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Chemokine expression during mouse hepatitis
virus-induced encephalitis: Contributions of the
spike and background genes
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Infection of mice with mouse hepatitis virus (MHV) strain JHM (RJHM) in-
duces lethal encephalitis, with high macrophage and neutrophil, but minimal
T-cell, infiltration into the brain when compared to the neuroattenuated strain
RA59. To determine if chemokine expression corresponds with the cellular
infiltrate, chemokine protein and RNA levels from the brains of infected mice
were quantified. RJHM-infected mice had lower T-cell (CXCL9, CXCL10), but
higher macrophage-attracting (CCL2), chemokine proteins compared to RA59.
RJHM also induced significantly higher CXCL2 (a neutrophil chemoattractant)
mRNA compared to RA59. The neurovirulent spike gene chimera SJHM/RA59
induces high levels of T cells and macrophages in the brain compared to the at-
tenuated SA59/RJHM chimera. Accordingly, SJTHM/RA59 induced higher lev-
els of CXCL9, CXCL10, and CCL2 protein compared to SA59/RJHM. Chemokine
mRNA patterns were in general agreement. Thus, chemokine patterns corre-
spond with the cellular infiltrate, and the spike protein influences levels of
macrophage, but not T-cell, chemokines. Journal of NeuroVirology (2008) 14,

5-16.
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Introduction

Viral encephalitis is of notable health concern in the
United States and worldwide. For instance, there
have been over 9500 reported cases of West Nile—
associated encephalitis or meningitis in the United
States since 1999 (Centers for Disease Control, 2006).
Over 1700 people died of Japanese encephalitis dur-
ing a large outbreak in India and Nepal in 2005
(World Health Organization, 2005). The manifesta-
tions of viral encephalitides vary widely in the hu-
man population, from mild, flulike symptoms to
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severe encephalitis. Therefore, a comparative model
of viral encephalitis is ideal for determining host and
viral factors that contribute to the variation in sever-
ity. We utilize two strains of the coronavirus mouse
hepatitis virus (MHV) to provide such a model. In
mice, strain JHM (MHV-4 isolate) has a lethal dose
(LDso) of approximately one plaque forming unit
(PFU) following intracranial (i.c.) inoculation, with
death resulting from severe encephalitis within one
week (Dalziel et al, 1986; Phillips et al, 1999). In con-
trast, strain A59 has an LDs, of 3000 PFU, and i.c. in-
oculation results in mild encephalitis and moderate
hepatitis, with mice recovering from acute disease
within 2 weeks (Lavi et al, 1984b).

Cell-mediated immunity is clearly important to
the outcome of infection. It has been demonstrated
that both CD4+ and CD8+ T cells are critical for
clearance of MHV from the brain (Lane et al, 2000;
MacNamara et al, 2005; Williamson and Stohlman,
1990). The production of interferon (IFN)-y also cor-
relates with viral clearance (Lane et al, 1997; Parra
et al, 1997; Pearce et al, 1994; Rempel et al, 2004a;
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Smith et al, 1991). Accordingly, a robust T-cell and
IFN-y response is induced in the brain during A59 in-
fection, resulting in the clearance of infectious virus,
although viral RNA persists in the central nervous
system (Iacono et al, 2006; Lavi et al, 1984a; Rem-
pel et al, 2004a). Conversely, JHM infection induces
a poor T-cell response and low levels of IFN-yRNA,
but a robust macrophage and neutrophil infiltration
(Iacono et al, 2006; Rempel et al, 2004a).

Viral genetic factors have also been implicated
in the outcome of disease. The spike glycoprotein
(S) of MHV is responsible for receptor binding and
virus-cell fusion during entry (Collins et al, 1982).
To investigate the contribution of S to MHV patho-
genesis, we have previously constructed recombi-
nant chimeric viruses in which the S gene of A59
was replaced with the S of JHM and vice versa
(SJTHM/RA59, SA59/RJHM) (Navas and Weiss, 2003;
Phillips et al, 1999). Wild-type recombinants RJTHM
and RA59 were also constructed and were phe-
notypically indistinguishable from parental viruses
JHM (also called MHV-4 or JHMgp) (Navas et al,
2001) and A59 (Phillips et al, 1999). Infection with
SJHM/RA59 resulted in increased mortality, inflam-
mation, and viral antigen spread when compared
to RA59 (Phillips et al, 1999, 2002). Interestingly,
the T-cell response to the SJHM/RA59 remained ro-
bust, and was in fact greater than that induced by
RA59 (Iacono et al, 2006; Phillips et al, 2002; Rempel
et al, 2004a). The reciprocal recombinant virus
SA59/RJHM was neuroattenuated, resulting in low
mortality and greatly reduced antigen spread and in-
flammation when compared to RJHM (lacono et al,
2006). The T-cell response to SA59/RJHM was also
low, with total virus-specific CD8+ T-cell numbers
in the brain similar to those observed during RJHM
infection (Iacono et al, 2006). In contrast to the T-
cell infiltration, RJTHM and SJHM/RA59 both induced
elevated levels of macrophages when compared to
RA59 and SA59/RJHM (Iacono et al, 2006). Elevated
neutrophil infiltration was only observed follow-
ing RJHM infection when compared to other strains
(Tacono et al, 2006). Together, these results indicate
that neurovirulence and macrophage infiltration is at
least partially mediated by the S gene, whereas T-cell
infiltration is mediated by proteins other than spike.
Neutrophil infiltration, however, is not solely depen-
dent on either S or background genes, but is charac-
teristic of RJHM alone.

