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Concerted Action of the FasL/Fas and Perforin/Granzyme A
and B Pathways Is Mandatory for the Development of Early
Viral Hepatitis but Not for Recovery from Viral Infection
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Cytotoxic T lymphocytes (CTL) play a major role in the recovery from primary viral infections and the
accompanying tissue injuries. However, it is unclear to what extent the two main cytolytic pathways, perforin-
granzyme A and B exocytosis and Fas ligand (FasL)-Fas interaction, contribute to these processes. Here we
have employed mouse strains with either spontaneous mutations or targeted gene defects in one or more
components of either of the two cytolytic pathways to analyze the molecular basis of viral clearance and
induction of hepatitis during lymphocytic choriomeningitis virus infection. Our results reveal that viral
clearance is solely dependent on perforin but that virus-induced liver damage only occurs when both the
FasL/Fas and the perforin pathways, including granzymes A and B, are simultaneously activated. The finding
that development of hepatitis but not viral clearance is dependent on the concomitant activation of FasL-Fas
and perforin-granzymes may be helpful in designing novel strategies to prevent hepatic failures during viral

infections.

Viral clearance and tissue injury are thought to be two in-
terrelated consequences of the cellular immune response, in
particular, of cytolytic leukocytes, induced during viral infec-
tion (19, 27). However, despite detailed knowledge on the
various cytolytic and noncytolytic functions of CD8" cytotoxic
T lymphocytes (CTL) and natural killer (NK) cells as observed
in vitro, it is still unclear whether these cytolytic lymphocytes
use the same or distinct effector pathways for virus elimination
and disease pathogenesis. Mouse studies with natural patho-
gens, such as the cytopathic orthopoxvirus ectromelia (Ect) (5)
and the noncytopathic viruses lymphocytic choriomeningitis
virus (LCMV) (37, 74), mouse cytomegalovirus (34), and Sen-
dai virus (11), as well as the non-mouse pathogens influenza
virus (43, 68), herpes simplex virus (62), and hepatitis B virus
(HBV) (19), have not revealed any common principle govern-
ing CTL and/or NK-mediated virus control and organ destruc-
tion (6, 26, 33, 46).

CTL can control virus infections and induce disease patho-
genesis in two possible ways: by secreting cytokines such as
gamma interferon (IFN-y) and tumor necrosis factor alpha
(TNF-o) and by using either or both of two cytolytic pathways
(29, 39). One, granule exocytosis, is mediated by perforin (perf
[23, 56]) and serine proteases, i.e., granzymes (gzm’s) A and B
(64, 69) and appears to be the dominant mechanism in recov-

* Corresponding author. Mailing address: Max Plank-Institut fiir
Immunbiologie, Stiibeweg 51, 79108 Freiburg, Germany. Phone: 49
761/5108-533. Fax: 49 761/5108-529. E-mail: simon@immunbio.mpg
de.

8781

ery from virus infections (26, 46). The second one, designated
the Fas-mediated pathway, functions by binding of the Fas
ligand (FasL) on CTL or NK cells to the Fas-receptor on target
cells. Although this pathway was suggested to be involved in
processes of homeostasis and tolerance (35, 50, 59), its definite
biological role has yet to be uncovered (73).

Studies with perf™~ mice demonstrated the critical role of
perf in recovery from LCMV (25, 71) and Ect (46, 57). How-
ever, the potential contribution of other CTL-associated effec-
tor functions could not be evaluated. Subsequent studies with
mice lacking either gzmA, gzmB, or both showed that the two
gzms are indispensable effector molecules acting in concert
with perf in recovery from Ect infection (46). In the mouse
cytomegalovirus system (58), both perforin and gzm’s partici-
pate in the control of viral replication during acute infection.
On the other hand, mice with mutations in either Fas or FasL,
Ipr and gld (36, 51), controlled LCMV like normal B6 mice,
indicating that the Fas pathway is not essential for clearance of
this virus (28).

In addition to the cytolytic pathways, a role for cytokines has
been shown in the CTL-mediated control of certain virus in-
fections (30, 44, 48). For LCMV, IFN-v is essential in recovery
from infection (53). It was shown to clear, together with
TNF-q, virus from hepatocytes but not from nonparenchymal
cells or splenocytes in the absence of cell lysis (18). Using a
transgenic mouse model of HBV infection, it was demon-
strated that the antiviral activity of CTL in the liver is mainly
mediated by IFN-y and TNF-a (20), most probably via induc-
tion of nitric oxide (21). Thus, different effector mechanisms of
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CTL and/or NK cells function in the control of different virus
infections, and they may also be differentially active toward
one and the same virus in distinct tissues during infection and
at different stages of the pathologic process.

