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Gammaherpesviruses can establish lifelong latent infections in lymphoid cells of their hosts despite active
antiviral immunity. Identification of the immune mechanisms which regulate gammaherpesvirus latent infec-
tion is therefore essential for understanding how gammaherpesviruses persist for the lifetime of their host.
Recently, an individual with chronic active Epstein-Barr virus infection was found to have mutations in
perforin, and studies using murine gammaherpesvirus 68 (YHV68) as a small-animal model for gammaher-
pesvirus infection have similarly revealed a critical role for perforin in regulating latent infection. These results
suggest involvement of the perforin/granzyme granule exocytosis pathway in immune regulation of gamma-
herpesvirus latent infection. In this study, we examined yYHV68 infection of knockout mice to identify specific
molecules within the perforin/granzyme pathway which are essential for regulating gammaherpesvirus latent
infection. We show that granzymes A and B and the granzyme B substrate, caspase 3, are important for
regulating YHV68 latent infection. Interestingly, we show for the first time that orphan granzymes encoded in
the granzyme B gene cluster are also critical for regulating viral infection. The requirement for specific
granzymes differs for early versus late forms of latent infection. These data indicate that different granzymes

play important and distinct roles in regulating latent gammaherpesvirus infection.

Gammaherpesviruses are characterized by their association
with tumor induction and by their ability to establish lifelong
latent infection in lymphoid cells. Human gammaherpesvi-
ruses, such as Epstein-Barr virus (EBV) and Kaposi’s sarcoma-
associated herpesvirus, can cause a number of malignancies
and lymphoproliferative disorders. These include Burkitt’s
lymphoma, Hodgkin’s disease, and nasopharyngeal carcinoma
for EBV (36, 54) and Kaposi’s sarcoma, multicentric Castle-
man’s disease, and primary effusion lymphoma for Kaposi’s
sarcoma-associated herpesvirus (43). Disease caused by gam-
maherpesviruses during chronic infection is associated with
latent infection and/or reactivation from latency and is more
common in immunocompromised individuals. However, the
molecular basis of immune regulation of gammaherpesvirus
chronic infection is incompletely understood due, in part, to
the strict species specificity of the human viruses. We and
others have therefore studied murine gammaherpesvirus 68
(YHV68) as a small-animal model for defining mechanisms of
immune control of chronic gammaherpesvirus infection in
vivo.

yYHV68 is a natural murine pathogen (6, 7) which readily
infects inbred and outbred mice and has extensive genome
homology to the human gammaherpesviruses (18, 76). YHV68
acute infection in mice is characterized by lytic viral replication
in multiple organs (8, 53, 69), which is typically cleared by 15
days postinfection (dpi) (9, 69, 80). Acute infection is suc-
ceeded by a latent infection in B cells, macrophages, and den-
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dritic cells (20, 70, 82). The early form of yYHV68 latent infec-
tion is characterized by efficient viral reactivation ex vivo and
by high-level expression of the M2 latency gene, whereas the
late form of latency has less efficient viral reactivation and
lower levels of M2 expression (11, 21, 27, 74, 81). These data
suggest variances in viral gene expression between early and
late forms of viral latency and demonstrate that yYHV68 tran-
sitions from an early form of latency which reactivates effi-
ciently to a more stable form of latency at later times postin-
fection.

Studies examining host immune responses to YHV68 infec-
tion have demonstrated that CD8" T cells are important for
clearance of yYHV68 acute infection (19, 68, 80) and that CD8™
T cells specific for viral lytic antigens can significantly decrease
viral titers following vaccination with those antigens (37, 67).
Moreover, CD8" T-cell-deficient mice exhibit defects in reg-
ulating YHV68 chronic infection, including delayed clearance
of persistent replication and increased frequencies of cells
which reactivate virus ex vivo and which harbor latent viral
genome (72). The relative contributions of specific immune
effector mechanisms to host regulation of yHV68 latent infec-
tion can differ between tissues (72), suggesting site-dependent
mechanisms for controlling viral infection. The observed dif-
ferences between early and late forms of latency additionally
suggest the possibility that different immune mechanisms reg-
ulate early versus late forms of latency, although this has not
previously been demonstrated. The host immune response reg-
ulates latency by limiting the number of cells harboring viral
genome and by modulating the efficiency with which latently
infected cells reactivate virus when explanted (72). How this
regulation is achieved in vivo is not clear, although it may
include controlling different phases of infection (for example,
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establishment or maintenance of latency or reactivation from
latency) and altering various aspects of infection, such as cell
tropism and viral gene expression.

