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We recently demonstrated that CD8* T cells could block herpes simplex virus type 1 (HSV-1) reactivation
from latency in ex vivo trigeminal ganglion (TG) cultures without destroying the infected neurons. Here we
establish that CD8* T-cell prevention of HSV-1 reactivation from latency is mediated at least in part by gamma
interferon (IFN-vy). We demonstrate that IFN-y was produced in ex vivo cultures of dissociated latently infected
TG by CD8* T cells that were present in the TG at the time of excision. Depletion of CD8" T cells or
neutralization of IFN-y significantly enhanced the rate of HSV-1 reactivation from latency in TG cultures.
When TG cultures were treated with acyclovir for 4 days to insure uniform latency, supplementation with
recombinant IFN-y blocked HSV-1 reactivation in 80% of cultures when endogenous CD8™ T cells were present
and significantly reduced and delayed HSV-1 reactivation when CD8" T cells or CD45™ cells were depleted
from the TG cultures. The effectiveness of recombinant IFN-vy in blocking HSV-1 reactivation was lost when its
addition to TG cultures was delayed by more than 24 h after acyclovir removal. We propose that when the
intrinsic ability of neurons to inhibit HSV-1 gene expression is compromised, HSV-specific CD8* T cells are
rapidly mobilized to produce IFN-y and perhaps other antiviral cytokines that block the viral replication cycle

and maintain the viral genome in a latent state.

Following primary infection of epithelial surfaces, herpes
simplex virus type 1 (HSV-1) gains access to the termini of
sensory neurons, is transported in a retrograde direction to the
neuron cell bodies in sensory ganglia, replicates, spreads to
other neurons, and establishes a lifelong latent infection in a
portion of the neurons. Recurrent HSV-1 disease results from
reactivation of latent HSV-1 in sensory neurons followed by
anterograde axonal transport to epithelial or epidermal sur-
faces. Therefore, treatments that block reactivation of HSV-1
from latency could effectively prevent recurrent disease in the
face of latent infection. The long-term retention of CD8" T
cells and production of the cytokine gamma interferon (IFN-vy)
in the latently infected trigeminal ganglion (TG) suggest a
possible role for the immune system in controlling HSV-1
reactivation from latency (4, 10, 16, 20).

Ganglionic latency is classically defined as retention of
HSV-1 genomes in neurons in the absence of virion produc-
tion. The definition of latency at the molecular level is cur-
rently evolving. Clearly, a family of transcripts called latency-
associated transcripts is produced in abundance in at least a
portion of latently infected neurons (6, 7). In addition, tran-
scripts for the HSV-1 o (immediate-early) gene, infected cell
protein 4 (ICP4), and B (early) gene thymidine kinase were
detected in low abundance in latently infected murine sensory
ganglia (13). Most studies have failed to detect latency-associ-
ated transcript translation products, and the production of any
viral proteins in latently infected neurons is currently uncer-
tain. However, the presence of viral transcripts in latently in-
fected neurons suggests the potential for protein synthesis.
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Further, in the appropriate context, T cells are exquisitely
sensitive to minute quantities of antigenic proteins (8), and it is
plausible that T-cell activation could occur in response to an-
tigens present at levels below the sensitivity of normal detec-
tion methods. Indeed, there is evidence that virus-specific
CD8™" T cells are retained and persistently activated at sites of
infection where viral proteins are no longer detectable and
viral transcripts are in low abundance (1, 11).

HSV-1 infection of mice results in a latent infection in sen-
sory ganglia, but the virus does not normally reactivate from
latency (24, 25). Interestingly, leukocytes, including CD4™" and
CD8™" T lymphocytes and macrophages, have been detected in
mouse TG up to 9 months after a primary HSV-1 infection (4,
16, 20). Moreover, leukocytic infiltration of the latently in-
fected mouse TG is associated with the presence of the cyto-
kines IFN-y, tumor necrosis factor alpha, and interleukin-6,
suggesting persistent activation of the infiltrating cells (4, 10,
16). Cytokine production in the TG was inhibited by treatment
of latently infected mice with the antiviral drug acyclovir
(ACV), consistent with the involvement of viral proteins in
T-cell activation (9). These findings are consistent with the
notion that individual latently infected neurons may periodi-
cally lose the capacity to inhibit expression of HSV-1 genes,
resulting in low-level and perhaps intermittent production of
viral proteins. These viral proteins might stimulate T cells in
the ganglion to produce cytokines that prevent further pro-
gression through the viral life cycle to the stage of virion
production. In this hypothetical scenario, T cells supplement
the intrinsic ability of neurons to inhibit HSV gene expression
and maintain the virus in a latent state.

