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Abstract: Interleukin-4 (IL-4) and interleukin-10 (IL-10) are key cytokines whose increased production during systemic HIV infection 
has been associated with decreased cellular immunity during AIDS. We examined whether HIV-induced stimulation of IL-4 or IL-10 
production leads to increased susceptibility to AIDS-related human cytomegalovirus retinitis. It was confirmed that there were increased 
amounts of IL-4 and IL-10  mRNA levels in mice with MAIDS of 10 weeks duration when most susceptible to MCMV retinitis. 
Surprisingly, however, MCMV-infected eyes of IL-4 -/- and IL-10 -/- mice with MAIDS of 8 weeks duration exhibited retinitis and 
infectious virus equivalent to that observed in MCMV-infected eyes of wild-type mice with MAIDS. We conclude that neither IL-4 nor 
IL-10 alone play a role in increased susceptibility to MAIDS-related MCMV retinitis, but may work collectively with other retrovirus-
induced immunosuppressive factors to allow for retinal disease.
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Introduction
The immune response is tightly regulated by different 
CD4+ T-helper cell subsets. Mosmann and coworkers1,2 
initially demonstrated that T-cell clones exhibit at 
least one of two distinct cytokine production pro-
files, including CD4+ T-helper type 1 (Th1) cells that 
produce Th1 cytokines such as interleukin-2 (IL-2) 
and interferon-g (IFN-g), and CD4+ T-helper type 2 
(Th2) cells that produce Th2 cytokines such as IL-4, 
IL-6, and IL-10.2,3 In general, cytokines produced by 
Th1 cells stimulate macrophage and CD8+ T-cell acti-
vation, thereby promoting a response biased toward 
traditional cell-mediated immunity.2,4 In sharp con-
trast, cytokines produced by Th2 cells activate eosino-
phils and helper T-cell function for immunoglobulin 
1 (IgG1) and immunoglobulin E (IgE) antibody pro-
duction, thereby promoting a response biased toward 
traditional humoral immunity and suppression of cel-
lular immunity.2,4 While the forces that determine the 
dominance of Th1 versus Th2 cells are not completely 
understood, it is clear that Th1 cells predominate in 
immunologically normal persons.3 During HIV infec-
tion, however, and the ensuing immune dysregulation 
that results during progression of AIDS, a unique 
shift takes place whereby a Th2 response ultimately 
predominates over a Th1 response.5 Thus, cellular 
immunity is greatly diminished and eventually lost 
during HIV-induced immunosuppression. In addi-
tion, during AIDS there is increased predisposition to 
a wide spectrum of opportunistic diseases including 
a sight-threatening retinitis caused by human cyto-
megalovirus (HCMV).6,7

AIDS-related HCMV retinitis presents clinically as a 
slowly progressive retinal disease characterized by full-
thickness retinal necrosis that is associated with cyto-
megalic cells.6 While use of antiretroviral drugs (ARV) 
has significantly reduced the number of new cases of 
AIDS-related HCMV retinitis in the United States,8 its 
incidence in the HIV/AIDS populations of other coun-
tries remains high, largely due to the relative unavail-
ability of ARV. For example, a conservative estimate 
of the incidence of AIDS-related HCMV retinitis in the 
HIV/AIDS populations of Thailand and Africa remains 
33% and 20%, respectively.9–11 Thus, vision loss and 
blindness due to AIDS-related HCMV retinitis remains 
a major ophthalmologic challenge worldwide.

IL-4 and IL-10 are key Th2 cytokines whose 
production is stimulated systemically during AIDS 

(and therefore during AIDS-related HCMV retinitis) 
as a result of HIV-induced Th2 dominance. IL-4 
is an immunomodulatory Th2 cytokine that pro-
motes a number of diverse immunological functions 
through binding to its two-chain receptor (IL4R) 
that is expressed on both immune and non-immune 
cells.12,13 Although the immunological outcome(s) 
of IL-4  secretion varies remarkably depending on 
effector cell, target cell, and the microenvironment in 
which IL-4 is secreted,12,14,15 IL-4 promotes a number 
of diverse immunological functions that impact mac-
rophage differentiation, the differentiation of CD4+ 
T cells into Th2 cells, and the inhibition of secretion 
of various inflammatory cytokines.3 In comparison, 
IL-10 is an anti-inflammatory Th2 cytokine that 
inhibits the production of INF-g as well as other Th1 
cytokines,3,16 an accomplishment achieved through 
binding of IL-10 to its two-chain receptor composed 
of an alpha and beta subunit.16,17

