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Brief Reports

HCMV IL-10 Suppresses Cytokine Expression in Monocytes
Through Inhibition of Nuclear Factor-«B
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Abstract

Modulation of host immune responses is a common strategy for promoting virus persistence and avoiding
clearance. Human cytomegalovirus (HCMV) is known to encode numerous immunomodulatory genes, in-
cluding a homolog of the cytokine human interleukin-10 (hIL-10). While having limited sequence homology to
hIL-10, cytomegalovirus IL-10 (cmvIL-10) shares many functional characteristics with the human cytokine and
acts as a potent suppressor of the inflammatory immune response. The mechanism by which hIL-10 inhibits
inflammatory cytokines involves a transcriptional block via inhibition of nuclear factor-«B (NF-«B) activity. To
determine whether cmvIL-10 employs the same mechanism to inhibit cytokine production, the effect of cmvIL-
10 on NF-«B signaling in monocytes was investigated. The results demonstrate that cmvIL-10 does inhibit NF-
kB activation, as evidenced by reduced degradation of the NF-«B inhibitor I«kB-«, and decreased transcription
of the NF-kB-responsive genes tumor necrosis factor-a (TNF-«) and IL-183. These studies confirm that cmvIL-

10 mediates cytokine suppression by blocking NF-«kB transcriptional activity in human monocytes.

UMAN CYTOMEGALOVIRUS (HCMYV) is a member of the
Herpesviridae family and is ubiquitous in the popula-
tion (2). HCMV infection is generally asymptomatic in im-
munocompetent individuals; however, severe and often fa-
tal conditions may occur in the immunocompromised,
including the developing fetus, transplant recipients, or HIV-
infected individuals (9,14,32). Although the immune system
has numerous mechanisms for clearing virus infection,
HCMYV has countered with its own immune evasion adap-
tations. In particular, the virus encodes a homolog of the im-
mune suppressive cytokine human interleukin-10 (hIL-10).
The viral cytokine cytomegalovirus IL-10 (cmvIL-10) binds
to the cellular IL-10 receptor (18,19), triggering effects that
include reduced cell proliferation, inhibition of cytokine syn-
thesis, downregulation of MHC molecules (39), and impair-
ment of dendritic cell maturation (7,30). When secreted from
infected cells, cmvIL-10 has the potential to cause wide-
spread suppressive effects on multiple types of uninfected
immune cells.
The ability of hIL-10 to decrease cytokine expression has
been found to involve inhibition of the transcription factor
nuclear factor-«B (NF-«B) (12,20,40). The NF-«B family of