We are testing the capacity of CD8" T cells to maintain
HSV-1in a latent state in sensory neurons in an ex vivo model.
Latently infected mouse TG are excised, dissociated into sin-
gle-cell suspensions, and cultured in the presence or absence of
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reagents that block certain T-cell functions. Using this ap-
proach, it was recently demonstrated that CD8" T cells that
were present in latently infected TG 14 days after corneal
infection were capable of blocking HSV-1 reactivation from
latency in ex vivo cultures (15). When TG were obtained 34
days after corneal infection, the endogenous CD8" T cells
could delay, but could not prevent, reactivation, unless supple-
mented with exogenous CD8™" T cells obtained from the lymph
nodes of HSV-1-infected, but not noninfected, mice. The fail-
ure of the endogenous CD8" T cells to block reactivation in
day 34 TG cultures might reflect their reduced numbers (com-
pared to those of day 14 TG cultures), but it might also reflect
functional changes in the CD8" T cells that remain in the TG
between 14 and 34 days after HSV-1 infection. Importantly,
both the exogenous and endogenous (day 14) CD8* T cells
were able to prevent HSV-1 reactivation without eliminating
the pool of latently infected neurons in the TG cultures. The
latter observation suggested the involvement of a nonlytic
mechanism of suppression of HSV-1 reactivation from latency.

Another important observation to emerge from previous
studies was that a small portion of latently infected neurons in
cultures that were protected by CD8" T cells expressed the
HSV-1 « protein ICP4 and the B protein ICPS, but failed to
express detectable vy, (glycoprotein C) gene transcripts or pro-
teins. A recent study demonstrated transient expression of
major histocompatibility complex (MHC) class I molecules on
neurons in HSV-1-infected sensory ganglia (18). We hypothe-
sized that early in the reactivation process, expression of a
limited array of HSV-1 genes in conjunction with MHC class 1
genes might provide the epitopes that stimulate CD8™ T cells,
leading to their production of antiviral cytokines. Our present
findings are consistent with this hypothesis and demonstrate
the capacity of IFN-y to prevent HSV-1 reactivation from
latency in TG neurons.

MATERIALS AND METHODS

HSV-1 infection. Female BALB/c mice (Frederick Cancer Research Center,
Frederick, Md.), 6 to 8 weeks old, were anesthetized by intramuscular injection
of 2.0 mg of ketamine hydrochloride (Phoenix Pharmaceutical, Inc., St. Joseph,
Mo.) and 0.2 mg of xylazine (Phoenix Pharmaceutical, Inc.) in 0.2 ml of Hanks’
balanced salt solution. The RE strain of HSV-1 was grown in Vero cells, and
intact virions were purified on Percoll (Pharmacia LKB Biotechnology, Inc.,
Piscataway, N.J.) as described previously (19). Corneas of anesthetized mice
were scarified 10 times in a crisscross fashion with a sterile 30-gauge needle, and
the eyes were infected topically with 3 pl of RPMI containing 1 X 10° PFU of
HSV-1.

Preparation of TG cultures. At 35 days after HSV-1 corneal infection, the
ipsilateral TG was excised and treated with collagenase type I (3 mg/ml; Sigma,
St. Louis, Mo.) for 1.5 h at 37°C and dispersed into single cells by triturating as
previously described (15). The cells from multiple TG were pooled, and the
neurons were counted. The equivalent number of cells from one TG (approxi-
mately 10,000 neurons) was added to each well of a 24-well tissue culture plate
(catalog. no. 353047; Falcon), and the cells were incubated in culture medium
consisting of Dulbecco’s modified Eagle’s medium, 10% fetal calf serum (Hy-
Clone, Logan, Utah), and recombinant murine interleukin-2 (10 U/ml; R & D
Systems, Inc., Minneapolis, Minn.). Some cultures received ACV (50 pg/ml;
Glaxo Wellcome, Inc., Research Triangle Park, N.C.) during the first 4 days of
incubation. This treatment was shown to be optimal in preliminary experiments.
After 4 days, the ACV-containing medium was removed and the cultures were
rinsed with culture medium twice, and then they were incubated for an additional
10 days in culture medium alone or culture medium supplemented with mono-
clonal antibody (MAb) to IFN-y (20 pg/ml, clone R4-6A2) or CD8« (100 pg/ml,
clone 2.43) or with mouse recombinant IFN-y (rIFN-y) (1,000 World Health
Organization units/ml; R & D Systems, Inc.). Where indicated, TG cell suspen-
sions were depleted of CD8" T cells or CD45™" cells by treatment with anti-
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CD8a MAb- or anti-CD45 MAb-coated magnetic beads (6 beads/cell, Dyna-
beads; Dynal) followed by seven rounds of magnetic separation. The resulting
TG cell suspensions contained less than 1% of the depleted cell population as
assessed by immunofluorescent staining with phycoerythrin-conjugated anti-
CD8a MAD (clone 53-6.7; PharMingen) or biotinylated anti-CD45 MADb (anti-
T200, clone m1/9.3.4.HL.2) and fluorescein isothiocyanate-conjugated Strepta-
vidin followed by flow cytometric analysis. Some neurons and supporting cells
were lost from the TG cell suspensions during immunomagnetic depletion, but
adjustments were made so that the depleted and nondepleted TG cultures
contained comparable numbers of neurons. Preliminary studies established that
mock depletion with uncoated beads did not influence assay results, so this
control was not included in the studies described herein.