Of greater significance, however, are observations 
that CD8+ T-cell-mediated cytotoxicity is remarkably 
diminished at times of increased IL-4 and/or IL-10 
production. For example, increased IL-4 production 
during HIV infection results in conversion of cytotoxic 
CD8+ T cells to CD8- T cells that also produce more 
IL-4, further suppressing the Th1 response.12,18,19 HIV 
infection also results in IL-10-producing CD8+ T cells 
that exhibit reduced cytolytic activity to HIV as well 
as other viruses including HCMV.20 Overexpression 
of IL-4  in mice also results in increased Fas ligand 
(FasL) expression on T cells and a concomitant 
decrease in perforin production, an important observa-
tion that suggests that IL-4 favors Fas/FasL-mediated 
cytotoxicity over perforin-mediated cytotoxicity.21 
Similar results have also been observed during over-
expression of IL-10.22,23 Taken together, these findings 
suggest a pivotal association between increased IL-4 
and/or IL-10 production during retrovirus-induced 
immunosuppression and suppressed cellular immu-
nity, especially cellular immunity involving perforin-
mediated cytotoxicity.

We have been investigating the immunological 
aspects of the pathogenesis of AIDS-related HCMV 
retinitis using a well-characterized experimental 
mouse model of murine cytomegalovirus (MCMV) 
retinitis that develops in C57BL/6 mice with MAIDS,6 
a murine retrovirus-induced immunodeficiency syn-
drome that remarkably mimics HIV-induced AIDS 
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in humans.6 Importantly, like patients with AIDS, mice 
with MAIDS undergo a profound shift in cytokine pro-
duction by CD4+ T-helper cells from a Th1 dominant 
phenotype to a Th2 dominant phenotype that com-
mences 3 to 4 weeks after retrovirus infection.6 This 
critical immunological event during MAIDS leads 
to a progressive immunodeficiency characterized by 
abnormal CD8+ T-cell responses ∼8 weeks after ret-
rovirus infection, that ultimately results in high sus-
ceptibility to several opportunistic diseases including 
MCMV retinitis. It is noteworthy that MAIDS-related 
MCMV retinal disease presents with histopathologic 
features at 8 to 10 days after MCMV infection that 
closely resemble those observed in AIDS-related 
HCMV retinitis, ie, development of a full-thickness 
retinal necrosis with cytomegalic cells that replaces 
the normal retinal architecture.6

Using our MAIDS model of MCMV retinitis, we 
demonstrated previously that loss of the perforin 
cytotoxic pathway is responsible for increased sus-
ceptibility to MCMV retinitis during MAIDS,24 and 
this increased susceptibility can be reversed by immu-
notherapy with the Th1 cytokine IL-2.25 Moreover, 
MCMV-infected eyes of MAIDS animals susceptible 
to MCMV retinitis contain high amounts of IL-4.26 
These observations, coupled with those from other 
laboratories showing that either IL-4 or IL-10 favor 
the Fas/FasL cytotoxic pathway over the perforin cyto-
toxic pathway,21–23,27–31 lead to the attractive hypoth-
esis that an increase in systemic production of IL-4 or 
IL-10 during retrovirus-induced immunosuppression 
is responsible for increased susceptibility to MCMV 
retinitis during MAIDS. To our surprise, however, 
this hypothesis proved to be incorrect since mice 
with MAIDS deficient in either IL-4 or IL-10 exhib-
ited a frequency of retinitis, a severity of retinitis, and 
intraocular amounts of infectious virus equivalent to 
those found in wild-type mice with MAIDS.

Methods and Materials
Animals
Wild-type female C57BL/6  mice, IL-4 -/- female 
mice on a C57BL/6 background, and IL-10 -/- female 
mice on a C57BL/6 background were purchased from 
Jackson Laboratories (Bar Harbor, ME). Mice were 
housed in pathogen-free conditions, allowed unlimited 
access to food and water, and maintained in alternating 
12-hour light/dark cycles. All animal procedures were 

conducted in accordance with Georgia State University 
Institutional Animal Care and Use Committee (IACUC) 
policies as well as the ARVO Statement for Use of 
Animals in Ophthalmic and Vision Research.

Viruses
Stocks of MCMV (Smith strain, American Type 
Culture Collection, Manassas, VA) and the murine 
retrovirus mixture (LP-BM5) (kindly provided by 
the AIDS Research and Reference Reagent Program, 
Germantown, MD) were prepared and stored as 
previously described.32

Induction of MAIDS
MAIDS was induced in 3-week-old wild-type mice, 
IL-4 -/- mice, and IL-10 -/- mice with the LP-BM5 
retrovirus mixture by intraperitoneal injection as 
described previously.32 Mice with MAIDS of 4-weeks 
duration (MAIDS-4), 8-weeks duration (MAIDS-
8), and 10-weeks duration (MAIDS-10) were used 
throughout the investigation.

