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INTRODUCTION

Cytotoxic lymphocytes (CL) play a central role in immune
responses against tumors and cells infected with viruses and
intracellular bacteria. They also are of pivotal importance in
immune regulation, transplant immunology, and autoimmu-
nity. These functions have justified continued interest in the
mechanisms of action of CL. Recent studies of CL have de-
fined two major mechanisms of cytotoxicity. The first involves
exocytosis of the contents of cytoplasmic granules from the CL
toward the target cell (TC). The second involves engagement
of a tumor necrosis factor receptor (TNFR)-like molecule on
the TC (e.g., Fas [CD95] or TNFR) by its CL ligand (FasL or
TNF, respectively). Evidence is emerging that the two different
forms of lymphocyte-mediated cytotoxicity are quite distinct in
vivo, although they both involve induction of an endogenous
pathway of apoptosis in the targeted cell and they share many
features with all other forms of physiological cell death. The
focus of this review will be to comment on the relative role of
each of these mechanisms of lymphocyte cytotoxicity in the
pathophysiology of virus infection.

LYMPHOCYTES THAT KILL

Cellular immune responses require the direct participation
of effector cells. The functional activities of both helper (pre-
dominantly CD4"%) and cytotoxic (predominantly CD8%) T
lymphocytes (CTL) are initiated by clonotypic T-cell receptors
(TCR), associated with the invariant CD3 signaling complex,
to recognize antigenic peptides bound to major histocompati-
bility complex (MHC) molecules on the TC (5). Activation of
CTL results in direct killing of the TC. In addition, lympho-
cytes with innate cytolytic capacity, including natural killer
(NK) cells, subsets of vd T cells (10), and possibly also CD1-
specific NK1 af T cells, may play a role in responses to intra-
cellular pathogens. NK cells are CD3~ CD56™ large granular
lymphocytes and are important in the early phases of immune
responses against certain viruses, parasites, and microbial
pathogens (6, 84). The ability of NK cells to produce gamma
interferon (IFN-v) rapidly after infection, before the clonal
expansion of antigen-specific T cells, plays a crucial role in the
innate immune response (81). NK cells do not express somat-
ically rearranged receptors and neither rearrange nor express
surface TCR. Activation of NK cells in primary immune re-
sponses involves the production of and response to many cy-
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tokines, although the precise nature of their activation is un-
known. Although the specific receptors involved in NK cell
recognition and activation are not completely defined, it is
becoming increasingly clear that both triggering and inhibitory
molecules of two distinct superfamilies (type I transmembrane
and type II transmembrane C-type lectin) dictate their lytic
specificity (18, 53, 115). In general, it is likely that NK cells
recognize and eliminate tumor or virus-infected TC because
critical self class I molecules are absent from or altered on the
TC surface (i.e., the absence of a negative signal) and NK cells
refrain from killing when the TC expresses self class I mole-
cules. The best-characterized membrane receptor responsible
for NK cell activation is the low-affinity Fc receptor for immu-
noglobulin G, CD16 (51). Ligation of CD16 by anti-CD16
monoclonal antibody, immune complexes, or antibody-coated
TC induces antibody-dependent cellular cytotoxicity and cyto-
kine secretion (19, 52). Therefore, antibodies can confer ex-
quisite antigen specificity to NK cells bearing CD16 receptors.

It has long been understood that several mechanisms of
cytolysis are used by CL. Effector CL use distinct mechanisms
that can be dissected in vitro on the basis of TC sensitivity, the
presence or absence of extracellular Ca**, the need for effec-
tor cell de novo protein synthesis, and requisite effector cell
granule exocytosis (93). Although it is clear that the recogni-
tion of TC by CTL and NK cells is very different, there is
abundant evidence to indicate that the lethal hit of both cell
types involves components of their characteristic electron-
dense cytoplasmic granules (35). The general properties of
granule exocytosis- and receptor-mediated mechanisms of lym-
phocyte-mediated cell death are summarized in Table 1 and
outlined below.

GRANULE-MEDIATED CELL DEATH

CL cytotoxic granules are vectorially secreted into the inter-
cellular space formed during conjugation of the CL and TC
(34), and lysis is often associated with the formation of mem-
brane lesions on the TC (69). The granules of CL contain a
number of proteins, including a pore-forming protein termed
perforin (109), and a family of serine proteases coined gran-
zymes (40). Perforin causes osmotic damage due to its binding
of phosphorylcholine headgroups, polymerization, and subse-
quent pore formation in the lipid bilayer of the TC (57, 86,
109). Perforin is found essentially in CTL (including y3 T cells)
and NK cell granules (66, 92), although macrophage precur-
sors also appear to express perforin and may be cytolytic under
the appropriate conditions (8, 56). CL-mediated TC death
generally involves changes such as chromatin condensation,
extensive membrane blebbing, and ultimately nuclear DNA
fragmentation (apoptosis) (23, 79). These events clearly occur



