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Abstract: The natural history of human cytomegalovirus (HCMV) is inextricably associated 

with mucosal surfaces. The vast preponderance of primary infections occur following 

mucosal exposure to infectious virions, and the high seroprevalence of HCMV throughout 

the world is due to long-term excretion of HCMV in bodily fluids from multiple mucosal 

sites. Accumulating evidence presents a model where the earliest virus-host interactions 

following infection dictate the long-term pattern of infection, alter innate immune responses 

that skew adaptive responses to enable persistence within an immune host, and are essential 

for reinfection of a host with prior immunity. HCMV has evolved a complex repertoire of 

viral functions fine-tuned to manipulate the immune environment both locally at the sites of 

infection and systemically within an infected host. Collectively, viral immune modulation 

represents a significant impediment for an HCMV vaccine. As HCMV can disseminate 

beyond mucosal surfaces to reinfect immune hosts, it may not matter whether prior immunity 

results from prior infection or immunization. A better understanding of the earliest  

virus-hosts interactions at mucosal surfaces may identify elements of the viral proteome that 

are especially susceptible to vaccine-mediated disruption and prevent challenge virus from 

disseminating to distal sites, particularly the maternal-fetal interface. 

Keywords: cytomegalovirus; nonhuman primate; RhCMV; immune modulation; 
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1. Introduction 

Herpesviridae are a family of ubiquitous pathogens with ancient origins, dating back 400 million 

years, and they have co-evolved with their radiating host species since the progenitor herpes virus 

species arose [1]. The extent of co-evolution is such that herpes simplex virus (HSV-1) sequences have 

been used to track human global migration out of Africa [2]. If evolutionary longevity and the 

percentage of infected hosts measure the success of a pathogen, this family is very successful. While 

the classification of Herpesviridae is based on virion structure, all herpes viruses share the phenotype 

of establishing a lifelong persistence within the infected and, usually, immune-competent host. 

Mechanisms of persistence remain an active area of research into herpes virus natural histories. While 

large gaps in our knowledge of persistence remain to be filled, it is becoming clear that there are 

common themes amongst all herpes viruses layered onto virus-specific functions that modulate host 

cell signaling, trafficking, activation, antigen presentation, and lifespan. Based on our current 

understanding, some viral immune modulation mechanisms can be sub-grouped by family (alpha-, 

beta-, or gamma- herpesvirinae) or can be species-specific. One unifying feature of all herpes viruses 

is the central role of epithelial cells in the infectious cycle in mediating the initial portal of entry during 

infection of an individual in addition to serving as the exit site for secretion into bodily fluid to 

maintain the virus within the larger population of susceptible hosts. In between these points of the 

HCMV infectious cycle, herpes viruses disseminate to family-specific cell types of persistence for the 

alpha-, beta-, or gammaherpesvirinae, including neurons, CD34
+
 and other cell types, and B cells, 

respectively. It is highly likely that the raison d’être for sites of persistence is to provide a privileged 

site for viral genomes, resistant to immune-mediated clearance, that can occasionally or subliminally 

reactivate to produce infectious virions that can traffic back to mucosal epithelial cells and be secreted 

in bodily fluids. Analysis of the central role of mucosal epithelial cells in the life cycle of human 

cytomegalovirus (HCMV) illustrates the complexities and the challenges confronting development of 

HCMV vaccines designed to prevent primary infection and, hopefully, reinfection of those with 

preexisting HCMV immunity. 

2. HCMV Natural History 

2.1. HCMV Shedding in Bodily Fluids 

HCMV is the prototypical betaherpesvirus with a complex natural history, a large and incompletely 

defined genetic coding capacity, and a seemingly contradictory virus-host relationship. HCMV is 

ubiquitous throughout the world, and seroprevalence rates range from ~50% in the U.S. to close  

to 100% in some developing countries [3]. Primary HCMV infection in immune-competent individuals 

is generally associated with either transient and mild clinical outcomes or inapparent seroconversion. 

Based on the reported rate of congenital infection (~0.7%), primary infections result almost 

exclusively following mucosal exposure to horizontally transmitted virions in bodily fluids. Despite 

mucosal epithelia serving as the entry point for the preponderance of HCMV infections, there is 

virtually nothing known about the virological and immunological cascade of events within the mucosa 

and submucosa. 
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Like all herpes viruses, HCMV establishes a lifelong persistence characterized by the presence of 

cells harboring latent viral genomes that periodically reactivate to produce infectious virions. The 

frequency of shedding varies dependent in part on age, health, the particular bodily fluid, and 

physiologic status. In children under the age of five years infected congenitally or within the first years 

of birth, the frequency of HCMV in saliva and/or urine has been reported as high as 80% with rates 

declining as the children age (12%–23%) [4,5]. In healthy non-human immunodeficiency virus  

(HIV)-infected adults, cross-section surveys of HCMV excretion in cervical swabs, saliva, and/or urine 

indicate rates of detection between 7%–24%, with higher rates observed in the context of HIV 

coinfection (non-HAART treated) or sexually transmitted diseases [4,6–9]. Longitudinal studies of 

seroimmune healthy women demonstrate that 83% exhibited at least one positive urine sample with 

HCMV [8]. Rates of HCMV reactivation during pregnancy lead to the conclusion that HCMV is 

exquisitely suited for shedding in breast milk. Three studies have observed frequencies of HCMV 

detection in breast milk from 89%–100% [10–12]. While it is well established that HCMV can 

establish near complete latency in certain cell types (e.g., CD34
+
 myeloid progenitor cells), 

characterized by an extremely limited pattern of HCMV transcripts [13–18], long-term shedding in 

mucosal fluids is the norm during persistent infection. Even more pronounced than primary infection, 

persistent HCMV shedding is not associated with disease in those infected individuals with functional 

immune systems. As with the large gaps in our knowledge of initial virus-host interactions at mucosal 

surfaces during primary infection, the mechanistic basis for the frequency and magnitude of mucosal 

shedding are virtually unexplored for HCMV. 

2.2. HCMV Immune Responses 

The general absence of HCMV clinical sequelae associated with primary infection and the almost 

complete absence during persistent infection emphasize the protective nature of host antiviral immune 

responses. Primary HCMV infection stimulates robust immune responses, including broadly 

neutralizing antibodies to multiple envelope glycoproteins [19–21] and especially prominent antiviral 

T cell responses [22,23]. The protective efficacy of these immune responses is emphasized by the fact 

that declines in functional immunity, either by iatrogenic immunosuppression or immune deficiency, is 

associated with significantly increased risks of HCMV morbidity and mortality. Similarly, congenital 

HCMV infection is a leading infectious cause of hearing loss and developmental disorders in infants in 

the U.S. [21,24]. Primary HCMV infection in the mother puts the infant at greater risk of symptomatic 

disease [19]. Likewise, the immunological immaturity of fetuses portends increased risk of 

developmental deficits following congenital HCMV infection (reviewed in [25]). Due to the severe 

diseases that HCMV can cause in people with limited functional immunity, an HCMV vaccine has 

been a public health priority for the past several decades [24,26–30]. An overriding theme of HCMV 

vaccine development has been to recapitulate through vaccination the dominant immune responses 

generated during primary infection. 

A potential limitation of this approach is that peripheral immune responses (e.g., neutralizing 

antibodies, antigen-specific T cells) constitute the vast majority of immune responses analyzed in 

infected individuals. While informative, limitation of immune responses to the periphery may result in 

failure to identify critical tissue-specific immune responses. In particular, mucosal immune responses 
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in situ, including innate responses, to HCMV are notably understudied relative to peripheral B and T 

cell responses. A limited number of studies have detected very low but detectable binding and/or 

neutralizing antibody responses to HCMV in saliva following either natural infection and, importantly, 

immunization with live attenuated virus or recombinant gB subunit vaccination [31–33]. Saliva 

antibody responses, which are not detectable in all those with serum antibodies to HCMV, include 

IgG, IgA, and sIgA. Neutralizing antibodies have differentially been associated with the IgA and  

IgG fractions. 

Three features of these studies that may be relevant to vaccine design include the following.  