The reasons for the observed differential pattern
of cellular infiltration in response to RA59 and
RJHM are unclear. One contributing factor may be
that RJHM and RA59 induce differential chemokine
patterns, resulting in the recruitment of different
cell populations. Chemokines are a group of pro-
teins that recruit and activate immune cells in re-
sponse to infection or injury. Chemokine levels are
often altered during viral encephalitis and their up-
regulation correlates with the influx of cellular in-
filtrates (Asensio and Campbell, 2001). Chemokines

such as CXCL9 (MIG, monokine induced by IFN-y)
and CXCL10 (IP-10, IFN-inducible protein-10) have
been demonstrated to attract activated T cells and
can be produced in the brain in response to viral
infection (Asensio et al, 2001; Klein et al, 2005;
Marques et al, 2006; Patterson et al, 2003; Ran-
sohoff et al, 2002; Sellner et al, 2005; Xu et al,
2005). Other chemokines, such as CCL2 (MCP-1,
monocyte chemoattractant protein), CCL7 (MCP-3),
CCL3 (MIP-1e, macrophage inflammatory protein),
and CCL4 (MIP-18) attract macrophages, although
these chemokines attract T cells as well (Loetscher
et al, 1994; Matsushima et al, 1989; Standiford et al,
1993; Wang et al, 1993). Murine neutrophil chemoat-
tractants include CXCL2 (MIP-2) and Keratinocyte-
derived cytokine (KC) Bozic et al, 1995; Wolpe et al,
1989). Many of these chemokines have been reported
to be produced in neural cell types, including astro-
cytes, microglia, and neurons, in response to viral in-
fection (Klein et al, 2005; Lane et al, 1998; Marques
et al, 2006; Patterson et al, 2003; Rubio et al, 2006).
It is possible that infected cells may produce dif-
ferent chemokine patterns in response to the two
virus strains. Indeed, it has previously been demon-
strated that CCL3, CCL4, and CXCL2 mRNAs were
elevated in the brains of MHV-4—infected mice when
compared to RA59-infected mice (Rempel et al,
2004a). The expression kinetics of T cell- and other
macrophage-attracting chemokines has not been pre-
viously demonstrated in a comparative model of
MHV.

In order to determine if RJHM and RA59 infec-
tion induce differential patterns of chemokines in
the brain that could influence cellular infiltration,
we quantified T cell-, macrophage-, and neutrophil-
attracting chemokines, at both the protein and mRNA
levels, during the course of infection. Our results in-
dicate that T cell-attracting chemokine levels in the
brain correspond to the differential CD8+ T-cell re-
sponses characteristic of the MHV strains used in
this study. Macrophage- and neutrophil-attracting
chemokine levels also correlate with patterns of
macrophage and neutrophil infiltrates, particularly
late in infection. In addition, by the use of chimeric
recombinant viruses in which the S genes have been
exchanged, we demonstrate that T cell-attracting
chemokines appear to be influenced by genes other
than S, whereas macrophage-attracting chemokines
appear to be influenced by the S gene.

Results

Levels of MHV genomic RNA in the brain over the
course of infection

Viral genomic RNA was measured by real-time re-
verse transcriptase—polymerase chain reaction (RT—
PCR) to compare the levels of viral genomes
present in the brain after infection with RJHM,
RA59, SJTHM/RA59, or SA59/RJHM, and to confirm
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Figure 1 MHV genome levels in the brain throughout infec-
tion. Mice were inoculated i.c. with RJHM, RA59, SJTHM/RA59,
or SA59/RJHM and sacrificed at the indicated time points. RNA
was isolated from the brain and analyzed by real-time RT-PCR
for MHV genome expression. Data represent average ACt values
(ACt = Ctgenome — Ctigs) per group combined from two indepen-
dent experiments + SEM. *P < .01 versus RA59; *P < .05 versus
SA59/RJHM. (d1 n= 7-9;d3 n= 3-10; d5 n= 6-10; d7 n = 2-10.)

infection of mice (Figure 1). At day 5 post infection
(p.i.), RJHM genomes in the brain were significantly
higher than SA59/RJHM and RA59 (12- and 32-fold,
respectively). SJHM/RA59 genomes were also signif-
icantly higher than SA59/RJHM and RA59 (5- and
16-fold, respectively). At day 7 p.i., whereas the num-
ber of SJHM/RA59 genomes dropped, RJHM genome
levels continued to increase and were as much as
250-fold higher than the other three viruses (Figure
1). This is consistent with the difference in neurovir-
ulence among the viruses. While the host is unable to
control RJHM infection, genome RNA levels continue
to increase at day 7 at a time which the majority of
RJHM-infected animals have died from encephalitis;
animals infected with the other viruses clear infec-
tion, consistent with the leveling off of genome RNA
levels at day 7.