HSV-1 titration in culture supernatant fluids. At various times after culture
initiation, 150 wl of medium was removed from each culture and the number of
released infectious virions was determined in a standard virus plaque assay on
monolayers of Vero cells (22). After each sampling, the medium was replaced
with an equal volume of fresh medium of the same composition.

IFN-v titration. At various times after culture initiation, 150 wl of medium was
removed from each culture and tested for IFN-y content using a standard
enzyme-linked immunosorbent assay (ELISA) incorporating anti-IFN-y MAb
(clone R4-6A2) as the capture antibody and biotinylated polyclonal anti-mouse
IFN-y antibody (R & D Systems, Inc.) as the detection antibody. The concen-
tration of IFN-y was determined from a standard curve obtained with a mouse
rTFN-y standard (1 TU per 1.19 ng, catalog no. 485-MI; R&D Systems). The
sensitivity of the assay was 15.6 pg/ml.

IFN-y production by CD8* T cells. The cytotoxic T-lymphocyte clone 2D5
(kindly provided by Robert H. Bonneau, Milton S. Hershey Medical Center) is
H-2KP" restricted and recognizes the epitope (residues 498 to 505) within the
HSV-1 structural protein glycoprotein B (gB) (2). B6/WT3 cells (kindly provided
by Robert H. Bonneau) were infected with HSV-1 RE at a multiplicity of
infection of 5 for 6 h, removed with trypsin (Gibco, Gaithersburg, Md.), treated
with mitomycin C (400 pg/ml; Sigma), and used as stimulator cells in the cytokine
release assay. To determine the effects of ACV on the production of IFN-y by
CD8" T cells, 2 X 10° 2D5 cells were cultured in the presence of 1 X 10°
stimulator cells in medium alone or medium containing 25, 50, 100, or 200 pg of
ACV/ml. At 2 and 4 days after culture initiation, 200 wl of supernatant was
collected and assayed for IFN-y by ELISA.

Statistics. The significances of difference in reactivation rates were assessed by
survival analysis, differences in viral titers were analyzed by an unpaired ¢ test,
and differences in IFN-y production were analyzed by one-way analysis of vari-
ance.

RESULTS

IFN-y is produced in latently infected TG cultures. TG were
excised 35 days after HSV-1 corneal infection (day 35 TG), and
dissociated into single-cell suspensions. The cultures were in-
cubated in medium alone, and the supernatant fluids were
sampled every other day and assayed for IFN-y in an ELISA
and for infectious virus in a plaque assay. The cultures devel-
oped monolayers of fibroblast-like cells with multiple neurons
(identifiable morphologically) and lymphocyte-like cells rest-
ing on the monolayer. IFN-y was detectable in culture super-
natants 4 days after culture initiation, reached peak levels by 8
to 10 days, and declined thereafter (Fig. 1). HSV-1 was reac-
tivated from latency in 100% of these cultures by day 6 after
culture initiation, as assessed by the presence of infectious
virus in culture supernatants and detection of viral cytopathic
effect in neurons and surrounding cells. Interestingly, only one
plaque (area of viral cytopathic effect in fibroblasts surround-
ing a neuron) was observed in each culture. Virus titers in
these cultures remained low (not shown) and became unde-
tectable (i.e., negative for reactivation) in 50% of the cultures
between 12 and 14 days (Fig. 1). When virus titers became
undetectable, no further viral cytopathic effect was observed,
and fibroblasts began to grow back into the cleared areas of the
plaques (not shown). In a previous study, addition of anti-
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FIG. 1. IFN-vy is produced in day 35 TG cultures. TG were excised
35 days after HSV-1 corneal infection, and single-cell suspensions were
prepared and incubated in culture medium. Culture supernatant fluids
were sampled every other day and assayed for IFN-y content by a
standard ELISA and for infectious HSV-1 (indicating HSV-1 reacti-
vation from latency) in a plaque assay. The data (n = 8) are expressed
as means * standard errors of the mean in picograms of IFN-y per
milliliter (@) and percent reactivation from latency (O).

