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Identification of immune correlates of protection for viral vaccines is complicated by multiple factors, but there is general con-
sensus on the importance of antibodies that neutralize viral attachment to susceptible cells. Development of new viral vaccines
has mostly followed this neutralizing antibody paradigm, but as a recent clinical trial of human cytomegalovirus (HCMV) vacci-
nation demonstrated, this singular approach can yield limited protective efficacy. Since HCMV devotes >50% of its coding ca-
pacity to proteins that modulate host immunity, it is hypothesized that expansion of vaccine targets to include this part of the
viral proteome will disrupt viral natural history. HCMV and rhesus cytomegalovirus (RhCMV) each encode an ortholog to the
cellular interleukin-10 (cIL-10) cytokine: cmvIL-10 and rhcmvIL10, respectively. Despite extensive sequence divergence from
their host’s cIL-10, each viral IL-10 retains nearly identical functionality to cIL-10. Uninfected rhesus macaques were immunized
with engineered, nonfunctional rhcmvIL-10 variants, which were constructed by site-directed mutagenesis to abolish binding to
the cIL-10 receptor. Vaccinees developed antibodies that neutralized rhcmvIL-10 function with no cross-neutralization of
cIL-10. Following subcutaneous RhCMV challenge, the vaccinees exhibited both reduced RhCMV replication locally at the inoc-
ulation site and systemically and significantly reduced RhCMV shedding in bodily fluids compared to controls. Attenuation of
RhCMV infection by rhcmvIL-10 vaccination argues that neutralization of viral immunomodulation may be a new vaccine para-
digm for HCMV by expanding potential vaccine targets.

There is ample precedent from studies of licensed viral and mi-
crobial vaccines that vaccine-mediated stimulation of patho-

gen-specific B cell immunity is critical for protection from infec-
tion and/or disease (1). Many new vaccine designs are predicated
on the induction of antibodies that neutralize viral attachment to
susceptible cells. As phase 2 clinical trials on human cytomegalo-
virus (HCMV) vaccination have shown, however, this approach
only partially protects against challenge virus infection. In one
study, seronegative women who had given birth within the previ-
ous year were vaccinated against HCMV glycoprotein B (gB) (2),
the predominant virion target for antibodies that neutralize infec-
tion of fibroblasts. While significant protection against primary
HCMV infection was observed in the vaccine group, the effect was
limited in magnitude (50%) and duration. In the second placebo-
controlled, randomized study, liver and kidney transplant candi-
dates were similarly immunized with gB and prospectively evalu-
ated for parameters of HCMV infection posttransplantation (3).
Vaccine-mediated increases in gB-specific antibody titers were in-
versely correlated with the duration of HCMV viremia posttrans-
plantation. Similar to the trial involving seronegative women,
however, vaccination against gB alone in transplant recipients did
not completely protect those at risk for HCMV infection. The
absence of greater protection in both studies offers compelling
justification that HCMV vaccine optimization is required. Poten-
tial improvements on initial clinical trials include improved
epitope targeting, increased durability of vaccine-mediated im-
mune responses, and/or expansion of viral antigens as vaccine
candidates. For the latter, vaccination against HCMV proteins
that modulate host immunity is an untested strategy. This may be
especially relevant for viruses, such as HCMV, that establish a
persistent infection, since early manipulation of the immune mi-
croenvironment may be an obligatory prerequisite for persistence.
For HCMV, accumulating evidence indicates that particular

HCMV immunomodulating proteins may be vulnerable to vac-
cine-mediated inhibition.