(1) Vaccination can lead to detectable increases in saliva antibodies [33]; (2) Saliva IgG titers are a 

fraction of serum antibody IgG titers but generally correlate with peripheral IgG [31,33]; (3) There is 

no apparent association between cessation of HCMV shedding in saliva of young HCMV-infected 

children and development of detectable neutralizing antibodies in saliva [32]. As mucosal surfaces 

represent the first line of defense against HCMV infection, it stands to reason that a more thorough 

understanding of the earliest host-pathogen interactions at mucosal surfaces is critical for the future 

development of vaccine strategies designed to disrupt the natural pattern of infection, persistence, and 

shedding. Enhancement of innate immune responses at the site of infection might tip the balance in 

favor of the host and allow for viral clearance or reduced viral shedding from mucosal surfaces later in 

the replication cycle. 

2.3. HCMV Persistence 

The preceding discussion about the mostly protective immune responses resulting from primary 

infection presents something of a conundrum about the quality of the antiviral immune responses. Like 

all herpes viruses, HCMV persists for the lifetime of immune-competent hosts, and the longitudinal 

shedding of virus in bodily fluids demonstrates that viral gene expression occurs in the presence of the 

very same immune responses that protect against viral sequelae. Simply put, HCMV stimulates 

immune responses that effectively limit infection and mostly protect the host from disease, yet are 

insufficient to clear persistent reservoirs of infected cells. The chronicity of antiviral immunity 

following primary infection strongly implies chronic viral gene expression at a level sufficient to 

maintain antibody and T cell responses [23]. There is no solid evidence that lifelong HCMV infection 

and gene expression result in overt HCMV pathology, which leads to the conclusion that HCMV has 

evolved a lifecycle to maximize its potential to excrete infectious virions that can disseminate to 

susceptible hosts. Beyond the potential for spreading virus horizontally and vertically, there are 

numerous reports in the last several years suggesting that chronic HCMV infection may be associated 

with increased risk of some age-related diseases. It should be stressed, however, that the linkages are 

statistical associations without conclusive proof of HCMV causality [24,34]. It may turn out that, as 

human lifespan increases well beyond historic levels, chronic HCMV infection may have adverse 

effects in the context of an aging immune system. 

2.4. HCMV Reinfection 

Another aspect of the restricted immune protection conferred by primary infection is the failure of 

preexisting immunity to fully protect from reinfection with a different strain of HCMV [21,35,36]. 
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Multiple studies have documented that HCMV can reinfect individuals with prior HCMV  

immunity [8,21,37–43]. Congenital infection rates of 1% have been reported in populations with 100% 

seroprevalence of HCMV. The demonstration that seropositive women who give birth to a congenitally 

infected infant acquired new antigenic reactivity to HCMV antigens between pregnancies is strong 

evidence that prior immunity is incompletely protective against reinfection with antigenic HCMV 

variants. This is particularly remarkable because, in healthy long-term HCMV carriers, ~10% of 

memory T cells are HCMV-specific, and neutralizing antibodies are generated against multiple viral 

glycoproteins including gB [23,44–48]. In another study, 30% of seropositive women that were 

longitudinally evaluated developed novel HCMV antibody specificities, equivalent to an annual rate of 

HCMV reinfection of 10% [49]. Studies of reinfection indicate a viral mechanism to surmount 

preexisting immune memory to initiate a new infection, leading to the clinical ramification that 

infection of an immune host is probably independent of whether prior immunity is from prior infection 

or prior vaccination. The reinfection studies also suggest that the true disease burden might be 

underestimated, particularly so since the reinfection studies to date are based on looking at an 

extremely limited number of epitope variants. 

2.5. HCMV Immune Modulation 

The ability of HCMV to persist in an immune-competent host and reinfect immune individuals is 

undoubtedly related to the extraordinary devotion of HCMV coding content to viral proteins that 

modulate host immune cell function. Based on the number of open reading frames that can be deleted 

without impairing replication in fibroblasts, it is likely that ~50% of viral ORF are involved in an 

extensive repertoire of immune modulating functions [50,51]. Given the protracted evolution of herpes 

viruses, in general, and HCMV, in particular, it is highly likely that evolution of viral functions that 

modulate innate and adaptive immunity define the mechanistic basis for the phenotypic features that 

define HCMV as the virus that it is. Consistent with this interpretation, it is, perhaps, noteworthy that 

there have been no descriptions of immune escape variants arising during subclinical persistent 

infections, or fulminant outcomes associated with immunosuppression or immunodeficiency. In 

contrast, drug-resistant variants readily arise after initiation of anti-HCMV chemotherapies [52], 

which, based on recent estimates of sequence variation occurring during HCMV infection, should 

come as no surprise [53]. One interpretation of these discordant responses to immune-mediated and 

antiviral-mediated selective pressures might be the result of the protracted evolution of herpes viruses 

in hosts possessing innate and adaptive immune systems. HCMV evolved the broad repertoire of 

immunomodulatory functions that presumably confers a selective advantage over genetic drift as a 

means to persist within a host and disseminate throughout the population. In contrast, anti-HCMV 

chemotherapies are very recent treatment modalities, and therefore, there are no apparent HCMV-encoded 

functions that can directly counteract the different anti-HCMV drugs in clinical use. 

2.6. Future Directions for HCMV Vaccine Development 

One of the earliest calls for development of an HCMV vaccine stemmed from the clinical recognition 

of the grave infectious threat that intrauterine HCMV represents to fetal growth and development [27]. 

Based on his 15-year retrospective analysis of congenital HCMV cases, Hanshaw concluded that,  
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“… any thoughtful program aimed at prevention or treatment deserves consideration”. Multiple lines 

of reasoning, focusing on (1) lifelong viral gene expression and shedding; (2) the magnitude of host 

cell immune responses required to prevent sequelae; and (3) reinfection of immune hosts, lead to the 

argument that HCMV is unlike any other virus for which vaccines have been clinically approved. 

Accordingly, “any thoughtful program aimed at prevention” of HCMV infection is likely to require 

adjuncts to the current paradigm of preventing attachment of HCMV virions to susceptible cells by  

gB-mediated neutralization. There are numerous challenges confronting HCMV vaccine development 

including a complex natural history, incompletely defined correlates of immune protection, and 

financial and logistical challenges in sufficiently powered clinical trials. Recent studies using the 

rhesus macaque model of HCMV demonstrate that infection of rhesus macaques with rhesus CMV 

(RhCMV) offers novel insight into vaccine strategies that have clinical relevance for development of 

HCMV vaccines. The remainder of this review will focus on the mechanisms of RhCMV infection, 

transmission, persistence, and reinfection and how the results of these studies inform new HCMV 

vaccine modalities. 

3. RhCMV Natural History 

3.1. Endemic RhCMV Infectious Cycle in Rhesus Macaques (Macaca mulatta) 

Development of the RhCMV model of HCMV persistence and pathogenesis has benefitted by 

characterization of RhCMV natural history in large breeding cohorts to establish normative parameters 

of endemic infections to guide experimental studies. One unifying element of population studies is the 

central role of mucosal surfaces in the infectious cycle of RhCMV. Studies have demonstrated that the 

kinetics of RhCMV dissemination throughout mixed cohorts of uninfected and infected animals is a 

function of the persistent shedding of virus in bodily fluids of infected animals and the repeated 

mucosal exposure of uninfected animals to virus. RhCMV is endemic in breeding cohorts of rhesus 

macaques, as well as in native populations of wild macaques, and almost 100% of naive animals 

seroconvert by one year of age, well before the onset of sexual maturity around four years of age [54–57]. 

There are no known clinical sequelae associated with primary RhCMV infection in immune competent 

animals, which stands in contrast to the severe pathogenic outcomes following SIV immunodeficiency 

[58–60] or iatrogenic immunosuppression [56]. Seroconversion of previously naïve animals is often, 

but not always, contemporaneous with the detection by TaqMan real-time PCR of low quantities of 

RhCMV genomes in plasma [61,62]. The quantities of viral DNA detected in plasma are lower than 

those detected in saliva later in infection, consistent with hematogenous spread of progeny virions 

from local portals of entry to distal sites throughout the body. Like HCMV, RhCMV can be detected in 

multiple cell types throughout the body [58,60], and the virus efficiently seeds those anatomic sites 

where virus can be shed. 

