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ABSTRACT

There is accumulating evidence that the viral interleukin-10 (vIL-10) ortholog of both human and rhesus cytomegalovirus
(HCMV and RhCMV, respectively) suppresses the functionality of cell types that are critical to contain virus dissemination and
help shape long-term immunity during the earliest virus-host interactions. In particular, exposure of macrophages, peripheral
blood mononuclear cells, monocyte-derived dendritic cells, and plasmacytoid dendritic cells to vIL-10 suppresses multiple effec-
tor functions including, notably, those that link innate and adaptive immune responses. Further, vaccination of RhCMV-unin-
fected rhesus macaques with nonfunctional forms of RhCMV vIL-10 greatly restricted parameters of RhCMV infection following
RhCMV challenge of the vaccinees. Vaccinees exhibited significantly reduced shedding of RhCMV in saliva and urine following
RhCMV challenge compared to shedding in unvaccinated controls. Based on the evidence that vIL-10 is critical during acute in-
fection, the role of vIL-10 during persistent infection was analyzed in rhesus macaques infected long term with RhCMV to deter-
mine whether postinfection vaccination against vIL-10 could change the virus-host balance. RhCMV-seropositive macaques,
which shed RhCMV in saliva, were vaccinated with nonfunctional RhCMV vIL-10, and shedding levels of RhCMV in saliva were
evaluated. Following robust increases in vIL-10-binding and vIL-10-neutralizing antibodies, shedding levels of RhCMV mod-
estly declined, consistent with the interpretation that vIL-10 may play a functional role during persistent infection. However, a
more significant association was observed between the levels of cellular IL-10 secreted in peripheral blood mononuclear cells
exposed to RhCMV antigens and shedding of RhCMV in saliva. This result implies that RhCMV persistence is associated with
the induction of cellular IL-10 receptor-mediated signaling pathways.

IMPORTANCE

Human health is adversely impacted by viruses that establish lifelong infections that are often accompanied with increased mor-
bidity and mortality (e.g., infections with HIV, hepatitis C virus, or human cytomegalovirus). A longstanding but unfulfilled goal
has been to develop postinfection vaccine strategies that could “reboot” the immune system of an infected individual in ways
that would enable the infected host to develop immune responses that clear reservoirs of persistent virus infection, effectively
curing the host of infection. This concept was evaluated in rhesus macaques infected long term with rhesus cytomegalovirus by
repeatedly immunizing infected animals with nonfunctional versions of the rhesus cytomegalovirus-encoded viral interleu-
kin-10 immune-modulating protein. Following vaccine-mediated boosting of antibody titers to viral interleukin-10, there was
modest evidence for increased immunological control of the virus following vaccination. More significantly, data were also ob-
tained that indicated that rhesus cytomegalovirus is able to persist due to upregulation of the cellular interleukin-10 signaling
pathway.

It is incumbent upon microbes that establish lifelong pathogen-
host relationships to modify host immunity in ways that facili-

tate persistent carriage of the microbe by immunocompetent
hosts. Immune-modulating strategies of persistence by “hit-and-
stay” pathogens are likely to be fundamentally different from
acute, or “hit-and-run,” pathogens, for which viral replication
and intra- and interhost dissemination mostly transpire prior to
development of de novo adaptive immune responses that could
potentially clear the pathogen (1). Cellular interleukin-10 (cIL-
10) is an anti-inflammatory cytokine that is considered a master
regulator of the immune system due to its positive and negative
effects on cells bearing the IL-10 receptor (IL-10R) (2). Manipu-
lation of the cIL-10/IL-10R signaling pathway has been increas-
ingly associated with long-term persistent infections in immuno-
competent hosts (3). Multiple evolutionarily diverse microbes
(viral, pathogenic and commensal bacterial, fungal, protozoal,

and helminthic) activate the IL-10R-mediated signaling pathway
as part of their natural histories. Such evolutionary convergence
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upon a single cytokine signaling pathway (4) suggests cIL-10 is an
essential component in creating and maintaining immune niches
permissive to long-term infection, particularly in infected hosts
with fully functional immune systems. Indeed, murine studies in
which IL-10/IL-10R signaling was disrupted, either by neutraliz-
ing cIL-10 functionality or through antibody-mediated blockage
of IL-10R, have shown this disruption results in significantly de-
creased pathogen loads (murine cytomegalovirus [MCMV], lym-
phocytic choriomeningitis virus) (5–7). Based on these findings,
blocking pathogen-associated cIL-10 manipulation may be a rel-
evant strategy for blocking either the establishment and/or main-
tenance of a persistent infection.

Human cytomegalovirus (HCMV) is a ubiquitous persistent
pathogen with worldwide seroprevalence rates in adults that range
from �50 to 100%, and there is accumulating evidence that per-
sistence is mediated through viral modulation of host immunity,
including manipulation of the IL-10R pathway (3, 8–10). HCMV
is generally considered a virus with low pathogenic potential in
immunocompetent hosts, consistent with the interpretation that
host immune responses to HCMV infection are protective against
HCMV sequelae. In the absence of immune functionality, HCMV
can be a significant cause of morbidity and mortality in immuno-
suppressed transplant recipients, immunodeficient AIDS patients
not on highly active antiretroviral therapy, and in congenitally
infected infants. Taken together, host immunity mostly protects
against HCMV disease during primary infection, but host im-
mune responses are insufficient to clear persistent reservoirs in
infected hosts, despite extraordinarily large HCMV-specific T cell
responses (11) and the induction of neutralizing antibodies
against multiple HCMV glycoproteins (4, 12–14). The viral mech-
anisms of persistence are incompletely resolved, but there is in-
creasing evidence that cIL-10 signaling through binding to its
high-affinity receptor (IL-10R1) is critical for maintaining persis-
tence (2, 3). Studies of MCMV-infected mice revealed that there is
a marked increase in the number of CD4� cells expressing cIL-10
in tissue sites of persistence (salivary glands) but not in tissues
where MCMV establishes a latent infection (e.g., spleen) (7).
While MCMV does not encode an ortholog of cIL-10, the results
of this study imply that MCMV, like many viral and nonviral
pathogens (3), has co-opted the cIL-10/IL-10R1 signaling cascade
to enable persistence in an immune host.