Exploitation of cellular interleukin-10 (cIL-10) or IL-10 recep-
tor (IL-10R) signaling is a common theme in the natural histories
of diverse pathogenic and nonpathogenic microbes that establish
lifelong persistence, including viruses, pathogenic and commen-
sal bacteria, protozoa, helminths, and fungi (4–7). This unifying
linkage via cIL-10 suggests the potential for development of novel
interventions to prevent and/or disrupt persistent infections. In-
deed, treatment of mice infected with either murine cytomegalo-
virus (MCMV) or lymphocytic choriomeningitis virus with a
monoclonal antibody that blocks cIL-10 or IL-10R engagement
enhances immune system-mediated clearance of both persistent
viruses (8, 9). Unlike MCMV, which stimulates cIL-10 expression
(10, 11), HCMV and rhesus cytomegalovirus (RhCMV) each en-
code a cIL-10 ortholog (cmvIL-10 for HCMV and rhcmvIL-10 for
RhCMV). cmvIL-10 retains only 27% amino acid identity to cIL-
10, yet it binds with higher affinity to IL-10R than cIL-10 and
retains nearly identical functionality to that of cIL-10 (12–14).
cmvIL10 downregulates proinflammatory cytokine production
and professional antigen-presenting cell functions in activated
lymphoid cells in vitro (15–17), suggestive of cmvIL-10-mediated
modulation of both innate and adaptive immunity in an infected
host. In support of this, rhesus macaques inoculated with an
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RhCMV variant lacking rhcmvIL-10 function exhibit increased
inflammatory responses and greater RhCMV-specific antibody
and T cell responses than animals inoculated with the parental
virus expressing rhcmvIL-10 (18). A mechanistic basis for these
observations is suggested by the fact that rhcmvIL-10 suppresses
the production of IL-12 in lipopolysaccharide (LPS)-activated pe-
ripheral blood mononuclear cells (PBMC) (19, 20). Together,
these studies highlight HCMV modulation of host immunity and
lead to the hypothesis that strategies that prevent HCMV-medi-
ated activation of IL-10R signaling during the earliest stage of
primary infection should significantly alter the virus-host rela-
tionship to augment host antiviral immunity. To this end, biolog-
ically inert forms of rhcmvIL-10 (rhcmvIL-10M1 and rhcmvIL-
10M2), which were previously demonstrated to be incapable of
both binding to IL-10R and suppressing activation of lymphoid
cells (20), were evaluated as vaccine antigens in RhCMV-unin-
fected rhesus macaques.

MATERIALS AND METHODS
Animals. Healthy, genetically outbred rhesus macaques from the Califor-
nia National Primate Research Center, confirmed to be RhCMV unin-
fected, were used for these studies. Their ages ranged from 1 to 2 years at
the time of RhCMV inoculation. The University of California, Davis (UC
Davis), is accredited by the Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC; Animal Assurance no. A3433-01),
a private, nonprofit group that promotes the humane treatment of ani-
mals in science through voluntary accreditation. UC Davis is one of more
than 640 research institutions and other organizations that have earned
AAALAC accreditation, demonstrating its commitment to responsible
animal care and use. In addition, the CNPRC receives unannounced in-
spections by the U.S. Department of Agriculture, as required by the Ani-
mal Welfare Act, and inspections by the Food and Drug Administration.
This study was carried out in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals (21) and in accor-
dance with the recommendations of The Use of Nonhuman Primates in
Research—the Weatherall Report (22). The Institutional Animal Care and
Use Committee of UC Davis approved in advance all animal use proto-
cols. Animals were anesthetized with ketamine during all procedures
(blood draws, saliva and urine collection, and vaccinations). Care was
taken to ensure that the animals were adequately sedated under all condi-
tions, as assessed by the veterinarian and/or animal care staff.

DNA or protein immunization and RhCMV inoculation of rhesus
macaques. The construction of two nonfunctional forms of rhcmvIL-10,
termed rhcmvIL-10M1 and rhcmvIL-10M2, has been described previ-
ously (20). The M1 and M2 variants of rhcmvIL-10 each contain two
site-directed amino acid changes that prevent the recombinant proteins
from (i) binding IL-10R and (ii) suppressing proinflammatory cytokine
production by LPS-activated PBMC. Four RhCMV-uninfected animals
were immunized with rhcmvIL-10M1 and -M2 plasmids at week 0, as
previously described (23), and subsequently boosted with rhcmvIL-
10M1/M2 protein at weeks 6, 12, and 26, as described previously (19, 20).
In brief, DNA recombinant expression constructs, pND/rhcmvIL-10M1
and pND/rhcmvIL-10M2 (20), were purified using an endotoxin-free
plasmid purification kit (Qiagen), and the DNA concentration was deter-
mined spectrophotometrically. DNA was then diluted in phosphate-buff-
ered saline (PBS) buffer at 1 mg/ml and stored at �80°C. rhcmvIL-10M1
and rhcmvIL-10M2 proteins, expressed from a pMT expression vector
system in Drosophila melanogaster S2 cells, were purified by nickel affinity
purification protocol as previously described (20). Four RhCMV-negative
rhesus macaques were immunized with a combination of rhcmvIL-10M1
and rhcmvIL-10M2 using a heterologous DNA prime-protein boost im-
munization strategy (23). Animals were immunized first with injection of
rhcmvIL-10M1/M2 plasmid DNA (150 �g intramuscularly [i.m.], 50 �g
intradermally [i.d.]) at week 0 and subsequently given three intramuscu-

lar boosts of rhcmvIL-10M1/M2 protein (50 �g each of M1 and M2) at
weeks 6, 12, and 26. The proteins were adjuvanted in Montanide ISA 720
as described previously (23). The four immunized macaques and four
mock-immunized RhCMV-uninfected controls were then challenged
subcutaneously with the epitheliotropic RhCMV strain UCD59 at 1,000
PFU (24).

