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AIDS-related human cytomegalovirus (HCMV) retinitis continues to be a chronic ophthalmologic problem
among human immunodeficiency virus type 1 (HIV-1)-infected patients who do not respond to highly active
antiretroviral therapy. Although HCMV retinitis occurs during HIV-1-induced immunosuppression, the pre-
cise effector mechanism(s) that fails during the immunopathogenesis of AIDS to allow onset and progression
of HCMV retinal disease remains unclear. We therefore performed a series of experiments to explore the
relative roles of distinct pathways of lymphocyte-mediated cytotoxicity in either resistance or susceptibility to
experimental murine cytomegalovirus (MCMV) retinitis in mice. Whereas mutant C57BL/6 mice deficient in
the Fas/FasL cytotoxic pathway (gld mice) were identical to normal C57BL/6 mice and exhibited absolute
resistance to retinal necrosis following subretinal MCMV inoculation, knockout C57BL/6 mice deficient in the
perforin cytotoxic pathway (PKO mice) were susceptible to MCMV retinitis. Susceptibility of PKO mice to
MCMV retinitis correlated with increased ocular MCMV titers when compared with ocular MCMV titers of gld
and normal mice. Since mice with retrovirus-induced immunodeficiency syndrome (MAIDS) exhibited a
frequency and severity of MCMV retinitis that were equivalent to those observed in PKO mice, we hypothesized
that susceptibility to MCMV retinitis during MAIDS correlates with a decrease in the perforin cytotoxic
pathway. To test this hypothesis, we developed a quantitative competitive reverse transcription-PCR assay to
measure mouse perforin mRNA levels in the splenic T lymphocytes and MCMV-inoculated eyes of normal mice
or mice with MAIDS. Perforin mRNA levels in splenic T lymphocytes were significantly decreased during
MAIDS, by �100-fold, from perforin mRNA levels in normal mice. Moreover, MCMV-inoculated eyes destined
to develop retinitis during MAIDS also showed a significant decrease in perforin mRNA levels from the
perforin mRNA levels of MCMV-inoculated eyes of normal mice destined to be resistant to retinitis. As
expected, perforin mRNA could not be detected in unmanipulated and uninfected eyes of normal mice. These
results provide the first evidence that the perforin cytotoxic pathway is more important than the Fas/FasL
cytotoxic pathway in providing resistance to experimental MCMV retinitis and that loss of the perforin
cytotoxic pathway predisposes to MCMV retinitis.

Prior to the era of highly active antiretroviral therapy to
manage human immunodeficiency virus type 1 (HIV-1) infec-
tion, human cytomegalovirus (HCMV) retinitis was the leading
cause of vision loss and blindness among patients with AIDS
(8, 20). HCMV retinitis continues to be a chronic sight-threat-
ening ophthalmologic problem among HIV-1-infected patients
who do not respond to highly active antiretroviral therapy (22,
40). Although AIDS-related HCMV retinal disease occurs
during HIV-1-induced immunosuppression, the precise effec-
tor mechanism(s) that fails during the immunopathogenesis of
AIDS to allow onset and progression of HCMV retinitis re-
mains unclear. Clinical studies attempting to correlate immune
function to onset and severity of HCMV retinitis during AIDS
have focused on quantification of absolute numbers of effector
cell populations such as CD4� T cells (30) and/or CD8� T cells
(32). These studies indicate that HCMV retinitis does not
occur until late in the course of the disease when peripheral
blood CD4�-T-cell counts have declined to less than 50 cells/

ml3 (20). Studies with experimental models of murine CMV
(MCMV) retinitis have provided additional evidence that un-
derscores the importance of CD8� T cells (2) and natural killer
(NK) cells (3, 21) in protection against onset of MCMV retinal
disease.

Cytotoxic CD8� T cells and NK cells kill virus-infected cells
by several possible pathways that have been investigated ex-
tensively during the past decade. Two distinct pathways of
lymphocyte-mediated cytotoxicity have emerged that fall under
the broad categories of perforin-mediated cytotoxicity and re-
ceptor-mediated cytotoxicity (27, 34, 35, 48). Although these
pathways use distinct mediators of cytolysis and differ sharply
with respect to calcium dependence, they both exhibit rapid
kinetics (�4 h) and involve induction of a series of intracellular
events that leads to apoptosis and cell death.