T-cell chemokine protein and mRNA levels

in MHV-infected brains

We utilize two different strains of MHV that result in
a poor (RJHM) or robust (RA59) T-cell infiltration. We
therefore wanted to determine if there are differences
in the levels of CXCL9 and/or CXCL10 in the brain
during infection with RJHM and RA59 that may ex-
plain the disparity in T-cell infiltration. Mice were in-
oculated intracranially (i.c.) with 50 plaque-forming
units (PFU) of the recombinant viruses RJTHM, RA59,
or mock-infected. At days 3 and 5 p.i., brains were
collected and half of the brain homogenized in
phosphate-buffered saline (PBS) to quantify protein
levels via bead-based protein multiplex technology
(Luminex). From the same animals, we also mea-
sured cytokine mRNA to confirm protein data and
to detect the expression of chemokines that were ei-
ther untested or undetectable at the protein level.
Chemokine mRNA levels were determined at days 1,
3,5, and 7 p.i. using low-density array (LDA) cards.
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Figure 2 CXCL9 and CXCL10 expression in the brain follow-
ing RJHM and RA59 infection. RNA and protein was isolated
from the brains of infected mice and analyzed by real-time RT-
PCR for mRNA levels using LDA cards or protein expression by
a bead array assay as described in Materials and Methods. (A)
Chemokine protein expression at day 5 post infection (n=2-
5). Bars represent averages per group+ SEM. (B) Kinetics of
chemokine mRNA expression. Data represent average ACt values
(ACt = Ctgyrokine — Ctygs) per group combined from two indepen-
dent experiments + SEM. *P < .01 versus RJHM. (d1 n = 9-10; d3
n=9-10; d5 n=6-10; d7 n= 2-10.)

At day 5 p.i., the protein levels of the T-cell
chemoattractants CXCL9 (MIG) and CXCL10 (IP-10)
were significantly higher in RA59-infected brains
when compared to RJHM-infected brains (Figure 2A).
There were no differences between virus groups in
protein levels observed at day 3, although CXCL9
was significantly higher in infected brains compared
to mock (data not shown). Comparison of mRNA re-
vealed that similar to the results on protein levels,
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Figure 3 Macrophage chemokine expression in the brain after RTHM and RA59 infection. RNA and protein was isolated from the brains
of infected mice and analyzed by real-time RT-PCR for mRNA levels using LDA cards or protein expression by a bead array assay
as described in Materials and Methods. (A) Chemokine protein expression at day 5 post infection (n= 2-5). Bars represent averages
per group + SEM. (B) Kinetics of chemokine mRNA expression. Data represent average ACt values (ACt = Ctgyiokine — Ctigs) per group
combined from two independent experiments + SEM. * P < .05 versus RJHM. (d1 n = 9-10; d3 n= 3-10; d5 n= 7-10; d7 n= 2-10.)

CXCL9 mRNA in the brain was 10-fold higher in
RA59-infected mice compared to RJHM at day 5
(Figure 2B). However, unlike the protein results,
there were no differences for CXCL10 mRNA at day 5,
and in fact, RA59-infected brains had 9-fold lower
levels than RJHM at day 7 (Figure 2B). These data
suggest that differential CXCL9 and CXCL10 expres-
sion in the brain contributes to the differential T-cell
infiltrate observed between RJHM and RA59 infec-
tion.

Macrophage chemokine protein and mRNA levels
in MHV-infected brains

Macrophage infiltration into the brain is much
higher following RJHM infection than RA59 infection
(Iacono et al, 2006; Rempel et al, 2004a). To de-
termine if macrophage-attracting chemokine levels
also corresponded with the kinetics and levels of
macrophage infiltration, protein and mRNA levels of
several known macrophage chemokines were mea-
sured. Protein levels of CCL2 (MCP-1) were signifi-