Subretinal inoculation with MCMV
Eyes of wild-type MAIDS-8  mice, IL-4 -/- 
MAIDS-8 mice, and IL-10 -/- MAIDS-8 mice were 
inoculated with MCMV as described previously.32 
Briefly, 2 µL of maintenance medium containing 
approximately 104 to 105 plaque-forming units (PFU) 
of MCMV was injected subretinally into the left eye of 
each mouse. The right eye of each mouse was injected 
subretinally with 2 µL of maintenance medium only 
and served as control for all investigations.

Quantitative real-time RT-PCR assay
Total ribonucleic acid (RNA) was extracted from 
whole splenic cells and from whole eyes using 
Trizol (Invitrogen, Grand Island, NY) coupled with 
the PureLink Micro-to-Midi Total RNA Purification 
System (Invitrogen, Grand Island, NY) following 
manufacturer’s instructions. Extracted total RNA 
was stored at -80 °C prior to processing. Extracted 
total RNA was subjected to reverse transcription 
following the SuperScript III First-Strand System for 
RT-PCR (Invitrogen) protocol. Complimentary DNA 
(cDNA) was stored at -20 °C prior to processing. 
cDNA from whole splenic cells and whole eyes from 
all animals was subjected to quantitative real-time 
RT-PCR to determine the amount of transcripts 
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specific for murine IL-4, murine IL-10, murine 
perforin, murine granzyme B, and murine FasL 
(Qiagen, Valencia, CA). Murine GAPDH cDNA 
(Qiagen) served as endogenous control. Briefly, 
1.2 µL of cDNA was added to a reaction mixture of 
15 µL of Power SYBR Green Master Mix (Applied 
Biosystems, Carlsbad, CA), 3 µL of primers for 
each gene (see Table  1), 9.9 µL of double-distilled 
water, and 0.9 µL of dimethylsulfoxide (Sigma, 
St. Louis, MO) for a total volume of 30 µL per 
reaction. Parameters for each quantitative RT-PCR 
assay cycle were 15 minutes at 95 °C, 15 seconds at 
94 °C, 31 seconds at 55 °C, and 35 seconds at 72 °C 
for a total of 45  cycles. Transcription levels were 
determined utilizing the 7500 Fast Real-Time PCR 
System (Applied Biosystems), and average threshold 
cycles (Ct) were determined using the 7500 Fast Real-
Time PCR System software (Applied Biosystems).

ELISA
Whole splenic cells and whole eyes from all animals 
were collected, individually stored in liquid nitro-
gen, thawed, individually homogenized in 1.0  mL 
of phosphate-buffered saline (PBS) containing a 
protease inhibitor cocktail (Sigma), and individu-
ally stored at -20 °C prior to performance of ELISA. 
At time of ELISA, homogenates were thawed, soni-
cated, clarified by centrifugation, and the resulting 
supernatants were subjected to ELISA for quantifica-
tion of murine IL-4 and IL-10 protein using the com-
mercially available kit provided by eBioscience (San 
Diego, CA) according to manufacturer’s instructions. 
Total protein for each sample was determined using 
the Bradford Protein Assay (Biorad, Hercules, CA).

Histopathology
Whole eyes collected from all animals were imme-
diately fixed in 10% buffered formalin (Electron 
Microscopy Sciences, Hartford, PA) for at least 
48  hours at 4 °C, frozen in Optimal Cutting Tem-
perature (OCT) medium (Thermo Scientific, Roch-
ester, NY), cut into 8-µm sections using a Shandon 
Special Motorized Electronic Cryotome (Thermo 
Scientific), and sections were collected onto posi-
tively charged microscope slides (Thermo Scientific). 
Hematoxylin and eosin staining was performed as 
previously described32 with minor modifications. 
Ocular sections were scored for frequency and sever-
ity of retinitis using a scoring system established by 
us previously.32

Recovery and quantification  
of infectious MCMV
Whole MCMV-infected eyes were collected from 
wild-type MAIDS-8 mice, IL-4 -/- MAIDS-8 mice, 
and IL-10 -/- MAIDS mice at 10  days after sub-
retinal injection and individually stored in liquid 
nitrogen prior to processing. At time of quantitative 
plaque assay, individual eyes were thawed, individu-
ally homogenized on ice in 1.0 mL of cold Delbecco’s 
Minimal Essential Medium (DMEM) (Cellgro, 
Manassas, VA), and clarified by centrifugation. Ten-
fold dilutions of the resulting supernatants were 
titered onto monolayers of mouse embryo fibroblast 
(MEF) cells in 6-well plates, allowed to adsorb for 
1  hour at 37 °C in a humidified atmosphere of 5% 
CO2, overlaid with 1.0  mL DMEM, and incubated 
for 5  days at 37 °C in a humidified atmosphere of 
5% CO2. Individual plaques were counted using an 

Table 1. Sequences, annealing temperature, and expected fragment size of primers used in real-time RT-PCR assay.