Besides recovery from viral infection, CTL are involved in
virus-induced immunopathology (12). For hepatotropic LCMV
and for HBV-induced hepatitis in mice, an association of liver
cell damage with CTL activity in the respective organ has been
documented (2, 16, 75). However, the precise contribution of
individual CTL-derived effector molecules in this process is
unclear. Although both IFN-y and TNF-a have been impli-
cated in virus- or drug-induced liver injury (2, 15, 67), causality
for apoptotic cell death in vivo is absent. Evidence for virus-
induced immunopathology as a result of cytolytic function has
been obtained in a number of mouse models. perf/~ mice are
resistant to LCMV-induced hepatitis (25) and CTL from
perf /~ mice do not cause hepatitis in a mouse model of
HBV-mediated hepatitis (20, 52). This contrasts with the ob-
servations that CTL-induced liver disease in HBV transgenic
mice can be blocked by a soluble form of Fas (33) and that no
hepatolysis occurred in the same mouse strain upon transfer of
virus-specific CTL from FasL-mutant mice (52). These results
indicate that Fas-dependent and perf-gzmA and -B-dependent
mechanisms are critical for the induction of liver disease in
viral infections and suggested that both cytolytic pathways may
be required simultaneously for liver damage in vivo (33, 52).

In this report we identify the requirements for simultaneous
activation of the two key pathways of cytotoxicity and the
concomitant involvement of gzm’s in CTL-mediated liver dam-
age and virus clearance during LCMV infection.

MATERIALS AND METHODS

Mice. Inbred C57BL/6 (B6), gld and Ipr (B6) mice, and mouse strains deficient
for perf (perf~/7) (25), gzmA (gzmA /") (14), gzzmB (gzmB /") (24), gzmA and
-B (gzzmAXB) (gzmAXB~/7) (63), and perfxXgzmAXB (perfXxAXB™/~ [65])
were maintained at the Max-Planck-Institut fiir Immunbiologie, Freiburg, Ger-
many, and the John Curtin School of Medical Research under pathogen-free
conditions. All single knockout mice, except gzmB™/~ mice (C57BL/6X129)
(24), originated from B6 embryonic stem cells; mice with the deficient gzmB gene
were bred onto the B6 background (eight backcrosses). Fas-deficient mice were
generated by S. Nagata’s lab (1) and were kindly provided by M. Klein (Zurich,
Switzerland). Only mice of the same sex (male) were used in the experiments at
8 to 12 weeks of age. For detection of the respective mutations, DNA was
analyzed by PCR, as described earlier (63). All mutant and normal B6 mice were
analyzed for their gzmA, gzmB, perf, and Fas genotypes prior to experimenta-
tion, as described previously (63). Animal studies were conducted in accordance
with the guidelines of Federation of European Laboratory Animal Science As-
sociations.

Cells and cell cultures. Cells were maintained in minimal essential medium
medium (10% heat-inactivated fetal calf serum) as described earlier (63). The
following cell lines were used as target cells: EL4.F15 (EL4; thymoma, H-2") and
B6:SV40 (transformed fibroblast, H-2") (13).

Primary, LCMV-immune cytolytic effector cells were generated by infecting
mice intraperitoneally (i.p.) with 10° PFU of LCMV strain WE as described
earlier (17, 38). The cytolytic potential of splenocytes and liver-derived mono-
nulear cells (MNC) was tested at day 8 postinfection (p.i.).

Liver-derived MNC were isolated as described previously (72). Accordingly,
mice previously infected with LCMYV for 8 to 15 days were anesthetized, and the
liver was removed after total bleeding. The organ was cut into small pieces and
pressed through a metal grid. MNC were enriched by Ficoll density (1.090 X g)
separation.

Primary mouse hepatocytes were isolated by a two-step procedure with colla-
genase digestion as described earlier (60). Parenchymal hepatocytes were sepa-
rated from nonparenchymal cells by centrifugation (300 rpm/3 min) and resus-
pended in William’s medium. Cell viability was always 80% or higher, as assessed
by trypan blue exclusion.
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Disease model. Mice were infected i.p. with 10° PFU of LCMV strain WE
according to established protocols (17, 38) and analyzed for (i) virus titers in
tissue, (ii) liver damage (transaminase activity in serum), (iii) histopathological
alterations, (iv) phenotypic analysis of liver-associated leukocytes, (v) expression
of transcripts specific for effector molecules in affected tissue by reverse tran-
scription-PCR [RT-PCRY]), and (vi) cytolytic potential of ex vivo-derived LCMV-
specific CTL.

(i) Virus titers. Aliquots of spleen and liver tissues were used for the deter-
mination of virus titers on MC57G fibroblasts as described elsewhere (3) (with
the exception of that for staining, goat anti-rat immunoglobulin-alkaline phos-
phatase (Biozol, Eching, Germany) as secondary antibody and a specific phos-
phatase substrate (KPL) were used.

