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ABSTRACT AIDS-related human cytomegalovirus retinitis remains the leading cause
of blindness among untreated HIV/AIDS patients worldwide. To study mechanisms
of this disease, we used a clinically relevant animal model of murine cytomegalovi-
rus (MCMV) retinitis with retrovirus-induced murine AIDS (MAIDS) that mimics the
progression of AIDS in humans. We found in this model that MCMV infection signifi-
cantly stimulates ocular suppressor of cytokine signaling 1 (SOCS1) and SOCS3, host
proteins which hinder immune-related signaling by cytokines, including antiviral
type I and type II interferons. The present study demonstrates that in the absence of
retinal disease, systemic MCMV infection of mice without MAIDS, but not in mice
with MAIDS, leads to mild stimulation of splenic SOCS1 mRNA. In sharp contrast,
when MCMV is directly inoculated into the eyes of retinitis-susceptible MAIDS mice,
high levels of intraocular SOCS1 and SOCS3 mRNA and protein are produced which
are associated with significant intraocular upregulation of gamma interferon (IFN-�)
and interleukin-6 (IL-6) mRNA expression. We also show that infiltrating macro-
phages, granulocytes, and resident retinal cells are sources of intraocular SOCS1 and
SOCS3 protein production during development of MAIDS-related MCMV retinitis, and
SOCS1 and SOCS3 mRNA transcripts are detected in retinal areas histologically char-
acteristic of MCMV retinitis. Furthermore, SOCS1 and SOCS3 are found in both
MCMV-infected cells and uninfected cells, suggesting that these SOCS proteins
are stimulated via a bystander mechanism during MCMV retinitis. Taken to-
gether, our findings suggest a role for MCMV-related stimulation of SOCS1 and
SOCS3 in the progression of retinal disease during ocular, but not systemic,
MCMV infection.

IMPORTANCE Cytomegalovirus infection frequently causes blindness in untreated
HIV/AIDS patients. This virus manipulates host cells to dysregulate immune functions
and drive disease. Here, we use an animal model of this disease to demonstrate that
cytomegalovirus infection within eyes during retinitis causes massive upregulation of
immunosuppressive host proteins called SOCS. As viral overexpression of SOCS pro-
teins exacerbates infection with other viruses, they may also enhance cytomegalovi-
rus infection. Alternatively, the immunosuppressive effect of SOCS proteins may be
protective against immunopathology during cytomegalovirus retinitis, and in such a
case SOCS mimetics or overexpression treatment strategies might be used to com-
bat this disease. The results of this work therefore provide crucial basic knowledge
that contributes to our understanding of the mechanisms of AIDS-related cytomega-
lovirus retinitis and, together with future studies, may contribute to the develop-
ment of novel therapeutic targets that could improve the treatment or management
of this sight-threatening disease.
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Human cytomegalovirus (HCMV) is a betaherpesvirus that infects up to 80% of the
adult population worldwide (1). Following primary infection that is usually asymp-

tomatic (2), the virus establishes a lifelong latent infection in monocytes and bone
marrow granulocyte-macrophage progenitors of the host (3) that is often without overt
clinical consequences (2, 4). Upon immunosuppression during the progression of
HIV/AIDS, however, a number of HCMV-associated pathologies may present them-
selves. Among these is AIDS-related HCMV retinitis, which remains the leading cause of
vision loss and blindness among untreated HIV/AIDS patients worldwide (5–7). This
slowly progressive, primarily immunopathologic, retinal disease of HCMV etiology
initially resulted in vision loss and blindness in �30% of HIV/AIDS patients before the
development of antiretroviral therapy (ART) (8, 9) that has significantly reduced the
incidence of AIDS-related HCMV retinitis in the United States. Nonetheless, HCMV
retinal disease remains a major ophthalmologic problem in HIV/AIDS patients world-
wide who do not have access to ART or who fail to respond to ART (10–13).

While the clinical and histopathologic features of AIDS-related HCMV retinitis have
been well characterized (14, 15), the precise virological, immunological, and patholog-
ical events that operate to allow onset and development of HCMV retinal disease
during HIV-induced immunosuppression remain unclear. For this reason, for several
years we have used a mouse model of experimental murine cytomegalovirus (MCMV)
retinitis in mice with murine retrovirus-induced immunosuppression (murine AIDS, or
MAIDS) to investigate the pathophysiology of AIDS-related HCMV retinitis (5, 16–18).
Immunodeficiency in this model is accomplished by intraperitoneal injection of a
mixture of retroviruses (LP-BM5) (19, 20) into 3-week-old C57BL/6 mice. The subsequent
progression of MAIDS, with concomitant gradual decline of immune function and
increasing susceptibility to opportunistic pathogens, follows a kinetically reproducible
pattern that is measured in weeks after injection with the retrovirus mixture (21). MAIDS
progresses through an early stage between the time of retrovirus injection at week 0
through week 3, a Th1/Th2 cytokine profile shift or transitional phase that takes place
between week 3 and week 6, a mid-stage decline in cellular immunity that happens
between week 6 and week 8, and a late-stage immunodeficiency that occurs between
week 8 and week 12.

In our previous and current studies, we have observed various effects of subretinal
MCMV injected during the transitional phase of MAIDS progression at 4 weeks
(MAIDS-4) or injected during the late-stage phase at 10 weeks (MAIDS-10). Whereas
MCMV-infected eyes of immunologically normal mice without MAIDS and MCMV-
infected eyes of mice at MAIDS-4 are resistant to the development of necrotizing
retinitis (22, 23), 80 to 100% of MCMV-infected eyes of mice at MAIDS-10 exhibit severe
necrotizing retinitis (16, 22, 23) and other histopathologic features mimicking those
observed in patients with AIDS-related HCMV retinitis. These include full-thickness
retinal necrosis, hemorrhage, the appearance of cytomegalic cells and virus-specific
inclusion bodies within various cells of the retinal tissue and transition zones between
areas of relatively uninvolved retinal tissues and areas of severe retinal necrosis (16, 17).
Importantly, MCMV delivered systemically by the intraperitoneal or intravenous route
does not result in retinitis (24), regardless of the MAIDS status of the host (25).
Therefore, achieving retinitis in this model requires both intraocular (subretinal) MCMV
inoculation and the severe immunosuppression that occurs at MAIDS-10 but not
MAIDS-4 (16, 23, 26). Our additional observation that MCMV-infected eyes of retinitis-
resistant MAIDS-4 mice and MCMV-infected eyes of retinitis-sensitive MAIDS-10 mice
contain equivalent and significantly large amounts of infectious virus within the ocular
compartment (23, 26) suggest that virus replication alone does not determine the
development or extent of MCMV retinitis, but other factors conspire to allow onset and
development of MAIDS-related MCMV retinitis.
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We have used the MAIDS model of MCMV retinitis as an experimental model for
AIDS-related HCMV retinitis to investigate humoral immunity (27), cellular immunity
(28, 29), cell death pathways (26), and a number of individual cytokines for their relative
roles during retinal disease onset and development. Among the cytokines we have
examined to date are tumor necrosis factor alpha (TNF-�), gamma interferon (IFN-�),
interleukin-2 (IL-2), IL-12, IL-4, IL-10, and IL-17 (22, 23, 30–33). The discovery by other
investigators (34–37) of the suppressor of cytokine signaling (SOCS) family of host
proteins, which negatively regulates signaling induced by antiviral IFNs and other
cytokines, such as IL-6, prompted us to reassess our concepts of how cytokines
mechanistically impact the pathogenesis of AIDS-related HCMV retinitis. SOCS proteins
can be transcriptionally induced by many innate or adaptive immune factors, but the
most prominent induction under normal physiologic conditions is through JAK/STAT
pathways stimulated by cytokines such as type I IFNs (IFN-� and IFN-�), type II IFN
(IFN-�), and the IL-6 cytokine family (36, 38–43). These studies are focused on SOCS1
and SOCS3, two members of the SOCS family found by others to be stimulated by and
to contribute to pathogenesis during infections with other viruses, such as HIV (44–47),
hepatitis B virus (48), hepatitis C virus (49, 50), Semliki Forest virus (51), respiratory
syncytial virus (52), herpes simplex virus 1 (53–55), varicella-zoster virus (56), and
Kaposi’s sarcoma-associated herpesvirus (57). In addition, SOCS1 and SOCS3 are stim-
ulated in cell culture by HCMV (58) or MCMV (59), the latter depending on cell type and
viral passage origin (60). Stimulation of host SOCS proteins is therefore a common
survival strategy of many variant and distinct viruses, perhaps in a manner similar to the
redundant, generalized means of cell entry by nonprofessional phagocytosis common
to the diverse family of herpesviruses (61). The potential contributions of individual
SOCS proteins toward the regulation of cytokines during onset and development of
MAIDS-related MCMV retinitis are currently unknown. We therefore performed an
in-depth in vivo investigation to test the hypothesis that MCMV stimulates SOCS1
and/or SOCS3 proteins within the ocular compartment during retrovirus-induced im-
munosuppression to induce immunologic events that favor onset and development of
MCMV retinitis during MAIDS.

