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Virus-specific cytotoxic T lymphocytes are key effectors for the clearance of virus-infected cells and are
required for the normal clearance of respiratory syncytial virus (RSV) in mice. Although perforin/granzyme-
mediated lysis of infected cells is thought to be the major molecular mechanism used by CD8� cytotoxic T
lymphocytes for elimination of virus, its role in RSV has not been reported. Here, we show that viral clearance
in perforin knockout (PKO) mice is slightly delayed but that both PKO and wild-type mice clear virus by day
10, suggesting an alternative mechanism of RSV clearance. Effector T cells from the lungs of both groups of
mice were shown to lyse Fas (CD95)-overexpressing target cells in greater numbers than target cells expressing
low levels of Fas, suggesting that Fas ligand (CD95L)-mediated target cell lysis was occurring in vivo. This cell
lysis was associated with a delay in RSV-induced disease in PKO mice compared to the time of disease onset
for wild-type controls, which correlated with increased and prolonged production of gamma interferon and
tumor necrosis factor alpha levels in PKO mice. We conclude that while perforin is not necessary for the
clearance of primary RSV infection, the use of alternative CTL target cell killing mechanisms is less efficient
and can lead to enhanced disease.

Human respiratory syncytial virus (RSV) is a Pneumovirus in
the family Paramyxoviridae (7). Infants and toddlers afflicted
with RSV usually experience only a mild upper respiratory
tract infection. However, lower respiratory tract infections and
bronchiolitis are seen in 20 to 30% of infected children, which
results in �120,000 hospitalizations annually in the United
States alone (37). In addition, a study has uncovered that RSV
is a serious problem among the institutionalized elderly, caus-
ing severe lower respiratory tract disease and high rates of
mortality (9).

In RSV infection, antiviral cytotoxic T lymphocytes (CTL)
have been described for both humans and mice. RSV-specific
CTL have been isolated from adult peripheral blood mononu-
clear cells (2) and from children following acute RSV infection
(6, 17). In mice, depletion of B cells in primary RSV infection
had no impact on viral clearance (12) but depletion of CD4�

and CD8� T lymphocytes led to an extended period of virus
replication and a lack of visible illness (13). Depletion of CD8�

T lymphocytes alone led to a delay in viral clearance and an
abolition of illness, thus demonstrating that T lymphocytes are
the major effectors of RSV clearance during primary infection
(11, 13, 15). Transfer of RSV-specific CTL clones promoted
clearance of RSV in mice (4, 29), but transfer of excessive
numbers of RSV-specific CD8� CTL exacerbated disease (5).
A recent study has shown that Fas mRNA and protein levels
are significantly increased following RSV infection in a human

respiratory epithelial cell line (A549) (32). The occurrence of
apoptotic cells increased when Fas was cross-linked using anti-
Fas antibody, suggesting that RSV-infected cells may be par-
ticularly susceptible to FasL-mediated lysis.

Direct T-cell-mediated target cell lysis can occur by one of
two processes (3). The first is by the perforin/granzyme lytic
pathway, while the other is mediated by the interaction of Fas
(CD95) and Fas ligand (CD95L). Although both pathways
function to induce apoptosis of target cells by cell-to-cell con-
tact, they differ mechanistically (38). Perforin is stored within
cytoplasmic granules in CTL (25). Upon major histocompati-
bility complex (MHC):peptide–T-cell receptor recognition, the
perforin molecules are released from the T cell, insert into the
plasma membrane of the target cell, and undergo Ca2�-depen-
dent polymerization to form pores (25). Pore formation results
in osmotic lysis and granzyme-induced apoptosis of the target
cell (16). The second mechanism for target cell lysis is the
interaction of Fas on target cells with FasL expressed on acti-
vated effector CTL. Fas is ubiquitously expressed in humans
and mice and has been shown to be upregulated upon RSV
infection in vitro, followed by apoptosis (32). In contrast to the
perforin pathway, the interaction of Fas and FasL induces
apoptosis in a Ca2�-independent manner (35). Like the per-
forin/granzyme pathway, cytolysis mediated via Fas-FasL in-
teractions is also antigen specific (26), although demonstra-
tions of FasL-mediated nonspecific bystander killing have also
been documented (35, 40).

