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Despite robust host immune responses the betaherpesvirus murine cytomegalovirus (MCMYV) is able to
establish lifelong infection. This capacity is due at least in part to the virus utilizing multiple immune evasion
mechanisms to blunt host responses. Macrophages are an important cell for MCMYV infection, dissemination,
and latency despite expression in the host of multiple cytokines, including tumor necrosis factor alpha
(TNF-«), that can induce an antiviral state in macrophages or other cells. In this study, we found that MCMV
infection of bone marrow-derived macrophages inhibited TNF-a-induced ICAM-1 surface expression and
mRNA expression in infected cells via expression of immediate early and/or early viral genes. MCMYV infection
blocked TNF-a-induced nuclear translocation of NF-kB. This inhibition of TNF-«a signaling was explained by
a decrease in TNF receptor 1 (TNFR1) and TNFR2 that was due to decreased mRNA for the latter. These
findings provide a mechanism by which MCMV can evade the effects of an important host cytokine in

macrophages.

The betaherpesvirus human cytomegalovirus (HCMV)
maintains lifelong infection in more than 50% of the U.S.
population and is present at higher levels in the residents of
underdeveloped countries (24). In the immunocompetent host,
this chronicity and prevalence is thought to reflect the balance
between multiple viral immune evasion strategies and a corre-
spondingly complex host immune response, resulting in a life-
long immunological stalemate (25). However, inadequate im-
mune defense in neonates, organ transplant recipients, and
AIDS patients can upset this equilibrium, resulting in devas-
tating CMV disease (references 24 and 29 and references
therein). The strict host species specificity of HCMV has led to
the use of murine cytomegalovirus (MCMV) infection of mice
as an excellent small-animal model of HCMV disease (refer-
ence 25 and references therein).

Acute MCMV infection results in dramatic induction of
several cytokines, including interleukin-12 p40, gamma inter-
feron (IFN-v), tumor necrosis factor alpha (TNF-o), and in-
terleukin-6 (35). Generally, these cytokines are thought to be
protective through direct antiviral action and/or indirectly by
orchestrating the immune response. Several studies illustrate
the protective effects of TNF-a pretreatment in vitro (1, 18,
43), but the effects of TNF-a in vivo are less clear. Several
laboratories have used antibodies or soluble TNF receptors to
deplete TNF-« in vivo, resulting in enhanced MCMV disease
(12, 15, 28, 30). When TNF-a was depleted in T- and B-cell-
deficient mice, we observed decreased major histocompatibil-
ity complex class II induction on infiltrating macrophages,
decreased numbers of macrophages in virus-induced inflam-
matory infiltrates, increased splenic MCMV titers, and in-
creased splenic pathology (15). Other groups found no effect of
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TNF-a treatment or depletion under their protocol regimens
despite positive controls, such as blocking lipopolysaccharide
responses (38, 43). One study has shown that TNF-« pretreat-
ment is protective in vivo, in synergy with IFN-y (18). Treat-
ment after MCMYV infection resulted in increased mortality,
illustrating that TNF-« is a two-edged sword (1). Interestingly,
studies with HCMV have also revealed conflicting roles for
cytokines such as TNF-a and IFN-y in controlling viral infec-
tion in some situations (10, 11, 26) but not others (41). Studies
revealing that HCMYV inhibits TNF-«a signaling and TNF re-
ceptor 1 (TNFR1) expression may in part resolve these con-
flicting findings (2).

Macrophages are important in the pathogenesis of MCMV
infection. While cytokine-stimulated macrophages can limit
MCMYV replication at the level of decreased immediate early
protein production (33), macrophages can also contribute to
MCMYV dissemination (3, 9, 36, 42) and maintenance via la-
tency (5, 23, 32). Studies with mutant MCMVs defective for
growth in macrophages have illustrated the important role of
macrophages in determining MCMYV pathogenesis (7, 13). Im-
portantly, the complete differentiation of a macrophage into its
activated state relies on stimulation by cytokines such as IFN-y
or TNF-a (4, 34, 45). Since MCMYV infection is known to
inhibit macrophage activation by IFN-vy (14), we tested the
hypothesis that MCMV can also inhibit TNF-a action in pri-
mary macrophages. We found that MCMV infection inhibits
TNF-a-induced gene expression in macrophages and that this
was associated with defective NF-kB translocation to the nu-
cleus and decreased expression of TNF receptors.