A primary mechanism by which cytotoxic T lymphocytes
(CTLs) kill target cells is through the perforin/granzyme gran-
ule exocytosis pathway. Observations that perforin-deficient
(perforin~/~) mice have impaired regulation of yHV68 latency
and reactivation (72) suggest that the granule exocytosis path-
way is important in regulating YHV68 latent infection. Cyto-
toxicity via the granule exocytosis pathway involves targeted
secretion of CTL granule contents, which include the pore-
forming protein, perforin, and a family of serine proteases
known as granzymes (Gzms). Perforin is essential for cytotox-
icity through the granule exocytosis pathway (30, 78) and is
responsible for proper trafficking of granzymes (57, 60), which
are required for induction of target cell apoptosis (26, 62—-64).
Eleven murine granzymes have been identified—granzymes A
and K are encoded on chromosome 13 and granzyme M is
encoded on chromosome 10, while granzymes B, C, D, E, F, G,
L, and N are in a multigene cluster on chromosome 14 (re-
viewed in reference 25). Of these, granzymes A and B have
been most extensively studied; the remaining granzymes have
unknown functions and are collectively known as “orphan”
granzymes.

In vitro cytotoxicity assays using immune effector cells from
GzmA- or GzmB-deficient mice indicate that GzmB, but not
GzmA, is required for rapid induction of target cell apoptosis
(17, 26, 63), although GzmA can compensate for GzmB defi-
ciency with delayed kinetics (62). Moreover, effector cells de-
ficient in both granzymes A and B are as defective as per-
forin~/~ cells in mediating target cell cytotoxicity (62, 64). The
original GzmB-deficient mice, which were on a mixed B6/129
background, were later found to also have downregulated ex-
pression of the downstream orphan granzymes C, D, and F due
to a neighborhood effect caused by retention of a PGK-Neo
cassette in the GzmB gene (49). These mice are therefore
more accurately described as GzmB-cluster ’~ mice. Subse-
quent generation of the same mutation on a pure 129/Sv]
background revealed restriction of the neighborhood effect to
granzymes C and F. Removal of the PGK-Neo cassette elim-
inated this effect, resulting in mice deficient only in GzmB
(GzmB~/7). Recent comparisons of CTLs from GzmB-clus-
ter /~ and GzmB ™/~ mice revealed a more severe defect in
cytotoxicity in GzmB-cluster /~ effector cells compared to
GzmB ™'~ cells (P. A. Revell, W. Grossman, D. A. Thomas, R.
Behl, X. Cao, Z. Lu, and T. J. Ley, unpublished data), and
GzmC has been shown to induce target cell death in vitro (29).
Together, these studies suggest that orphan granzymes en-
coded in the GzmB gene cluster have a role in cytotoxicity.

The granule exocytosis pathway has been shown to be im-
portant for regulation of infection with a number of viruses
(reviewed in reference 57). Perforin mediates resistance to
acute infection with the murine poxvirus ectromelia, the alpha-
herpesvirus herpes simplex virus, and the betaherpesvirus mu-
rine cytomegalovirus (MCMV) (15, 23, 45, 55). Mutations in
perforin were recently described in an individual with chronic
active EBV infection (33), suggesting the importance of per-
forin in human gammaherpesvirus infection. Additionally,
EBV-specific CD4" and CD8" CTLs can utilize the perforin/
granzyme pathway to kill EBV-infected cell lines (35, 83).
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Although studies with yHV68 indicate that perforin is not
essential for regulating acute infection (73), perforin ™/~ mice
exhibit increased frequencies of cells which reactivate virus ex
vivo and which harbor viral genome at early and late time
points during YHV68 latent infection (72). Thus, perforin is an
important regulator of both the early and late forms of yYHV68
latency. Less is known about the function of granzymes during
viral infection. Granzymes have been shown to be important
during acute infection with ectromelia (44, 46), herpes simplex
virus (48), and MCMYV (55). However, the role of granzymes in
regulating chronic viral infection is unknown, and the specific
contributions of orphan granzymes to antiviral immunity have
not been previously examined.

In this study, we utilized mice deficient for specific gran-
zymes to identify those which are important for immune reg-
ulation of yYHV68 latent infection in vivo. We show that gran-
zymes A and B regulate yYHV68 latent infection at an early
time point, although their roles appear to be functionally re-
dundant. We further demonstrate that orphan granzymes are
critical for regulating both early and late forms of YHV6S8
latent infection. This represents the first demonstration of a
role for orphan granzymes in control of viral infection in vivo.
In addition, caspase 3, which can be activated by GzmB, is
involved in regulating yYHV68 latent infection at an early time
point. Thus, immune regulation of yHV68 latent infection
involves multiple components of the perforin/granzyme path-
way, including granzymes A and B, orphan granzymes, and the
GzmB substrate caspase 3.