A sizeable body of work has implicated perforin-dependent
target cell lysis as the major mechanism of clearance in virus-
infected cells (3, 18). FasL-mediated apoptosis, on the other
hand, has been reported to be more important in maintaining
homeostasis of the peripheral T-lymphocyte population (8, 24,
27, 30, 36). However, newer evidence is beginning to advocate
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that elimination of virus-infected cells is not restricted to per-
forin/granzyme-mediated lysis. FasL-dependent lysis of cells
infected with lymphocytic choriomeningitis virus (LCMV) has
been shown to occur by CD4� CTL (43). Similarly, both the
perforin and FasL pathways have been shown to contribute to
influenza virus clearance (39).

The following report defines the role of perforin in RSV
disease and viral clearance using perforin knockout (PKO)
mice bred onto an H-2Kd BALB/c background (42). RSV dis-
ease, as measured by physical signs of illness and weight loss,
was delayed in PKO mice and prolonged compared to that of
wild-type (WT) mice. Virus clearance was slightly delayed on
days 6 and 8 but was accomplished by day 10 in both PKO and
WT mice, suggesting that perforin-mediated lysis was not nec-
essary for viral clearance. Cytolytic assays were performed on
day 8 after infection using Fas-overexpressing target cells
(L1210Fas�) (35) and Fas-deficient target cells (L1210Fas�)
(41). These data indicate that antiviral CTL from PKO mice
are capable of lysing target cells by the Fas/FasL pathway, as
the activity was completely inhibited by anti-FasL antibody.
These data show that perforin is not the only mechanism of
CTL-mediated RSV clearance and further suggest that the
FasL pathway may compensate for the absence of perforin and
alter disease expression.

MATERIALS AND METHODS

Mice. Pathogen-free BALB/c mice, 8 to 10 weeks of age, were purchased from
Harlan Laboratories (Indianapolis, Ind.). PKO mice backcrossed onto a BALB/c
(H-2Kd) background (42) were a kind gift from John Harty (University of Iowa,
Iowa City). Mice were housed and cared for in accordance with the Guide for the
Care and Use of Laboratory Animals as previously described (14). Experiments
were performed with age-matched groups.

Cell lines. HEp-2 cells, used to determine the titer of RSV in lungs, were
maintained in Eagle’s minimal essential medium containing 10% fetal bovine
serum (10% EMEM). The L1210Fas� (35) and L1210Fas� (41) cell lines are
derived from the murine lymphocytic leukemia cell line L1210 (American Type
Culture Collection CCL-219) and are transfected with Fas sense and antisense
cDNAs, respectively. Both cell lines were a gift from Michail Sitkovksy (National
Institutes of Health, Bethesda, Md.). The L1210 cell lines were maintained in
10% EMEM. All media were supplemented with 2 mM glutamine, 10 U of
penicillin G per ml, and 10 �g of streptomycin sulfate per ml.

Virus infection. The RSV challenge stock was derived from the A2 strain of
RSV by sonication of HEp-2 monolayers as previously described (14). Mice were
anesthetized intramuscularly with ketamine (40 �g/g of body weight) and xyla-
zine (6 �g/g of body weight) prior to intranasal inoculation with 107 PFU of RSV
in 100 �l of 10% EMEM. Mice were weighed daily after infection for 14 days.
Illness was graded daily by a blinded observer, i.e., someone unaware of the
identity of each experimental group of mice. Clinical illness was scored as
follows: 0, no apparent illness; 1, slightly ruffled fur; 2, ruffled fur but active; 3,
ruffled fur and inactive; 4, ruffled fur, inactive, hunched posture, and gaunt; and
5, dead.

Synthetic peptides. Peptides synthesized by Biosynthesis (Lewisville, Tex.)
included RSV 82–90 (SYIGSINNI), derived from M2 protein of the RSV A2
strain, and influenza virus nucleoprotein (NP) 147-155 (TYQRTRALV) (22),
derived from influenza virus A/Puerto Rico/8/34 nucleoprotein. Both peptides
are H-2Kd restricted.

