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IL-6 is a pro-in¯ammatory cytokine that has previously been associated with
herpes simplex virus type 1 reactivation. To further investigate this relation-
ship during acute infection, ocular HSV-1 infection was studied in transgenic
mice homozygous or heterozygous expression of IL-6 by astrocytes in the
central nervous system. The virus load in both the eye and trigeminal ganglia
was signi®cantly reduced at day 6 but not day 3 post infection in the
homozygous IL-6 transgenic mice compared to the wild type and heterozygous
littermates. IL-6 protein and mRNA levels in the eye coincided with the level of
transgene expression in mice acutely infected with virus (i.e., day 3 post
infection). Likewise, IL-6 transcript levels in the TG mirrored the expression of
the transgene in the mice throughout the course of the infection into latency. The
HSV-1 a lytic phase gene ICP27 was rapidly down-regulated by day 6 post
infection in the TG of homozygous IL-6 transgenic mice compared to the wild
type and heterozygous littermates. The resistance to acute HSV-1 infection in
the homozygous IL-6 transgenic mice correlated with a signi®cant elevation in
IFN-a/b in the eye compared to the wild type or heterozygous IL-6 transgenic
animals. Heterozygous and homozygous IL-6 transgenic mice latently infected
with HSV-1 showed elevated anti-HSV-1 antibody titers compared to the
latently infected wild type controls. Collectively, the results suggest dose-
dependent IL-6 antagonism of acute HSV-1 infection in vivo.
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Introduction

Ocular HSV-1 infection rapidly induces or up-
regulates the expression of cytokines and chemo-
kines in the eye and trigeminal ganglion (TG) of
mice (Bouley et al, 1995; Cantin et al, 1995; Halford
et al, 1996; Su et al, 1996). Included within the
molecules expressed are the pro-in¯ammatory
cytokines TNF-a, IL-1, IL-6, and IL-12 (Staats and
Lausch, 1993; Kanangat et al, 1996a; Liu et al,
1996). The production of the pro-in¯ammatory
cytokines directs the initial immune response by
promoting the expression of adhesion molecules,
stimulating the production of chemokines which
recruit leukocyte populations including neutrophils

and T lymphocytes, and inducing the acute-phase
response. Relative to HSV-1, IL-12 has been found
to protect mice from HSV-1-mediated death (Carr et
al, 1997) probably through the induction of IFN-g
(Ozmen et al, 1995). Alternatively, the rapid
expression of the pro-in¯ammatory cytokines may,
in fact, facilitate the pathogenesis associated with
HSV-1 not only by the in¯ammatory nature of these
molecules but also by augmenting the replication of
the virus. Speci®cally, HSV-1 reactivation and
replication is enhanced in the presence of TNF-a
(Walev et al, 1995), and the virus utilizes a TNF/
nerve growth factor receptor protein member to
enter into cells (Montgomery et al, 1996). Likewise,
in a dose-dependent fashion anti-IL-6 antibody but
not control antibody has been found to signi®cantly
reduce the frequency of reactivation of HSV-1
following ultraviolet light exposure in latent mice
(Kriesel et al, 1997a). Recently, hyperthermic stress
of latently infected mice which induces HSV-1
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reactivation has been found to cause a transient rise
in TG IL-6 mRNA and protein but not other
cytokines including IL-1 and TNF-a (Noisakran et
al, 1998). Blocking the stress-mediated rise in TG
IL-6 mRNA antagonized HSV-1 reactivation. HSV-1
has also been found to induce the selective up-
regulation of IL-6 in the HSV-1 permissive murine
epithelial-like cell line EMT-6 (Kanangat et al,
1996b). However, the relationship between IL-6
and HSV-1 has not been ®rmly identi®ed. One
group suggests that the causal relationship between
IL-6 and genes that prevent apoptotic death of cells
including MyD116 and growth arrest and DNA
damage gene 34 may protect neurons from under-
going apoptosis and provide an environment
conducive to HSV-1 (Kanangat et al, 1996b).
Consistent with this idea is the ®nding that up-
regulated expression of IL-6 accelerates nerve
regeneration following trauma (Hirota et al, 1996).
While IL-6 may directly or indirectly facilitate HSV-
1 replication (Kriesel et al, 1997b), IL-6 may act in
concert with other cytokines in blocking HSV-1
replication during an acute infection. Speci®cally,
the addition of neutralizing IL-6 antibody to IL-6
generating, astrocyte-enriched cultures has been
found to augment (twofold) HSV-1 replication in
these cultures (Baker, Carr and Gebhardt, unpub-
lished observation).

The present study was undertaken to further
elucidate the relationship between IL-6 and HSV-1
infection using a transgenic mouse (termed GFAP-
IL6) model in which expression of IL-6 is targeted
in astrocytes under the transcriptional control of
the glial ®brillary acidic protein (GFAP) promoter
(Campbell et al, 1993). The constitutive expression
of the transgene within the central nervous system
(CNS) causes progressive neuropathological
changes. Homozygous GFAP-IL6 mice (G169)
develop more moderate neurologic disease mani-
fested by neurodegeneration, astrocytosis, angio-
genesis, learning impairment, and induction of
acute-phase proteins while the GFAP-IL6 hetero-
zygous mice have similar but less neuropathology
over time (Campbell et al, 1993; Heyser et al,
1997). However, whether the expression of IL-6 in
the CNS would modify the immune response to
acute HSV-1 infection or viral replication and
routing in the peripheral nervous system was
unknown. Consequently, these animals would be
useful in serving as a model to begin to address
the nature of the relationship between IL-6 and
HSV-1 replication and pathogenesis following
ocular inoculation.