The complexity of IL-10 signaling induced by HCMV and
RhCMV is greater than that observed by MCMV. Unlike MCMV,
both HCMV and RhCMV encode a cIL-10 ortholog (cmvIL-10
and rhcmvIL-10, respectively) that binds to IL-10R1, and each
viral ortholog exhibits comparable functionality to that of cIL-10
(3, 8, 15, 16). A recent RhCMV study that employed vaccine-
mediated disruption of rhcmvIL-10-mediated signaling revealed
that vaccine-mediated neutralization of rhcmvIL-10 function sig-
nificantly restricted long-term parameters of primary RhCMV in-
fection, particularly the frequency and magnitude of RhCMV de-
tection in the saliva and urine of vaccinated/challenged rhesus
macaques (17). Similarly, Chang et al. reported that animals in-
fected with a rhcmvIL-10 knockout variant of RhCMV (68-1) had
quantitatively enhanced innate immune responses and developed
more robust antiviral adaptive immune responses than animals
expressing the parental virus, rhcmvIL-10 (18). Taken together,
early viral production of rhcmvIL-10 during primary infection
appears to be critical in shaping the immune system to facilitate
both viral dissemination and persistence in an immune host.

However, little is known about what functional role, if any,
rhcmvIL-10 might play in long-term infections. Since the results
of previous studies implied that rhcmvIL-10 is important for es-
tablishing a persistent infection (17), our study sought to deter-
mine whether long-term rhcmvIL-10 expression may be involved
in maintaining persistence in immunocompetent animals.

MATERIALS AND METHODS
Study animals and immunization. Ten RhCMV-seropositive rhesus ma-
caques were immunized with a combination of nickel affinity-purified
rhcmvIL-10M1 and rhcmvIL-10M2 (19) proteins mixed (ratio) with Ad-
davax adjuvant (Invivogen). Animals were injected at weeks 0, 6, and 12
(50 �g of each protein intramuscularly [i.m.]). Ten additional animals
concurrently received injections of Escherichia coli-derived maltose-bind-
ing protein (MBP) in the Addavax adjuvant as a control. Animals were
prospectively evaluated to 24 weeks postinfection (p.i.).

Sample collection and DNA extraction. Blood and saliva were col-
lected from anesthetized animals according to our published protocols
(20). RhCMV viral DNA was extracted from plasma and via oral swabs
using the QiaSymphony system (Qiagen) according to our published pro-
tocols (21). Samples were extracted following the manufacturer’s proto-
cols and stored for use at �80°C.

Quantitative real-time PCR. RhCMV DNA was quantified in plasma
and oral swabs by using real-time PCR according to previously published
protocols (22). Briefly, primers were designed to amplify the RhCMV gB
gene along with a probe that included the reporter dye TET (Roche) on
the 5= end and 6-carboxymethylrhodamine (TAMRA) quencher (Applied
Biosystems, Foster City, CA) on the 3= end. Reaction mixtures included
1� TaqMan universal PCR master mix (Applied Biosystems), 17.5 pmol
forward and reverse primers, 2.5 pmol probe, and 5 �l DNA sample in a
total volume of 12.5 �l. All samples were run in triplicate using the ABI
Prism 7900 sequence detection system (Applied Biosystems). Quantifica-
tion of DNA was calculated using a 10-fold serial dilution standard curve
of RhCMV gB plasmid, purified by two rounds of cesium chloride gradi-
ent centrifugation, containing 106 to 100 copies per 5 �l of DNA sample.

RhCMV EGFP neutralization assay. With a RhCMV-enhanced green
fluorescent protein (EGFP) construct, our neutralization assays were per-
formed following previously published protocols (23).

rhcmvIL-10 ELISA. For the rhcmvIL-1 enzyme-linked immunosor-
bent assay (ELISA), anti-rhcmvIL-10 antibodies were quantified from
heat-inactivated plasma samples and oral swab specimens by using a pre-
viously published protocol with slight variations (19). Briefly, 96-well
plates (Immulon 4 HBX; Dynex Technologies Inc.) were coated with 25
ng/well of nickel-purified rhcmvIL-10 protein in coating buffer (phos-
phate-buffered saline [PBS; Sigma]– 0.375% sodium bicarbonate
[GIBCO]) overnight at 4°C. Plates were then washed 6 times with PBS–
0.05% Tween (PBS/T; Sigma) wash buffer and blocked with 300 �l/well
PBS–1% bovine serum albumin (BSA; Sigma) for 2 h at 25°C in a temper-
ature-controlled incubator. Plates were washed 6 times in PBS/T, and 100
�l of sample (1:100 rhesus macaque plasma diluted in PBS/T–1% BSA or
1:6 oral swab diluted in PBS) was added to each well in duplicate and
incubated for 2 h at 25°C. Plates were then washed 6 times with PBS/T and
loaded with 100 �l/well of peroxidase-conjugated goat anti-monkey IgG
(Kirkegaard & Perry Laboratories, Inc. [KPL]) diluted 1:175,000 in PBS/
T–1% BSA and incubated at 25°C for 1 h. Plates were washed again (6
times with PBS/T), and 100 �l of tetramethylbenzidine (TMB; Sigma) was
added to each well. Plates were incubated in the dark at 25°C for roughly
25 min, and color development was then stopped with the addition of 50
�l/well of 0.5 M sulfuric acid. Color development was then quantified
spectrophotometrically using the Bio-Rad model 680 microplate reader at
a wavelength of 450 nm. Measurements are reported as relative units
(RU), calculated according to a 2-fold dilution standard curve of anti-
rhcmvIL-10 hyperimmune serum from a previously vaccinated rhesus
macaque.
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RhCMV ELISA. The RhCMV ELISA was done as reported above with
slight variations. Ninety-six-well plates were coated overnight at 4°C with
0.25 �g/well of heat-inactivated RhCMV virion diluted in coating buffer.
They were subsequently washed with PBS/T and blocked as stated above.
A 100-�l aliquot of rhesus macaque plasma diluted 1:100 in PBS/T–1%
BSA was then added to wells in duplicate and incubated for 2 h at 25°C.
Plates were then washed 6 times with PBS/T, 100 �l of anti-monkey IgG
diluted at 1:190,000 with PBS/T–1% BSA was added to each well, and
mixtures were incubated at 25°C for 1 h. Plates were then treated exactly as
stated for the rhcmvIL-10 ELISA.