2 MINIREVIEW J. VIROL.

sometime before appreciable perforin-mediated cell lysis, and
purified perforin alone is incapable of causing DNA fragmen-
tation. Indeed, it is likely that a supplementary role is played by
granzymes in TC killing, and this postulate is supported by
much in vitro and in vivo experimental evidence (36, 85, 87).
Granzymes are the major protein components of CTL and NK
cell granules and they synergize with perforin to trigger an
internal disintegration pathway in the TC (85, 94). Most nota-
bly, the killer cell serine protease granzyme B shares Asp-ase
specificity with an increasingly large family of cell death cys-
teine proteases (termed caspases), including the interleukin-
1B-converting enzyme (ICE)-like family members. Granzyme
B appears to trigger an endogenous cell death cascade by
activating key TC caspases (20, 28, 96, 99). Collectively, these
data indicate that granzyme B can greatly amplify the activa-
tion of key signaling components shared by other forms of cell
death (including the Fas/TNFR pathways) and directly con-
tribute to apoptotic nuclear morphology. Key intracellular sub-
strates for other granzyme family members are yet to be de-
fined, although some data support a role for CL granzyme A
and another granule tryptase serine protease in CL-mediated
cytotoxicity (85, 87).

Nuclear
require-
ment
No
No

Protein
synthesis
require-
ment
No
No

TC
protease
involve-
ment
Yes
Yes

Morphology

Nuclear DNA fragmentation;
chromatin condensation;
extensive membrane blebbing;
vacuolation of cytoplasm

Nuclear DNA fragmentation;
chromatin condensation;
extensive membrane blebbing;
vacuolation of cytoplasm

LYMPHOCYTE RECEPTOR-MEDIATED CELL DEATH

Previous observations of TC death in the absence of Ca®™,
granule exocytosis, or perforin suggested the existence of al-
ternative pathways of CL-mediated cytotoxicity. Rouvier et al.
demonstrated that Ca®*-independent lysis was accounted for
by CTL cross-linking with the TC Fas receptor (78). Cloning
and characterization of Fas indicated that it belonged to the
TNFR superfamily of molecules (39). Mutational analysis of
the cytoplasmic domains of these receptors has indicated a
region in both Fas and TNFR1 that is conserved and necessary
for transduction of the apoptotic signal (103). Signaling via Fas
or TNFR leads to apoptotic cell death, with characteristic
cytoplasmic and nuclear condensation and DNA fragmenta-
tion (39, 103, 108). This death process is rapid (within several
hours), occurs in the absence of RNA or protein synthesis, and
can also be triggered in TC by monoclonal antibodies to Fas
(108). Cytoplasmic caspases, including those with adaptor
function (i.e., association with Fas via adaptor Fas-associated
death domains [FADD]) and Asp-ase activity (e.g., FADD-like
ICE [FLICE] proteases), are involved in Fas and TNFR cell
death pathways, and many of the signaling molecules in these
apoptotic pathways have been characterized (60, 65, 117). Trig-
gering of these pathways requires cross-linking of Fas or
TNFR, and similar to TNF, the soluble form of FasL has a
trimeric structure in solution. In addition, the FasL is a CL
surface receptor of the TNF family (100). FasL expression
appears constitutive in NK cells (4) and can be rapidly induced
in T cells by TCR engagement (3). Among the classical CD4*
T helper (h) subpopulations, T, 1 cells can express FasL and
lyse in a Fas-based manner more readily than T, 2 cells (41). By
contrast, CD8" T cells may predominantly display TNF-medi-
ated cytotoxicity. Fas/FasL (primarily CD4" T) and TNFR/
TNF (primarily CD8" T) interactions are involved in both the
clonal deletion of autoreactive T cells in peripheral lymphoid
organs and the elimination of activated T cells following their
response to foreign antigens (21, 42, 119). In particular, in viral
infection models, a general role for FasL/TNF in T-cell auto-
regulation remains unclear. For example, influenza virus hem-
agglutinin transgenic mice have been used to demonstrate that
both FasL- and TNF-mediated cell death can contribute to the
deletion of activated peripheral T cells (101). This is one of
several studies that indicate that the major role of lymphocyte

Kinetics
Rapid (<4 h)
Rapid (FasL < 4 h;

TNF > 4 h)
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TABLE 1. Dual mechanisms of lymphocyte-mediated cytotoxicity
Function

malignant and/or transformed cells;

transplanted cells
Clonal deletion of autoreactive T

some virus-infected cells;
intracellular bacteria-infected cells;
responding to foreign antigen