cantly higher in RJHM-infected brains compared to
RA59-infected brains at day 5 p.i. (Figure 3A). How-
ever, CCL2 mRNA levels were not significantly differ-
ent (Figure 3B). Although protein was not detectable
for CCL3 (MIP-1«; Data not shown), mRNA levels
were 2.5-fold higher in RJHM-infected brains com-
pared to RA59 at day 5 (Figure 3B). The mRNA lev-
els of CCL4 (MIP-18) were 9-fold higher in RJHM-
infected brains at day 1, whereas CCL7 (MCP-3)
mRNA was approximately 8-fold higher for RJHM-
infected animals than RA59 infected mice at day 7
(Figure 3B). At day 3 p.i., although CCL2 protein
levels were elevated above mock in both RJHM- and
RA59-infected brains, there were no significant dif-
ferences between RJHM- and RA59-infected brains
for any of the chemokines at either the protein or
mRNA level (data not shown; Figure 3B). Although
the differences are not very large, it appears that
macrophage chemokines are generally higher in the
brains of RJHM infected mice, which corresponds to
the higher levels of macrophages present.
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Figure 4 CXCL2 mRNA expression in the brain after RJHM and
RA59 infection. RNA was isolated from the brains of infected
mice and analyzed by LDA cards for mRNA levels as described
in Materials and Methods. Data represent average ACt values
(ACt = Ctgyrokine — Ctygs) per group combined from two indepen-
dent experiments + SEM. *P < .01 versus RJHM. (d1 n = 9-10; d3
n=9-10; d5 n= 6-10; d7 n = 2-10.)

Neutrophil chemokine mRNA expression

in MHV-infected brains

Large numbers of neutrophils are also observed in
the brains of RJHM-infected mice, with peak in-
filtration occurring at day 7 (Iacono et al, 2006).
Both RJHM- and RA59-infected brains had signifi-
cantly higher levels of CXCL2 (MIP-2), a neutrophil-
attracting chemokine, compared to mock-infected
brains at days 5 and 7 p.i. However, levels of CXCL2
were much higher (64-fold) in RJTHM-infected brains
at both days 5 and 7 compared to RA59 (Figure 4).
Although CXCL2 was not measured on the protein
level, these data indicate that, at least on the mRNA
level, CXCL2 is elevated during RJHM infection of the
brain, corresponding to the high levels of neutrophil
infiltration.

T-cell chemokine protein and mRNA expression are
influenced by genes other than spike

Using recombinant viruses in which the S gene
has been exchanged between RJHM and RA59, we
have previously demonstrated that the spike (S) gene
is a major determinate of neurovirulence. (lacono
et al, 2006; Phillips et al, 1999, 2002). Importantly,
SJHM/RA59 induces a stronger T-cell response than
either RJHM or RA59, whereas SA59/RJHM, like
RJHM, induces a minimal CD8+ T-cell response in
the brain (Iacono et al, 2006; Phillips et al, 2002;
Rempel et al, 2004b). These data suggest that the in-
filtration of T cells is not influenced by the S gene.
To determine if viral genes other than S influence T-
cell chemokine responses, in the same experiments
described for RJHM and RA59 above, mice were
also infected with SJHM/RA59 and SA59/RJHM and
chemokine mRNA and protein levels were also quan-
tified from their brains.
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Figure 5 CXCL9 and CXCL10 expression in the brain after
SJHM/RA59 and SA59/RJHM infection. RNA and protein was
isolated from the brains of infected mice and analyzed by real-
time RT-PCR for mRNA levels using LDA cards or protein expres-
sion by a bead array assay as described in Materials and Meth-
ods. (A) Chemokine protein expression at day 5 post infection
(n=5). Bars represent averages per group + SEM. (B) Kinetics
of chemokine mRNA levels. Data represent average ACt values
(ACt = Ctgyrokine — Ctigs) per group combined from two indepen-
dent experiments + SEM. #P < .05, *P < .01 versus SA59/RJHM.
(d1 n=10;d3 n=3-10; d5 n= 7-10; d7 n = 6-10.)

At the protein level, CXCL9 and CXCL10 were both
significantly higher in SJTHM/RA59-infected brains
than SA59/RJHM at day 5 (Figure 5A). In agreement
with protein levels, CXCL9 and CXCL10 mRNA
levels were both significantly higher in STHM/RA59-
infected brains compared to SA59/RJHM at day 1
(Figure 5B). CXCL9 mRNA remained significantly
higher at day 5 in the SJHM/RA59-infected brains
compared to SA59/RJHM-infected brains (Figure 5B).
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Therefore, in comparison to the wild-type viruses,
T cell-attracting chemokine expression from
SJHM/RA59-infected brains is similar to RA59,
and SA59/RJHM is similar to RJHM. These results
indicate that T-cell chemoattractants appear to be
influenced by genes other than the S gene.