Results

GFAP-IL6 mice have a reduced viral load in the TG
6 days post infection
The premise of this study was based on the
hypothesis that IL-6 facilitates HSV-1 replication

either through promoting gene transcription
through the activation of transcription binding
proteins (e.g., NF-IL-6 or STATs) or neural differ-
entiation. Transgenic mice expressing IL-6 consti-
tutively in the CNS were evaluated for HSV-1
infection following ocular inoculation. All mice
inoculated with HSV-1 had detectable virus in the
eye 3 days post infection (p.i.). Likewise, all mice
screened (n = 6 ± 9/group) showed similar clearance
rates with the complete absence of virus in the eye
by day 9 p.i. While the viral loads in the TG and eyes
were not signi®cantly different comparing all
groups of mice 3 days p.i., heterozygous (IL-6 tg/+)
and homozygous (IL-6 tg/tg) transgenic mice
showed signi®cantly reduced viral loads in the TG
6 days p.i. compared to the wild type (IL-6+/+)
controls (Figure 1). In addition, there was a
signi®cant reduction in the amount of infectious
virus in the eye of the IL-6 tg/tg mice compared to
the IL-6 tg/+ and wild type mice (Figure 1). Whereas
100% (12/12) of the wild type and IL-6 tg/+ mice
had detectable virus in the eye and TG 6 days p.i.,
only 25% (2/8) of the TG samples and 50% (4/8) of
the eye samples from the IL-6 tg/tg mice possessed
detectable infectious virus. Furthermore, 17% of

a

b

Figure 1 Homozygous (GFAP-IL6 tg/tg) mice antagonize HSV-1
replication in the eye and trigeminal ganglion. IL-6 homozygous
transgenic (IL-6 tg/tg), IL-6 heterozygous transgenic (IL-6 tg/+)
and wild type (IL-6+/+) mice (n=8 ± 12/group) were infected with
HSV-1 (210 p.f.u./eye) and sacri®ced 3 (a) or 6 (b) days p.i. The
eyes and TG were recovered, homogenized, and surveyed for
infectious virus by plaque assay using CV-1 indicator cells. Bars
represent s.e.m. **P50.01, *P50.05.
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the wild type mice had detectable virus in the
cerebellum compared with 0% of the HSV-1-
infected GFAP-IL6 mice measured 6 days p.i.

Expression of HSV-1 ICP27 day 6 post infection is
down-regulated in the TG of homozygous GFAP-IL6
mice
The a regulatory protein ICP27 which is associated
with the lytic phase of HSV-1 infection peaks early
during viral replication. In addition, in®ltrating
lymphocytes and cytokines and chemokines have
been characterized in acute HSV-1 infection as well
(Halford et al, 1996). Therefore, the expression of
ICP27 mRNA was used as a marker to assess viral
replication in the transgenic and wild type mice
during the acute infection. In addition, the expres-
sion of cytokine, chemokine, and CD8 transcript
levels were assessed to determine if the constitutive
expression of IL-6 in the transgenic mice in¯uenced
the immune response in the eye and TG to HSV-1
infection. There were no differences in the expres-
sion of ICP27 mRNA in the eye of transgenic or wild
type mice 3 days p.i (Table 1). Likewise, there were
no differences in the expression of chemokines
(including cytokine response gene [CRG]-2, mono-
cyte chemoattractant protein [MCP]-1, macrophage
inhibitory protein [MIP]-1b) or CD8 mRNA in the
eye of transgenic or non-transgenic mice with the
exception of RANTES and IL-6 (Table 1). IL-6
transcript expression was highest in the IL-6 tg/tg
mice followed by the IL-6 tg/+ mice with the wild
type mice expressing very little mRNA as deter-
mined by RT ± PCR. Conversely, RANTES mRNA
expression was lower in the eye of the IL-6 tg/tg
mice compared to the IL-6 tg/+ or wild type mice.
Similar to the eye, IL-6 mRNA expression was
signi®cantly elevated in the TG obtained from
transgenic mice 3 days p.i. (Table 1). Quantitative
PCR measuring IL-6 transcript levels in the eye and
TG con®rmed the RT-PCR results (Figure 2). Like-
wise, IL-6 protein levels measured in the eye 3 days
p.i. showed a signi®cant increase in the homo-
zygotic IL-6 transgenic mice consistent with the

Table 1 IL-6 homozygous transgenic mice express elevated levels of ICP27 mRNA in the trigeminal ganglion 3 days post infection
with HSV-1{

Eye Trigeminal ganglion
Transcript IL-6+/+ IL-6 tg/+ IL-6 tg/tg IL-6 +/+ IL-6 tg/+ IL-6 tg/tg