T cells in periphery
Elimination of activated T cells

Clearance of

Effector cell(s)
Mainly CD8" NK
Mainly CD4" Th1, but

also CD4" Th2,
CDS8*, and NK

Nature
granule proteins

death receptor

Exocytosis of
Signaling via

Mechanism
exocytosis

FasL/TNF or
Fas/TNFR

Granule
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receptor-mediated cell death is immunoregulation of T cells.
By contrast, down regulation of the CD8" T cell response
following acute lymphocytic choriomeningitis virus (LCMV)
infection does not appear to be dependent on Fas/FasL inter-
actions, although the role of TNF alpha (TNF-a) was not
examined in this study (59).

MODELS OF CL FUNCTION

The expression of perforin and granzymes by CL infiltrating
areas of inflammation has been recognized as a diagnostic tool
(31). However, the major benefit of creating perforin (43) and
granzyme (24, 36) gene knockout mice and achieving a better
understanding of the mouse spontaneous mutants /pr (lympho-
proliferation) and gld (generalized lymphoproliferative dis-
ease) have been the demonstration that lymphocyte cytotoxic-
ity actually plays an indispensable role in a number of immune
responses. We now appreciate that lpr is a loss-of-function
mutation of the Fas gene and that gld represents a point mu-
tation in the FasL gene, abolishing the ability of FasL to bind
Fas (17). Ipr/lpr and gld/gld mice develop lymphadenopathy and
splenomegaly and produce large quantities of some autoanti-
bodies (17). Importantly, functional deletion of the perforin or
granzyme genes does not appear to affect the fertility, T/NK
cell hematopoiesis, and cytotoxic granule formation in these
mice. Experiments in perforin gene knockout mice (P°) indi-
cate that perforin is critical for the cytotoxicity of lymphokine-
activated killer and NK effector cells (43). The use of these
mouse models to study various disease processes (outlined
below) has provided a wealth of information about the biolog-
ical role of these two basic forms of lymphocyte-mediated cell
death.

ROLE OF CTL/NK CYTOTOXIC MECHANISMS
UPON VIRUS INFECTION

The essential components of a host’s immune response to
virus depends on the type and life cycle of the virus and may
begin with virus-induced suicide of infected cells and progress
to direct CL-mediated cytotoxicity and the secretion of soluble
factors and antibodies. NK cells are involved in limiting viral
replication during the initial stage of an infection (111),
whereas CTL undergo clonal selection, expansion, and differ-
entiation to competent effector cells that then are able to
recognize and eliminate virus-infected cells. A discussion of
the relative role of granule exocytosis and FasL/TNF mecha-
nisms of lysis in the clearance and pathology of several viruses
follows.

(i) Direct CTL/NK-mediated lysis. (a) Noncytopathic vi-
ruses. It is currently not clear whether perforin alone is suffi-
cient for the induction of TC death in vivo, but clearly of all the
CL granule proteins characterized thus far, gene knockout/
mutant models indicate that perforin is a critical component of
host immune defense against some viruses. LCMV-specific
CTL are responsible for both the eradication of the virus and
the onset of pathology associated with the disease, depending
on the timing, route of entry, and strain of the virus (12).
Experiments performed on the antiviral immune responses of
P? or gld (FasL mutant) mice indicated that clearance of an
acute infection with noncytopathic LCMV was mediated
mainly by perforin-dependent cytotoxicity without measurable
participation of the Fas-dependent pathway (43-45, 110).
CD8™" T cells are activated by LCMV in P° mice but fail to
clear the virus effectively. The data suggest that control of an
LCMYV infection depends critically on perforin-mediated lysis
of infected cells. Thus contact-dependent cytotoxicity appears
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to reduce viral proliferation by lysing infected cells before the
assembly of virus particles is complete. Granzyme A-deficient
mice readily recover from LCMYV infection (24); however, the
ability of other granzyme-deficient mice or those crossed to P°
mice to clear LCMV has yet to be reported. LCMV-specific
CTL also exert their protective effects by secreting cytokines
(e.g., IFN-y) that inhibit viral replication, and the cytokines
and products of cell lysis can also cause inflammation of tissue
(22). Antiviral cytokines may be able to reduce, but not com-
pletely inhibit, intracellular virus proliferation, so elimination
of infected cells may be the only way to clear a noncytopathic
virus infection completely. Indeed, in the absence of perforin,
persistent infection with LCMV often leads to the overproduc-
tion of cachectic cytokines, such as TNF-a and IFN-y, and
subsequent death (43).

