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Murine gammaherpesvirus-68 elicits robust levels
of interleukin-12 p40, but not interleukin-12 p70
production, by murine microglia and astrocytes

Amy Rasley, Kenneth L Bost, and Ian Marriott

Department of Biology, University of North Carolina at Charlotte, Charlotte, North Carolina, USA

Murine gammaherpesvirus-68 (γHV-68) is a tractable model to investi-
gate the pathophysiology of human gammaherpesvirus infections, including
Epstein-Barr virus (EBV). Herpesvirus infections are thought to play a role in
the pathology of damaging, inflammatory diseases states of the central ner-
vous system (CNS), such as multiple sclerosis. The ability of the host to mount
a strong cell-mediated immune response is critical in determining the outcome
of viral infections. Interleukin (IL)-12 is an important inflammatory cytokine
that plays a pivotal role in the development of protective cell-mediated im-
mune responses to viral infections. Given recent reports of associations be-
tween gammaherpesvirus infections and inflammatory disorders of the CNS,
the authors investigated the ability of γHV-68 to induce the production of bioac-
tive IL-12 in resident CNS cell types. In the present study, the authors demon-
strate that γHV-68 infection is a potent stimulus for IL-12p40 production by
murine microglia and astrocytes. However, despite the elevated expression of
mRNA encoding IL-12p40 subunit, concomitant with robust secretion of IL-
12p40 protein, γHV-68 failed to elicit the production of the bioactive IL-12p70
heterodimer. This failure did not result from an absence of T lymphocyte–
derived signals or interactions between CNS cell types as determined by co-
culture studies. Taken together, these data suggest that the resident CNS cell
types, astrocytes and microglia, are not significant sources of proinflammatory
IL-12p70 in response to gammaherpesvirus infection. Indeed, the production
of IL-12p40 may point to an anti-inflammatory role for these cells during her-
pesvirus infections of the CNS. Journal of NeuroVirology (2004) 10, 171–180.
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Introduction

Viral infection of the central nervous system (CNS)
results in damaging inflammation and has com-
monly been associated with severe demyelinating
disease states (Sweet et al, 2002; Matthews et al,
2002). Specifically, herpesvirus infections of the CNS
have been implicated in the pathology of a variety
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of devastating, inflammatory diseases of the CNS,
including multiple sclerosis (MS) (Ascherio et al,
2001; Ascherio and Munch, 2000). Recently, murine
gammaherpesvirus-68 (γ HV-68) has provided a
tractable model to investigate the pathophysiology
of human infection with two herpesviruses, Epstein-
Barr virus (EBV) and Kaposi’s sarcoma–associated
herpesvirus/human herpesvirus-8 (KSHV/HHV-8)
(Doherty et al, 1997; Simas and Efstathiou, 1998;
Speck and Virgin, 1999; Virgin and Speck, 1999).
Genetic analysis has determined that γ HV-68 is a
type 2 gammaherpesvirus that induces a nonfatal,
mononucleosis-like disease in immune-competent
rodents (Sunil-Chandra et al, 1992; Doherty et al,
1997). Importantly, γ HV-68 infection closely repro-
duces many of the features of γ -herpesvirus infec-
tions in humans, including latency establishment
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and maintenance, lytic replication, and viral reacti-
vation, thereby mirroring the pathophysiology of hu-
man infection with viruses such as EBV.

Interleukin (IL)-12 has been shown to be a critical
factor in viral immunity, activating both innate and
specific immune responses (for review, see Gately
et al, 1998). IL-12 has been shown to activate natural
killer cells and promote proliferation and differentia-
tion of Th1 CD4+ cells and stimulate them to produce
interferon (IFN)-γ (for review, see Gately et al, 1998).
Importantly, viral infection of the CNS has been as-
sociated with enhanced expression of IL-12 in ner-
vous tissue (Keogh et al, 2002; Olson et al, 2001;
Vollstedt et al, 2001). Although IL-12 may be required
for protective cell-mediated responses against viral
infections, it may also contribute to CNS demyeli-
nation via activation of CD4+ T cells. For example,
inhibition of IL-12 production, IL-12 signaling, and
Th1 differentiation has been shown to result in de-
creased severity of CNS inflammation and demyeli-
nation during an animal model of MS (Natarajan and
Bright, 2002). As such, although IL-12 is critical for
controlling viral replication in the host CNS, it may
also contribute to the damaging inflammation associ-
ated with viral infections.