MATERIALS AND METHODS

Animals. Mice were housed and bred in a specific-pathogen-free environment
at Washington University School of Medicine in accordance with all federal and
university policies. Granzyme-deficient (GzmA ™=, GzmB™/~, GzmAXB™/~,
GzmB-cluster /~, and GzmAXB-cluster /") mice on the 129/SvJ background
were genotyped by Southern blotting (26, 61). Caspase 37/~ mice on the
C57BL/6J (B6) background were kindly provided by Donald Nicholson (Merck
Frosst) and were genotyped by PCR (65). B6 and 129/SvJ (129X1/Sv]) mice were
purchased from Jackson Laboratories. Mutant mice were infected at 8 to 12
weeks of age and compared to age- and sex-matched wild-type mice.

Infections and tissue harvests. YHV68 clone WUMS (ATCC VR1465) was
passaged and the titer was determined by plaque assay on NIH 3T12 cells (80).
Mice were infected intraperitoneally with 10° PFU of yHV68 in 0.5 ml of
Dulbecco’s modified Eagle’s medium containing 10% fetal calf serum. For de-
termination of acute viral titers, mice were sacrificed and half of the spleen and
half a lobe of liver were harvested and mechanically disrupted using 1-mm silica
beads, and titers were determined by plaque assay (10, 75). For limiting dilution
analysis of latency, reactivation, and persistent replication, mice were sacrificed
and peritoneal cells were harvested and pooled from three to five mice per
experimental group (75, 80, 81).

Limiting dilution assay and PCR for latency, reactivation, and persistent
replication. Assays to determine the frequency of cells which reactivated virus ex
vivo and which harbored viral genome were performed as previously described
(75, 80, 81). Briefly, the frequency of cells which reactivated virus ex vivo was
determined by plating serial twofold dilutions of cell samples onto permissive
mouse embryonic fibroblast monolayers and scoring for cytopathic effect caused
by reactivated virus after 21 days. Persistent lytic viral replication during chronic
infection of mice was assessed by quantitating preformed infectious virus in
mechanically disrupted cell samples. Mechanical disruption kills >99% of cells
but has at most a twofold effect on viral titer (81), thus enabling experimental
distinction between reactivation from latency, which requires live cells, and
persistent replication. We did not detect any persistent lytic replication in either
granzyme-deficient or wild-type mice in these experiments (data not shown). The
frequency of cells harboring viral genome was determined by subjecting serial
threefold dilutions of cell samples to nested PCR sensitive to a single copy of the
YHV68 gene 50. Positive control reaction mixtures containing 10, 1, and 0.1
copies of a plasmid containing gene 50 scored positive in 99, 58, and 9% of all
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FIG. 1. Granzymes A and B have functionally redundant roles in regulating yYHV68 early latent infection. Peritoneal cells from infected
GzmA™~'~, GzmB™/~, GzmAXB /", and 129/Sv] mice were analyzed for the frequency of cells which reactivated virus ex vivo and which harbored
viral genome at 16 (A) or 42 (B) dpi. No preformed infectious virus was detected in mechanically disrupted samples (data not shown). Number
of independent experiments: GzmA /7, three; GzmB ™/, four; GzmAXB ™/, four; 129/SvJ, seven.

reactions, respectively (data not shown). No positive signal was observed in
negative control reactions containing no plasmid (data not shown).

Statistical analysis. For acute viral titers, data represent the mean = standard
error of the mean from at least two independent experiments, and statistical
significance was determined using the Mann-Whitney test. For the frequency of
cells which reactivated virus ex vivo and which harbored viral genome, data
represent the mean = the standard error of the mean from at least three
independent experiments and were analyzed by nonlinear regression (sigmoidal
dose curve with nonvariable slope) using GraphPad Prism (GraphPad, San
Diego, Calif.). The frequency of cells which reactivated virus ex vivo and which
harbored viral genome were determined based on a Poisson distribution by
calculating the cell density at which 63.2% of the wells scored positive for
reactivation or viral genome, respectively. Similar results were obtained when
linear regression analysis was performed on data points within the linear ranges
of the assay by using L-Calc (StemCell Technologies, Vancouver, Canada).
Results from different experimental groups were compared using a paired ¢ test
to determine statistical significance.