cIL-10 ELISA. cIL-10 secretion by RhCMV-activated peripheral blood
mononuclear cells (PBMC) was measured using a rhesus cIL-10 ELISA kit
(U-Cytech, Netherlands), according to the manufacturer’s protocol with
slight variations. Briefly, 96-well microplates (Immulon 4 HBX) were
coated with the supplied IL-10 antibody and incubated overnight at 4°C.
The plates were washed 6 times with PBS-T and incubated with PBS–1%
BSA blocking buffer for 60 min at 37°C. The buffer was removed, 100
�l/well of PBMC supernatant or plasma (1:100 dilution in PBS/T– 0.5%
BSA) was added, and the plates were incubated at 37° for 2 h. The plates
were then washed 6 times with PBS/T wash buffer, 100 �l/well of IL-10
detector antibody was added, and the cells were incubated 1 h at 37°C.
After washing, 100 �l/well of streptavidin-horseradish peroxidase (HRP)
polymer conjugate (U-Cytech) was added and the mixture was incubated
at 37°C for 1 h. After washing, TMB substrate (100 �l/well) was added,
and the plates were incubated at 25°C for 10 min. Color development was
stopped by the addition of 0.5 M sulfuric acid (50 �l/well). Following a
5-min incubation (25°C), the plates were read at a wavelength of 450 nm
on a Bio-Rad model 680 microplate reader. Concentrations of cIL-10 were
quantified using a 2-fold serially diluted recombinant cIL-10 standard
(U-Cytech) that was included on each plate.

Neutralization of rhcmvIL-10 function in vitro. Antibodies against
rhcmvIL-10 were characterized in a cellular-based protein neutralization
assay using a previously published protocol (19) with minor modifica-
tions. Briefly, plasma samples were diluted (1:4,000) in RPMI–10% fetal
bovine serum with penicillin-streptomycin and L-glutamine (1-ml final
volume) in the presence or absence of recombinant rhcmvIL-10 (1.0 ng/
ml) for 3 h at 37°C. Mixtures of 200 �l of plasma with or without
rhcmvIL-10 were then incubated (each in triplicate) with 4 � 105 Ficoll-
purified PBMC/well in a 96-well U-bottom plate (Falcon) for 30 min in a
humidified 37°C incubator (5% CO2). Lipopolysaccharide (LPS; from
Escherichia coli O127:B8; Sigma) was subsequently added to the cells (5
�g/ml, final concentration) and then incubated for 24 h at 37°C (5%
CO2). Cells were spun down, and supernatant was collected the following
day and stored at �80°C until assayed for IL-12 production. IL-12 secre-
tion by LPS-activated PBMC was measured in an ELISA (U-Cytech, Neth-
erlands), according to the manufacturer’s protocol with slight variations.
Briefly, 96-well microplates (Immulon 4 HBX) were coated with the sup-
plied IL-12 antibody pair (p40 plus p70) and incubated overnight at 4°C.
The plates were washed 6 times with PBS-T and incubated with PBS–1%
BSA blocking buffer for 1 h at 37°C. The buffer was removed, 100 �l/well
of PBMC supernatant was added, and the cell mixture was incubated at
4°C overnight. The plates were washed 6 times with PBS-T wash buffer,
100 �l/well of detector antibody was added, and the cells were incubated
1 h at 37°C. After washing, 100 �l/well of HRP conjugate (U-Cytech) was
added and incubated at 37°C for 1 h. TMB substrate (100 �l/well) was
added after plates were washed, and then the mixtures was incubated at
25°C for 11 min. Color development was stopped by the addition of 0.5 M
sulfuric acid (50 �l/well). Following a 5-min incubation (25°C), the plates
were read at a wavelength of 450 nm on a model 680 microplate reader
(Bio-Rad). Concentrations of IL-12 were quantified using a 2-fold serially
diluted recombinant IL-12 standard (U-Cytech) that was included on
each plate. Neutralization was calculated as the inverse of the ratio of the
IL-12 concentration (rhcmvIL-10 plus plasma) divided by the IL-12 con-
centration (plasma only), and the results were expressed as the percent
rhcmvIL-10 neutralized.

PBMC RhCMV stimulation. Cryopreserved, Ficoll gradient-purified
PBMC were thawed on ice, aliquots of 1 � 106 cells per well were added to
a 48-well plate, and the mixtures were rested overnight at 37°C in com-
plete RPMI medium containing 10% endotoxin-free fetal calf serum
(FCS), 2 mM L-glutamine, 100 U/ml penicillin, 100 �g/ml streptomycin,
50 �M 2-mercaptoethanol, and 10 mM HEPES. Samples were then incu-
bated with either heat-inactivated RhCMV virion (2.5 �g/ml), nonfunc-
tional rhcmvIL-10 proteins (rhcmvIL-10M1 and rhcmvIL-10M2 [5.0 �g/
ml]), or medium in the presence of costimulatory monoclonal antibodies
to CD28 (clone 28.2) and CD49d (clone 9F10) (5 �g/ml for each;
eBioscience) for 10 h. Cells that were stained for gamma interferon
(IFN-�) and tumor necrosis factor (TNF) were also treated with Golgi-
Plug (BD Biosciences) after the first 2 h. Supernatants and cells were then
centrifuged and used for the cIL-10 ELISA and flow cytometric analyses,
respectively.