Plaque assays. Animals were sacrificed, and lung tissues were removed and
quick frozen in 10% EMEM. Thawed tissues were kept chilled while they were
being individually ground. Dilutions of clarified supernatant were inoculated on
80%-confluent HEp-2 cell monolayers and overlaid with 0.75% methylcellulose
in 10% EMEM. After incubation for 4 days at 37°C, the monolayers were fixed
with 10% buffered formalin and stained with hematoxylin-eosin. PFU were
counted and expressed as log10 PFU per gram of tissue.

Quantitation of IFN-� and TNF-�. The same supernatant used to measure
virus titer in the lung was used to measure gamma interferon (IFN-�) and tumor
necrosis factor alpha (TNF-�) cytokines using a commercially available enzyme-
linked immunosorbent assay (ELISA) kit (Endogen, Woburn, Mass.). Briefly, 50

�l of the supernatant from ground lungs of RSV-infected mice was thawed and
added to precoated 96-well microtiter plates. Peroxidase-labeled anticytokine
antibody was added to detect bound cytokine, and the plates were developed by
addition of a tetramethylbenzidene substrate.

Cytotoxic T-cell assays. Lungs were harvested on day 8 postinfection. Lym-
phocytes were manually isolated by mashing lung tissue between the frosted ends
of two sterile glass microscope slides in RPMI 1640 containing 10% fetal bovine
serum. Lymphocytes were isolated by centrifugation (1,000 � g) on a cushion of
Ficoll-Hypaque (1.09 specific gravity) at room temperature, washed twice, and
resuspended in 10% RPMI 1640. L1210 target cells were incubated with 50 �l of
relevant peptides (0.1 mg/ml) and 51Cr (100 mCi/107 cells) for 60 min at 37°C,
washed three times in 10% EMEM, and distributed in V-bottom 96-well plates
(Costar, Cambridge, Mass.) at 2 � 104 cells per 100 �l per well. Lung effector
cells (2 � 106/100 �l) were added at a ratio of 100:1 (effector to target cells) and
serially diluted down to 25:1 in triplicate. The plate was centrifuged at 150 � g
for 30 s before incubation at 37°C for 4 h. The cells were gently pelleted, and the
cells in 50 �l of the supernatant were counted in a 96-well TopCount NXT
gamma counter (Packard, Meriden, Conn.). Spontaneous and total release were
measured by treating the targets cells with 10% RPMI 1640 or with 5% Triton
X-100 detergent, respectively. Specific release of 51Cr from target cells is defined
as 100 � (sample cpm � background cpm)/(total cpm � background cpm),
where cpm is counts per minute.

Surface staining and flow cytometry. Lung lymphocytes (5 � 105) were washed
once in staining buffer (phosphate-buffered saline–0.1% sodium azide–2% fetal
calf serum) and surfaced stained with Cy-Chrome-conjugated monoclonal rat
anti-mouse CD8� (clone 53-6.7) antibody, fluorescein isothiocyanate-conjugated
monoclonal rat anti-mouse CD4 (clone GK1.5), and phycoerythrin (PE)-conju-
gated monoclonal hamster anti-mouse FasL (clone MFL3) (PharMingen, San
Diego, Calif.). Cells were washed twice in staining buffer, and three-color anal-
ysis was performed on a FACSCaliber (Becton Dickinson, San Jose, Calif.)
argon-ion laser at 15 mW and 488 nm. Forty thousand events were collected at
an average of 1,000 events/s. Data were analyzed using CellQuest version 3.1
(Becton Dickinson).

Enumeration of M2-specific CD8� T lymphocytes. Enumeration of RSV M2-
specific CD8� T cells was performed by H-2Kd peptide tetramer staining as
previously reported (1). PE-conjugated influenza virus NP and RSV M2 peptide-
specific tetramers were gifts from John Altman (Emory University, Atlanta, Ga.).