The S gene influences macrophage chemokine
protein and mRNA expression

Using the isogenic recombinant viruses SJHM/RA59
and SA59/RJHM, we have previously demonstrated
that, in contrast to T-cell infiltration, macrophage
infiltration into the brain is influenced by the S
gene (lacono et al, 2006). We analyzed the express-
ion of macrophage chemoattractants in the brain
during SJHM/RA59 and SA59/RJHM infection to
determine if they were also influenced by the S gene.
At the protein level, CCL2 was significantly higher in
SJHM/RA59-infected brains compared to SA59/
RJHM at day 5 (Figure 6A). CCL3 protein levels were
not detectable (data not shown). The mRNA results
for CCL2 also showed elevated levels in STHM/RA59-
infected brains compared to SA59/RJHM at both
days 1 and 5 p.i. (Figure 6B). CCL7 mRNA was also
elevated in STHM/RA59-infected brains compared to
SA59/RJHM at day 1 only (Figure 6B). There were
no differences at any timepoint in the mRNA levels
of CCL3 or CCL4 (data not shown). These data, in
combination with the results shown for wild-type
recombinant viruses in Figure 3, demonstrate that
macrophage chemokine patterns, particularly CCL2,
are influenced by the S gene.

IFN-y and IL-12 cytokine protein and mRNA levels
are influenced by genes other than spike

CXCL9 and CXCL10 are both induced by IFN-y
(Farber, 1990; Luster and Ravetch, 1987) and IFN-
y is induced by IL-12. The presence of these two
cytokines is usually considered a hallmark of a Th1
T-cell response. It has been reported previously that
RJHM infection does not induce as much IFN-y or
IL-12 mRNA as RA59, which may explain the lower
levels of CXCL9 and CXCL10 in the brain during
RJHM infection. (Rempel et al, 2004a). We wanted
to extend these results with a quantitative assay and
analyze the kinetics of IFN-y and IL-12 expression
in parallel with T cell-attracting chemokine expres-
sion. Using the same protein and mRNA samples as
described above, we found that although there was
a trend toward higher IFN-y and IL-12 protein in
RA59 infected brains at day 5 p.i., this difference
did not reach statistical significance (P =. 094 and.
095 respectively) (Figure 7A). However, at the mRNA
level, IFN-y expression was significantly higher dur-
ing RA59 infection at days 3 and 5 p.i. when com-
pared to RJHM infection (Figure 7B). There were no
differences for IL-12p40 mRNA between RA59- and
RJHM-infected brains (data not shown). Notably,
there were no differences between groups detected at
either the protein or mRNA level for the Th2
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Figure 6 CCL2 and CCL7 expression in the brain after
SJHM/RA59 and SA59/RJHM infection. RNA and protein were
isolated from the brains of infected mice and analyzed by real-
time RT-PCR for mRNA levels using LDA cards or protein expres-
sion by a bead array assay as described in Materials and Meth-
ods. (A) Chemokine protein expression at day 5 post infection
(n=5). Bars represent averages per group + SEM. (B) Kinetics
of chemokine mRNA levels. Data represent average ACt values
(ACt = Cteyokine — Ctys) per group combined from two indepen-
dent experiments + SEM. *P < .05, *P < .01 versus SA59/RJHM.
(d1 n=10;d3 n=3-10; d5 n= 7-10; d7 n = 6-10.)

cytokines interleukin (IL)-4, IL-5, or IL-10 (data not
shown).

Our data indicated that genes other than S influ-
ence expression of T cell-attracting chemokines dur-
ing MHYV infection of the brain. We hypothesized
that cytokines that influence these chemokines, IFN-
y and IL-12, would also be under the control of
genes other than S. Protein levels of IFN-y and IL-
12 in the brain were significantly higher after STHM/
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Figure 7 IFN-y and IL-12 expression in the brain after RTHM, RA59, SJHM/RA59, and SA59/RJHM infection. RNA and protein were
isolated from the brains of infected mice and analyzed by real-time RT-PCR for mRNA levels using LDA cards or protein expression by a
bead array assay as described in Materials and Methods. (A) Chemokine protein expression at day 5 post infection (n = 5). Bars represent
averages per group + SEM. (B) Kinetics of chemokine mRNA levels. Data represent average ACt values (ACt = Ctgyokine — Ctigs) per group
combined from two independent experiments + SEM. *P < .01 versus RJHM. (d1 n = 9-10; d3 n = 3-10; d5 n = 6-10; d7 n = 2-10.)

RA59 infection when compared to SA59/RJHM at
day 5 (Figure 7A). Although there were no significant
differences between groups for IL-12p40 mRNA,
mRNA levels for IFN-y were significantly higher in
SJHM/RA59-infected brains compared to SA59/
RJHM at days 1, 3, and 5 p.i. (Figure 7B). The data for
IFN-y and IL-12 indicate their pattern of expression
parallels CXCL9 and CXCL10 expression. All four
cytokines appear to correspond with the patterns of
T-cell infiltration, and all four also appear to be under
the influence of background genes other than S.

