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Control of ganglionic herpes simplex virus (HSV) infection depends on CD8™ cells but not on the death of
infected neurons. Primarily, perforin and granzyme B mediate CD8" cell cytotoxicity, whereas the in vivo
functions of granzyme A, a third granule protein, are unknown. Here, it is shown that granzyme A restricts the
interneuronal spread of HSV and significantly influences ganglionic virus load.

CD8™" T cells and natural killer (NK) cells are major com-
ponents of the host response to intracellular pathogens (1, 8,
26), including herpes simplex virus (HSV) (19). After experi-
mental inoculation of mouse skin, HSV replicates in epidermal
cells and concurrently invades the peripheral nervous system
(PNS), where primary sensory neurons are the virus’s main
target (16, 27). Productive infection of sensory neurons gener-
ates the potential for lethal spread of virus throughout the
nervous system, but, in immunocompetent hosts, viral replica-
tion is usually rapidly terminated by timely development of an
adaptive immune response (19). After recovery from primary
infection, virus is not eradicated from the PNS; rather, viral
DNA persists in a latent form in a proportion of neuronal
nuclei, creating a reservoir of virus from which productive
infection periodically reactivates (3). It is becoming increas-
ingly apparent that the virus load in the PNS during the pri-
mary productive infection directly influences the number of
neurons that become latently infected and the number of viral
genomes that persist in each latently infected cell (14). Factors
that limit the spread of HSV in the PNS are therefore likely to
have a profound influence on the ability of the virus to persist
in the host and to reactivate. We showed previously that ter-
mination of HSV infection in the PNSs of experimentally in-
fected mice depends on CD8™ cells but, paradoxically, not on
the death of infected neurons (20). CD8™ cells are generally
assumed to kill their target cells by membrane disruption and
DNA fragmentation, caused, respectively, by perforin and
granzyme B (Gzm B) proteins that are contained within the
cytoplasmic granules of cytotoxic lymphocytes (CTLs) (5, 7, 9,
10, 25). A third protein, granzyme A (Gzm A), also found
exclusively in the granules of CTLs, is not directly cytolytic (4),
and its biological functions in vivo are not well defined. We
reasoned that Gzm A might contribute to noncytolytic termi-
nation of HSV infection in spinal nerve ganglia, and this hy-
pothesis was addressed by comparing spinal ganglia of
C57BL/6 Gzm A knockout mice (4) and congenic immuno-
competent animals with respect to virus clearance and virus
spread.

To determine the effect of Gzm A deficiency on virus load in
the PNS, several groups of 10 Gzm A knockout mice and
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congenic C57BL/6 controls were inoculated with HSV-1 strain
SC16; various days after inoculation, virus in homogenized
dorsal root ganglia was quantified by a standard plaque assay
(13). Congenic mice were bred at the Institute of Medical and
Veterinary Science from a breeding pair supplied by A. Miill-
bacher (Australian National University), and their genetic au-
thenticity was determined by PCR, as described previously (4),
with tail DNA. The zosteriform model used in these experi-
ments has been described in detail elsewhere (16, 18). Briefly,
a small patch of depilated skin on the left flank, innervated by
the 8th through the 10th dorsal root ganglia (T8-T10), was
scarified with a 27-gauge needle through a 10-wl drop of virus
suspension containing 5 X 10° PFU. At 4 and 5 days after
inoculation, virus levels were comparable in Gzm A~'~ and
congenic control mice. However, on days 6 and 7, approxi-
mately 10 times more virus was recovered from Gzm A-defi-
cient mice than from congenic controls (Fig. 1). Both groups of
mice survived and eventually cleared the infection. Similar
outcomes were obtained in three replicate experiments. The
major implication of this finding is that Gzm A either facili-
tates virus clearance or plays a crucial role in restricting virus
spread but is not critical for eventual clearance of virus or
survival. It is known that development of zosteriform lesions
reflects the spread of virus in the PNS (14); significantly, in
concomitantly infected groups of 10 mice, zosteriform spread
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FIG. 1. Increased virus load in spinal ganglia of Gzm A knockout mice
compared with congenic control animals (B6) at 6 and 7 days after flank inoc-
ulation with HSV-1 (P < 0.01). Vertical bars indicate ranges of geometric mean
titers.
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FIG. 2. Sections of spinal ganglia stained for HSV antigens (black areas) at 7 days after flank inoculation, demonstrating approximately 40-fold-fewer antigen-
positive neurons in immunocompetent C57BL/6 animals (A) than in congenic Gzm A knockout mice (B).

was accelerated in the absence of Gzm A (80% versus 40% of
animals on day 6). These data suggest that the major effect is
on the spread of virus.

To determine whether the increased virus load in Gzm A~/
mice at 7 days after inoculation was associated with an elevated
number of infected neurons, virus antigen-positive neuronal
profiles were immunohistochemically quantified (22) in gangli-
onic sections from Gzm A~/ and congenic control mice. Gan-
glia (T6-T13) ipsilateral to the inoculation site were fixed in
periodate-lysine-paraformaldehyde and processed as described
previously (22, 24). In concordance with previously reported
observations (24), virus antigen-positive neurons were sparse
by day 7 in immunocompetent mice. However, disappearance
of antigen-positive neurons was severely impaired by Gzm A
deficiency (14 of 18,560 neuronal profiles were antigen positive
in control mice versus 959 of 25,856 in Gzm A™/~ mice [P <
0.0001] [Fig. 2], implying that Gzm A plays a significant role in
reducing interneuronal spread of HSV. Alternative possibili-
ties are that Gzm A contributes to the death of infected neu-
rons or to clearance of virus from the skin. However, the
former possibility is not supported by prior data showing that
only a minority of viral antigen-positive neurons are killed
during termination of ganglionic infection (20), and to date we
have found no evidence supporting the latter (data not shown).