Intracellular cytokine staining. For intracellular cytokine staining
(ICS), cells were fixed and stained following the published protocol of
Chang et al. (18) with slight modifications. Surface staining was done
using directly conjugated monoclonal antibodies against human (rhesus-
macaque cross-reactive) CD4 (clone L200) and CD8 (clone 3B5) (BD
Biosciences). Cells were then fixed and permeabilized using a fixation/
permeabilization kit (BD Biosciences), and cells were stained intracellu-
larly for CD3 (clone SP34-2), IFN-� (clone B27; BD Biosciences), and
TNF (clone Mab11). A background baseline value was established for each
animal by running a parallel sample without antigen (Ag) stimulation.
This value was then subtracted from the corresponding antigen-stimu-
lated sample result to determine the net level of antigen-specific cytokine
response.

Flow cytometry. Five- and seven-color flow cytometric analyses were
performed using the Fortessa II system with Diva software (BD Biosci-
ences). Results were analyzed and displayed using FlowJo software (Tree
Star).

Statistical analysis. A linear mixed-effects model was used to estimate
the correlation between RhCMV and cIL-10 PBMC and between RhCMV
and cIL-10 CD4, with data values log transformed to base 10. RhCMV
values were censored at 1,000 (limit of detection), and both cIL-10 in
PBMC and cIL-10 in CD4� cells were censored at 0. For determining
whether there was a correlation between RhCMV genome copy numbers
in saliva and cIL-10 produced following RhCMV antigen stimulation of
PBMC, samples from weeks 21 (10 animals only), 22, 28, and 34 for each
animal were incorporated into the analysis (see Fig. 3, below). A mixed-
effects model was used to account for the within-animal dependencies of
scores due to the repeated measures. The model assumed censored values,
using methods described in reference 24.

RESULTS
Longitudinal assessment of RhCMV shedding. RhCMV is en-
demic in populations of both free-ranging and captive popula-
tions of rhesus macaques (Macaca mulatta), and nearly 100% of
animals seroconvert to RhCMV infection within the first year of
life, well before animals reach sexual maturity (3 to 5 years) (25–
29). Once infected with RhCMV, healthy long-term carriers of
RhCMV can repeatedly shed virus in bodily fluids (e.g., saliva and
urine) for �20 years (20, 30, 31). The cross-sectional frequency of
RhCMV in bodily fluids declines as animals age. Whereas �75%
of adolescent to young adult macaques (3 to 5 years) have detect-
able RhCMV DNA in saliva and/or urine, 25% of older adults (12
to 20 years) are positive for RhCMV DNA in the same bodily fluids
(20).

For this study, a cohort of 20 cohoused RhCMV-infected ani-
mals (serologically confirmed [data not shown]) was prospec-
tively evaluated for RhCMV DNA in saliva. Animals ranged in age
from 3 years (n 	 18) to 6 years (n 	 1) to 12 years (n 	 1) (Table
1). Based on prior seroepidemiology studies of RhCMV in rhesus
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macaques at the California National Primate Research Center
(CNPRC) (28), the study animals had been infected with RhCMV
for �2 to �10 years. Weekly oral swabs (weeks 1 to 13 and weeks
19 to 21) were collected from each animal, and RhCMV genome
copy numbers were quantified from DNA purified from each
sample. Consistent with previous studies, the preponderance of
animals exhibited detectable RhCMV DNA in the majority of
samples collected (Table 1; see also Fig. 2, below) (20, 31). Two
animals (MMUs 2 and 3) were positive for RhCMV DNA in 14 of
the 16 samples (88%), and 15 animals were positive for every oral
swab. One animal (MMU 14) was positive for only two time
points, and two animals (MMUs 1 and 11) had undetectable
RhCMV DNA (
2.3 log10) in any of the 16 saliva samples. Median
copy numbers for positive animals ranged from 3.7 to 6.5 log10,
and genome copy numbers remained within a relatively tight
range during this period of observation. Remarkably, the shed-
ding profile of an individual animal remained relatively constant
during this period of observation. The standard deviation (SD) of
RhCMV genome copy numbers was �0.5 log10 for 17 of the ani-
mals, and the remaining 3 animals (MMUs 2, 3, and 12) exhibited
a slightly wider range of RhCMV DNA (SD, 0.6 to 0.8 log10).

Based on patterns of RhCMV DNA detection in saliva, study
animals were assigned to either of two groups, vaccine (V) or
control (C) (Table 1). The vaccine group comprised 5 females and
5 males (9 of which were persistently positive for RhCMV DNA in
saliva), and the control group comprised 3 females and 7 males (8
of which were persistently RhCMV DNA positive in saliva). The
frequency and magnitude of RhCMV in the vaccine and control
groups were comparable (median RhCMV copy number/ml of
saliva, 5.1 and 5.0 log10, respectively). All animals had detectable
binding antibodies to rhcmvIL-10 (Table 1), and both the vaccine

and control groups exhibited comparable ranges and medians of
rhcmvIL-10 binding antibodies (V range, 0.75 to 11.41; V median,
7.57; C range, 0.54 to 17.55; C median, 6.13).

rhcmvIL-10M1/M2 postinfection vaccination boosts mem-
ory antibody responses. It is well established that rhcmvIL-10
M1/M2 vaccination is capable of stimulating robust humoral im-
mune responses in both naive and RhCMV-infected animals and
that preexposure vaccination alters the course of the RhCMV
challenge infection, significantly lowering shedding titers and fre-
quency (17, 19). The fundamental goal of this study was to deter-
mine if postinfection vaccination was able to modify one pheno-
type of persistent infection, namely, chronic detection of RhCMV
DNA in the saliva of long-term-infected animals. The 10 animals in
the vaccine group were immunized intramuscularly three times
(weeks 21, 27, and 33) with two nonfunctional forms of rhcmvIL-10
(M1 and M2, described previously [19]) adjuvanted in a squalene-
based, oil-in-water nanoemulsion. The 10 animals in the control
group were immunized three times MBP of E. coli. Animals were
sampled weekly (saliva, blood) through week 45 to determine
whether there were changes in the frequency and/or magnitude of
RhCMV DNA in either bodily fluid.