RESULTS
SOCS1, but not SOCS3, mRNA is moderately and transiently stimulated in

whole splenic cells during acute, systemic MCMV infection in immunologically
normal C57BL/6 mice without MAIDS. Intraperitoneal inoculation of mice with a
nonlethal dose of MCMV results in a benign, self-limited, acute infection which dis-
seminates systemically via the blood to many tissues and organs, including the spleen
(62–64). Because SOCS1 and SOCS3 are most abundantly associated with cells of innate
and adaptive immunity (43, 65) and because the spleen is a major site for these
immune cells, we performed an initial study to determine the extent of SOCS1 and
SOCS3 mRNA synthesis in whole splenic cells of immunologically normal C57BL/6 mice
over time during acute, systemic MCMV infection. Splenic SOCS1 mRNA was signifi-
cantly upregulated (P value of �0.05) 2 days after systemic MCMV inoculation but
maintained control levels between 4 and 10 days after infection (Fig. 1A). Investigation
of splenic SOCS3 mRNA expression revealed an apparent upregulation of splenic SOCS3
mRNA levels at 2 days after systemic MCMV inoculation, albeit at an average level that
was not statistically significant (Fig. 1B).

Signaling by type I or type II IFN as well as by IL-6 can induce SOCS mRNA expression
(42, 43), and MCMV infection causes upregulation of IFN-� (23, 66) and IL-6 (67).
Because SOCS1 mRNA was moderately stimulated during acute, systemic MCMV infec-
tion of immunologically normal mice, we next sought to determine whether this could
be explained by concurrent upregulation of representative cytokines previously shown
to act as inducers of SOCS expression. On day 4 after MCMV infection, IFN-� (Fig. 1C)
and IFN-� (Fig. 1D) mRNA expression levels were significantly reduced (0.2 expression
ratio, or �5-fold decrease compared with the medium-only group; P � 0.05) in splenic
cells from MCMV-infected mice compared with mRNA expression levels in splenic cells
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from control mice, although no significant differences in the type I IFNs (IFN-� and
IFN-�) were observed at any other time points examined. This was not the case for
splenic type II IFN (IFN-�) (Fig. 1E) or IL-6 (Fig. 1F) mRNA expression levels that were
found to be significantly stimulated (P � 0.05) between 2 and 3 days after MCMV
infection, although they retained control levels between 4 and 10 days postinfection.

SOCS1, SOCS3, and type I IFN mRNA transcripts, but not type II IFN and IL-6
transcripts, are unaltered within whole splenic cells or whole eyes during acute,
systemic MCMV infection of C57BL/6 mice with MAIDS. SOCS1 and SOCS3 are
stimulated and modulate IFN immune responses during in vitro infection with HIV
(44–47). Whereas subretinal MCMV injection into mice with MAIDS-10 reproducibly
results in MCMV retinitis, intraperitoneal (systemic) MCMV injection into MAIDS mice
leads to viral dissemination and ocular infection without retinitis (25). We therefore
investigated whether acute, systemic MCMV infection of mice during retrovirus-
induced immunosuppression with MAIDS significantly alters the mRNA expression
levels of splenic and ocular SOCS1 or SOCS3 in the absence of overt retinal pathogen-

FIG 1 Systemic MCMV infection of immunologically normal mice without MAIDS differentially affects
temporal mRNA expression of SOCS1, SOCS3, and SOCS-inducing cytokines in whole splenic cells. Groups
of C57BL/6 mice without MAIDS were injected intraperitoneally with 104 PFU MCMV or an equal volume
of medium (controls). Whole spleens collected at 1, 2, 3, 4, 7, and 10 days postinfection (dpi) were
assessed for SOCS1 (A), SOCS3 (B), IFN-� (C), IFN-� (D), IFN-� (E), and IL-6 (F) mRNA expression by
quantitative RT-PCR assay. Mean mRNA expression ratios from MCMV samples are shown relative to their
respective medium controls per day by the 2�ΔΔCT method. Values represent means from n � 8 mice per
group from two independent experiments, and error bars indicate standard errors of the means (SEM).
Statistical significance between groups per day (*, P � 0.05) was determined by Student’s t test.
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esis. Acute, systemic MCMV infection did not significantly alter SOCS1 or SOCS3 mRNA
levels from whole spleens or whole eyes of either MAIDS-4 or MAIDS-10 animals (Fig.
2A and B). Although there was an upward trend for SOCS1 expression in the eyes of
MAIDS-4 mice at day 2 following intraperitoneal MCMV infection, the standard devia-
tion between individual mice was great enough to preclude statistical significance (P �

0.062) by two-tailed, unpaired Student’s t test for this data point. Compared with
unmanipulated age-matched healthy mice, in the absence of MCMV infection, neither
MAIDS-4 nor MAIDS-10 mice exhibited significantly altered mRNA expression levels of
SOCS1 in whole splenic cells (33). The difference in splenic SOCS1 expression at 2 days
after systemic MCMV infection of immunologically normal mice without MAIDS (Fig. 1A)
versus that in MAIDS mice (Fig. 2A) was therefore not attributable solely to MAIDS.