Recapitulating the virus-host relationship for HCMV, RhCMV persists, and chronic RhCMV gene 

expression is the norm during the life of the infected animal, despite the presence of neutralizing 

antibody and T cell responses [63–65]. Key sites of persistence include the salivary glands and 

genitourinary tract. Infected animals can persistently and asymptomatically shed virus in bodily fluids 

(e.g., saliva and urine), often in high quantities, for years after primary infection [66–69]. Multiple 
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genetic variants have been detected in fluids of naturally infected animals [69–71], although there are 

no reports of deep sequencing to quantify the extent of sequence diversity. Because of persistent 

shedding in bodily fluids and the social dynamics of large macaque cohorts, RhCMV rapidly spreads 

through the cohort. In fact, RhCMV has an exceedingly high force of infection in naïve hosts. Two 

studies of mixed cohorts of infected and uninfected macaques demonstrate that the doubling rate of 

seroconversion of uninfected animals is five to nine weeks [54,61]. 

There have been no reports to date of vertical transmission of RhCMV, possibly due to the 

universal seroprevalence of RhCMV in breeding age female macaques [56]. Consequently, the high 

seroprevalence of RhCMV in large cohort is the direct consequence of repeated mucosal exposure of 

uninfected animals to horizontally transmitted virions in bodily fluids of infected animals. As such, 

this aspect of RhCMV natural history reflects the challenges that confront HCMV vaccine trials, 

namely repeated close contact of vaccinated/uninfected women to those shedding potentially 

antigenically variant HCMV in bodily fluids. One implication from the studies of RhCMV in mixed 

populations is that there are at least two strategies to minimize the risk of primary infection:  

(1) vaccinate those at-risk for primary infection; and (2) vaccinate those who may become the source 

of horizontally transmitted virus to minimize the potential for shedding of virus in bodily fluids (such 

as young children). While detailed molecular and virological investigations of RhCMV infection 

following natural exposure have not been reported, experimental data regarding cellular tropism and 

the virally encoded genes that are essential in this process provide insights into parts of the viral 

proteome that may be especially susceptible to vaccine-mediated disruption. 

3.2. Early Virus-Host Interactions during Experimental Infection 

Early virus-host interactions within the mucosa following natural exposure to RhCMV have not yet 

been explored. However, several studies using experimental inoculation via subcutaneous (SC) 

delivery of virus have revealed a salient aspect about early virus-host interactions relevant to HCMV 

vaccine design. In particular, the acute virus-host interactions following SC inoculation determine the 

long-term patterns of RhCMV infection. 

Several strains of RhCMV have been described in the literature, and strain-specific differences 

depend on the extent of fibroblast adaptation. RhCMV strain 68-1 is the prototypical strain that was 

isolated after co-culture of urine from a rhesus macaque on human fibroblasts [66,67]. Sequence 

analysis of the 68-1 genome after serial passage in human and/or rhesus fibroblasts revealed that the 

UL/b’ region of the genome had undergone rearrangements and loss of coding capacity, in particular 

RhUL128, RhUL130, and three CXC chemokine-like ORF [69,72]. Based on precedence with the 

HCMV gH-based pentamer [73,74], the loss of RhUL128 and RhUL130 results in severe attenuation 

of RhCMV tropism for epithelial and some endothelial cells in culture [75,76]. RhCMV strains 

UCD52 and UCD59 were also isolated initially on human and macaque fibroblasts, and subsequently 

passed exclusively on primary monkey kidney epithelial cells [61,77]. Sequence analyses of both 

UCD52 and UCD59 demonstrated that the UL/b’ regions of both strains retain the full coding capacity 

of wild-type RhCMV (i.e., never passed in culture) [69], and both retain epithelial cell tropism in vitro. 

Of particular note for vaccine strategies, strain-specific differences in the UL/b’ coding content result 

in distinct phenotypes of acute infection in vivo following SC inoculation. 
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Skin biopsies of the SC inoculation site obtained seven days after infection with either UCD52 or 

UCD59 are noted for prominent neutrophilic infiltration with extensive infection of endothelial cells 

(CD31-positive), fibroblasts (vimentin-positive), and macrophages (CD68-positive) [60]. In contrast, 

biopsies from animals infected seven days prior with 68-1 were noted for a predominant mononuclear 

cell infiltrate, and infected cells were predominantly fibroblasts and a reduced infection frequency in 

macrophages was observed (compared to UCD52/UCD59). Notably, no endothelial cells infected  

with 68-1 were detected (infection of epithelial cells was not evaluated in this study). This study 

confirmed that the expanded tropism conferred by the gH-anchored pentamer (in UCD52 and UCD59) 

observed in vitro is also observed in vivo. In addition, investigation of the earliest virus-hosts 

interactions highlights how RhCMV acutely alters local innate host responses, presumably due to the 

presence (UCD52/UCD59) or absence (68-1) of viral CXC chemokine-like ORF. As will be discussed 

below (Sections 3.3 and 3.4), differences in UL/b’ coding capacity also result in distinct long-term 

parameters of RhCMV infection. 

3.3. Rapid Emergence of RhCMV Variants with Complete UL/b’ Coding Capacity during 

Experimental Infection 

The strong positive selective pressures conferred by a full complement of UL/b’ coding capacity 

was recently described in a serendipitous finding with another annotated strain of RhCMV [78]. 

RhCMV strain 180.92 was isolated from a simian immunodeficiency virus (SIV)-infected monkey and 

serially passed on human and monkey fibroblasts without plaque purification [79]. Sequence analysis 

of overlapping cosmid clones generated from cells infected with the 180.92 stock revealed a large 

rearrangement in UL/b’ that resulted in the deletion of most of UL/b’-encoded ORF, compared to 68-1 

and wild-type RhCMV, but left intact the RhUL128-131 coding regions. RhCMV 180.92 exhibits 

greater epithelial/endothelial cell tropism than 68-1, consistent with retention and expression of the 

complete gH-anchored pentamer in 180.92, although the ability to infect epithelial/endothelial cells is 

reduced compared to a repaired version of 68-1 (BRh68-1.2) in which the RhUL128 and RhUL130 

genes were engineered back into 68-1 [75]. Reduced growth of 180.92 in epithelial/endothelial cells 

compared to BRh68-1.2, is likely due to other UL/b’ ORF distinct from RhUL128-131. Stocks of 

RhCMV 180.92 were prepared from bulk infected cell cultures, and plaque purification was never 

done during serial passage. PCR analysis of the 180.92 stock subsequently revealed the presence of a 

minor sequence variant comprising <15% of the total RhCMV genomes within the 180.92 stock. PCR 

amplification and sequencing of molecular clones determined that the minor sequence variant was, in 

fact, a full-length RhCMV genome, presumably representing the remnant of the original unrearranged 

genome prior to fibroblast adaptation. Reexamination of tissues from these animals and other animals 

unexpectedly revealed that there was a rapid emergence of the full-length variant despite it being a 

minor constituent in the virus stock [78]. 

Six RhCMV uninfected macaques, including one that was SIV-infected, were inoculated 

intravenously with the RhCMV 180.92 stock, and longitudinal plasma, saliva, and urine samples were 

collected and analyzed for RhCMV. Using primer sets that distinguished the truncated and full-length 

genomic variants, it became apparent that the full-length variant rapidly became the dominant genomic 

form (>95%) in blood by three weeks post inoculation. Analysis of RhCMV in the tissues from the 
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SIV/RhCMV coinfected animal similarly demonstrated high-level genome copy numbers of the  

full-length in tissues. In contrast, the truncated genomic variant exhibited significantly lower genome 

copy numbers in plasma, tissues, urine, and saliva. These data demonstrate that the truncated 180.92 

variant is severely attenuated in vivo, despite the presence of the RhUL128-131 ORF. The results 

emphasize that additional UL/b’ ORF are essential for optimal replication and dissemination of 

RhCMV in vivo, and accordingly, these particular viral proteins represent potential vaccine targets to 

minimize hematogenous spread to tissues throughout the body. 

3.4. Long-term Parameters of RhCMV Infection during Experimental Infection 

The preceding rationale about vaccine-mediated targeting those UL/b’ ORF outside of RhUL128-131 

can also be applied to RhUL128-131, based on differences in long-term infections of variants 

containing or lacking RhUL128-131. In addition to an apparent defect in cell tropism during acute 

infection (described above), 68-1 is significantly attenuated for shedding in bodily fluids [60,61]. 