Sample collection and processing. Oral swabs, urine, and blood were
collected from anesthetized animals and processed according to our pub-
lished procedures (24, 25). Saliva was collected via oral swabs of the buccal
pouch and subsequently mixed with 2 ml of PBS. This represented an
approximate 1:10 dilution of saliva. Urine was collected via cystocentesis.
All samples were stored at �80°C until use.

Quantitative real-time PCR. Real-time PCR quantification of
RhCMV DNA in plasma, oral swabs, and urine was done according to
previously published protocols (26).

ELISA. Enzyme-linked immunosorbent assays (ELISAs) for rhcm-
vIL-10 binding, RhCMV binding antibodies, and RhCMV neutralizing
(fibroblast) antibodies (NAb) were performed as described previously
(19, 20, 23, 27). The avidity of rhcmvIL-10-specific antibodies was quan-
tified, as described previously (19).

Neutralization of rhcmvIL-10 function in vitro. Neutralizing anti-
bodies against rhcmvIL-10 function were characterized by a bioassay
measuring the ability of rhesus plasma to neutralize wild-type rhcmvIL-
10-mediated suppression of IL-12 production in LPS-stimulated PBMC
(19, 20).

Microscopy. Skin biopsy specimens were analyzed for nuclear con-
tent (DAPI [4=,6-diamidino-2-phenylindole]), the CD68 macrophage
marker, and RhCMV immediate early 1 (IE-1) protein (18). Skin biopsy
specimens were fixed in paraformaldehyde, paraffin embedded, serially
sectioned, and processed for hematoxylin and eosin (H&E) staining and
immunofluorescence labeling. All sections were deparaffinized with 100%
xylene (3 washes, 5 min each) and washed 3 times in 100% ethanol
(EtOH). Endogenous peroxidase activity was inactivated by immersing
sections in 3% H2O2 in methanol (MeOH) for 20 min followed by 2
additional 100% EtOH washes and one wash each in 95% and 70% EtOH.
Sections were then washed for 10 min in deionized H2O, treated with
Antigen Decloaker solution (Biocare Medical) for 4 h at 97°C, and grad-
ually brought down to room temperature (RT). After the samples were
washed in PBS (2 times for 5 min each), they were blocked in Dako uni-
versal blocker (Invitrogen) for 30 min. Sections were then stained with
monoclonal antibodies cross-reactive to monkey CD68 (KP1) (Thermo
Scientific) and rabbit anti-RhCMV IE-1 polyclonal antibodies (27). Sec-
tions were washed and then fluorescently stained with DyLight 488 and
DyLight 595 (Vector Laboratories) and subsequently mounted with Pro-
long Gold antifade reagent with DAPI (Invitrogen). Images were taken
using fluorescent light and a single-pass filter (Omega Optical) with a
digital camera (Axicam, Carl Zeiss, Germany) operated by AxioVision
software. Images were processed with Adobe Photoshop (Adobe systems).

Statistical analysis. All statistical analysis was performed using Prism
4 (GraphPad Software, Inc.).

RESULTS
Induction of rhcmvIL-10-specific antibody responses. Using a
DNA prime-protein boost immunization strategy (23), four
RhCMV-uninfected macaques were primed with plasmid vectors
for rhcmvIL-10M1 and rhcmvIL-10M2 and boosted three times
with insect cell-expressed rhcmvIL-10M1 and -M2 proteins (20).
Vaccinees developed rhcmvIL-10-specific binding antibodies and
antibodies that neutralized wild-type (WT) rhcmvIL-10 function
(19) (Fig. 1A and B). rhcmvIL-10 binding antibodies were de-
tected in all animals after the first protein boost, whereas antibod-
ies that neutralized rhcmvIL-10 function (NAb) required two
protein boosts for detectable NAbs in all 4 vaccinees. The final
immunization stimulated peak responses that exceeded those ob-
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served after the second protein boost and were comparable to
those observed in macaques naturally infected with RhCMV (19)
(data not shown). Previous studies demonstrated that NAb
against WT rhcmvIL-10 function, induced by RhCMV infection,
do not cross-neutralize rhesus cIL-10 (19, 20). To determine if
rhcmvIL-10 M1/M2 immunization of naive animals stimulated de
novo antibodies that inhibited cIL-10, plasma samples from the
vaccinees were evaluated for neutralization of cIL-10 in an LPS-
activated PBMC bioassay. The basis of this assay was that both WT
rhcmvIL-10 and cIL-10 suppress IL-12 production in PBMC ac-
tivated by exposure to LPS. Whereas all postvaccination plasma
samples neutralized rhcmvIL-10-mediated inhibition of IL-12
production (24 to 96%), there was no detectable neutralization of
cIL-10 function (Fig. 1C). The absence of detectable cross-reac-
tivity to cIL-10 in rhcmvIL-10-vaccinated animals was not un-
expected. There is exceedingly low protein identity between the
two IL-10 orthologs (25% amino acid identity) (14), and no
evidence of an anti-cIL-10-like autoimmunity has been de-
scribed in RhCMV-infected macaques, in which the seroreac-
tivity to rhcmvIL-10 is 100% (19).