RESULTS

Granzymes A and B have functionally redundant roles in
regulating YHV68 early latency but are not required for reg-
ulating late latency. Since perforin is a critical regulator of
YHVG68 latency and reactivation (72), we tested the effects of
GzmA or GzmB deficiency on both early and late forms of
YHV6S latency at 16 or 42 dpi, respectively. We found that
GzmA deficiency had no effect on frequencies of cells which
reactivated virus ex vivo or which harbored viral genome at
either early (Fig. 1A) or late (Fig. 1B) times postinfection. In
GzmB ™/~ mice, we observed a twofold increase in the fre-
quency of cells which reactivated virus ex vivo compared to
that in wild-type mice at the early time point. Although this
difference was statistically significant (P = 0.002), there was no
increase in frequency of cells harboring viral genome in
GzmB ™/~ mice at this time point (Fig. 1A), nor was there a

significant effect of GzmB deficiency on latent infection at the
late time point (Fig. 1B). In contrast, GzmAXB ™/~ mice,
which are deficient in both granzymes A and B, had an eight-
fold increase in the frequency of cells which reactivated virus
ex vivo compared to wild-type mice (P = 0.001) at the early
time point (Fig. 1A). These mice also exhibited a small but
statistically significant (P = 0.03) twofold increase in the fre-
quency of cells harboring viral genome relative to that in wild-
type mice (Fig. 1A). The frequency of cells which reactivated
virus ex vivo in GzmAXB ™/~ mice was eightfold higher than in
GzmA ™'~ mice (P = 0.0004) and threefold higher than in
GzmB ™/~ mice (P = 0.002), suggesting that both granzymes A
and B are involved in regulating early YHV68 latent infection
but that their roles are functionally redundant. At the late time
point, however, simultaneous deficiencies in granzymes A and
B had no significant effects on yYHV68 latency or reactivation
(Fig. 1B). Thus, granzymes A and B have functionally redun-
dant roles in regulating the early form of yYHVG68 latent infec-
tion, but are not essential for regulation of late latency. That a
combined deficiency in granzymes A and B had no effect on
late latency was surprising, since perforin is important for
regulating latency and reactivation at the late time point (72).

Orphan granzymes in the GzmB locus regulate both early
and late forms of yHV68 latent infection. To test whether
granzymes other than GzmA and GzmB regulate YHV6S la-
tent infection, we examined GzmB-cluster /~ mice, which are
deficient in expression of GzmB as well as orphan granzymes C
and F encoded downstream of GzmB (49). At the early time
point, GzmB-cluster /~ mice had a 10-fold increase in the
frequency of cells which reactivated virus ex vivo (P = 0.001)
and a 3-fold increase in the frequency of cells harboring viral
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FIG. 2. Orphan granzymes in the GzmB locus regulated YHV68 latent infection at the early time point. Peritoneal cells from infected mice were
analyzed for the frequency of cells which reactivated virus ex vivo and which harbored viral genome at 16 dpi. (A) Comparison of GzmB-cluster /™,
GzmB /", and 129/Sv] mice. (B) Comparison of GzmAXB-cluster /~, GzmAXB /", and 129/SvJ mice. No preformed infectious virus was
detected in mechanically disrupted samples (data not shown). Number of independent experiments: GzmB-cluster /~, five; GzmB ™", four;

GzmAXB-cluster ', five; GzmAXB /", four; 129/SvJ, seven.

genome (P = 0.03), compared to that in wild-type mice (Fig.
2A). Moreover, GzmB-cluster '~ mice had a fourfold increase
in the frequency of cells which reactivated virus ex vivo (P =
0.002) as well as a threefold increase in the frequency of cells
harboring viral genome (P = 0.03), compared to that in
GzmB~/~ mice (Fig. 2A). The increased defect observed in
GzmB-cluster /~ mice relative to that in GzmB ™/~ mice indi-
cates a role for orphan granzymes encoded in the GzmB locus
in regulating YHVG68 latent infection. We confirmed this find-
ing using GzmAXB-cluster /~ mice, which are deficient in
GzmA in addition to the granzymes absent in GzmB-clus-
ter '~ mice. We found that GzmAXB-cluster /~ mice had a
13-fold increase in the frequency of cells which reactivated
virus ex vivo (P = 0.001) and a 7-fold increase in the frequency
of cells harboring viral genome (P = 0.04), compared to that in
wild-type mice (Fig. 2B). Although the frequency of cells which
reactivated virus ex vivo in GzmAXB-cluster /~ mice was only
slightly higher than that in GzmAXB™/~ mice (P = 0.02),
GzmAXB-cluster /~ mice exhibited a threefold increase in
frequency of cells harboring viral genome (P = 0.03) relative to
that in GzmAXB ™/~ mice (Fig. 2B).