Perforin-mediated cytotoxicity is calcium dependent and in-
volves the directional release of the contents of cytoplasmic
granules from the cytotoxic lymphocyte to the target cell.
These granules contain a number of proteins that include a
pore-forming protein, perforin, and a family of serine pro-
teases, granzymes (23, 42). Perforin monomers initiate pore
formation in the plasma membrane of the target cell that
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eventually would lead to osmotic damage. Prior to appreciable
perforin-mediated cell lysis, however, an endogenous cell
death cascade is triggered via activation by granzymes of key
target cell caspases, most notably granzyme B. Perforin and
granzyme B must therefore work in concert to trigger apopto-
tic death of the target cell.

In comparison, receptor-mediated cytotoxicity is calcium in-
dependent and involves the engagement of a receptor mole-
cule on the target cell (Fas or tumor necrosis factor receptor)
with its ligand found on the cytotoxic lymphocyte (FasL or
tumor necrosis factor) (16, 38, 44, 48). Receptor-ligand signal-
ing leads to target cell death through activation of an endog-
enous apoptotic pathway involving cytoplasmic caspases (37).
A second independent apoptotic pathway activated by Fas
alone has also been described (6).

The relative roles of the perforin-mediated and receptor-
mediated cytotoxic pathway in providing resistance to HCMV
retinitis in immunologically normal persons with systemic
HCMV infection have not yet been investigated. Conversely,
the specific pathway(s) of cytolysis that fails during the immu-
nopathogenesis of HIV-1 infection to allow onset of HCMV
retinitis during AIDS has not yet been defined. We therefore
initiated a series of experiments to explore the relative contri-
butions of the perforin and Fas/FasL cytotoxic pathways in
either resistance or susceptibility to experimental MCMV ret-
inal disease in mice. Results demonstrated that the perforin
cytotoxic pathway is more important than the Fas/FasL cyto-
toxic pathway in providing resistance to MCMV retinitis in
immunocompetent mice. Moreover, additional results support
the conclusion that mice with retrovirus-induced immunodefi-
ciency syndrome (MAIDS) are highly susceptible to MCMV
retinitis due to loss of the perforin pathway. Taken together,
these findings provide the first direct evidence to suggest that
the perforin-mediated pathway of cytotoxicity plays a promi-
nent and defining role in determining resistance or HIV-1-
induced susceptibility to HCMV retinitis in humans. These
findings also have important implications with respect to the
management and diagnosis of AIDS-related HCMV retinitis.

MATERIALS AND METHODS

Mice. C57BL/6 knockout mice with a null mutation in the perforin gene
(perforin�/� [PKO] mice) (26, 33, 51) (Transgenic Mouse Facility, University of
Miami School of Medicine, Miami, Fla.) and C57BL/6 mutant mice deficient in
FasL (gld mice) (38, 39) (Taconic Farms, Germantown, N.Y.) were used in
experiments to establish the relative roles of the perforin and Fas/FasL cytotoxic
pathways, respectively, in resistance or susceptibility to experimental MCMV
retinitis. C57BL/6 euthymic mice (Taconic Farms) served as normal, healthy,
control mice in all retinitis experiments and were used also for induction of
MAIDS. All mice were allowed unrestricted access to food and water and were
maintained in alternating 12-h light-dark cycles. All animal procedures were
performed in accordance with the Association for Research in Vision and Oph-
thalmology Resolution on the Use of Animals in Research.

Viruses. Stocks of MCMV were prepared in mouse salivary glands of BALB/c
mice (Taconic Farms) as described previously (10). Mice were infected intra-
peritoneally with 102 to 103 PFU of the Smith strain of MCMV contained within
a 0.2-ml volume. Fourteen days later, the salivary glands were removed asepti-
cally, homogenized (10% [wt/vol]) in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum, and clarified by centrifugation, and
0.5-ml aliquots of the supernatants were stored in liquid N2. Virus stocks were
titered on monolayers of mouse embryo fibroblasts grown in DMEM. A fresh
aliquot of MCMV stock was thawed and used for a single experiment.