Vaccine-induced protection against local RhCMV replica-
tion. The protective efficacy of rhcmvIL-10M1/M2 vaccination
was assessed by subcutaneous challenge of the vaccinees and four
unvaccinated controls with 103 PFU of an epitheliotropic strain of
RhCMV (UCD59) (24). To determine whether rhcmvIL-10 vac-
cination modified acute RhCMV infection, biopsy specimens of
the inoculation site, obtained 1 week postchallenge (pc), were
characterized for the nature of the host cellular infiltrate and the
extent of local RhCMV infection. Whereas all animals in both
groups were noted for a vascularly oriented edema, the two groups
were distinguished by the severity of inflammation. Biopsy speci-
mens from the control animals were noted for marked vascularly
oriented inflammation and edema in the subcutis, panniculus car-
nosis, and underlying connective tissue with focally intense areas
of neutrophil infiltration and macrophages that had engulfed de-
generate neutrophils (Fig. 2B [only two animals shown]). Inflam-
matory changes did not extend into the dermis. The inflammation
was centered in and around venous blood vessels (and, perhaps,
lymphatics), with margination of neutrophils and hypertrophy of
lining endothelium. In contrast, biopsy specimens of the vacci-

nated animals exhibited less inflammation, ranging from mild,
often multifocal, inflammation in three of the four vaccinees to a
more prominent inflammation in one vaccinee (Fig. 2A [only two
animals shown]). Another notable distinction between both
groups was that the intensity of neutrophilic inflammation in the
epicenter of the inflammatory lesions was markedly reduced in the
vaccine group compared to the controls. The infiltrate in the vac-
cinees was predominantly mononuclear. Cytomegalic cells, char-
acteristic of productive RhCMV infection, were observed in all
animals. To assess whether there was local control of RhCMV
replication at the site of inoculation in the vaccinated animals,
immunohistochemical staining was performed to detect infected
cells expressing RhCMV immediate early 1 (IE-1) protein. In foci
with comparable macrophage infiltration, there were markedly
fewer cells expressing RhCMV IE-1 protein in the vaccinees than
the controls (Fig. 2C). Taken together, the analyses of the inocu-
lation site biopsy specimens were consistent with the interpreta-
tion that prior vaccination against rhcmvIL-10 alone elicited qual-
itative and quantitative changes in host immune responses to
acute infection coincident with reduced viral replication locally.

Vaccine-induced protection against systemic RhCMV repli-
cation. Primary infection of rhesus macaques with wild-type
RhCMV naturally circulating in breeding cohorts of rhesus ma-
caques or epitheliotropic strains of RhCMV, including UCD59,
results in long-term excretion of RhCMV in saliva and urine in
the vast majority of infected animals (24, 25, 28). To assess if
rhcmvIL-10 vaccination altered the long-term pattern of RhCMV
infection, RhCMV genomes were prospectively quantified in sa-
liva and urine of both treatment groups. Whereas RhCMV shed-
ding generally persisted in the saliva and urine of unvaccinated
controls once shedding began, RhCMV DNA was notably absent
in the saliva and urine in 2 and 3 of the vaccinees, respectively,
throughout 26 weeks pc (Fig. 3A). The individual frequencies of
RhCMV DNA detection in saliva and urine and the combined
frequency of RhCMV detection in both fluids were significantly
lower than the frequencies of RhCMV detected in the control
animals (Fig. 3B). The frequency of RhCMV detection was also
reduced in plasma, although statistical significance was not
reached (Fig. 3B). Three vaccinees had detectable RhCMV DNA
in one bodily fluid only, and the fourth did not have detectable