Results and discussion. We hypothesized that MCMV may
have evolved mechanisms to inhibit TNF-a signaling, given the
importance of TNF-a in macrophage activation (34, 45) and
the likely role of TNF-« in controlling MCMYV infection (12,
15, 18, 28, 30). To address this hypothesis, we infected bone
marrow-derived (BM) macrophages with MCMV at a multi-
plicity of infection (MOI) of 10 for 18 h and then stimulated
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FIG. 1. MCMV IE and/or E genes block TNF-a-induced ICAM-1 expression. (a) FACS analysis of BM macrophages for surface ICAM-1
expression. (b) BM macrophages were infected and stimulated as done for panel a with the addition of phosphonoacetic acid (PAA) treatment.
Isotype control is represented by filled histograms in panels a and b. Results of one representative experiment of three independent experiments

are shown.

the cultures with 10 ng of TNF-o/ml for 12 h. This MOI
infected >95% of the macrophages (D. L. Popkin, M. Watson,
E. Karaskov, G. P. Dunn, R. Bremner, and H. W. Virgin,
submitted for publication). UV-inactivated virus (14), Smith
strain MCMYV, or media alone were used to infect BM mac-
rophages as described previously (14). Cells were harvested for
fluorescence-activated cell sorter (FACS) analysis of the TNF-
a-induced adhesion molecule ICAM-1 (17) (Fig. 1) by using
the 3E2 monoclonal antibody specific for ICAM-1 (Pharmin-
gen) (14). MCMV infection alone results in a modest up-
regulation of ICAM-1 (Fig. la). Uninfected macrophages
showed a robust up-regulation of surface ICAM-1 expression
after TNF-a treatment (Fig. 1a). However, infected BM mac-
rophages were unresponsive to TNF-a induction of surface
ICAM-1 expression. MCMV inhibition of TNF-a-induced
ICAM-1 expression required live virus, since UV-inactivated
MCMYV did not block TNF-« induction of ICAM-1 and was
specific to ICAM-1, as MCMYV infection does not affect the
surface expression of IFNGR1 (14). Viral DNA synthesis and
late gene expression were not required, since viral inhibition of
TNF-a-induced ICAM-1 surface expression was not sensitive
to phosphonoacetic acid at 400 wg/ml or cidofovir treatment at
2 pg/ml at the time of infection and at the time of stimulation
(Fig. 1b and data not shown) (27, 37).

We next asked whether MCMV immediate early and/or
early genes may be encoding or inducing a soluble mediator
that inhibits TNF-a-inducible ICAM-1 expression in a manner
similar to the strategy employed by the Poxviridae (20) or
whether only MCMV-infected cells were unresponsive to
TNF-a. We infected macrophages with an MCMV mutant

expressing green fluorescent protein (GFP) (16) so that we
could distinguish between infected and uninfected macro-
phages in infected cultures. We used an MOI of 3 so that only
20 to 50% of macrophages would be infected, and then we
analyzed the response to 12 h of TNF-« stimulation at 10 ng/ml
18 h after mock or MCMV infection. When cultures were
infected under these conditions, both uninfected and infected
BM macrophages show a modest increase in ICAM-1 expres-
sion that we ascribe to a soluble mediator released by infected
cells that acts on both infected and uninfected cells (Fig. 2).
Importantly, only the infected GFP*—and therefore MCM V-
infected—macrophages failed to respond to TNF-a stimula-
tion by increasing ICAM-1 expression (Fig. 2). This indicates
that the inhibition of TNF-a responsiveness that we observed
was due to direct effects of MCMV infection.