Stocks of the murine retrovirus mixture (LP-BM5 MuLV) were prepared by
using SC1/MuLV LP-BM5 cells obtained from the AIDS Research and Refer-
ence Reagent Program, Division of AIDS, National Institute of Allergy and

Infectious Diseases, National Institutes of Health. Approximately 106 SC1/
MuLV LP-BM5 cells were mixed with approximately 106 uninfected SC1 cells
and maintained for 6 days in DMEM. The cells were then scraped into the
medium, pelleted by centrifugation, resuspended in phosphate-buffered saline,
and frozen at �70°C. Prior to use, the suspension was thawed and clarifed by
centrifugation to remove cellular debris.

Induction of MAIDS. MAIDS was induced in normal C57BL/6 mice by intra-
peritoneal injection of 1.0 ml of LP-BM5 MuLV preparation (18). The inoculum
contained approximately 5 � 103 to 5 � 104 infectious murine retroviruses. Mice
with MAIDS of 8 to 10 weeks’ duration were used in all experiments. These
animals displayed clinical signs and symptoms (chronic generalized lymphade-
nopathy and splenomegaly) consistent with MAIDS (10).

Experimental mouse model of MCMV retinitis. AIDS-related HCMV retinitis
is thought to originate from virus that invades the retina from the blood during
systemic infection (20). Intravenous or intraperitoneal injection of immunosup-
pressed mice with MCMV to produce systemic MCMV infection fails to infect
the neurosensory retina and cause retinal disease, although virus infects the
choroid, retinal pigment epithelium, and ciliary of the eye (9, 15). Consequently,
several laboratories (1, 10, 15, 29) routinely induce experimental MCMV retinitis
in mice by supraciliary (subretinal) MCMV injection, a procedure that induces
reproducible retinal disease in mice with histopathologic features similar to those
found in AIDS-related HCMV retinitis (1, 10). Any initial mechanical disruption
of the blood-ocular barrier due to subretinal injection of virus in a 2-�l volume
is focal, minimal, and temporary (R. D. Dix and S. W. Cousins, unpublished
data). In comparison, extensive and progressive disruption of the blood-ocular
barrier occurs during the evolution of necrotizing MCMV retinitis in eyes of mice
susceptible to MCMV retinitis. All mice in the present study were anesthesized
and injected subretinally with approximately 104 PFU of MCMV as described
previously (10).

Histopathologic analysis of eyes and evaluation of retinitis. At 8 to 10 days
after subretinal MCMV injection, eyes were carefully removed from euthana-
tized animals, fixed in 10% buffered formalin, paraffin embedded, sectioned,
stained with hematoxylin and eosin, and examined by light microscopy. Since
necrotizing retinitis can remain regionally localized within the retina, at least six
histopathologic sections representing different regions of the retina were exam-
ined. The histopathologic sections from MCMV-infected eyes were scored by
using a modification of two types of scoring systems described previously (10) to
quantify the frequency and severity of MCMV retinitis in mice. Firstly, the
sections were scored for the presence (i.e., score of 2 or more on at least two
sections) or absence of necrotizing retinitis to determine the frequency of reti-
nitis within each animal group. Secondly, each section was evaluated semiquan-
titatively for posterior segment inflammation. All six sections of each eye were
scored, and the scores for all sections were summed (with a maximum score of
24). The medium score and the percentage of the maximum score were calcu-
lated for each group. The frequency data were analyzed for significance by the
chi-square test. The severity data for posterior segment inflammation were an-
alyzed for significance by the Whitney U test because the scoring system provided
categorical rather than continuous measurements.

Recovery of infectious MCMV. Whole MCMV-infected eyes collected from
mice at 8 days after subretinal MCMV inoculation and whole livers collected
from mice at 5 days after intraperitoneal MCMV inoculation were frozen at
�70°C. Whole livers were weighed prior to freezing. At time of quantitative
plaque assay, eyes or livers were thawed, homogenized individually in 1.0 ml of
cold DMEM, and clarified by centrifugation. Tenfold dilutions of the resulting
supernatants were titered in duplicate onto monolayers of mouse embryo fibro-
blasts contained within six-well plates, allowed to adsorb for 1 h at 37°C, overlaid
with methylcellulose containing DMEM, and incubated for 5 or 6 days at 37°C in
a humidified CO2 atmosphere. Individual plaques were counted with an inverted
light microscope. Results for whole eyes and whole livers are reported as number
of PFU/ml/eye and number of PFU/ml/0.1 g of fresh weight, respectively.