(b) Cytopathic viruses. (1) CMV. In humans, CD8" CTL
provide immune protection against both cytopathic cytomega-
lovirus (CMV) infection and reactivation of quiescent CMV
infection (76). In recipients of allogeneic bone marrow trans-
plants, protection against CMV pneumonia correlated with the
appearance of CD8" CMV-specific CTL (76) and adoptive
transfer of CD8 CMV-specific CTL from an immunocompe-
tent bone marrow donor to an immunosuppressed recipient
selectively reconstituted immunity against CMV (75). Longev-
ity of the anti-CMYV response after adoptive transfer was de-
pendent on the CD4™ Th response (30a). NK cells and CD8"
CTL also have a protective role against cytopathic murine
cytomegalovirus (MCMYV) infection (72). Spleen NK cells con-
trol MCMYV infection in a perforin-dependent manner (104);
however, in the liver, production of IFN-y by NK cells was the
predominant mechanism that regulated MCMYV synthesis. The
finding that the optimal antiviral response varies from organ to
organ is interesting and may reflect a balance between sup-
pressing infection while inflicting minimal tissue damage (see
also hepatitis virus [HV] below). A role for perforin and gran-
zymes in CTL immunity against MCMYV is likely but has not
yet been reported in gene knockout mice.

(2) Retroviruses. CD8" T cells have previously been shown
to be important in preventing lymphoproliferation and immu-
nodeficiency following infection of murine AIDS (MAIDS)-
resistant mice with murine leukemia viruses. The causative
agent of MAIDS is the defective murine leukemia virus BM5d.
Use of MAIDS-resistant B10.A mice that were also B2-micro-
globulin or perforin deficient demonstrated that expression
of BM5d was enhanced in the spleens of the knockouts in
comparison with wild-type mice (102). These and other data
indicated that perforin-dependent functions of CD8™ T cells
contributed to MAIDS resistance but that other, non-CDS8-
dependent, mechanisms were of equal or greater importance.
Interestingly, after infection with BM5d, MAIDS appeared to
be inducible in B6.[pr (Fas mutant) mice; however, the B6
strain is normally disease susceptible (37). Although a human
immunodeficiency virus (HIV)-specific cellular immune re-
sponse may provide immune protection against disease pro-
gression (68), a role for perforin in CD8" T cell or NK activity
against virus-infected cells has not yet been demonstrated in
vivo.

(3) Poxviruses. Previous studies have established that NK/
CD8" T cytotoxicity was not essential to resolve cytopathic
poxvirus infections and that secretion of IFN-y by CD4" and
CD8™ T cells was crucial in immunity against poxviruses (71,
98). For example, protection against vaccinia virus was not
affected by the lack of either perforin- or FasL-dependent
cytotoxicity (54) and the effect of IFN-y and TNF-a on vaccinia
virus replication was independent of NK cell cytotoxicity me-
diated by perforin (43, 45).
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(4) HV. Hepatitis C virus (HCV) and hepatitis B virus
(HBV) are cytopathic hepatotropic viruses and are the major
causative agents of chronic liver disease in humans. The con-
trol of HBV infection is thought to be mediated by class I-
restricted CTL. Patients that successfully clear the virus in the
acute phase mount a polyclonal CTL response to several HBV-
encoded antigens. In mouse models of hepatitis infection, P°
mice have been infected with a neurotropic strain of mouse
HV (JHMV) to analyze the role of perforin-mediated cytotox-
icity in acute lethal and subacute central nervous system (CNS)
infections (58). Virus was cleared from the P” mice as in the
controls; however, the rate of clearance was delayed in the P°
mice, indicating that perforin-mediated cytolysis was involved
in viral clearance. These data confirmed the importance of
cell-mediated cytotoxicity but also suggested that additional
components of the immune response contribute to the clear-
ance of JHMV from the CNS. As outlined below, transgenic
mouse models of hepatitis infection in the liver indicate that
direct lysis mediated by CTL granule exocytosis is a less-favor-
able immune response compared to cytokine release and that
associated bystander FasL/TNF activity may greatly contribute
to the immunopathology of the infection.

(5) Other cytopathic viruses. Recent experiments with P°
mice have shown that cytotoxicity is not crucial for the resolu-
tion of infection with several cytopathic viruses, including ve-
sicular stomatitis virus, Semliki Forest virus, and influenza
virus (44, 46). These findings may reflect the general pattern
that infections with cytopathic viruses are mainly controlled by
soluble mediators such as antibodies and interferons (54, 64,
121).