In summary, chemokine patterns parallel the cellu-
lar infiltration observed during infection with differ-
ent strains of MHV (Table 1). Macrophage-attracting
chemokine expression is influenced by the spike pro-
tein, whereas T cell-attracting chemokines and Th1

cytokines are influenced by background genes. Very
high expression of neutrophil-attracting chemokine
mRNA occurs only in response to the RJHM alone.

Discussion

The elevation of chemokine levels has been doc-
umented in several models of viral encephalitis.
(Manchester et al, 1999; Sanders et al, 1998; Shirato
et al, 2004; Winter et al, 2004), including MHV (Lane
et al, 1998; Rempel et al, 2004a). In previous stud-
ies with MHV, i.c. infection with V5A13.1 (a neu-
roattenuated variant of JHM that does induce T-cell
infiltration [Liu et al, 2001, 2000]) resulted in ele-
vated mRNA levels of CXCL9, CXCL10, CCL5, CCL2,

Table 1 Summary of cellular infiltrate and chemokine pattern in the brain with MHV virus

Cellular infiltrate® Chemokine pattern®
Virus T-cell Macrophage Neutrophil T-cell Macrophage Neutrophil
RJHM + +4++ +++ + ++ +4++
RA59 ++ + +/- +++ +/- +
SJHM/RA59 +4++ ++ +/- +4++ + +
SA59/RJHM +/- . s N - H

“Estimates of total number of cells per brain adapted from Iacono et al (2006) day 7 post infection.
bEstimates for day 5 post infection. T-cell chemokine levels are representative of CXCL9 and CXCL10 protein. Macrophages chemokine
levels are representative of CCL2 protein and CCL2, CCL3, CCL7 mRNA. Neutrophil chemokine levels are representative of CXCL2

mRNA.
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CCL4, CCL7, and CXCL2 in the brain when compared
to mock-infected brains (Lane et al, 1998; Liu et al,
2001; Stiles et al, 2006b). T cell-attracting chemokine
responses in a comparative MHV model (RJHM ver-
sus RA59) were characterized to determine if the
chemokine patterns could explain their differential
T-cell responses. Protein levels for both CXCL9 and
CXCL10, as well as the mRNA for CXCL9, are ele-
vated during RA59 infection compared to RJHM at
day 5 p.i. This observation corresponds with the ki-
netics of T-cell infiltration, which is detected by day
5, but peaks at day 7, p.i. (Iacono et al, 2006; Phillips
et al, 2002). CXCL9 and CXCL10 have previously
been demonstrated to be important for T-cell infil-
tration during infection with JHM variant V5A13.1,
in that infection of both CXCL9/10~/~ mice, or treat-
ment with anti-CXCL9/10 antibodies, decreased T-
cell infiltration and increased viral replication and
mortality (Dufour et al, 2002; Glass et al, 2002; Liu
et al, 2001; Liu et al, 2000). Interestingly, following
infection of CXCL10~/~ mice with JHM-DM (another
strain which induces a T-cell response) virus-specific
T cells were still generated and could proliferate, al-
though IFN-y—producing CD8+ T-cell numbers were
reduced (Stiles et al, 2006a). There was also no de-
fect in expression of the CXCL10 receptor (CXCR3)
or effector functions such as CTL activity (Stiles et al,
2006a). Together, these data indicate that CXCL10 is
important for T-cell chemoattraction but not T-cell
generation or function during MHV infection.

Aside from chemokine expression, there may be
other explanations for the differential T-cell re-
sponses during RJHM and RA59 infection. Using an
adoptive transfer model, we have demonstrated that
CD8+ T cells are not being effectively primed dur-
ing RJHM infection (MacNamara et al., submitted
for publication). Because CXCL9 and CXCL10 are
chemoattractants for activated T cells, as opposed
to naive T cells (Farber, 1997), even if RJHM in-
duced these chemokines, there would only be a small
amount of activated T cells for these chemokines to
attract. Thus, there appear to be multiple levels at
which RJHM infections compromises the infiltration
of T cells into the brain.

Another major difference between RJHM and RA59
infection is the high level of macrophages observed
in the brain during RJHM infection starting by day 5
p.i., and peaking at day 7 (Iacono et al, 2006; Rempel
et al, 2004a). We hypothesized macrophage chemoat-
tractant levels would parallel macrophage infiltra-
tion. CCL2, CCL3, CCL4, and CCL7 are macrophage-
attracting chemokines, although it should be noted
that these cytokines are also chemoattractants for T
cells (Loetscher et al, 1994). Protein levels at day 5
p.i. indicate that RJHM-infected brains have higher
levels of CCL2 than RA59. Higher levels of mRNA
for other macrophage-attracting chemokines were ob-
served in RfTHM-infected brains. Most studies investi-
gating macrophage involvement during MHV infec-
tion have been focused on the demyelination that

occurs after recovery from encephalitis (reviewed
in. Glass et al, 2002). However, the potential dam-
age to neurons by infiltrating macrophages during
the acute phase should not be ignored. The overex-
pression of the chemokines themselves may have ad-
verse effects on neurons. CCL2, for example, has been
demonstrated to decrease Purkinje neuron excitabil-
ity and alter intracellular Ca?* levels (van Gassen
et al, 2005).