Several studies have demonstrated the ability of
herpesviruses, including EBV, to infect resident cells
of the CNS (Menet et al, 1999; Cheeran et al, 2001;
Lecointe et al, 1999). In keeping with its similarities
to EBV, γ HV-68 has been shown to replicate and per-
sist within the mouse CNS (Terry et al, 2000). Re-
cently, a study conducted in our laboratory demon-
strated the ability of γ HV-68 to readily infect murine
microglia and astrocytes (Taylor et al, 2003). Inter-
estingly, infected microglia and astrocytes respond
to γ HV-68 infection by the production of the key in-
flammatory cytokines, IL-6 and tumor necrosis factor
(TNF)-α (Taylor et al, 2003). Although it has been
reported that microglia and astrocytes produce IL-
12 (Constantinescu et al, 1996; Aloisi et al, 1997),
the ability of resident CNS cells to produce bioac-
tive IL-12p70 upon γ HV-68 infection has not been
investigated.

In the present study, we demonstrate the inabil-
ity of γ HV-68 to induce the production of the in-
flammatory cytokine, IL-12p70, by murine microglia
and astrocytes. We show that infection of these cell
types with γ HV-68 elicits marked up-regulation in
the levels of mRNA encoding the p40 subunit of IL-
12. In contrast, γ HV-68 infection did not elicit the
induction of mRNA encoding the p35 subunit, or
the p40-related cytokine, IL-23, in either microglia
or astrocytes. In agreement with these findings, γ HV-
68 infection elicits marked IL-12p40 secretion by
both cell types, yet fails to induce bioactive IL-
12p70 secretion. Further, microglia cocultured in
the presence of CD4+ T cells, splenocytes, or as-
trocytes do not produce IL-12p70. Taken together,
these studies indicate that microglia and astrocytes
are not sources of inflammatory IL-12p70 during

γ HV-68 infection in vitro, suggesting that infiltrat-
ing leukocytes are a more likely source of this im-
portant Th1-type cytokine during gammaherpesvirus
infections of the CNS. Indeed, given the previously
documented ability of IL-12p40 homodimers to act
in an anti-inflammatory manner (Ling et al, 1995;
Gillessen et al, 1995; Heinzel et al, 1997), the present
demonstration of γ HV-68–infected glial cells secret-
ing significant quantities of IL-12p40 may indicate an
immunosuppressive role for these cell types during
viral CNS infections.

Results

Expression of mRNA encoding IL-12p35, IL-12p40,
and IL-23p19 in γ HV-68–infected microglia
and astrocytes
To begin to determine whether γ HV-68 can elicit IL-
12 production by murine microglia and astrocytes,
we investigated the effect of γ HV-68 infection on lev-
els of mRNA encoding the p40 and p35 subunits
of IL-12. Murine microglia or astrocytes were cul-
tured in the absence or presence of γ HV-68 for a
1-h adsorption period. At the indicated times post
infection, RNA was isolated, and semiquantitative
reverse transcriptase–polymerase chain reaction (RT-
PCR) was performed for the presence of IL-12p40 and
IL-12p35 mRNA expression. As shown in Figures 1
and 2, there was little or no constitutive expression
of mRNA encoding IL-12p40 in resting microglia and
astrocytes, respectively. Interestingly, γ HV-68 stimu-
lation induced robust expression of mRNA encoding
IL-12p40 as rapidly as 2 h post infection (Figures 1
and 2). In contrast, γ HV-68 failed to elicit induction
of IL-12p35 mRNA in either microglia or astrocytes
(Figures 1 and 2). In addition, we have investigated
the effect of γ HV-68 infection on the expression
of mRNA encoding the p19 subunit of IL-23. IL-
23 is a newly discovered p40-related heterodimeric

Figure 1 Elevated expression of mRNA encoding IL-12p40, but
not IL-12p35 or IL-23p19, in γ HV-68–infected primary murine mi-
croglia. Microglia (5× 105) were untreated or infected with γ HV-68
(5 PFU/cell) (MHV) for 1 h and RNA was isolated at the indicated
times post infection for semiquantitative RT-PCR for the presence
of mRNA encoding IL-12p40, IL-12p35, IL-6, or the housekeeping
gene, G3PDH. As a positive control for the presence of IL-12p40,
IL-12p35, and IL-23, mRNA was isolated from a similar number of
murine peritoneal macrophages (mφ) stimulated with 100 ng/ml
LPS and 100 pg/ml IFN-γ . These studies were performed three
times with similar results.
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Figure 2 Elevated expression of mRNA encoding IL-12p40, but
not IL-12p35 or IL-23p19, in γ HV-68–infected primary murine as-
trocytes. Astrocytes (2× 106) were untreated or infected with γ HV-
68 (5 PFU/cell) (MHV) for 1 h and RNA was isolated at the indi-
cated times post infection for semiquantitative RT-PCR for the pres-
ence of mRNA encoding IL-12p40, IL-12p35, IL-6, or the house-
keeping gene, G3PDH. As a positive control for the presence of
IL-12p40, IL-12p35 and IL-23, mRNA was isolated from a similar
number of murine peritoneal macrophages (mφ) stimulated with
100 ng/ml LPS and 100 pg/ml IFN-γ . These studies were performed
three times with similar results.