Consistent with previous findings, rhcmvIL-10 M1/M2 vacci-
nation stimulated robust memory binding and neutralizing anti-
body responses postvaccination in immune animals (19). Eight of
the 10 vaccinated animals exhibited large increases in rhcmvIL-
10-binding antibodies after the first immunization (Fig. 1, left
graph), and all demonstrated still higher responses after the sec-
ond and third immunizations. Significant increases were observed
after the second immunization, compared to the peak responses
after the first immunization, but the peak responses after the sec-
ond and third immunizations were indistinguishable (Fig. 1, mid-

TABLE 1 Summary of findings in individual study animals

Animal ID no. MMU no.a Sex Age (yrs)
No. of RhCMV
DNA-positive samplesb

RhCMV copies/ml of saliva (log10)c

rhcmvIL-10
BAbd

Treatment
groupeMin Max Median Mean SD

32072 1 F 12 0/16 
2.3 
2.3 
2.3 
2.3 0 0.75 V
39547 2 F 3 14/16 
2.3 4.8 4.0 3.8 0.7 8.33 V
39581 3 F 3 14/16 
2.3 5.0 3.7 3.8 0.8 8.72 V
39606 4 M 3 16/16 5.3 6.2 5.8 5.7 0.3 7.30 V
39629 5 M 3 16/16 4.4 6.1 5.1 5.2 0.5 4.61 V
39635 6 M 3 16/16 4.7 5.7 5.1 5.2 0.3 11.4 V
39748 7 F 3 16/16 4.9 5.8 5.4 5.4 0.3 10.00 V
40013 8 M 3 16/16 5.0 6.1 5.5 5.5 0.3 7.42 V
40149 9 F 3 16/16 3.8 5.3 4.7 4.7 0.5 3.15 V
40157 10 M 3 16/16 4.8 5.7 5.2 5.3 0.3 7.72 V
37429 11 M 6 0/16 
2.3 
2.3 
2.3 
2.3 0 4.39 C
39533 12 F 3 16/16 3.4 5.3 4.5 4.4 0.6 17.33 C
39544 13 F 3 16/16 4.3 5.7 4.9 4.9 0.4 11.1 C
39570 14 M 3 2/16 
2.3 3.3 
2.3 2.4 0.3 0.85 C
39676 15 M 3 16/16 4.2 5.7 5.2 5.1 0.4 17.55 C
39692 16 F 3 16/16 4.5 5.7 5.3 5.2 0.3 3.81 C
39727 17 M 3 16/16 4.6 5.7 5.3 5.3 0.3 13.59 C
39734 18 M 3 16/16 6.1 7.1 6.5 6.5 0.3 0.54 C
39735 19 M 3 16/16 4.7 6.2 5.6 5.6 0.4 5.15 C
40016 20 M 3 16/16 4.2 6.0 4.9 5.0 0.4 7.10 C
a MMU (an abbreviation used for Macaca mulatta) number for the animal in this study.
b Number of saliva samples with detectable RhCMV DNA relative to the total number of samples collected during the 21-week period of observation (n 	 16 per group).
c The limit of detection of RhCMV DNA was 2.3 log10 (200 copies) per ml.
d BAb, rhcmvIL-10-binding antibodies (in relative units [RU]) at week 21.
e V, vaccine group; C, control group.

RhCMV Co-opts IL-10 Signaling

November 2016 Volume 90 Number 21 jvi.asm.org 9923Journal of Virology

http://jvi.asm.org


dle). Antibody responses declined after each immunization, al-
though the binding antibody levels 12 weeks after the third
immunization were significantly elevated relative to the baseline
responses at week 21. Control animals, in contrast, maintained
relatively consistent antibody titers following the three immuni-
zations with MBP.

The three-dose vaccination regimen similarly induced a signif-
icant increase in antibodies that neutralized wild-type rhcmvIL-10
function in a bioassay that quantified the ability of antibodies to
neutralize rhcmvIL-10-mediated suppression of IL-12 produc-
tion in LPS-stimulated PBMC (Fig. 1, right graph). Notably,
rhcmvIL-10-neutralizing responses remained significantly ele-
vated during the 12-week interval after the third immunization for
8 of the 10 vaccinated animals. During the same period of obser-
vation, binding antibodies to total RhCMV antigens and fibro-
blast neutralization titers remained unchanged (data not shown),
consistent with the interpretation that vaccination against rhcm-
vIL-10 in infected animals does not alter host antibody responses
to total RhCMV antigens.

Postinfection rhcmvIL-10 vaccination effects on established
viral shedding patterns. The therapeutic efficacy of rhcmvIL-10
postinfection vaccination was assessed by evaluating changes in
chronic viral shedding patterns postvaccination. RhCMV genome
copy numbers in saliva were quantified from oral swab samples
for the two 6-week intervals between the three immunizations
(weeks 21, 27, and 33) and for 12 weeks after the third immuniza-
tion. The results were compared to the shedding profiles deter-
mined during the prevaccination phase (Table 1). The longitudi-
nal pattern of shedding was determined for each animal by using a
3-week moving average of RhCMV genome copy number per ml
of saliva (Fig. 2A). For simplicity, the presence of RhCMV ge-
nomes in saliva is termed “shedding,” although the quantification
of infectious virions in saliva was not performed. When the
3-week shedding profiles at the time of the first immunization
(weeks 19 to 21) were compared to those for the final 3 weeks of
observation (weeks 43 to 45), there was a decline in the mean
shedding loads in the vaccinated animals compared to the con-
trols that approached but did not quite reach statistical signifi-
cance (P 	 0.0547 versus P 	 0.6406 for vaccinated and control
animals, respectively) (Fig. 2B).

An alternative approach was used to analyze pre- and postvac-

cination shedding profiles. For this, the area under the curve was
also calculated to represent changes in the total infectious burden
of RhCMV in saliva. The results were comparable in that there was
a trend toward reduced shedding in the vaccinated animals com-
pared to the controls (P 	 0.0977 and P 	 0.7422, respectively
[data not shown]). The modest reduction in RhCMV DNA in
saliva after three vaccinations with nonfunctional rhcmvIL-10
suggests that it may be possible to disrupt the virus-host détente in
long-term RhCMV infection through optimization of postinfec-
tion immunization strategies. While the results further suggested
that rhcmvIL-10 might play a role in maintaining viral persistence
in an immune host, an alternative approach indicated that activa-
tion of the IL-10R1-mediated signaling pathway through activa-
tion of cIL-10 plays a more prominent role.