ICP27
IL6
RANTES

0.19+0.06
0.19+0.13
0.70+0.08

0.28+0.07
0.67+0.11*
0.80+0.15

0.36+0.16
1.19+0.07**
0.20+0.03*

0.06+0.06
0.05+0.04
0.33+0.09

0.03+0.02
1.32+0.08**
0.39+0.19

0.33+0.13*
1.48+0.25**
0.15+0.09

{This table summarizes the results of 2 ± 4 experiments/group of mice (n = 3 mice/group). IL-6 homozygous transgenic (IL-6 tg/tg), IL-
6 heterozygous transgenic (IL-6 tg/+), and wild type (IL-6+/+) mice were sacri®ced 3 days following ocular infection with 210 p.f.u./
eye HSV-1 (McKrae strain). The eyes and TG were collected and RNA processed and analyzed by RT ± PCR. Numbers represent the
RT ± PCR product yield expressed in terms of the integrated volume of pixels associated with each ethidium bromide-stained band.
The results are summarized and expressed as a ratio of the target gene of interest and the housekeeping gene, GADPH. Numbers are
displayed as the mean+s.e.m. *P50.05, **P50.01 comparing the transgenic to wild type groups for the designated transcript as
determined by ANOVA and Tukey's post-hoc t-test.

a

b

Figure 2 IL-6 mRNA levels in the trigeminal ganglion are
elevated in the homozygous IL-6 transgenic mice. The eyes (a)
and trigeminal ganglia (b) of HSV-1-infected mice were collected
and homogenized 3 days post infection. RNA was extracted from
the homogenized tissue and quantitated for IL-6 mRNA using a
q-PCR protocol. Bars represent mean+s.e.m. n = 3/group. *P505
comparing the transgenic to wild type mice.
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mRNA levels (Figure 3). No other transcripts
measured were found to be modi®ed between the
transgenic and wild type animals 3 days p.i. in the
TG with the exception of ICP27. HSV-1 ICP27
mRNA levels were signi®cantly elevated in the IL-
6 tg/tg mice compared to the heterozygous IL-6 tg/+
or wild type animals (Table 1). By comparison, the
HSV-1 late (g) gene transcript viral protein (VP) 16
was not readily detectable in the TG of any group of
mice assessed but was detected in the eyes of 7/7
wild type, 5/5 heterozygous IL-6 transgenic, and 2/4
homozygous IL-6 transgenic mice 3 days p.i.

Consistent with IL-6 expression in the TG 3 days
p.i., IL-6 mRNA levels were elevated in the TG of
HSV-1 infected transgenic mice in comparison to
HSV-1 infected wild type controls 6 days p.i. (Table
2). However, TG ICP27 mRNA levels were signi®-
cantly reduced in the IL-6 tg/tg animals completely
opposite as to what was found 3 days p.i. In
addition, VP16 which was present in the TG of
wild type mice (4/5 mice) 6 days p.i. was not
detectable in the IL-6 tg/tg animals (0/5 mice).
Likewise, there was no detectable IFN-g mRNA in
the TG of IL-6 tg/tg mice 6 days p.i. No other
transcripts (RANTES, CD8, and IL-10) measured
within the TG were found to be different between
the three groups of HSV-1 infected transgenic and
wild type mice.

The expression of viral and immune tran-
scripts were measured in the TG of latent HSV-
1 infected transgenic and wild type mice as
well. All mice surveyed during latency ex-
pressed LAT (Table 3). Similar to the early
time points, IL-6 expression coincided with the
constitutive expression of the IL-6 transgene
comparing the homozygous and heterozygous
GFAP-IL6 mice to the wild type controls.
However, no other transcripts (IFN-a, CD3,
CD8, and RANTES) measured were found to be
signi®cantly different comparing the groups of
latently infected animals to one another.

Uninfected IL-6 transgenic and wild type mice
were assessed for the expression of transcripts in
the TG as well. Transcripts were either not detected
or were rarely detected with the exception of IL-6,
RANTES, and CD8 (Table 4). IL-6 mRNA expression
coincided with transgene levels whereas RANTES
and CD8 mRNA was not signi®cantly elevated in the
IL-6 transgenic mice (Table 4).

Homozygous GFAP-IL6 transgenic mice produce
elevated levels of IFN-a/b in the eye following
ocular HSV-1 infection
Type 1 IFNs (i.e., IFN-a and IFN-b) have previously
been shown to play a central role in controlling
HSV-1 replication during the course of the acute
infection (Hendricks et al, 1991; Halford et al,
1997). Since there was a signi®cant reduction in
the viral load of the IL-6 tg/tg mice compared to the
IL-6 tg/+ and wild type animals, changes in the type

Figure 3 IL-6 homozygotic mice express high levels of IL-6 in
the eye following HSV-1 infection. IL-6 homozygotic (IL-6 tg/tg),
heterozygotic (IL-6 tg/+), and wild type (IL-6 +/+) mice were
infected with 210 p.f.u./eye HSV-1 (McKrae strain) and
sacri®ced 3 days p.i. The eyes were removed and homogenized
in RPMI-1640. Clari®ed homogenates were assayed for IL-6 by
ELISA. Bars represent the mean/TG pair+s.e.m. (n=4/group).
*P50.05 comparing the IL-6 tg/tg mice to the other groups of
animals.

Table 2 IL-6 homozygous (IL-6 tg/tg) transgenic mice antagonize
HSV-1 replication in the trigeminal ganglion 6 days post
infection as evidenced by reduced ICP27 expression{

Transcript IL-6+/+ IL-6 tg/+ IL-6 tg/tg

ICP27
IFN-g
IL-6

0.62+0.21
0.22+0.13
0.3+0.07

0.81+0.15
0.04+0.02
0.93+0.09*

0.02+0.01*
0*
1.54+0.11**

{IL-6 homozygous transgenic (IL-6 tg/tg), IL-6 heterozygous
transgenic (IL-6 tg/+), and wild type (IL-6 +/+) mice were
sacri®ced 6 days following ocular infection with 210 p.f.u./eye
HSV-1 (McKrae strain). The TG were collected and RNA
processed and analyzed by RT ± PCR. Numbers represent the
RT ±PCR product yield expressed in terms of the integrated
volume of pixels associated with each ethidium bromide-
stained band. The results are summarized and expressed as a
ratio of the target gene of interest and the housekeeping gene,
GAPDH. This table is a summary of 2 ± 3 experiments (n = 7 ± 9
mice/group). *P50.05, **P50.01 comparing the transgenic to
wild type mice.