(ii) Determination of transaminase activity in serum. For the detection of
hepatocellular injury, the levels of liver enzymes, alanine aminotransferase
(ALT), and aspartate aminotransferase (AST) in serum were monitored at
various time points p.i., as described elsewhere (38, 75). Accordingly, mice were
bled from the tail vein, and the activities of ALT and AST in serum were
measured by an optimized method as recommended by the German Society for
Clinical Chemistry with a Hitachi Modular Analyser (Roche Diagnostics).

(iii) Histopathological analysis. Mice were infected i.p. with 10° PFU LCMV
strain WE. At the indicated days p.i., the livers were removed and fixed in
phosphate-buffered saline (PBS)-buffered formaldehyde (4%) before being em-
bedded in paraffin. Sections were stained with hematoxylin-eosin and embedded
in Entellan (Merck, Darmstadt, Germany). Samples were coded and examined
under double-blind conditions.

(iv) Phenotypic analysis of liver-associated leukocytes. Liver-derived MNC
were isolated as described above. For phenotypic analysis, MNC were stained for
the expression of CD3, CD4, CDS8, B220, NK1.1, and Macl using the following
monoclonal antibodies (MAbs; PharMingen, Hamburg, Germany): CD3-Bio
(clone 500A2); CD4-FITC (clone H129.19), Macl-FITC (clone M1/70),
B220-PE (clone RA3-6B2), NK1.1-PE (clone PK-136), and CD8-APC (clone
53-6.7). The cell-bound MAb CD3-Bio was stained with SA-PerCP (Becton
Dickinson). All fluorescence-conjugated MAbs were diluted to a concentration
of 2 to 5 ng/ml in anti-FcR (clone 2.4G2) supernatant. Stained cells were fixed
in PBS with 1% paraformaldehyde and examined with the FACSCalibur (Becton
Dickinson). Data were analyzed by using CellQuest software.

(v) RT-PCR analysis. Tissue samples were homogenized with the RiboLyser
Cell disruptor (Hybaid, Heidelberg, Germany) for 15 s, in the presence of
peqGOLDTriFast (PeqLab; Biotechnologie GmbH, Erlangen, Germany). RNA
was isolated according to the instructions of the manufacturer. After treatment
with DNase (Roche Molecular Biochemicals, Mannheim, Germany), 2 ul (100
ng) of RNA were incubated with oligo(dT),, ;5 primer (500 ng; Pharmacia,
Freiburg, Germany) and Omniscript RT (4 U; Qiagen, Hilden, Germany). RT-
PCR was done as described by Qiagen. The cDNA was used as a template for
PCR amplification of the following gene products: gzmA (13), gzmB (5'-ATG
AAG ATC CTC CTG CTA CTG C-3" and 5'-AGT CCG ACG ACT AGG AAC
TAG C-3'; 135 bp), perf (5'-GAG CCC CTG CAC ACA TTA CTG GAA -3’
and 5'-ACA TTC TCA AAG TCC ATC T -3'; 380 bp), FasL (66), Fas (8), and
IFN-y and TNF-a (49). PCR products were amplified with 35 cycles (55°C),
separated by 1.5% agarose gel electrophoresis, and visualized by ethidium bro-
mide staining. Semiquantitative analysis of specific mRNA expression was done
using the Light Cycler system. Accordingly, anti-7aq antibody was mixed with the
DNA Master SYBR Green I, incubated in the dark for 5 min, and subsequently
mixed with oligonucleotide primers according to the instructions of the manu-
facturer (Light Cycler-DNA Master SYBR Green I; Roche Molecular Biochemi-
cals). These master mixes were pipetted into capillaries (Roche Molecular Bio-
chemicals), and finally 2 w1 (20 ng) of the above cDNA preparations (20 wl, final)
was added, centrifuged, and analyzed according to manufacturer’s instructions
(Roche Molecular Biochemicals). The primer pairs used were as mentioned
above exception for FasL (5'-TAG ACA GCA GTG CCA CTT CAT-3' and
5'-AAC TCA CGG AGT TCT GCC AGT T-3').

(vi) Cytotoxicity assay. All cytotoxicity assays were performed in cell culture
medium, in which fetal calf serum was replaced by bovine serum albumin (2
mg/ml). The >'Cr release assay was performed for 4 to 8 h, essentially as de-
scribed previously (13). For detection of LCMV-specific CTL, target cells were
either infected with LCMV or pretreated with 107° M synthetic peptide (p33)
derived from the glycoprotein of LCMYV for 1 h at 37°C, as described previously
(54). In some experiments, effector cells (2 X 107 cells/ml) were pretreated with
200 nM concanamycin A (CMA; Sigma, Deisenhofen, Germany) for 2 h prior to
the cytolytic assay. In other experiments, anti-FasL MAb (MFL-3; 10 pg/ml,
final; PharMingen) or control antibody (hamster immunoglobulin G; Dianova,
Hamburg, Germany) was added for 30 min to cell cultures prior to incubation.
After the indicated time periods, 25 pl of supernatant was harvested onto a solid
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scintillator plate (LumaPlate; Packard, Dreieich, Germany), dried, and counted
with TopCount (Packard). The percent specific lysis was calculated by use of the
following formula: percent specific lysis = {(experimental release — medium
release)/(maximum release [2% Triton X —100] — medium release)} X 100. The
data are the means of triplicate determinations. Standard errors of the mean
were always <5%.