cytokine composed of the IL-12p40 subunit and a
novel p19 subunit (Oppmann et al, 2000). Because
γ HV-68 induced IL-12p40 mRNA expression by mi-
croglia and astrocytes (Figures 1 and 2), we investi-
gated the ability of γ HV-68 to induce expression of
mRNA encoding the p19 subunit, and hence, IL-23.
As shown in Figures 1 and 2, there was no constitu-
tive expression of mRNA encoding IL-23 in murine
microglia and astrocytes. Importantly, γ HV-68 stim-
ulation did not induce expression of IL-23 mRNA in
murine microglia or astrocytes (Figures 1 and 2).

To confirm the ability of γ HV-68 to induce proin-
flammatory cytokine production in microglia and
astrocytes, PCR was performed to detect the pres-
ence of mRNA encoding IL-6. As shown in Fig-
ures 1 and 2, γ HV-68 infection markedly induced
expression of IL-6 mRNA, as previously described
by our laboratory (Taylor et al, 2003). For compari-
son purposes and as a positive control for the pres-
ence of IL-12p40, IL-12p35, and IL-23, mRNA was
harvested from a similar number of murine peri-
toneal macrophages (mφ) isolated and stimulated
with lipopolysacchariole (LPS) and IFN-γ as de-
scribed previously (Marriott and Bost, 1998), and
subjected to RT-PCR for each subunit (Figures 1 and
2). To ensure that differences in mRNA levels could
not be attributed to differences in input RNA, or ef-
ficiencies of reverse transcription, RT-PCR amplifi-
cation of the housekeeping gene, glyceraldehyde 3-
phosphate dehydrogenase (G3PDH), was performed
for each sample (Figures 1 and 2). Taken together,
these results demonstrate that although γ HV-68 in-
fection induces murine microglia and astrocytes to
express mRNA encoding the p40 subunit of IL-12, the
p35 subunit and the related heterodimeric cytokine
IL-23 are not expressed by either of these cell types.

Figure 3 Secretion of IL-12p40 by γ HV-68–infected microglia and
astrocytes. Cultured microglia (5 × 105) and astrocytes (2 × 106)
were untreated or infected with γ HV-68 (5 PFU/cell) (MHV) for 1 h.
Culture supernatants were taken at 12 h post infection and a spe-
cific capture ELISA was performed to quantify IL-12p40 secretion.
Results are presented as the mean of three separate experiments ±
SEM.

γ HV-68 elicits IL-12p40 secretion by cultured
murine microglia and astrocytes
To address whether the elevations in mRNA encod-
ing IL-12p40 in murine microglia and astrocytes ex-
posed to γ HV-68 translate into secretion of IL-12p40,
a specific capture enzyme-linked immunosorbent as-
say (ELISA) was performed to detect the presence
of this molecule. Culture supernatants of untreated
microglia or astrocytes or cells exposed to γ HV-68
(5 plaque-forming units [PFU]) were taken 12 h af-
ter infection and assayed for IL-12p40. As shown in
Figure 3, γ HV-68 elicited the production of signifi-
cant levels of IL-12p40 by murine astrocytes and was
a potent stimulus for IL-12p40 secretion by microglia.

T lymphocytes cocultured with γ HV-68–infected
murine microglia do not induce IL-12p70 secretion
as measured indirectly by IFN-γ production
Our inability to detect the presence of mRNA encod-
ing the p35 subunit of IL-12 in microglia suggests that
γ HV-68 does not elicit the production of bioactive IL-
12p70 heterodimers by these cells. In order to assay
for the presence of IL-12p70 in γ HV-68–stimulated
microglia supernatants, we utilized a bioassay to in-
directly detect the presence of IL-12 in cell culture su-
pernatants by measuring IFN-γ production by splenic
T cells. Isolated murine microglia (5×105) were stim-
ulated with γ HV-68 (5 PFU) for a 1-h adsorption
period. Twelve hours later, γ HV-68 stimulated mi-
croglia were cocultured with T lymphocytes (1× 106)
isolated from the spleens of uninfected mice and 12 or
24 h later, culture supernatants were harvested and
assayed for the presence of IFN-γ by specific cap-
ture ELISA. As shown in Figure 4, T lymphocytes co-
cultured with γ HV-68–stimulated murine microglia
failed to elicit detectable levels of IFN-γ production
at 12 and 24 h, respectively. To confirm the ability of
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Figure 4 T lymphocytes cocultured with γ HV-68–infected mi-
croglia do not induce IL-12p70 secretion as determined by bioas-
say. Isolated murine microglia (5 × 105) were stimulated with
γ HV-68 (5 PFU) (MHV) for a 1 h adsorption period (+). γ HV-68
stimulated microglia were then cocultured with 1 × 106 T lym-
phocytes (+) isolated from the spleens of uninfected mice. 12 and
24 hrs later, culture supernatants were harvested and assayed for
the presence of IFN-γ by a specific capture ELISA. In addition
rIL-12 (1 ng/ml, 0.5 ng/ml, 0.25 ng/ml, 0.125 ng/ml) was added
to T lymphocyte cultures alone to assess the ability of splenic T
cells to respond to IL-12. After 12 h, culture supernatants were
harvested and assayed for the presence of IFN-γ . Where indicated,
levels were below the detectable range of the assay. Results are
presented as the mean of 3 separate experiments ± SEM.