At the late time point, GzmB-cluster /~ mice had a fourfold
increase in the frequency of cells which reactivated virus ex
vivo compared to that in either wild-type (P = 0.0005) or
GzmAXB~/~ (P = 0.0008) mice (Fig. 3A). GzmBcluster '~
mice also had a small, but statistically significant, increase in
the frequency of cells harboring viral genome compared to

wild-type (P = 0.05) or GzmAXB ™'~ (P = 0.02) mice (Fig.
3B). Similarly, GzmAXB-cluster '~ mice had a fivefold in-
crease in the frequency of cells which reactivated virus ex vivo
compared to that in either wild-type (P = 0.0001) or Gz-
mAXB /" (P = 0.0002) mice (Fig. 3A) and had a threefold
increase in the frequency of cells harboring viral genome com-
pared to wild-type (P = 0.04) or GzmAXB '~ (P = 0.02) mice
(Fig. 3B). Thus, orphan granzymes encoded in the GzmB locus
regulate YHV68 latent infection at early times postinfection
and also at late times postinfection when granzymes A and B
are not essential for regulation.

Impaired regulation of viral latent infection in granzyme-
deficient mice is not due to uncontrolled lytic replication dur-
ing acute infection. CD8" T cells, which utilize the perforin/
granzyme granule exocytosis pathway, have a critical role in
regulating yYHV68 acute infection (19, 68, 80). Therefore, the
defects in regulating YHV6S latent infection observed in mice
lacking multiple granzymes may be due to uncontrolled viral
lytic replication during the acute phase of infection. Although
the observations that perforin is dispensable for regulation of
acute YHVG68 infection (73) and that granzyme-deficient mice
do not have detectable persistent replication at either early or
late time points (data not shown) argue against this possibility,
we compared acute viral titers in GzmAXB™/'~, GzmB-clus-
ter /=, and GzmAXB-cluster ’~ mice to those in wild-type
mice. We found no significant increases in acute viral titers
from liver (data not shown) or spleen of granzyme-deficient
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FIG. 3. Orphan granzymes, but not granzymes A and B, regulated
YHV68 latent infection at the late time point. Peritoneal cells from
infected GzmAXB /~, GzmB-cluster /~, GzmAXB-cluster ', and
129/Sv] mice were analyzed at 42 dpi for the frequency of cells which
reactivated virus ex vivo (A) or cells which harbored viral genome (B).
No preformed infectious virus was detected in mechanically disrupted
samples (data not shown). Number of independent experiments:
GzmB-cluster ', five; GzmAXB-cluster /~, four; GzmAXB /", four;
129/Sv], eight.

mice relative to those in wild-type mice at either 4 (Fig. 4A) or
9 (Fig. 4B) dpi. We also did not observe significant increases in
acute viral titers in liver or spleen of GzmA ™'~ and GzmB ™/~
mice compared to those in wild-type mice at these time points
(data not shown). Thus, there was no correlation between
increased viral titers during acute infection and dysregulated
latent infection in granzyme-deficient mice. We therefore con-
clude that impaired regulation of YHV68 latent infection in
GzmAXB /7, GzmB-cluster /~, and GzmAXB-cluster /'~
mice is not due to uncontrolled viral replication during acute
infection of these mice.

Caspase 3-dependent processes regulate YHV68 latent in-
fection at the early time point. Utilization of the perforin/
granzyme pathway by immune effector cells results in gran-
zyme-mediated induction of apoptosis in target cells. Caspase
3 is an effector caspase which lies downstream of multiple
cellular apoptotic pathways (24) and can be activated by GzmB
(12, 39, 52). We therefore tested whether caspase 3 is required
for regulation of yYHV68 latent infection. At the early time
point, caspase 37/~ mice had a fivefold increase in frequency of
cells which reactivated cells ex vivo (P = 0.006) and an eight-
fold increase in frequency of cells harboring viral genome (P =
0.01), compared to responses in wild-type mice (Fig. 5A).
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FIG. 4. Impaired regulation of latent infection in granzyme-defi-
cient mice is not due to uncontrolled lytic replication during acute
infection. Titers in spleens from infected GzmAXB™/~, GzmB-clus-
ter/~, GzmAXB-cluster /7, and 129/Sv] mice were determined by
plaque assay at 4 (A) or 9 (B) dpi. The limit of detection is indicated
by the horizontal line. The number of mice analyzed is given above
each bar.