CD8a MAD to day 34 TG cultures resulted in rapid HSV-1
spread and destruction of the cultures (15). Taken together,
these studies demonstrate that CD8" T cells that are present
in the TG more than 30 days after HSV-1 corneal infection can
restrict the spread of HSV-1 within TG cultures and suggest a
possible role for IFN-vy in this protective effect.

IFN-vy alone cannot block HSV-1 reactivation in day 35 TG
cultures. As illustrated in Fig. 1, HSV-1 was reactivated from
latency in all TG cultures before IFN-y titers reached peak
levels. We reasoned, therefore, that addition of rIFN-y at the
initiation of cultures would completely block HSV-1 reactiva-
tion in cultured neurons. The data in Fig. 2 negate that hy-
pothesis. HSV-1 was reactivated from latency in 100% of cul-
tures in the presence or absence of rIFN-y. The rate of
reactivation was slightly delayed, the viral titers were slightly
reduced, and reversion to undetectable virus titers occurred 2
days earlier in rIFN-y-treated cultures. However, none of
these differences were statistically significant at a P value of
<0.05.
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FIG. 2. rIFN-y alone cannot block HSV-1 reactivation in day 35
TG cultures. TG were excised 35 days after HSV-1 corneal infection.
Single-cell suspensions were prepared, and replicate cultures (n = 8)
were incubated in culture medium alone (diamonds) or medium con-
taining rIFN-y (1,000 U/ml) (circles). The supernatant fluids were
sampled every other day and assayed for infectious virus titer in a
plaque assay. The data are expressed as means = standard errors of
the mean in PFU per culture (open symbols) and percentage of cul-
tures with detectable virus (percent reactivation) (solid symbols). Ob-
served differences in the reactivation frequency and the viral titer
between IFN-y-treated and control cultures were not significant (P >
0.05).
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FIG. 3. Transient ACV treatment cannot block HSV-1 reactivation
from latency in day 35 TG cultures. Day 35 TG single-cell suspensions
were prepared and pooled; half of the TG cells were depleted of CD8*
T cells by immunomagnetic separation. CD8* T-cell-depleted (trian-
gles) and nondepleted (circles) TG cells were incubated in culture
medium with ACV for 4 days. ACV was removed, and the cultures
were incubated with medium alone for an additional 10 days. Culture
supernatant fluids were sampled every other day and assayed for IFN-y
content by a standard ELISA and for infectious HSV-1 (indicating
HSV-1 reactivation from latency) in a plaque assay. The data are
expressed as means * standard errors of the mean in picograms of
IFN-vy per milliliter (panel A, closed symbols), percent reactivation
from latency (panel A, open symbols), and PFU per culture (panel B).
For CD8" T-cell-depleted cultures, n = 23, and for nondepleted cul-
tures, n = 26, except in IFN-y determination, where n = 5. Depletion
of CD8" T cells significantly accelerated the reactivation rate (P <
0.05) and increased viral titer on day 10 (P < 0.05).

Transient ACV treatment alone cannot block HSV-1 reacti-
vation from latency in day 35 TG cultures. The findings de-
scribed above led us to propose that latent HSV-1 began to
reactivate early after TG excision, and by the time of culture
initiation, it had progressed too far into the viral life cycle to be
controlled by IFN-y. Therefore, we determined if 4 days of
exposure to the antiherpetic drug ACV would reestablish la-
tency in all neurons and enhance the effectiveness of CD8* T
cells in blocking HSV-1 reactivation from latency. TG were
excised 35 days after HSV-1 corneal infection and pooled, and
single-cell suspensions were prepared. Half of the TG cells
were depleted of CD8" T cells by immunomagnetic separa-
tion. The CD8" T-cell-depleted and nondepleted TG cells
were incubated for 4 days with ACV, the ACV was removed,
and the cultures were incubated for an additional 10 days in
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FIG. 4. IFN-y can block HSV-1 reactivation from latency. Day 35
TG cell cultures were treated with ACV for 4 days, rinsed, and then
incubated for an additional 10 days in medium alone (O, n = 26) or
culture medium that was supplemented with rIFN-y at 0 h (@, n = 25),
24h (A, n =10),48 h (¥,n = 10), or 72 h (®, n = 10) after removal
of ACV. Culture supernatant fluids were sampled every other day and
assayed for infectious HSV-1 (indicating HSV-1 reactivation from
latency) in a plaque assay. Reactivation frequency was significantly
reduced (P < 0.001) (relative to medium-only controls) by IFN-y
treatment at 0 and 24 h only.