Table 3 Homozygous IL-6 transgenics (IL-6 tg/tg) express
elevated IL-6 mRNA levels in the trigeminal ganglion of HSV-1
latent mice{

Transcript IL-6 +/+ IL-6 tg/+ IL-6 tg/tg

LAT
IL-6

0.25+0.06
0.14+0.05

0.24+0.04
0.31+0.12

0.12+0.05
0.58+0.09*

{IL-6 homozygous transgenic (IL-6 tg/tg), IL-6 heterozygous
transgenic (IL-6 tg/+), and wild type (IL-6 +/+) mice were
sacri®ced 30 days following ocular infection with 210 p.f.u./eye
HSV-1 (McKrae strain). The TG were collected and RNA
processed and analyzed by RT ± PCR. Numbers represent the
RT ± PCR product yield expressed in terms of the integrated
volume of pixels associated with each ethidium bromide-
stained band. The results are summarized and expressed as a
ratio of the target gene of interest and the housekeeping gene,
GADPH. This table is a summary of 2 ± 4 experiments (n = 5 ± 12
mice/group). *P50.05 comparing the IL-6 tg/tg mice to the wild
type animals.
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1 IFN levels may contribute to the resistance to
HSV-1 replication seen in the GFAP-IL6 tg/tg mice.
Therefore, the levels of IFN-a/b were measured in
the eye and TG of the IL-6 transgenic and wild type
mice during the acute stage of the ocular infection.
While there were no differences in the level of IFN-
a/b in the TG 3 days p.i., IL-6 homozygotic
transgenic mice had considerably higher levels of
IFN-a/b in the eye in comparison to the other two
groups which is consistent with the reduction in the
viral load in the eye and TG 6 days p.i. (Figure 4).

Discussion

IL-6 is a pleiotropic cytokine whose expression is
induced in the CNS following infection with
various viruses (Lieberman et al, 1989; Lewandows-
ki et al, 1994; Bencsik et al, 1996). In fact, enriched
astrocyte cultures produce microgram quantities of

IL-6 in response to HSV-1 infection (Baker, Carr,
and Gebhardt, unpublished observation). In the
present study, IL-6 homozygotic transgenic mice
were more resistant to acute HSV-1 infection
compared to the IL-6 heterozygotic or wild type
mice based on the recovery of infectious virus from
the eyes and TG 6 days p.i. The elevated IL-6
mRNA and protein in the IL-6 tg/tg mouse eye may
have contributed to the viral resistance. Speci®-
cally, IL-6 is known to enhance parameters that
control viral infection including antibody synthesis
(Hirano et al, 1986) and the development of
cytotoxic T cells (Renauld et al, 1989). Recently,
IL-6 has been found to enhance the expression of
cytolytic molecules (including granzyme B and
perforin) associated with cytotoxic effector cells
that monitor viral infection (Greene et al, 1997) as
well as act as a cytokine adjuvant enhancing anti-
viral immunity (Larsen et al, 1998).

Consequently, the level of viral resistance
observed in the IL-6 transgenic mice may be
due, in part, to promoting effector cell develop-
ment or cytolytic activity. Additional resistance
to HSV-1 infection would include the increased
production of IFN-a/b observed in the eyes of the
IL-6 tg/tg mice during the early acute infection. It
is unclear why a similar ®nding was not observed
in the TG. However, the lack of an elevation in
IFN-a/b in the TG of IL-6 tg/tg mice may re¯ect a
difference in cell constituency comparing the TG
and eye rather than transgene expression per se.
Collectively, the IL-6 tg/tg mice may have been in
a pre-activated state facilitating a rapid response
to the viral insult compared to the IL-6 tg/+ and
wild type mice. However, a comparison of other
cytokine and chemokine pro®les in the eye and
TG of transgenic and wild type animals by RT ±
PCR prior to or after infection with HSV-1
showed no signi®cant differences in the level of
expression except for IL-6 which was signi®cantly
elevated in the IL-6 tg/tg mice and less so in the
IL-6 tg/+ animals. It is possible that high
concentrations of IL-6 may modify the expression
of cellular factors that facilitate HSV-1 replication
or alternatively, may modify neuroendocrine
processes that may be involved in HSV-1 replica-
tion including corticosteroids (Lyson and
McCann, 1991) as was previously noted in these
GFAP-IL6 mice (Raber et al, 1997). However, the
protective effect elicited by IL-6 is a two-edged
sword. Speci®cally, uncontrolled production of
IL-6 within the CNS resulting in a localized
in¯ammatory response is thought to signi®cantly
contribute to neurological disease (Gijbels et al,
1990; Benveniste, 1992) consistent with the CNS
pathological state of the GFAP-IL6 mice (Camp-
bell et al, 1997).

The transgenic mice used in this study (G167)
exhibit a dose-dependent neuropathology inde-
pendent of viral infection (Campbell et al, 1993).

