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Abstract 
Human cytomegalovirus (HCMV) is the most common cause of congenital 

infection worldwide, impacting 1 in 150 live-born infants. Children afflicted by 

congenital HCMV frequently suffer from lifelong, debilitating neurologic sequelae 

including microcephaly, sensorineural hearing loss, and cognitive impairment. Natural 

maternal immunity to HCMV decreases the frequency of congenital infection, but does 

not prevent the disease altogether. Thus, a vaccine to reduce the incidence and severity 

of infant infection is a public health priority. Employing a nonhuman primate model of 

congenital CMV transmission as well as clinical samples from a partially-efficacious 

HCMV vaccine trial, we sought to examine both attributes of anti-HCMV immune 

responses that provide protective immunity as well as the impact of vaccine-elicited 

immunity on the in vivo HCMV viral population. 

Despite all efforts to develop an antibody-based vaccine for the prevention of 

congenital HCMV infection, it was previously unknown whether antibodies alone, in 

the absence of T cell immunity, could protect against congenital infection and disease in 

primates. Thus, we used a nonhuman primate model of congenital CMV infection to 

investigate the ability of preexisting antibodies to protect against placental CMV 

transmission in the setting of primary maternal infection and subsequent viremia, which 

is required for placental virus exposure. Pregnant, CD4+ T cell-depleted, rhesus CMV 
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(RhCMV)-seronegative rhesus monkeys were treated with either standardly-produced 

hyperimmune globulin (HIG) from RhCMV-seropositive macaques or dose-optimized, 

potently RhCMV-neutralizing HIG prior to intravenous challenge with an RhCMV 

swarm. HIG passive infusion provided complete protection against fetal loss in both 

groups. The dose-optimized, RhCMV-neutralizing HIG additionally inhibited placental 

transmission of RhCMV and reduced viral replication and diversity. Our findings 

suggest that the presence of durable and potently-neutralizing antibodies at the time of 

primary infection can prevent transmission of systemically-replicating maternal RhCMV 

to the developing fetus.  

Next, we assessed the properties of antibody responses elicited by glycoprotein B 

(gB) + MF59 adjuvant subunit vaccination – the most successful HCMV vaccine tested 

clinicaly to-date, which demonstrated approximately 50% efficacy in preventing HCMV 

acquisition in multiple phase 2 trials. Plasma from 33 gB/MF59 vaccinees at peak 

immunogenicity was tested for gB epitope specificity as well as neutralizing and non-

neutralizing anti-HCMV effector functions, and compared to an HCMV-seropositive 

cohort. gB/MF59 vaccination elicited IgG responses with gB-binding magnitude and 

avidity comparable to natural infection. Additionally, IgG subclass distribution was 

similar with predominant IgG1 and IgG3 responses induced by gB vaccination and 

HCMV infection. However, vaccine-elicited antibodies exhibited limited neutralization 

of the autologous virus, negligible neutralization of multiple heterologous strains, and 
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limited binding responses against gB structural motifs targeted by neutralizing 

antibodies including AD-1, AD-2, and Domain I. Interestingly, vaccinees had high-

magnitude IgG responses against AD-3 linear epitopes, demonstrating 

immunodominance against this non-neutralizing, cytosolic region. Finally, vaccine-

elicited IgG robustly bound trimeric, membrane-associated gB on the surface of 

transfected or HCMV-infected cells and mediated virion phagocytosis, raising the 

possibility that non-neutralizing antibody effector functions contributed to the partial 

protection against HCMV acquisition observed in gB/MF59 vaccinees.  

Lastly, we evaluated the impact of gB/MF59-elicited immune responses on the 

population of viruses acquired by trial participants. In this analysis, we employed 

quantitative PCR as well as two distinct next-generation sequencing strategies (short 

amplicon and whole gene) to interrogate genetic differences between the HCMV 

populations infecting gB/MF59 vaccinees and placebo recipients. For the majority of 

subject-specific viral populations analyzed, we identified 1 or 2 dominant viral variants, 

as well as a large number of minor variants present at low frequency. This finding 

suggests that the intrahost viral population constitutes a heterogeneous swarm of 

genetically-distinct virus quasi-species. Additionally, we identified several distinctions 

between the viral populations of acutely-infected vaccinees and placebo recipients. First, 

there was reduced magnitude viral shedding in the saliva of gB vaccinees compared to 

placebo. Furthermore, we noted evidence of genetic compartmentalization at the gB 
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locus in 3 of 4 vaccinees, though only in 1 of 7 placebo recipients. Finally, we observed 

an enrichment of gB1 genotype HCMV variants among placebo recipients compared to 

vaccinees, and hypothesize that the gB1 genotype vaccine immunogen might have 

elicited genotype-specific protection that accounts for the efficacy observed in clinical 

trial.  

Thus, we have made several observations that will inform rational design of the 

next generation of HCMV vaccines. First, our data suggests that preexisting antibodies 

can protect against congenital CMV transmission in a rhesus monkey model, and thus 

that antibodies could be a primary target of vaccines to eliminate congenital HCMV 

infection.  Secondly, our analysis of antibody responses elicited by gB/MF59 vaccination 

indicates that non-neutralizing antibody functions contributed to the observed 50% 

vaccine protection and therefore should be a consideration in future vaccine design.  