To determine the mechanism of MCMYV inhibition of TNF-
a-induced ICAM-1 surface expression, we analyzed ICAM-1
transcript induction by quantitative real-time reverse transcrip-
tion-PCR (qRT-PCR) as described previously (Popkin et al.,
submitted) by using the primers ICAM1_F (5'-CTGGCATTG
TTCTCTAATGTCT-3") and ICAMI1_R, 5'-GGAGCAAAAC
AACTTCTGC-3’. MCMYV infection of BM macrophages at an
MOI of 10 inhibited TNF-a (10 ng/ml for 6 h)-induced
increases in ICAM-1 mRNA levels but did not affect the levels
of beta-actin or glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Fig. 3a and data not shown) (Popkin et al., sub-
mitted). To address whether this effect was specific for
ICAM-1 mRNA, we examined expression of the TRAF1 gene,
another gene whose transcription is up-regulated by TNF-a, by
using the primers TRAF1_F (5'-GAGAGCACCTCCTGAGC
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FIG. 2. Uninfected BM macrophages respond to TNF-a treatment in the presence of infected BM macrophages. Shown is FACS analysis of
BM macrophages for surface ICAM-1 expression. Results of one representative experiment of six independent experiments are shown.

T-3") and TRAF1_R (5'-GAGTCGCAGACTGTGCTC-3").
We found that TNF-a induction of TRAF1 mRNA was
blocked by MCMYV infection (Fig. 3a). This showed that mul-
tiple TNF-a transcriptional responses were blocked by MCMV
infection (levels of beta-actin and 18S RNA were unaffected
under all conditions), suggesting that MCMV might inhibit a
proximal event in TNF-« signaling.

Both ICAM-1 and TRAF1 transcript induction relies on the
TNF-a-induced nuclear translocation of NF-kB (8, 44). There-
fore, we monitored NF-kB localization in infected cells by
immunofluorescence microscopy. BM macrophages were
mock or MCMYV infected for 18 h and then stimulated with
TNF-a (10 ng/ml) for 30 min. Macrophages were then fixed,
washed, and stained for NF-kB by using the NF-kB HitKit
(Cellomics) per the manufacturer’s directions, yielding green
color (fluorescein isothiocyanate [FITC]). Cells were counter-
stained with the nuclear dye bisbenzimide, yielding red color.
Nuclear localization of NF-kB is indicated by yellow color. We
found that TNF-a-induced nuclear translocation was absent in
MCM V-infected BM macrophages (Fig. 3b). This suggested
that MCMYV infection might inhibit an event in TNF-« signal-
ing proximal to activation and translocation of NF-kB in a cis
or trans mechanism. Notably, MCMYV is known to inhibit ap-
optosis (6, 21), and we subsequently tested whether MCMV
could inhibit TNF-a-induced apoptosis in the presence of cy-
cloheximide and actinomycin D. However, in BM macro-
phages, the levels of drug inhibitors necessary to induce apo-
ptosis also resulted in cell death in the absence of TNF-a, as
determined by annexin V staining and direct visualization. We

were unable to determine if MCMYV infection inhibits TNF-a-
induced apoptosis in BM macrophages (data not shown).

We next determined whether MCMV might inhibit surface
expression of TNF-a receptors by FACS analysis. After 18 h of
MCMYV or mock infection, cells were harvested and stained
with hamster monoclonal antibodies to TNFR1 (p55), TNFR2
(p75), or an isotype control (Pharmingen). As shown in Fig. 4a,
MCMYV infection resulted in decreases in both TNFR1 and
TNFR?2 surface expression (mean fluorescent intensities, 26.77
and 17.81 [P value, 0.05] and 83.38 and 57.11 [P value, 0.04] for
mock and MCMYV infection, respectively, with comparison by
two-tailed paired ¢ test). This is consistent with the defects
observed in TNF-a signaling (Fig. 1 to 3).