(ii) CTL-mediated immunopathologies. (a) HV—a good ex-
ample of bystander lysis. Persistently infected patients with
chronic hepatitis do not mount a polyclonal CTL response.
Nonetheless, CTL play a crucial role in liver cell injury by HCV
or HBV infection, but the exact mechanisms responsible for
liver cell injury remain to be clarified. Kondo et al. (50) have
demonstrated that FasL plays an essential role in the develop-
ment of hepatitis by using a transgenic model in which hepatitis
is induced by a single intravenous injection of cloned MHC-
restricted CD8" CTL targeted to the HBV envelope protein
expressed by liver cells. Both soluble Fas and TNFR1 appeared
to have a protective effect against hepatocyte apoptosis in this
model. It is not clear how representative this model is for HV
infection, but it is likely that granule exocytosis is the viral
antigen-specific killing mechanism used by HV-specific CTL
and that the death of Fas-expressing hepatocytes (immunopa-
thology) may significantly be a result of bystander activity.
Evidently, HCV-specific CTL clones kill non-antigen-bearing
bystander cells primarily by FasL and TNF-a, and the killing of
antigen-presenting sensitive cells is mediated predominantly by
perforin at low effector/target cell ratios. Certainly, in chronic
hepatitis C, Fas expression is up regulated in the hepatocytes,
especially near liver-infiltrating lymphocytes, and FasL is ex-
pressed on these lymphocytes (2). An early efficient immune
response involving CTL may result in the lysis of most HV-
infected hepatocytes and the clearance of virus, while causing
acute but transient hepatitis. By contrast, a weak CTL response
may lead to incomplete lysis of infected hepatocytes and hence
to continuing replication of HV in those cells. Chisari has
proposed that CTL are unable to recognize HV-positive pa-
renchymal cells outside of the liver (because of micovascula-
ture barriers) and hence virus may survive a vigorous CTL
response but contribute to the maintenance of memory CTL
and a reservoir of antigen in chronic hepatitis (16). Persistent
infection may lead to chronic hepatitis mediated by poorly
focused CTL activity or, alternatively, as infected cells die the
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continuous degeneration and regeneration of liver tissue re-
sults in secondary inflammation, culminating in cirrhosis with
an elevated risk of carcinoma. To limit CL-mediated destruc-
tion of infected hepatocytes, CTL-secreted IFN-y and TNF-a
evidently play an important role in suppressing HBV gene
expression (32). These antiviral cytokines may limit virus rep-
lication and viral antigen presentation in hepatocytes without
killing them, thereby minimizing potential CTL damage by
direct lysis. However, as with noncytopathic LCMV, cytokines
by themselves may be ineffective in completely clearing the
virus.

(b) Other CTL-related viral immunopathologies. Several of
the aforementioned viral infections have immunopathologies
that have been associated with various arms of the CTL/NK
effector response. For example, a role for CD4" T-cell Fas-
mediated cytotoxicity in the onset of LCMV-induced immuno-
pathology has been demonstrated in B2-microglobulin-defi-
cient mice (118). By contrast, during both acute and subacute
infections, the overall mortality of the P° mice infected in the
CNS with neurotropic JMHV (58) was not different from that
of the controls and the absence of perforin-mediated cytolysis
did not prevent encephalomyelitis or extensive demyelination.
At this stage, examples of CL-FasL/TNF-related immunopa-
thology have been more often reported, but interestingly, gran-
zyme A-deficient mice exposed to influenza virus have an in-
creased lung pathology and associated morbidity when
compared with wild-type mice (90a). This data highlights that
in some types of viral infections and local sites certain CL
granule components may also have detrimental effects on the
host.