Finally, our examination of viral populations in gB/MF59 vaccinees indicates that gB-

elicited antibodies had a measurable impact on viral intrahost population dynamics and 

that gB immunogen strain-specific responses may have defined vaccine protection, 

suggesting that immunogen strain breadth may be an important determinant of 

protective immunity. 
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1. Introduction to Human Cytomegalovirus and its 
Public Health Importance 

Human cytomegalovirus (HCMV), also known as human herpesvirus-5 (HHV-

5), is a beta-herpesvirus that establishes lifelong infection in humans. Though HCMV 

infection is more common in developing nations and communities with lower 

socioeconomic status, the virus is ubiquitous and exposed individuals have been 

identified in every population worldwide (Evans, 1976; Fulop et al., 2013). In healthy 

people, HCMV infection is asymptomatic. However, the virus can be transmitted from a 

pregnant mother to her infant during development, resulting in congenital HCMV 

infection. Indeed, HCMV affects 1 in 150 live-born infants and is the leading infectious 

cause of deafness as well as learning/intellectual disabilities in children (Damato and 

Winnen, 2002).  Furthermore, HCMV is the most common infectious complication 

among organ transplant recipients, predisposing the organ recipient to rejection and 

adverse outcomes.  

 

1.1  Human Cytomegalovirus: A Brief History 

The first case report of HCMV infection dates back to 1881 in Bonn, Germany, in 

which pathologist Dr. Ribbert described a stillborn infant with “syphilis-like symptoms” 

and “interstitial nephritis associated with the presence of tremendously enlarged 

‘cytomegalic’ cells that were also characterized by an enlarged nucleus” (Reddehase and 
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Lemmermann, 2013). Though Dr. Ribbert mistook these cells for protozoa, he accurately 

described the owl-eyed appearance of intranuclear inclusions that is pathognomonic for 

HCMV infection (Ho, 2008). 

HCMV was then isolated following the advent of cell culture in the 1950s. 

Several scientists working at Harvard University identified viral pathogens that later 

turned out to be HCMV. Thomas Weller, a pediatrician isolated HCMV from an infant 

suspected a have congenital toxoplasmosis (Craig et al., 1957).  Margaret Smith isolated 

a virus from salivary gland tissue of a deceased patient that only grew in human but not 

mouse cell culture (Smith, 1956). Finally, Wallace Rowe isolated a virus from adenoid 

tissue of a patient diagnosed with varicella virus (Rowe et al., 1956). These three 

researchers exchanged their isolated pathogens and were impressed by the similarity of 

their behavior in cell culture. Weller named the virus “cytomegalovirus” based on the 

characteristic changes in infected cells (Ho, 2008).  

 

1.2   Cell Entry and Viral Life Cycle 

The study of HCMV entry into cells is a complex field of research since the 

HCMV genome encodes an estimated 54 membrane-associated proteins (at least 25 of 

which are glycoproteins) that may assemble into protein complexes on the virion 

envelope and play a role in cellular entry  (Murphy et al., 2003a; Rigoutsos et al., 2003). 

Cellular entry is a multi-step process, including tethering, docking, and fusion, with 
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each step involving the binding of one or more envelope glycoproteins to cell surface 

receptors and co-receptors. Though HCMV has somewhat restricted cell tropism in vitro, 

the virus can replicate in nearly all cell types in vivo including fibroblasts, 

endothelial/epithelial cells, monocyte/macrophages, smooth muscle cells, stromal cells, 

neuronal cells, neutrophils, and hepatocytes (Myerson et al., 1984). This finding suggests 

either that entry is either mediated by broadly-expressed receptors or that multiple cell-

specific receptors are involved in the process (Reddehase and Lemmermann, 2013).  

 Over the past 50 years, several key glycoproteins involved in the entry process 

have been identified. Glycoproteins gM and gN form a heterodimeric protein complex 

that is the most prevalent in the virion envelope, and which facilitate viral tethering to 

the cell membrane and targeting to the entry receptor (Mach et al., 2000). gB and the 

heterodimer gH/gL are relatively conserved among herpesviruses and critical for entry 

into all cell types, as HCMV gB-null, gL-null, or gH-null mutants fail to enter cells 

(Bowman et al., 2011; Isaacson and Compton, 2009; Vanarsdall and Johnson, 2012). gB 

and gH/gL are sufficient for entry into certain cell types such as fibroblasts, though 

gH/gL must complex with proteins UL128, UL130, and UL131 (to form the 

gH/gL/UL128/UL130/UL131A pentameric complex) to facilitate viral entry into 

endothelial/epithelial cells or monocyte/macrophages (Hahn et al., 2004; Wang and 

Shenk, 2005).  
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The first step in HCMV entry involves tethering of viral gM/gN to cell surface 

heparin sulfate proteoglycans (Compton et al., 1993). Next, other surface glycoproteins 

(such as gB) dock with cellular receptors in anticipation of viral entry. Unfortunately, it 

has proven difficult to definitively identify cellular receptors due to the wide cell 

tropism of HCMV (Reddehase and Lemmermann, 2013). Many cellular proteins have 

been described as candidate HCMV receptors for entry, including endothelial growth 

factor receptor (EGFR), platelet-derived growth factor receptor (PDGFR), integrins, and 

BST/tetherin (Wang et al., 2003), all of which can promote entry by laboratory strains. 

However, the precise entry-receptor utilized appears dependent upon cell type and no 

receptor has been definitively proven to facilitate a singular route of entry (Vanarsdall 

and Johnson, 2012). Nevertheless, it is clear that cytomegalovirus enters cells by at least 

two primary methods: direct fusion at the plasma membrane and micropinocytosis 

entry into endosomes (low-pH fusion) (Ryckman et al., 2006). Direct fusion is believed to 

be facilitated by  gH/gL, while gH/gL/UL128-131A is required for pH-dependent 

endosomal entry (Figure 1.1, obtained from Vanarsdall et al., Current Opinion in Virology, 

2012) (Vanarsdall and Johnson, 2012).  
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Figure 1.1: HCMV Entry Receptors. 