Statistical analysis. Data from individual mouse experiments were maintained
in a Paradox database. Statistical analysis was performed by transferring data
from the database into SAS (Chapel Hill, N.C.) statistical software to perform
analysis of variance using Kruskal-Wallis and Wilcoxon rank sum tests. Compar-
isons were made between individual experiments by statistical modeling and
trend analysis calculated by the general linear model method in the SAS pro-
gram. P values of less than 0.05 were considered statistically significant. Further
statistical analysis was done using Corel QuattroPro version 6.0 for Windows.
Two-tailed Student’s t test was used for comparison of means, and values of P
less than 0.05 were considered statistically significant.

RESULTS

RSV-infected mice can clear virus without perforin. Lung
supernatants were assayed for virus titer on days 4, 6, 8, and 10
after RSV infection. As shown in Fig. 1, both groups of mice
cleared virus, regardless of the presence of perforin protein.
However, virus clearance was delayed in PKO mice. PKO mice
retained a significantly higher titer of virus at days 6 and 8, yet
by day 10, virus had been cleared in both groups of mice. These
data show that RSV clearance from the lungs does not require
perforin, suggesting that there are alternate mechanisms for
viral clearance in RSV infection.

RSV-infected PKO mice lyse target cells using the Fas/FasL
pathway. The observation that PKO mice were able to clear
virus nearly as rapidly as WT mice suggested that other non-
perforin-mediated mechanisms of virus clearance may have
been involved. Therefore, we assessed the level of FasL ex-
pression on T cells of RSV-infected WT and PKO mice using
multiparameter flow cytometry analysis. Surface FasL was in-
creased on CD4� and CD8� T cells from the lungs in both WT
and PKO mice compared to levels in uninfected mice (Fig. 2).
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FasL expression was measured on days 4, 6, 8, and 10, and
peaked on day 8 in both WT and PKO mice (data not shown).

We next analyzed the contribution of FasL-mediated killing
using target cells overexpressing Fas (L1210Fas�) and target
cells deficient in Fas (L1210Fas�). Since both WT and PKO
mice express high levels of FasL on T cells, we expected in-
creased cytolytic activity against L1210Fas� target cells. Lung
lymphocytes were assayed without in vitro stimulation on day 8

after RSV infection. Effectors from WT and PKO mice were
incubated with either L1210Fas� target cells or L1210Fas�
target cells at different effector-to-target cell ratios, and 51Cr
release was measured. As seen in Fig. 3A, at an effector/target
cell ratio of 100:1, 37% � 3.0% (mean � standard deviation)
of L1210Fas� target cells from WT mice were lysed, and 22%
� 3.0% (P 	 0.05) of L1210Fas� target cells were lysed.
Similarly, effectors from PKO mice show 45% � 3.0% lysis in
L1210Fas� target cells, whereas L1210Fas� target cells show
only 16% � 2.0% (P 	 0.05) lysis. These data show that the
overexpression of Fas significantly enhances target cell lysis.

To directly show that FasL-mediated killing was responsible
for the increased killing of L1210Fas� target cells, we used
anti-FasL antibody to block FasL-mediated killing. Treatment
of effectors from PKO mice with anti-FasL antibody com-

FIG. 1. Kinetics of viral replication in the lungs. The limit of de-
tection for virus replication is 1.8 log10 PFU/g of lung. Data are a
combination of results of two independent experiments with 10 WT
mice and 9 PKO mice (P 	 0.05 for days 6 and 8).

FIG. 2. Mean flourescence intensity of FasL expression on CD4�

(A) and CD8� (B) T cells from lungs of day 8 RSV-infected mice.
Results for uninfected mice are indicated by the solid lines, for WT
mice by the bold lines, and for PKO mice by the dotted lines. Data are
representative of the results of three independent experiments with
five mice per group.