A slightly different example of how CL may contribute to
immunopathology occurs when viral infection alters the endog-
enous programmed cell death pathway of the infected cell.
Upon infection of cells many viruses trigger the expression of
death receptors (e.g., Fas). For example, both T cells and
hematopoietic progenitor cells from mice infected with CMV
undergo apoptosis via up regulation of surface Fas antigen (62,
116). This induced form of apoptosis is postulated to act as an
antiviral immune mechanism by either directly inducing sui-
cide or by flagging the infected cell to the cellular immune
system before viral replication has occurred. However, in some
cases (depending on the infected cells or tissue involved), this
form of protection may be detrimental and CTL may contrib-
ute to the ultimate immunosuppression by lysing infected or
uninfected cells (122). The depletion of CD4™" T cells in AIDS
is correlated with high turnover of HIV-1, and the HIV-1
proteins Tat and gpl120 accelerate Fas-mediated, activation-
induced T-cell apoptosis (112). However, whether these mo-
lecular mechanisms are significant in AIDS pathology in HIV
infection is largely unknown. Previous studies have demon-
strated increased levels of Fas on T cells in individuals with
HIV infection (91), leading many to believe that HIV destroys
immune cells via the Fas-FasL system. Other researchers have
noted that, compared to similar cells from healthy people,
HIV-infected individuals have a monocyte FasL deficiency
(90). It is possible therefore that CTL (bystander)-FasL and/or
monocyte-FasL. normally triggers the death of Fas-bearing
cells. Thus, by down regulating FasL, HIV provides itself ad-
ditional time to replicate. Of note, recent new evidence sug-
gests that simian immunodeficiency virus Nef induction of
FasL in the infected cell population may protect these cells
from CTL attack by killing virus-specific CTL via their surface
Fas (114). It is difficult to comprehend that HIV might rapidly
up regulate FasL on infected cells in vivo given the early up
regulation of Fas, and certainly infection of mice with recom-
binant vaccinia virus expressing FasL does not lead to death of
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FIG. 1. Viral inhibition of endogenous and CL-induced apoptotic pathways. Viruses can subvert the intrinsic apoptotic pathway by interfering with virtually every
aspect of the cascade so far defined. Many viral strategies involve protease inhibitors (CrmA, p35, IAP, etc.) that can block a spectrum of cysteine protease caspases
or inhibit signal transduction through Fas, FADD, or FLICE. Viral Bc1-2-like molecules (v-bc1-2) can also block activation of the caspase cascade by interfering with
normal Bcl-2-like molecules that control apoptosis at the outer mitochondrial membrane. In addition, viruses evade immune detection by a variety of means, including
inhibiting the loading of viral peptides onto MHC by TAP transporters, inducing degradation of MHC (by stealth proteins), or producing their own decoy MHC (HLA)
molecules that bind NK cell inhibitory receptors and inhibit NK cytotoxicity. As yet, a specific viral inhibitor of perforin has not been described. Viral inhibitors can,
in principle, block all Fas-mediated apoptotic events; however, CL do trigger target cell death through putative cytoplasmic and/or cell membrane granzyme substrates
that do not depend on caspase activation. Abbreviations: er, endoplasmic reticulum; GrB, granzyme B; HLA, human leukocyte antigen.

the responding T cells (25). Determining how HIV regulates
FasL. on infected and immune cells in concert with the up
regulated expression of Fas in infected T cells may be an
important key to understanding AIDS pathology.

Other contributions of the granule exocytosis mechanism to
virus clearance? Using mice deficient for granzyme A, it has
been shown that granzyme A plays a crucial role in recovery
from the mouse poxvirus, ectromelia, by a mechanism(s) other
than cytolytic activity (63). Granzyme A-deficient mice have an
increased virus titer and increased mortality and morbidity.
The mechanism(s) remains undefined, but highlights the pos-
sibility that in viral infection, granzymes may additionally act
independently of perforin, a finding also supported by indica-
tions that adenovirus can substitute for perforin in enabling the
entry of granzyme B into mammalian cells (29). Other evi-
dence also supports additional functions for granzymes (13, 63,
97). These other effects include the triggering of inflammatory
cytokines, the stimulation of monocyte phagocytic activity (rec-
ognizing infected and apoptotic cells), or extracellular process-
ing of proteins for more effective antigen presentation. All of
these actions in the context of antiviral function need greater
attention.

VIRAL INHIBITORS OF LYMPHOCYTE CYTOTOXICITY

While T-cell-mediated cytotoxicity is an important means of
defense against viral pathogens, most viruses possess mecha-
nisms to disrupt immune recognition and subsequent CL-me-
diated lysis or the apoptosis of host cells, thereby allowing
them to maintain a cellular environment but avoid immune