Table 4 Uninfected IL-6 transgenic mice express elevated levels
of IL-6 mRNA in the trigeminal ganglia{

Transcript IL-6 +/+ IL-6 tg/+ IL-6 tg/tg

IL-6
RANTES
CD8

0.02+0.01
0.05+0.03
0.10+0.02

0.12+0.05
0.14+0.07
0.27+0.13

0.27+0.04
0.14+0.05
0.20+0.14

{IL-6 homozygous transgenic (IL-6 tg/tg), IL-6 heterozygous
transgenic (IL-6 tg/+), and wild type (IL-6 +/+) mice were
sacri®ced and the trigeminal ganglia were separately collected,
and the RNA was processed and analyzed by RT ± PCR for the
levels of IL-6, RANTES, and CD8. Numbers represent the RT ±
PCR product yield expressed in terms of the integrated volume
of pixels associated with each ethidium bromide-stained band.
The results are summarized and expressed as a ratio of the
target gene and the housekeeping gene, GAPDH. The numbers
represent the mean+s.e.m., n = 3/group.

Figure 4 Homozygous GFAP-IL6 transgenic mice produce
elevated levels of IFN-a/b in the eye during acute ocular HSV-
1 infection. IL-6 transgenic and wild type mice (n=4/group) were
infected with HSV-1 (210 p.f.u./eye, McKrae strain) and
sacri®ced 6 days p.i. The eyes and TG were removed, processed,
and the IFN-a/b levels were determined by bioassay. *P50.05
comparing the IL-6 tg/tg mice to the other two groups.
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In fact, the production of IL-6 constitutively
within the astrocyte population would predictably
induce astrogliosis and astrocyte proliferation
resulting in scar formation and activation of
microglia (Benveniste, 1997). Such an episode
would elicit the production of cytokines by the
microglia which might interfere (antagonize) with
HSV-1 infection. However, we found in uninfected
IL-6 transgenic or wild type mice measuring a
variety of cytokines and chemokines (IL-6, IL-10,
IFN-a, IFN-g, CRG-2 MCP-1, MIP-1b, and RANTES)
and immune cells (CD3 and CD8) by RT ± PCR that
only CD8, IL-6, and RANTES expression was
observed in the TG with only an elevation in IL-
6 transcript levels in the transgenic mice com-
pared to the wild type animals. Therefore, the
modest neuropathology associated with the trans-
gene expression of the homozygous GFAP-IL-6
mice in the CNS did not elicit cytokine or
chemokine expression in the peripheral nervous
system (i.e., TG) that would explain the resistance
to the acute HSV-1 infection with the exception of
IL-6. This point is also supported by the data
showing equivalent levels of virus in both the TG
and eye of mice (transgenic and wild type)
measured 3 days p.i. IL-6 has recently been shown
to antagonize HSV-1 replication in astrocyte-
enriched cultures (Baker, Carr, and Gebhardt,
unpublished observation). Therefore, the hin-
drance of HSV-1 replication in the eye and TG 6
days p.i. may either be the result of interference
via IL-6 or alternatively, the indirect action of IL-6
on anti-viral mediators including type I IFNs.

Even though HSV-1 replication was signi®cantly
restricted in the IL-6 tg/tg mice compared to the IL-6
tg/+ and wild type mice based on the viral load and
expression of ICP27 and VP 16 mRNA in the TG 6
days p.i., all of the homozygous IL-6 transgenic
animals evaluated were found to be latently
infected as de®ned by the detection of LAT
expression in the TG 30 days p.i. Likewise, all IL-6
tg/tg mice seroconverted with anti-HSV-1 antibody
titers similar to the levels found in the IL-6 tg/+
transgenic animals (data not shown). Although the
LAT levels were reduced in the IL-6 tg/tg mice
compared to the IL-6 tg/+ or wild type animals, the
difference was not signi®cant suggesting that the
establishment of latency is most probably com-
mitted within the ®rst 3 ± 6 days p.i. This idea is
supported by the data showing the recovery of
infectious HSV-1 was signi®cantly reduced in the
TG of IL-6 tg/tg mice compared to wild type 6 days
p.i. but similar levels were found 3 days p.i.

The expression of IL-6 mRNA was elevated in the
eye and TG of the IL-6 transgenic mice p.i.
coinciding with the transgene level. Muller cells
in the eye (Humphrey et al, 1997) and Schwann
cells in the TG (Riol et al, 1997) can express GFAP
following injury suggesting that it is possible that
the transgene can be expressed in these tissues. In

fact, it has recently been shown that HSV-1
signi®cantly elevates the expression of GFAP in
the TG during an acute ocular infection of mice with
HSV-1 (Carr et al, 1998).

Attention in the present study was primarily
focused on HSV-1 replication and the immune
response to the viral insult during the acute
infection. However, the recent studies suggesting
a relationship between IL-6 and HSV-1 reactiva-
tion (Kriesel et al, 1997a; Noisakran et al, 1998)
suggest that the primary in¯uence of IL-6 on
HSV-1 may not be during the acute infection but
rather, on the reactivation from latency. Speci®-
cally, there appears to be differences in the
temporal expression of viral genes in the process
of HSV-1 replication in comparison to reactiva-
tion (Tal-Singer et al, 1997). Consequently, IL-6
may modify the expression of the lytic immediate
early (a) viral genes in the TG as shown day 3 p.i.
as well as those genes more closely associated
with reactivation. The frequency of induced
reactivation following the establishment of la-
tency in these transgenic mice will be a focus of
future research.