Uninfected animals inoculated SC with UCD52 and UCD59 are noted for persistent detection of 

RhCMV in the saliva and urine of most animals (~75%) beginning six to eight weeks after inoculation 

[61]. The prolonged detection of RhCMV following experimental inoculation reflects the pattern of 

RhCMV shedding in animals naturally exposed to RhCMV [66–68]. In marked contrast, 68-1 DNA is 

either below the limit of PCR detection, or infrequently detected at low copy numbers in either bodily 

fluid [80–82]. All of these studies used PCR detection of RhCMV DNA as a surrogate for virus 

isolation to assess virus shedding. As a measure of the biological relevance of PCR detection, animals 

inoculated with UCD52 or UCD59 can transmit virus to uninfected cage-mates, whereas horizontal 

transmission of 68-1 has not been observed [61]. This finding is particularly relevant for vaccine 

development strategies aimed at reducing viral shedding as a means to control horizontal infection. 

Together, these observations suggest impaired dissemination and shedding of 68-1 in vivo and 

demonstrate the essential nature of mucosal tissues in CMV infection and the requirement for broad 

cellular tropism. It should be noted that RhCMV 68-1 is not replication impaired in vivo due to the 

absence of a functional gH-anchored pentamer and the CXC-chemokine-like ORF. The pattern of acute 

infection with 68-1 (described in Section 3.2) [60] demonstrates that 68-1 can utilize, presumably,  

gB-mediated entry into permissive cells, and 68-1 can disseminate throughout the body [83]. 

Moreover, studies using RhCMV 68-1 as a vaccine vector to express SIV antigens have observed some 

excretion of the engineered 68-1 vectors in urine of inoculated animals [22,84]. 

Although the mechanisms involved in mucosal transmission are poorly understood, disruption of 

the natural pattern of mucosal shedding through vaccination, by either reducing the incidence of 

shedding in infected people or enhancing mucosal immune responses to prevent infection or 

reinfection, is a novel strategy that is supported by recent observations in macaques. A better 

understanding of the early interactions between RhCMV and its host, and the mucosal immune 

responses involved in RhCMV infection, are essential for this vaccine development strategy. 

 

3.5. RhCMV Immune Modulation 

It is an accepted precept of vaccinology that the quality and quantity of adaptive immune responses 

are dependent on the quality and quantity of innate responses [85]. Accordingly, there is increasing 



Viruses 2014, 6 1492 

 

 

effort in designing adjuvants that direct adaptive immunity in a direction that increase protective 

efficacy. Acute differences in innate immune responses at sites of inoculation following SC exposure 

to either UCD52/UCD59 or 68-1 (described above) [60] imply that RhCMV (and by extension 

HCMV) similarly exerts an adjuvant-like effect on the local innate effector cells to direct adaptive 

immune responses towards a situation that favors viral persistence at the expense of immune-mediated 

clearance of RhCMV-infected cells. The RhCMV functions that presumably mediated the relative 

differences in the nature of the inflammatory response (polymorphonuclear cells for UCD52/UCD59 

and mononuclear cells for 68-1) is due to the presence of the CXC-like ORF in UCD52/UCD59, 

although no functional activity for these ORF has been reported [69]. The concept that a critical step in 

early RhCMV-host interactions involves rapid manipulation of innate responses is bolstered by studies 

investigating the role of the virally encoded interleukin-10 like protein of RhCMV. 

Primate CMVs, with the exception of chimpanzee CMV, encode a viral IL-10 gene that is an 

evolutionary remnant of a transduced cellular IL-10 (cIL-10) gene by a progenitor primate CMV at 

some point after the split of rodents and primates [56,86,87]. Despite extensive genetic drift of the 

HCMV and RhCMV viral IL-10 proteins (cmvIL-10 and rhcmvIL-10, respectively) from the cIL-10 

proteins of their respective hosts, these viral orthologs retain high affinity for the cognate cIL-10 

receptor [50] and nearly identical immunosuppressive properties in vitro to those exhibited by  

cIL-10 [56,87]. The conservation of functionality of cmvIL-10 and rhcmvIL-10 to that of cIL-10 leads 

to the proposition that expression of an IL-10-like protein in the context of viral infection suppresses 

acute immune responses to viral infection. 

The role of rhcmvIL-10 in primary infection was analyzed in macaques following SC inoculation 

with 68-1 or a 68-1 rhcmvIL-10 knockout virus (68-1ΔIL-10) [81]. Tissue biopsies taken from animals 

seven days after inoculation with 68-1 had markedly reduced cellularity at the inoculation site, but 

greater numbers of tissue macrophages, than 68-1ΔIL-10 inoculated animals [81]. In addition, there 

were fewer myeloid dendritic cells and decreased priming of naïve CD4
+
 T cells in the draining lymph 

nodes of 68-1 infected animals versus 68-1ΔIL-10 infected animals. Animals inoculated with 68-1 also 

showed impaired RhCMV-specific IgG responses and lower IgG avidity, compared with 68-1ΔIL-10 

infected animals. In sum, the functional absence of rhcmvIL-10 in 68-1ΔIL-10 resulted in increased 

innate immune recognition of viral antigens and increased adaptive immune responses. These results 

lead to a model whereby a critical step in RhCMV infection is the immediate manipulation of the local 

immune environment mediated, in part, by rhcmvIL-10. Based on this premise, secreted proteins, such 

as rhcmvIL-10, should represent reasonable vaccine targets to induce, particularly, antibodies that 

neutralize their function. 

A recent survey of RhCMV-infected macaques revealed that one consequence of the extensive 

genetic drift of rhcmvIL-10 from the cIL-10 protein of its host is that what was once a self-protein 

soon after transduction of the cIL-10 gene has become highly immunogenic in the context of viral 

infection [88]. All RhCMV-infected animals develop high avidity binding antibodies to rhcmvIL-10, 

and almost 100% of the animals also exhibit some level of antibodies that neutralize rhcmvIL-10 

function in bioassays. Importantly, the rhcmvIL-10-specific neutralizing antibody responses generated 

in these macaques did not cross-react with cIL-10. The cmvIL-10 protein is also immunogenic in 

HCMV-infected humans [89]. Together, these data provide proof-of-concept for targeting viral IL-10, 

an immune modulator, as a vaccine strategy to interrupt viral persistence. 
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To accomplish antigenic stimulation without triggering the cIL-10 receptor, a non-functional 

rhcmvIL-10 has been designed, cloned into an expression cassette, expressed, and purified [90]. 

Immunization of naïve macaques with a DNA prime/protein boost immunization strategy stimulated 

antibody responses that neutralized wild-type rhcmvIL-10 function without cross-neutralization of 

rhesus cIL-10 [90]. SC challenge of vaccinated animals with UCD59 resulted in significantly lower 

frequencies and loads of RhCMV DNA in plasma, saliva, and urine, compared to mock-vaccinated 

control animals [91]. These data are unprecedented for CMV vaccine strategies in that targeting a 

single viral immune modulator (i.e., rhcmvIL-10) elicited immune-mediated protection against viral 

challenge without inducing antibodies that neutralized RhCMV infection of cells. Given the large 

devotion of the HCMV coding capacity to immune modulating proteins (discussed in Section 2.5), the 

results targeting rhcmvIL-10 offer a compelling rationale to explore additional viral antigens involved 

in immune modulation. 

3.6. RhCMV Reinfection 

A considerable challenge to reducing congenital infection is the ability of HCMV to reinfect 

women with pre-conceptional immunity and subsequently cross the maternal-fetal interface (discussed 

in Section 2.4). The challenge arises because the mechanism for reinfection is unknown and, consequently, 

there are no prevention strategies short of absolutely minimizing exposure to virus shedding contacts. 

Fortunately, a study of RhCMV sheds light on viral mechanisms to overcome prior immunity. 

