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Innate immunity is central to the clearance of pathogens from hosts as well as to the definition of acquired
immune responses (D. T. Fearon, and R. M. Locksley, Science 272:50-53, 1996). Coxsackievirus B3 (CVB3), a
human cardiopathic virus, was evaluated for the ability to activate the alternative and classical pathway of
complement. CVB3 proteins interact with complement component 3 (C3, a soluble protein effector of innate
immunity) after either in vitro exposure to mouse serum or in vivo murine infection and activate the alternative
pathway of complement. In addition, we demonstrate that viral antigen retention and localization in germinal
centers is dependent on C3, while virus antigen retention in extrafollicular regions in the spleen is not. In vivo
depletion of native C3 abolished the rapid formation of virus-specific germinal centers (by day 3 post-CVB3
infection) in the absence of serum anti-CVB3 antibodies. These studies demonstrate that innate immune
mechanisms, such as C3 interaction with CVB3, are essential for splenic antiviral germinal center formation
in naive (antigen nonsensitized) mice resistant (C57BL/6J strain) and susceptible (A/J strain) to CVB3-

induced myocarditis.

Coxsackievirus B3 (CVB3), the most prevalent human car-
diopathic virus (17), is an enterovirus in the family Picornavi-
radae. Recently, CVB3 has been shown to directly associate
with and infect cells of immune origin both in vivo and in vitro
(2, 19, 42, 43). Whether this association is mainly adaptive for
the host, resulting in antigenic retention and stimulation of the
immune response, or mainly pathologic, resulting in disruption
of immune regulation, is not known.

The mechanisms of antigen retention for stimulation of im-
mune responses in lymphoid organs have been studied exten-
sively (21, 36, 37, 40, 41). Antigens interact with antibodies and
activated complement component 3 (C3) of the alternative
complement pathway, and C3b and its cleavage products, C3bi
and C3dg, interact in turn with C3 receptors on follicular
dendritic cells and B cells. These molecular and cellular inter-
actions play a crucial role in the retention of antigen in lym-
phoid organs, the formation of immune complex-coated spher-
ical bodies (iccosomes), and the stimulation of germinal
centers (36, 37, 40, 41). C3-coated particles are known to be
stimulators of antibody-independent, humoral, and cellular im-
mune responses (1, 16). Indeed, recently it has been demon-
strated with recombinant protein expression that just three
molecules of C3d linked to a thymus-dependent antigen in-
crease the potency of stimulation of an acquired humoral im-
mune response by 10,000-fold (13). Interactions between C3
and infectious agents as well are important in the clearance
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and inactivation of viral pathogens (5, 18); however, these
interactions can also facilitate enveloped virus infections (10)
either in an antibody-dependent (8) or antibody-independent
(6, 7) fashion.

Virus interactions with the immune system have become an
essential area of study in virus research (2, 19, 28, 30, 42, 43).
A general paradigm based on the universality of virus interac-
tions with the immune system and immune compartments like
the spleen has emerged and reflects a critical balance between
host and viral adaptability.

Complement proteins have been shown to be important for
enveloped viruses, specifically with regard to herpesviruses and
human immunodeficiency virus type 1 (HIV-1). It has been
shown that C3 interacts directly with HIV-1, and this interac-
tion is hypothesized to occur with glycosylated viral proteins
(29, 32). Furthermore, complement receptors have been shown
to be important in the process of HIV-1 infection of cell lines
that express complement receptors (6, 7). Thus, complement
interactions with infectious agents may regulate the induction,
progression, and pathogenesis of virus-induced diseases. We
therefore have extended previous studies (2) and have evalu-
ated potential mechanisms of CVB3 localization to germinal
centers and extrafollicular regions of the spleen in a murine
model of CVB3-induced disease.

Myocarditis-susceptible A/J mice and myocarditis-resistant
C57BL/6J mice (Jackson Laboratories) were injected intra-
peritoneally (i.p.) with cobra venom factor (CVF) (Quidel
Corporation) to deplete the serum of C3. A/J and C57BL/6J
mice were divided randomly into three groups as follows: (i)
animals injected i.p. with 10° PFU of CsCl-purified CVB3 and
CVF (CVF, n = 3 or 4/group), (ii) animals injected with 10°
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FIG. 1. Load of infectious CVB3 in the spleens of CVB3-infected A/J (n =
3 or 4/group) and C57BL/6J (n = 3/group) mice treated with CVF or DPBS was
evaluated at day 3 p.i. There was no significant difference in virus load in the
spleens of A/J mice; however, the concentration in the spleens of CVF-treated
C57BL/6J mice was statistically lower than that of DPBS-treated animals. Bars,
1 standard deviation (SD).