RhCMV-specific cIL-10 responses in PBMC correlate with
RhCMV shedding. Previous murine CMV studies have reported a
link between viral persistence and T cell-derived cIL-10 (7, 32).
Due to the uncertainty of a definitive impact on viral shedding by
the postexposure vaccine with rhcmvIL-10, cIL-10 levels were
quantified in PBMC exposed to purified heat-inactivated RhCMV
virions (RhCMV antigens) and evaluated in the context of
RhCMV shedding. PBMC harvested at 3 to 4 time points from
each animal (weeks 21 [10 animals only], 22, 28, and 34) were
stimulated with RhCMV antigens and subsequently analyzed for
changes in secreted cIL-10 compared to matched unstimulated
PBMC. PBMC that were stimulated by RhCMV antigens exhib-
ited variable levels of detectable cIL-10, ranging from 0 to �50
pg/ml (Fig. 3A). When analyzed in relation to detectable RhCMV
genomes per ml of saliva at the same time point for which the
PBMC were obtained, cIL-10 levels in RhCMV-stimulated PBMC
significantly correlated with viral shedding titers (r 	 0. 4476, P 	
0.03345).

The relation of cIL-10 production and viral shedding was also
observed within individuals over time. Longitudinal levels of
cIL-10 produced by RhCMV antigen-stimulated PBMC were
plotted along with concurrent RhCMV genome copy numbers in
saliva to evaluate the patterns of production within the context of
a single animal (3 to 4 time points per animal) (Fig. 4; see also Fig.
S1 in the supplemental material). Forty-one percent (7 out of 17)
displayed a direct mirroring of cIL-10 output patterns and viral
shedding patterns in individual animals, while 70% (12 out of 17)

FIG 1 rhcmvIL-10 antibody responses postimmunization. (Left) Longitudinal rhcmvIL-10 binding antibody responses following immunizations at weeks 21,
27, and 33 (dotted lines) for vaccinees (red) and controls (blue). (Middle) Peak rhcmvIL-10 binding antibody responses at the times of immunization (Vx 1 to
3), within 3 weeks following each immunization (post Vx 1 to 3), or 12 weeks post Vx3 (45 weeks). ****, P 
 0.0001; ***, P 	 0.0003; **, P 	 0.0068; *, P 	 0.0431.
(Right) vIL-10 neutralizing antibody responses for vaccinees (red) and controls (blue) at weeks 21, and 2, 8, and 12 weeks after the third immunization at week
33 (weeks 35, 41, and 45, respectively).
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displayed similar trends (determined by the slope value of the
trend line) of increased or decrease PBMC-derived cIL-10 and
viral genome copies in saliva (3 animals were removed from anal-
ysis due to a complete absence of detectable viral shedding) (see
Fig. S1 in the supplemental material). Although �30% of animals
showed differing trends of viral shedding and cIL-10 production,
the overall results were congruent with the interpretation drawn
above that there is a direct relation between the level of cIL-10
produced following exposure of PBMC to RhCMV antigen and
the level of RhCMV detected in saliva.

Peripheral activation of cIL-10 following primary RhCMV
infection. The apparent relation between the levels of cIL-10 se-
creted from RhCMV-specific T cells and shedding of RhCMV in
saliva led to the investigation of the temporal kinetics of the de-
velopment of this relationship following primary RhCMV infec-
tion. To accomplish this, PBMC samples from a separate study, in
which naive macaques had been experimentally inoculated by a
subcutaneous route with an epitheliotropic strain of RhCMV
(UCD59), were longitudinally analyzed for levels of cIL-10 se-
creted from unstimulated cells, in addition to cIL-10 produced

FIG 2 (A) The 3-week moving average of RhCMV genome copy numbers per milliliter of saliva was plotted relative to the 3-week window of observation for
vaccinees (top) and controls (bottom). The time points on the abscissa represent the first week of the 3-week moving average. The dashed lines represent the three
immunizations at weeks 21, 27, and 33. (B) The median RhCMV genome copy numbers per milliliter of saliva (solid line) for each treatment group at the time
indicated.

FIG 3 Antigen-specific cIL-10 levels correlate with chronic viral shedding in
saliva. cIL-10 levels secreted by RhCMV antigen-stimulated PBMC (2.5 � 106)
isolated from persistently infected macaques were plotted relative to concom-
itant RhCMV genome copy numbers per milliliter of saliva (r 	 0.4476, P 	
0.03345; one-tailed t test). Data represent results for samples from weeks 21
(10 animals only), 22, 28, and 34. The limit of detection for RhCMV was 1,000
copies per ml of saliva.
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following RhCMV antigen stimulation. The results suggested that
primary RhCMV infection is associated with a systemic, transient,
nonspecific activation of cIL-10 in PBMC.

For this experiment, cIL-10 levels from unstimulated and
RhCMV antigen-stimulated PBMC were longitudinally com-
pared to 1-week post-RhCMV inoculation samples, since samples
from the time of inoculation (week 0) were no longer available
from this other study (Fig. 5, unstimulated versus RhCMV Ag
stimulated). For the PBMC samples stimulated with RhCMV an-
tigen, only the net cIL-10 levels are presented, because back-
ground concentrations of cIL-10 from unstimulated PBMC were
subtracted from the RhCMV antigen-stimulated cIL-10 levels.
Notably, there was a significant increase in basal cIL-10 in week 6
samples from unstimulated PBMC, and there was also an increase
with week 4 and 8 samples, although the differences for these two
intervals did not reach statistical significance. For all eight ani-
mals, the time point for peak cIL-10 detection in unstimulated
cells was either week 4, 6, or 8, with peak concentrations of cIL-10
ranging from 19.6 to 195.6 pg/ml. The one remaining animal ex-
hibited peak basal cIL-10 expression at week 1. By week 20, un-
stimulated PBMC from four animals had barely detectable levels
of cIL-10 (0 to 1.1 pg/ml), and in the other four concentrations
ranged from 9.2 to 17.3 pg/ml.