Statistical analysis. Statistical significance was calculated by the two-tailed
Student’s ¢ test for comparison of means with unequal variances. P values < 0.05
were considered statistically significant.

RESULTS

Involvement of perf and gzmA and -B and FasL/Fas in the
clearance of LCMYV from affected tissues. The importance of
perf in recovery from LCMYV infection has been documented
(25, 71) and is corroborated and extended here. LCMV titers
were monitored in liver and spleen of mouse strains deficient
in one or more components of either the FasL/Fas or the
exocytosis pathway at 8, 15, and /or 28 days p.i., (dpi) Figure 1
presents the combined results of three independent experi-
ments (A to C). At 8 dpi (10° PFU of LCMV, i.p.), virus titers
of 10° to 107 PFU/g of tissue were detected in the livers and/or
spleens of normal B6 and all mutant mice independent of their
defects in either FasL/Fas, perf, gzmA, and/or gzmB. At 15
and/or 28 dpi, virus titers were reduced by ca. 4 logs in both
organs of B6 mice and mice defective in the Fas pathway (gld,
Ipr, and Fas/~; Fig. 1A and B) or in either of the two gzm’s
(Fig. 1C; see also reference 13), with few exceptions. In
gzmAXB ™/~ mice, virus titers were either reduced by 3 to 4
logs at 15 and 28 dpi (Fig. 1A) or undetectable in the liver
and/or spleen at 15 dpi (Fig. 1B and C). This contrasts with
perf-deficient mice, which had still high virus titers at 15 and 28
dpi, independent of gzmA and -B expression (perf /~ versus
perfxgzmAXB™/7). Thus, early recovery from LCMV infec-
tion is mainly controlled by perf and, only marginally (if at all),
by gzmA (13) and gzmB. The dispensability of the FasL/Fas
pathway for LCMYV clearance (28) is further supported by the
fact that the kinetics of virus elimination in B6 mice was not
altered upon treatment with anti-FasL. MAbs, which were
shown before to inhibit FasL/Fas-mediated cytolysis in vitro
(data not shown). The finding that LCMV titers also decreased
to some extent in the liver and spleens of perf ™'~ mice at 28
dpi suggests, however, that additional molecules, such as cyto-
kines and/or neutralizing antibodies, contribute to the clear-
ance of virus (18, 53, 55).

Involvement of perf and gzmA and -B and FasL/Fas in
LCMV-induced hepatitis. To examine the individual contribu-
tion(s) of FasL/Fas, perf, and the two gzm’s in LCM V-induced
hepatitis, we assayed the levels of liver enzymes, ALT and
AST, which are indicators of hepatocyte damage early in the
infection process (38, 75), in the sera of B6 and mutant mice
(Fig. 2). As in earlier reports (38), B6 mice, after infection with
10° PFU of LCMYV i.p., have detectable ALT and AST levels
by as early as 3 dpi (data not shown), reaching peak values at
8 to 9 dpi, and declining to background levels by 15 dpi (Fig. 2).
At 8 dpi, ALT and AST concentrations in the sera of lpr mice
were a little higher and in in the sera of gld mice were a little
lower, but the levels were not significantly different from those
of B6 mice (Fig. 2A). In contrast, no or only marginal amounts
of ALT and AST were detected at this time point in infected
perf /7, perfXgzmAXB™/~, and gzmAXB~/~ mice in three
independent experiments (Fig. 2). At 15 dpi, the levels of ALT
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and AST in serum were significantly higher in perf’~ and in
gzmAXB™/~ mice compared to B6 mice in one experiment
(Fig. 2A) but not in two subsequent experiments (Fig. 2B and
C). At 28 dpi ALT and AST activities in serum were back to
the levels in uninfected mice for all five mouse strains tested
(data not shown). The great variations in ALT and AST activ-
ities obtained between individual infected animals within a
group is in line with previous observations and is probably
influenced by the weight of the recipients (references 45 and
75; and our own observations).

The data obtained with Ipr and gld mice suggested that early
during LCMYV infection perf is the principal cause of liver
damage. However, the finding that in infected gzmAXB™/~
mice, which express perf and FasL/Fas (63), only low levels of
ALT/AST were observed in serum (Fig. 2) indicated the con-
tribution of additional factors, including gzmA and/or gzmB, in
the lysis of hepatocytes. Further evidence for the involvement
of both gzm’s in hepatolysis is provided in Fig. 2C. Compared
to B6 mice, ALT and AST levels in serum are reduced in both
infected gzmA ™'~ or gzmB~/~ mice and are hardly detectable
in gzmAXB ™/~ mice at 8 dpi.