Splenic and ocular mRNA expression of type I IFN (IFN-� and IFN-�) was similarly
unaffected following systemic MCMV infection of MAIDS-4 and MAIDS-10 mice at all

FIG 2 Within the spleens and eyes of MAIDS-4 or MAIDS-10 mice, systemic MCMV infection stimulates IFN-� and IL-6 mRNA expression
but does not affect SOCS1, SOCS3, IFN-�, or IFN-� mRNA transcripts. Groups of C57BL/6 mice with MAIDS-4 or MAIDS-10 were injected
intraperitoneally with 104 PFU MCMV or an equal volume of medium (controls). Whole spleens and whole eyes collected at 2, 4, 7,
and 10 dpi were assessed for SOCS1 (A), SOCS3 (B), IFN-� (C), IFN-� (D), IFN-� (E), and IL-6 (F) mRNA expression by real-time
quantitative RT-PCR assay. Mean mRNA expression ratios (fold change) from MCMV samples are shown relative to their respective
medium controls per day by the 2�ΔΔCT method. Values represent means � standard deviations (SD) from n � 5 mice per group from
two independent experiments. Statistical significance between groups per day (*, P � 0.05) was determined by Student’s t test.
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times investigated (Fig. 2C and D). IFN-� mRNA expression, however, was significantly
stimulated in the eyes and spleens of MAIDS-4 mice with acute, systemic MCMV
infection (Fig. 2E). Interestingly, IFN-� mRNA was also significantly upregulated in the
eyes, but not the spleens, of MAIDS-10 mice with systemic MCMV infection. By
comparison, IL-6 mRNA was slightly but significantly elevated in the eyes, but not the
spleens, of MAIDS-4 mice with systemic MCMV infection, but no change in IL-6 mRNA
expression in eyes or spleens from MAIDS-10 mice was observed (Fig. 2F). Although the
ocular mRNA expression ratios of SOCS1 and IL-6 during systemic MCMV infection of
MAIDS-4 mice shared very similar means (�2-fold increases over medium-injected
MAIDS-4 mice), the IL-6 value achieved statistical significance (P � 0.005), whereas the
SOCS1 mRNA value did not. This anomaly is mathematically attributable to the differ-
ences in the standard deviations of the groups.

SOCS1 and SOCS3 proteins are highly stimulated in MCMV-infected eyes of
retinitis-susceptible MAIDS-10 mice. We reported previously in two separate studies
that SOCS1 and SOCS3 mRNA levels are highly stimulated within MCMV-infected eyes
of retinitis-susceptible MAIDS-10 mice compared with contralateral medium-injected
control eyes but only slightly stimulated within MCMV-infected eyes of retinitis-
resistant MAIDS-4 mice (33, 68). We therefore sought to test these eyes for the presence
and distribution of SOCS1 and SOCS3 proteins by Western blot analysis or immuno-
fluorescent staining.

SOCS3 protein was detected in the MCMV-infected eyes of MAIDS-4 mice that are
resistant to retinitis, albeit only at day 3. Within the MCMV-infected eyes of MAIDS-10
retinitis-susceptible mice, however, both SOCS1 and SOCS3 proteins were present at all
time points examined, with the highest levels at day 10 (Fig. 3), a time at which the greatest
severity of retinitis has been observed in this model (23, 27). Neither SOCS1 nor SOCS3
protein was detected by Western blotting in medium-injected control eyes (Fig. 3).

Of the many distinct and organized layers of cells and synapses stacked between the
vitreous gel and the choroid of the eye, the inner nuclear layer (INL) and outer nuclear
layer (ONL) are prominently revealed by 4=,6-diamidino-2-phenylindole (DAPI) staining
of retinal nuclei. Cytomegalovirus retinitis disrupts the normal retinal architecture, often
with complete destruction of the retinal layers (full-thickness retinal necrosis) and
transition zones between areas of normal retina and areas of retinal necrosis. Immu-
nofluorescent staining of sections of MCMV-infected MAIDS-10 eyes revealed detect-
able expression of SOCS1 protein (Fig. 4A to D) within individual cells of retinal tissues
undergoing retinal necrosis at days 6 and 10 after subretinal MCMV infection. Similarly,
SOCS3 protein (Fig. 4E to H) was found within individual retinal cells during retinitis at
days 6 and 10, although expression at day 6 was less prominent than that observed for
day 10 (Fig. 4G and H). As expected, no SOCS1 or SOCS3 protein was detected in
immunostained, medium-injected control eyes of MAIDS-10 mice (medium day 10) (Fig.
4A and E) or in retinal tissue sections of MCMV-infected eyes of MAIDS-10 mice that

FIG 3 Ocular SOCS1 and SOCS3 proteins are stimulated in the MCMV-infected eyes of retinitis-
susceptible mice with MAIDS-10. Groups of C57BL/6 mice with MAIDS-4 (retinitis resistant) or MAIDS-10
(retinitis susceptible) were injected subretinally with 104 PFU MCMV (left eyes) or an equal volume of
medium (right eyes; controls). Whole eyes (n � 5 per group, pooled) were collected at 3, 6, and 10 days
postinfection, and ocular protein was extracted and analyzed by Western blotting for SOCS1 and SOCS3
proteins. SOCS1 contains composite images from Western blots with identical parameters.
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were incubated with an IgG isotype control antibody rather than anti-SOCS1 or
anti-SOCS3 primary antibody (MCMV day 6 isotype control) (Fig. 4B and F).

SOCS1 and SOCS3 proteins are stimulated in retinal tissue by resident retinal
cells and infiltrating immune cells during MAIDS-related MCMV retinitis. SOCS
family proteins are expressed in many different organs (36) and cell types, but they are most
abundantly associated with cells of hematopoietic origin (69) of the innate and adaptive
immune systems (43, 65). Some of these SOCS-expressing cell types include monocytes
(70), macrophages (35, 71), microglia (72), neutrophils (73), and Müller cells (74). Because
SOCS family proteins typically execute their inhibitory functions within the cells that
produce them and their multifaceted suppressive functions therefore are frequently cell
type specific (43, 65, 75, 76), we sought to investigate whether specific types of infiltrating
or resident retinal cells are the chief producers of SOCS1 or SOCS3 protein within the
MCMV-infected eyes of MAIDS-10 mice during progression of retinitis. Compared with
medium-injected control eyes, MCMV-infected eyes of MAIDS-10 mice that displayed
retinitis on day 6 after subretinal MCMV infection exhibited expression of SOCS1 (Fig. 5) that
colocalized with GFAP� resident activated Müller cells, Iba-1� microglial cells, F4/80�

infiltrating macrophages, and Gr-1� (Ly-6G) infiltrating granulocytes (neutrophils). F4/80�

infiltrating macrophages (Fig. 5A) and Iba-1� resident microglial cells (Fig. 5B) expressed
only moderate amounts of SOCS1 protein, with more abundant SOCS1 protein expression
colocalizing with Gr-1�-infiltrating granulocytes (Fig. 5C) and GFAP� resident Müller cells
(Fig. 5D).

Retinal SOCS3 protein expression mirrored that found for SOCS1, with sparse SOCS3
protein colocalization found in F4/80� infiltrating macrophages (Fig. 6A), moderate SOCS3
expression in Iba-1� microglia (Fig. 6B), and prominent SOCS3 expression in Gr-1� (Ly-6G)
infiltrating granulocytes (Fig. 6C) and GFAP�-activated Müller cells (Fig. 6D). SOCS1 and
SOCS3 proteins are therefore produced by infiltrating immune cells as well as resident cells
of the retinal tissue, with infiltrating neutrophils and resident Müller cells being prominent
cellular sources of these proteins during MAIDS-related MCMV retinitis.