FIG 1 rhcmvIL-10 vaccine-induced antibody responses. Four RhCMV-uninfected juvenile macaques were immunized over the course of 26 weeks with a
mixture of two different nonfunctional forms of rhcmvIL-10, rhcmvIL-10M1 and -M2, by a DNA prime (solid arrow) and 3 protein boosts (dashed arrows). All
animals were challenged with RhCMV at 34 weeks (asterisk). (A) rhcmvIL-10 binding antibodies (Ab). (B) rhcmvIL-10 neutralizing antibodies. (C) Plasma
samples from the four vaccinees (V1 to V4) and one control (C1) were evaluated before (�) and after (�) immunization for neutralization of rhcmvIL-10 (white)
and cIL-10 (black) functions.Mamu, Macaca mulatta.
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RhCMV DNA in either compartment. In contrast, all controls
shed virus in both fluids. Commensurate with a reduction in the
frequencies of RhCMV shedding, the cumulative infectious bur-
den of RhCMV in bodily fluids (determined as an area under the
curve [AUC]) of the vaccinees was significantly reduced in both
saliva and urine individually and in both fluids combined
(median, 4.7 � 104 RhCMV copies), compared to that of the controls
(median, 2.6 � 106 RhCMV copies) (Fig. 3C). In sum, rhcmvIL-10
vaccination elicited prominent reductions in both the frequency and
magnitude of RhCMV shedding postchallenge.

Post-RhCMV challenge antibody responses. Decreased
RhCMV shedding and restricted RhCMV replication at the inoc-
ulation site suggested that univalent immunization against

rhcmvIL-10 elicited both local and distal protective immunity.
Postchallenge immune responses were consistent with a model in
which the magnitude of long-term RhCMV shedding inversely
correlated with the presence of rhcmvIL-10-specific immunity at
the time of and soon after RhCMV challenge. Every vaccinee had
rhcmvIL-10 binding (Fig. 4A) and rhcmvIL-10 NAb (Fig. 4B) in
plasma at the time of challenge and throughout the first 10 weeks
of challenge, in addition to rhcmvIL-10-specific CD4� T cell re-
sponses at 0 or 4 weeks pc (data not shown). Notably, all four
vaccinees exhibited increased rhcmvIL-10 binding and/or neu-
tralizing antibodies within 2 weeks post-RhCMV challenge. In the
controls, rhcmvIL-10 binding antibodies steadily increased from
3 to 20 weeks postchallenge to levels comparable to those in ma-

FIG 2 RhCMV replication and host inflammation 7 days post-RhCMV challenge (at inoculation site). Skin biopsy specimens were taken at sites of infection 1
week postinoculation. Serial sections were stained with H&E (4�; 40� for inset). Representative images for vaccinees V1 and V4 (A) and controls C1 and C2 (B)
are shown. Vaccinees showed a diffused decrease in the inflammatory infiltrate, with a specific decrease in polymorphonuclear cells. Arrows indicate focal
infiltrates in control animals. (C) Skin biopsy specimens were stained for RhCMV IE-1 (red), the CD68 macrophage marker (green), and nuclei (DAPI) (20�).
Vaccinees had fewer infected cells, observed by both the presence of cytomegalic cells, as seen in the H&E stain (A and B), and IE-1-positive cells, as seen in the
RhCMV IE-1-stained cells (C).
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caques naturally exposed to RhCMV (Fig. 1D) (19). However,
rhcmvIL-10 NAb were undetectable in the controls until �8
weeks pc (Fig. 4B), which was generally contemporaneous with
the initial detection of RhCMV DNA in urine and saliva of the
controls (Fig. 3A). The peak binding and neutralizing levels of the
controls were comparable in the vaccinees, although the kinetics
of the antibody responses were reversed. As opposed to the con-
trols, median rhcmvIL-10 binding and neutralizing antibody ti-
ters in the vaccinees greatly declined over the same time frame to
levels below those of the controls, particularly for rhcmvIL-10
NAb.

Despite significant differences between both groups in RhCMV
infectious burdens (Fig. 3) and rhcmvIL-10-specific antibody re-
sponses (Fig. 4A and B), no differences were noted in total

RhCMV antibody responses postchallenge (Fig. 4C to E). RhCMV
binding antibodies were first detected 2 to 4 weeks pc in all animals
of both groups, and plateau titers were mostly reached by 16 to 20
weeks pc (Fig. 4C). While the median responses were 1.5- to 2-fold
higher for the control animals, the differences were not statisti-
cally different. Similarly, increases in RhCMV antibody avidity
(Fig. 4D) and the kinetics of antibodies that neutralized infection
of fibroblasts (Fig. 4E through 8 weeks pc) were essentially equiv-
alent between the two groups.