splenic T cells to respond to IL-12, recombinant IL-12
(rIL-12) was added to T-cell cultures to elicit IFN-γ
production in a dose-dependent manner (Figure 4).

γ HV-68–infected murine microglia or astrocytes do
not secrete IL-12p70 as measured by specific
capture ELISA
In order to confirm the inability of glial cells to pro-
duce the bioactive IL-12p70 heterodimer in response
to γ HV-68 infection, a specific capture ELISA for IL-
12p70 was employed. In agreement with the results
from the bioassay (Figure 4), γ HV-68 failed to elicit
detectable levels of IL-12p70 by murine microglia af-
ter 12 h (Figure 5A) or 24 and 48 h (data not shown).
Furthermore, similar experiments with astrocytes
failed to elicit detectable IL-12p70 (Figure 5A). To
demonstrate that murine microglia and astrocytes can
produce IL-12p70 following appropriate stimulation,
secretion of IL-12p70 by LPS + IFN-γ –stimulated
cells was assayed and is shown in Figure 5A. For
comparison purposes and to demonstrate the ability
of the capture ELISA to detect IL-12p70, secretion of
IL-12p70 by resting (0) and LPS + IFN-γ –stimulated
murine peritoneal macrophages was assayed and is
shown in Figure 5A (mφ). In addition, to confirm that
the cells used in this assay were responsive to γ HV-68
stimulation, we quantified the amount of IL-6 present
in the same culture supernatants (Figure 5B). Taken
together, although isolated cultures of microglia and

Figure 5 Absence of IL-12p70 secretion by γ HV-68–infected mi-
croglia and astrocytes as determined by specific capture ELISA.
Cultured microglia (5 × 105) and astrocytes (2 × 106) were un-
treated or infected with γ HV-68 (5 PFU/cell) (MHV) for 1 h. Panel
A: Culture supernatants were taken at 12 h post infection and a
specific capture ELISA was performed to quantify IL-12p70 secre-
tion. As positive controls for the ability of these cells to produce
L-12p70, supernatants were isolated from microglia and astrocytes
maximally stimulated with 10 ng/ml LPS and 100 ng/ml IFN-γ .
In an additional positive control, murine peritoneal macrophages
(mφ) were stimulated with 100 ng/ml LPS and 100 pg/ml IFN-
γ and culture supernatants were assayed for the presence of IL-
12p70. Panel B: To ensure that cells were responsive to γ HV-68–
infection, a specific capture ELISA was performed on the same
samples for the presence of IL-6. All results are presented as the
mean of three separate experiments ± SEM.

astrocytes respond to γ HV-68 stimulation by produc-
ing robust levels of IL-6 and IL-12p40, these cells are
not a source of bioactive IL-12p70.

γ HV-68–infected murine microglia fail to produce
IL-12p70 in the presence of activated CD4+
T-lymphocyte signals
Previous studies have suggested that microglia may
be induced to express IL-12p70 by microbial com-
ponents only when signals derived from activated T
lymphocytes are present (Aloisi et al, 1997; Stalder
et al, 1997). To determine whether such signals might
induce IL-12p70 production by γ HV-68–infected mi-
croglia, we have utilized transgenic mice bearing a T-
cell receptor having a single specificity for ovalbumin
(OVA 323–339). Uninfected microglia, or cells in-
fected with γ HV-68 (5 PFU) were untreated or prein-
cubated with 10 μg/ml ovalbumin peptide (323–339)
for 2 h. Microglia were then cocultured in the pres-
ence of DO11.10-derived CD4+ T cells at a final ra-
tio of 50:1 CD4+ T cells to microglia. After 24 and
48 h, cell supernatants were harvested and analyzed
for the presence IL-12p70 and IFN-γ protein by spe-
cific capture ELISAs. As shown in Figure 6, γ HV-68–
stimulated microglia cocultured with CD4+ T cells
did not produce detectable levels of IL-12p70 after 24
or 48 h. Importantly, γ HV-68–infected microglia suc-
cessfully presented this antigen to T cells, resulting
in T-cell activation as assessed by IFN-γ production
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Figure 6 Absence of IL-12p70 secretion by γ HV-68–infected mi-
croglia in the presence of signals from T-lymphocytes activated
in an antigen specific manner. Uninfected microglia, or cells in-
fected with γ HV-68 (5 PFU) were untreated or pre-incubated with
10 μg/ml ovalbumin peptide (323–339) for 2 h. Microglia were
then cocultured in the presence of DO11.10-derived CD4+ T cells
(50:1 CD4+ T cells to microglia). After 24 and 48 h, cell super-
natants were harvested and analyzed for the presence of IL-12p70
by specific capture ELISA. To ensure that T cells were respon-
sive to antigen stimulation, a specific capture ELISA was per-
formed on the same samples for the presence of IFN-γ (inset).
Results are presented as the mean of three separate experiments
± SEM.