Transcripts of SOCS-inducing cytokines IFN-� and IL-6, but not IFN-� or IFN-�,
are concurrently upregulated with SOCS1 and SOCS3 in whole eyes during
MAIDS-related MCMV retinitis. Subretinal MCMV infection of MAIDS-10 mice results

FIG 4 Ocular SOCS1 and SOCS3 proteins are expressed in the retinas of MCMV-infected MAIDS-10 mice during MCMV retinitis. Whole
eyes were collected from MAIDS-10 mice at days 6 and 10 after subretinal injection with 104 PFU MCMV (left eyes) (B to D and F to
H) or an equal volume of medium (right eyes; control) (A and E). Formalin-fixed cryosections were analyzed by fluorescence
microscopy for SOCS1 (A, C, and D) or SOCS3 (E, G, and H) proteins (green) or IgG isotype control antibody (B and F). Nuclei were
counterstained with DAPI (blue). The inner nuclear layer (INL) and outer nuclear layer (ONL) of the retina are indicated for medium
controls, where, in the absence of MCMV retinitis, distinct retinal layers are still intact. Original magnification, �400.
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in stimulation of SOCS1 and SOCS3 mRNA transcripts (33, 68) and proteins (Fig. 3 and
4), but it is unclear whether this stimulation is the result of direct virus infection, an
indirect immunologic consequence of virus infection, or a combination of both. We
therefore probed MCMV-infected eyes of MAIDS-4 and MAIDS-10 mice for mRNA
expression of known cytokine inducers of SOCS1 and SOCS3, which may facilitate an
indirect immune mechanism. Neither IFN-� nor IFN-� mRNA expression was altered
within the MCMV-infected eyes of MAIDS-4 or MAIDS-10 mice at any time sampled
postinfection (Fig. 7A and B). Similarly, subretinal MCMV infection of MAIDS-4 mice did
not affect IFN-� or IL-6 mRNA expression levels (Fig. 7C and D, left). MCMV-infected eyes
of MAIDS-10 mice, however, showed significant (P � 0.05) stimulation of IFN-� and IL-6
mRNA transcripts, with expression levels peaking on day 6 following intraocular MCMV
infection (Fig. 7C and D, right).

SOCS1 and SOCS3 mRNA transcripts are detected by fluorescent in situ hybrid-
ization (FISH) within retinal cells producing MCMV IE1 mRNA and in uninfected
retinal cells. SOCS1 and SOCS3 are transcriptionally stimulated by cell signaling
cascades initiated by IFNs and IL-6 (42, 43), and we found that IFN-� and IL-6 mRNA
transcripts are highly stimulated within the eyes of MAIDS-10 mice subretinally injected
with MCMV (Fig. 7), consistent with the possibility that SOCS1 and SOCS3 stimulation
could be the consequence of an immune response in uninfected bystander cells. We
therefore tested whether direct viral infection in retinal cells is necessary for stimulation
of SOCS1 or SOCS3 during MAIDS-related MCMV retinitis or whether uninfected by-
stander cells also produce SOCS1 or SOCS3 in this model. To this end, we designed RNA
probes to detect SOCS1, SOCS3, or MCMV-specific immediate-early 1 (IE1) mRNA
transcripts and used these RNA probes to perform FISH analysis of eye sections from
MAIDS-10 mice subretinally injected with either MCMV or media (control).

FIG 5 During MAIDS-related MCMV retinitis, SOCS1 protein is detectable in resident cells and infiltrating immune cells of the retinal
tissue. Whole eyes were collected from MAIDS-10 mice 6 days after subretinal injection with 104 PFU MCMV. Formalin-fixed
cryosections were immunofluorescently double stained as described in Materials and Methods for detection of SOCS1 protein (green)
plus one of the following cell markers (red): F4/80 for infiltrating macrophages (A), Iba-1 for microglia (B), Gr-1 (Ly-6G) for granulocytes
(neutrophils) (C), or GFAP for activated Müller cells (D). Nuclei were counterstained with DAPI (blue). Original magnification, �400.
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As expected, medium-injected control eyes from MAIDS-10 mice retained histolog-
ically normal retinal strata, produced only baseline amounts of SOCS1 and SOCS3
mRNA transcripts, and had no detectable MCMV IE1 mRNA (Fig. 8A and 9A). Within the
MCMV-infected eyes of these MAIDS-10 mice, however, ample expression of SOCS1
(Fig. 8B to D) and SOCS3 (Fig. 9B to D) mRNA transcripts spanned pathologically
disrupted layers of the retinal architecture. Furthermore, SOCS1, SOCS3, and MCMV IE1
mRNA expression was detected within several distinct areas that are histopathologically
characteristic of MCMV retinitis: transition zones (Fig. 8B and 9B), areas of retinal folding
(Fig. 8C and 9C), and areas of retinal necrosis (Fig. 8D and 9D). Whereas SOCS1 mRNA
was detected in cells negative for MCMV IE1 mRNA, almost all cells positive for MCMV
IE1 mRNA showed colocalization with SOCS1 mRNA (Fig. 8, arrows). Similarly, SOCS3
mRNA staining appeared in many uninfected cells of the neurosensory retina, but
nearly all cells positive for MCMV IE1 mRNA showed double staining with SOCS3 mRNA
(Fig. 9, arrows). Therefore, SOCS1 and SOCS3 mRNA transcripts are produced not only
by cells directly infected with MCMV but also by uninfected bystander cells during
MAIDS-related MCMV retinitis.

DISCUSSION

SOCS proteins function to help maintain a balance between inflammation and
homeostasis in the host through control of immune cell differentiation and cytokine
signaling. These intracellular proteins unfortunately also can become targets for patho-
gens, including several herpesviruses, which hijack SOCS proteins to cause enhanced
virus replication and dissemination (53–57). Here, we provide evidence that substantial,
prolonged SOCS1 and SOCS3 stimulation during MCMV infection is unique to the eye
and is correlated with MCMV retinitis. We also show that infiltrating macrophages,

FIG 6 During MAIDS-related MCMV retinitis, SOCS3 protein is present in resident cells and infiltrating immune cells of the retina. As
described for Fig. 5, whole eyes were collected from MAIDS-10 mice on day 6 following subretinal injection with 104 PFU MCMV.
Formalin-fixed cryosections were immunofluorescently double stained for detection of SOCS3 protein (green) plus cell markers F4/80
(A), Iba-1 (B), Gr-1 (Ly-6G) (C), or GFAP (D) in the red channel. Nuclei were counterstained with DAPI (blue). Original magnification,
�400.
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infiltrating granulocytes, resident microglial cells, and resident activated Müller cells are
all sources of intraocular SOCS1 and SOCS3 protein production during development of
MAIDS-related MCMV retinitis. Furthermore, uninfected bystander cells of the retina are
stimulated to produce these SOCS proteins during MCMV retinitis.

SOCS1 and SOCS3 expression is highly stimulated during the pathogenesis of
MAIDS-related MCMV retinitis but only moderately during systemic MCMV infec-
tion or intraocular MCMV infection without overt retinal disease. We examined
whether systemic MCMV infection without concomitant retinal disease could affect
splenic SOCS1 or SOCS3 expression and discovered in immunologically normal mice a
slight but significant simulation of SOCS1 mRNA that was not observed in whole
spleens or whole eyes following systemic MCMV infection during the progression of
MAIDS. This suggests that the phenomenon responsible for moderate, transient stim-
ulation of splenic SOCS1 during acute, systemic MCMV infection in immunologically
normal mice is either abrogated or masked by the effects of retrovirus-induced immu-
nosuppression as early as 4 weeks after retrovirus infection. Because the progression of
MAIDS is associated with polyclonal B-cell activation (77) and splenomegaly due to
macrophage and B cell infiltration (21), one possibility is that the splenic cell type(s)

FIG 7 SOCS-inducing cytokines IFN-� and IL-6, but not IFN-� or IFN-�, are transcriptionally upregulated
concurrently with SOCS1 and SOCS3 during MAIDS-related MCMV retinitis. Groups of C57BL/6 mice with
MAIDS-4 (retinitis resistant) or MAIDS-10 (retinitis susceptible) were injected subretinally with 104 PFU
MCMV (left eyes) or an equal volume of medium (right eyes, controls). Whole eyes were collected at 3,
6, and 10 days postinfection and analyzed for IFN-� (A), IFN-� (B), IFN-� (C), and IL-6 (D) mRNA expression
by real-time quantitative RT-PCR assay. Mean mRNA expression ratios (fold change) from MCMV-infected
eyes are shown relative to their medium-injected control eyes by the 2�ΔΔCT method. Values represent
means � SD from n � 5 mice per group. (Note that the y axis scaling differs between gene targets.)
Statistical significance between treatment with MCMV and subretinal medium per day (*, P � 0.05) was
determined by Student’s t test.
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responsible for moderate SOCS1 expression during systemic MCMV infection in immu-
nologically normal mice is/are simply outpopulated in spleens of MAIDS mice.