Image indicates that gH/gL is sufficient for direct fusion and entry into 
fibroblasts, but that gH/gL/UL128/UL130/UL131A are necessary for entry into 
endothelial/epithelial cells by endocytosis. Image obtained from Vanarsdall et al., 
Current Opinion in Virology, 2012. 

 

Following cellular entry by either direct fusion or endocytosis through 

interaction with cellular receptors, the capsid containing the viral DNA genome is 

trafficked to the nucleus. Viral tegument proteins control expression of viral genes, 

including immediate-early (IE) genes, delayed-early (DE) genes, and late (L) genes. DE 

genes initiate viral DNA synthesis, while L genes are responsible for viral capsid 

assembly, DNA packaging, and nuclear egress. Assembled capsids migrate to the viral 

assembly complex (endoplasmic reticulum + Golgi apparatus), where they are packaged 

with synthesized tegument protein into a viral glycoprotein-containing membrane 
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envelope, then subsequently bud from the cell (Figure 1.2, obtained from Beltran et al., 

Expert Review Proteomics, 2014) (Jean Beltran and Cristea, 2014).  

 

Figure 1.2: HCMV Life Cycle. 

 (A) Viral entry by either direct fusion or endocytosis pathways. (B) Viral unpackaging 
and transfer of capsid to nucleus. (C) HCMV gene expression, protein synthesis, and 
capsid packaging. (D) Viral assembly and egress from the cell. Image obtained from Jean 
Beltran et al., Expert Rev Proteomics, 2014.  
 

 

  



 

7 

1.3  Immune Evasion and Latency 

Following infection, HCMV elicits an extremely robust immune response by NK 

cells, CD4+/CD8+ T cells, and antibodies, which in healthy adults typically brings viral 

replication/shedding under control in a matter of weeks to months (Jackson et al., 2011). 

Yet, HCMV employs an exceedingly intricate system of immune-evasion proteins and 

miRNAs to prevent clearance from the body and establish lifelong, latent infection.  

HCMV interferes directly with innate immunity by modulating cytokine 

signaling and NK cell activation. First, the virus can inhibit interferon-dependent 

functions, blocking interferon signal transduction in HCMV-infected cells (Miller et al., 

1999). Additionally, HCMV encodes a collection of proteins that are receptors for host 

inflammatory cytokines/chemokines (e.g. CXCL4, CCR5, etc.), which serve as a 

“cytokine sinks” and prevent local signaling (McSharry et al., 2012). In a complimentary 

manner, HCMV also encodes viral homologues of immunosuppressive cytokines IL-8, 

and IL-10, which inhibit inflammatory cytokine production from 

monocytes/macrophages (Jackson et al., 2011). Moreover, HCMV utilizes a diverse array 

of pathways to interfere with functional NK cell activation. HCMV-infected cells express 

ligands such as MIC A/B and ULBP, which block binding of activating receptors such as 

NKG2D, as well as ligands like UL18, which result in binding of inhibitory receptor 

CD94/NKG2A (Lisnic et al., 2015) . 
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In addition to its impact on innate immune functions, HCMV inhibits adaptive 

immunity by modulating T cell activation/killing and antibody-mediated neutralization 

and clearance. The HCMV structural proteins pp71 and pp65 prevent MHC class I 

trafficking to the Golgi apparatus immediately upon infection (Noriega et al., 2012). 

Additionally, protein products of HCMV US2-11 genes target MHC class I and II 

molecules, leading to retention in the endoplasmic reticulum, protein degradation, or 

inhibited peptide-loading (Jackson et al., 2011).  Furthermore, HCMV expresses virus-

encoded Fc-gamma receptors that protect the virus and infected cells against the IgG 

immune response (Reddehase and Lemmermann, 2013). HCMV additionally regulates 

IgG complement fixation and activity by incorporating host complement regulatory 

proteins CD55, CD59, and CD46 (Spiller et al., 1997).   

The end result of mechanisms of immune evasion is the establishment of latent 

viral infection, which is classically and most strongly associated with CD34+ bone 

marrow myeloid progenitor cells (Mendelson et al., 1996; Sindre et al., 1996). The 

traditional model of latency reactivation is that differentiation of these cells into CD68+ 

macrophages or CD11c+ dendritic cells results in initiation of the lytic lifecycle (Sinclair 

and Sissons, 2006; Slobedman et al., 2010). A unique and dynamic 

transcriptional/translational program is activated during latency, and though much less 

well understood, involves multiple protein and miRNA products that modulate the 

surrounding cellular environment. It is becoming increasingly recognized that there are 
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a variety of latent cell phenotypes that influence in vivo reactivation and dissemination 

throughout the body (Dupont and Reeves, 2016). 

 

1.4  Genome Diversity and Dynamics 

With a genome consisting of 236 kilobase pairs (Dolan et al., 2004) and encoding 

approximately 164 open reading frames (Davison et al., 2003), HCMV has the largest 

genome of any human virus. Thus, prior to the advent of whole-genome sequencing, it 

was extraordinarily challenging to assess HCMV viral population composition and 

diversity because of the limitations of traditional sequencing methodologies. 