(Figure 6, inset). As such, these data suggest that
γ HV-68–infected microglia fail to secrete IL-12p70
even in the presence of T cell–derived signals, such
as IFN-γ.

γ HV-68–infected murine microglia cocultured
with astrocytes do not produce IL-12p70
In vivo, it is probable that astrocyte and microglia
functions are interrelated during inflammatory re-
sponses within the CNS. To address whether astro-
cytes could contribute to microglia-derived IL-12p70
production in response to γ HV-68 stimulation, we
employed mixed glial cultures obtained from 2-day-
old neonates. Mixed glial cells were untreated or
exposed to γ HV-68 (5 PFU) and cell culture super-
natants were harvested 12 and 24 h after exposure
and assayed for the presence of IL-12p70. As shown
in Figure 7, coculture fails to result in the produc-
tion of IL-12p70 by either cell type at any of the
time points indicated. However, the cells were able
to respond to γ HV-68 stimulation with a marked in-
crease in IL-6 production after 12 h (Figure 7, inset)
or 24 h (data not shown). Again, for comparison pur-
poses, and to demonstrate the ability of the capture
ELISA to detect IL-12p70, secretion of IL-12p70 by
resting (0) and LPS + IFN–stimulated murine peri-
toneal macrophages was assayed at 12 and 24 h and
is shown in Figure 7 (mφ).

Figure 7 γ HV-68–infected microglia cocultured with astrocytes
do not produce IL-12p70. Mixed glial cultures were obtained from
2 day old Balb/c neonates. Mixed glial cultures were untreated (0)
or exposed to γ HV-68 (MHV) (5 PFU). 12 and 24 h later, culture
supernatants were harvested and assayed for the presence of IL-
12p70 by a specific capture ELISA. To demonstrate that the mixed
glial cells were responsive to γ HV-68, culture supernatants har-
vested at 12 h were also analyzed for IL-6 secretion by ELISA
(inset). For comparison purposes, and to demonstrate the abil-
ity of the capture ELISA to detect IL-12p70, culture supernatants
were harvested from resting (0) and LPS+ IFN-γ treated peritoneal
macrophages (mφ) after 12 and 24 h. Results are presented as the
mean of three separate experiments ± SEM.

Discussion

The involvement of viral infections in inflammatory
diseases of the CNS has recently been the subject
of much interest following reports of associations
between EBV infection and the risk of MS (Villoslada
et al, 2003; Levin et al, 2003; Ascherio et al, 2001).
Such a hypothesis is attractive given that latent
infections caused by herpesviruses, such as EBV,
periodically reactivate in a manner that resembles
the relapsing-remitting nature of MS (Sunil-Chandra
et al, 1992). The possible link between herpesvirus
infection of the CNS and the development of in-
flammatory disease states has necessitated an ani-
mal model of herpesvirus infection to study the CNS
host response. The murine γ HV-68 has provided
such a model, whereby the pathogenesis of human
herpesvirus infections can be reliable reproduced
(Doherty et al, 1997; Simas and Efstathiou, 1998;
Speck and Virgin, 1999; Virgin and Speck, 1999). To
date, the identity of the specific CNS cell popula-
tions that are targets for herpesvirus infection, and
the nature of the cellular responses evoked by such a
challenge within the CNS, have been poorly catego-
rized. Recent work from our laboratory has indicated
that the resident glial cell types, astrocytes and mi-
croglia, can be infected by, and harbor, the murine
herpesvirus, γ HV-68 (Taylor et al, 2003).