FIG. 3. Direct CTL assay of lungs of RSV-infected mice day 8 after
infection. (A) L1210Fas� and L1210Fas� target cells sensitized with
RSV M2 peptide were used to measure the relative contributions of
perforin- and FasL-mediated killing in WT and PKO mice. ✖ , unin-
fected mice: F, WT effectors with L1210Fas� targets; E, WT effectors
with L1210Fas� targets: ■ , PKO effectors with L1210Fas� targets; �,
PKO effectors with L1210Fas� targets. (B) Anti-FasL antibody was
used to show FasL involvement in target cell lysis using effectors from
perforin-deficient mice. The effector-to-target ratio for panel B is
100:1. Data are representative of results of three independent exper-
iments with five mice per group.
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pletely inhibited killing in L1210Fas� target cells. This result
demonstrates that the observed 60% � 11.0% lysis of
L1210Fas� target cells was entirely mediated by FasL (Fig.
3B). In contrast, anti-FasL treatment of cytolytic effectors
from WT mice only partially diminished cytolytic activity.
L1210Fas� target cells have low levels of Fas expression, ac-
counting for 9% � 4.0% of the lysis observed in these target
cells using effectors from PKO mice. This lysis was completely
inhibited with anti-FasL antibody (Fig. 3B). Background killing
from uninfected mice was less than 2% (data not shown).
These data show that RSV-specific effectors from the lungs of
both WT and PKO mice are able to lyse target cells by the
Fas/FasL pathway.

Weight loss and illness are delayed in PKO mice. Mice were
weighed and scored for illness daily after infection for 14 and
11 days. WT mice experienced peak weight loss on day 8 after
RSV infection, whereas PKO mice experienced peak weight
loss on day 10 (Fig. 4A). Illness was graded daily by a blinded
observer, with increasing scores denoting increasing illness.
WT mice had a peak illness score of 2.6 � 0.8 (mean �
standard deviation) on day 7. PKO mice had a peak illness
score of 2.8 � 0.5 on day 8. Although weight loss and illness
were delayed in PKO mice and recovery was more prolonged,

peak magnitudes of disease were equal in the two groups (Fig.
4B).

Kinetics of IFN-� and TNF-� cytokine production in lungs.
The cytokines IFN-� and TNF-� possess antiviral activity (21,
23), are known to be produced by CD8� T cells, and can cause
illness when present in excess. We therefore asked whether the
levels of IFN-� and TNF-� correlated with virus clearance or
illness. Lung supernatants were assayed for IFN-� and TNF-�
by ELISA on days 4, 6, 8, and 10 after infection. As shown in
Fig. 5A, PKO mice produced five fold more IFN-� on day 8
and threefold more on day 10 than WT controls. Similarly,
TNF-� production was threefold higher on day 8 than that of
the WT controls (Fig. 5B). These data indicate that the levels
of IFN-� and TNF-� were increased and prolonged in PKO
mice and may have contributed to viral clearance and influ-
enced the kinetics of illness.

Histopathological examination of lung sections. Lungs har-
vested on day 8 from RSV-infected WT and PKO mice were
fixed and stained with hematoxylin-eosin. In typical RSV in-
fection, lung pathology on day 8 from infected mice showed
increased cellularity in the interstitium and alveoli and around
the bronchovascular bundles (Fig. 6A). In PKO mice the
mononuclear infiltration was increased, particularly in the in-
terstitial spaces (Fig. 6B). The increased cellularity in PKO
mice was confirmed by the total lymphocyte counts derived
from whole lungs and indicated that the non-perforin-medi-

FIG. 4. Percentages of weight lost (A) and illness scores (B) for
mice infected intranasally with live RSV. Illness scores range from 0
(no illness) to 5 (death). Data are representative of results of three
independent experiments with five mice per group.

FIG. 5. Kinetics of cytokine IFN-� (A) and TNF-� (B) expression
in the lungs. Cytokine concentrations were measured using ELISA.
Averages and standard deviations were calculated from results for five
mice per group.
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ated virus clearance was achieved at the expense of enhanced
lung pathology.

Frequency of RSV M2-specific CTL. Next, we asked whether
the composition of the cells in the lungs varied in the PKO
mice, especially with respect to CD8� T cells. Total cell counts
from lungs of WT and PKO mice showed that PKO mice had
more cells than WT mice, except on day 10, when there was a
sharp decline (data not shown). No significant differences were
found in the total numbers of CD8� T cells in the lungs on days
4, 6, and 10. However, PKO mice had a significantly higher
percentage of CD8� T cells on day 8 (Fig. 7A). This large
increase in CD8� T cells may be compensation for the lack of
perforin and indicate that non-perforin-mediated virus clear-
ance is less efficient.