The S gene has been demonstrated to be a determi-
nant of neurovirulence and to influence macrophage,
but not T-cell infiltration (Iacono et al, 2006;
Phillips et al, 1999, 2002; Rempel et al, 2004b). We
also wanted to determine whether the S or back-
ground genes would influence T cell-, macrophage-,
or neutrophil-attracting chemokine expression. The
chimeric SJHM/RA59, which induces a robust T-cell
response, also induces higher CXCL9 and CXCL10
expression compared to SA59/RJHM, indicating that
like the T-cell response itself, the expression of T-
cell chemokines during MHV infection is influenced
by genes other than S. In contrast, macrophage in-
filtration is also high during SJHM/RA59 infection,
but not during SA59/RJHM infection, suggesting that
macrophage infiltration is influenced by the S gene
(Iacono et al, 2006). Accordingly, our analysis of
the macrophage chemokine response (Figures 3, 6)
demonstrates an association between the JHM S gene
and elevated expression of macrophage chemoattrac-
tants. In support of this conclusion, previous studies
reported higher mRNA levels of CCL3 and CCL4 in
the brain following both RJHM and SJHM/RA59 in-
fection compared to RA59 (Rempel et al, 2004b).

The influx of neutrophils during RJHM infection
peaks at day 7, whereas RA59, SJHM/RA59, and
SA59/RJHM do not induce appreciable numbers of
neutrophils (Iacono et al, 2006). Levels of mRNA
of the neutrophil chemoattractant CXCL2 were also
quantified in this study. RJHM-infected brains had
1000-fold greater mRNA levels of CXCL2 when com-
pared to the three other viruses (Figure 4 for RA59,
and data not shown). Neutrophils may contribute to
the very high virulence of RIHM. Antibody depletion
of neutrophils, or inhibition of nitric oxide synthase
during RJHM infection, resulted in reduced apopto-
sis and reduced brain destruction (Iacono et al, 2006).
Mice infected with a more attenuated JHM and de-
pleted of neutrophils demonstrated increased mor-
tality and a concomitant loss in blood brain barrier
integrity. (Zhou et al, 2003). Thus, the contribution
of neutrophils to RJHM pathogenesis is strain depen-
dent and warrants further study.

The kinetics of IFN-y and IL-12 mRNA expres-
sion were examined. IFN-y has been demonstrated
to play a role in viral clearance of MHV (Lane et al,
1997; Parra et al, 1997; Pearce et al, 1994; Rempel
et al, 2004a; Smith et al, 1991). In agreement with
these previous reports, we found both IFN-y and IL-
12 were up-regulated after infection with RA59 and
SJHM/RA59. This might be expected since both of



these viruses induce a robust CD8+ T-cell infiltration.
We did not observe any differences in IL-10 protein
or mRNA levels, nor in TGF-8 mRNA, between any
of the groups, suggesting the anti-inflammatory prop-
erties of these cytokines were not responsible for the
lower amounts of IFN-y and IL-12 produced during
RJHM and SA59/RJHM infection (data not shown).

Although brain chemokine mRNA levels do not
differ significantly during early infection with the
different viruses, mRNA expression of all the
chemokines and IFN-y are elevated above mock by
days 1 to 3, suggesting expression is from resident
cells, not just infiltrating T cells. Although neurons
can express CXCL10 and CCL2 (Flugel et al, 2001;
Klein et al, 2005; Patterson et al, 2003), the major-
ity of chemokines are produced by astrocytes and
microglia (Hesselgesser and Horuk, 1999). Primary
neurons infected with either RJHM or RA59 did
not produce different levels of chemokine proteins
(data not shown). However, astrocytes and microglia
have been reported to produce CXCL10, CXCL9, and
proinflammatory cytokine mRNAs, such as IL-12p40,
during MHV infection (Lane et al, 1998; Li et al, 2004;
Liu et al, 2001). Thus early infection of these dif-
ferent cell types may result in a different pattern of
cytokines and chemokines that would influence the
type of cellular infiltration. Indeed, when microglial
or astrocyte cultures were infected with West Nile
virus, different patterns of cytokine expression were
reported (Cheeran et al, 2005). The tropism of RJHM
and RA59 may therefore play a role in the initial
chemokine/cytokine response.