Materials and methods

Mice and virus infection
Homozygous or heterozygous GFAP-IL6 mice or
wild type littermates (male and female, 8 ± 12 weeks
old) of the low expressor G167 line were used. A
description of the construction of the IL-6 fusion
gene and production of the GFAP-IL6 mice using a
C57BL/6 X SJL hybrid strain has been described in
detail (Campbell et al, 1993). Brie¯y, the fusion
gene construct used was composed of an entire
modi®ed GFAP gene into which was inserted in the
®rst exon, the cDNA fragment corresponding to the
coding region of IL-6, together with an upstream SV-
40 intron sequence and a downstream SV-40
polyadenylation signal. Astrocyte expression of
the transgene was con®rmed at both the RNA and
protein levels.

Mice were anaesthetized by i.p. administration of
0.1 ml PBS containing xylazine (6.6 mg/kg) and
ketamine (100 mg/kg). Following corneal scari®ca-
tion, tear ®lm was blotted from the eyes and the
mice were inoculated with 210 plaque forming
units (p.f.u.)/eye of HSV-1 (McKrae strain) in a
volume of 3 ml. Under such conditions, we have
found the LD50 for this strain ranges from 100 ± 210
p.f.u./eye in outbred mice. Infection was veri®ed by
swabbing the eyes 2 ± 3 days post infection (p.i.),
placing the swabs in CV-1 monolayer cultures, and
observing the cells for cytopathic effects (CPE).
Additional eye swabbings were performed at 6, 9,
and 12 days p.i. in mice destined to establish a
latent infection to assess the clearance rate of the
virus in the tear ®lm. Animals were sacri®ced at the
indicated time p.i.
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Virus and cells
CV-1 African monkey kidney cells (American Type
Culture Collection [ATCC], Manassas, VA, USA)
were cultured in RPMI-1640 (Mediatech, Washing-
ton, DC, USA) containing 5% FCS (Life Technolo-
gies, Gaithersburg, MD, USA) and an antibiotic/
antimycotic solution (Sigma Chemical Co., St.
Louis, MO, USA). Cells were incubated at 378C,
5% CO2, 95% humidity. HSV-1 (McKrae strain) was
grown up and harvested as described (Halford et al,
1996).

Measurement of tissue HSV-1 titers
Eyes, TG, and cerebella were removed 3 or 6 days
p.i. and homogenized in 0.8 ml RMPI-1640 contain-
ing 5% FCS in 2.0 ml microcentrifuge tubes.
Homogenates were clari®ed by centrifugation for
1 min at 13 0006g. HSV-1 titer in clari®ed super-
natants was determined by plaque assay using CV-1
cells and reported as p.f.u./ml.

Reverse transcription ± polymerase chain reaction
RT ± PCR was carried out as described (Halford et al,
1996). Brie¯y, eye and TG RNA were extracted in
UltraspecTM RNA isolation reagent (Biotecx Inc.,
Houston, TX, USA). First strand cDNA was
synthesized using AMV reverse transcriptase (Pro-
mega Corp. Madison, WI, USA). PCR was performed
in a thermal cycler (Ericomp Delta cycler I,
Ericomp, San Diego, CA, USA) with 30 ± 35 cycles
of 948C (1' 15@)?57 ± 658C (1 ± 1'15@)? 728C (30 ±
45@). PCR primers for glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), infected cell polypeptide
27 (ICP27), IFN-g, latency associated transcript
(LAT), IL-10 and RANTES were as previously
described (Halford et al, 1996). IFN-a (consensus
sequence for IFN-a1, 2, and 7) and CD8 primer
sequences were obtained from Clontech Labora-
tories, Inc. (Palo Alto, CA, USA). Primers for CD3
were 5'-ATGGAGCAGAGGAAGGGTCTG-3' (sense)
and 5'-TCACTTCTTCCTCAGTTGGTT-3' (anti-
sense). Primers for IL-6 were 5'-TTCCATCCA-
GTTGCCTTCTTGG-3' (sense) and 5'-CTTCATG-
TACTCCAGGTAG-3' (antisense). Primers for JE/
monocyte chemoattractant protein-1 (MCP-1) and
macrophage inhibitory protein (MIP)-1b, and the
settings for the ampli®cation of the speci®c
products were as described (Bouley et al, 1995).
Primers for cytokine response gene (CRG)-2 were 5'-
CAGCACCATGAACCCAAGTGC-3' (sense) and 5'-
GCTGGTCACCTTTCAGAAGACC-3' (antisense).
Primers for VP16 were 5'-FFACTCGTATTCCAG-
CTTCAC-3' (sense) and 5'-CGTCCTCGCCGTCT-
AAGTG-3' (antisense). Following electrophoresis

of the ampli®ed product, ethidium bromide-stained
PCR products were visualized with a Bio-Rad 1000
gel documentation system (Bio-Rad, Hercules, CA,
USA). Densitometric analysis of gel images was
performed using Molecular analysis softwareTM 3.3
(Bio-Rad, Hercules, CA, USA). Quantitative PCR
was performed to measure the copy number of IL-6/
input RNA as determined using a commercially
available kit (Biosource International, Camarillo,
CA, USA). Essentially, this competitive PCR is a
quantitative adaptation using a known copy number
of an exogenous synthesized DNA (provided in the
kit) which serves as the internal calibration
standard and is mixed with sample cDNA. The
standard amplicon can be distinguished from the
sample based on a unique capture binding site
engineered in the ampli®ed product. Following the
PCR, the amplicon is denatured and captured using
engineered IL-6 speci®c capture oligonucleotides.
The captured amplicons are then detected and
quanti®ed by addition of an enzyme-strepavidin
conjugate followed by substrate. The signal gener-
ated is proportional to the amount of amplicon
present. Based on the readout, it is possible to
determine the amount of input IL-6 cDNA from each
sample.