dimeric transcription factors mediates cellular responses to
a wide variety of stimuli. The functional transcription fac-
tors consist of homo- and heterodimers from the NF-«B pro-
tein family, which includes five proteins: RelA/p65, c-Rel,
RelB, p50, and p52 (36). Each of these proteins contains a Rel
homology domain, which contains a DNA binding domain,
a dimerization domain, and a nuclear localization signal.
While any combination of subunits is possible, the predom-
inant form of NF-«B mediating transcriptional activation in
most cell types is the p65:p50 heterodimer (36). In unstimu-
lated cells, NF-«kB dimers are inactivated by the binding of
an inhibitor, IkB-a, which masks the nuclear localization sig-
nal, blocks DNA binding, and promotes nuclear export of
bound dimers (21,41). Most immune stimuli activate NF-«xB
by inducing the degradation of the inhibitor IkB-a. This
degradation is triggered when I«B-a is phosphorylated by
I«B kinase (IKK), and immediately after phosphorlyation,
IkB-a undergoes rapid polyubiquitylation and is destroyed
by the proteasome. The degradation of IkB-a frees NF-«B,
enabling the dimer to enter into the nucleus, bind to DNA,
and induce gene expression associated with inflammatory
immune responses.
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Previous studies have shown that hIL-10 treatment of
monocytes leads to inhibition of NF-«B activity (12). cmvIL-
10 has also been shown to inhibit cytokine production
by monocytes (39), but the complete mechanism for this
inhibition is unknown. Although previous studies have
identified a role for phosphoinositide-3 kinase signaling in
cmvIL-10-mediated cytokine suppression, inhibition of
phosphoinositide-3 kinase activity only partially restored the
cytokine levels (37), indicating that cmvIL-10 must stimulate
other pathways or use multiple mechanisms to modulate cy-
tokine expression. In order to determine whether cmvIL-10
might modulate NF-«B activity, monocytes were treated
with the viral cytokine and levels of IkB-a were analyzed.
THP-1 monocytes were first incubated with lipopolysaccha-
ride (LPS) for 3 h, and then cell lysates were analyzed by
Western blot. As shown in Fig. 1A, the 41-kD IxB-a inhibi-
tor protein is present in untreated cells, but the amount of
this protein is greatly reduced in cells that have been exposed
to a potent immune stimulus such as LPS. The lack of this
protein in lysates of LPS-treated cells is consistent with the
rapid degradation of IkB-a known to accompany NF-«B ac-
tivation. When THP-1 cells were pretreated with hIL-10 for
1 h prior to LPS exposure, no degradation of IkB-a was ob-
served. Likewise, cmvIL-10 also functioned to inhibit IkB-«a
degradation. When THP-1 monocytes were treated with
cmvIL-10 prior to LPS stimulation, levels of the inhibitor I«B-
a remained high and NF-«B remained inactive. Stat3, which
has previously been found to be present in THP-1 cells at
relatively constant levels (37), was also detected via im-
munoblotting and served as a protein loading control. Al-
though the accumulation of IkB-a was most pronounced
when cells were treated with 100 ng/mL of cmvIL-10, in-
creased IkB-a protein concentrations were also noted in
lysates from cells treated with 1 or 20 ng/mL of cmvIL-10,
suggesting that the inhibitory effect of the viral cytokine on
NF-«B activity was dose-dependent.
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Although these studies were conducted in THP-1 cells, the
same result was observed with primary monocytes. Mono-
cytes were isolated from human blood of two different donors
by magnetic separation with anti-CD14* microbeads (37). The
primary monocytes were then exposed to LPS with or with-
out pre-incubation with cmvIL-10. Immunoblotting revealed
that IkB-a degradation was inhibited in these cells (data not
shown), suggesting that cmvIL-10 suppresses NF-«B activa-
tion in both primary monocytes and monocytic cell lines.

Because cmvIL-10 treatment prevented the degradation of
IkB-a, it was expected that levels of phosphorylated IkB-a
would also be lower in cells exposed to the viral cytokine.
To examine this, Western blot analysis of cell lysates was
performed with an antibody to detect IkB-a that had been
phosphorylated on serine residue 32, the site frequently
modified by IKK (22). Detection of phosphorylated I«B-a
protein required treatment of the cells with lactacystin, a pro-
teosome inhibitor, in order to prevent rapid degradation of
the phosphorylated form of the inhibitor. THP-1 monocytes
were incubated with cmvIL-10 and lactacystin for 1 h prior
to LPS stimulation, and then cell lysates were immunoblot-
ted. As expected, there was no phosphorylated IkB-a pres-
ent in unstimulated cells (Fig. 1B). In contrast, LPS treatment
induced phosphorylation of IkB-«, which accumulated in the
cytoplasm and was not degraded in the presence of the pro-
teasome inhibitor. Pre-incubation with cmvIL-10 inhibited
LPS-induced phosphorylation of IkB-a on serine 32, and this
inhibition occurred in a dose-dependent manner. hIL-10 also
inhibited phosphorylation of IxB-«, suggesting that the viral
cytokine mimics the ability of the human cytokine to mod-
ulate this signaling pathway. The reduction in phosphory-
lated IkB-a levels suggests that hIL-10 and cmvIL-10 prevent
NF-«B activation by inhibiting the activity of the IxB kinase,
IKK. This result is consistent with previous reports that sup-
pression of IKK function was the mechanism by which hIL-
10 blocked NF-«B transcriptional activity (34).

cmviL-10
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86 kD Total Stat3
B
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(Ser32)
86 kD Total Stat3