Gene  
(accession number)

Source Primer sequence Annealing  
temperature (°C)

Amp length  
(bp)

IL-4  
(NM_021283)

Qiagen QuantiTect primer assay 55 104

IL-10  
(NM_010548)

Qiagen QuantiTect primer assay 55 103

Perforin  
(NM_011073)

Qiagen QuantiTect primer assay 55 123

Granzyme B  
(NM_013542)

Qiagen QuantiTect primer assay 55 149

Fas Ligand  
(NM_010177)

Qiagen QuantiTect primer assay 55 99
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inverted light microscope, and results were expressed 
as the number of PFU per mL per whole eye (PFU/
mL/eye).

Statistical analysis
All quantitative data obtained from quantitative 
real-time RT-PCR assay and ELISA were expressed 
as means  ± standard error of the mean (SEM) and 
standard deviation (SD), respectively. At least two 
independent experiments per performed for each 
study. Statistical analysis was performed using the 
Wilcoxon-rank sum or Student t-test. A P value 
of ,0.05 was considered significant.

Results
Quantification of splenic IL-4 and 
IL-10 messenger RNA levels in wild-type 
C57BL/6 mice during progression  
of MAIDS
Early work by Gazzinelli and colleagues33,34 dem-
onstrated that progression of MAIDS is associated 
with a shift in cytokine production by splenic CD4+ 
T cells from a Th1 profile to a Th2 profile as seen 
in HIV-infected patients with AIDS,5 and this shift 
commences at ∼3 weeks after retrovirus infection.6 
We have shown previously that IL-4  messenger 
RNA (mRNA) levels increase significantly within 

the ocular compartment of MCMV-infected eyes of 
mice with MAIDS.26 Here, we sought to confirm that 
in the absence of MCMV infection our animals also 
exhibit a systemic increase in Th2 cytokines during 
the progression of MAIDS, especially for the Th2 
cytokines IL-4 and IL-10 that have been associated 
with dampening of cellular immunity.21,24,27,28,31 Initial 
experiments using quantitative RT-PCR assay were 
therefore performed to measure IL-4 and IL-10 mRNA 
levels within splenic cells collected from wild-type 
C57BL/6  mice with MAIDS of 4-weeks duration 
(MAIDS-4), 8-weeks duration (MAIDS-8), and 
10-weeks duration (MAIDS-10), but without ocu-
lar MCMV infection. Results are shown in Figure 1. 
Whereas splenic IL-4 mRNA levels increased nearly 
2-fold in MAIDS-4 and MAIDS-8 animals, MAIDS-
10 animals showed a significant 4-fold increase in 
splenic IL-4 mRNA levels (Fig. 1A). In comparison, 
splenic IL-10  mRNA levels also increased during 
progression of MAIDS, but this increase was evident 
later in the course of MAIDS and far greater than that 
seen for splenic IL-4 mRNA. Whereas no significant 
increase in IL-10  mRNA was observed in splenic 
cells collected from MAIDS-4 animals, splenic 
IL-10  mRNA levels were ∼4-fold and ∼17-fold 
higher in MAIDS-8 and MAIDS-10 animals, respec-
tively (Fig.  1B). Thus, as expected,26,32,33 our mice 
with MAIDS did indeed exhibit increased systemic 
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production of IL-4 and IL-10  mRNAs during pro-
gression of retrovirus-induced immunosuppression 
as measured using splenic cells, although the increase 
in splenic IL-10  mRNA levels was far greater than 
that of splenic IL-4  mRNA levels. Nonetheless, a 
significant increase in systemic mRNA levels to both 
Th2 cytokines was observed during MAIDS-8 and 
MAIDS-10, times during the course of retrovirus-
induced immunosuppression when mice become 
susceptible to MCMV retinitis following subretinal 
infection.26,32

