, enteroviral RNA
and cell-specific surface antigens were visualized simultaneously in situ in spleen tissue sections. In acute
infection, the majority of infected spleen cells, which are located primarily at the periphery of lymph follicles,
were found to express the CD45R/B220* phenotype of pre-B and B cells. Whereas viral RNA was also detected
in certain CD4™ helper T cells and Mac-1* macrophages, no enteroviral genomes were identified in CD8*
cytotoxic/suppressor T cells. Later in disease, the localization of enteroviral RNA revealed a persistent type of
infection of B cells within the germinal centers of secondary follicles. In addition, detection of the replicative
viral minus-strand RNA intermediate provided evidence for virus replication in lymphoid cells of the spleen
during the course of the disease. These data indicate that immune cells are important targets of CVB3
infection, providing a noncardiac reservoir for viral RNA during acute and persistent myocardial enterovirus

infection.

Enteroviruses of the family Picornaviridae, and in particular
coxsackieviruses of group B (CVB), have been established as
highly prevalent human pathogens. Clinically, enterovirus in-
fections are known to be associated with a variety of acute and
chronic forms of disease, including myocarditis, meningoen-
cephalitis, hepatitis, and pancreatitis (36, 37, 42, 48). Myocar-
dial enterovirus infections may be detected by in situ hybrid-
ization in acute and chronic enterovirus-induced myocarditis,
indicating the possibility of enterovirus persistence in the hu-
man heart (7, 19). Such infections can also be observed in
patients with dilated cardiomyopathy, a condition which may
evolve from chronic myocarditis (22, 36). The discovery of
possible persistent enterovirus infection of the human heart is
supported by the finding, with different strains of immunocom-
petent mice, that CVB3, typically a cytolytic virus, is capable of
evading immunological surveillance in a host-dependent fash-
ion, thus inducing a persistent type of heart muscle infection
(27). Persistent myocardial infection is characterized by syn-
thesis of viral plus- and minus-strand RNAs in approximately
similar amounts. In contrast, during acute myocardial infec-
tion, viral plus-strand RNA is synthesized in great excess from
relatively low copy numbers of the minus-strand RNA inter-
mediate (18, 27). Resistance to the development of persistent
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heart muscle infection was found not to be linked to the H-2
haplotype of the host (27).

Experimental infections in vitro have suggested that CVB
may replicate not only in cultured human heart muscle cells
but also in human lymphoid cell lines for several months (20,
33). Viral persistence in cellular constituents of the immune
system may have crucial pathogenetic consequences. The in-
teraction of virus with cells of the immune system may con-
tribute to the spread and dissemination of the infection within
the host (1). Virus-replicating immunocompetent cells also
have been shown to contribute to the development of various
disorders of immune functions (14, 25, 35).

Although the pathogenesis of coxsackievirus infection has
been studied extensively in the murine model (11, 17, 19, 24),
so far it has been unclear whether constituents of the immune
system itself represent possible targets for enterovirus infec-
tion in vivo. We have addressed this question in a multiorgan
study of CVB3-infected SWR/J (H-29) mice, which develop a
typical pattern of persistent heart muscle infection sustaining
ongoing inflammation (27). Here we show that CVB3 is indeed
capable of infecting cells of the immune system in vivo. With
the use of a double-labeling method for identifying infected
lymphoid cells, patterns of CVB3 infection in splenic tissue
during the acute and chronic phases of the disease were as-
sessed and compared. The results indicate that in addition to
heart muscle cells, predominantly B lymphocytes represent
cellular targets of acute and persistent enterovirus infection.
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MATERIALS AND METHODS

Virus and animals. Four-week-old immunocompetent inbred mice (strain
SWR/J; The Jackson Laboratory) were inoculated intraperitoneally with 10°
PFU of transfection-derived CVB3 (Nancy strain) (21). Seventy infected and 21
noninfected animals were sacrificed at days 3, 6, 9, 12, 18, 28, and 42 postinfec-
tion (p.i.). Ninety-five percent of infected SWR/J mice developed myocardial
lesions. Isolation of infectious virus from heart muscles and spleens was success-
ful up to 18 days p.i. In addition, 49 DBA/1 mice, which have been shown to be
resistant to the development of chronic myocarditis, were inoculated with 10°
PFU of CVB3 and sacrificed at various times.