FIG.1. cmvIL-10 prevents degradation of IkB-a. THP-1 cells were treated with purified recombinant cmvIL-10 (1, 20, or
100 ng/mL; R&D Systems, Minneapolis, MN) or hIL-10 (100 ng/mL; R&D Systems) for 1 h prior to stimulation with 10
ng/mL LPS (Sigma, St. Louis, MO). The total protein in each lysate was quantified using the Bio-Rad Protein Assay Kit
(Hercules, CA), and 10 ug total protein was loaded into each well. The lysates were resolved by SDS-PAGE and analyzed
by immunoblotting with polyclonal antiserum to either (A) total IkB-a or (B) phosphorylated IkB-a (phospho-IxkB-a) (Cell
Signaling Technologies, Danvers, MA). In each case, total Stat3 protein was detected via blotting with polyclonal antiserum
to Stat3 (Cell Signaling Technologies) to ensure equal sample loading. When detecting phosphorylated IkB-e, cell treat-
ments were performed in the presence of 20 mM lactacystin (Sigma) to inhibit proteasome-mediated degradation. Alkaline
phosphatase-conjugated goat anti-rabbit secondary antibody (Anaspec, San Jose, CA) and Western Blue Substrate (Promega,
Madison, WI) were utilized for detection. The blots shown are representative of three independent experiments.
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Having determined that cmvIL-10 impacts NF-«B by pre-
venting degradation of the inhibitor IkB-«, evidence of re-
duced NF-«B activity was investigated next. To this end,
transcription of NF-kB-regulated cytokine genes was evalu-
ated at the mRNA level using reverse transcriptase PCR. The
inflammatory genes TNF-«a and IL-18 were investigated be-
cause they are known to contain NF-«B response elements
in their promoters (8,16,35). In order to determine whether
cmvIL-10 altered NF-«B-regulated gene expression of TNF-
a and IL-18, THP-1 cells were incubated with 100 ng/mL
cmvIL-10 or hIL-10 for 1 h prior to LPS stimulation. Total
RNA was harvested from the treated monocytes and then
reverse transcribed to cDNA. The cDNA template was then
amplified with gene-specific primers and resulting bands
were resolved via gel electrophoresis. As shown in Fig. 2A,
only faint bands were observed in samples from untreated
cells, indicating that THP-1 monocytes had very low basal
levels of expression of TNF-a and IL-183. Treatment of THP-
1 cells with LPS resulted in a dramatic increase in mRNA
levels for both TNF-a and IL-1p3, as evidenced by the intense
bands in the second lane of Fig. 2A. The LPS-induced TNEF-
a and IL-18 mRNA expression in THP-1 monocytes was in-
hibited by both cmvIL-10 and hIL-10, as indicated by de-
creased band intensity. 8-Actin served as a loading control,
and equivalent bands were observed for all samples.

In order to determine the extent of transcriptional repres-
sion mediated by cmvIL-10, real time quantitative PCR (RT-
qPCR) was employed. For this analysis, cDONA templates
were amplified in reactions containing SYBR Green Buffer,
and the expression levels were normalized to the house-
keeping gene B-actin. Compared to untreated control cells,
LPS stimulation caused an 80-fold increase in expression of
TNF-a. Treatment with cmvIL-10 led to an 88% decrease in
LPS-induced TNF-a gene expression, and treatment with
hIL-10 led to an 82% decrease (Fig. 2B). No statistically sig-
nificant difference was observed between cmvIL-10 and hIL-
10 with regard to suppression of TNF-a gene expression, as
measured by the Student-Neuman-Keuls test.

Likewise, IL-18 levels were analyzed via RT-qPCR, and
LPS induced a 200-fold increase in IL-13 expression in com-
parison with control cells. LPS-induced IL-18 gene expres-
sion was found to be inhibited by 87% by cmvIL-10 treat-
ment, and by 99% by treatment with hIL-10 (Fig. 2B). Again,
this difference was not found to be statistically significant,
suggesting that both cytokines effectively inhibit IL-13 tran-
scription. These results show that cmvIL-10 employs the
same mechanism for immune suppression as hIL-10, and
that the viral cytokine is equal to the cellular cytokine in re-
pression of TNF-a and IL-18 gene expression. These results
are also in agreement with previous studies that analyzed
inflammatory cytokine protein levels by ELISA, and indi-
cated that the cmvIL-10 and hIL-10 both inhibit inflamma-
tory cytokine secretion to the same extent (37,39).