Evidence for RhCMV infection of immune competent hosts is suggestive from natural history 

studies but incontrovertible from experimental studies. As described above (Section 3.1), multiple 

genetic variants of RhCMV have been amplified by PCR from RhCMV-immune animals. While these 

reports are consistent with reinfection, given the repeated exposure to infectious virus in bodily fluids 

of infected cohorts, it cannot be ruled out that the animal, from which saliva samples were analyzed, 

was not infected with more than one variant during primary exposure to RhCMV. In contrast, 

experimental inoculation of immune animals with genetically tagged variants of RhCMV is 

exceedingly efficient. Engineered variants of RhCMV 68-1 that express the SIV proteins (gag, retanef) 

have been used to reinfect RhCMV immune animals [84]. Animals inoculated with the RhCMV vector 

expressing the SIV protein uniformly develop SIV protein-specific T cells responses, and the 

RhCMV/SIV vector can be recovered in the urine of reinfected animals. Reinfection can be observed 

following inoculation with as little as 100 PFU, highlighting the ability of RhCMV to overcome 

existing antiviral immune responses [22]. 

Based on this, Hansen et al. reasoned that an essential step in reinfection is overcoming “an initial 

immunological checkpoint”, and they addressed whether the RHCMV orthologs of the HCMV proteins 

disrupting MHC-I antigen presentation mediate RhCMV reinfection (US2, 3, 6, and 11) [22]. 

Engineered deletion of the RhUS2-11 genes did not impair the ability of the deletant variant to 

replicate in cultured fibroblasts, compared to the unmodified parental vector. RhCMVΔUS2-11 

expressing SIV gag was also able to establish infection in RhCMV-uninfected macaques, as 

demonstrated by recovery of RhCMVΔUS2-11 in the urine of infected animals and development of 

RhCMV-specific and gag-specific T cell responses. Notably, RhCMVΔUS2-11 was incapable of 

reinfecting RhCMV-immune animals following SC inoculation with 10
7
 PFU. These results 
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demonstrate that manipulation of the host immunity is essential for reinfection, and, together with 

studies of acute RhCMV infection, illustrate the role RhCMV immune modulating proteins play in the 

infectious cycle of RhCMV in vivo. 

4. Conclusions 

The results of the Phase II gB vaccine trial [29] represents an important step towards meeting the 

clarion call of Hanshaw to develop a vaccine that protects against the devastating consequences of 

intrauterine HCMV infection [27]. This clinical trial now represents the “gold standard” against which 

subsequent HCMV vaccine trials will be compared, and yet, it is not certain at this time whether the 

level of observed protection compels a Phase III trial. Key issues about how best to move forward 

include (1) optimization of gB immunization to induce greater protective neutralizing responses;  

(2) inclusion of additional envelope glycoproteins to induce broader neutralizing responses against 

other virologically relevant cell types (i.e., gH pentamer-mediated infection of epithelial and 

endothelial cells); and/or (3) targeting other parts of the HCMV proteome not involved in 

attachment/entry of susceptible cells. The vaccine potential for broadening neutralizing antibody 

responses beyond gB has been demonstrated recently by restoring the gH pentameric complex in the 

AD169 vaccine strain of HCMV [92,93]. While still in an early developmental stage, this strategy may 

help to address the difficult problem of the broad cellular tropism of HCMV. HCMV persistence in 

immune competent hosts and, in particular, the ability of HCMV to reinfect immune individuals leads 

to the proposition that HCMV is unlike most every other virus for which protective vaccines have been 

developed. Varicella zoster virus (VZV), an alphaherpesvirus and the only herpes virus for which there 

is a commercially available vaccine, persists in the infected host in a truly latent state, and recurrent 

disease is the result of reactivation of this latent virus after host immune responses have waned or 

become impaired. The attenuated VZV vaccine strain, Oka, was generated via serial passage in cell 

culture of a clinical VZV isolate. Similar strategies for HCMV have failed to generate a successful 

vaccine candidate (e.g., Towne) [94,95]. In addition, prior immunity to HCMV does not protect from 

reinfection despite robust adaptive immune responses. The ability to overcome extant neutralizing 

antibody responses and extraordinarily large HCMV-specific T cell responses emphasize the 

unprecedented role of HCMV-encoded immune modulating functions in HCMV natural history. Given 

the expense involved in conducting sufficiently powered clinical Phase II and Phase III trials, there is 

an essential need for rigorous pre-clinical studies that can inform which vaccine modalities should 

advance to human testing. 

Recent studies of RhCMV point to multiple ORF that can be targeted to change the course of acute 

infection, dissemination via the blood to tissues throughout the body, and the ability to seed distal sites 

where progeny virions are shed into bodily fluids. These antigens include: gB, pp65, the gH-pentamer 

complex, CXC chemokines, rhcmvIL-10, and other ORF in UL/b’ besides RhUL128-131. However, 

multiple RhCMV vaccine studies using a variety of antigen delivery modalities have demonstrated 

partial protection, at best, and the results are consistent with the complexities of HCMV vaccine 

design. It should be stressed that all RhCMV vaccine studies, and to our knowledge all animal vaccine 

models of HCMV vaccines, use direct parenteral introduction of challenge virus. This bypasses the 

potential for mucosal immunity in the vaccinee to control primary viral challenge, and subsequent 
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studies in animal models should work to recapitulate the repeated mucosal exposures to HCMV that 

vaccinees will encounter. 

Acknowledgments 

This manuscript was made possible by grant support from NIH to PAB (AI063356, AI097629, 

AI049342) and the California National Primate Research Center (OD011107), and the Margaret 

Deterding Infectious Disease Research Support Fund. 

Author Contributions 

J.D.D. and P.A.B. contributed equally to this review. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References and Notes 

1. McGeoch, D.J.; Gatherer, D. Integrating reptilian herpesviruses into the family herpesviridae.  

J. Virol. 2005, 79, 725–731. 

2. Kolb, A.W.; Ane, C.; Brandt, C.R. Using HSV-1 Genome Phylogenetics to Track Past Human 

Migrations. PLoS One 2013, 8, e76267. 

3. Cannon, M.J.; Schmid, D.S.; Hyde, T.B. Review of cytomegalovirus seroprevalence and 

demographic characteristics associated with infection. Rev. Med. Virol. 2010, 20, 202–213. 

4. Cannon, M.J.; Hyde, T.B.; Schmid, D.S. Review of cytomegalovirus shedding in bodily fluids 

and relevance to congenital cytomegalovirus infection. Rev. Med. Virol. 2011, 21, 240–255. 

5. Noyola, D.E.; Valdez-Lopez, B.H.; Hernandez-Salinas, A.E.; Santos-Diaz, M.A.; Noyola-Frias, M.A.; 

Reyes-Macias, J.F.; Martinez-Martinez, L.G. Cytomegalovirus excretion in children attending 

day-care centers. Arch. Med. Res. 2005, 36, 590–593. 

6. Berntsson, M.; Dubicanac, L.; Tunback, P.; Ellstrom, A.; Lowhagen, G.B.; Bergstrom, T. 

Frequent detection of cytomegalovirus and Epstein-Barr virus in cervical secretions from healthy 

young women. Acta Obstet. Gynecol. Scand. 2013, 92, 706–710. 

7. de Franca, T.R.; de Albuquerque Tavares Carvalho, A.; Gomes, V.B.; Gueiros, L.A.; Porter, S.R.; 

Leao, J.C. Salivary shedding of Epstein-Barr virus and cytomegalovirus in people infected or not 

by human immunodeficiency virus 1. Clin. Oral Investig. 2012, 16, 659–664. 

8. Arora, N.; Novak, Z.; Fowler, K.B.; Boppana, S.B.; Ross, S.A. Cytomegalovirus viruria and 

DNAemia in healthy seropositive women. J. Infect. Dis. 2010, 202, 1800–1803. 

9. Gautheret-Dejean, A.; Aubin, J.T.; Poirel, L.; Huraux, J.M.; Nicolas, J.C.; Rozenbaum, W.; Agut, H. 

Detection of human Betaherpesvirinae in saliva and urine from immunocompromised and 

immunocompetent subjects. J. Clin. Microbiol. 1997, 35, 1600–1603. 

10. Hayashi, S.; Kimura, H.; Oshiro, M.; Kato, Y.; Yasuda, A.; Suzuki, C.; Watanabe, Y.; Morishima, T.; 

Hayakawa, M. Transmission of cytomegalovirus via breast milk in extremely premature infants.  