Changes in cell surface expression of TNF receptors may be
due to shedding of the receptors as a mechanism of negative
feedback (31). Therefore, we speculated that decreased recep-
tor surface expression may be due to induction of TNF-a
receptor shedding by MCMYV infection. Soluble TNF-a, p55,
and p75 were measured in cell supernatants by sandwich en-
zyme-linked immunosorbent assay (ELISA) as described pre-
viously (39). (Capture and detection antibodies were kindly
donated by Robert D. Schreiber.) Values below background
were set at the limit of detection. Quantitation of soluble TNF
receptors by ELISA did not reveal increased TNF receptor
shedding or secreted TNF-a due to MCMYV infection (Fig. 4b
and data not shown).

Therefore, we evaluated TNFR1 and TNFR2 transcript lev-
els as a possible explanation for decreased TNF-a receptor
expression in infected cells. BM macrophages were either
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FIG. 3. MCMYV inhibits TNF-a-induced transcription and NF-kB translocation in BM macrophages. (a) qRT-PCR analysis was performed to
quantitate TNF-a-induced TRAF1 and ICAM-1 transcripts. The mean and standard error of the mean are shown from four independent
experiments. (b) Confocal immunofluorescence studies were performed to monitor TNF-a-induced NF-kB nuclear localization in the presence or
absence of MCMYV infection. Results of one of three independent experiments are shown.

MCMYV or mock infected, and RNA was harvested at 0, 6, 24,
and 48 h postinfection for qRT-PCR analysis. The following
primers were used to quantitate gene expression: pS5_F, 5'-A
CAGCTGCAGTTCGAAGACC-3"; p55_R, 5'-ACTTCCAG
CGTGTCCTCGT-3"; p75_F, 5'-GCTGAGGCACTAGAGCT
CCA-3'; p75R, 5'-AGCTGCAGTTCGAAGACCAG-3'. We
found decreased levels of TNFR2, but not TNFR1, message
when comparing mock versus MCMYV infection of BM macro-
phages (Fig. 4c and d). These data are consistent with a model
in which MCMYV infection of BM macrophages decreased
TNFR2 expression via inhibition of mRNA for the receptor
and decreased TNFR1 surface expression by a posttranscrip-
tional mechanism using a cis or frans mechanism.

In summary, we have observed a proximal blockade in
TNF-a signaling in MCMV-infected primary macrophages.
Several other viruses, including adenovirus, poxvirus, and Af-
rican swine fever virus (19, 22, 40), have also evolved mecha-
nisms to inhibit TNF-a signaling, supporting the idea that
TNF-a is an important antiviral molecule worthy of targeting
via specific viral immune evasion strategies. Interestingly, Bail-
lie et al. have proposed that HCMV also targets TNF-a sig-
naling in a manner similar to that reflected in the data pre-
sented in this study (2).

Importantly, our findings may help resolve a discrepancy in
the literature regarding the importance of TNF-« in control-
ling MCMV infection. Consistent with findings by Anderson et
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FIG. 4. MCMV decreases TNF receptor surface expression. (a) FACS analysis for TNFR1 (p55), TNFR2 (p75), or an isotype control.
(b) Soluble TNF-a, p55, and p75 were measured in cell supernatants by sandwich ELISA. The means and standard errors of the mean from four
independent experiments are shown along with P values for the Student’s paired ¢ test. (¢ and d) qRT-PCR analysis for p55 (c¢) and p75
(d) transcripts in BM macrophages. The means and standard errors of the mean of four independent experiments are shown.

al. (1), our data provide a mechanistic basis for the absence of
a therapeutic benefit when giving TNF-a postinfection and
may explain why the protective effects of TNF-a are observed
only under specific experimental conditions (1, 38, 43). It is
interesting that MCMYV inhibits both IFN-y and TNF-a sig-
naling. These two cytokines potently synergize to block
MCMV replication in fibroblasts, arguing that inhibiting both
pathways might be important for MCMV to replicate effec-
tively in the face of innate and adaptive immune responses.
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