Measurement of mouse perforin mRNA. A competitive quantitative reverse
transcription (RT)-PCR assay was developed to measure mouse perforin mRNA
levels in individual spleens and individual eyes (posterior segment) collected
from normal mice or mice with MAIDS at 3 days after uniocular subretinal
MCMV inoculation, a time during initial rounds of intraocular virus replication
but before the development of clinical retinal disease. Following extraction of
total RNA (�20 �g per eye), RT and quantitative competitive RT-PCR for
perforin mRNA content were performed with primers specific for mouse per-
forin (GenBank accession no. M23182): 5�-CACAGTAGAGTGTCCGATGT
A-3� (upstream primer), 5�-CTTGGTTCCCGAAGAGCAGAT-3� (downstream
primer), and 5�-CTTGGTTCCCGAAGAGCAGATAAAGAGGTGGCGATT
TTGTGCT-3� (composite primer). Conditions for PCR were 94°C for 30 s,
53.4°C for 30 s, and 72°C for 2 min for a total of 40 cycles. The pattern of cDNA
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products (442 bp for authentic perforin and 380 bp for the competitive template)
was visualized on ethidium-bromide-stained agarose gels. The sensitivity of the
competitive RT-PCR assay was �1 fg of perforin mRNA per 500 ng of total
RNA.

RESULTS

Susceptibility of PKO and gld mice to MCMV retinitis.
Clearance of lymphocytic choriomeningitis virus fails to occur
in PKO mice that have a null mutation in the perforin gene
(51). We therefore hypothesized that PKO mice would be
susceptible to experimental MCMV retinitis. This hypothesis
was tested by determining the frequency and severity of
MCMV retinal necrosis in PKO mice at 10 days following
uniocular subretinal MCMV inoculation and by then compar-
ing these results with those obtained with mice deficient in
FasL (gld mice), mice immunosuppressed due to MAIDS, or
normal immunocompetent mice. Results are shown in Table 1.
None (0%) of the MCMV-infected eyes of gld mice (zero of
eight) or normal mice (zero of eight) developed retinal necro-
sis, although retinal folding was apparent in some histopatho-
logic sections as noted previously in virus-infected eyes of

FIG. 1. (A) Photomicrograph of a section of retina of a gld mouse 10 days after subretinal inoculation with MCMV. Retinal necrosis is absent,
but retinal folding is present as observed in MCMV-inoculated eyes of normal C57BL/6 mice (not shown) (10, 12). (B) Photomicrograph of a
section of retina of a PKO mouse 10 days after subretinal inoculation with MCMV. There is full-thickness retinal necrosis that contains cytomegalic
cells (arrow) as observed in MCMV-inoculated eyes of mice with MAIDS (not shown) (10, 12). A hematoxylin and eosin stain was used; original
magnification, �200.

TABLE 1. Frequency and severity of necrotizing MCMV retinitis at
8 to 10 days postinfectiona

Mouse type
Frequency (%) of

necrotizing retinitis
(no. with retinitis/total)

Median posterior segment
score, range, and %

maximum

Normal 0 (0/8) 1.25, 0–2.0, 5
gld 0 (0/8) 1.0, 0–1.5, 4
PKO 92 (12/13)� 13.0, 2.0–20, 54��
MAIDS 88 (7/8)� 13.5, 3.0–21, 56��

a �, significantly different from normal group (P � 0.001); ��, significantly
different from normal group (P � 0.05).
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normal mice (10, 12) (Fig. 1A). In sharp contrast, 92% of
MCMV-infected eyes of PKO mice (12 of 13) and 88% of
MCMV-infected eyes of mice with MAIDS (seven of eight)
developed moderate-to-severe MCMV retinitis characterized
by full-thickness retinal necrosis and the appearance of cyto-
megalic cells (cytomegalocytes) (Fig. 1B). Thus, gld mice defi-
cient in Fas/FasL-mediated cytotoxicity were identical to nor-
mal immunocompetent mice and exhibited absolute resistance
to experimental MCMV retinitis, whereas PKO mice deficient
in perforin-mediated cytotoxicity exhibited a high susceptibility
to MCMV retinitis at a level that was equivalent to that ob-
served in mice with MAIDS.