J. Perinatol. 2011, 31, 440–445. 



Viruses 2014, 6 1496 

 

 

11. Hamprecht, K.; Maschmann, J.; Vochem, M.; Dietz, K.; Speer, C.P.; Jahn, G. Epidemiology of 

transmission of cytomegalovirus from mother to preterm infant by breastfeeding. Lancet 2001, 

357, 513–518. 

12. Jim, W.T.; Shu, C.H.; Chiu, N.C.; Chang, J.H.; Hung, H.Y.; Peng, C.C.; Kao, H.A.; Wei, T.Y.; 

Chiang, C.L.; Huang, F.Y. High cytomegalovirus load and prolonged virus excretion in breast 

milk increase risk for viral acquisition by very low birth weight infants. Pediatr. Infect. Dis. J. 

2009, 28, 891–894. 

13. Maciejewski, J.P.; Bruening, E.E.; Donahue, R.E.; Mocarski, E.S.; Young, N.S.; St Jeor, S.C. 

Infection of hematopoietic progenitor cells by human cytomegalovirus. Blood 1992, 80, 170–178. 

14. Mendelson, M.; Monard, S.; Sissons, P.; Sinclair, J. Detection of endogenous human 

cytomegalovirus in CD34+ bone marrow progenitors. J. Gen. Virol. 1996, 77, 3099–3102. 

15. Kondo, K.; Kaneshima, H.; Mocarski, E.S. Human cytomegalovirus latent infection of 

granulocyte-macrophage progenitors. Proc. Natl. Acad. Sci. USA 1994, 91, 11879–11883. 

16. Kondo, K.; Xu, J.; Mocarski, E.S. Human cytomegalovirus latent gene expression in  

granulocyte-macrophage progenitors in culture and in seropositive individuals. Proc. Natl. Acad. 

Sci. USA 1996, 93, 11137–11142. 

17. Goodrum, F.; Reeves, M.; Sinclair, J.; High, K.; Shenk, T. Human cytomegalovirus sequences 

expressed in latently infected individuals promote a latent infection in vitro. Blood 2007, 110, 

937–945. 

18. Cheung, A.K.; Abendroth, A.; Cunningham, A.L.; Slobedman, B. Viral gene expression during 

the establishment of human cytomegalovirus latent infection in myeloid progenitor cells.  

Blood 2006, 108, 3691–3699. 

19. Fowler, K.B.; Stagno, S.; Pass, R.F.; Britt, W.J.; Boll, T.J.; Alford, C.A. The outcome of 

congenital cytomegalovirus infection in relation to maternal antibody status. N. Engl. J. Med. 

1992, 326, 663–667. 

20. Rasmussen, L.; Matkin, C.; Spaete, R.; Pachl, C.; Merigan, T.C. Antibody response to human 

cytomegalovirus glycoproteins gB and gH after natural infection in humans. J. Infect. Dis. 1991, 

164, 835–842. 

21. Boppana, S.B.; Rivera, L.B.; Fowler, K.B.; Mach, M.; Britt, W.J., Intrauterine transmission of 

cytomegalovirus to infants of women with preconceptional immunity. N. Engl. J. Med. 2001, 344, 

1366–1371. 

22. Hansen, S.G.; Powers, C.J.; Richards, R.; Ventura, A.B.; Ford, J.C.; Siess, D.; Axthelm, M.K.; 

Nelson, J.A.; Jarvis, M.A.; Picker, L.J.; et al. Evasion of CD8+ T cells is critical for 

superinfection by cytomegalovirus. Science 2010, 328, 102–106. 

23. Sylwester, A.W.; Mitchell, B.L.; Edgar, J.B.; Taormina, C.; Pelte, C.; Ruchti, F.; Sleath, P.R.; 

Grabstein, K.H.; Hosken, N.A.; Kern, F.; et al. Broadly targeted human cytomegalovirus-specific 

CD4+ and CD8+ T cells dominate the memory compartments of exposed subjects. J. Exp. Med. 

2005, 202, 673–685. 

24. Griffiths, P.D. Burden of disease associated with human cytomegalovirus and prospects for 

elimination by universal immunisation. Lancet Infect. Dis. 2012, 12, 790–798. 

25. Crough, T.; Khanna, R. Immunobiology of human cytomegalovirus: From bench to bedside.  

Clin. Microbiol. Rev. 2009, 22, 76–98. 



Viruses 2014, 6 1497 

 

 

26. Elek, S.D.; Stern, H. Development of a vaccine against mental retardation caused by 

cytomegalovirus infection in utero. Lancet 1974, 1, 1–5. 

27. Hanshaw, J.B. Congenital cytomegalovirus infection: A fifteen year perspective. J. Infect. Dis. 

1971, 123, 555–561. 

28. Plotkin, S.A. Vaccines for varicella-zoster virus and cytomegalovirus: Recent progress.  

Science 1994, 265, 1383–1385. 

29. Pass, R.F.; Zhang, C.; Evans, A.; Simpson, T.; Andrews, W.; Huang, M.L.; Corey, L.; Hill, J.; 

Davis, E.; Flanigan, C.; et al. Vaccine prevention of maternal cytomegalovirus infection. N. Engl. 

J. Med. 2009, 360, 1191–1199. 

30. Stratton, K.R.; Durch, J.S.; Lawrence, R.S. Vaccines for the 21st Century: A Tool for Decision 

Making; National Academy Press: Washington, DC, USA, 2000; p. Appendix 4:165–172. 

31. Saccoccio, F.M.; Gallagher, M.K.; Adler, S.P.; McVoy, M.A. Neutralizing activity of saliva 

against cytomegalovirus. Clin. Vaccine Immunol. 2011, 18, 1536–1542. 

32. Tamura, T.; Chiba, S.; Chiba, Y.; Nakao, T. Virus excretion and neutralizing antibody response in 

saliva in human cytomegalovirus infection. Infect. Immun. 1980, 29, 842–845. 

33. Wang, J.B.; Adler, S.P.; Hempfling, S.; Burke, R.L.; Duliege, A.M.; Starr, S.E.; Plotkin, S.A. 

Mucosal antibodies to human cytomegalovirus glycoprotein B occur following both natural 

infection and immunization with human cytomegalovirus vaccines. J. Infect. Dis. 1996, 174,  

387–392. 

34. Simanek, A.M.; Dowd, J.B.; Pawelec, G.; Melzer, D.; Dutta, A.; Aiello, A.E. Seropositivity to 

cytomegalovirus, inflammation, all-cause and cardiovascular disease-related mortality in the 

United States. PLoS One 2011, 6, e16103. 

35. Bale, J.F., Jr.; Petheram, S.J.; Souza, I.E.; Murph, J.R. Cytomegalovirus reinfection in young 

children. J. Pediatr. 1996, 128, 347–352. 

36. Chandler, S.H.; Handsfield, H.H.; McDougall, J.K. Isolation of multiple strains of 

cytomegalovirus from women attending a clinic for sexually transmitted disease. J. Infect. Dis. 

1987, 155, 655–660. 

37. Sohn, Y.M.; Park, K.I.; Lee, C.; Han, D.G.; Lee, W.Y. Congenital cytomegalovirus infection in 

Korean population with very high prevalence of maternal immunity. J. Korean Med. Sci. 1992, 7, 

47–51. 

38. Gaytant, M.A.; Rours, G.I.; Steegers, E.A.; Galama, J.M.; Semmekrot, B.A.  

Congenital cytomegalovirus infection after recurrent infection: Case reports and review of the 

literature. Eur. J. Pediatr. 2003, 162, 248–253. 

39. Gaytant, M.A.; Steegers, E.A.; Semmekrot, B.A.; Merkus, H.M.; Galama, J.M.  

Congenital cytomegalovirus infection: Review of the epidemiology and outcome.  

Obstet. Gynecol. Surv. 2002, 57, 245–256. 

40. Gandhoke, I.; Aggarwal, R.; Lal, S.; Khare, S. Congenital CMV infection in symptomatic infants 

in Delhi and surrounding areas. Indian J. Pediatr. 2006, 73, 1095–1097. 