Microglia are resident immune cells of the CNS and
like other professional antigen-presenting cells, such
as macrophages and dendritic cells, are of myeloid
lineage. As such, these cells are likely to play im-
portant roles in either the development of protective
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immune responses to invading pathogens or aiding
the development of damaging inflammation during
CNS disease states (Stoll and Jander, 1999). Mi-
croglia are known to be facultative phagocytes ex-
pressing major histocompatibility complex (MHC)
class II molecules (Hickey and Kimura, 1988). Studies
have reported that microglia are capable of produc-
ing IL-12 subunits in response to viral infection of the
CNS (Olson et al, 2001). However, IL-12p70 produc-
tion by resident immune cells, such as astrocytes and
microglia, may occur in a T cell/IFN-γ –dependent
manner. For example, Aloisi and coworkers (1997)
demonstrated that LPS alone is not an efficient stim-
ulus to elicit IL-12p70 production by murine mi-
croglia; however, LPS stimulation in combination
with IFN-γ led to marked increases in IL-12p70 pro-
duction by these cells (Aloisi et al, 1997). As such,
although this cell type may be capable of making IL-
12p70, the production of this cytokine appears to be
highly regulated, requiring T cell–dependent signals.

Previous studies from our laboratory have demon-
strated the ability of microglia and astrocytes to re-
spond to γ HV-68, a gammaherpesvirus that closely
mimics the pathology of EBV infections in humans,
by the production of the key inflammatory cytokines,
TNF-α, and IL-6 (Taylor et al, 2003). In the present
study, we demonstrate the failure of γ HV-68 infection
to induce the production of IL-12p70 by murine mi-
croglia and astrocytes. Importantly, we demonstrate
that this failure occurs even in the presence of signals
derived from T lymphocytes activated in an antigen-
dependent manner. Interestingly, we show that γ HV-
68 infection of microglia and astrocytes does elicit
enhanced expression of mRNA encoding the p40 sub-
unit of IL-12 (Figures 1 and 2) and IL-12p40 secretion
(Figure 3), although it must be noted that the robust
expression of mRNA encoding IL-12p40 in astrocytes
results in relatively modest secretion of the protein
product (Figure 3). Such a finding is surprising given
the important role for IL-12p70 in the generation of
optimal cell-mediated immune responses against vi-
ral pathogens (for review, see Gately et al, 1998).

Recently, a novel p40-related cytokine, IL-23, has
been described (Oppmann et al, 2000). IL-23 is a het-
erodimeric cytokine composed of the IL-12p40 sub-
unit and a novel p19 subunit and is produced by
myeloid cell types, including macrophages and den-
dritic cells (Belladonna et al, 2002; Oppmann et al,
2000). Importantly, this cytokine has been shown to
perform many of the same functions attributed to IL-
12 (Belladonna et al, 2002) and its expression has
been detected within the CNS (Broberg et al, 2002;
Cua et al, 2003). Indeed, one recent report has sug-
gested that it is IL-23, and not IL-12p70, that plays a
crucial role in the development of CNS inflammation
(Cua et al, 2003). As such, we have investigated the
expression of IL-23 (p19 subunit) mRNA in both as-
trocytes and microglia. In contrast to earlier studies,
we failed to detect expression of IL-23p19 mRNA in
either cell type, whether constitutively or following

γ HV-68 infection. However, the present results do not
preclude the possibility that other resident CNS cell
types, such as perivascular macrophages, may be a
source of this cytokine.

The present finding that γ HV-68 induces signifi-
cant IL-12p40 secretion by both glial cell types raises
intriguing possibilities. IL-12p40 homodimers have
previously been shown to antagonize IL-12p70 bioac-
tivity by competing for receptor occupancy (Ling
et al, 1995; Gillessen et al, 1995; Heinzel et al, 1997).
As such, the possibility exists that glial cells them-
selves can limit the progression of potentially devas-
tating inflammation within the confines of the CNS by
producing anti-inflammatory IL-12p40 homodimers.
Alternatively, these findings may indicate a role for
the virus in subverting antiviral cellular responses.
Intriguingly, EBV infection has been shown to in-
duce the production of EBI3, an EBV-induced cy-
tokine homologous to the IL-12p40 subunit that can
heterodimerize with IL-12p35, thereby antagoniz-
ing bioactive IL-12p70 production (Niedobitek et al,
2002). Although such a product has not been identi-
fied in γ HV-68, the possibility that the virus induces
a mediator analogous to EBI3 cannot be ruled out.