PFU of CsCl-purified CVB3 and Dulbecco’s phosphate-buff-
ered saline (DPBS) (CVF sham, n = 3/group), and (iii) ani-
mals injected with CVF and DPBS (CVB3 sham, n = 3/group).
Twenty-four hours prior to infection with CVB3 at day 0,
groups were injected i.p. with 4 units of CVF/mouse, twice
daily for 3 days. Sham animals were injected with DPBS. De-
pletion of serum C3 in vivo was verified by crossed immuno-
electrophoresis (CIE) as discussed in detail below. It should be
noted that mice tolerate CVF doses which are 250 to 1,000
times greater than the dose given in this experiment without
changes in body weight, spleen weight, splenic histology,
plasma volume, or erythrocyte volume in the intravascular or
splenic compartments (31).

The titers of CVB3 in tissues were determined on monolay-
ers of HeLa cells by agar overlay plaque assay, as previously
described (2). In C3-depleted A/J mice the total load (PFU/
mg) of infectious virus in the spleen at day 3 postinfection (p.i.)
was no different from that in non-C3-depleted control A/J mice
(Fig. 1). In C57BL/6J mice there was a significant decrease in
the load (PFU/mg) of CVB3 in the spleen of CVF-treated
animals (P < 0.05) (Fig. 1). The significant difference in splenic
load (PFU/mg) after CVF treatment of C57BL/6J mice may
reflect a more marked deficiency in retention of infectious
virus in or on cellular fractions of the C57BL/6J spleen. This
marked decrease in splenic viral load of myocarditis-resistant
mice after CVF treatment may reflect the generally beneficial
effect of retention of virus in lymphoid compartments afforded
by interaction with complement. While the existence of this
protective mechanism is not certain, information derived in
separate experiments indicates that when complement deple-
tion occurs, viral titers in heart muscle rise (data not shown).

In situ hybridization (ISH) for sense strand viral RNA was
performed as previously described (2, 9, 19). Importantly, ISH
positivity for CVB3 genome in spleens of CVF-treated A/J and
C57BL/6J animals was dramatically decreased compared to
that in spleens of DPBS-treated animals (Ps < 0.001 for the
A/J and the C57BL/6J mice) (Fig. 2). There was virtually no
hybridization in germinal centers of CVF-treated animals,
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but there was an increase in extrafollicular signals (Fig. 2).
Although the average extrafollicular staining increased in
CVF-treated C57BL/6J mice, this increase was not significant.
There was, however, a significant increase in extrafollicular
staining in A/J mice treated with CVF (P < 0.01).

Despite such changes in CVB3 viral load (Fig. 1) and RNA
distribution (Fig. 2) after CVB3 depletion, there was no sig-
nificant difference between the splenic loads (PFU/mg) of
CVB3 between A/J and C57BL/6J mice treated with CVF and
those between A/J and C57BL/6J mice which were treated with
DPBS; these data corroborate the results of previously re-
ported studies (2). Similarly, more virus was in the noncellular
fraction (plasma of the spleen) than in the cellular fraction
(splenocytes) of the spleen (2). Thus, the quantity of virus as
determined by ISH contributes only a fraction to splenic load
(PFU/mg) and may be altered significantly without dramati-
cally affecting total splenic load (PFU/mg).

As discussed above, viral loads in the spleen may be altered
with CVF treatment (Fig. 1); however, it is also likely that
these changes are a reflection of alterations in immune mech-
anisms secondary to C3 depletion. For example, just as there is
a C3-independent increase in extrafollicular localization of
CVB3 in the spleens of A/J mice (a hypothesized increase in
phagocytosis by marginal zone phagocytic cells), there are
likely other alterations in innate immune responses in other
reticuloendothelial organs (i.e., an increased phagocytosis by
hepatic Kupffer cells). The temporal and systemic effect of C3
depletion on the viral load in host tissues, end organ pathology,
and host mortality, remains to be determined.

The splenic ISH pattern of staining in all A/J and C57BL/6J
mice treated with CVF was dramatically altered (Fig. 3) and
clearly indicates that C3 has a central role in localization of
virus to splenic germinal centers after CVB3 infection. The
inability to detect CVB3-neutralizing antibodies at day 3 of this
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FIG. 2. ISH staining scores are shown for spleens of CVB3-infected A/J and
C57BL/6J mice treated with CVF or DPBS and evaluated at day 3 p.i. ISH
positivity in A/J and C57BL/6]J splenic follicles decreased dramatically after
treatment with CVF (P < 0.001). Although extrafollicular staining increased
after CVF treatment, this increase was significant compared to staining for
control hybridization only in A/J mice. Bars, 1 SD.
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FIG. 3. ISH staining (carmalum counterstain) for the sense strand RNA in the spleens of CVB3-infected A/J (A and B) and C57BL/6J (C and D) mice treated with
CVF or DPBS and harvested at day 3 p.i. DPBS treatment (A and C) and CVF treatment (B and D) were strikingly different regarding localization of the virus. The
germinal center in panels A and C (arrows) is absent from panels B and D; however, ISH staining is still present in the extrafollicular regions of the CVF-treated spleens