Our data further show that the route of MCMV infection (systemic versus subretinal)
during the progression of MAIDS, along with the presence or absence of MCMV-related
retinitis, dictates whether MCMV highly upregulates SOCS1 and SOCS3 expression in
the eye. Intriguingly, ocular viral load is not the only factor in MCMV-related SOCS
expression in the eye, because whereas systemic MCMV during MAIDS travels to the
eye, where it is detectable in small amounts (�265 PFU/eye) (23, 25), subretinally
inoculated MCMV achieves equivalently high ocular titers (�32,000 PFU/eye) in both
retinitis-resistant MAIDS-4 eyes and retinitis-susceptible MAIDS-10 eyes (23, 26). Taken
together, these observations suggest that MCMV induces and exploits SOCS protein
expression in a fashion similar to those of other viruses (53–55) but perhaps only under
specific conditions related to ocular disease.

Infiltrating immune cells and resident retinal cells produce SOCS1 and SOCS3
protein during MAIDS-related MCMV retinitis. Immune-mediated pathogenesis of
MCMV retinitis in mice with MAIDS includes infiltration of macrophages and neutrophils
(26). We demonstrate here that infiltrating macrophages and granulocytes (neutro-
phils), as well as resident activated Müller cells and resident microglial cells, are cellular
sources of intraocular SOCS1 and SOCS3 protein production in the eyes of MAIDS-10
mice with retinitis. These cell types are susceptible to direct MCMV infection and display
complex roles in dissemination, latency, and/or immune control of the virus (78–81). As
with other viruses (reviewed in reference 82), an abundance of SOCS1 and SOCS3
within these cells could render them less responsive to signaling by antiviral cytokines,
thus putatively resulting in an environment more favorable for MCMV.

Macrophages are involved in this and other ocular diseases (83–85), in part due to
their cytokine production repertoire following activation toward proinflammatory (M1)

FIG 8 SOCS1 mRNA transcripts are detectable during MAIDS-related MCMV retinitis not only in retinal cells
that are directly infected with MCMV but also in uninfected bystander retinal cells. Eyes from MAIDS-10
mice were collected 6 days following subretinal injection with medium (control) (A) or 104 PFU MCMV (B
to D). Cryosections were double stained by fluorescent in situ hybridization (FISH) per Materials and
Methods for mRNA transcripts of SOCS1 (green) and MCMV IE1 (red). Nuclei were counterstained with DAPI
(blue). The inner nuclear layer (INL) and outer nuclear layer (ONL) of the retina are indicated for medium
controls. Same-cell colocalization of SOCS1 and MCMV IE1 mRNA expression is indicated by white arrows.
Ocular sections containing histopathologically characteristic areas of MCMV retinitis are shown: transition
zones between retinal folding and retinal necrosis (B), retinal folding (C), and retinal necrosis (D). Original
magnification, 200� (A and B) or 400� (C and D).
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versus proangiogenic (M2) phenotypes (86, 87), and SOCS proteins affect this (88, 89).
Indeed, we recently demonstrated that within the MCMV-infected eyes of mice with
corticosteroid-induced immune suppression, which causes depletion of macrophages,
the severity of retinitis as well as the stimulation of SOCS1 and SOCS3 are greatly
decreased compared with those of MCMV-infected eyes of MAIDS mice, which retain
macrophage populations (68). Taken together with the present study, these data
suggest that SOCS1 and SOCS3 play multifaceted roles within macrophages or other
SOCS-producing cells during MAIDS-related MCMV retinitis.

Although SOCS family proteins presumably function within the cells that produce
them, the recent finding that alveolar macrophages are capable of transcellular move-
ment of SOCS proteins via vesicular transport to epithelial cells (90) could have
interesting implications for SOCS proteins during MCMV retinitis if this phenomenon
occurs in the ocular compartment. It also remains possible that SOCS1 and/or SOCS3
expression in these or other cell types of the retina are protective against inflammation
that occurs during MCMV retinitis, as has been described during experimental auto-
immune uveitis (91–93). Whether SOCS1 and/or SOCS3 proteins themselves contribute
to the pathogenesis of MCMV retinitis or are simply by-products of inflammation during
immunopathogenesis remains unclear, but the fact remains that they so far have been
detected in high, sustained amounts in retinal cells only when MCMV causes overt
ocular disease.

Candidate cytokines are differentially expressed and may act as inducers of
SOCS proteins during MAIDS-related MCMV retinitis. SOCS proteins are typically
induced through the JAK/STAT pathway by cytokine stimulation and establish a
negative feedback loop in order to restrict excessive inflammation. Cytokines such as
IFNs and IL-6 signal through specific JAKs and STATs in this pathway (36, 43, 94–97), and
we have confirmed that these JAKs and STATs are functional during intraocular

FIG 9 SOCS3 mRNA transcripts are expressed during MAIDS-related MCMV retinitis in retinal cells directly
infected with MCMV as well as in uninfected bystander retinal cells. As described for Fig. 8, eyes from
MAIDS-10 mice were collected 6 days following subretinal injection with medium (control) (A) or 104 PFU
MCMV (B to D). Cryosections were double stained by FISH for mRNA transcripts of SOCS3 (green) and MCMV
IE1 (red). Nuclei were counterstained with DAPI (blue). The inner nuclear layer (INL) and outer nuclear layer
(ONL) of the retina are indicated for medium controls. Same-cell colocalization of SOCS3 and MCMV IE1
mRNA transcripts is indicated by white arrows. Sections containing histopathologically characteristic areas
of MCMV retinitis are shown: transition zones between retinal folding and retinal necrosis (B), retinal folding
(C), and retinal necrosis (D). Original magnification, 200� (A) or 400� (B to D).
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stimulation of SOCS1 and SOCS3 in the present study of MAIDS-related MCMV (data not
shown). Many viruses are capable of directly and/or indirectly inducing SOCS proteins,
exploiting their function to enhance virus replication by inhibiting the antiviral func-
tions of the JAK/STAT pathway (82). MCMV infection of immunologically normal mice
results in the induction of IL-6 as well as type I and type II IFNs (98–106). Our findings
indicate that both IFN-� and IL-6 are candidate inducers of SOCS expression during
acute MCMV infection of healthy mice and during subretinal MCMV infection of
retinitis-susceptible MAIDS-10 mice.

Although systemic MCMV infection initiates a very early type I IFN response (99, 100,
102, 106), the virus uses several mechanisms to impede this antiviral strategy. The
significant downregulation of splenic IFN-� and IFN-� mRNA expression at day 4 after
systemic MCMV infection is consistent with findings in other animal models (107) and
in vitro in mouse fibroblast and macrophage cell lines (108). Because SOCS1 has
demonstrated an ability to interfere with signaling pathways that transcriptionally
regulate type I IFN (88, 109), it is not unreasonable to hypothesize that the modest
induction of SOCS1 is sufficient to contribute to the downregulation of type I IFN during
systemic MCMV infection in immunologically normal mice without MAIDS. Although
MCMV also employs other virologic mechanisms that downregulate type I IFN in
transcriptional or functional capacities (110), SOCS1 and/or SOCS3 may contribute to
the arsenal that MCMV utilizes to counteract these antiviral cytokines. That the pro-
gression of MAIDS abrogated the ability of systemic MCMV to downregulate splenic
type I IFN suggests that the mechanism requires fully functional immune cells, partic-
ularly lymphocytes, which are the first to become progressively aberrant during MAIDS.