A quite distinct pattern was observed for cIL-10 production in
RhCMV Ag-stimulated PBMC. While there was a slight trend of
increased cIL-10 production over the same time frame, the mag-
nitude of cIL-10 produced following antigen stimulation (minus
the cIL-10 from unstimulated PBMC) was far lower than the basal
level of cIL-10 production from unstimulated cells, ranging from
0 to 18.8 pg/ml (Fig. 5, red circles). The results suggested that
primary RhCMV infection is associated with a nonspecific sys-
temic increase in cIL-10 from mononuclear cells in the peripheral
circulation. It is important to note that the period during which

cIL-10 expression is increased from unstimulated cells (4 to 8
weeks) is contemporaneous with the first detection of RhCMV
DNA in saliva and urine and also the first detection of antibodies
that neutralize rhcmvIL-10 function (17). Put another way, distal
sites, from which RhCMV is persistently shed following primary
infection, are seeded with progeny virions during the period of
time when there appears to be an immunosuppressive milieu for
innate and adaptive effector cells. Moreover, the decline in basal
cIL-10 production in unstimulated cells is just prior to the appear-
ance of de novo antibodies that neutralize rhcmvIL-10 function
(17), suggesting that early expression of rhcmvIL-10 may drive the
peripheral production of cIL-10.

DISCUSSION

Together with previous in vitro and in vivo studies investigating
the functionality of HCMV- and RhCMV-encoded viral IL-10
orthologs (cmvIL-10 and rhcmvIL-10, respectively), the results of
this study lead to a model in which the virus manipulates the
IL-10R1 signaling pathway throughout its infectious cycle within
an immunocompetent host. Multiple studies have demonstrated
that viral IL-10 alters the functionalities of key innate cell types
that would be particularly relevant during acute infection, includ-
ing macrophages, monocyte-derived dendritic cells (DC), and
plasmacytoid DC (PDC), and in vitro studies emphasize that ma-
nipulation of these cell types would be critical for engendering
adaptive immune responses that facilitate lifelong persistence in
immune hosts (15, 18, 19, 33–40). In support of the conclusions
drawn from these in vitro experiments, inoculation of ma-
caques with a variant of RhCMV strain 68-1, in which the
rhcmvIL-10 open reading frame (ORF; UL111A) had been deleted
(RhCMV�UL111A), resulted in dampened innate and adaptive
immune responses to primary RhCMV infection (18). The central
importance of early viral manipulation of host immunity was bol-
stered by a study demonstrating that vaccinating naive macaques

FIG 4 Longitudinal cIL-10 production mirrors viral shedding patterns. Pro-
duction of cIL-10 by RhCMV antigen-stimulated PBMC (red; right ordinate)
in individual animals over time was graphed alongside RhCMV genome copy
number per milliliter (log10) of saliva (black; left ordinate) at concurrent time
points (3 to 4 per animal). The dashed lines represent the trend line deter-
mined by linear regression. This is a representative sampling of the 20 study
animals (refer to Fig. S1 in the supplemental material for results of the total
analysis).

FIG 5 cIL-10 levels produced by PBMC following primary UCD59 inocula-
tion. RhCMV-uninfected macaques were inoculated with 105 PFU of the epi-
theliotropic UCD59 strain of RhCMV (83) by a subcutaneous route. PBMC
were isolated at the indicated times postinoculation (abscissa), and basal levels
of cIL-10 produced from unstimulated (blue triangles) or RhCMV antigen-
stimulated (red circles) PBMC were determined. For RhCMV antigen-stimu-
lated PBMC, the values represent the net values of cIL-10 produced after sub-
traction of the cIL-10 level produced from unstimulated cells. **, P 
 0.05.
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with nonfunctional forms of rhcmvIL-10 significantly reduces
long-term parameters of RhCMV challenge, presumably by
blunting the immediate effects of rhcmvIL-10 on local immune
cells at the subcutaneous site of RhCMV inoculation (17). As such,
rhcmvIL-10 can be viewed as a virulence factor for RhCMV’s nat-
ural history, since the absence of full functionality immediately
after infection reduces the ability to colonize select niches (e.g.,
salivary glands, genitourinary tract) within the infected host.

The current study was initiated to determine whether rhcmvIL-10
can be considered a virulence factor for maintenance of a persis-
tent infection. While postinfection vaccination with nonfunc-
tional forms of rhcmvIL-10 stimulated large and durable increases
in antibodies that neutralized wild-type rhcmvIL-10 function in
an ex vivo bioassay, there was no significant impact on RhCMV
genomes detected in saliva. Assuming that there would be equal
penetrance of rhcmvIL-10-neutralizing antibodies in all tissues, in-
cluding the salivary glands, it must be concluded that rhcmvIL-10 is
not essential for maintenance of persistent reservoirs of infected
cells that reactivate to excrete virions in bodily fluids such as saliva.
There were two notable findings that indicated that RhCMV takes
advantage of cIL-10-mediated activation of IL-10R1 signaling
pathways. The first was the observation that there is a transient
increase in basal levels of cIL-10 production in unstimulated
PBMC 4 to 8 weeks post-RhCMV infection (Fig. 5). This increase
in cIL-10, which was not observed in RhCMV antigen-stimulated
PBMC, was contemporaneous with the first detection of RhCMV
DNA in urine and saliva. This suggests that primary RhCMV in-
fection is associated with a generalized, transient immune sup-
pression of the infected host during the point in the RhCMV in-
fectious cycle when progeny virions disseminate from the primary
site of inoculation to distal sites. In this regard, the phenotype of
elevated cIL-10 levels is common during the early phases of bac-
terial and viral infections in multiple species. As examples, early
infections of cattle, swine, chickens, mice, and humans with foot-
and-mouth disease virus, classical swine fever virus, Salmonella
enterica, MCMV and Ehrlichia muris, and Helicobacter pylori and
hepatitis C virus, respectively, are also associated with elevated
cIL-10 expression during the early stage of infection (41–47). In
addition, there is increasing evidence that HCMV infection, par-
ticularly within CD34� myeloid progenitor cells, is associated
with HCMV-induced upregulation of cIL-10 expression (48–52).
It has been noted that cmvIL-10 expressed in CD34� cells appears
to attenuate recognition of virally infected cells from HCMV-spe-
cific CD4�T cells through downregulation of major histocompat-
ibility class II (MHC-II) expression (53). However, expression of
cmvIL-10 does not appear to affect MHC-I antigen presentation
in neighboring antigen-presenting cells (54). Together with other
examples cited in a recent review (3), one unifying theme for the
evolutionarily diverse organisms that co-opt IL-10 is that early
induction of IL-10R1-mediated signaling pathways is essential for
establishment and maintenance of persistence. In the case of Rh-
CMV, this appears to be a systemic effect early in the infection
process and not one driven by antigen-specific T cells, as the net
increases postinfection were observed only in unstimulated
PBMC.