culture medium. The supernatant fluids were sampled on al-
ternate days and assayed for IFN-y and for HSV-1 titers.

As shown in Fig. 3A, IFN-y was produced in TG cultures
containing CD8" T cells. Interestingly, IFN-y production was
not detectable during ACV treatment, and following ACV
removal, it was produced with similar kinetics to that seen in
cultures that were not treated with ACV (compare Fig. 3A and
Fig. 1). Depletion of CD8™ T cells from the TG cell suspension
eliminated IFN-y production. Thus, CD8" T cells were the
main source of IFN-y in cultures of latently infected TG, and
ACYV delayed IFN-vy production. ACV at concentrations of up
to 200 pg/ml did not affect IFN-vy production by the HSV-1-
specific CD8" T-cell clone (2D5) in response to stimulator
cells that already expressed the appropriate viral epitopes
(data not shown). Thus, a direct ACV block of IFN-y produc-
tion by CD8" T cells cannot account for the delay in IFN-y
production observed in ACV-treated TG cultures.

HSV-1 reactivation was accelerated in CD8" T-cell-de-
pleted cultures (P < 0.05), but reactivation was ultimately
observed in 90% of both CD8" T-cell-depleted and nonde-
pleted cultures (Fig. 3A). The HSV-1 titers were somewhat
higher (P < 0.05, day 10) in CD8" T-cell-depleted cultures
(Fig. 3B), and the virus destroyed these cultures within 10 days
of culture (not shown). Cultures containing CD8" T cells
showed only one or two plaques (not shown) and were not
destroyed. Again, we noted that HSV-1 reactivation from la-
tency preceded peak levels of IFN-y in most cultures (Fig. 3A).

IFN-vy can block HSV-1 reactivation if present shortly after
ACYV removal. We considered that IFN-y might effectively in-
hibit HSV-1 reactivation if HSV-1 latency was uniformly es-
tablished through transient ACV treatment and if IFN-y was
present prior to initiation of the reactivation event. To test this
possibility, day 35 TG cultures were incubated for 4 days with
ACV. The cultures were then incubated in culture medium
alone or culture medium that was supplemented with rIFN-y
at 0, 24, 48, or 72 h after removal of ACV. The culture super-
natant fluids were sampled on alternate days, and HSV-1 titers
were determined. Addition of rIFN-y within 24 h after removal
of ACV dramatically reduced HSV-1 reactivation from latency
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FIG. 5. IFN-vy can directly and indirectly inhibit HSV-1 reactiva-
tion from latency in day 35 TG cultures. TG were excised 35 days after
HSV-1 corneal infection and single cell suspensions were pooled, de-
pleted of either CD8" T cells (n = 23) (A) or CD45" cells (n = 12)
(B), and incubated with culture medium containing ACV for 4 days.
After removal of ACV, cultures were incubated with medium alone
(O) or medium supplemented with rIFN-y (@) for an additional 10
days. Culture supernatant fluids were sampled every other day and
assayed for infectious HSV-1 (indicating HSV-1 reactivation from
latency) in a plaque assay. IFN-vy significantly reduced the reactivation
frequency (P < 0.001) in both CD8" T-cell-depleted and CD45*
cell-depleted TG cultures.

in TG cultures (P < 0.001) (Fig. 4). However, rIFN-y had no
effect on HSV-1 reactivation from latency when treatment was
delayed until 48 or 72 h after removal of ACV.