During MAIDS-related MCMV retinitis (MAIDS-10, subretinal MCMV), concurrent
stimulation of ocular IFN-� and IL-6 with SOCS1 and SOCS3 suggests that these
cytokines contribute to SOCS production in this model. Furthermore, previous studies
by us have shown that other intraocular candidate cytokine inducers of SOCS1 and/or
SOCS3 mirror the mRNA expression patterns found here for IFN-� and IL-6, including
IL-4 (22), TNF-� (26), and IL-10 (33). With the exception of IL-10 mRNA, which is
moderately but significantly stimulated by subretinal MCMV infection in MAIDS-4
animals (33), none of these cytokines shows significant transcriptional stimulation
during MAIDS-4 when SOCS1 and SOCS3 are mildly, transiently stimulated. During
intraocular MCMV infection of MAIDS-10 mice, however, all of these cytokines are
highly upregulated concurrently with strong, sustained SOCS1 and SOCS3 stimulation.
Therefore, although they are not likely responsible for mild SOCS1 or SOCS3 stimulation
during MAIDS-4 when MCMV-infected eyes are resistant to retinitis, one or more of
these cytokines may contribute to the high levels of SOCS1 and SOCS3 stimulation
occurring at MAIDS-10 during the development of MCMV retinitis. The possibility
remains, however, that these cytokines and SOCS undergo simultaneous transcriptional
induction by the same, as-yet undetermined, stimulant. Taken together, these data
suggest that subretinal MCMV employs different virologic or immunologic induction
mechanisms for mild intraocular SOCS1 and SOCS3 stimulation at MAIDS-4 without
retinitis versus high intraocular SOCS1 and SOCS3 simulation during MAIDS-10 with
retinitis.

It is interesting that such strong induction of several cytokines with various func-
tions occurs without stimulation of type I IFN during MAIDS-related MCMV retinitis
(MAIDS-10, subretinal MCMV). MCMV infection normally initiates a very early type I IFN
response (99, 100, 102, 106), produced primarily from dendritic cells and monocytes/
macrophages as a result of innate signaling pathways triggered by various pattern
recognition receptors (PRR) which bind to viral components (111, 112). Among its other
antiviral functions, this early type I IFN stimulation, with IL-12 and IL-15, drives type II
IFN (IFN-�) production from natural killer (NK) cells, a crucial step in controlling acute
MCMV infection in otherwise healthy mice (106, 113). Like type I IFN, IL-6 can also be
upregulated by PRR signaling as well as by other pathways, including IL-1 and TNF-�
(114), and its induction and effects are diverse and cell type specific (115). Despite the
lack of stimulation found for type I IFN in the eye during MAIDS-related MCMV retinitis,
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however, the virus retains its ability to stimulate IFN-� and IL-6, as well as IL-1 (26) and
TNF-� (23). This suggests that during this disease, MCMV either orchestrates very
specific activation or inhibition of precise components of the shared innate pathway
that induces type I IFN, IL-1, TNF-�, and IL-6, or it stimulates alternative, redundant
pathways, perhaps in different cell types. It is possible, however, that type I IFNs are
induced at earlier time points not investigated here. Nevertheless, it is clear that during
MAIDS-related MCMV retinitis, ample production of proinflammatory cytokines (e.g.,
IFN-� and TNF-�) remains insufficient to control viral pathogenesis, while upregulation
of prototypically anti-inflammatory cytokines (e.g., IL-10 and IL-4) fails to protect the
retina from immune pathogenesis. Because of their divergent, multivariate, and cell
type-specific inhibitory functions, SOCS1 and SOCS3 are attractive putative candidates
for this phenomenon.

During MAIDS-related MCMV retinitis, SOCS1 and SOCS3 are stimulated in
uninfected bystander cells of the retina by a mechanism that does not require
target cells to be directly infected with MCMV. Evidence suggests that MCMV
infection can manipulate cellular protein expression in uninfected cells via a bystander
mechanism, as we have shown previously for production of vascular endothelial
growth factor (VEGF) protein (83) as well as SOCS1 and SOCS3 proteins (60) during in
vitro MCMV infection of IC-21 mouse macrophages. Upregulation of the SOCS-inducing
cytokines IFN-� and IL-6 is consistent with an immune-driven mechanism of SOCS
stimulation in target cells. Indeed, we found that direct MCMV infection is not required
for retinal cells to produce SOCS1 and SOCS3 during MCMV retinitis, although nearly all
MCMV-infected cells express SOCS1 and SOCS3. Taken together, these findings suggest
that the mechanism driving SOCS1 and SOCS3 production in retinal cells during MAIDS-
related MCMV retinitis is chiefly due to a bystander effect, where MCMV-infected cells
modulate their surrounding uninfected bystander cells by shifting their microenviron-
ment, possibly through stimulation and secretion of candidate SOCS-inducing cyto-
kines.

Conclusions. Our findings suggest a role for MCMV-related stimulation of SOCS1
and SOCS3 in the progression of retinal disease during ocular, but not systemic, MCMV
infection. Whether MCMV takes advantage of SOCS as a strategy to evade immune
surveillance or protect host cells remains to be seen, but it is clear from the present
investigation that intraocular MCMV infection of mice with MAIDS results in massive
stimulation of host-encoded SOCS1 and SOCS3 mRNA and protein that (i) appears to be
unique to ocular rather than systemic infection, (ii) requires a progression of retrovirus-
induced immune suppression that renders the eye susceptible to MCMV retinitis in
MAIDS-10 mice, (iii) involves several types of infiltrating immune cells and resident
retinal cells, and (iv) employs a mechanism involving indirect viral manipulation of
uninfected bystander cells. This investigation therefore establishes the crucial frame-
work for future studies to elucidate with greater precision the role of SOCS proteins on
the progression of retinal disease during MAIDS-related MCMV retinitis. As complete
knockdown of either SOCS1 or SOCS3 protein is lethal in mice (116–119), studies with
SOCS1 or SOCS3 conditional knockout mice may prove useful in uncovering the
detailed mechanism(s) by which MCMV engages SOCS proteins during infection.

MATERIALS AND METHODS
Animals. Adult female BALB/c mice (8 to 12 weeks old) used for MCMV propagation were purchased

from Taconic Farms (Germantown, NY, USA). Wild-type female C57BL/6 mice were used for all in vivo
experiments and were purchased from Charles River Laboratories (Raleigh, NC, USA). Mice used in MAIDS
studies were 3 weeks old upon MAIDS induction, and 6- to 10-week-old mice were used for studies in
immunologically normal mice (without MAIDS). All animal procedures were conducted in compliance
with Georgia State University Institutional Animal Care and Use Committee (IACUC) protocols.