Taken in concert, the present study demonstrates
that microglia and astrocytes do not express IL-12p70
or IL-23 in vitro upon γ HV-68 infection. In contrast,
virally infected microglia and astrocytes are a signif-
icant source of IL-12p40, a potentially immunosup-
pressive molecule that might antagonize the inflam-
matory effects of IL-12p70. Although the reasons for
the apparent disparity between the present results
and the findings of others (Olson et al, 2001) in vi-
rally challenged glial cells remain unclear, these dif-
ferences may arise from the inference of IL-12p70
production from detection of the p40 subunit in some
earlier work, use of cell lines rather than primary
glial cell cultures, or from the nature of the virus
itself. Furthermore, we cannot preclude the possi-
bility that other resident cell types, such as perivas-
cular macrophages or infiltrating leukocytes, may be
sources of inflammatory IL-12p70 and/or IL-23 pro-
duction during CNS disease progression.

Materials and methods

Virus isolation
γ HV-68 was provided by Tony Nash (University of
Edinburgh, UK) and Peter Doherty (St. Jude’s Hospi-
tal, Memphis, TN, USA). Virus stock was prepared by
infecting BHK-21 cells (ATCC CCL 10) with γ HV-68
at a low multiplicity of infection (m.o.i) (0.1 PFU per
cell). Twenty-four h later, the cells were trypsinized
and centrifuged. The resulting pellet was pulse son-
icated (Vibra Cell) at an output of 5 W to ensure re-
lease of intact virions. The sonicated material was
centrifuged to remove cellular debris and the super-
natant containing virions was aliquoted and stored
at −80◦C. Virus was quantified by making threefold
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serial dilutions on NIH-3T3 cell (ATCC CRL 1658)
monolayers and the number of PFU was determined
was quantified as described previously (Taylor et al,
2003; Stevenson et al, 1999; Stewart et al, 1998) us-
ing a plaque-forming assay. Briefly, cells were pulse
sonicated to release intracellular virus. After sonica-
tion, lysates were centrifuged at 2500 r.p.m. to re-
move cellular debris. Limiting dilutions of the lysates
were placed on NIH-3T3 monolayers for 1 h followed
by washing and overlaying with 0.15% agar (Difco)
in RPMI 1640 medium supplemented with 30% fe-
tal calf serum (FCS). After 5 days, overlays were re-
moved and cell monolayers were stained with crystal
violet. The number of PFU were quantified in dupli-
cate at several dilutions. NIH-3T3 cells were main-
tained in RPMI (Gibco-BRL, Gaithersburg, MD) sup-
plemented with 10% FCS at 37◦C and 5% CO2.

Isolation of primary murine microglia and
astrocytes and in vitro stimulation
Murine neonatal brain microglia were isolated and
cultured as described previously by our laboratory
(Rasley et al, 2002a, 2002b; Taylor et al, 2003)
and maintained in RPMI 1640 medium supple-
mented with 10% FCS and 20% conditioned medium
from LADMAC cells as a source of colony stim-
ulating factor (CSF-1) (O’Keefe et al, 2001; Rasley
et al, 2002a, 2002b; Taylor et al, 2003). Astro-
cytes were isolated and cultured as described pre-
viously by our laboratory (Taylor et al, 2003; Bow-
man et al, 2003) and maintained in RPMI 1640
medium supplemented with 10% FCS. Cells isolated
in this fashion were previously shown to be greater
than 95% authentic microglia or astrocytes due to
their characteristic morphology and the presence
of the microglia cell surface markers CD11b and
F4/80 or the presence of the astrocyte marker glial
fibrillary acidic protein (GFAP) as determined by
fluorescence-activated cell sorting (FACS) analysis
and confocal microscopy, respectively (Rasley et al,
2002b; Taylor et al, 2003; Bowman et al, 2003).

Microglia and astrocytes were infected with γ HV-
68 at m.o.i of 5 PFU and the virus was allowed to ad-
sorb for 1 h. A dose of γ HV-68 at 5 PFU per cell was
previously determined by our laboratory to be opti-
mal for expression of viral DNA and the presence of
lytic viral particles in exposed microglia and astro-
cytes (Taylor et al, 2003). After 60 min, nonadherent
viral particles were removed by washing, followed
by the addition of RPMI 1640 medium supplemented
with 10% FCS and 20% LADMAC (microglia) or 10%
FCS (astrocytes). Cultures were maintained for 4, 8,
12, 24, or 48 h for isolation of poly(A)+ RNA and cul-
ture supernatants as indicated.

Isolation of poly(A)+ RNA and semiquantitative
RT-PCR
Total RNA was isolated from microglia and astrocytes
using TRIzol reagent (GIBCO-BRL) as previously de-
scribed (Rasley et al, 2002a, 2002b; Taylor et al, 2003;

Bowman et al, 2003). Poly(A)+ RNA was then iso-
lated from total RNA using polystyrene latex–oligo
dT beads (Oligotex-dT) (Qiagen, Chatsworth, CA) as
described previously (Rasley et al, 2002a, 2002b;
Taylor et al, 2003; Bowman et al, 2003). Poly(A)+
RNA was reverse transcribed in the presence of ran-
dom hexamers using 200 U RNase H−, Moloney
leukemia virus reverse transcriptase (RT) (Promega,
Madison, WI) in the buffer supplied by the man-
ufacturer, as described previously by our labora-
tory (Rasley et al, 2002a, 2002b; Taylor et al, 2003;
Bowman et al, 2003).