41. Yamamoto, A.Y.; Mussi-Pinhata, M.M.; Boppana, S.B.; Novak, Z.; Wagatsuma, V.M.;  

Oliveira Pde, F.; Duarte, G.; Britt, W.J. Human cytomegalovirus reinfection is associated with 

intrauterine transmission in a highly cytomegalovirus-immune maternal population. Am. J. Obstet. 

Gynecol. 2010, 202, 297.e1–297.e8. 



Viruses 2014, 6 1498 

 

 

42. Ross, S.A.; Fowler, K.B.; Ashrith, G.; Stagno, S.; Britt, W.J.; Pass, R.F.; Boppana, S.B.  

Hearing loss in children with congenital cytomegalovirus infection born to mothers with 

preexisting immunity. J. Pediatr. 2006, 148, 332–336. 

43. Wang, C.; Zhang, X.; Bialek, S.; Cannon, M.J. Attribution of congenital cytomegalovirus 

infection to primary versus non-primary maternal infection. Clin. Infect. Dis. 2011, 52, e11–e13. 

44. Britt, W.J.; Mach, M. Human cytomegalovirus glycoproteins. Intervirology 1996, 39, 401–412. 

45. Revello, M.G.; Gerna, G. Human cytomegalovirus tropism for endothelial/epithelial cells: 

Scientific background and clinical implications. Rev. Med. Virol. 2010, 20, 136–155. 

46. Cui, X.; Meza, B.P.; Adler, S.P.; McVoy, M.A. Cytomegalovirus vaccines fail to induce epithelial 

entry neutralizing antibodies comparable to natural infection. Vaccine 2008, 26, 5760–5766. 

47. Macagno, A.; Bernasconi, N.L.; Vanzetta, F.; Dander, E.; Sarasini, A.; Revello, M.G.; Gerna, G.; 

Sallusto, F.; Lanzavecchia, A. Isolation of human monoclonal antibodies that potently neutralize 

human cytomegalovirus infection by targeting different epitopes on the gH/gL/UL128–131A 

complex. J. Virol. 2010, 84, 1005–1013. 

48. Britt, W.J. Neutralizing antibodies detect a disulfide-linked glycoprotein complex within the 

envelope of human cytomegalovirus. Virology 1984, 135, 369–378. 

49. Ross, S.A.; Arora, N.; Novak, Z.; Fowler, K.B.; Britt, W.J.; Boppana, S.B. Cytomegalovirus 

reinfections in healthy seroimmune women. J. Infect. Dis. 2010, 201, 386–389. 

50. Dunn, W.; Chou, C.; Li, H.; Hai, R.; Patterson, D.; Stolc, V.; Zhu, H.; Liu, F. Functional profiling 

of a human cytomegalovirus genome. Proc. Natl. Acad. Sci. USA 2003, 100, 14223–14228. 

51. Yu, D.; Silva, M.C.; Shenk, T. Functional map of human cytomegalovirus AD169 defined by 

global mutational analysis. Proc. Natl. Acad. Sci. USA 2003, 100, 12396–12401. 

52. Hakki, M.; Chou, S. The biology of cytomegalovirus drug resistance. Curr. Opin. Infect. Dis. 

2011, 24, 605–611. 

53. Renzette, N.; Gibson, L.; Bhattacharjee, B.; Fisher, D.; Schleiss, M.R.; Jensen, J.D.; Kowalik, T.F. 

Rapid intrahost evolution of human cytomegalovirus is shaped by demography and positive 

selection. PLoS Genet. 2013, 9, e1003735. 

54. Vogel, P.; Weigler, B.J.; Kerr, H.; Hendrickx, A.; Barry, P.A. Seroepidemiologic studies of 

cytomegalovirus infection in a breeding population of rhesus macaques. Lab. Anim. Sci. 1994, 44, 

25–30. 

55. Andrade, M.R.; Yee, J.; Barry, P.; Spinner, A.; Roberts, J.A.; Cabello, P.H.; Leite, J.P.; Lerche, N.W. 

Prevalence of antibodies to selected viruses in a long-term closed breeding colony of rhesus 

macaques (Macaca mulatta) in Brazil. Am. J. Primatol. 2003, 59, 123–128. 

56. Früh, K.; Malouli , D.; Oxford, K.; Barry, P. Non-Human-Primate Models of Cytomegalovirus 

Infection, Prevention, and Therapy. In CYTOMEGALOVIRUSES: From Molecular Pathogenesis 

to Therapy; Reddehase, M., Ed.; Caister Academic Press/Horizon: Norfolk, UK, 2013; Volume 2. 

57. Jones-Engel, L.; Engel, G.A.; Heidrich, J.; Chalise, M.; Poudel, N.; Viscidi, R.; Barry, P.A.; 

Allan, J.S.; Grant, R.; Kyes, R. Temple monkeys and health implications of commensalism, 

Kathmandu, Nepal. Emerg. Infect. Dis. 2006, 12, 900–906. 

58. Baskin, G.B. Disseminated cytomegalovirus infection in immunodeficient rhesus monkeys.  

Am. J. Pathol. 1987, 129, 345–352. 



Viruses 2014, 6 1499 

 

 

59. Kaur, A.; Kassis, N.; Hale, C.L.; Simon, M.; Elliott, M.; Gomez-Yafal, A.; Lifson, J.D.; 

Desrosiers, R.C.; Wang, F.; Barry, P.; et al. Direct relationship between suppression of  

virus-specific immunity and emergence of cytomegalovirus disease in simian AIDS. J. Virol. 

2003, 77, 5749–5758. 

60. Assaf, B.T.; Mansfield, K.G.; Westmoreland, S.V.; Kaur, A.; Oxford, K.L.; Diamond, D.J.;  

Barry, P.A. Patterns of acute rhesus cytomegalovirus (RhCMV) infection predict long-term 

RhCMV infection. J. Virol. 2012, 86, 6354–6357. 

61. Oxford, K.L.; Strelow, L.; Yue, Y.; Chang, W.L.; Schmidt, K.A.; Diamond, D.J.; Barry, P.A. 

Open reading frames carried on UL/b' are implicated in shedding and horizontal transmission of 

rhesus cytomegalovirus in rhesus monkeys. J. Virol. 2011, 85, 5105–5114. 

62. Wussow, F.; Yue, Y.; Martinez, J.; Deere, J.D.; Longmate, J.; Herrmann, A.; Barry, P.A.; 

Diamond, D.J. A Vaccine Based on the Rhesus Cytomegalovirus UL128 Complex Induces 

Broadly Neutralizing Antibodies in Rhesus Macaques. J. Virol. 2013, 87, 1322–1332. 

63. Yue, Y.; Zhou, S.S.; Barry, P.A. Antibody responses to rhesus cytomegalovirus glycoprotein B in 

naturally infected rhesus macaques. J. Gen. Virol. 2003, 84, 3371–3379. 

64. Yue, Y.; Kaur, A.; Zhou, S.S.; Barry, P.A. Characterization and immunological analysis of the 

rhesus cytomegalovirus homologue (Rh112) of the human cytomegalovirus UL83 lower matrix 

phosphoprotein (pp65). J. Gen. Virol. 2006, 87, 777–787. 

65. Pitcher, C.J.; Hagen, S.I.; Walker, J.M.; Lum, R.; Mitchell, B.L.; Maino, V.C.; Axthelm, M.K.; 

Picker, L.J. Development and homeostasis of T cell memory in rhesus macaque. J. Immunol. 

2002, 168, 29–43. 

66. Asher, D.M.; Gibbs, C.J., Jr.; Lang, D.J. Rhesus monkey cytomegaloviruses: Persistent 

asymptomatic viruses. Bacteriol. Proc. 1969, 69, 191. 

67. Asher, D.M.; Gibbs, C.J., Jr.; Lang, D.J.; Gajdusek, D.C.; Chanock, R.M. Persistent shedding of 

cytomegalovirus in the urine of healthy Rhesus monkeys. Proc. Soc. Exp. Biol. Med. 1974, 145, 

794–801. 

68. Huff, J.L.; Eberle, R.; Capitanio, J.; Zhou, S.S.; Barry, P.A. Differential detection of B virus and 

rhesus cytomegalovirus in rhesus macaques. J. Gen. Virol. 2003, 84, 83–92. 