DISCUSSION

The goal of this study was to broaden the current paradigm for
vaccine candidates to prevent primary HCMV infection in suscep-
tible individuals (i.e., gB, pp65, and IE-1) (29) by demonstrating

FIG 3 RhCMV shedding in saliva and urine postchallenge. Saliva and urine samples were prospectively quantified for RhCMV genome copy numbers by
quantitative PCR (qPCR) analysis. (A) Individual longitudinal qPCR analyses of RhCMV viral loads in saliva and urine of vaccinees (V1 to V4; red circles) and
controls (C1 to C4; blue triangles). Quantities are shown as copies/ml, with limits of detection set at 2,000 and 200 copies/ml for saliva and urine, respectively.
(B) Frequency of detection of RhCMV in plasma, saliva, urine, and combined saliva and urine. The horizontal line represents the median for each group. (C)
Cumulative infectious burden of RhCMV (area under the curve) in saliva, urine, and combined saliva and urine. Vx’d, vaccinated. A two-tailed Mann-Whitney
t test was performed to assess statistical significance.
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in the rhesus macaque model that vaccine-mediated targeting of a
single RhCMV-encoded immunomodulatory protein elicits bio-
logically relevant reductions in RhCMV replication. The rationale
for this approach was that modulation of host immune responses
is central to successful reiteration of CMV natural history in im-
munocompetent hosts (30), as well as the life cycles of a wide
variety of mammalian pathogens. Although such a vaccine ap-
proach has not been reported for any species of CMV, there is
ample precedent to now warrant evaluation of CMV immuno-
modulatory proteins as vaccine candidates, particularly the
HCMV IL-10 ortholog (cmvIL-10). As previous reviews have
noted, activation of IL-10R-mediated signaling is a phenotype of
many microbial infections following either activation of cIL-10
expression by incompletely defined microbial components or ex-
pression of virus-encoded cIL-10 orthologs (vIL-10) (4–7). Im-
portantly, engagement of IL-10R by either the cIL-10 or vIL-10
ligand appears to be a virulence factor for pathogenic infections or
a requisite step for commensal bacterial infections (5). Multiple
approaches have been employed to demonstrate that abrogation
of cIL-10 induction and signaling attenuates infection and/or dis-
ease of bacteria (31–39), fungi (40), and viruses (9, 18, 41–43).
Based on the premise that microbial manipulation of IL-10 signal-
ing confers greater replication fitness in the infected host, targeted
disruption of microbial exploitation of IL-10 signaling offers a
clinically relevant option for preventing primary infection or re-
ducing viral sequelae.

There are relatively few studies addressing vaccine targeting of

microbial antigens that activate IL-10R signaling, and a range of
outcomes have been observed following vaccination and chal-
lenge. Together, the results of these studies offer a road map for
vaccination against cmvIL-10. Vaccination against the CyaA vir-
ulence toxin of Bordetella pertussis, which activates cIL-10 expres-
sion via Toll-like receptor 4 (TLR4) (44), significantly reduces
pathogenic outcomes and bacterial loads following intranasal
challenge of vaccinated mice (45). This, however, is the singular
example in which vaccination against the microbial activator of
IL-10R signaling induces protective efficacy (i.e., vaccine-induced
reductions in infection and/or disease). In contrast, vaccination of
mice with either the YopM type III secretion system protein of
Yersinia pestis or the PrpA virulence factor of Brucella abortus does
not induce any protective efficacy against bacterial challenge (46,
47). Since, in the case of YopM, purified protein can enter into the
cell by “autonomous translocation” (48), vaccination with an un-
modified form of the protein may preclude the efficient induction
of antibodies that neutralize the function of the protein during
primary challenge. Similarly, vaccination of mice with a recombi-
nant form of the SSP4 immunomodulatory glycoprotein of
Trypanosoma cruzi increases both parasite loads in the blood and
lethality following challenge with T. cruzi trypomastigotes,
whereas vaccination with an SSP4 cDNA expression plasmid re-
duces parasitemia and mortality (49). While the mechanism of
increased pathogenesis following challenge of mice immunized
with the functional protein form of SSP4 remains to be deter-
mined, it may be related to the fact that SSP4 protein immuniza-