Histological examination showed that the magnitude and

distribution of the inflammatory response to HSV infection
were profoundly altered by Gzm A deficiency. Seven days after
infection, ganglia (T8-T13) were pooled from C57BL/6 and
Gzm A~’~ mice (five per group) and paraffin embedded, and
sections (5 wm thick) were stained with hematoxylin and eosin.
Tissue from control mice showed moderate inflammatory in-
filtration and little edema; i.e., neurons remained closely ap-
posed to each other, as they would appear in uninfected tissue
(Fig. 3A). In contrast, Gzm A deficiency was associated with
profound edema (demonstrated by increased distance between
neuronal somas) and striking mononuclear cell infiltration,
particularly under the ganglionic capsule (Fig. 3B, arrow),
probably indicative of increased viral load and/or tissue dam-
age. To our knowledge, mononuclear cell infiltration of this
magnitude in HSV-infected spinal ganglia has not been previ-
ously reported. Despite the increased infiltration and edema in
Gzm A/~ mice noted at the microscopic level, there was no
overt discernable macroscopic difference in the ganglia of ei-
ther group, owing to the inherent ganglionic swelling always
associated with HSV infection. To determine the phenotypes
of the infiltrating inflammatory cells, both in immunocompe-
tent and Gzm A~~~ mice, ganglia were stained with an anti-
body to the cytoplasmic component of the CD3 epsilon chain
(Dakopatts, Glostrup, Denmark), as described previously (12).
This experiment showed that, in both groups of mice, many of

FIG. 3. Gzm A deficiency increases the severity of inflammation in spinal ganglia at 7 days after infection. (A) Tissue from control mice showed moderate
inflammatory infiltration and little edema, with neurons closely apposed to each other, as they would be in an uninfected ganglion. (B) In contrast, Gzm A deficiency
was associated with massive edema (neuronal somas widely separated) and striking inflammation, concentrated under the ganglionic capsule (arrow). Infiltration of
mononuclear inflammatory cells was also particularly prominent in nerve fibers of Gzm A/~ mice, illustrated as fine punctate staining surrounding the ganglion.
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FIG. 4. Dorsal root ganglia stained with antibody directed against the epsilon
chain of CD3 (black) at 7 days after inoculation of HSV into flank skin of Gzm
A~/~ mice. The majority of infiltrating cells were CD3™; i.e., they were either T
or NK T cells. Sections (5 wm thick) were lightly counterstained with hematox-
ylin.

the infiltrating cells were CD3™ and were therefore either T
lymphocytes or NK T cells (e.g., Gzm A~/ mice [Fig. 4]).

The mechanism by which Gzm A might restrict the spread of
HSV in the PNS is unknown. In this respect, we note that Gzm
A is known to activate prourokinase (2), initiating a proteolytic
cascade leading to the production of plasmin, a protease
known to directly inactivate enveloped ectromelia virus (11).
Preliminary data (not illustrated) suggest that plasmin might
also inactivate extracellular HSV. Generation of plasmin in
response to release of Gzm A from CD8™ cells might therefore
represent a general noncytolytic mechanism for restricting ex-
tracellular virus spread, and further experiments with a wider
range of concentrations of plasmin will be required to test this
hypothesis.

Several other potential mechanisms of action of Gzm A
merit discussion because, in vitro, purified Gzm A has a diverse
range of properties. The possibility that Gzm A might directly
inactivate HSV has not been formally excluded, though it is
noteworthy that Gzm A has no direct antiviral activity against
enveloped ectromelia virus (11). Importantly, T cells from
Gzm A knockout mice are not impaired in the ability to lyse
ectromelia virus-infected targets; nevertheless, control of ec-
tromelia by these mice is impaired (11). Recent data suggest
that Gzm A can play an auxiliary role in the induction of
apoptosis (15), raising the possibility that the death of infected
neurons also contributes to clearance of infectious virus from
the PNS. However, prior data do not support this conclusion
(20).

Gzm A has also been shown to process interleukin 13 pre-
cursor molecules into active cytokines (6), which might in turn
qualitatively enhance other antiviral host defenses. Other es-
tablished properties of Gzm A include cleavage of extracellular
matrix proteins (22) and sensitization of B cells to proliferate
(21), which could be envisioned to enhance local antibody
production. Of potential relevance to this point, we showed
previously that B-cell suppression increases virus load and vi-
rus spread in ganglia, not skin, of HSV-infected mice (17).
Finally, in vivo Gzm A is believed to potentiate the activity of
Gzm B (23).

In conclusion, it is shown here, for the first time, that Gzm
A deficiency is associated with impaired ability to restrict the
spread of HSV between neurons, resulting in accelerated de-
velopment of zosteriform lesions, increased inflammation and
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edema in sensory nerve ganglia, and increased virus load in the
PNS. These data indicate that Gzm A, a noncytolytic serine
protease of T-cell granules, plays a crucial role in limiting the
spread of HSV in the nervous system, perhaps by limiting the
number of infected neurons and hence virus load, at the peak
of infection.
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