Recovery of infectious virus from MCMV-infected eyes of
PKO and gld mice. The presence of MCMV-induced intranu-
clear inclusions within the cells of both the neurosensory retina
and retinal pigment epithelium supports the existence of pro-
ductive virus infection during the pathogenesis of experimental
MCMV retinitis. It has been shown previously that develop-
ment of retinitis in MCMV-infected eyes of mice with MAIDS
correlates with the recovery of large amounts of infectious
virus from whole eyes (10, 11). To determine if this correlation
extended to MCMV-infected eyes of PKO mice that are sus-
ceptible to retinitis, groups of PKO mice, gld mice, MAIDS
mice, and normal mice were inoculated subretinally with
MCMV. Eight days later, whole eyes were collected, homog-
enized, and subjected to a quantitative plaque assay for detec-
tion of infectious virus. Results are shown in Table 2. In agree-
ment with susceptibility results, MCMV-infected eyes of
normal or gld mice that were resistant to retinitis displayed

measurable but relatively low levels of infectious MCMV. This
was not the case for MCMV-infected eyes of PKO or MAIDS
mice that exhibited high susceptibility to retinitis. These eyes
harbored high titers of infectious virus consistent with the
presence of productive infection during retinitis. These find-
ings support an earlier observation that development of reti-
nitis correlates with high titers of intraocular virus (10, 11) and
suggest that PKO mice but not gld mice are unable to clear
infectious MCMV from ocular tissues when compared at day 8
after subretinal MCMV inoculation.

Susceptibility of PKO and gld mice to MCMV hepatitis. One
might argue that results obtained following subretinal inocu-
lation of PKO and gld mice are unique to the ocular compart-
ment due to its immune-privileged status (49) and therefore do
not reflect a generalized systemic immune response that leads
to virus clearance. To explore this possibility, an experiment
was performed to determine the ability of PKO and gld mice to
clear virus from the liver during MCMV hepatitis following
intraperitoneal inoculation of the virus. This route of virus
inoculation produces systemic MCMV infection and dissemi-
nation of virus to the liver as well as to the spleen, pancreas,
lungs, and salivary glands of immunocompetent mice (46).
Mice with MAIDS also develop MCMV hepatitis following
intraperitoneal virus inoculation and exhibit impaired clear-
ance of infectious virus from the liver (41). Groups of PKO
mice, gld mice, MAIDS mice, and normal mice were therefore
inoculated intraperitoneally with a sublethal dose (�103 PFU)
of MCMV. Five days later, whole livers were collected from all
mice, individually weighed, individually homogenized, and sub-
jected to quantitative plaque assay. Results demonstrated that
PKO mice and MAIDS mice were similar in their inability to
clear virus from liver tissue (Table 2). In comparison, better
virus clearance was observed in the livers of gld and normal
mice as evidenced by a significant reduction of virus titers at
nearly equivalent levels. Results obtained from a study of
MCMV hepatitis involving systemic virus infection therefore
mirrored those obtained using the same animal groups to study
MCMV retinitis following subretinal virus infection.

Diminished perforin expression in splenic T cells of mice
with MAIDS. Our finding that mice deficient in perforin and
the perforin cytotoxic pathway (PKO mice) are susceptible to
experimental MCMV retinitis at a level that is equivalent to
mice immunosuppressed by retrovirus infection (MAIDS

FIG. 2. Ethidium bromide-stained agarose gel of competitive RT-PCR assay for mouse perforin mRNA in individual eyes collected at 3 days
after subretinal MCMV inoculation. Top, MCMV-inoculated eye from a healthy C57BL/6 mouse showing equivalence at �100 fg of perforin
mRNA per 500 ng of total RNA. Bottom, MCMV-inoculated eye from a mouse with MAIDS showing lack of detection of authentic perforin
mRNA. (Authentic perforin mRNA � 442 bp; competitive template � 380 bp).