Tissue preparation. Samples of aseptically removed tissues (brain, thymus,
lung, liver, pancreas, kidney, skeletal muscle, heart, spleen, and mesenteric
lymph nodes) were either quickly frozen in liquid nitrogen or fixed for 4 h at 4°C
by immersion in 1.5% paraformaldehyde-1.5% glutaraldehyde-0.1 M sodium
phosphate buffer (pH 7.2) and embedded in paraffin. For in situ hybridization,
serial paraffin tissue sections (6 wm) were mounted on microscopic slides that
had been cleaned in 10% Extran MA 01 (Merck) and coated with 3-aminopro-
pyl-triethoxysilane (Sigma). Combined in situ hybridization-immunolabeling was
performed on frozen tissue sections which were air dried at 37°C and fixed for 10
min at 4°C in acetone.

Preparation of hybridization probes. Recombinant CVB3 cDNA (21) contain-
ing a full-length transcript of the viral genome was digested with Kpnl and
BamHI restriction endonucleases to generate a 6.2- and a 1.0-kb fragment,
respectively. CVB3 cDNA fragments were purified twice by gel electrophoresis
and radiolabeled by nick translation as described previously (19). Control DNA
probes were prepared from the plasmid vector p2732B (19). The specific activity
of probes was 5 X 108 dpm/pg of DNA. Preparation of **S-labeled RNA probes
(specific activity, 10° dpm/ug of RNA) for strand-specific detection of viral plus-
or minus-strand RNA was carried out as described previously (27).

In situ hybridization. Pretreatment, hybridization, and washing conditions
were as described previously (19, 27). Briefly, tissue sections were incubated for
24 h at 25°C in hybridization buffer containing 3*S-labeled CVB3 cDNA probe
(200 ng/ml) or plasmid vector control DNA probe (200 ng/ml) in 10 mM Tris-
HCI (pH 7.4)-50% (vol/vol) deionized formamide—600 mM NaCl-1 mM EDTA-
0.02% polyvinylpyrrolidone-0.02% Ficoll-0.05% bovine serum albumin-10%
dextran sulfate-10 mM dithiothreitol-200 wg of denatured sonicated salmon
sperm DNA per ml-100 g of rabbit liver tRNA per ml. Slides were washed as
described previously (19) and then washed for 1 h at 55°C in 2X standard saline
citrate. Myocardial slide preparations were autoradiographed (19) and counter-
stained with hematoxylin&eosin. In situ hybridization with RNA probes was
done as previously reported (27).

For quantitative evaluation of infected immune cells, in situ autoradiographs
from hybridized spleen tissue sections obtained during acute and chronic myo-
carditis were processed by means of an interactive automatic image analyzing
system as described for heart muscle infection (27). Areas of hybridization-
positive cells within follicles were compared with the total areas of spleen folli-
cles and calculated as area fractions of infection.

Immunohistochemistry. For immunohistochemistry, tissue sections were washed
in phosphate-buffered saline (PBS) for 10 min and incubated for 1 h at 25°C with
a panel of rat anti-mouse antibodies recognizing Mac-1 (macrophages and NK
cells, clone M1/70 HL), Ly-2 (cytotoxic/suppressor T lymphocytes, clone 53-6.7),
and L3T4 (helper T cells, clone H129.19) (all from Boehringer Mannheim);
Thy-1.2 (pan-T cells) (Becton Dickinson); and CD45R/B220 (pre-B and B lym-
phocytes, clone RA3-6B2) (Pharmingen). Controls with normal rat serum were
run to exclude nonspecific staining. Immunohistochemistry was performed with
biotinylated sheep anti-rat immunoglobulin G (Amersham) followed by the
application of a streptABComplex/AP (DAKO) under the conditions described
by the manufacturer. As a substrate for alkaline phosphatase, New Fuchsin
(Merck) was used. All antisera were treated with 180 U of RNasin (Promega) per
ml.