(arrows) (B and D). Magnification, X125.

experiment (data not shown) and at day 4 of previous experi-
ments (data not shown) as well as the absence of anti-CVB3
antibodies (neutralizing and nonneutralizing) at day 4 in ex-
periments performed by others (25, 44) underscore the impor-
tance of innate immune responses, specifically C3, in the de-
velopment and retention of virus in germinal centers and
extrafollicular regions by day 3 post-CVB3 infection.

To determine whether CsCl-purified CVB3 particles are
able to activate C3 and be fixed by complement proteins, se-
rum-exposed CVB3 particles were assessed for functional com-
plement activity by a hemolytic screening assay as previously
described (Fig. 4) (15). No change in functional complement
activity was detected, suggesting that there is little or no
activation of the classical pathway and modest depletion of
C3. Notably, C3 is not a limiting component in this hemo-
lytic assay.

A more sensitive technique, CIE, was employed to evaluate
depletion of serum C3 after incubation with CsCl-purified
CVB3 as previously described (15). Mouse serum was diluted
1:4 in veronal-buffered saline (VBS) (150 mM NaCl-75 mM
sodium barbital [pH 7.5]) and then incubated (30 min at 37°C)
with or without CsCl-purified CVB3 as described in the legend
to Fig. 4. Serum exposed to CVF was used as a positive control
for the conversion of C3 to C3 degradation products, and
untreated serum was also tested to verify antibody reactivity

(data not shown). Multiple CIE experiments demonstrated
that the CsCl-purified CVB3 preparation does interact with
C3, resulting in depletion and conversion to C3 cleavage
products (Fig. 5). Incubation of purified CVB3 resulted in a
56% reduction of native C3 relative to nondepleted control
serum (Fig. 5).

Thus, in the presence of serum, CVB3 capsid proteins (Vpl,
Vp2, and Vp3) interact with native C3 to form C3 cleavage
products (C3b, C3bi, or C3dg). The rapid development of
mature germinal centers by day 3 post-CVB3 infection indi-
cates that antibody-independent processes stimulate germinal
center formation within hours of infection, since it takes 3 days
for a germinal center to fully develop after antigen exposure
(22, 24, 26). It should be noted that in attempts to evaluate the
effect of CVF depletion of C3 at later days p.i. (i.e., days 5 to
7), there is significant mortality in both strains of mice with C3
depletion. This result further emphasizes the importance of
innate immune responses in the development of end organ
damage and animal mortality.

These data (Fig. 3), in the context of previous data (2), as
demonstrated by ISH showing the trapping of CVB3 in germi-
nal centers, suggest that B-cell localization is not the conse-
quence of direct C3 fixation of CVB3 and binding to C3 re-
ceptors on B cells. Rather, the bulk of this localization is due
to the C3-dependent development of CVB3-specific germinal
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FIG. 4. Absorbance was plotted at 414 nm to evaluate the lysis of sheep
erythrocytes after exposure to serum preincubated with 107, 10°, 10, 104, 103, or
10 PFU of cesium chloride-purified CVB3. One hundred microliters of CVB3
dilutions (107 to 10? PFU) in VBS (150 mM NaCl-75 mM sodium barbital [pH
7.5]) was incubated (for 30 min at 37°C) with 100 pl of human or mouse serum
diluted 1:4 or 1:8 in DGVB?>* (VBS containing 0.1% dextrose-0.1% gelatin-0.5
mM MgCl,-0.15 mM CaCl,), and 300 pl of ice-cold DGVB?* was then added.
A hemolytic assay was used to determine the remaining complement activity.
Antibody-coated sheep erythrocytes were used as target cells for complement-
mediated lysis. Unlysed erythrocytes were removed by centrifugation, and the
percentage of cells lysed was determined by measuring hemoglobin release at a
wavelength of 414 nm. Lysis of the target cell is directly correlated with the level
of residual active classical complement pathway in the serum after exposure to
CVB3. A lowered level of active complement after CVB3 exposure was inter-
preted as evidence of complement consumption during the incubation of serum
and CVB3. Human and mouse sera diluted 1/4 and 1/8 showed no changes in
absorbance after incubation with different titers of CVB3. The absence of SD
bars for certain data points reflects the narrow range of variability and the
fact that the deviation bars would be superimposed on each respective data
point.