To further explore the putative contribution of FasL/Fas-
mediated lysis in LCMV-induced hepatitis, we examined mice
with a deletion (Fas /" [1]) rather than a mutation in Fas. In
contrast to Ipr and gld mice (Fig. 2A), at 8 dpi the ALT and
AST levels in sera from infected Fas™/~ mice were significantly
lower than in those from infected B6 mice (Fig. 2B). These
results were confirmed in two additional experiments (data not
shown). Treatment of previously infected B6 mice with anti-
FasL MAbs, which were shown to be effective in vitro (data not
shown) but not with control antibody, led to highly variable
reduction of ALT and AST activities in individual mice in two
independent experiments (data not shown). Whether this was
due to an insufficient amount of antibodies administered or to
their altered potential in vivo is not known at present. These
results indicate that in LCMV-induced hepatitis, both cytolytic
pathways, including FasL/Fas, perf, gzmA, and gzmB, have to
be functional in order to induce hepatolysis in the early stage
of LCMYV infection.

Histological examination of liver tissue from LCMV-in-
fected B6 and mutant mice (Ipr, gld, perf”’~, gzmA~'~,
gzmB /", gzmAXB /", and Fas /") at 8 dpi revealed marked
accumulations of MNC, which were mainly scattered in the
liver lobules but were also seen in and around the portal tracts,
comparable to the levels seen in control B6 mice (Fig. 3, Table
1). The amount of MNC as well as the ratios of T cells, B cells,
NK cells, and Macl™* cells recovered from infected liver tissues
at day 8 p.i. were comparable in all mouse strains tested and
were not affected by their genetic defects (Table 2). At this
time point, many apoptotic hepatocytes were observed scat-
tered in the liver lobules and the periportal tracts of B6 mice
(as described before [2, 18, 38, 75]) and also in those of gld and
Ipr mice. In contrast, only few (if any) and significantly lower
numbers of apoptotic cells were seen in livers from infected
Fas™/~, perf /~, gzmA™/, gzmB /", or gzmAXB~/~ mice
(Fig. 3, Table 1). At 15 dpi, inflammatory infiltrations were
greatly reduced in liver from infected B6, Ipr, gld, Fas™/~,
gzmA~'~, and gzmB ™/~ mice but were even more pronounced
in those from perf™'~ or gzmAXB ™/~ mice compared to that
seen at 8 dpi (Fig. 3, Table 1). At this stage of disease, the
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FIG. 1. LCMYV titers in the livers and spleens of infected B6 and mutant mice. Mice were infected i.p. with 10° PFU of LCMV and killed on

the indicated days (A to C, independent experiments). Virus titers in the livers and spleens of individual mice were determined as described in
Materials and Methods and are given as the log,, PFU/gram of tissue.

uniform acinar distribution changed to a predominant portal ences were found in the numbers of T cells, B cells, NK cells,
pattern in all investigated mouse strains, as indicated by en- and Macl™ cells recovered from infected liver tissues of
larged portal tracts densely filled with MNC (data not shown),  perf/~, gzmA~'~, gzmB™/~, gzmAXB /", and Fas™/~ mice,
as described before for B6 mice (38). Again, no major differ- with a preponderance for CD8™ cells (>73%; data not shown).
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FIG. 2. Course of LCMV-induced hepatitis in B6 and mutant mice. Mice were infected i.p. with 10° PFU of LCMV (A to C, independent
experiments). On the days indicated, mice were bled and the levels of ALT and AST in sera were determined as described in Materials and

Methods. Dots indicate the individual mice. The mean ALT and AST values of uninfected B6 mice (» = 10) and mutant mice (at least five
determinations for each strain) were for 13.6 = 5.8 and 28.3 * 1.3 Ulliter, respectively.
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FIG. 3. Histopathological analysis of the liver. B6, gld, Ipr, perf /~, gzmAXB /", and Fas '~ mice were infected i.p. with 10° PFU of LCMV
per mouse. Liver sections stained with hematoxylin-eosin at 8 and 15 dpi. Arrowheads indicate the apoptotic cells. Magnification, x400.
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TABLE 1. Histopathological findings in the liver tissues
of LCMV-infected mice

Liver Mean no. of apoptotic cells/10

Mouse strain infiltration” at: HPF® = SD (n) at:

8dpi 15 dpi 8 dpi 15 dpi
B6 ++ + 21,0 £ 9,1 (6) 0,5 = 0,8 (6)
gld ++ + 580352+ 1,0 =1,4(2)
Ipr + +/—  350%283(2) 1,0*14(2)
Fas™/~ ++ + 0,7 = 0,8 (3)* 0,0 = 0,0 (3)
gzmA ™/~ ++ + 4,3 £ 1,7 (3)* 0,5*05(2)
gzmB™/~ ++ + 1,0 = 1,0 (2)* 0,5*05(2)
gZzmAXB™/~ ++ ++ 3,3 £ 3,4 (6)* 0,0 = 0,0 (6)
perf /™ + ++ 1,0=1,2(5)  0,2=04(6)

¢ Inflammatory infiltrates were assessed on an arbitrary scale ranging from
slight (+/—) to moderate (+) to marked (++).