Induction of MAIDS in mice  
deficient in IL-4 or IL-10
To determine if systemic reduction of IL-4 or 
IL-10 might lead to increased resistance to MCMV 
retinitis during MAIDS as hypothesized, we first 
attempted to induce MAIDS in IL-4 -/- mice and 
IL-10 -/- mice. Since IL-4 and IL-10 gene-deficient 
mice are not available, we elected to use IL-4 -/- 
and IL-10 -/- mice for these studies that possess a 
targeted mutation of the IL-4  gene or IL-10  gene. 
This mutation results in the production of truncated, 
non-functional IL-435 or IL-1036 protein products. 
Groups of IL-4 -/- and IL-10 -/- mice were there-
fore infected with the immunosuppressive retrovirus 

mixture LP-BM5, housed for 8 weeks, and assessed 
for development of MAIDS using criteria established 
by us previously.32 All retrovirus-infected IL-4 -/- and 
IL-10 -/- mice exhibited physical and immunologi-
cal features consistent with development of MAIDS 
(data not shown), and were designated as IL-4 -/- 
MAIDS-8 mice and IL-10 -/- MAIDS-8 mice.

Additional studies were performed to confirm 
that splenic IL-10 mRNA levels were not affected in 
IL-4 -/- MAIDS-8 mice following subretinal MCMV 
infection. Conversely, splenic IL-4 mRNA levels were 
not affected in IL-10 -/- MAIDS-8  mice following 
subretinal MCMV infection. This finding was of inter-
est since Green and coworkers37 noted that IL-10 -/- 
mice infected with LP-BM5 exhibited exaggerated 
disease development when compared with wild-type 
LP-BM5-infected C57BL/6  mice, an outcome that 
might affect splenic IL-4 mRNA production. Results 
are shown in Figure 2. While equivalent amounts of 
IL-10  mRNA levels were observed in splenic cells 
collected from wild-type MAIDS-8 mice and IL-4 -/- 
MAIDS-8  mice following intraocular MCMV infec-
tion, IL-10 protein levels were significantly increased in 
IL-4 -/- MAIDS-8 mice. In comparison, while splenic 
IL-4  mRNA levels were reduced by ∼50% in IL-10 
-/- MAIDS-8  mice when compared with wild-type  
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MAIDS-8 mice following intraocular MCMV infection, 
nearly equivalent amounts of IL-4 protein were found 
within splenic cells of both animal groups.

Quantification of amounts of infectious 
MCMV within eyes of wild-type 
MAIDS-8 mice, IL-4 -/- MAIDS-8 mice, 
and IL-10 -/- MAIDS-8 mice following 
subretinal MCMV infection
We have shown previously that the amounts of infec-
tious MCMV within the ocular compartments of mice 
with MAIDS increase remarkably during development 
of retinitis following subretinal MCMV injection.6,26,32 
Moreover, since increased IL-4 and IL-10 production 
would tend to delay virus clearance by dampening of 
CD8+ T-cell cytotoxicity, we sought to determine if loss 
of IL-4 or IL-10 would affect virus replication during 
MAIDS. Eyes of IL-4 -/- MAIDS-8 mice, IL-10 -/- 
MAIDS-8  mice, and wild-type MAIDS mice were 
therefore infected with MCMV by subretinal injection, 
collected 10 days later, and subjected to standard plaque 
assay for quantification and comparison of amounts of 
infectious virus. As shown in Figure 3, equivalent amounts 
of infectious virus were found in MCMV-infected eyes 
of IL-4 -/- MAIDS-8 mice, IL-10 -/- MAIDS-8 mice, 
and their respective wild-type MAIDS-8 controls. Thus, 
systemic loss of IL-4 or IL-10 during MAIDS did not 
appear to impact virus replication significantly within 
the eye, either positively or negatively.