centers. Importantly, formation of iccosomes occurs on some
follicular dendritic cells (FDCs) as early as 1 day after second-
ary antigen challenge (34, 38, 40). When the FDC network has
reached its peak size (by day 3 postsecondary antigen chal-
lenge) (35, 36), iccosomes have been released from FDC, en-
docytosed by germinal center B cells, and processed, and an-
tigen has been presented to T cells for cognate help (21).
Presentation of antigen by B cells to antigen-specific CD4" T
cells within the FDC network results in the further activation
and proliferation of B cells and the maturation of oligoclonal
germinal centers by 72 h postantigenic (infection) challenge
(24, 26). It is the mature germinal center which is able to retain
antigen on surface immunoglobulin-positive B cells (the dark
zone of a germinal center) to undergo positive selection and
maturation, and it is this retention which is largely reflected in
the striking ISH positivity we have observed in spleens of
CVB3-infected animals. Thus, the presence of mature germi-
nal centers at day 3 p.i. (2) further suggests that CVB3 is able
to initiate the germinal center response within hours of infec-
tion; however, in contrast to the above-described models (34,
38, 40), our model is a primary antigenic challenge model. It is
during the viremic phase of CVB3 infection (the first few days
p.i.) that antigens of intact viral particles are exposed to and
“fixed” by serum C3, with subsequent direct stimulation of
germinal center formation prior to the synthesis of antiviral
antibodies. Furthermore, the nature of the CVB3 particle is
likely central to the ability to be “fixed” by C3. Alterations
in capsid protein amino acids, which may serve as C3 nu-
cleophiles (i.e., amino or sulfur-containing side chains), can
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potentially alter C3 and CVB3 interactions and the ensuing
disease process. Interestingly, mutations in amino acids in
immunodominant or antigenic portions of enteroviral capsid
proteins which potentially interact with C3 have indeed af-
fected receptor binding (23) and viral pathogenicity (20).
The consequences of C3 and CVB3 interactions are pro-
found not only as a potential mechanism of tissue patho-
genesis but also because of their involvement in antigenic
clearance and virus-specific immune sensitization (i.e., the
phenotypic and functional patterns of immune cells).

As previously mentioned, CVB3 is able to bind to, infect,
and replicate in immune cells in vitro and in vivo (2, 19, 42, 43).
The mechanisms of such binding, however, have been specu-
lative, since multiple receptors or binding proteins are known
to exist. The foregoing data suggest that in addition to the
coxsackievirus and adenovirus receptor (3, 29) and previously
proposed surface binding proteins (4, 12, 14, 27, 33), CVB3
may be binding to C3 binding proteins such as complement
receptors. Tomko et al. (39) did not find murine coxsackievirus
and adenovirus receptor expression in the spleens of mice even
though studies have shown CVB3 binding and infection of
immune cells (2, 19, 42, 43). It is intriguing to speculate that
decay accelerating factor, a molecule previously demonstrated
to bind CVB3 (4, 33) may bind CVB3 through C3b. This
hypothesis follows from data demonstrating the function of
decay accelerating factor, namely inactivation of the C3 con-
vertase enzyme by binding C3 cleavage products bound to a
“fixed” surface (11).

Finally, the data presented here demonstrate that (i) virus
antigen retention in germinal centers is dependent on C3, (ii)
virus antigen retention in extrafollicular regions of the spleen
is not dependent on C3, and (iii) CVB3 is not a detectable
activator of the classical pathway of complement activation but
does activate the alternative complement pathway. These vi-
rus-complement interactions are essential to germinal center

FIG. 5. CIE gels of diluted neat murine serum (A) or murine serum incu-
bated with 107 PFU of CsCl-purified CVB3 (B). First-dimension electrophoresis
(1% agarose gel at 10 V/cm) was followed by second-dimension electrophoresis
(at 2 V/ecm overnight) in a 1% agarose gel containing goat anti-mouse C3
(Organon Teknika, Durham, N.C.). Unprecipitated proteins were removed, and
gel was stained with Coomassie blue R-250. In CIE, first-dimension electro-
phoresis separates the proteins by size; thus, C3b migrates further than C3. The
second-dimension electrophoresis results in the migration of C3 and C3b, re-
flecting the precipitin arc. For these experiments, all first-dimension electro-
phoresis was carried out in the same gel to allow direct comparison among
samples. C3 in murine serum incubated with purified CVB3 was partially con-
verted to C3 degradation products. The 56% decrease in the area under the C3
precipitin arc after serum incubation with virus (B) compared to serum incuba-
tion alone (A) demonstrates C3 depletion and conversion to C3 cleavage prod-
ucts.
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formation early post-CVB3 infection before the detection of
circulating antiviral antibodies. Furthermore, these interac-
tions may limit virus load early after infection (within hours
p-i.) through splenic immune retention and sequestration in an
antibody-independent fashion. These interactions may ulti-
mately limit and/or modify disease and immune processes and
mortality during the later stages of infection.
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