Does IFN-y directly inhibit HSV-1 reactivation or indirectly
augment a protective response of inflammatory cells in the
ganglion? The data in Fig. 4 clearly establish that IFN-y could
block HSV-1 reactivation from latency when present early in
the reactivation process. However, these cultures contained
CD8™ T cells and other inflammatory cells that were present in
the TG at the time of excision. Thus, it was not clear if the
IFN-y directly blocked HSV-1 reactivation from latency in
neurons or acted indirectly by enhancing a protective response
of CD8" T cells or other inflammatory cells. To address this
issue, day 35 TG cell suspensions were depleted of CD8* T
cells and incubated with ACV for 4 days. After removal of
ACV, medium alone or medium supplemented with rIFN-y
was added, and HSV-1 titers in culture supernatants were
measured on alternate days. HSV-1 reactivation was delayed
and significantly reduced in cultures that were treated with
rIFN-vy (Fig. 5A) (P < 0.001). It is noteworthy that rIFN-y did
appear to be somewhat less effective at blocking HSV-1 reac-



11182 LIU ET AL.

tivation in the absence of endogenous CD8" T cells (60%
versus 20%, compare Fig. 4 and 5A). Moreover, rIFN-y-
treated CD8" T-cell-depleted TG cultures that reactivated
were ultimately destroyed by the virus. As noted above, the
virus did not destroy TG cultures that contained CD8™ T cells.
These data demonstrate that IFN-y can block HSV-1 reacti-
vation from latency by a mechanism that is at least partially
CD8" T cell independent but is ineffective at blocking the
spread of HSV-1 following a reactivation event.

To further support the concept that IFN-y can directly block
HSV-1 reactivation from latency in neurons, day 35 TG cells
were prepared and depleted of CD45™ (bone marrow-derived)
cells. Cultures were prepared and treated with ACV for 4 days
followed by addition of medium alone or medium supple-
mented with rIFN-y. As shown in Fig. 5B, rIFN-v significantly
delayed and reduced HSV-1 reactivation from latency in TG
cultures lacking any detectable CD45™" cells (P < 0.001). The
effect of depleting CD45™ cells was similar to that of depleting
CD8™ cells (compare Fig. SA and B). Taken together, these
data suggest that IFN-y can act directly on latently infected
neurons to inhibit HSV-1 reactivation from latency, but it can
also augment a protective response that appears to be medi-
ated primarily by CD8™ T cells.

DISCUSSION

The nervous system is a preferred site of viral persistence.
The susceptibility of neurons to persistent viral infections has
been attributed to the fact that neurons are poor targets for
T-cell surveillance due to low expression of MHC molecules.
Conversely, there is growing evidence that T cells might play
an important role in maintaining certain viruses in a persistent
or latent state in the central or peripheral nervous system (4,
10, 11, 15-17). A recent study involving persistent mouse hep-
atitis virus infection of the central nervous system demon-
strated that antigen-specific CD8* T cells were retained for
prolonged periods in the central nervous system (1). The
CDS8™" T cells that were retained in the brain after clearance of
infectious virus were functionally distinct from those present
during the acute phase of infection, in that the former exhib-
ited dramatically reduced lytic function, maintained IFN-vy
production, and demonstrated an epitope shift. The CD8" T
cells that were present in the persistently infected tissue ex-
pressed the CD69 activation marker in the absence of detect-
able replicating virus. These apparently T-cell receptor-depen-
dent changes occurred in the absence of detectable viral
proteins. This shift in CD8* T-cell function might represent an
adaptation designed to accommodate the changing needs of
the tissue as the infection progresses from the acute to the
latent or persistent stage. During the acute stage of infection
both lytic and nonlytic mechanisms might be required to elim-
inate replicating virus in the infected tissue. In contrast, non-
Iytic, cytokine-mediated mechanisms might be sufficient to
maintain the virus in a latent or persistent state, while avoiding
unnecessary tissue destruction. It is not clear what drives the
retention and activation of CD8" T cells in nervous tissue that
is persistently infected with viruses. The inversion of the dom-
inant epitope in the mouse hepatitis virus model suggests an
antigen-driven process.

CDS8™ T cells and other inflammatory cells are retained in

J. VIROL.

the peripheral nervous system of mice for prolonged periods
after HSV-1 infection, and they rapidly surround neurons fol-
lowing in vivo induced reactivation of HSV-1 from latency (4,
15, 16, 20, 21). Studies have demonstrated that CD8" T cells
that were present in the TG 14 days after HSV-1 corneal
infection could completely block HSV-1 reactivation from la-
tency for at least 2 weeks in explanted TG cultures (15). When
anti-CD8«a MAb was added to cultures 5 days after initiation,
HSV-1 was promptly reactivated in multiple neurons. Al-
though destruction of some neurons in these ex vivo cultures
could not be ruled out, our findings clearly established that
CD8™ T cells could prevent HSV-1 reactivation in a portion of
latently infected neurons by a nonlytic mechanism.