Frequency and severity of MCMV 
retinitis in IL-4 -/- MAIDS-8 mice  
and IL-10 -/- MAIDS-8 mice following 
subretinal MCMV infection
Since systemic loss of IL-4 or IL-10 had no effect of 
the amount of virus within the eyes of MAIDS-8 mice 
that have been shown previously by us to be sus-
ceptible to retinitis,6,32 we sought to determine 
whether systemic loss of IL-4 or IL-10 would result 
in increased resistance to retinitis as hypothesized. 
In separate experiments, IL-4 -/- MAIDS-8  mice, 
IL-10 -/- MAIDS-8  mice, and their respective 
wild-type MAIDS-8 controls were infected with 
MCMV by subretinal inoculation. Ten days later, all 
eyes were collected, analyzed histopathologically, 
and scored for frequency and severity of necrotiz-
ing retinitis using a scoring system described previ-
ously.32 Results are shown in Table 2. As expected, 
MCMV-infected eyes of wild-type MAIDS-8 con-
trol mice were indeed susceptible to retinitis as indi-
cated by frequencies of retinitis of 78% and 100% 
in separate experiments (average  =  89%). In sharp 
opposition to our hypothesis, however, MCMV-in-
fected eyes collected from IL-4 -/- MAIDS-8 mice 
and IL-10 -/- MAIDS-8 mice exhibited a frequency 
of retinitis equivalent to that observed in control 
animals. Whereas 89% of MCMV-infected eyes 
of IL-4 -/- MAIDS-8  mice showed retinitis, 85% 
of IL-10 -/- MAIDS-8  mice also showed retinitis. 
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Figure 3. Ocular MCMV titer in wild-type MAIDS-8 mice, IL-4 -/- MAIDS-8 mice, and IL-10 -/- MAIDS-8 mice. (A) Average virus titer (expressed as 
PFU/eye/mL) in whole eyes of wild-type MAIDS-8 mice versus IL-4 -/- MAIDS-8 mice at 10 days after subretinal MCMV infection P = 0.658 (n = 5), 
error bars = SEM of one experiment. (B) Average virus titer (expressed as PFU/eye/mL) in whole eyes of wild-type MAIDS-8 mice versus IL-10 -/- 
MAIDS-8 mice at 10 days after subretinal MCMV infection P = 0.800 (n = 4), error bars = SEM of one experiment.
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Although frequency of retinitis was unaffected in 
MAIDS animals with a systemic loss of IL-4 or 
IL-10, it was possible that loss of these Th2 cytok-
ines would result in a decrease in severity of retinal 
disease. This was not the case (Table 2). When scored 
for severity of retinitis,32 a statistical difference was 
not observed when MCMV-infected eyes of IL-4 -/- 

MAIDS-8 mice or MCMV-infected eyes of IL-10 -/- 
MAIDS-8 mice were compared with MCMV-infected 
eyes of their respective controls.

Quantification of splenic perforin, 
granzyme B, and FasL mRNA  
levels in IL-4 -/- MAIDS-8 mice  
and IL-10 -/- MAIDS-8 mice following 
subretinal MCMV infection
Since MCMV-infected eyes of mice with MAIDS 
deficient in systemic IL-4 or IL-10 failed to show a 
decrease in frequency or severity of retinitis as pre-
dicted, we were interested in knowing the fate of 
mRNAs of key molecules involved in CD8+ T-cell 
cytotoxicity in animals unable to produce functional 
systemic IL-4 or IL-10. These included perforin 
and granzyme B mRNAs associated with the perfo-
rin cytotoxic pathway3 and FasL mRNA associated 
with the Fas/FasL cytotoxic pathway.3 This finding 

Table 2. Frequency and severity of MCMV necrotizing 
retinitis in wild-type MAIDS-8 mice, IL-4 -/- MAIDS-8 mice, 
and IL-10 -/- MAIDS-8  mice at day 10 after subretinal 
MCMV infection.

Group Frequency of  
necrotizing  
retinitis  
(retinitis/total)

Severity 
score

Wild-type MAIDS-8 78% (7/9) 2.94 (n = 7)
IL-4 -/- MAIDS-8 89% (8/9) 3.24 (n = 8)
Wild-type MAIDS-8 100% (4/4) 3.72 (n = 4)
IL-10 -/- MAIDS-8 85% (6/7) 3.14 (n = 6)
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Figure 4. Perforin, granzyme B, and FasL mRNA levels in whole splenic cells of IL-4 -/- MAIDS-8 mice and IL-10 -/- MAIDS-8 mice versus respective 
controls. (A) Perforin mRNA levels in splenic cells of wild-type MAIDS-8 mice versus IL-4 -/- MAIDS-8 mice; P = 0.780 (n = 5), error bars = SEM of two 
independent experiments. (B) Perforin mRNA levels in splenic cells of wild-type MAIDS-8 mice versus IL-10 -/- MAIDS-8 mice; P = 0.49 (n = 5), error 
bars = SEM on one experiment. (C) Granzyme B mRNA levels in splenic cells of wild-type MAIDS-8 mice versus IL-4 -/- MAIDS-8 mice; P = 0.691 (n = 5), 
error bars = SEM of two independent experiments. (D) Granzyme B mRNA levels in splenic cells of wild-type MAIDS-8 versus IL-10 -/- MAIDS-8 mice; 
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P # 0.007 (n = 5), error bars = SEM of one experiment.
Note: Asterisks indicate statistical significance.
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was accomplished by measurement of perforin, 
granzyme B, and FasL mRNAs originating from 
splenic cells collected from IL-4 -/- MAIDS-8 mice 
and IL-10 -/- MAIDS-8  mice following subretinal 
MCMV infection, and comparing these amounts 
by quantitative RT-PCR assay with those obtained 
from wild-type MAIDS-8 mice following subretinal 
MCMV infection. As shown in Figure 4, amounts of 
splenic perforin and granzyme B mRNAs remained 
relatively unchanged in mice with MAIDS deficient 
in systemic IL-4 or IL-10 production when compared 
with wild-type MAIDS animals. Moreover, MAIDS 
mice deficient in systemic IL-4 or IL-10 production 
showed a significant increase in splenic FasL mRNA 
production, which was an unexpected finding.