PCR was performed on the reverse-transcribed
cDNA product to determine the expression of mRNA
encoding IL-12 and IL-23, essentially as described
previously (Rasley et al, 2002a, 2002b; Taylor et al,
2003; Bowman et al, 2003). Positive- and negative-
strand primers used, respectively, were GCACCAA
ATTACTCCGGACGGTTC and GCAAGTTCTTGGGC
GGGTCTG to amplify mRNA encoding the murine
p40 subunit of IL-12; AAGACATCACACGGGACC
AAACCA and CGCAGAGTCTCGCCATTATGATTC
to amplify mRNA encoding the murine p35 sub-
unit of IL-12; CTGCTTGCAAAGGATCCGCCAAGG
and CTCAGTCAGAGTTGCTGCTCCGTG to amplify
mRNA encoding the murine p19 subunit of
IL-23; and CCATCACCATCTTCCAGGAGCAGCGAG
and CACAGTCTTCTGGGTGGCAGTGAT to amplify
mRNA encoding murine G3PDH. PCR primers were
derived from the published sequences of IL-12
(Schoenhaut et al, 1992) and IL-23 (Oppmann et al,
2000). These primers were designed using oligo
4.0 primer analysis software (National Biosciences,
Plymouth, MA) based on their location in different
exons of the genomic sequences for IL-12 and IL-23
in addition to their lack of significant homology to
sequences present in GenBank (MacVector Sequence
analysis software) (IBI, New Haven, CT). All ampli-
fications were performed in the linear range for that
reaction that was determined as previously described
by our laboratory (Bost and Clements, 1995).

Following PCR, 15% of each amplified sample
was electrophoresed on ethidium bromide–stained
agarose gels and visualized under ultraviolet (UV) il-
lumination. PCR amplification of the housekeeping
gene, G3PDH, was performed on cDNA from each
sample to insure equal input of RNA and similar effi-
ciencies of reverse transcription. The identities of the
PCR-amplified fragments were verified by size com-
parison with DNA standards.

Bioassay for IL-12p70 production
The bioassay is based on the ability of IL-12 to in-
duce the secretion of IFN-γ by mononuclear spleno-
cytes in a quantitative manner (Bost and Clements,
1997). Adherent microglia were infected with γ HV-
68 at an m.o.i of 5 PFU and the virus was allowed
to adsorb for 1 h. After 60 min, nonadherent viral
particles were removed by washing, followed by the
addition of RPMI 1640 medium supplemented with
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10% FCS and 20% LADMAC and cultured for 12
or 24 h. Total T lymphocytes were enriched from
splenic leukocytes by passage through a 30 gauge
wire-mesh screen as previously described by our lab-
oratory (Elhofy et al, 2000). Cells isolated in this man-
ner were previously determined to be >80% T lym-
phocytes using flow cytometry (Elhofy et al, 2000)
to detect the presence of CD3 (clone 145-2C11; BD
PharMingen, San Diego, CA). Total T lymphocytes,
at 1 × 106, isolated in this manner were added to 5 ×
105 virally infected microglia. At 12 h after coculture,
cell supernatants were harvested and analyzed for the
presence of IFN-γ protein by specific capture ELISA.
To assess the ability of splenic T cells to respond to IL-
12p70 by IFN-γ production, known concentrations of
recombinant IL-12p70 (BD PharMingen) were added
to equal numbers of splenic T cells.

ELISA for quantification of IL-12p40, IL-12p70,
and IFN-γ secretion
Capture ELISAs were performed to quantify IL-
12p40, IL-12p70, and IFN-γ production, essentially
as described previously (Rasley et al, 2002a, 2002b;
Taylor et al, 2003; Bowman et al, 2003). Pairs of
capture and detection antibodies were used to quan-
tify IL-12p40 (clones MP5-20F3 and MP5-32C11; BD
Pharmingen). IL-12p70 was quantified using a Quan-
tikine assay kit (R&D Systems, Minneapolis, MN) ac-
cording to the manufacturer’s instructions. IFN-γ was
quantified using an OptEIA assay kit (BD Pharmin-
gen) according to the manufacturer’s instructions.

Isolation of splenic CD4+ lymphocytes from
transgenic mice expressing an ovalbumin-specific
T-cell receptor
DO11.10 mice on a BALB/c background expressing
a single T-lymphocyte receptor specific for a peptide
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