? HPF, high-power field (X400 enlargement). The mean number of apoptotic
cells/10 different HPF/mouse (n = 2 to 6) is shown. *, the numbers of apoptotic
cells counted were significantly lower or higher than in B6 mice.

At this time point, no or only a few apoptotic hepatocytes were
seen in the liver parenchyme of either B6 or any of the mutant
mice, independent on the severity of the cellular infiltrate
(Table 1). Finally, a comparison of the expression pattern of
mRNAs specific for perf, gzm’s, Fas, FasL, TNF-«, and IFN-y
in liver tissues at days 8 and 15 p.i., as determined by RT-PCR
analysis, revealed the presence of all transcripts, except the
specific deletions, in all mouse strains (Fig. 4). Quantitative
analysis of the respective RT-PCR products using the Light
Cycler system showed that all mRNAs in liver tissue, with the
exception of Fas-specific transcripts, were strongly upregulated
(>100-fold compared to the uninfected control) in the course
of LCMYV infection (at days 8 and 15 p.i., data not shown).
Cytotoxicity of ex vivo-derived LCMV-specific CTL against
hepatocytes and nonhepatocytes. Finally, the contribution of
the two main cytolytic pathways in the lysis of target cells by

TABLE 2. Cell numbers and phenotypic characterization of
liver-derived leukocytes from LCMV-infected B6 and
knockout mice isolated at day 8 p.i.

% Cells staining positive for:

Mouse strain Totallf(:)gll
no. (10°)  cpg Cp8* NKI.I® B220 Macl

Bo6 80 7 86 11 15 37
90 6 89 7 17 38

90 8 90 5 17 38

Fas™/~ 70 5 93 6 11 42
70 4 94 7 11 35

20 9 89 5 14 36

perf ™/~ 10 12 86 12 17 40
100 8 89 7 13 44

60 10 87 12 13 52

gzmAXB’/’ 20 10 87 5 16 43
100 8 89 4 11 50

60 8 89 3 9 51

perfXgzmAXB /" 50 5 91 10 19 42
200 3 95 4 9 51

50 8 89 6 17 42

“ Double staining with anti-CD3.
b A total of 20 to 40% of the NK cells are NKT cells (i.e., NK1.1* plus CD3™).
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FIG. 4. Detection of gene expression in liver tissue from LCMV-
infected mice. Total RNA was isolated from liver tissues of LCMV-
infected B6, Fas™/~, perf ~/~, and gzmAXB™/~ mice at 8 and 15 dpi, as
well as from uninfected B6 mice. Specific mRNA for the indicated
parameters was analyzed by RT-PCR as described in Materials and
Methods.
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LCMV-immune spleen cells and/or liver-derived leukocytes
was analyzed in vitro. As seen in Fig. 5A, immune spleen cells
(8 dpi) from B6 and gld mice efficiently lysed LCMV peptide-
pulsed EL4 target cells. The cytotoxic activities of the two
effector populations were totally inhibited upon pretreatment
of effector cells with CMA, which has been shown to selectively
inhibit exocytosis (31), or with CMA + anti-FasL MADb, but
not when effector and target cells were incubated in the pres-
ence of anti-FasL MAD alone. The fact that the same anti-FasL
MAb was able to inhibit Fasl/Fas-mediated cytolysis of
perfXgzmAXB~/~ CTL on Fas-transfected L1210 and 1.929
cells and that the EL4 target cells used express high amounts of
functionally active Fas and are readily killed by the FasL™
hybridoma d11 (70; also data not shown) suggests a dominant
role of perf in the lysis of target cells by ex vivo-derived
LCMV-specific CTL. Similar results were obtained with im-
mune B6 or perfXgzmAXB~™/~ splenocytes on peptide-loaded
or LCMV-infected and Fas-expressing (data not shown) B6:
SV40 target cells (Fig. 5C and D), as well as with liver-derived
MNC from B6 mice, when tested on peptide-loaded EL4 target
cells (Fig. 5B). In contrast, immune splenocytes (Fig. 5A and
C) and liver-derived MNC (Fig. 5B) from perfXgzmAXB~/~
mice were not or only marginally cytolytic for any of the pep-
tide-pulsed or infected target cells, even after an extended
incubation time (8 h; data not shown). Immune B6 splenocytes
also showed a high cytolytic activity on peptide-pulsed ex vivo-
derived Fas™ hepatocytes (Fig. 5E; 4 h), which further in-
creased with time (8 h; Fig. 5E). Again, cytotoxicity on the
latter target cells was not affected significantly in the presence
of anti-FasL MAb at both time points (4 and 8 h). Pretreat-
ment of B6 effector cells with CMA totally abrogated hepa-
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FIG. 5. Invitro cytolytic activity of LCMV-immune cells. B6 (circles; A to E), gld (triangles; A), and perfXgzmAXB™~ (squares; A to D) were
infected i.p. with 10° PFU of LCMV. Primary LCMV-immune cells (B6, gld, and perfxXgzmAXB™/~) were collected from the spleen and/or the
liver on d 8 p.i. and then tested for their cytolytic activity. (A) Primary LCMV-immune cells from the spleen of B6, gld, and perfXgzmAXB~/~
mice were tested on EL4 target cells with (solid symbols) or without (open symbols) previous incubation of the EL4 target cell with LCMV-specific
peptide. Aliquots of effector cells were exposed to anti-FasL antibody (30 min) or, alternatively, CMA (2 h) to test which cytotoxic pathways are
involved in the killing process. (B) Same as panel A, except that primary LCMV-immune cells from the liver of B6 and perfXgzmAXB™'~ mice
were used. (C) Same as panel A for B6 and perfXgzmAXB™'~, except that the target cells were B6:SV40. (D) Primary LCMV-immune cells from
the spleen of B6 and perfXgzmAXB~/~ mice were tested on LCMV-infected B6:SV40 target cells (24 h) alone or in the presence of anti-FasL
antibody or CMA. (E) Primary LCMV-immune cells from the spleen of B6 mice were tested on ex vivo hepatocytes in the presence (@) or absence
(O) of LCMV-specific peptide. The cytolytic activities were tested after 4 and 8 h. Aliquots of effector cells were exposed to anti-FasL antibody
(m) or, alternatively, CMA (A). Finally, effector cells were incubated with anti-FasL antibody and CMA together (#).

tolysis after 4 h but not after 8 h of incubation. The fact that
application of both anti-FasL MAb and CMA led to a further
reduction of cytolysis at 8 h indicates that at the later stages of
cytolysis the Fasl/Fas pathway contributes to hepatolysis in
vitro.

DISCUSSION

In this study we show that LCMV-induced hepatitis and
recovery from infection are controlled by different cytolytic

mechanisms of the same effector cell population. Whereas
CTL-mediated lysis of hepatocytes is critically dependent on
the simultaneous activation of the FasL/Fas and the perf-me-
diated cytolytic pathways of CTL, including functionally active
gzmA and gzmB, virus elimination is mainly controlled by perf
alone and is independent of FasL/Fas and of both gzm’s.
Recent reports that perf /~ mice are unable to clear LCMV
(25, 71) and Ect poxvirus (46) already emphasized the critical
role of perf as an effector molecule in antiviral immune de-
fense. The present findings that mice deficient for either Fas
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(Ipr, Fas~/7) or FasL (gld) or those deleted of both gzmA and
gzmB are able to recover from LCMYV infection with kinetics
similar to those for normal B6 mice demonstrate in addition
that the two gzm’s, as well as FasL/Fas-mediated cytotoxicity,
are not essential for the eradication of LCMV. This contrasts
with the results obtained with cytopathic Ect mousepox virus,
which documented the absolute requirement for both gzm’s, in
addition to perf, in the recovery from infection (47). The dif-
ferential involvement of gzm’s in viral elimination may be due
to the distinctly different replication strategies of the two vi-
ruses. Infection of target cells by LCMV and Ect and the
release of progeny virus from infected cells, i.e., budding
(LCMV) versus cytopathic release (Ect) are governed by dis-
tinct membrane-associated processes (9, 14, 40) which may be
differentially affected by perf. In the absence of gzm’s, integra-
tion of limiting amounts of perf into the cell membrane may
lead to its mere perturbation rather than disintegration of
target cells in vivo; such a process may interfere with the
budding process of noncytopathic LCMV (9, 40) but not with
the release of mature cytopathic Ect virions (14). In the latter
case, virus replication and/or transmission may be blocked by
gzm-induced and perf-facilitated fragmentation of DNA (4, 24,
47, 61, 63).

The decrease of LCMV titers observed between days 8 and
28 even in the absence of perf suggests that perf-independent
mechanisms contribute to viral clearance at later time points of
infection. In fact, there is ample evidence that recovery from
LCMYV infection is also controlled by neutralizing antibodies
(55) and cytokines (18, 53). Thus, with respect to CTL- and
NK-dependent mechanisms, LCMV replication seems to be
curtailed by two independent mechanisms: a perf-mediated
cytolytic process acting on infected nonparenchymal target
cells and a noncytolytic process, elicited by IFN-y and/or
TNF-a, operating on infected hepatocytes (18).