However, we did not observe any increase in yYHV68 latency or
reactivation in caspase 37/~ mice at the late time point (Fig.
5B). Thus, caspase 3 is important for regulating YHV68 latency
and reactivation at an early time point during latent infection.

DISCUSSION

In this study, we examined the role of various components of
the perforin/granzyme granule exocytosis pathway in regulat-
ing YHV68S latent infection. As perforin is a critical regulator of
YHV68 latent infection (72), we focused on the function of
granzymes to elucidate the relative contributions of specific
granzymes to the host antiviral response. We found that gran-
zymes A and B are important for regulating YHV6S latent
infection at an early time point. The observation that regula-
tion of latent infection was more impaired in GzmAXB ™/~
mice than in either GzmA ™/~ or GzmB ™/~ mice suggests that
the roles of granzymes A and B are functionally redundant.
Additionally, we found that orphan granzymes encoded in the
GzmB locus are important for regulating early yYHV68 latent
infection, particularly the frequency of cells harboring viral
genome. Interestingly, these orphan granzymes also contrib-
uted to regulation of yYHV68 latent infection at a late time
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FIG. 5. Caspase 3-dependent processes regulated YHV68 chronic infection at the early time point. Peritoneal cells from infected caspase 37/~
and B6 mice were analyzed for the frequency of cells which reactivated virus ex vivo and which harbored viral genome at 16 (A) or 42 (B) dpi.
No preformed infectious virus was detected in mechanically disrupted samples (data not shown). Number of independent experiments: caspase
37/7, four; B6, four.

point, when simultaneous deficiencies in granzymes A and B
had no effect on YHV68 latency and reactivation. Finally, we
examined the role of a GzmB substrate, the effector caspase 3,
in regulating YHV68 infection and found an important role for
caspase 3 at an early time point during latent infection. The
results from these studies are summarized in Table 1.
Regulation of gammaherpesvirus infection by granzymes A
and B. Our examination of the role of granzymes in regulating
YHV6S infection focused initially on granzymes A and B be-
cause they are the most extensively characterized granzymes
and the only two for which specific knockout mice are avail-
able. Our finding that GzmA is not essential for regulating
YHV6S latent infection is consistent with observations that
GzmA is not required for inducing cytotoxicity in vitro (17).

The modest effect observed in GzmB ™/~ mice likely reflects
the in vitro observations that while GzmB is required for rapid
induction of apoptosis (26, 63), its absence can be compen-
sated for by the activity of GzmA (62). As expected based on
in vitro studies, simultaneous deficiencies in granzymes A and
B resulted in a significant defect in regulating yYHV68 latent
infection at an early time point, which mirrors the defect ob-
served in perforin '~ mice (72). This suggests that the roles for
granzymes A and B in regulating the early form of yYHV6S8
latency are functionally redundant. However, the abilities of
GzmA and GzmB to compensate for loss of the other is not
symmetrical and, as granzymes A and B target different cellu-
lar substrates, they likely induce cell death through distinct
pathways (57, 62). At the late time point, however, Gz-

TABLE 1. Summary of frequencies of cells which reactivated virus ex vivo and which harbored viral genome

Frequency”
Mouse strain Early (16 dpi) Late (42 dpi)
Reactivating Genome-positive Reactivating Genome-positive

cells cells cells cells
129/Sv] 1/2,086 1/207 1/6,194 1/695
GzmA ™/~ 1/2,090 1/219 1/5,036 1/720
GzmB™/~ 1/868* 1/166 1/5,884 1/572
GzmAXB™/~ 1/280* 1/100* 1/7,405 1/835
GzmB-cluster /~ 1/201* 1/67* 1/1,777* 1/406
GzmAXB-cluster ™/~ 1/153* 1/30* 1/1,263* 1/233*
B6 1/621 1/227 1/9,051 1/709
Caspase 37/ 1/125* 1/30* 1/14,250 1/1,121

@ * statistically significant increase in frequency compared to response in wild-type mice.
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mAXB ™/~ mice were indistinguishable from wild-type mice,
which was unexpected because perforin~/~ mice fail to control
viral latent infection at both the early and late time points (72).