At some point after 20 weeks post-RhCMV inoculation (Fig. 5)
but before the approximate 2 years post-natural RhCMV expo-
sure in the animals in this study, a shift occurs such that PBMC
production of cIL-10 is only detected after stimulation with
RhCMV virion antigen. One striking finding of this study is that

there are significant correlations between the levels of antigen-
stimulated cIL-10 production in PBMC and RhCMV genome
copy numbers detected in saliva. This is not unique to RhCMV, as
cIL-10 levels have been positively associated, either alone or with
other biomarkers, with increased burdens of other pathogens, in-
cluding human papillomavirus, HIV, hepatitis B virus, Epstein-
Barr virus (EBV), Mycobacterium tuberculosis, Leishmania spp.,
dengue virus, and murine and human CMV (45, 55–72). While
the specific cell type(s) responsible for elevated cIL-10 expression
in response to RhCMV antigen exposure was not explored, mul-
tiple cell types have been implicated for other pathogens, includ-
ing regulatory B and T cells. Taken together, the results emphasize
that both early and sustained activation of IL-10 signaling is a
common strategy for both intra- and extracellular pathogens and
microbes (3). It is worth noting that the original 1990 description
of what was then referred to as cytokine synthesis inhibitory factor
(now cIL-10) noted the sequence homology with an uncharacter-
ized ORF in EBV (73). The authors of that initial publication on
IL-10 speculated that, “an intriguing possibility is that EBV has
exploited the biological activity of the product of a captured cyto-
kine gene to manipulate the immune response against virally in-
fected cells, thereby promoting survival of the virus.” The appar-
ent convergent evolution of extensive microbial/viral targeting of
the cIL-10 pathway certainly reinforces this prescient description
of infectious agent-host interactions. This commonality of patho-
gen natural histories further suggests that prophylactic and/or
postinfection intervention strategies specifically disrupting, or
possibly augmenting, cIL-10 signaling may be useful for prevent-
ing and/or treating infection and disease.

Of all the identified pathogens or commensals whose natural
histories are implicated with alterations in cIL-10R1-mediated
signaling (3), all but select members of the Herpesviridae and Pox-
viridae use cIL-10 as the ligand for activating the high-affinity
receptor. Apart from members of the Herpesviridae and Poxviri-
dae, microbe-encoded products, when they have been identified,
lead to upregulation of cIL-10 expression, which leads to in-
creased activation of the IL-10 signaling pathway. In contrast,
some members of the Herpesviridae and Poxviridae, including
HCMV and RhCMV, and also EBV, transduced cIL-10 genes dur-
ing viral evolution and express the viral orthologs in the context of
the viral genome. Although examples are limited, vaccination
against either the viral cIL-10 ortholog or the microbial inducer of
cIL-10 expression has conferred protective efficacy against chal-
lenge. As noted, vaccination of naive macaques with nonfunc-
tional forms of rhcmvIL-10 reduced long-term shedding of
RhCMV in saliva and urine following RhCMV challenge (17).
Similarly, vaccination of mice with bacterially encoded glyceral-
dehyde phosphate dehydrogenase protein of group B streptococ-
cus (74), the CyaA toxin of Bordetella pertussis (75), or the BopN
virulence factor of Bordetella bronchiseptica (76), all of which have
been identified as stimulators of expression of cIL-10, confers sig-
nificant measures of protection against bacterial challenge. By ex-
tension, interruption of IL-10R1 signaling through antibody-
mediated blockade of cIL-10R1 significantly reduced virus
production and in some cases cleared the infection from sites of
persistence following MCMV or lymphocytic choriomeningitis
virus infections (5, 7, 77–79). Collectively, all of these studies open
the possibility of targeting the IL-10R1 signaling pathway to pre-
vent or treat ongoing pathogenic infections.

Renowned vaccinologist Maurice Hilleman wrote that, “Per-
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sistent [infections] causing serious diseases derive primarily from
altered function of the immune system” (1). One unifying theme
for persistent pathogens is that primary infections can stimulate
host pathogen-specific immune responses that are insufficient to
effectively restrict ongoing pathogen replication and/or antigen
expression, which can result in direct pathogen sequelae and/or
indirect immunopathologies. In effect, pathogens skew immune
responses in ways that favor pathogen persistence at the expense of
host-mediated immune clearance. This is the antithesis of adju-
vant-stimulated, vaccine-mediated immune responses, which fa-
vor the host. One implication is that vaccination strategies prior to
infection should induce a distinctly different vaccine-mediated
immune state from that observed following natural infection. It
might be possible to counteract the immune environment during
an ongoing infection, such as neutralizing IL-10R1 signaling, and
concurrently inducing a novel de novo immune response to
HCMV antigens to shift the pathogen-host balance to one favor-
ing the host (5–7, 80–82). The RhCMV model of persistence pro-
vides an experimental framework to investigate strategies that pre-
vent and/or abrogate the privileged state of infected cells within an
immunocompetent host, particularly those that focus on IL-10
signaling pathways.
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