The endogenous CD8™ T cells present in TG obtained 34
days after HSV-1 corneal infection delayed, but could not
prevent, HSV-1 reactivation from latency in ex vivo cultures.
HSV-1 spread and rapidly destroyed day 34 TG cultures that
were treated with anti-CD8a MADb (15). In the present study,
we observed a similar effect of depleting CD8" T cells from
day 35 TG cultures. The addition of rIFN-y inhibited the
spread of HSV-1 following reactivation from latency in TG
cultures that contained CD8" T cells, but it was ineffective at
blocking the spread of HSV-1 in CD8* T-cell-depleted TG.
These findings establish that the CD8" T cells that are re-
tained in the latently infected ganglion can inhibit HSV-1
spread within the ganglion through a process that is augmented
by, but not directly mediated by, IFN-y. The fact that IFN-y is
produced in TG for at least 120 days after HSV-1 corneal
infection (4, 9, 10, 16) suggests that this function of CD8* T
cells might have in vivo relevance.

An important question is whether or not IFN-y can also
block HSV-1 reactivation from latency. Our present findings
demonstrate that rIFN-y cannot block HSV-1 reactivation
from latency when added at the initiation of day 35 TG cul-
tures. Clearly, the TG cultures differ in many ways from the in
vivo TG. For instance, the neurons are undoubtedly stressed
during excision, which might compromise their intrinsic ability
to inhibit HSV-1 gene expression. In addition, the CD8" T
cells are separated from the latently infected neurons until
contact can be reestablished in culture. Moreover, the cyto-
kines that are produced by the CD8* T cells may be diluted
and washed away more rapidly in ex vivo cultures than they are
in the TG in situ.

We believe the inability of endogenous CD8™" T cells in day
35 TG or rIFN-y to block HSV-1 reactivation might reflect
some of these changes that occur in the TG upon excision. We
proposed that a brief treatment of TG cultures with ACV
might alleviate these problems by pushing the reactivating
HSV-1 genomes back into the latent state that existed prior to
TG excision and providing the CD8™" T cells time to reestablish
contact with infected neurons and to be activated. It appears
that this approach was only partially successful. The activation
of CD8™ T cells to produce IFN-y apparently did not occur
during the course of ACV treatment. In cultures that were not
treated with ACV, IFN-y production was first detectable after
4 days in culture and was readily detectable after 6 days. In
ACV-treated cultures, IFN-y was first detectable after 8 days
in culture (i.e., 4 days after removal of ACV) and was readily
detectable after 10 days. Thus, the kinetics of IFN-y produc-
tion appeared to be the same in ACV-treated and nontreated
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cultures, but it was not initiated until after ACV removal. ACV
does not directly block IFN-y production since HSV-1-reactive
CD8" T-cell clones produced comparable amounts of IFN-y in
the presence or absence of ACV when stimulated with cells
that were infected in the absence of ACV.

A possible explanation is that the antigenic epitopes that
stimulate IFN-y production by the CD8" T cells that are re-
tained in the latently infected ganglion are not produced in the
presence of ACV. This could be explained by an ACV block in
production of the HSV-1 protein that is recognized by the
CD8" T cells. When phosphorylated by HSV-1 thymidine ki-
nase, ACV is incorporated into viral DNA and terminates
chain elongation. Blocking viral DNA synthesis prevents ex-
pression of HSV-1 vy, genes and reduces expression of vy,
genes, but it tends to enhance expression of HSV-1 o and B
genes. In vivo ACV treatment of mice with latent HSV-1
infections resulted in a gradual reduction in IFN-y production
in the TG and a reduction of serum antibodies to HSV-1 gB (a
v; gene product) (9). Moreover, in C57BL/6 mice gB contains
an immunodominant epitope recognized by CD8" T cells.
Thus, HSV-1 gB might be a good candidate for a protein that
is recognized by CD8™ T cells that are retained in the latently
infected TG. ACV might also directly or indirectly block MHC
class I up-regulation on neurons with reactivating HSV-1 ge-
nomes. Neurons in sensory ganglia have been shown to express
MHC class I molecules during the acute stage of HSV-1 gan-
glionic infection, suggesting concordant expression of HSV-1
and MHC class I genes. It is reasonable to propose that MHC
class I gene expression is up-regulated on neurons during
HSV-1 reactivation from latency, and this process might be
blocked by ACV. An alternative explanation could be that
ACYV blocks production of chemokines that are responsible for
drawing the CD8™" T cells to neurons with reactivating HSV-1
genomes. These possibilities are being investigated.