We then performed four-color flow cytometry to quantitate
RSV-specific CD8� T cells in WT and PKO mice. We used a
PE-labeled, M2-specific H-2Kd tetramer, an allophycocyanin
labeled anti-CD8 antibody, the vital dye 7-amino-actinomycin
D (7-AAD), and Annexin-V. The vital dye 7-AAD and An-
nexin-V were used to exclude dead cells and include live and
early apoptotic cells. An influenza virus NP peptide bound to
the H-2Kd tetramer was used as a negative control. Analysis of
RSV-specific CTL frequency on day 8 after infection revealed
that PKO mice had a �2-fold-greater number of antigen-spe-
cific CTL than WT mice (Fig. 7B). The influenza virus NP-
specific H-2Kd tetramer and uninfected mice exhibited a fre-
quency of tetramer-positive cell staining of less than 0.4%
(data not shown).

DISCUSSION

The mechanism by which virus-specific CTL lyse target cells
may have profound effects on the pathogenesis of disease. The
findings in this study highlight the importance of alternative
mechanisms of viral clearance in PKO mice. This study shows
for the first time that lung T lymphocytes express high levels of
surface FasL after primary RSV infection. More importantly,
antiviral CTL can lyse target cells by a perforin-independent,
FasL-dependent mechanism that can be inhibited by anti-FasL
antibody (Fig. 3B). This complete inhibition of target cell lysis
by anti-FasL in our 51Cr release assays strongly suggests that
FasL-mediated lysis of RSV-infected cells can act in a com-
pensatory manner in the absence of perforin.

While our study focuses on the CD8� CTL response to
primary RSV infection, it is important to realize that natural
killer (NK) cells possess the same cytolytic machinery as CD8�

CTL. Therefore, perforin deficiency may also affect the NK
cell response to RSV, which may have importance in initiating
clearance and promoting the adaptive immune response. Thus,
we cannot exclude the possibility that the delayed illness and
exaggerated response are related to an altered NK cell re-
sponse. Ongoing studies are under way in our lab to address
this possibility.

On the other hand, viral clearance can also be mediated in
the absence of cell-to-cell contact by the antiviral cytokines
IFN-� and TNF-� and -
 (20, 21, 23, 33, 34). Influenza virus-
specific CTL stimulated with peptide produce IFN-� and
TNF-�, which enhance the lysis of influenza virus-infected cells
in vitro. Even though anti-FasL antibodies completely inhib-
ited target cell lysis in our 51Cr release assays, these are short

FIG. 6. Hematoxylin-eosin staining of day 8 lung sections from
RSV-infected mice. (A) Section of lung from a WT mouse infected
with RSV. (B) Section of lung from a PKO mouse infected with RSV.
The images are representative of lung sections taken from five differ-
ent mice per group.

9922 AUNG ET AL. J. VIROL.



(4- to 8-h) assays. Zheng et al. have shown that TNF-� can
mediate mature T-cell receptor-induced apoptosis (44). In
their experiments, apoptosis observed at 24 h could be inhib-
ited by treatment of cells with the Fas-Fc fusion protein but not
by TNFR-Fc. However, administration of Fas-Fc or TNFR-Fc

at 48 h led to a decrease in apoptosis. Our data show that on
day 8 postinfection, IFN-� and TNF-� levels were significantly
elevated in PKO mice (Fig. 5). These results suggest the pos-
sibility that the antiviral cytokines IFN-� and TNF-� contrib-
uted to the delayed clearance observed in our experiments
(Fig. 4A). Nevertheless, our lab has shown that anti-TNF-�
treatment of WT mice during primary RSV infection, despite
diminishing illness, has no impact on viral clearance (31). For
this reason, we hypothesize that the elevated and persistent
IFN-� and TNF-� levels in PKO mice are more likely to be
responsible for the late illness that was observed (Fig. 4B).
These cytokine levels may have been increased because RSV
clearance required a larger T-cell infiltrate in the lungs of PKO
mice, which implies that T lymphocytes from PKO mice are
probably less efficient at RSV clearance on a per cell basis than
WT mice.