Nevertheless, it is now well established that HCMV is highly polymorphic between and 

within individuals, which has been defined via a variety of sequencing methodologies 

including restriction fragment length polymorphism analysis (Huang et al., 1980), 

targeted gene sequencing (Bradley et al., 2008; Coaquette et al., 2004; Hassan-Walker et 

al., 2004; Murthy et al., 2011; Peek et al., 1998; Sowmya and Madhavan, 2009), and whole 

genome sequencing (Renzette et al., 2011; Renzette et al., 2013; Renzette et al., 2015). Yet 

the source of this diversity remains poorly defined.  

The increased sensitivity of next-generation sequencing to detect minor viral 

variants has led to the hypothesis that HCMV exists within a single host as a complex 

population of genetically-distinct variants. Indeed, the level of intrahost genetic 

diversity has been estimated to be comparable to many RNA viruses, including HIV and 
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dengue (Renzette et al., 2011) – not due to rapid antigenic evolution of the virus, but 

rather due to the persistence of genetically-diverse minor variants. Furthermore, there is 

increasing evidence that intrahost HCMV populations are anatomically 

compartmentalized. Indeed, it has been demonstrated that, while HCMV maintains a 

relatively stable population within a compartment, that there is rapid evolution when 

crossing between host compartments, suggesting that unique viral polymorphisms give 

HCMV a competitive advantage in tissues and cell types (Renzette et al., 2013).  

 

1.5 Epidemiology and Transmission Risk Factors 

HCMV is a globally-endemic pathogen that has been identified in every 

population studied (Evans, 1976), though the rates of HCMV exposure (i.e. 

seroprevalence) can range dramatically between different populations. HCMV 

seroprevalence rates are highest in Africa, South America, and Asia (Alford and Pass, 

1981; Evans, 1982), frequently approaching universal exposure, whereas seroprevalence 

rates in North America, Europe, and Australia are typically lower than 50 percent of the 

population (Alford and Pass, 1981; Evans, 1982). Within countries having low to 

moderate seroprevalence rates of HCMV, there is significant demographic 

heterogeneity. Risk factors for HCMV seropositivity include increased age (Bate et al., 

2010), non-white race/ethnicity (Cannon et al., 2010), female sex (Cannon et al., 2010), 

lower socioeconomic status (Cannon et al., 2010), lower education (Bate et al., 2010), and 
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household crowding (Bate et al., 2010). Furthermore, certain behaviors are frequently 

associated with an increased risk of HCMV acquisition, including a high level of sexual 

activity (Collier et al., 1990; Sohn et al., 1991), frequent contact with young children 

(Adler, 1991; Pass and Hutto, 1986; Spector and Spector, 1982), and breastfeeding 

(Hamprecht et al., 2008; Schleiss, 2006a).  

It is anticipated that the majority of HCMV transmission events occur via direct 

mucosal contact between a susceptible individual and an HCMV-infected person 

shedding virus in bodily fluids, including breast milk, saliva, urine, and genital fluids 

(semen, vaginal secretions) (Hyde et al., 2010). Breast milk is an extremely common 

route of HCMV acquisition among young infants, as nearly all HCMV-seropositive 

women will have viral reactivation and shedding in breast milk during the postpartum 

period (Schleiss, 2006b). Thus, the rate of breast milk HCMV transmission is highly 

dependent on the population seroprevalence. Among highly-diverse cohorts, it has been 

estimated that approximately 50-70% of infants exposed to maternal HCMV in breast 

milk will acquire the virus (Gantt et al., 2016; Hamprecht et al., 2001) during the 

postpartum period.   

Shed virus is detectable in an estimated 7 percent of normal, healthy adults at 

any one time, most frequently in genital fluids (Cannon et al., 2011). Children, lacking 

the virologic control of a mature immune system, are much more likely to shed virus, 

which is most commonly found in urine and saliva rather than genital fluids (Cannon et 
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al., 2011). Indeed, on average HCMV is detectable in 23 percent of healthy children in 

daycare and 12 percent of healthy children not in daycare (Cannon et al., 2011). 

Nevertheless, HCMV transmission is inefficient and is anticipated to require repeated 

exposures, as only 25 percent of HCMV-seronegative parents with a child shedding 

virus acquires the infection. Though quite variable based on demographic and risk 

factors, the annual rate of infection among adults in the USA is estimated at 

approximately 1.6 percent (Colugnati et al., 2007). 

 

1.6 Human Disease Caused by HCMV 

1.6.1 Congenital HCMV Disease 

According to the US Centers for Disease Control, 1 in 150 newborn infants  

worldwide is impacted by HCMV congenital infection, which can occur following 

maternal primary infection during pregnancy or in mothers with HCMV infection prior 

to pregnancy (non-primary infection)(Gaytant et al., 2003; Morris et al., 1994). Dogma in 

the medical community indicates that preexisting immunity to HCMV prevents severe 

infant disease (Manicklal et al., 2013). However, in highly-seroimmune populations, 

non-primary HCMV infection accounts for the vast majority of infant disease (Ahlfors et 

al., 1984; Peckham et al., 1983). Indeed, recent data demonstrates similar rates of adverse 

outcomes, such as hearing loss,  following HCMV primary and non-primary infection, 

underscoring the fact that congenital HCMV is a global disease with implications for 
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both HCMV-seronegative and HCMV-seropositive women in both developed and 

developing countries (Figure 1.3, obtained from Manicklal et al., Clin Microbiol Rev, 2013) 

(Manicklal et al., 2013).  
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Figure 1.3: Estimate of the burden of congenital HCMV-associated disease in 
high and low seroprevalence settings. 