Because cmvIL-10 has been documented to have primar-
ily inhibitory effects, the study focused on reduction of LPS-
stimulated cytokine expression. However, there was also the
possibility that cmvIL-10 treatment alone might directly in-
duce gene expression. SOCS 3 (suppressor of cytokine sig-
naling protein 3) expression is known to be upregulated by
hIL-10 (27-29), and so it seemed likely that this gene might
also be affected by emvIL-10. As shown in Fig. 2A, no ex-
pression of SOCS 3 was detected in untreated THP-1 mono-
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FIG.2. cmvIL-10 inhibits transcription of inflammatory cy-

tokines. (A) THP-1 monocytes were treated with 100 ng/mL
cmvIL-10 or hIL-10 prior to stimulation with 10 ng/mL LPS
for 3 h. Total cellular RNA was isolated (RNEasy Midi Kit;
Qiagen, Valencia, CA), reverse transcribed, and amplified
with gene-specific primers. PCR conditions included an ini-
tial denaturation at 94°C for 1 min and then 30 cycles of 94,
60, and 72°C (30 sec each). PCR products were resolved by
gel electrophoresis using a 2% agarose gel. The gel shown is
representative of two independent experiments (SOCS 3,
suppressor of cytokine signaling protein 3). (B) Real time
quantitative PCR analysis was performed using prepared
cDNA templates, gene-specific primers, and SYBR Green
Buffer (BioRad, Hercules, CA) in a 20-uL reaction mixture.
The forward and reverse primers were as follows: for B-actin:
AAGAGAGGCATCCTCACCCT (f), TACATGGCTGGGGT-
GTTGAA (r); for TNF-a: AACCTCCTCTCTGCCATCAA (f),
CCAAAGTAGACCTGCCCAGA (r); for IL-1B8: TCC-
CCAGCCCTTTTGGA (f), TTAGAACCAAATGTGGCCGTG
(r). The primers for SOCS 3 were obtained from Qiagen
(QuantiTect Primer Assay). The Livak comparative 2-2C(®
method was used to calculate relative gene expression and
measure fold differences in target nucleic acid between sam-
ples. The C(t) values of target genes TNF-a and IL-18 were
normalized to the housekeeping gene [-actin and the
AC(t)Average Was calculated from three replicates, then ex-
pressed as a percentage of total LPS-induced levels of cyto-
kine. Error bars represent standard error among replicates.
These data are representative of three independent experi-
ments.

cytes, and LPS stimulation did not induce a change in SOCS
3 gene expression. In contrast, treatment with either hIL-10
or cmvIL-10 did result in significant upregulation of SOCS3
expression in THP-1 cells, as evidenced by the appearance
of the 91-bp band in the third and fourth lanes of Fig. 2A.
These results demonstrate that not only does cmvIL-10 sup-
press transcription of pro-inflammatory cytokines, but the
viral cytokine can directly enhance the transcription of neg-
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ative immune regulators like SOCS 3. The SOCS protein fam-
ily is involved in regulation of cytokine signaling via nega-
tive feedback regulation of JAK-STAT pathways. Upon bind-
ing to the cellular IL-10 receptor, cmvIL-10 has been shown
to activate JAK1, which then phosphorylates and activates
Stat3 (31,37). Several studies have found that SOCS 3 con-
trols the kinetics of decay of STAT3 phosphorylation (13,26).
This supports the notion that SOCS 3 may play a role in de-
termining the duration and intensity of cmvIL-10-mediated
immune suppression.