TABLE 2. MCMV titers of whole eyes and whole spleensc

Mouse type
Titer in:

Eyesa (PFU/ml/eye) Liversb (PFU/ml/0.1 g)

Normal 2.2 log10 2.1 log10
gld 2.3 log10 3.6 log10
PKO 4.5 log10� 6.1 log10��
MAIDS 4.3 log10� 5.1 log10��

a Mean titers of three to five whole eyes collected at 6 days after subretinal
MCMV inoculation.

b Mean titers of five whole livers collected at 5 days after intraperitoneal
MCMV inoculation.

c �, statistically different from eyes of normal and gld mice (P � 0.05); ��,
statistically different from livers of normal and gld mice (P � 0.05).
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mice) prompted us to hypothesize that MAIDS is associated
with a downregulation of the perforin cytotoxic pathway. To
test this hypothesis, we developed a competitive RT-PCR assay
for perforin mRNA and used this assay to quantify perforin
mRNA levels within mouse tissues as a measure of perforin-
mediated cytotoxicity. Initial experiments were directed at the
measurement and comparison of perforin mRNA levels within
the spleens of immunocompetent or MAIDS mice who were
infected with MCMV by subretinal inoculation, a route of virus
inoculation that induces the production of MCMV-specific
splenic T cells (13). Three days following uniocular subretinal
MCMV inoculation, lymphocytes were collected from the
pooled spleens of both animal groups and enriched for T
lymphocytes by passage over nylon wool columns. The enrich-
ment procedure was especially important for the spleens of
MAIDS animals, since these spleens exhibit a profound
splenomegaly due to B-cell lymphoproliferation and therefore
contain a significant number of B lymphocytes (24). Following
the enrichment procedure, approximately 75% of the recov-
ered cells from both normal and MAIDS spleens were T lym-
phocytes as determined by flow cytometry analysis (data not
shown). Total RNA was recovered from an equivalent number
of splenic T lymphocytes of both groups, and quantitative RT-
PCR was performed (5, 7). Results showed that splenic T
lymphocytes from MCMV-infected normal mice contained
�5,000 fg of perforin mRNA per 500 ng of total RNA, whereas
an equal number of splenic T lymphocytes from MCMV-in-
fected MAIDS mice contained less than 50 fg of perforin
mRNA per 500 ng of total RNA. These data demonstrate that
perforin mRNA levels in splenic T lymphocytes are signifi-
cantly decreased during MAIDS, by �100-fold, from perforin
mRNA levels in immunocompetent animals.

Diminished perforin expression in MCMV-inoculated eyes
of mice with MAIDS. We next performed experiments to in-
vestigate directly the expression of perforin mRNA in MCMV-
inoculated eyes early in the course of ocular MCMV infection.
Whole MCMV-infected eyes from groups of normal mice or
MAIDS mice were collected at 3 days following subretinal
MCMV inoculation and were individually subjected to quan-
titative RT-PCR assay for perforin mRNA expression. Unma-
nipulated normal eyes from separate uninfected healthy mice
served as controls to determine possible background expres-
sion of perforin mRNA by the resident cell populations. In the
eyes of uninfected normal mice, MCMV-infected normal mice,
and MCMV-infected MAIDS mice, the levels of perforin
mRNA were � 1, 168 	 32 (mean plus or minus standard error
of the mean), and 3 	 1 fg of perforin mRNA per 500 ng of
total RNA, respectively. The levels of perforin mRNA in the
eyes of MCMV-infected normal mice and MCMV-infected
MAIDS mice were statistically significantly different. As ex-
pected, control unmanipulated normal eyes expressed no de-
tectable perforin mRNA, indicating an extremely low back-
ground expression of perforin in the absence of MCMV
infection. In comparison, MCMV-inoculated eyes from normal
mice that were destined to be resistant to MCMV retinitis
demonstrated high levels of detectable perforin mRNA. In
sharp contrast, however, MCMV-inoculated eyes from mice
with MAIDS that were destined to become susceptible to
MCMV retinitis demonstrated significantly lower levels of de-
tectable perforin mRNA (P � 0.05) (Fig. 2). Thus, suscepti-

bility to MCMV retinitis during MAIDS correlates with a sig-
nificant decrease in perforin mRNA levels within the ocular
compartment following subretinal MCMV infection.