From 100,000 mothers in both high (~90%) and low (~50%) seroprevalence settings, 
approximately 1000 infants are born with congenital HCMV infection, from which 13% 
are symptomatic and 87% asymptomatic. Image obtained from Manicklal et al., Clin. 
Microbiol. Rev., 2013.  

 

Congenital HCMV transmission to the fetus is believed to occur via 

hematogenous spread of the virus to the placenta, though it is largely unknown whether 

cell-free or cell-associated virus crosses the placenta and establishes infection in the 

fetus. Approximately 85-90 percent of the 30-40,000 children born annually in the USA 

with congenital HCMV infection do not exhibit symptoms of clinical abnormalities at 

birth (Ahlfors et al., 1999; Boppana et al., 1992). The remaining 10-15 percent are born 

with clinical abnormalities, grouped under the clinical syndrome of ‘symptomatic 

congenital HCMV.’ Infection is frequently systemic, with the most commonly observed 

signs being petechiae, jaundice, hepatosplenomegaly, microcephaly, lethargy, and 

chorioretinitis (Boppana et al., 1992). Approximately half of these symptomatic infants 

are small for gestational age, with a mortality rate of about 5 percent (Ahlfors et al., 1999; 

Boppana et al., 1992).  

Among infants with symptomatic infection, 50-80% will develop sensorineural 

hearing loss (SNHL), mental retardation, and microcephaly (Ahlfors et al., 1999; 

Boppana et al., 1992) (Dahle et al., 2000; Fowler et al., 1992; Ross et al., 2006). Infants who 

are asymptomatic at birth typically fare better in the long-term than those who are 
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symptomatic at birth. Yet approximately 7% of these children will still develop SNHL 

with the majority being bilateral hearing loss (Dahle et al., 2000). The evidence for 

additional neurologic abnormalities among asymptomatic congenitally-HCMV infected 

children is tenuous, though vision defects (Boppana et al., 1994), developmental delay 

(Preece et al., 1983), and moderately lower average IQs (Temple et al., 2000; Zhang et al., 

2007) have been reported.  

 

1.6.2 Transplant-associated HCMV Disease 

Human cytomegalovirus (HCMV) is the most prevalent infectious agent among 

allograft transplant recipients, frequently causing end-organ disease such as hepatitis, 

pneumonitis, or gastroenteritis, and predisposing the recipient to transplant rejection 

and even death. Indeed, prior to the availability of antiviral therapy, HCMV pneumonia 

mortality rates were as high as 80% (Myers et al., 1975) and donor/recipient 

mismatching for HCMV serostatus precluded transplantation in some hospitals (Hutter 

et al., 1989). The typical clinical syndrome for HCMV infection in transplant recipients is 

increasing systemic virus replication accompanied by fever, leucopenia, and other 

nonspecific findings. Though HCMV infection/replication occurs in nearly all transplant 

recipients, clinically-significant disease is most common for HCMV-seronegative 

recipients receiving an organ from a seropositive donor in the setting of rigorous 

immune suppression (Reddehase and Lemmermann, 2013). As antivirals have improved 
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over the past several decades, it has become easier to treat and prevent acute HCMV 

infection/replication directly following transplantation. However,  HCMV is also 

associated with chronic allograft rejection (Reddehase and Lemmermann, 2013) . 

Though the mechanism by which HCMV causes chronic rejection is unknown, 

continued treatment with ganciclovir reduces the incidence of allograft vasculopathy 

(Potena et al., 2009). Thus, despite widespread use of HCMV antiviral therapy, chronic 

rejection caused by HCMV will likely remain a major cause of morbidity/mortality in the 

transplant population.  

  

1.7 Vaccine Approaches for Congenital HCMV 

It has been estimated that an efficacious HCMV vaccine would save the United 

States 4 billion dollars and 80,000 quality-adjusted life-years on an annual basis. Thus, 

the development of an HCMV vaccine has been remained a “Tier 1 priority” of the 

National Academy of Medicine for the past 18 years (2000). It is clear that preexisting 

maternal immunity impacts the incidence of congenital infection, as 30-40% of HCMV-

seronegative women that acquire the virus during pregnancy transmit the infection to 

the fetus in utero in contrast to 1-2% following superinfection of HCMV-seroimmune 

women (Kenneson and Cannon, 2007). Furthermore, infants born to HCMV-seropositive 

women are also less likely to exhibit symptoms of congenital infection at birth and can 

have milder neurologic sequelae (Boppana et al., 2001; Fowler et al., 1992). Therefore, 
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many hypothesize that a maternal vaccine that prevents maternal HCMV acquisition, 

protects against viral transmission to the infant, or reduces the severity of congenital 

infection is an achievable goal (Adler, 2013; McVoy, 2013; Permar et al., 2018; Plotkin, 

2015). 

A variety of candidate HCMV vaccine approaches have been attempted, 

including live attenuated virus (Elek and Stern, 1974; Plotkin et al., 1976), glycoprotein 

subunit formulations (Bernstein et al., 2016; Pass et al., 2009), viral vectors (Adler et al., 

1999; Wussow et al., 2014), and single/bivalent DNA plasmids (Jacobson et al., 2009; 

Wloch et al., 2008). While all vaccine platforms tested thus far ultimately failed to reach 

target endpoints in human clinical trials, the HCMV gB subunit vaccine demonstrated 

moderate (~50%) efficacy at preventing primary HCMV infection, which is promising 

for future vaccine-development efforts (Bernstein et al., 2016; Pass et al., 2009).  