HCMV infection is characterized by latent lifelong infec-
tion, and manipulation of host immunity permits the virus
to avoid complete clearance. One immune evasion strategy
utilized by HCMYV is hijacking of the robust anti-inflamma-
tory effects of hIL-10. This immune suppression is accom-
plished by cmvIL-10, the virally-encoded homolog of the cel-
lular cytokine. While the potent anti-inflammatory effects of
cmvIL-10 have been established (7,19,30,37,39), this is the
first report showing that these effects are mediated through
direct inhibition of NF-«B transcriptional activity. Our re-
sults demonstrate that cmvIL-10 treatment prevents the
phosphorylation and degradation of the inhibitor IxB-«,
which remains bound to NF-«B subunits in the cytoplasm
and prevents their entry into the nucleus. This effect is most
likely mediated by inhibition of IKK activity, which is con-
sistent with previous reports that hIL-10 blocks IKK activa-
tion and inhibits DNA binding of NF-«B p65:p50 het-
erodimers (34). Interestingly, subsequent investigations also
showed that hIL-10 actually promotes nuclear translocation
of p50 subunits (12). In contrast to other NF-«B family mem-
bers, p50 subunits lack a transactivation domain. As a result,
p50 heterodimers, which retain the ability to bind NF-«xB
sites, are considered to be transcriptional repressors (23), fur-
ther explaining the inhibitory effects of hIL-10 on NF-kB-reg-
ulated gene expression. Ironically, recent studies have shown
that p50 homodimers can actually promote transcription of
IL-10 in mice, and a novel p50-responsive cis-element was
identified in the promoter of the murine IL-10 gene (5). Fu-
ture investigations are necessary to determine whether
cmvIL-10 also promotes the translocation of p50 homod-
imers to the nucleus; however, it is notable that cmvIL-10
was found to induce expression of hIL-10 in dendritic cells
(6) and B lymphocytes (38).

It is important to note that cmvIL-10 inhibition was not
specific for LPS-induced NF-«B activation. THP-1 cells stim-
ulated with either PMA (phorbol 12-myristate 13-acetate;
Sigma) or TNF-a (R&D Systems) also exhibited degradation
of IkB-a, and this degradation was significantly decreased if
the cells were pre-incubated with cmvIL-10 (data not
shown). Thus, cmvIL-10 prevents NF-«B from stimulating
transcription induced by a variety of stimuli by enabling the
inhibitor to accumulate in the cytoplasm, rendering NF-«B
subunits unable to enter the nucleus.

In vivo, the inhibition of NF-«B activity by cmvIL-10 may
affect infected cells secreting cmvIL-10 via autocrine signal-
ing, as well as impair the function of uninfected immune
cells and contribute to the overall immunosuppressive envi-
ronment that enables virus persistence and the establishment
of latency. Paradoxically, activation of the NF-«xB pathway
is essential for productive HCMV infection (10,11). When
HCMV productively infects a cell, three classes of genes are
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transcribed: immediate-early (IE), early, and late (25). IE
genes are essential for virus replication, and the expression
of these genes is regulated by the major immediate-early pro-
moter (MIEP) (1,42). The MIEP, which is critical for efficient
virus replication (17,24), contains four consensus NF-«B
binding sites (25,33). Induction of NF-«B following HCMV
infection drives the transactivation of the MIEP and is a cru-
cial step in initiation of viral gene expression and produc-
tive virus replication. Thus, virus infection leads to NF-«B
activation in cells harboring the viral genome, while the se-
creted viral cytokine emvIL-10 suppresses NF-«B signaling
in uninfected bystander cells. Indeed, IL-10 has been identi-
fied as one of the single most important factors that impede
virus clearance, and in some experimental systems, blocking
IL-10 results in rapid elimination of virus infection (3,4). It
has also been suggested that HCMV strains be sub-typed by
the amount of cmvIL-10 produced, and that higher produc-
ers are the ones more likely to reactivate and cause disease
(15). It is not yet known what the impact of blocking cmvIL-
10 during the course of infection in vivo might be.

HCMYV remains a major cause of morbidity and mortality
among immunocompromised individuals. We show here
that cmvIL-10-mediated immune suppression occurs
through inhibition of NF-«B activity. Continued definition
of the molecular processes that HCMV uses to modulate im-
mune function is a necessary and important step in the de-
velopment of effective treatment strategies.
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