Concurrent immunohistochemistry and in situ hybridization. For processing
of tissue sections in combined immunohistochemistry and in situ hybridization, a
technique initially described by Brahic et al. (4) and Gendelman et al. (10) was
adopted. Immunohistochemically stained frozen tissue sections were postfixed in
2% paraformaldehyde—-1% glutaraldehyde in PBS and subjected to the in situ
hybridization procedure described above. Tissue sections were counterstained
with hematoxylin.

Reverse transcription-PCR (RT-PCR) amplifications. Total RNA from in-
fected and noninfected heart muscle, spleen, and lymph nodes was extracted by
boiling deparaffinized tissue in Tris-EDTA buffer for 10 min followed by phenol-
chloroform-isoamyl alcohol extraction. Viral genomic RNA and the minus-
strand RNA intermediate were reverse transcribed with avian myeloblastosis
virus reverse transcriptase according to the supplier’s recommendations (AGS,
Heidelberg, Federal Republic of Germany), using 0.2 mM primers specific for
nucleotides 64 to 83 (5'-CGGTACCTTTGTGCGCCTGT-3") or 541 to 521
(5'-GTTCCGCTGCAGAGTTGCCCG-3") of CVB3, respectively (28). Enzy-
matic amplification of cDNA was performed as a nested PCR on a Perkin-Elmer
GeneAmp PCR System 9600 with two 30-cycle programs consisting of denatur-
ation at 94°C for 1 min, annealing at 56°C for 30 s, and extension at 72°C for 45 s.
Each reaction mixture contained PCR buffer (Perkin-Elmer, Norwalk, Conn.),
1.5 mM MgCl,, 0.2 mM primers, 200 uM deoxynucleoside triphosphates, and 2.5
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U of Taq polymerase (Perkin-Elmer), to which was added 10 ul of cDNA
reaction mixture or 5 pl of the first PCR product, respectively. The outer primers
were specific to nucleotides 64 to 83 and 541 to 521 of CVB3 (amplification
product, 478 bp); the inner primers were specific to nucleotides 181 to 200
(5'-CCCCGGACTGAGTATCAATA-3") and 480 to 460 (5'-CAGTTAGGATT
AGCCGCATT-3’) of CVB3 (amplification product, 300 bp) (28). As a control
for successful extraction of RNA from diverse tissues, oligonucleotide sequences
were chosen from the cDNA sequence of the glyceraldehyde-3-phosphate dehy-
drogenase gene (47). Primers were specific to nucleotides 3932 to 3949 (5'-A
ATGCCTCCTGCACCACC-3") and 4355 to 4372 (5'-ATGCCAGTGAGC
TTCCCG-3') of human glyceraldehyde-3-phosphate dehydrogenase cDNA
(amplification product for mRNA, 248 bp). The specificity of amplification prod-
ucts was shown by automatic DNA sequencing (43).

RESULTS

Patterns of acute enterovirus organ infection. Immunocom-
petent SWR/J (H-27) mice were used as a model of chronic
enterovirus myocarditis to study the distribution of CVB3 dur-
ing the course of the disease. Figure 1 summarizes typical in
situ hybridization patterns of various organ infections as ob-
served during the acute phase of the disease (6 days p.i.). As
expected, the heart muscle revealed extensive virus infection
associated with the development of multifocal inflammatory
lesions (Fig. 1A). In addition, high numbers of viral RNA-
positive cells were visualized in lymphoid organs, such as the
spleen and lymph nodes (Fig. 1B and C). The majority of
autoradiographic signals in the spleen and lymph nodes are
localized to immune cells at the periphery of germinal centers.
In addition to the abundant viral RNA load of the white pulp,
single CVB3 RNA-positive cells were found to be scattered in
the red pulp of the spleen during acute infection (Fig. 1B).
Macroscopically, CVB3 infection resulted in a massive spleen
atrophy which was obvious from day 6 to 18 p.i. In the pan-
creas, the hybridization pattern revealed a strong tropism of
the virus for the exocrine pancreas during acute infection (Fig.
1D). Virus-induced cytopathic changes resulted in a rapid,
widespread lysis of exocrine acinar cells, occasionally accom-
panied by inflammatory infiltrates. Compared with these highly
infected organs, low numbers of in situ positive cells were
detected during the acute stage of infection in the lung (Fig.
1E), liver (Fig. 1F), and thymus (Fig. 1G). Hybridization of
representative specimens from these tissues revealed single
randomly dispersed CVB3 RNA-containing cells. The detec-
tion of viral RNA in the thymus, lung, and liver was usually not
associated with histopathologic lesions of these organs. Re-
garding central nervous system tissue, a predilection of the
virus for the olfactory bulb was observed in this model, with
involvement of mitral and glomerular cell layers (Fig. 1H). No
viral RNA-positive cells were detected in skeletal muscles or in
kidneys of CVB3-infected SWR/J mice (data not shown).