Over the past decade, there has been a surge of interest and financial resources 

towards the development of an HCMV vaccine – both from the public and private 

sectors. As of 2016, there were more than 18 vaccines under current/recent clinical 

evaluation (for both congenital disease and transplant-associated infection), employing 

both traditional vaccine approaches as well as a variety of novel platforms such as virus-

like particles, peptides, and nucleoside-modified mRNA (Schleiss, 2016). Yet, the 

immunologic and endpoint goals of an HCMV vaccine are somewhat open to debate. 

The designated endpoint in HCMV phase 2 vaccine efficacy trials has been a reduced 
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rate of HCMV acquisition (Bernstein et al., 2016; Pass et al., 2009) . However, this is a 

high bar to set as maternal immunity following HCMV infection is not protective against 

HCMV superinfection and/or latent virus reactivation (Britt, 2017), and the burden of 

disease among infants born to HCMV-seroimmune women is potentially just as high as 

among seronegative women (Manicklal et al., 2013). However, the real goal of an HCMV 

vaccine would be a reduction in either: (1) the rate of congenital HCMV infection in the 

infant population or (2) severity of infant end-organ disease (Schleiss, 2013). Yet, human 

clinical trials focused on a reduction in the rate/severity of fetal and infant infection is 

both logistically and ethically challenging. 

 

1.8 Rhesus Monkey Model for Congenital Infection 

One major barrier the HCMV vaccine field has faced is the lack of a highly-

translatable animal model of congenital virus transmission. For the past 50 years, 

vaccine efficacy studies that evaluate protection against congenital HCMV transmission 

have been reliant upon either (1) small-animal models using species-specific viruses 

with limited HCMV sequence homology or (2) costly and arduous human clinical trials. 

We recently reported on the first nonhuman primate (NHP) model of congenital CMV 

transmission following primary infection of rhesus monkey dams with rhesus CMV 

(RhCMV) (Bialas et al., 2015). There are numerous logistical advantages to a nonhuman 

primate model including enhanced immunologic tools (e.g. monoclonal antibodies) and 



 

19 

extensive knowledge of immune cell subsets (e.g. cellular markers, B/T cell receptor 

repertoire databases). Furthermore, we hypothesize that this primate model may more 

accurately reflect HCMV pathogenesis than small animal models due to increased 

similarity of host and virus. The rhesus monkey placenta is anatomically, 

physiologically, and immunologically quite similar to humans, which likely enhances 

the translational applications of the model (de Rijk EPCT, 2008). Additionally, RhCMV is 

genetically more homologous to HCMV than guinea pig or murine CMV (Bialas et al., 

2015; Hansen et al., 2003; Yue and Barry, 2008) and employs highly-conserved immune 

evasion pathways including viral IL-10 (Lockridge et al., 2000) and MHC 

downregulation (Powers and Fruh, 2008). 

 

1.9 Protective Immunity to Congenital HCMV  

A comprehensive understanding of immune responses protective against HCMV 

acquisition and/or congenital HCMV transmission to the fetus will enable rational 

vaccine design and evaluation of the next generation of HCMV vaccines (Permar et al., 

2018). This topic is quite challenging since fetal transmission of HCMV occurs in the 

midst of the altered immune state of pregnancy, which is a poorly understood 

phenomenon to begin with (Schleiss, 2013). In brief, it has been observed that pregnant 

mothers are biased towards a Th2 polarized immune response, have similar numbers of 

circulating CD4+ and CD8+ T cells, increased T regulatory cells, and decreased CD16+ 
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NK cells, which almost certainly will influence immune control of HCMV and the 

incidence of congenital HCMV transmission (Schleiss, 2013). 

 

1.9.1 Innate Immunity 

The presence of innate immune factors at the placental-fetal interface is 

hypothesized to play a dramatic role in the incidence of congenital HCMV transmission 

(Schleiss, 2013).  HCMV robustly downregulates MHC class I molecules on the surface 

of infected cells, which consequently makes infected cells particularly susceptible to NK 

cell killing. To-date, seven HCMV-encoded functions have been identified to modulate 

NK cell activation, suggesting that HCMV persistence in vivo is highly dependent upon 

its ability to evade NK cell immunity (Reddehase and Lemmermann, 2013). Thus, it is 

possible that reduced NK cell abundance and function during pregnancy may impact 

effective control of HCMV (Schleiss, 2013). A unique population of uterine NK (uNK) 

and decidual NK (dNK) cells comprise the dominant subset of immune cells in the 

placenta (>70%). Interestingly, an increased proportion of these cells expressing the 

activating receptor NKG2C+ were more commonly detected in congenital infected 

children (Noyola et al., 2012).  

Several other factors have been implicated in successful control of HCMV, 

notably defects in TLR-2, TLR-3, and TLR-7. Additionally, a proinflammatory cytokine 



 

21 

profile (TNF, IL-1, IL-12, IL-17, etc.) has been linked to congenital infection (Schleiss, 

2013) .  

1.9.2 Cellular Adaptive Immunity 

HCMV infection elicits an extraordinarily high frequency of virus-specific T cells 

following natural infection, as up to 10% of the CD4+ and CD8+ T cell memory 

compartments in seropositive individuals are HCMV-specific (Sylwester et al., 2005). 

Because HCMV is known to be a highly cell-associated virus and can spread directly 

from cell to cell (Murrell et al., 2017), it has been proposed that the elicitation of T cell 

responses will be necessary for control of HCMV replication. The most common 

epitopes targeted by HCMV-specific T cells are pp65, IE-1, and UL48, though CD4+ and 

CD8+ T cells have been detected against peptides encoded by 151 unique HCMV ORFs 

(Sylwester et al., 2005).  