FIG 4 Antibody responses post-RhCMV challenge for vaccinees (red circles) and controls (blue triangles). Open circles and triangles, median responses for
vaccine and control groups, respectively; solid circles and triangles, individual animal responses. Note that because the symbols for the median value for each
group are superimposed onto the symbols representing the individual values for each group, some of the individual values may be obscured. (A) rhcmvIL-10
binding antibodies. (B) rhcmvIL-10 neutralizing antibodies. (C) RhCMV binding antibodies. (D) RhCMV binding antibody avidity index (AI). (E) Fifty percent
neutralizing antibody titers (NT50) on fibroblasts. (Only the first 8 weeks postchallenge were analyzed.)
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tion alone stimulates the production of immunoregulatory IL-
10� and/or gamma interferon-positive (IFN-��) CD4� T cells
(50). A salient implication of the immunization studies with
YopM, PrpA, and SSP4 is that immunization with fully functional
protein may not elicit protective immune responses due to inap-
propriate sequestration of antigen and/or antigen-induced skew-
ing of host immune responses prior to challenge. Accordingly, the
structural biology of cmvIL-10 or IL-10R engagement (12) was
used to engineer minimal mutations into rhcmvIL-10 to ablate
both binding to IL-10R and the immunosuppressive functionality
of the parental form of rhcmvIL-10, while retaining the capability
to stimulate memory antibody responses following vaccination of
RhCMV-immune rhesus macaques (20).

This study extends our previous study by demonstrating that
the combined rhcmvIL-10M1/M2 regimen is highly immuno-
genic in naive monkeys, stimulating de novo rhcmvIL-10-specific
antibodies that bind and neutralize wild-type rhcmvIL-10. The
titers of rhcmvIL-10-neutralizing antibodies are biologically rele-
vant, since the range of vaccine-induced neutralizing titers is
within the normative range of RhCMV-infected animals (19).
This study also confirms previous observations that antibodies to
rhcmvIL-10 do not neutralize cIL-10 following (i) RhCMV infec-
tion of naive animals (19), (ii) DNA or protein booster immuni-
zations in RhCMV-immune animals (20), and (iii) priming and
booster immunizations in RhCMV-uninfected animals (this
study). The targeting of cmvIL-10 represents targeting of a virus-
encoded cytokine especially amenable to vaccine-mediated neu-
tralization because of its extensive genetic drift from human
cIL-10 (14, 30). In contrast, the viral IL-10 ortholog encoded by
Epstein-Barr virus (EBV) (ebvIL-10) retains 90% identity to hu-
man cIL-10 (7), and monoclonal and polyclonal antibodies spe-
cific to cIL-10 can both bind and neutralize ebvIL-10 (51). Anti-
bodies to ebvIL-10 are elevated in clinically apparent EBV
infections, including chronic infectious mononucleosis (CIM),
nasopharyngeal carcinoma, and EBV-associated lymphoprolif-
erative disease, compared to those in EBV-infected but asymp-
tomatic hosts and EBV-uninfected individuals (52). In CIM pa-
tients, however, increased antibody titers to ebvIL-10 are observed
in conjunction with elevated binding antibodies to cIL-10, sugges-
tive of CIM-related induction of cross-reactive antibodies to cIL-
10. The absence of cross-neutralization of rhcmvIL-10-specific
antibodies to rhesus cIL-10 is not unexpected given the extensive
sequence divergence between the two orthologs, highlighted by
only a single instance of three contiguous identical amino acids
and seven instances of two contiguous amino acids dispersed
throughout the alignment of rhcmvIL-10 and rhesus cIL-10
(GenBank accession no. AAF59907 and NP_001038192, respec-
tively). A previous study of ours did not demonstrate any clear
protective effect conferred by DNA immunization with an rhcm-
vIL-10 expression plasmid (53). While the basis for an apparent
absence of protection with rhcmvIL-10 vaccination is not known,
two factors may have impacted the results. DNA immunization at
the amounts of DNA used in the previous study has not proven to
induce robust neutralizing responses, such as those directed to
RhCMV gB. Furthermore, the expression plasmid for rhcmvIL-10
was constructed using the fully functional sequence of rhcmvIL-
10. It may be that, similar to what has been observed with bacterial
activators of cIL-10, immunization with a functional rhcmvIL-10
may have precluded generation of a protective immune response.