clearance (Fig. 1). There are many examples in which viruses
have been shown to inhibit cytotoxicity by interfering with the
capacity of T lymphocytes to specifically recognize infected
cells by interfering with MHC class I peptide expression at a
number of distinct levels (e.g., blocking TAP-peptide translo-
cation, exporting MHC class I to the cytosol, retaining MHC
class I in the endoplasmic reticulum, etc.) (1, 30, 48, 61, 113,
120). In addition, more recent data indicate that viruses may
even thwart NK cells by using their own decoy class I molecules
(26, 74). Apoptosis is used as a host cellular defense against
infection by viruses. To counter this protective mechanism,
some viruses express proteins that inhibit the apoptotic process
in the host cell. In some instances, viruses have hijacked TNFR
sequences that are used to express receptors that can be se-
creted to bind extracellular TNF (autocrine or paracrine) or to
inhibit TNF-mediated apoptosis within the host cell membrane
(83). In addition, with the elucidation of caspase-dependent
cell death pathways it has become apparent that many viruses
produce proteins that interfere with a common endogenous
cell death cascade (7, 49, 105). Examples of these caspase
inhibitors are the poxvirus-encoded serpins CrmA and bacu-
lovirus p35, which have been demonstrated to inhibit Fas- and
TNFR-mediated apoptosis. In addition, more recent identifi-
cation of viral inhibitors of apoptosis proteins (IAP) that are
related to RING finger TNFR2-associated proteins indicates
that some of these viral IAP can indeed inhibit both Fas- and
TNFR-mediated apoptosis (33, 77). Other viral proteins that
can act at points upstream in the Fas/TNFR and related
TNFR-like death pathways are the FLICE inhibitory proteins
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(FLIP) (9, 38, 106). Thus far these viral FLIP have been char-
acterized in human molluscipox virus (MC159; 160) and in
several gammaherpesviruses, including herpesvirus saimiri,
equine herpesvirus 2 (E8), bovine herpesvirus 4 (E1.1), and
Kaposi’s sarcoma associated-human herpesvirus 8 (K13).
These viral FLIP contain two death-effector domains which
interact with the adaptor protein FADD to inhibit recruitment
of FLICE to the Fas receptor upon activation (106). Protection
of virus-infected cells against death receptor-induced apoptosis
may lead to a higher virus production and contribute to the
persistence and oncogenicity of FLIP-containing viruses. An
alternative strategy is for viruses to use Bcl-2-like molecules to
inhibit various forms of apoptosis, including Fas- and TNF-
mediated death. Epstein-Barr virus BHRF1 (47), adenovirus
E1B 19-kilodalton protein (27), African swine fever virus
A179L (73), herpesvirus saimiri ORF16, and other gammaher-
pesvirus proteins (15, 67) share homology with Bcl-2 in the
BH1 domain and often heterodimerize with other Bc1-2 family
members. Another alternative strategy used by viral proteins is
their ability to affect gene transcription by direct interaction
with transcription factors. Direct interaction of viral proteins
with p53 (70, 82) can subsequently cause effects on apoptosis at
two levels: (i) on their direct function in apoptosis and (ii) on
their ability to transcriptionally activate key molecules in the
effector arm of apoptotic pathways (55). An interesting recent
finding was the selective inhibition of granzyme B mRNA
transcription by the negative-stranded RNA virus parainflu-
enza virus type 3 (88). Viral proteins can also affect key apo-
ptotic proteins posttranslationally, such as the effects of the
human papillomavirus E6/E6-AP complex on p53 ubiquitina-
tion and degradation (82) or that of herpes simplex virus type
2 infection on plasma membrane FasL expression (89).

The extensive list of potential blocks to apoptosis might at
first glance suggest that host defenses should be easily defeated
by many viral pathogens. This is not the case, and in fact the
coevolution of viruses and higher organisms over the milennia
has resulted in a delicate balance between the ability of viruses
to subvert apoptosis and that of the host to survive infection.
There is no advantage to the virus in killing its natural host,
and the virus-host relationship is most obviously advantageous
to the virus if it delays apoptosis, thus facilitating replication
and spread to uninfected cells. Not surprisingly, viruses have
evolved ways of interfering with every facet of immune recog-
nition and effector function, often by expressing their own
versions of mammalian genes that control cell death. In some
instances (CrmA and FLIPs are good examples), the discovery
of viral escape mechanisms has even preceded elucidation of
the corresponding host pathways! It is noteworthy that all of
the escape mechanisms elucidated so far appear to affect the
Fas pathway preferentially, with little or no effect on granule
exocytosis. CrmA might be one exception, but it can block ICE
and FLICE far more effectively than granzyme B in vitro, and
there is no convincing evidence that it can block granzyme
B-mediated cytolysis in intact cells. This paucity of known
inhibitors for perforin and granzyme B suggests that the gran-
ule mechanism may be the way in which the CL can have the
final say on the death of a virus-infected cell. It has recently
been hypothesized that perforin exerts its action by enabling
granzyme B to disrupt and therefore escape from endocytic
vesicles in a manner akin to that used by adenovirus (29). Like
key adenovirus proteins, the granzyme B or other granule
proteins might then access the cytoplasm, where they can trig-
ger both caspase-dependent and -independent cell death path-
ways (80). If perforin mimics the endosmolytic effects of vi-
ruses, it might be problematic for viruses to inhibit perforin
without also preventing their own access to the cell’s interior.
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Furthermore, even in the absence of perforin, granule proteins
may still independently enter target cells (107).