As perforin™/~ and GzmAXB ™/~ mice are on different ge-
netic backgrounds, strain differences may account for this dif-
ference. We have observed slight differences between B6 and
129/SvJ mice in our assays: at the early time point, peritoneal
cells from 129/SvJ mice reactivate virus ex vivo at a threefold-
lower frequency compared to cells from B6 mice, although the
frequency of cells harboring viral genome is equivalent be-
tween the two strains. This appears specific to the 129/Sv]
substrain, since 129/SvEv mice do not differ from B6 mice in
these assays (32). However, we did not observe any significant
differences in frequencies of cells which reactivated virus ex
vivo or which harbored viral genome between B6 and 129/SvJ
mice at the late time point, when perforin~/~ and Gz-
mAXB ™'~ mice have disparate phenotypes. Thus, it is unclear
whether the observed strain differences at the early time point
might account for the results at the late time point. An alter-
nate explanation which we chose to investigate is that perforin-
mediated regulation of viral infection employs other gran-
zymes in addition to GzmA and GzmB.

Involvement of orphan granzymes in control of gammaher-
pesvirus infection. The potential for involvement of orphan
granzymes in regulating yYHV68 latent infection was interesting
because little is currently known about their functions (25).
Using mice with severely reduced expression of orphan gran-
zymes C and F, we found that these orphan granzymes are
involved in regulating yYHV68 latency and reactivation. More-
over, we found that regulation of YHV68 latent infection at the
late time point requires only orphan granzymes, since
GzmAXB ™/~ mice have no apparent defects relative to wild-
type mice at that time. We are unable to determine which
specific orphan granzymes are responsible for this activity,
since mice deficient for individual orphan granzymes are not
yet available. However, the observation that orphan gran-
zymes, but not caspase 3, are required for regulating YHV68
latent infection at the late time point suggests that the orphan
granzymes involved induce cell death independently of caspase
3. Since GzmC-induced apoptosis proceeds through a caspase-
independent pathway and exhibits kinetics and potency similar
to those of GzmB (29), it is a promising candidate for further
investigation.

Our studies did not address which effector cell population is
responsible for the observed activity of orphan granzymes in
regulating yYHV68 latent infection. The granule exocytosis
pathway is utilized by multiple effector cell types, including
CTLs, natural killer (NK) cells, and lymphokine-activated
killer cells. Orphan granzymes have been shown to be highly
expressed in NK and lymphokine-activated killer cells (25, 49),
but whether these cells regulate herpesvirus latent infection is
unknown. Since activated CD8" T cells and CTL cell lines can
also express orphan granzymes (25) and CD8" T cells are
critical for regulating YHV68 latency and reactivation (72), it is
likely that the observed role of orphan granzymes is through
employment by CTLs.

The observation that YHV68 latent infection is regulated by
different granzymes at early versus late time points postinfec-
tion may reflect qualitative differences between virus-specific
immune effector cells at the two time points. Expression of
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different combinations of perforin and granzyme genes has
been observed for CD8" T-cell populations as well as individ-
ual CD8™" T cells (16, 22, 34, 50), which is consistent with the
possibility of differential granzyme usage by different CTL cells
or populations. It is also possible that chronic viral infection
can trigger differential expression or usage of granzymes in
immune effector cells, as different methods of activating T cells
have been reported to result in different granzyme expression
patterns (22, 50). However, the biological consequences of
differential granzyme expression by CD8* T-cell populations
have not been evaluated in the context of an antiviral immune
response.

Alternately, different requirements for specific granzymes
between early and late times in viral latent infection may be
due to differences in the target cells. It has been observed that
CTL-mediated cytotoxicity induces varying types of DNA dam-
age and exhibits different requirements for granzymes A and B,
depending on the target cell used (47, 58). This suggests that
factors intrinsic to target cells can modulate the effects of
CTL-induced cell death. Since current understanding of gran-
zyme activity indicates that the substrates of different gran-
zymes are largely nonoverlapping (57), differential expression
of granzyme substrates by target cells could potentially result in
different susceptibility of target cells to cytotoxicity mediated
by various granzymes. YHV68 has been shown to establish
early and late forms of latency which differ in efficiency of
reactivation ex vivo (81) and in expression of a viral latency
transcript (74). Although the effects of CTL-mediated cytotox-
icity on these two latently infected cell populations have not
been compared, it is possible that the early form of yYHV6S
latency is susceptible to induction of cytotoxicity by multiple
granzymes, whereas the form which predominates at the later
time point is resistant to cytotoxicity mediated by granzymes A
and B.