DISCUSSION

Two important findings have emerged from this study.
Firstly, we provide the first evidence that the perforin cytotoxic
pathway is more important than the Fas/FasL cytotoxic path-
way in providing resistance to HCMV retinitis. Approximately
80% of adults worldwide are infected with HCMV, and the
virus establishes a lifelong latent infection (20). While it has
been generally accepted that healthy persons are resistant to
HCMV retinitis due to a strong cellular immune response
provided by NK cells and cytotoxic CD8� T cells (4), the
precise immunologic pathway(s) that actually provides this
protection has remained unexplored until this study. Our find-
ing that mice deficient in the perforin cytotoxic pathway (PKO
mice) are highly susceptible to experimental MCMV retinitis
but that mice deficient in the Fas/FasL cytotoxic pathway (gld
mice) exhibit absolute resistance to retinitis as occurs in nor-
mal, healthy, mice underscores the importance of the perforin
pathway in providing protection against the disease. This con-
clusion is strengthened by the observation that intraocular
titers of infectious MCMV are significantly higher in MCMV-
infected eyes of PKO mice with histopathologic features of
MCMV retinitis but that MCMV-infected eyes of gld and nor-
mal mice harbor equivalently low intraocular titers of infec-
tious virus in the absence of retinitis. Whether the perforin
cytotoxic pathway predominates in protection against diseases
other than retinitis remains to be determined. It is noteworthy,
however, that in the present study the livers of PKO mice
inoculated intraperitoneally with MCMV exhibited high titers
of infectious virus, whereas the livers of gld and normal mice
exhibited lower virus titers. Thus, the perforin cytotoxic path-
way might also provide protection against virus-induced hep-
atitis and other systemic diseases in addition to protection
against ocular disease.

Secondly, we provide the first evidence that mice with
MAIDS are highly susceptible to experimental MCMV retini-
tis due to downregulation of the perforin cytotoxic pathway as
measured by a significant decrease in perforin mRNA levels in
MCMV-infected eyes of mice with MAIDS from those in
MCMV-infected eyes or unmanipulated eyes of normal mice.
Confirmation of this conclusion must await direct testing of the
perforin pathway in an in vitro cell killing assay with lympho-
cytes from mice with MAIDS. It is important, however, that
splenic T lymphocytes from mice with MAIDS also exhibited a
profound decrease in perforin mRNA levels from those found
in splenic T lymphocytes recovered from normal mice.

MAIDS shares many immunopathologic features with AIDS
in humans (24). Both immunodeficiencies are caused by patho-
genic, species-specific retroviruses. Moreover, both MAIDS
and AIDS are characterized by progressive development of
chronic generalized lymphadenopathy, polyclonal B-cell acti-
vation, hypergammaglobulinemia, a shift in cytokine produc-
tion from a Th1 profile to a Th2 profile, diminished NK cell
and CD8�-T-cell functions, and increased susceptibility to op-
portunistic infections (24). It is therefore intriguing to specu-
late that HIV-1-induced AIDS in humans is also associated
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with a retrovirus-induced downregulation of the perforin cyto-
toxic pathway, thereby rendering the patient susceptible to
HCMV retinitis. Previous studies attempting to correlate im-
mune status and onset and severity of retinitis during AIDS
have focused exclusively on the quantification of individual
immune cell populations, such as CD4�- and CD8�-T-cell
counts (30, 32), but not on functional aspects of the immune
response. Findings with an established MAIDS model of ex-
perimental MCMV retinitis (10) predict that loss of effector
cell function (i.e., the perforin cytotoxic pathway) as opposed
to loss of individual effector cell populations might be more
important in predisposing to onset of HCMV retinitis in the
HIV-1-immunosuppressed patient.