Considering that rhcmvIL-10 is a secreted protein not involved

in attachment or entry of RhCMV to susceptible cells and is not a
virion protein (18, 54, 64), it is quite remarkable that immuniza-
tion against this single RhCMV immunomodulatory protein
markedly enhanced both local and systemic control of challenge
RhCMV replication within the infected host. Alterations in the
magnitude and type of inflammatory cells at the site of inoculation
together with reductions in the frequency and magnitude of shed-
ding in saliva and urine are indicative of acute and long-term
restriction of persistent high-level excretion in bodily fluids (24,
28). While the mechanisms by which rhcmvIL-10 vaccination re-
stricted RhCMV challenge were not defined in this study, it is
certain that they are distinct from those operative for neutraliza-
tion of gB- and UL128 pentamer-mediated entry into fibroblasts
and epithelial/endothelial cells (25, 55–58). Since RhCMV anti-
body responses were indistinguishable between groups, the data
indicate that the salient immune correlate for reduced shedding in
the vaccinees was the presence of rhcmvIL-10 NAb at the time of
and/or soon after challenge. The evidence presented here, along
with other studies on cmvIL-10 and rhcmvIL-10, lead to the fol-
lowing model invoking a temporal race between dissemination of
virus to sites of persistence and generation of protective adaptive
immune responses. Expression of rhcmvIL-10 in the control ani-
mals suppresses innate effector cells at the primary site of infection
to enable dissemination to sites of persistent shedding in the sali-
vary glands and genitourinary tract prior to development of pro-
tective adaptive responses (15, 17–19, 59–61). In contrast, vac-
cine-mediated neutralization of rhcmvIL-10 facilitates innate
effector functions to greatly restrict robust dissemination of prog-
eny virions until development of protective adaptive responses
blocks further dissemination. Consistent with this interpretation
was a reduced frequency of RhCMV detection in the plasma of the
vaccinated animals compared to the controls. There are prece-
dents for this scenario in which the quality and magnitude of the
innate immune response are determinants for the quality and du-
rability of adaptive immune responses (62).

Primary MCMV infection stimulates expression of cIL-10,
which disrupts dendritic cell-natural killer cell interactions, lead-
ing in turn to poor priming of MCMV-specific CD4 T cell re-
sponses (63). The authors of this study concluded that “early in-
duction of IL-10 during MCMV infection critically regulates the
strength of the innate-adaptive immune cell cross talk” in ways
that affected the long-term virus-host relationship. While the in-
duction of cIL-10 lessened host-induced immunopathology (by
minimizing expression of tumor necrosis factor alpha [TNF-�]),
alteration of innate-adaptive cross talk by cIL-10 also enabled
MCMV persistence within an immune host. The results of this
MCMV study provide a mechanistic basis for the results observed
in rhesus macaques vaccinated with nonfunctional rhcmvIL-10
and challenged with RhCMV. They emphasize the importance of
early virus-mediated disruption of innate responses and the im-
portance of vaccine targeting of those viral mediators of altered
innate immunity. Since no differences were noted in overall anti-
RhCMV antibody responses between the two treatment groups,
our model postulates improved innate protective efficacy in the
absence of rhcmvIL-10-mediated suppression. However, it should
be noted that there was no clear correlation in our study between
the magnitude of reductions in RhCMV excretion and the mag-
nitudes of the vaccine-induced rhcmvIL-10 neutralizing antibody
responses. Three of the four vaccinees (V1 to V3) were RhCMV
DNA positive in one bodily fluid (saliva or urine) but not the
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other, and one (V4) was not positive in either fluid or plasma as
well. Whereas the rhcmvIL-10 neutralizing responses were com-
parable for three of the vaccinees (V2 to V4), the neutralizing
response for V1 was considerably lower at both the time of chal-
lenge and postchallenge. Future studies need to address whether
there are interanimal differences in rhcmvIL-10-neutralizing
epitopes and, if so, whether targeted expansion of critical epitopes
is required to provide broader protective efficacy. Moreover, the
limited detection of RhCMV DNA in plasma postchallenge indi-
cates that rhcmvIL-10 should not be a singular vaccine compo-
nent. Undoubtedly, the composition of an HCMV vaccine will be
a multicomponent cocktail of viral proteins that include humoral
and cellular epitopes representing different classes of the viral pro-
teome. Ongoing studies are directed at determining whether the
combination of RhCMV gB and rhcmvIL-10 proteins elicits
greater protection against challenge than either protein alone.
Since HCMV immunomodulators are critical for HCMV natural
history, inclusion of additional HCMV proteins that attenuate
host immunity should be explored for vaccine efficacy.

In sum, we have presented a novel change in the paradigm of
HCMV vaccine design by neutralizing a central RhCMV immu-
nomodulatory protein, rhcmvIL-10, resulting in enhanced innate
immunity that restricts local viral replication until the develop-
ment of protective adaptive immune responses. Successful altera-
tion of infection and shedding patterns by rhcmvIL-10 vaccina-
tion argues that blocking of immunomodulation may be a useful
approach to vaccine or therapeutic strategies for HCMV by aug-
menting the protective role of innate immunity to hold challenge
virus in check until the development of protective antiviral adap-
tive responses.
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