Patterns of persistent enterovirus organ infection. During
the course of the disease a continuous decrease in the numer-
ical densities of viral RNA-positive cells was observed in all
infected organs. Figure 2 represents typical examples of hy-
bridized tissue samples obtained during the chronic phase of
the disease (42 days p.i.). As reported previously (27), persis-
tent enterovirus infection was consistently observed in the
heart muscle. Figure 2A illustrates the typical pattern of per-
sistently infected heart muscle infection as observed during
chronic myocarditis. Persistently infected myocardial cells are
localized mainly within foci of chronic inflammatory lesions. In
addition to the myocardium, spleens (Fig. 2B) and lymph
nodes (Fig. 2C) were found to be persistently infected. Impor-
tantly, during the course of infection, a shift in the viral hy-
bridization patterns was observed in lymphoid tissues. During
acute infection, the majority of CVB3 RNA-positive lymphoid
cells were found to be localized in the outer zones of the
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FIG. 1. Organ targets of CVB3 infection during acute infection (6 days p.i.) as detected by in situ hybridization with 3>S-labeled CVB3 cDNA probes. The most
extensive viral hybridization patterns were observed in the heart muscle (A), spleen (B), lymph nodes (C), and pancreas (D). In addition, single virus-positive cells were
found to be distributed in other organs, such as the lung (E), liver (F), thymus (G), and brain (H), during acute disease. Magnifications, X60 (A, B, C, and H), X130

(D, F, and G), and X250 (E).

germinal centers (Fig. 1B and C). In contrast, in chronic in-
fection, viral RNA-positive lymphoid cells were found to be
concentrated in the middle of germinal centers (Fig. 2B and
C). The quantitative evaluation of splenic infections as ob-
tained by interactive automatic image analysis revealed that

compared with those during acute disease, the area fractions of
infection in splenic follicles during chronic myocarditis are
reduced by a factor of 15 to 30. From the number of hybrid-
ization-positive cells counted in follicle areas (n = 20 follicles),
it can be estimated, according to basic stereological principles
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be restricted to cells of the myocardium (A) and lymphoid tissue of the spleen (B) and lymph nodes (C). No enteroviral genomes were visualized in pancreas (D), lung
(E), liver (F), thymus (G), or brain (H). Magnifications, X60 (H), X130 (B, C, D, F, and G), and X250 (A and E).

(50), that approximately 200 cells in the germinal center of
secondary follicles harbor enteroviral RNA during chronic dis-
ease. In contrast to persistently infected heart muscle, spleen,
and lymph nodes, hybridization of the other organs, such as the
pancreas (Fig. 2D), lung (Fig. 2E), liver (Fig. 2F), thymus (Fig.
2G), and brain (Fig. 2H), revealed an absence of infected cells

during chronic disease, demonstrating successful elimination
of the virus from these tissues.