69. Oxford, K.L.; Eberhardt, M.K.; Yang, K.W.; Strelow, L.; Kelly, S.; Zhou, S.S.; Barry, P.A. 

Protein coding content of the UL)b' region of wild-type rhesus cytomegalovirus. Virology 2008, 

373, 181–188. 

70. Alcendor, D.J.; Barry, P.A.; Pratt-Lowe, E.; Luciw, P.A. Analysis of the rhesus cytomegalovirus 

immediate-early gene promoter. Virology 1993, 194, 815–821. 

71. Barry, P.A.; Alcendor, D.J.; Power, M.D.; Kerr, H.; Luciw, P.A. Nucleotide sequence and 

molecular analysis of the rhesus cytomegalovirus immediate-early gene and the UL121–117 open 

reading frames. Virology 1996, 215, 61–72. 

72. Hansen, S.G.; Strelow, L.I.; Franchi, D.C.; Anders, D.G.; Wong, S.W. Complete sequence and 

genomic analysis of rhesus cytomegalovirus. J. Virol. 2003, 77, 6620–6636. 

73. Wang, D.; Shenk, T. Human cytomegalovirus virion protein complex required for epithelial and 

endothelial cell tropism. Proc. Natl. Acad. Sci. USA 2005, 102, 18153–18158. 



Viruses 2014, 6 1500 

 

 

74. Ryckman, B.J.; Rainish, B.L.; Chase, M.C.; Borton, J.A.; Nelson, J.A.; Jarvis, M.A.; Johnson, D.C. 

Characterization of the human cytomegalovirus gH/gL/UL128–131 complex that mediates entry 

into epithelial and endothelial cells. J. Virol. 2008, 82, 60–70. 

75. Lilja, A.E.; Shenk, T. Efficient Replication of Rhesus Cytomegalovirus Variants in Multiple 

Rhesus and Human Cell Types. Proc. Natl. Acad. Sci. USA 2008, 105, 19950–19955. 

76. Carlson, J.R.; Chang, W.L.; Zhou, S.S.; Tarantal, A.F.; Barry, P.A. Rhesus brain microvascular 

endothelial cells are permissive for rhesus cytomegalovirus infection. J. Gen. Virol. 2005, 86, 

545–549. 

77. Abel, K.; Martinez, J.; Yue, Y.; Lacey, S.F.; Wang, Z.; Strelow, L.; Dasgupta, A.; Li, Z.;  

Schmidt, K.A.; Oxford, K.L.; et al. Vaccine-induced control of viral shedding following rhesus 

cytomegalovirus challenge in rhesus macaques. J. Virol. 2011, 85, 2878–2890. 

78. Assaf, B.T.; Mansfield, K.G.; Westmoreland, S.V.; Strelow, L.; Barry, P.A.; Kaur, A. Limited 

Dissemination and Shedding of the UL128-Complex-Intact, UL/b’-Defective Rhesus 

Cytomegalovirus Strain 180.92. J. Virol., submitted. 

79. Rivailler, P.; Kaur, A.; Johnson, R.P.; Wang, F. Genomic sequence of rhesus cytomegalovirus 

180.92: Insights into the coding potential of rhesus cytomegalovirus. J. Virol. 2006, 80, 4179–4182. 

80. Yue, Y.; Kaur, A.; Eberhardt, M.K.; Kassis, N.; Zhou, S.S.; Tarantal, A.F.; Barry, P.A. 

Immunogenicity and protective efficacy of DNA vaccines expressing rhesus cytomegalovirus 

glycoprotein B, phosphoprotein 65-2, and viral interleukin-10 in rhesus macaques. J. Virol. 2007, 

81, 1095–1109. 

81. Chang, W.L.; Barry, P.A. Attenuation of innate immunity by cytomegalovirus IL-10 establishes a 

long-term deficit of adaptive antiviral immunity. Proc. Natl. Acad. Sci. USA 2010, 107, 22647–22652. 

82. Abel, K.; Strelow, L.; Yue, Y.; Eberhardt, M.K.; Schmidt, K.A.; Barry, P.A. A heterologous DNA 

prime/protein boost immunization strategy for rhesus cytomegalovirus. Vaccine 2008, 26,  

6013–6025. 

83. Lockridge, K.M.; Sequar, G.; Zhou, S.S.; Yue, Y.; Mandell, C.P.; Barry, P.A. Pathogenesis of 

experimental rhesus cytomegalovirus infection. J. Virol. 1999, 73, 9576–9583. 

84. Hansen, S.G.; Vieville, C.; Whizin, N.; Coyne-Johnson, L.; Siess, D.C.; Drummond, D.D.; 

Legasse, A.W.; Axthelm, M.K.; Oswald, K.; Trubey, C.M.; et al. Effector memory T cell responses 

are associated with protection of rhesus monkeys from mucosal simian immunodeficiency virus 

challenge. Nat. Med. 2009, 15, 293–299. 

85. Pulendran, B.; Ahmed, R. Immunological mechanisms of vaccination. Nat. Immunol. 2011, 12, 

509–517. 

86. Lockridge, K.M.; Zhou, S.S.; Kravitz, R.H.; Johnson, J.L.; Sawai, E.T.; Blewett, E.L.; Barry, P.A. 

Primate cytomegaloviruses encode and express an IL-10-like protein. Virology 2000, 268,  

272–280. 

87. Slobedman, B.; Barry, P.A.; Spencer, J.V.; Avdic, S.; Abendroth, A. Virus-encoded homologs of 

cellular interleukin-10 and their control of host immune function. J. Virol. 2009, 83, 9618–9629. 

88. Eberhardt, M.K.; Chang, W.L.; Logsdon, N.J.; Yue, Y.; Walter, M.R.; Barry, P.A. Host immune 

responses to a viral immune modulating protein: Immunogenicity of viral interleukin-10 in rhesus 

cytomegalovirus-infected rhesus macaques. PLoS One 2012, 7, e37931. 



Viruses 2014, 6 1501 

 

 

89. de Lemos Rieper, C.; Galle, P.; Pedersen, B.K.; Hansen, M.B. Characterization of specific 

antibodies against cytomegalovirus (CMV)-encoded interleukin 10 produced by 28% of  

CMV-seropositive blood donors. J. Gen. Virol. 2011, 92, 1508–1518. 

90. Logsdon, N.J.; Eberhardt, M.K.; Allen, C.E.; Barry, P.A.; Walter, M.R. Design and analysis of 

rhesus cytomegalovirus IL-10 mutants as a model for novel vaccines against human 

cytomegalovirus. PLoS One 2011, 6, e28127. 

91. Eberhardt, M.; Deshpande, A.; Chang, W.-L.; Barthold, S.; Walter, M.; Barry, P.  

Vaccination Against a Virally-Encoded Cytokine Significantly Restricts Viral Challenge. J. Virol. 

2013, 87, 11323–11331. 

92. Fu, T.M.; Wang, D.; Freed, D.C.; Tang, A.; Li, F.; He, X.; Cole, S.; Dubey, S.; Finnefrock, A.C.; 

ter Meulen, J.; Shiver, J.W.; Casimiro, D.R. Restoration of viral epithelial tropism improves 

immunogenicity in rabbits and rhesus macaques for a whole virion vaccine of human 

cytomegalovirus. Vaccine 2012, 30, 7469–7474. 

93. Freed, D.C.; Tang, Q.; Tang, A.; Li, F.; He, X.; Huang, Z.; Meng, W.; Xia, L.; Finnefrock, A.C.; 

Durr, E.; et al. Pentameric complex of viral glycoprotein H is the primary target for potent 

neutralization by a human cytomegalovirus vaccine. Proc. Natl. Acad. Sci. USA 2013, 110, 

E4997–E5005. 

94. Plotkin, S.A.; Furukawa, T.; Zygraich, N.; Huygelen, C. Candidate cytomegalovirus strain for 

human vaccination. Infect. Immun. 1975, 12, 521–527. 

95. Plotkin, S.A.; Starr, S.E.; Friedman, H.M.; Gonczol, E.; Brayman, K. Vaccines for the prevention 

of human cytomegalovirus infection. Rev. Infect. Dis. 1990, 12, S827–S838. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 