Interestingly, the magnitude of the CD4+ T cell response has been linked to 

improved outcomes in a variety of settings and patient populations. First, CD4+ T cells 

are known to be critically important in controlling viral replication following primary 

infection (Jonjic et al., 1990). Additionally, maternal CD4+ T cells were shown to be 

essential for protection against congenital CMV infection in pregnant rhesus macaques 

(Bialas et al., 2015) and were associated with protection in pregnant women (Fornara et 

al., 2016; Lilleri et al., 2007). CD4+ regulatory T cells (Tregs) are highly upregulated 



 

22 

during pregnancy (Rowe et al., 2012), though any potential role that this cell population 

plays in preventing or enhancing HCMV congenital infection has yet to be elucidated.  

 

1.9.3 Humoral Adaptive Immunity 

 The elicitation of neutralizing antibody responses underlies the efficacy of nearly 

all clinically-licensed vaccines (Dormitzer et al., 2008). Despite HCMV being a highly 

cell-associated virus, it is hypothesized that an HCMV vaccine might be successful by 

eliciting potently-neutralizing antibodies that reduce systemic viral replication and 

thereby prevent HCMV seeding of the placenta and subsequent fetal infection (Schleiss, 

2016). Indeed, retrospective human studies have reported that neutralizing antibodies 

targeting HCMV surface glycoproteins are correlated with reduced incidence of 

congenital virus transmission after primary maternal HCMV infection (Boppana and 

Britt, 1995; Lilleri et al., 2012; Lilleri et al., 2013). Yet, a recent clinical trial failed to 

demonstrate a significant reduction in rates of congenital HCMV infection following 

passive infusion of potently-neutralizing hyperimmune globulin (HIG) to pregnant 

women with primary HCMV infection. Results from these past studies emphasize 

possible challenges for the development of an efficacious antibody-based vaccine 

(Revello et al., 2014).  

Given the structural-complexity of HCMV and the diversity of entry mechanisms 

(Section 1.2), neutralizing antibodies are known to target a number of different 
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glycoproteins and epitopes including gB, gH, gL, UL128, UL130, UL131a, gM, and gN. It 

is hypothesized that neutralizing antibodies function by preventing virus attachment, 

inhibiting conformational changes in gB or gH/gL, preventing gB and gH/gL interaction, 

or blocking viral uncoating and/or capsid release (Reddehase and Lemmermann, 2013). 

The discovery of the pentameric complex (gH/gL/UL128/UL130/UL131a) a decade ago 

(Ryckman et al., 2008) fundamentally changed the HCMV vaccine field, as it was 

identified that the most potently-neutralizing antibodies in naturally infected 

individuals are those targeting UL128, UL130, and UL131a (Macagno et al., 2010). The 

majority of these antibodies require co-expression and assembly of multiple pentameric 

complex subunits to neutralize, and typically have IC90 values in the picomolar range 

(Reddehase and Lemmermann, 2013). 

There are a range of non-neutralizing antibody effector functions, including 

antibody-dependent cellular cytotoxicity (ADCC), antibody-dependent cellular 

phagocytosis (ADCP), and complement fixation, which might play role in anti-HCMV 

immunity. Over the past several years, the protection conferred by non-neutralizing 

antibodies has been increasingly recognized for HCMV and other herpesvirus 

pathogens (Petro et al., 2015) (Bootz et al., 2017; Li et al., 2017).  Yet the study of non-

neutralizing anti-HCMV immunity remains in its infancy. 
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1.10 Summary 

Despite the significant burden of disease caused by HCMV, the National CMV 

Foundation estimates that 91 percent of women have never heard of the pathogen. 

HCMV has a public relations problem – as highlighted by a recent New York Times 

article (Louis, 2016), congenital HCMV causes dramatically more disease than congenital 

Zika virus infection yet is not a household name. Thus, one of the major hurdles to the 

development of safe and effective strategies to prevent congenital as well transplant-

associated HCMV infection is public awareness of the need for such interventions. 

Nevertheless, there is mounting evidence that protective immunity against HCMV can 

be elicited by vaccination (Permar et al., 2018). Furthermore, there is currently significant 

interest in both the public and private sectors for the development of an HCMV vaccine 

(Schleiss, 2016). Thus, many hypothesize that a definitive intervention to prevent HCMV 

infection and disease is within our grasp.  
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2. Investigating the Ability of Preexisting Antibodies to 
Block Congenital CMV Infection 

Despite all efforts to develop an antibody-based vaccine for the prevention of 

congenital HCMV infection, it was previously unknown whether antibodies alone, in 

the absence of T cell immunity, could protect against placental virus transmission in a 

clinically-translatable model. In this study, using a nonhuman primate model of 

congenital CMV infection, we sought to investigate the ability of preexisting antibodies 

to block congenital CMV infection. 
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assisted with statistical analysis of the data.  Flavia Chiuppesi6, Felix Wussow6, Don J. 

Diamond6, Mark Walter5, Michael Cohen-Wolkowiez4, and Katia Koelle1 contributed 

expertise and insight. Finally, Amitinder Kaur2 and Sallie Permar3 provided mentorship 

and assistance writing this text.  

 

2.1 Rationale 

Our laboratory previously established that RhCMV could cross the placenta and 

cause congenital infection following intravenous (IV) inoculation of either immune 

competent or CD4+ T cell-depleted seronegative dams during the second trimester of 

pregnancy. In this study, we observed that CD4+ T cell-depleted dams frequently 

aborted their fetus following virus inoculation, exhibited higher plasma and amniotic 

fluid viral loads, and had delayed production of autologous neutralizing antibodies. 