Identification of infected immune cells of the spleen by con-
current immunohistochemistry and in situ hybridization. CVB3-
infected cells were identified in lymphoid tissue by using a
technique which allows the simultaneous in situ detection of
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FIG. 3. Identification of infected immune cells in spleens of acutely CVB3-
infected mice (6 days p.i.). In situ hybridization for the detection of CVB3 RNA
was performed following immunohistochemical labeling of frozen tissue sections
with antibodies recognizing B cells (A) or T cells (B). No labeling of cells was
observed when this spleen follicle was hybridized with 3°S-labeled, nonrecombi-
nant plasmid vector p2732B control DNA after immunohistochemical staining
with normal rat serum instead of the first antibody (C). Magnification, X130.

antigens and RNA in tissue sections (4, 10). Figure 3 illustrates
the results of combined immunohistochemical staining and in
situ hybridization of serial tissue sections of the spleen as
observed during acute virus replication (6 days p.i.). The typ-
ical in situ pattern of acute splenic infection following immu-
nohistochemical labeling of B lymphocytes is demonstrated in
Fig. 3A. The great bulk of autoradiographic signals due to in
situ hybridization of viral RNA can be localized to immuno-
histochemically red-stained CD45R/B220* cells (pre-B and B

J. VIROL.

lymphocytes) which are located within the lymph follicle area.
In B cells which are interspersed in the splenic marginal zones,
usually no enteroviral sequences were observed. Hybridization
of a consecutive tissue section of the same follicle revealed that
the majority of T cells within the periarteriolar lymphatic
sheath which were stained by anti-Thy-1.2" antibodies are not
infected (Fig. 3B). To exclude nonspecific labeling of lymphoid
cells by radioactive hybridization probes following the immu-
nohistochemical staining procedure, infected control tissue
sections were incubated with normal rat serum and hybridized
with the nonrecombinant **S-labeled plasmid vector p2732B
control DNA probe, demonstrating the specificity of concur-
rent immunohistochemistry and in situ hybridization (Fig. 3C).

In addition, hybridizations were performed with splenic tis-
sue sections which were previously labeled by anti-L3T4 (help-
er T cells) and Ly-2 (cytotoxic/suppressor T lymphocytes) anti-
bodies. As demonstrated in Fig. 4A, during acute myocarditis,
a portion of T-helper cells, which are localized within germinal
centers of spleen follicles, was found to be labeled by the viral
probe. In contrast, no viral genomes were detected in cytotoxic/
suppressor T cells (Fig. 4B).

To identify the nature of persistently infected lymphoid cells,
the same cell-type-specific antibodies were used for simulta-
neous visualization of viral RNA and gene products as per-
formed for identification of acutely infected spleen cells. In situ
hybridization of murine spleens during chronic myocarditis
demonstrated that, in correspondence to acute infection, en-
teroviral RNA is present mainly in B220" B cells (Fig. 4C).
During persistent infection, all hybridization-positive B lympho-
cytes were found to be located within the germinal center of
splenic secondary follicles. In addition, when the macrophage-
specific antibody Mac-1 was used for immunohistochemical
labeling, enteroviral RNA-positive macrophages could be de-
tected also at later stages of infection (Fig. 4D), indicating that,
in addition to B cells, macrophages may harbor enteroviral
genomes during chronic disease. However, in contrast to the
case for acute infection, no viral genomes were detected in
anti-L3T4" T-helper cells during chronic myocarditis.

Virus replication in immune cells. To examine whether
CVB3 replicates in lymphoid tissue, spleens and lymph nodes
of SWR/J mice and DBA/1 mice were investigated for the
presence of viral plus-strand RNA as well as the replicative
minus-strand RNA intermediate during the course of myocar-
ditis by means of nested RT-PCR. As shown in Fig. 5, virus-
specific amplification products reflecting viral plus- and minus-
strand RNAs were detected in heart muscle and splenic tissues
of SWR/J mice obtained during acute (6 days p.i.) and also
during chronic (42 days p.i.) myocarditis. The observation that
viral minus-strand RNA is rarely detected in lymph nodes of
these animals after the acute stage of the disease is likely to be
due to relatively low copy numbers of viral minus-strand RNA
in lymphoid tissue, a phenomenon which was also confirmed by
strand-specific in situ hybridization (data not shown).