CONCLUSIONS

Whether CTL/NK cell granule exocytosis plays a broader
role in virus clearance remains to be determined. Certainly,
with the availability of perforin- and granzyme-deficient mice a
larger number of noncytopathic and cytopathic viruses needs
to be examined. Furthermore, the breeding of mice deficient in
both perforin and granzymes will greatly aid our understanding
of the synergy between granule components and of how broad
the antiviral protection afforded by granule exocytosis might
be. For example, strict comparisons between infections in P°
and P° X granzyme-deficient mice should answer the question
of whether granzymes can be protective in the absence of
perforin. In vitro, CTL, NK, and lymphocyte-activated killer
cells derived from the granzyme B knockout mice are unable to
induce rapid DNA fragmentation in allogeneic TCs. The de-
fect is kinetic in nature and can be rescued with longer incu-
bation times, again implying that other granule proteins may
also play a supplementary role. In addition, the absence of
granzyme B has never been reported to be of consequence for
infection in vivo. At this stage, a role for other granule pro-
teins, including granzymes, in mediating apoptosis in vivo is
comparatively weak (24). Although, among granzymes, gran-
zyme B appears to be the only CL protease with Asp-ase
activity, CL granzymes do appear to enter the TC cytoplasm
and nucleus in the presence of perforin and could quite pos-
sibly play other intracellular antiviral roles (107). Certainly,
their nuclear localization and possible function there should be
a topic of interest for virologists and cell biologists in the
future.

For some of the cytopathic viruses described above, the
intact resistance of mice lacking either the perforin- or FasL-
dependent pathway of cytotoxicity could be explained by a
complete redundancy of the two mechanisms. This hypothesis
is unlikely, since cytopathic viruses infect many cell types not
expressing Fas; however, the challenge of P® X gld mice with
the same cytopathic viruses should determine whether either
pathway plays a role in virus clearance. Recognition and lysis
of infected cells by CL probably proceeds too slowly in the
immediate postinfection period to abrogate cytopathic viral
replication efficiently, and thus antiviral cytokine and antibody
mechanisms have predominated.

The role of CL-FasL and/or host infected-cell-Fas in the
clearance of virus is best exemplified by models of viral hepa-
titis. Clearly, there are evolutionary reasons why the liver does
not appear to be a preferred site of action of CL granule
exocytosis. Liver infections (as noted above) are generally
cleared by cytokines such as IFN-vy, and evidently when foreign
antigen persists (as in a transgenic setting) antiviral CL im-
mune attack can induce harmful inflammation in tissues that
also express functional Fas. Recent findings of FasL/TNF-
mediated bystander lysis by CL responding to allogeneic or
viral antigen stimulus (2, 95) and the normal physiological role
of the Fas/FasL interactions in the homeostatic control of T
cells responding to antigen suggest that the role of FasL ex-
pressed on CL is not to destroy host cells expressing foreign
antigen but rather to destroy altered (high Fas-expressing)
bystander cells. Possibly then, bystander cells that have been (i)
infected and/or (ii) induced to express Fas but (iii) do not
display foreign antigen in the context of MHC can still be
eliminated. Importantly, CTL secretion of IFN-y and TNF-a
not only suppresses viral gene expression (32), but these cyto-
kines may also directly (TNF-o) or indirectly (IFN-y increases
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sensitivity to Fas-mediated death) enhance bystander lysis,
thus limiting effective virus infection in neighboring cells. Cells
in a zone around the infection may be killed simply on suspi-
cion of harboring the virus, and this rough justice in the acute
setting is clearly beneficial, by limiting infection. However, in
chronic widespread persistent infection, this bystander lysis
may be either uncontrolled or simply detrimental as the scale
of tissue damage is too great. This bifurcation of granule exo-
cytosis and death receptor pathways of cytolysis into antigen-
specific and self lysis may also be supported by the interesting
findings of Brossart and Bevan (11) and Cao et al. (14). These
studies described the ability of CTL recognizing the germline/
self peptide to lyse only TC in a FasL-dependent fashion, while
CTL recognizing foreign peptide (one amino acid distinct from
self peptide) lysed the same TC by either perforin- or FasL-
dependent pathways. Notably, self peptides also appeared to
induce secretion of IFN-vy. Furthermore, the apparent ability
of a CTL to trigger FasL-mediated lysis in the absence of
perforin-mediated lysis may go a long way to explaining how
self bystander cells can be lysed exclusively by a FasL-depen-
dent mechanism.

Recent advances in the understanding of the basic biology of
lymphocyte-mediated cytolysis and its physiological relevance
have been greatest in the field of viral immunology. Virus
infection models in vitro and in vivo have helped elucidate the
relative role of CL granule exocytosis- and death receptor-
mediated cytolysis in immune responses and continue to un-
cover new intracellular pathways and sites of action integral to
cell death. Viruses remain one of our most powerful tools for
continued elaboration of the CL lytic mechanism. Further dis-
section of how the immune state determines the CL’s decision
to utilize one or another of these cytolytic mechanisms will
enable novel, specific, and powerful therapeutic agents to con-
trol CL function in the antiviral immune response.
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