Measurement of tissue interferon (IFN)-a/b
The eyes and TG obtained from IL-6 transgenic and
wild type mice were homogenized in RPMI-1640.
Clari®ed supernatant was assayed for IFN bioactiv-
ity as previously described (Halford et al, 1998).
The authenticity of the IFN type was determined in
assays using neutralizing antibody (neutralizing
capacity=510 units) to IFN-a/b (Lee Biomolecular
Research Lab. Inc., San Diego, CA, USA) or normal
rabbit serum.

Statistics
One-way ANOVA and Tukey's post hoc t-test were
used to determine signi®cant (P50.05) differences
between the indicated groups using the GBSTATTM

program (Dynamic Microsystems, Silver Springs,
MD, USA).

Acknowledgements

The authors would like to thank Ms Livia A
Veress for her excellent technical help. This work
was supported by USPHS grant NS35470 (DJJ
Carr) and USPHS grant MH47680 (IL Campbell).

IL-6 and HSV-1
DJJ Carr and IL Campbell

455



References

Bencsik A, Malcus C, Akaoka H, Giraudon P, Belin M-F,
Bernard A (1996). Selective induction of cytokines in
mouse brain infected with canine distemper virus:
structural, cellular, and temporal expression. J Neu-
roimmunol 65: 1 ± 9.

Benveniste EN (1992). In¯ammatory cytokines within the
central nervous system: sources, function, and me-
chanism of action. Am J Physiol 263: C1 ± C16.

Benveniste EN (1997). Cytokines: In¯uence on glial cell
gene expression and function. Chem Immunol 69:
31 ± 75.

Bouley DM, Kanangat S, Wire W, Rouse BT (1995).
Characterization of herpes simplex virus type-1
infection and herpetic stromal keratitis development
in IFN-g knockout mice. J Immunol 155: 3964 ± 3971.

Campbell IL, Abraham CR, Masliah E, Kemper P, Inglis
JD, Oldstone MB A, Mucke L (1993). Neurologic
disease induced in transgenic mice by cerebral
overexpression of interleukin 6. Proc Natl Acad Sci
USA 90: 10061 ± 10065.

Campbell IL, Stadler A, Chiang C-S, Bellinger R, Heyser
CJ, Steffensen S, Masliah E, Powell HC, Gold LH,
Hendricks SJ, Siggins GR (1997). Transgenic models to
assess the pathogenic actions of cytokines in the
central nervous system. Mol Psych 2: 125 ± 129.

Cantin EM, Hinton DR, Chen J, Openshaw H (1995).
Gamma interferon expression during acute and latent
nervous system infection by herpes simplex virus type
1. J Virol 69: 4898 ± 4905.

Carr DJJ, Veress LA, Noisakran S, Campbell IL (1998).
Astrocyte targeted expression of interferon-a1 protects
mice from acute ocular herpes simplex virus type 1
infection. J Immunol 161: 4859 ± 4865.

Carr JA, Rogerson J, Mulqueen MJ, Roberts NA, Booth
RFG (1997). Interleukin-12 exhibits potent antiviral
activity in experimental herpesvirus infections. J Virol
71: 7799 ± 7803.

Gijbels K, Van Damme J, Proost P, Put W, Carton H,
Billiau A (1990). Interleukin 6 production in the
central nervous system during experimental autoim-
mune encephalomyelitis. Eur J Immunol 20: 233 ± 235.

Greene AL, Makrigiannis AP, Fitzpatrick L, Hoskin DW
(1997). Anti-CD3-activated major histocompatibility
complex-unrestricted cytotoxicity and the expression
of genes coding for cytotoxic effector molecules. J IFN
Cytokine Res 17: 727 ± 737.

Halford WP, Gebhardt BM, Carr DJJ (1996). Persistent
cytokine expression in trigeminal ganglion latently
infected with herpes simplex virus type 1. J Immunol
157: 3542 ± 3549.

Halford WP, Veress LA, Gebhardt BM, Carr DJJ (1998).
Immunization with HSV-1 antigen rapidly protects
against HSV-1-induced encephalitis and is IFN-g
independent. J IFN Cytokine Res 18: 151 ± 158.

Halford WP, Veress LA, Gebhardt BM, Carr DJJ (1997).
Innate and acquired immunity to herpes simplex virus
type 1. Virology 236: 328 ± 337.

Hendricks RL, Weber PC, Taylor JL, Koumbis A, Tumpey
TM, Glorioso JC (1991). Endogenously produced
interferon a protects mice from herpes simplex virus
type 1 corneal disease. J Gen Virol 72: 1601 ± 1610.

Heyser CJ, Masliah E, Samini A, Campbell IL, Gold LH
(1997). Progressive decline in avoidance learning
paralleled by in¯ammatory neurodegeneration in
transgenic mice expressing interleukin 6 in the brain.
Proc Natl Acad Sci USA 94: 1500 ± 1505.