Discussion
Since its appearance as a major cause of vision loss 
and blindness within the United States nearly 30 years 
ago, AIDS-related HCMV retinitis has become well 
characterized clinically and histologically.6,38 Despite 
many years of extensive clinical and laboratory inves-
tigation, however, a number of basic issues related to 
the virology, immunology, and pathogenesis of this 
sight-threatening disease within the unique immuno-
suppressive environment of HIV infection and disease 
remain unresolved. Among these unresolved issues is 
the lack of a crisp and comprehensive understanding 
of the basic immunological changes that take place 
during retrovirus-induced immunosuppression, espe-
cially those involved during loss of cellular immunity. 
Toward this end, we previously used our MAIDS 
model of MCMV retinitis to show that the perforin-
mediated cytotoxic pathway is more important than 
the Fas/FasL-mediated cytotoxic pathway for pro-
tection against MAIDS-related MCMV retinitis.24 
We24 and others39 showed that loss of the perforin 
cytotoxic pathway results in an increased suscepti-
bility to MCMV-induced disease, including retinitis. 
Resistance to MCMV-related disease, however, could 
be restored by immunotherapy with the Th1 cytokine 
IL-2,25 a cytokine that has robust effects on cyto-
toxic T cell and natural killer (NK) cell functions.40 
Unanswered in these investigations, however, was an 
understanding of the precise mechanism(s) by which 
the perforin cytotoxic pathway is diminished during 
MAIDS in favor of the Fas/FasL cytotoxic pathway. 
These findings, coupled with the fact that progression 

of MAIDS is also associated with a prominent shift in 
cytokine production by CD4+ T cells from a Th1 pro-
file to a Th2 profile6 (Fig. 1) as seen during AIDS,5 lead 
to the attractive hypothesis that IL-4 or IL-10, both 
Th2 cytokines that have been shown to be involved 
in downregulation of cellular immunity,21,24,27,28,31 
play key roles in the pathogenesis of MAIDS-related 
MCMV retinitis.

Surprisingly, results reported herein suggest that 
this is not the case, and our hypothesis is incorrect. In 
fact, MCMV-infected eyes of mice with MAIDS defi-
cient in systemic IL-4 or IL-10 displayed a frequency 
of retinitis, a severity of retinitis, and intraocular 
amounts of virus equivalent to those found in MCMV-
infected eyes of wild-type mice with MAIDS.