Virus and cell lines. Stocks of MCMV (Smith strain; ATCC, Manassas, VA, USA) prepared from salivary
gland homogenates of BALB/c mice (Taconic Farms, Germantown, NY) as previously described (16) were
aliquoted and stored in liquid nitrogen. Fresh aliquots were thawed and used for each experiment. Virus
titers were determined by plaque assay in monolayers of murine embryonic fibroblast (MEF) cells
(SCRC-1008; ATCC, Manassas, VA) without centrifugation enhancement. The SC-1 mouse fibroblast cell
line infected with the murine retrovirus cocktail LP-BM5 (SC-1/MuLV LP-BM5) (20) was kindly provided by
the AIDS Research and Reference Reagent Program, Division of AIDS, NAIAD, NIH, Germantown, MD.
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LP-BM5 stocks used to induce MAIDS were propagated as previously described (16), with modifications.
In brief, after SC-1/MuLV LP-BM5 cells were seeded in a 1:1 ratio with uninfected SC-1 cells (CRL-1404;
ATCC, Manassas, VA) and maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) for 6 days, cells were scraped into their own medium, pooled,
aliquoted, and frozen at �80°C. Fresh aliquots thawed for each experiment were clarified by centrifu-
gation to remove cell debris before injection.

Induction of MAIDS. MAIDS was induced in 3-week-old female C57BL/6 mice by intraperitoneal
injection of 1.0 ml of MuLV LP-BM5 stock preparation (20, 120). Over the course of several weeks, this
retrovirus mixture progresses into kinetically reproducible stages of MAIDS (21). After 4 weeks (MAIDS-4),
mice are 7 weeks old, undergo a cytokine profile shift, and show partial immune dysfunction but remain
resistant to MCMV retinitis. After 10 weeks (MAIDS-10), mice are 13 weeks old and show complete
immune dysfunction, including susceptibility to MCMV retinitis, as previously described by us (16, 32, 33).

Systemic MCMV infection. Groups of adult C57BL/6 mice at MAIDS-4 or MAIDS-10 or age-matched
immunologically normal mice without MAIDS were systemically infected by intraperitoneal injection with
either 104 PFU of MCMV (Smith strain) or an equal volume of DMEM. At the indicated days following
infection, groups of medium-injected or MCMV-infected mice were euthanized, and whole spleens
and/or whole eyes were collected and stored appropriately or processed immediately. Tissues from
MCMV-infected mice were compared between subjects with their respective medium-injected control
mice from the same day postinfection.

Subretinal MCMV inoculation. For subretinal injections, MAIDS-4 or MAIDS-10 mice were anesthe-
tized by intramuscular injection of 0.1 ml xylazine (1.72 mg/ml) and 0.1 ml acepromazine (0.28 mg/ml),
followed by intraperitoneal injection of 0.1 to 0.2 ml ketamine (8.58 mg/ml). Following dilation with
atropine and tropicamide ophthalmic drops, approximately 104 PFU of MCMV contained within 2 �l was
injected subretinally into the left eyes of all mice. The right (contralateral) eyes were injected subretinally
with the same volume of DMEM. Cohorts were euthanized and both eyes harvested at 3, 6, and 10 days
following subretinal injection. Because subretinally injected MCMV does not travel to the contralateral
eye within this time (16, 121), the right eyes served as baseline expression level controls.

Quantitative real-time RT-PCR assay. Whole MCMV-infected or medium-injected eyes or spleens
were stored in RNAlater solution (Ambion, Austin, TX) per the manufacturer’s instructions. For RNA
extraction and cDNA synthesis, tissues were homogenized with 1 ml TRIzol Reagent (Invitrogen, Carlsbad,
CA) in a 2-ml Tenbroeck tissue grinder (Wheaton, Millville, NJ), and total RNA was extracted using the
PureLink RNA minikit (Invitrogen) per the manufacturer’s instructions. RNA concentrations for each
sample were determined with the SmartSpec 3000 spectrometer (Bio-Rad Laboratories, Hercules, CA),
and cDNA synthesis was performed using a SuperScript III first-strand synthesis system (Invitrogen) per
the manufacturer’s instructions. Detection and quantification of gene expression for each gene of
interest was performed with specific primers and Power SYBR green PCR MasterMix reagent (Applied
Biosystems, Foster City, CA, USA), and transcription levels and average cycles to threshold (CT) were
detected using an ABI Prism 7500 real-time PCR instrument and sequence detection system software
(Applied Biosystems). Primer sets of SOCS1, SOCS3, IFN-�, IFN-�, IFN-�, IL-6, and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) for detection and quantification of transcript were purchased from
Qiagen (Valencia, CA). The parameters for quantitative real-time reverse transcription-PCR (RT-PCR) assay
cycles were 10 min at 95°C, followed by 35 cycles of 15 s at 94°C, 31 s at 55°C, and 35 s at 70°C. Data
analysis was performed with ABI Prism 7500 real-time PCR software using the comparative 2�ΔΔCT

method (relative mRNA expression ratio, or fold change), with GAPDH acting as the endogenous
housekeeping gene (ΔCT) for each sample. Medium-injected eyes were used as control comparison
groups for subretinal injection studies, and spleens or eyes from medium-injected mice were the control
comparison groups for systemic injection experiments.

Western blot analysis. Whole eyes and spleens collected from all animal groups were stored
separately in liquid nitrogen. Individual samples were thawed and homogenized in 1 ml of phosphate-
buffered saline (PBS) containing a protease inhibitor cocktail (Sigma, St. Louis, MO). Western blot analysis
was performed following SDS-PAGE and transfer of protein samples to nitrocellulose membranes
(Bio-Rad, Hercules, CA) for detection of SOCS1 and SOCS3 proteins using rabbit anti-mouse SOCS1
antibody (1:1,000; Cell Signaling Technology, Danvers, MA) or rabbit anti-mouse SOCS3 primary antibody
(1:1,500; Cell Signaling Technology) with ImmunoPure goat anti-rabbit IgG secondary antibody (heavy
plus light chains [H�L]; Thermo Scientific, Pittsburgh, PA) and enhanced chemiluminescence (ECL)
Western blot detection reagents (GE Healthcare, Piscataway, NJ) for exposure with BioMax light film
(Kodak, Rochester, NY).

Immunofluorescent staining. Whole eyes were carefully removed from all animal groups and
immediately fixed in 10% buffered formalin (Electron Microscopy Sciences, Hatfield, PA) at 4°C for at least
5 days. Formalin-fixed eyes were then frozen in OCT compound (TissueTek, Torrance, CA) and serially cut
into 8-�m sections with a Shandon Cryotome SME cryostat (Thermo Electron Corporation, Pittsburgh,
PA). Immunofluorescent staining was completed as described previously (26). All eye sections were
rehydrated in PBS (Cellgro, Manassas, VA) for 3 min at room temperature, incubated with 10 mM sodium
citrate (Sigma) for 10 min at room temperature, rinsed for 5 min with PBS, and blocked with 5% normal
donkey serum containing 0.2% Triton X-100 (Sigma) for 30 min at room temperature. Fluorescent
immunohistochemical staining for SOCS1 or SOCS3 in retinal tissues was accomplished by incubating
rehydrated slides with polyclonal rabbit anti-mouse SOCS1 antibody (1:200; Santa Cruz Biotechnology,
Santa Cruz, CA), polyclonal rabbit anti-mouse SOCS3 antibody (1:100; Santa Cruz Biotechnology), or
normal rabbit IgG antibody (control; Santa Cruz Biotechnology) at 4°C overnight in a humidified
atmosphere. Following incubation, slides were rinsed with PBS for 10 min at room temperature and
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incubated with goat anti-rabbit DyLight 488-labeled antibody (1:100; Jackson ImmunoResearch, West
Grove, PA) for 1 h at room temperature in a humidified atmosphere. Double staining for identification
of SOCS1- or SOCS3-producing retinal cells was accomplished by incubating slides with the rabbit
anti-mouse SOCS1 or SOCS3 antibody together with either goat anti-mouse ionized calcium-binding
adapter molecule 1 (Iba-1) antibody (1:100; Santa Cruz Biotechnology) as a marker for retinal microglial
cells (122), goat-anti-mouse F4/80 IgG (1:100; Santa Cruz Biotechnology) as a marker for infiltrating
macrophages, or chicken anti-mouse glial fibrillary acidic protein (GFAP) antibody (1:500; Abcam,
Cambridge, MA) as a marker for activated retinal Müller cells (123, 124). For visualization of SOCS1 and
SOCS3 protein expression in infiltrating granulocytes (neutrophils), slides were incubated with goat
anti-mouse SOCS1 and SOCS3 antibody (Santa Cruz Biotechnology) and rabbit anti-mouse Ly-6G
antibody (1:100; Santa Cruz Biotechnology). Secondary antibodies for all double-stained slides were
donkey anti-goat DyLight 488-labeled antibody (1:100; Jackson ImmunoResearch) and goat anti-rabbit
DyLight 594-labeled antibody (1:100; Jackson ImmunoResearch). Nuclei were counterstained with 4=,6-
diamidino-2-phenylindole (DAPI) in Vectashield mounting solution (Vector Laboratories, Burlingame, CA),
and cover slides fixed to microscope slides were observed under a Nikon Eclipse fluorescence micro-
scope.