Interestingly, inhibition of GzmB has been reported for sev-
eral viral proteins, including poxvirus CrmA (51), adenovirus
L4-100K assembly protein (1), herpes simplex virus glycopro-
tein J (28), and the EBV viral Bcl-2 homolog BHRF1 (13).
Like EBV, yHV68 expresses a viral Bcl-2 homolog, M11,
which inhibits apoptosis in vitro (4, 56, 79), is expressed during
latent infection (38, 40, 77), and is required for efficient reac-
tivation from latency ex vivo and for persistent replication in
gamma interferon-deficient mice (21). But whether M11 can
inhibit granzyme-mediated cell death and whether it is prefer-
entially expressed during late latency are unknown. Nonethe-
less, the observations that multiple viruses inhibit GzmB activ-
ity and that orphan granzymes can regulate viral infection
suggest that expression of multiple granzymes in mice serves as
a fail-safe mechanism for antiviral immunity.

Regulation of gammaherpesvirus latent infection by caspase
3. We also observed differential regulation of yYHV68 latent
infection at early versus late time points postinfection in our
studies using caspase 37/~ mice. Caspase 3 deficiency resulted
in significantly impaired regulation of YHV68 latency and re-
activation at the early time point but not the late time point, as
was observed with GzmAXB ™/~ mice. This confirms that dif-
ferent cellular factors are required for host regulation of early
versus late forms of YHV68 latent infection. Although caspase
3 can be cleaved and activated by GzmB (12, 39, 52), gran-
zymes A, B, and C can all induce apoptosis in a caspase-
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independent manner (2, 5, 29, 59, 71). Moreover, caspase 3
mediates death through other cellular apoptotic pathways, in-
cluding the death receptor and cellular stress pathways (re-
viewed in reference 24). It is therefore unclear whether simi-
larities between the phenotypes of caspase 37/~ and
GzmAXB~/~ mice necessarily indicate that caspase 3 and
granzymes function within the same pathway to regulate
YHV68 latent infection. It is also possible that caspase 3 func-
tions in controlling YHV68 acute as well as latent infections.
Our data demonstrate the importance of caspase 3 in regulat-
ing YHV68 latency and reactivation, and they underscore the
importance of host apoptotic processes in regulating gamma-
herpesvirus latent infection.

Function of the granule exocytosis pathway during gamma-
herpesvirus infection. The studies presented here, as well as
previous studies using perforin~/~ mice (72), clearly demon-
strate a critical role for the granule exocytosis pathway in host
regulation of gammaherpesvirus latent infection. However, the
mechanisms by which this pathway regulates gammaherpesvi-
rus latent infection are not clear. For example, mice deficient
in components of this pathway may fail to regulate the main-
tenance of, and reactivation from, an established latent infec-
tion. Alternately, defects in granule exocytosis may enable es-
tablishment of latency in different cell types or employment of
different latency gene expression programs which result in the
observed phenotypes ex vivo. While we have not observed
substantial differences between granzyme-deficient and wild-
type mice in acute viral titers, we cannot rule out the possibility
that changes in acute infection, for example in cell tropism, due
to granzyme deficiency contribute directly to the differences in
latency and reactivation observed during latent infection.

Since the granule exocytosis pathway is important for regu-
lating lymphocyte homeostasis (reviewed in reference 14), it is
also possible that perforin- or granzyme-deficient mice fail to
control gammaherpesvirus latent infection due to defective
lymphocyte development and regulation. In humans, defects in
perforin (66), trafficking of granule cytotoxic enzymes (3), or
exocytosis of cytotoxic granules (42) are associated with devel-
opment of hemophagocytic syndrome (HPS). HPS is believed
to be triggered by viral infection, particularly with herpesvi-
ruses, including EBV and CMV (14), but whether develop-
ment of HPS in humans results in dysregulation of an existing
herpesvirus latent infection is unknown. While perforin™/~
mice do not spontaneously develop HPS, infection with lym-
phocytic choriomeningitis virus can result in uncontrolled ex-
pansion of virus-specific T cells, leading to immune-mediated
pathology resembling that of human disease (31, 41). Induction
of hemophagocytosis by viral infection of granzyme-deficient
mice has not been examined, nor is it known whether all
murine granzymes are involved in regulation of lymphocyte
homeostasis via the granule exocytosis pathway.

In summary, the defects in regulation of gammaherpesvirus
chronic infection observed in granzyme-deficient mice may be
due to a combination of factors, including impaired T-cell-
mediated regulation of viral infection, altered establishment of
viral latency, and/or dysregulated lymphocyte homeostasis.
The identification of specific granzymes which regulated early
or late forms of gammaherpesvirus latent infection in this study
will facilitate further examination of how the perforin/gran-
zyme pathway contributes to host antiviral defense and of the
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functions of orphan granzymes in the host immune response in
vivo.
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