That IL-4 or IL-10 should play a pivotal role in loss of 
cellular immunity during the pathogenesis of MAIDS-
related MCMV retinitis was a reasonable prediction. In 
addition to studies showing that increased IL-4 or IL-10 
production during HIV infection results in decreased 
cytotoxic CD8+ T-cell activity against many viruses 
including HCMV,18–20,41 numerous in vitro and in vivo 
studies have also noted an association between elevated 
levels of the Th2 cytokine IL-4 and decreased CD8+ 
T-cell-mediated cytotoxicity, all associated with an 
increase in FasL expression and a concomitant decrease 
in perforin and granzyme B expression. For example, 
Kienzle and colleagues27,28 demonstrated that incubation 
of naïve mouse CD8+ T cells with high concentrations 
of IL-4 resulted in a population of T cells with signifi-
cantly lower expression of CD8 and reduced cytotoxic 
ability. Aung and coworkers21 infected mice with an IL-
4-expressing respiratory syncyital virus (RSV) recom-
binant and observed a subsequent increase in expression 
of FasL on CD4+ and CD8+ T cells coupled with alter-
ation of the mechanism of CD8+ T-cell cytotoxicity 
from a perforin-mediated pathway to a favored Fas/
FasL-mediated pathway. Moreover, systemic treatment 
of mice with anti-IL-4 antibody resulted in decreased 
morbidity following challenge with wild-type RSV due 
to an enhanced CD8+ cytotoxic response that lead to 
more effective virus clearance.21 Similar findings were 
reported by Jackson and colleagues42 for mousepox 
virus infection. These workers observed suppressed 
CD8+ T-cell cytotoxicity as well as suppressed NK-cell 
cytotoxicity in mice infected with an IL-4-expressing 
mousepox virus, outcomes that resulted in increased 
virus-induced mortality.
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Despite this convincing body of evidence, we did 
not observe increased resistance to MCMV retinitis 
in mice with MAIDS in the absence of functional 
IL-4 or IL-10 production as hypothesized. Without 
functional IL-4 or IL-10, two Th2 cytokines thought to 
dampen cellular immunity during retrovirus-induced 
immunosuppression,18–20,23,41 we predicted a resurgence in 
CD8+ T-cell cytotoxicity that would provide protection 
against onset and progression of MCMV-induced retinal 
disease, possibly through stimulation of the perforin 
cytotoxic pathway associated with a concomitant decline 
in the Fas/FasL cytotoxic pathway. Surprisingly, this was 
not the case. In fact, loss of IL-4 or IL-10 during MAIDS 
resulted in no significant change in splenic mRNA levels 
for perforin or granzyme B, two key molecules involved 
in the perforin cytotoxic pathway, when compared with 
wild-type mice with MAIDS. More importantly, an 
increase in splenic mRNA levels for FasL was observed 
following loss of either IL-4 or IL-10 during MAIDS 
when compared with wild-type mice with MAIDS. 
One explanation for these unexpected results is that 
while IL-4 or IL-10 may work individually to suppress 
cellular immunity during MAIDS, they also function 
collectively toward this end. Our findings suggest that 
loss of IL-4 or IL-10 during MAIDS is an independent 
event that fails to affect production of the other Th2 
cytokine. Thus, loss of one of these Th2 cytokines does 
not necessarily lead to a significant biological outcome 
as measured in our studies by a change in frequency 
or severity of MAIDS-related MCMV retinitis. One 
experimental approach to test this hypothesis would be 
to perform parallel studies using mice with MAIDS that 
suffer systemic loss in both IL-4 and IL-10 production. 
Unfortunately, all commercially available double 
knockout mice at present exist only on a BALB/c 
background, and MAIDS cannot be induced in BALB/c 
mice.43 Alternatively, we could reduce systemic levels 
of both IL-4 and IL-10 in mice with MAIDS using an 
antibody approach to neutralize their functions, but pilot 
studies to reduce systemic levels of IL-4 alone in mice 
with MAIDS using anti-IL-4 antibody have proven to be 
ineffective, resulting in only ∼50% reduction in splenic 
levels of IL-4  mRNA and protein (data not shown). 
Thus, future studies will be oriented toward production 
of IL-4 and IL-10 double knockout mice on a C57BL/6 
background to explore the exciting possibility that these 
Th2 cytokines act in concert to increase susceptibility to 
MCMV retinitis during MAIDS.

It is noteworthy, however, that more recent find-
ings from other laboratories have suggested that IL-4 
can indeed support development of cytotoxic T cells 
when incubated with highly purified primary T cells 
collected from lymph nodes of BALB/c mice.44,45 
Studies conducted by Bachmann and coworkers46 also 
demonstrated that IL-4 -/- C57BL/6 mice, when com-
pared with wild-type C57BL/6 mice, failed to exhibit 
changes in cytotoxic T-cell responses when infected 
with lymphocytic choriomeningitis virus or vaccinia 
virus. These animals were also able to clear virus 
as a result of an effective cytotoxic T-cell response. 
Additional studies conducted by Mo and colleagues47 
noted that CD8+ T cells collected from IL-4 -/- 129/J 
mice and wild-type 129/J mice exhibited equivalent 
cytotoxic activity against Sendai virus infection. It is 
important to recognize, however, that none of these 
studies investigated IL-4 and cellular immunity in the 
context of retrovirus-induced immunosuppression.

In summary, we show herein that mice with MAIDS 
deficient in either IL-4 or IL-10 do not develop resis-
tance to MCMV retinitis as measured by amounts of 
intraocular infectious virus, frequency of retinitis, and 
severity of retinitis. Our findings therefore disprove 
our initial working hypothesis that IL-4 or IL-10 are 
key Th2 cytokines that promote increased susceptibil-
ity to MAIDS-related MCMV retinitis by dampening 
cellular immunity, possibly because they favor the 
Fas/FasL cytotoxic pathway over the perforin cyto-
toxic pathway. In hindsight, this was probably a naïve 
hypothesis since IL-4, IL-10, and many other host fac-
tors probably work in concert during MAIDS to cre-
ate the unique intraocular environment that allows for 
pathogenesis of MCMV retinitis. Our present stud-
ies are oriented toward precise identification of these 
unique factors.
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