Materials and methods

Viruses and inoculations

Chimeric (SJHM/RA59, SA59/RJHM) and wild-type
recombinants (RA59, RJHM) were constructed and
characterized as previously described (Navas and
Weiss, 2003; Phillips et al, 1999, 2002). All ex-
periments were performed using 4-week-old, male
C57BL/6 mice (National Cancer Institute, Bethesda,
MD). Mice were inoculated intracranially (i.c.) in
the left cerebral hemisphere with 50 plaque form-
ing units (PFU) of virus (diluted to a final volume
of 20 pl in phosphate-buffered saline (PBS) with
0.75% bovine serum albumin) or diluent only for
mock infection. Infections with wild-type recom-
binants (RA59, RJHM) and chimeric recombinants
(SJTHM/RA59, SA59/RJHM) were carried out at the
same time and thus compared to the same mock-
infected animals.

RNA extraction and quantification of relative viral
genomes. At days 1, 3, 5, and 7 p.i., animals were eu-
thanized and perfused via cardiac puncture with 10
ml of PBS. Each brain was divided sagittally and the
right half of the brain was stored at —20°C in RNA
Later (Ambion). RNA was isolated by homogeniza-
tion in TRIzol (Invitrogen) followed by purification
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using the RNAeasy kit (Qiagen). RNA was quanti-
fied by spectroscopy and DNase treated twice us-
ing the DNA free kit (Ambion) to remove genomic
DNA. To ensure that genomic DNA had been re-
moved, quantitative polymerase chain reaction (PCR)
on RNA samples was performed for 18S RNA with-
out reverse transcriptase. Synthesis of cDNA was
performed by first incubating 1 ug of total RNA
with random hexamers for 3 min at 85°C. A mix-
ture of first-strand buffer, dNTPs, RNase inhibitor
(Amersham Biosciences), and Superscript II reverse
transcriptase (Invitrogen) was then added to each
sample and heated for 50 min at 42°C, followed by
inactivation for 5 min at 95°C. To determine relative
viral genome levels, real-time PCR was performed
using 2 ul of cDNA generated as described above
in a 25-ul reaction mixture containing iQQ Sybrgreen
master mix, water, and MHV primers (0.4 pmol)
designed from a conserved region of the open read-
ing frame (ORF) 1b sequence. Forward: 5 ATG-
GCGTCTACATTAACACGAC 3'; reverse: 5 TTAC-
CTTGTGGGCTCCGGTA 3'. Real-time PCR was also
performed for 18S RNA using the following primers:
Forward: 5 TTGTTGGTTTTCGGAACTGAGG 3'; re-
verse: 5° GCAAATGCTTTCGCTCTGGTC 3'. MHV
and 18S primers were designed on MacVector using
sequences obtained from GenBank. Real-time PCR
was performed using the iQQ5 real-time PCR machine
(BioRad). Each viral Ct was normalized to each sam-
ple’s corresponding 18S Ct to obtain a ACt value
(Ctgenome — Ctigs). Average ACt and standard er-
rors were calculated for each group. There is an in-
verse correlation between ACt and starting amounts
of RNA, therefore the axes of the graphs are inverted
to display this relationship. The ability to detect viral
genomes in the brain also enabled us to determine
the level of infection for each animal; occasionally
an animal did not have detectable viral genomes, or
had very low levels (<100-fold than other mice in the
same group; data not shown). These animals were ex-
cluded from the chemokine analysis as their mRNA
and protein chemokine levels were similar to those
of mock-infected mice.

Quantitative real-time PCR for chemokine mRNA

Chemokine mRNA levels were quantified using
custom-designed Low Density Array (LDA) cards
(Applied Biosystems). Primers for cytokines in-
cluded on the cards were CCL2, CCL3, CCL4, CCLS5,
CCL7, CXCL10, CXCL2, CXCL9, IFN-«, IFN-8, IFN-y,
IL-10, IL-12, IL-16, IL-18, IL-2, IL-4, IL-5, IL-6, tumor
necrosis factor (TNF)-«, and transforming growth fac-
tor (TGF)-8. LDA cards were run using the 7900 HT
Sequence Detection System and analyzed with the
SDS 2.1 software (Applied Biosystems). Cycle thresh-
old (Ct) values generated for each cytokine target
from each sample were normalized to 18S Ct val-
ues to give ACt values (Ctarget — Ctygs). Average ACt
values and standard errors were calculated for each
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group. As described above, the axes of the graphs are
inverted to display the inverse relationship between
ACt values and the amount of starting RNA.

Protein preparation and analysis using multiplex
bead arrays

To prepare protein for multiplex bead analysis, the
left portion of the brains were harvested as described
above, and flash frozen. Brains were then homoge-
nized in PBS containing an EDTA-free protease in-
hibitor cocktail tablet (Complete Tabs; Roche). Ho-
mogenate were then centrifuged at 4000 x g for 5
min at 4°C, and the supernatants collected for pro-
tein analysis. Protein concentration was determined
using a standard Bradford assay (BioRad). Samples
were diluted in PBS to 350 ug/ml and analyzed using
a bead based protein multiplex assay platform (Lu-
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