Hirano T, Yasukawa K, Harada H, Taga T, Watanabe Y,
Masuda T, Kashiwamamura S, Sakiyama F, Matsui H,
Takahara Y, Taniguchi T, Kishimoto T (1986).
Complementary DNA for a novel human interleukin
(BSF-2) that induces B lymphocytes to produce Ig.
Nature 324: 73 ± 76.

Hirota H, Kiyama H, Kishimoto T, Taga T (1996).
Accelerated nerve regeneration in mice by upregu-
lated expression of interleukin (IL) 6 and IL-6 receptor
after trauma. J Exp Med 183: 2627 ± 2634.

Humphrey MF, Chu Y, Mann K, Rakoczy P (1997).
Retinal GFAP and bFGF expression after multiple
argon laser photocoagulation injuries assessed by both
immunoreactivity and mRNA levels. Exp Eye Res 64:
361 ± 369.

Kanangat S, Thomas J, Gangappa S, Babu JS, Rouse BT
(1996a). Herpes simplex virus type 1-mediated up-
regulation of IL-12 (p40) mRNA expression. J Im-
munol 156: 1110 ± 1116.

Kanangat S, Babu JS, Knipe DM, Rouse BT (1996b). HSV-
1-mediated modulation of cytokine gene expression in
a permissive cell line: Selective upregulation of IL-6
gene expression. Virology 219: 295 ± 300.

Kriesel JD, Gebhardt BM, Hill JM, Maulden SA, Hwang
IP, Clinch TE, Cao X, Spruance SL, Araneo BA
(1997a). Anti-interleukin-6 antibodies inhibit herpes
simplex virus reactivation. J Infect Dis 175: 821 ± 827.

Kriesel JD, Ricigliano J, Spruance SL, Garza Jr HH, Hill
JM (1997b). Neuronal reactivation of herpes simplex
virus involves interleukin-6. J Neurovirology 3: 441 ±
448.

Larsen DL, Dybdahl-Sissoko N, McGregor MW, Drape R,
Neumann V, Swain WF, Lunn DP, Olsen CW (1998).
Coadministration of DNA encoding interleukin-6 and
hemagglutinin confers protection from in¯uenza virus
challenge in mice. J Virol 72: 1704 ± 1708.

Lewandowski G, Hobbs MV, Bloom FE (1994). Alteration
of intracerebral cytokine production in mice infected
with herpes simplex virus type 1 and 2. J Neuroim-
munol 55: 23 ± 34.

Lieberman AP, Pitha PM, Shin HS, Shin ML (1989).
Production of tumor necrosis factor and other
cytokines by astrocytes stimulated with lipopolysac-
charide or a neurotropic virus. Proc Natl Acad Sci
USA 86: 6348 ± 6352.

Liu T, Tang Q, Hendricks RL (1996). In¯ammatory
in®ltration of the trigeminal ganglion after herpes
simplex virus type 1 corneal infection. J Virol 70:
264 ± 271.

Lyson K, McCann SM (1991). The effect of interleukin-6
on pituitary hormone release in vivo and in vitro.
Neuroendocrinol 54: 262 ± 266.

IL-6 and HSV-1
DJJ Carr and IL Campbell

456



Montgomery RI, Warner MS, Lum BJ, Spear PG (1996).
Herpes simplex virus-1 entry into cells mediated by a
novel member of the TNF/NGF receptor family. Cell
87: 427 ± 436.

Noisakran S, Halford WP, Veress L, Carr DJJ (1998). The
role of the hypothalamic pituitary adrenal axis and IL-
6 in stress-induced reactivation of latent HSV-1. J
Immunol 160: 5441 ± 5447.

Ozmen L, Aguet M, Trinchieri G, Garotta G (1995). The
in vivo antiviral activity of interleukin-12 is mediated
by gamma interferon. J Virol 69: 8147 ± 8150.

Raber J, O'Shea RD, Bloom FE, Campbell IL (1997).
Modulation of hypothalamic-pituitary-adrenal func-
tion by transgenic expression of interleukin-6 in the
CNS of mice. J Neurosci 17: 9473 ± 9480.

Renauld J-C, Vink A, Van Snick J (1989). Accessory
signals in murine cytolytic T cell responses. J
Immunol 143: 1894 ± 1898.

Riol H, Tardy M, Rolland B, Levesque G, Murthy MR
(1997). Detection of the peripheral nervous system
(PNS)-type glial ®brillary acidic protein (GFAP) and
its mRNA in human lymphocytes. J Neurosci Res 48:
53 ± 62.

Staats HF, Lausch RN (1993). Cytokine expression in
vivo during murine herpetic stromal keratitis. J
Immunol 151: 277 ± 283.

Su Y-H, Yan X-T, Oakes JE, Lausch RN (1996). Protective
antibody therapy is associated with reduced chemo-
kine transcripts in herpes simplex virus type 1
corneal infection. J Virol 70: 1277 ± 1281.

Tal-Singer R, Lasner TM, Podrzucki W, Skokotas A,
Leary JJ, Berger SL, Fraser NW (1997). Gene expres-
sion during reactivation of herpes simplex virus type
1 from latency in the peripheral nervous system is
different from that during lytic infection of tissue
cultures. J Virol 71: 5268 ± 5276.

Walev I, Podlech J, Falke D (1995). Enhancement by
TNF-a of reactivation and replication of latent herpes
simplex virus from trigeminal ganglia of mice. Arch
Virol 140: 987 ± 992.

IL-6 and HSV-1
DJJ Carr and IL Campbell

457