Evidence for viral replication in immune cells during chronic
myocarditis is further provided by the appearance of foci of
cells in spleens (Fig. 2B) and lymph nodes (Fig. 2C) with strong
signals for viral RNA-positive strands, indicating positive-
strand RNA synthesis rather than mere trapping of single
particles, which should result in diffuse single-cell signals.

In contrast to the findings for permissive SWR/J mice, resist-
ant DBA/1 (H-29) control mice, which do not develop chronic
myocarditis, were found to eliminate the virus regularly from
heart muscle and lymphoid tissues during the course of acute
infection.
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FIG. 4. In situ hybridization analysis with radioactively labeled CVB3 c¢cDNA probes of frozen spleen tissue sections obtained during acute disease after
immunohistochemical staining of helper T cells (A) and cytotoxic/suppressor T cells (B). Whereas a minority of helper T cells were found to be infected, no viral RNA
was observed in cytotoxic/suppressor T cells. During chronic disease, enteroviral sequences were detected primarily in B cells (C) but also in single macrophages (D).

Magnifications, X160 (A, B, and C) and X490 (D).

DISCUSSION

Recent molecular studies have demonstrated that picorna-
virus infections not only can induce a variety of acute diseases
but also can result in persistent infections (27, 29, 31, 45).
Enterovirus persistence in myocardial cells, as observed in
permissive immunocompetent mouse strains with chronic
CVB3 myocarditis, was found to be associated with restricted
viral RNA and capsid protein synthesis (27). Since one of the
key obstacles to viral persistence is the failure of the host’s
immune system to eliminate the virus during acute infection
(15, 39), the present study focused on the interplay established
by coxsackievirus and the immune system itself.

Various organs of SWR/J mice were analyzed as cellular
targets during the course of CVB3 infection. Radioactive in
situ hybridization revealed a broad tissue tropism for CVB3,
involving diverse lymphoid and nonlymphoid organs. During
acute disease, widespread patterns of infection were detected
in the heart muscle, pancreas, spleen, and lymph nodes. Where-
as the virus was found to be eliminated from most organs,
including the thymus, lung, liver, and central nervous system,
during the course of acute infection, lymphoid cells of the
spleen and lymph nodes revealed the presence of viral ge-
nomes during chronic myocarditis, in addition to persistently
infected myocardial cells.

Infection of lymphoreticular tissues provides viruses with a
potential way to avoid the immune system. The finding that

viruses may impair immunity by acute or persistent infection of
immunocompetent cells in humans and animals has been de-
scribed for a variety of viruses (1), e.g., Theiler’s murine en-
cephalomyelitis virus (31), Aleutian mink disease parvovirus
(2, 23), lymphocytic choriomeningitis virus (8, 46), lactate de-
hydrogenase-elevating virus (3), human cytomegalovirus (38),
and rabies virus (41). Previous in vitro investigations support
the view that enteroviruses also can infect lymphoid cells. It
was demonstrated that poliovirus is capable of replicating in
human antigen-stimulated lymphocytes (52). In addition, there
is evidence that one or more cell types within the human
peripheral blood mononuclear cell populations support polio-
virus replication (9). For CVB it has been shown that various
cultured human lymphoid lines of B- and T-cell origin (33, 49),
as well as a murine lymphoma cell line (6), are permissive for
diverse serotypes.

In the present study we demonstrated a tropism of CVB3 for
immune cells in vivo. Importantly, CVB3 was found to be
capable of replicating in lymphoid cells as indicated by the
detection of viral minus-strand RNA in splenic tissue during
acute and chronic myocarditis by RT-PCR as well as by the
recovery of infectious virus from spleens up to 18 days p.i.
Since the nature of cells containing enteroviral RNA cannot be
characterized with certainty on the basis of morphological cri-
teria, a double-labeling method capable of identifying virus
target cells in infected lymphoid tissues was used. By this ap-
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FIG. 5. Gel electrophoresis of 300-bp amplification products of CVB3 plus-
strand (+) and minus-strand (—) RNAs from the heart muscle, spleen, and
lymph nodes of SWR/J mice by nested RT-PCR obtained during acute (6 days
p.i.) and chronic (42 days p.i.) myocarditis. As positive controls for amplifiable
RNA, RT-PCR with glyceraldehyde-3-phosphate dehydrogenase mRNA (248-
bp fragment) was performed. H,O was used as a negative control.

proach, viral genomes were localized predominantly to B lym-
phocytes expressing the CD45R/B220" phenotype during both
acute and chronic myocarditis.