ACYV treatment did render latently infected neurons suscep-
tible to IFN-vy inhibition of HSV-1 reactivation. Inhibition of
HSV-1 reactivation was only observed when latently infected
neurons were exposed to IFN-y within 24 h after ACV removal
from cultures. This observation suggests that IFN-y blocks an
early step in HSV-1 reactivation from latency. The rIFN-y was
less effective at blocking HSV-1 reactivation when endogenous
CDS8* T cells were depleted from the day 35 TG cells. How-
ever, the effectiveness of IFN-y was not further compromised
by depletion of all bone marrow-derived cells from the TG
cultures. Thus, IFN-y appears to inhibit HSV-1 reactivation in
part through augmentation of a CD8" T-cell response. It was
not determined if rIFN-y accelerated or augmented CD8™
T-cell production of IFN-y or if the proximal inhibitor of
reactivation was an unrelated molecule.

However, IFN-vy delayed and reduced HSV-1 reactivation in
day 35 TG cultures that were depleted of all detectable CD45™
cells. The latter observation suggested that IFN-y can also
directly inhibit HSV-1 reactivation in neurons. To our knowl-
edge, this is the first direct demonstration that IFN-y can block
HSV-1 reactivation from latency in neurons. In vivo studies
comparing wild-type and IFN-y knockout (GKO) mice on a
BALB/c background demonstrated more rapid reactivation of
HSV-1 from latency following induction by hyperthermic stress
(3) or UV-B corneal irradiation (14) in GKO mice. In the
former study the overall incidence of reactivation was also
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increased in IFN-y-deficient mice, whereas this difference was
not observed in the latter study. Thus, our findings with the ex
vivo model of HSV-1 reactivation from latency in sensory neu-
rons are in good general agreement with in vivo studies using
mice with targeted disruption of the IFN-y gene. Moreover,
our model avoids the complication of differences in control of
the acute infection, establishment of latency, and possible com-
pensatory mechanisms in GKO mice, and should facilitate
studies of latency at the molecular level.

Our understanding of the mechanisms by which IFN-vy in-
hibits HSV-1 replication is probably incomplete, and the mech-
anisms may vary in different cell types. During lytic infections,
IFN-y has been shown to inhibit expression of ICP4, a potent
transactivator of HSV gene expression, destabilize HSV
mRNA, and stabilize HSV-1 association with nuclear protein
aggregates called ND10 bodies, which inhibit HSV-1 gene ex-
pression (12, 23). Any of these mechanisms could contribute to
the effect of IFN-y on HSV-1 reactivation in neurons, although
ND10 bodies have been difficult to detect in neurons (5).

It is noteworthy that endogenous CD8" T cells in TG ob-
tained 35 days after HSV-1 corneal infection were relatively
ineffective at blocking HSV-1 reactivation in ex vivo cultures,
whereas CD8™ T cells present in latently infected TG 14 days
after infection completely blocked reactivation (15). More-
over, HSV-1 reactivation was completely blocked in day 34 TG
cultures when supplemented with exogenous CD8" T cells
obtained from draining lymph nodes 7 days after HSV-1 cor-
neal infection. It is not clear if the exogenous cells merely
provided a critical density of HSV-reactive CD8™ T cells in the
culture, or if the CD8™ T cells that are generated during acute
infection possess a different functional program than those
retained in the ganglion during latency. The CD8™ T cells that
are generated during acute infection might be capable of
blocking HSV-1 replication at a later stage in the viral life
cycle. We are currently investigating the phenotypic and func-
tional characteristics of the CD8™ T cells that are retained in
the latently infected ganglion. Our preliminary findings reveal
that these cells all express an of3 T-cell receptor (data not
shown).

At the moment there is little prospect for eradicating the
HSV-1 genome from latently infected neurons. However, ap-
proaches to inhibit reactivation of the latent virus and prevent
recurrent disease appear more promising. A better under-
standing of the regulation of HSV-1 gene expression in neu-
rons could lead to new approaches to preventing the loss of the
intrinsic ability of neurons to inhibit HSV gene expression
following stimuli such as stress, UV-B exposure, and hormonal
changes. The prophylactic use of antiviral drugs such as ACV
may reduce the frequency of viral shedding and recurrent
disease, although this might involve a lifelong commitment to
treatment. The recent evidence that CD8™ T cells can block
HSV-1 reactivation from latency in part through the produc-
tion of IFN-y suggests that new approaches to vaccination
might provide an additional avenue of intervention.
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