Fluorescent in situ hybridization (FISH). (i) Cloning of MCMV IE1, mouse SOCS1, and mouse
SOCS3 mRNA sequences. MCMV immediate-early gene 1 (IE1) cDNA was generated by RT-PCR using
mRNA from MCMV-infected mouse embryonic fibroblasts. Total RNA was extracted using TRIzol Reagent
(Invitrogen) coupled with the PureLink RNA minikit (Invitrogen) and reverse transcribed using a Super-
Script III first-strand synthesis system (Invitrogen) according to the manufacturer’s instructions. Resulting
cDNA was PCR purified using the following MCMV IE1-specific primers: IE1 sense, 5=-ATGGAGCCCGCCG
CACC; IE1 antisense, 5=-CTTCTTGCTCTTCTTCTTGGGC (125). Mouse SOCS1-specific and SOCS3-specific
mRNA sequences were each cloned from mouse salivary gland extracts. Primers used for the amplifica-
tion of mouse SOCS1 and SOCS3 partial sequences were the following: SOCS1 sense, 5=-ATGGTAGCAC
GCAACCAGGTGGC; SOCS1 antisense, 5=-GTGAGTGTCGCCAGGGGCTG; SOCS3 sense, 5=-ATGGTCACC
CACAGCAAGTTTC; SOCS3 antisense, 5=-GCGCAGGCTGGTGTCCAGGG. Standard conditions for PCR am-
plification included an annealing temperature of 55°C for 40 cycles. PCR products were obtained, applied
to a 1% agarose gel, purified using a QIAquick gel extraction kit (Qiagen), and cloned into pGEM-T Easy
vector (Promega, Madison, WI, USA). All clones were sequenced in Georgia State University’s Core Facility.

(ii) RNA probe preparation. RNA was labeled with digoxigenin-UTP or biotin-16-UTP by in vitro
transcription with Sp6 and T7 RNA polymerase per the supplier’s instructions (Roche Diagnostics,
Indianapolis, IN). Mouse SOCS1 and mouse SOCS3 vectors were subcloned from the pGEM-T Easy vector
into the pSPT18 vector through the SphI and SacI restriction enzyme sites. For preparation of the MCMV
IE1 RNA probe, the MCMV IE1 sequence containing pGEM-T Easy vector was used as the template. In a
0.5-ml tube, 1 �g of this purified template DNA or 4 �l control DNA was added to sterile, RNase-free
diethylpyrocarbonate (DEPC) water for a total sample volume of 13 �l. For each sample, 2 �l 10�
deoxynucleoside triphosphate mixture, 2 �l 10� transcription buffer, 1 �l Protector RNase inhibitor, and
2 �l either RNA polymerase SP6 or RNA polymerase T7 were added. The socs1 and socs3 RNA probes were
labeled with digoxigenin-UTP (Roche diagnostics), and the MCMV IE1 RNA probe was labeled with
biotin-16-UTP (Roche diagnostics) per the manufacturer’s instructions. Following incubation for 2 h at
37°C, 2 ml of RNase-free-DNase I was added to each tube to remove template DNA, and tubes were
incubated for 10 min at 37°C. The DNase I reaction was stopped by adding 2 ml 0.2 M EDTA (pH 8.0) to
each tube. RNA probes were isolated via lithium chloride precipitation (Life Technologies, Grand Island,
NY) and were resuspended in 25 �l DEPC water.

(iii) Hybridization. Fluorescent in situ hybridization was performed per the Cold Spring Harbor
Laboratories Press classic protocol (126), with modifications. Ocular tissue sections were prepared as
described above and then air dried for 10 min and incubated in PBS (pH 7.4) for 3 min, followed by
washes with proteinase K in Tris-EDTA (TE) buffer at 37°C for 12 min, PBS for 3 min, 0.2 M HCl at room
temperature for 10 min, PBS for 3 min, 0.1 M triethanolamine-HCl (pH 8.0) for 1 min with stirring, 0.25%
acetic anhydrate with 0.1 M triethanolamine-HCl (pH 8.0) for 10 min with stirring, PBS at room
temperature for 3 min, and 60%, 80%, 95%, and 100% ethanol, each for 90 s. Samples were air dried and
placed in a humidified chamber containing 50% formamide in distilled water. Fresh hybridization
solution (50% formamide in distilled H2O, 10 mM Tris-Cl [pH 8.0], 200 �g/ml yeast tRNA, 10% dextran
sulfate, 1� Denhardt’s solution, 600 mM NaCl, 0.25% SDS, 1 mM EDTA [pH 8.0], and DEPC water) was
heated to 85°C for 10 min. Approximately 0.5 �g of digoxigenin-RNA probe and/or biotin-RNA probe was
added to 200 ml heated hybridization solution, mixed, and incubated at 85°C for an additional 10 min
before being added to each slide and incubated overnight at 55°C. Slides were then washed with gentle
shaking with the following procedure: 2� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate) buffer
with 50% formamide at 65°C for 30 min, TNE buffer (10 mM Tris-HCl [pH 7.5], 0.5 M NaCl, 1 mM EDTA)
at 37°C for 10 min, 20 �g/ml RNase in TNE buffer at 37°C for 30 min, TNE buffer at 37°C for 10 min, 2�
SSC at 65°C for 25 min, 0.2� SSC at 65°C for 20 min, and 0.1� SSC at 65°C for 20 min.

(iv) Detection. Sections were processed by treatment with 0.1 M PBS at room temperature for 5 min,
blocking buffer (5% bovine serum albumin in 150 mM NaCl, 100 mM Tris-Cl [pH 7.5], 0.5% Triton X-100)
at room temperature for 60 min, and 1:300 Alexa Fluor 488-conjugated IgG fraction monoclonal mouse
anti-digoxin antibody (Jackson ImmunoResearch) and 1:500 Dylight 594-conjugated IgG fraction mono-
clonal mouse anti-biotin antibody (Jackson ImmunoResearch) in blocking buffer at room temperature for
60 min. All antibody-treated retinal sections ultimately were washed three times for 5 min each with PBS,
mounted with DAPI (Vectashield; Vector Laboratories), and examined and photographed under a
fluorescence microscope.
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Statistical analysis. All quantitative data from real-time RT-PCR assays are expressed as means from
n � 5 to 8 mice per group per time point from at least two independent experiments, � standard errors
of the means (SEM) or standard deviations (SD), as indicated. Statistical analyses were performed using
Student’s t test, with P values of �0.05 considered significant.
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