Spleens as well as lymph nodes are secondary lymphoid
organs which have been demonstrated to play a major role in
the antiviral immune response (40). As observed in CVB3-
infected immunocompetent mice, spleens have been shown to
be important for filtration of viral particles during acute infec-
tion (34). As a result of the virus-immune cell interactions in
these lymphoid organs, a cascade of immune processes which
involves a diversity of cell types is induced. Within the periar-
teriolar lymphocyte sheaths of the white pulp, dendritic cells
present processed viral antigens to CD4™ and CD8™ cells (26).
In germinal centers of secondary follicles, viral antigens are
presented from follicular dendritic cells to B cells which un-
dergo clonal selection. B cells may process antigens to CD4"
cells, which in turn help B cells to develop into antibody-
forming cells (12, 44). As observed by in situ hybridization, the
virus had a high affinity for the splenic B-cell population in
CVB3-infected mice. During acute infection, the majority of B
cells that were positive for viral plus-strand RNA were local-
ized in the outer zones of the splenic follicles, an area which is
typical for trapping of viral particles. Consequently, when
strand-specific in situ hybridization studies were performed, in
addition to RT-PCR, positivity for the viral minus-strand RNA
intermediate was observed in a minor subset of these lymphoid
cells (data not shown). These results indicate that the great
bulk of in situ-positive B lymphocytes during acute disease
reflects a high viral load due to sequestration in addition to
productive infection. Later in disease, infected B cells were
found in the middle of germinal centers, which is the charac-
teristic site for stimulated B lymphoblasts. Minus-strand RNA
synthesis was consistently detected in splenic follicles by RT-
PCR but rarely detected in mesenteric lymph nodes obtained
during chronic infection. Notably, immunohistochemical stain-
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ings of lymphoid tissues, using polyclonal antisera that have
been raised against bacterially synthesized viral structural fu-
sion proteins (51), provided evidence that single cells within
viral RNA-positive germinal centers of secondary follicles
from the spleen and mesenteric lymph nodes harbor viral gene
products (data not shown). Persistently infected B cells might
contribute to the long-term presence of memory B cells (13)
and explain the presence of relatively high titers of anti-CVB3
immunoglobulin G antibodies in susceptible mice for many
weeks (32). In addition, it is suggested that infected splenic B
cells can support virus dissemination in the organism when
they turn over to peripheral recirculating B cells (13).

In addition to the in vivo finding of infected B cells in
enterovirus myocarditis, the present study implicates T lympho-
cytes and macrophages as being infected. Whereas T-helper
cells were shown to represent a subset of acutely infected cells,
CD8™ T cells were not found to contain viral genomes during
the course of the disease. Regarding the detection of viral
RNA in macrophages, it should be considered that in situ
detection of viral genomes may reflect phagocytosis of nonrep-
licative viral material. However, there is evidence from in vitro
experiments that a portion of cultured human monocytes can
release newly synthesized CVB3 without exhibiting cytopathic
effects (16). Viral replication in a small fraction of brain mac-
rophages was also reported for infection with Theiler’s virus
(30), a murine picornavirus responsible for a persistent demy-
elinating infection of the central nervous system (5).

The results obtained in the present study support the view
that infected immune cells represent a noncardiac reservoir for
viral genomes, which could play an important role in dissem-
ination of the virus and in maintenance of chronic disease. The
model of persistently enterovirus-infected immune cells pre-
sented here should prove to be useful to further elucidate viral
and host-specific determinants which account for the different
outcomes of enteroviral myocarditis in susceptible and resis-
tant hosts.
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