Interestingly, this late illness was still seen in PKO mice on
and after day 10 postinfection (Fig. 4), by which time the virus
had been cleared and a dramatic reduction in the number of
CD8� CTL was observed (Fig. 7A). Additionally, the total
number of cells in WT mice fell from an average of 1.88 � 106

cells on day 8 to 0.54 � 106 cells on day 10. In PKO mice, the
total cell number declined from 2.65 � 106 on day 8 to 0.45 �
106 on day 10 (data not shown). Therefore, the total number of
inflammatory cells in the lungs does not explain the kinetics of
illness, supporting the hypothesis that the altered cellular com-
position and prolonged production of IFN-� and TNF-� are
responsible for the delayed and prolonged illness.

As has been mentioned, the current state of the literature
suggests that the Fas/FasL pathway is more important for T-
cell homeostasis (8, 24, 27, 30, 36) and that the perforin/
granzyme pathway is more important for clearance of viruses
(3, 18). However, recent data suggest that the perforin pathway
may also contribute to T-cell homeostasis (19, 28). PKO mice
infected with LCMV have significantly increased numbers of
LCMV-specific CD8� T cells, to which the inability of PKO
mice to downregulate the T-cell response was attributed (28).
Our findings are consistent with this conclusion, as we found
increased numbers of lymphocytes in infected lungs by fluo-
rescence-activated cell sorter (FACS) analysis and histopathol-
ogy on day 8 after RSV infection. PKO mice had greater
cellularity focused primarily around the interstitial spaces than
did WT controls (Fig. 6). In addition, we found a significantly
higher percentage of M2-specific CD8� T cells in PKO mice
than in WT controls by use of tetramer analysis (Fig. 7B).

Overproduction of interleukin 4 (IL-4) is one setting in
which RSV infection is known to result in severe or enhanced
disease. This has been demonstrated for IL-4-overexpressing
mice and by immunization with formulations that promote Th2
responses (10). It has been postulated that severe primary RSV
disease or vaccine-enhanced RSV disease following adminis-
tration of formalin-inactivated RSV in humans is also related
to IL-4 overproduction. The basis for severe disease when IL-4
is overproduced has been assumed to be an exaggerated Th2
CD4 T-cell response with the attendant induction of immuno-
globulin E and recruitment of eosinophils. However, our pre-
vious work has shown that IL-4 can induce a shift to a more
FasL-mediated CTL killing mechanism (1). We propose that
this shift may be a factor in severe RSV disease associated with
overproduction of IL-4. In the present study, we have demon-

FIG. 7. Kinetics of CD8� T cells in the lungs of RSV-infected mice.
(A) The number of CD8� T cells was determined by multiplying the
percentage of CD8� T cells, as determined by FACS analysis, by the
total number of cells isolated from the right lung of RSV-infected
mice. Means and standard deviations were calculated from results for
five WT mice and four PKO mice per group. (B) RSV M2-specific
CD8� T cells on day 8 postinfection were detected by FACS analysis
using major histocompatibility complex class I tetramers. A total of 106

cells were stained with PE-labeled influenza virus or RSV M2 tetram-
ers and allophycocyanin-labeled CD8, and 100,000 events were col-
lected for flow cytometric analysis. Cells were also stained with the vital
dye 7-AAD and fluorescein isothiocyanate–Annexin-V and gated on
live cell populations. Data are representative of two independent ex-
periments with four mice per group.
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strated that mice deficient in perforin suffer a larger cellular
infiltrate in their lungs, possibly with an augmented amount of
bystander killing, and increased production of IFN-� and
TNF-�. These events evoke more serious pathology and may
potentially explain the FI-RSV vaccine-enhanced disease as a
condition of IL-4 overproduction causing a shift to a FasL-
dominant CTL killing mechanism. In summary, this study
shows that, while perforin is important in the clearance of
primary RSV infection, CTL possess alternative mechanisms
for the elimination of RSV. Modulating the mechanism of
CTL-mediated lysis of RSV-infected cells may be an important
factor in the balance of viral clearance and lung immunopa-
thology.
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