Our results also predict that cytokine immunotherapy that
targets the perforin cytotoxic pathway but not the Fas/FasL
pathway will restore resistance to retinitis. Previous in vitro
studies have shown that exogenous interleukin-2 (IL-2), a Th1
regulatory cytokine of T-cell origin with potent effects on T
cells, B cells, and NK cells (47), enhances the depressed NK
cell activity and HCMV-specific cytotoxic T-cell activity of
peripheral blood mononuclear cells recovered from patients
with AIDS (43). Moreover, it has been shown previously that
systemic cytokine immunotherapy with IL-2 during MAIDS
will restore resistance to MCMV retinitis at a level seen in
normal, healthy mice following subretinal MCMV inoculation
(12). Experiments are presently in progress to determine if
protection provided by IL-2 immunotherapy during MAIDS
correlates with an upregulation of perforin mRNA levels. Such
a finding would support our working hypothesis that down-
regulation of the perforin cytotoxic pathway during MAIDS is
due indirectly to a retrovirus-induced shift in cytokine produc-
tion by CD4� helper T cells that favors a Th2 profile over a
Th1 profile.

Why the Fas/FasL cytotoxic pathway does not appear to play
a role in protection against experimental MCMV retinitis dur-
ing MAIDS is unclear. The Fas/FasL system has been recog-
nized as a mechanism of clonal deletion (36) as well as a means
for controlling T-cell expansion during immune responses (25).
FasL is expressed constitutively in the eye of mice, rats, and
humans, where it is displayed abundantly on cells of the cor-
nea, iris, ciliary body, and retina (14). Moreover, it is distrib-
uted at or near areas of the eye that comprise the blood-ocular
barrier, where there is an opportunity for interaction with
inflammatory cells. Thus, FasL expression in the eye is thought
to be important in the maintenance of immune privilege as well
as immune tolerance in the eye by apoptotic killing of inflam-
matory cells that invade the eye. In addition to serving as a
major factor in promoting corneal allograft survival (50) and
regulating subretinal angiogenesis (28), FasL expression in the
eye induces apoptotic death in Fas� lymphoid cells that enter
the organ in response to experimental anterior chamber infec-
tion of normal C57BL/6 mice with herpes simplex virus type 1
(17). Consequently, inflammatory responses are limited in
their spread throughout the eye, generally confined to the site
of virus injection. In sharp contrast, herpes simplex virus type
1 anterior chamber inoculation of gld mice results in a rapidly
proliferating inflammation that spreads beyond the site of ini-
tial virus infection and ultimately consumes the retina. Our
finding that gld mice are resistant to experimental MCMV
retinitis following subretinal MCMV inoculation suggests that

pathways of cytotoxicity may be virus specific in terms of pro-
viding protection.

Immunosuppressed patient populations other than those
who suffer from HIV-1 infection are also susceptible to a wide
spectrum of HCMV diseases. Solid-organ and bone marrow
transplant recipients not treated with antiviral chemotherapy
are susceptible to HCMV pneumonitis, which accounts for
significant mortality ranging from 40 to 70% and 70 to 85% in
these patient populations, respectively (19). Surprisingly, less
than 5% of transplant patients suffer from HCMV retinitis
(19). The converse is true during AIDS, where HCMV pneu-
monitis is rarely life threatening but where up to 40% of
patients are susceptible to HCMV retinitis (45). Thus, different
conditions of immunosuppression result in distinct patterns of
HCMV disease, an observation that suggests that the patho-
physiology of a particular HCMV disease need not be uniform
in different immunosuppressed patient populations. One might
argue, therefore, that loss of the perforin cytotoxic pathway
accounts for susceptibility to HCMV retinitis in AIDS patients
only but does not play a role in solid-organ or bone marrow
transplant rejection. Recent work by Li and coworkers (31),
however, that appeared in the literature as our study was on-
going would speak in favor of a role for the perforin cytotoxic
pathway in acute rejection of renal allografts. These investiga-
tors developed a quantitative RT-PCR assay similar to ours to
measure mRNA for perforin and granzyme B in urinary cells
of renal transplant patients and used this assay as a noninvasive
means for diagnosing acute rejection of renal allografts.
Whether the perforin cytotoxic pathway plays a role in suscep-
tibility to the rare cases of HCMV retinitis in immunosup-
pressed transplant recipients remains to be determined. Nev-
ertheless, our results, coupled with those of Li and coworkers
(31), raise the intriguing possibility that measurement of per-
forin mRNA is a far better quantification of cellular immunity
(and susceptibility to HCMV disease) than measurement of
absolute CD4�- and/or CD8�-T-cell numbers and might be
used in the clinical setting as a predictor for those immuno-
suppressed patients who are destined to develop HCMV reti-
nitis.
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