The assumption that both the FasL/Fas and the perforin—
gzmA and -B systems must be activated in CTL to kill hepa-
tocytes during virus infection was suggested before (33, 52).
This was inferred from the findings that the administration of
soluble Fas (Fas-Fc) prevents T-cell-induced liver disease (33),
that perf~/~ mice are resistant to LCMV-induced hepatitis
(25), and that CTL from perf’~ mice do not cause hepatitis in
a mouse model of HBV-mediated hepatitis (20). Moreover, it
was found that neither HBV-specific CTL from gld nor perf '~
mice were able to cause liver disease in Fas-competent HBV-
transgenic animals (52). Furthermore, the fact that cotransfer
of gld and perf~/~ CTL also did not induce hepatolysis indi-
cated that both death pathways—FasL/Fas and perf—must be
executed by the same CTL to destroy liver cells in vivo (52).
Our present findings that Fas™/~ and gzmAXB ™'~ mice are as
resistant as perf ™/~ mice to LCMV-induced hepatitis demon-
strate that, during LCMYV infections, CTL not only must use
FasL and perf but also gzmA and gzmB in order to cause early
hepatolysis in vivo.

The data on differential liver injury in normal versus mutant
mice is corroborated by histopathological analysis. Apoptotic
cells were only observed in the livers of LCMV-infected mice
which also had increased levels of ALT and/or AST in serum,
i.e. B6 mice, but not in the sera hepatitis-free perf~/~, Fas ™/,
gzmA /", gzmB~/~, and gzmAXB ™/~ mice. This finding sup-
ports the concept that CTL-induced hepatitis is initiated by the
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induction of apoptosis in hepatocytes, followed by necrosis (7,
32) and, as outlined above, requires the concert action of
FasL/Fas, perf, and the two gzm’s. Further evidence for a
critical role of these five components in LCMV-induced hep-
atitis is derived from the fact that neither apoptotic cell death
nor ALT and AST release were observed in any of the infected
knockout mice, even in cases in which liver lobules were char-
acterized by massive infiltrations of inflammatory cells, includ-
ing CD8" effector cells (Fig. 3, 15 dpi; see also reference 42).

The finding that apoptotic cells were also observed in the
liver lobules and periportal tracts of lpr and gld mice in num-
bers comparable to those in B6 mice, but not those in Fas™/~
mice, requires some discussion. In Ipr mice, the expression of
Fas is greatly reduced but is not abolished (41). Thus, the
limiting amount of functional active Fas expressed on the cell
surface of hepatocytes seems to allow sufficient signaling via
the two cytolytic pathways for cytolysis to occur. The signifi-
cance of findings with gld mice, which carry a mutation in FasL
resulting in an impaired ability to interact successfully with Fas
to cause apoptosis, is less clear (36, 51). The possibility that a
still-undiscovered ligand may substitute for FasL and trigger
effector function via Fas cannot be discounted. Such apparent
redundancy has recently been documented in the TNF-TNF
receptor system (22).

The lack of liver disease observed in LCMV-infected Fas™/~
mice or in LCM V-infected gzmA ™'~ and/or gzmB ™'~ mice is
astounding, especially since their ex vivo-derived splenocytes
and liver-derived leukocytes express high cytolytic activity on
various target cells, including hepatocytes, even in the presence
of blocking anti-FasL. MAD (Fig. 5 and data not shown; see also
reference 63). On the other hand, the absence of hepatitis in
LCMV-infected perf™'~ (Fig. 2 [25]) or perfXgzmAXB™/~
mice is in line with the inability of their CTL to lyse Fas™ target
cells, including hepatocytes, in vitro. These findings indicate
that the in vitro cytotoxic assays do not necessarily reflect the
complex cytolytic processes by which CTL elicit their function
in vivo.

Why are both cytolytic pathways needed for the apoptosis of
hepatocytes? The liver regulates vital processes such as the
storage and release of energy; the neutralization of exogenous
materials, including toxins and pathogens; and the clearance of
effector lymphocytes (10). It is therefore possible that liver
cells developed strategies to safeguard against cytolytic injury
by CTL. The fact that hepatocytes are rapidly cleared from
LCMYV by a cytokine-induced and noncytopathic mechanism
(18) supports this assumption.

The present finding that disease pathogenesis during LCMV
infection, but not viral clearance, is dependent on simulta-
neous activation of the two main cytolytic pathways of CTL
and/or NK cells, including FasL/Fas, perf, and both gzm’s, may
be of clinical value. It implies that virus-induced hepatitis can
be efficiently treated or prevented by using appropriate drugs
without affecting virus elimination.
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