These results suggested that maternal humoral immunity may impact systemic 

and intrauterine RhCMV replication, thereby influencing the severity of congenital 

infection. As such, we sought to use this NHP model to investigate whether preexisting 

antibody alone, in the absence of virus-specific T cell responses, could protect against 

placental RhCMV transmission or reduce congenital RhCMV infection severity. The 

passive infusion of antibodies in this study was not intended to model a treatment 

strategy for the prevention of either maternal CMV acquisition or fetal virus 

transmission, but rather as means to understand the protection conferred by preexisting 
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maternal antibody. These insights will inform rational development of a vaccine to elicit 

the most critical immune responses required to eliminate congenital HCMV disease. 

 

2.2 Results 

2.2.1 Hyperimmune globulin (HIG) production and study design  

  Two separate preparations of HIG were purified from plasma of RhCMV-

seropositive rhesus monkey donors. The first “standard” preparation was obtained from 

donors with high levels of total RhCMV-specific IgG, while the second “high-potency” 

preparation was purified from plasma of donors exhibiting robust epithelial cell 

neutralizing IgG antibody titers (ID50>1:1000). The high-potency preparation had 

approximately 4-fold more potent epithelial cell neutralization (standard=22.6 µg/mL vs. 

high-potency=5.9 µg/mL) and slightly increased overall glycoprotein binding 

(RhgB/RhPC: standard=1.7/3.9 µg/mL vs. high-potency=1.0/3.1 µg/mL) than the 

standard preparation. All RhCMV-seronegative dams in our current and previous study 

were infused with a CD4+ T cell-depleting antibody at week 7 of gestation, as described 

(Bialas et al., 2015). T cell phenotyping revealed a decline in CD4+ T cells with changes 

in the CD8+ T cell population in response to primary RhCMV infection (Figure 2.1)). The 

dams were subsequently divided into 3 groups: control, standard, and high-potency. 

Each animal, including those in the control group (n=6, including 4 historical controls 

(Bialas et al., 2015)) were IV inoculated with a mixture of fibroblast-tropic 180.92 (Kaur 
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et al., 1996) and epithelial-tropic UCD52/UCD59 (Oxford et al., 2011) RhCMV viruses at 

week 8 of gestation (Figure 2.2A). The standard group (n=3) was administered a single 

dose (100 mg/kg – mimicking human trial protocol (Revello et al., 2014)) of the standard 

HIG preparation 1 hour prior to inoculation with the RhCMV variants (Figure 2.2B), 

while the high-potency group (n=3) was given a dose-optimized regimen of the high-

potency HIG preparation (Figure 2.3) 1 hour prior to (150 mg/kg) and 3 days following 

(100 mg/kg) RhCMV inoculation (Figure 2.2C and Figure 2.4).  
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Figure 2.1: Peripheral CD4+ and CD8+ T cell kinetics and subset proportions are 
similar between treatment groups following CD4+ T cell depletion by anti-CD4+ 
mAb infusion.  

Both the percentage of peripheral CD4+ T cells (A) and the absolute number of 
peripheral CD4+ T cells (B) declined dramatically in all animals following 
administration of CD4+ T cell depleting antibody (CD4R1 clone), as indicated by 
vertical dotted black line, and remained suppressed without full recovery 
throughout the study. The percentages of central memory (CM) CD4+ T cells 
(CD28+CD95+), effector memory (EM) CD4+ T cells (CD28-CD95+), naïve (N) 
CD4+ T cells (CD28+CD95-), and transitional memory (TM) CD4+ T cells 
(CD28+CCR7-) are similar between treatment groups (C), with CM cells 
representing the dominant phenotype in the recovering population. Following 
CD4+ T cell depletion and RhCMV infection, both the relative percentage of 
peripheral CD8+ T cells (D) and the absolute number of peripheral CD8+ T cells 
(E) increased in all animals. Furthermore, analysis of CD8+ T cell subsets 
including central memory (CM) CD8+ T cells (CD28+CD95+), effector memory 
(EM) CD8+ T cells (CD28-CD95+), naïve (N) CD8+ T cells (CD28+CD95-), and 
transitional memory (TM) CD8+ T cells (CD28+CCR7-) (F) demonstrated that the 
EM population generally increased over time and CM/N/TM populations 
declined in a pattern consistent with primary infection.  
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Figure 2.2: HIG pre-infusion/RhCMV placental transmission study experimental 
design.  

 (A) 6 RhCMV-seronegative rhesus monkey dams were CD4+ T cell depleted at 
week 7 of gestation then inoculated one week later with a mixture of RhCMV 
stocks (180.92, UCD52, UCD59). (B) 3 seronegative, CD4+ T cell-depleted dams 
received a single dose (100 mg/kg) of a standard HIG preparation 1 hour prior to 
RhCMV infection. (C) 3 seronegative, CD4+ T cell-depleted dams received a 
dose-optimized HIG regimen (150 mg/kg prior to RhCMV infection + 100 mg/kg 
3 days following infection) of a high neutralizing potency HIG preparation 
isolated from seropositive donors screened by epithelial cell neutralization. 
Quantified IgG glycoprotein complex-specific binding titers as well as fibroblast 
(180.92 virus) and epithelial (UCD52 virus) neutralization activity was assessed 
for each HIG preparation (B,C).  
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Figure 2.3: Quality control of purified high-potency RhCMV HIG product.  

(A) Coomassie under reducing conditions showing high-potency HIG 
preparation purified from RhCMV-seropositive rhesus plasma (3rd column). (B) 
Western blot under reducing conditions demonstrating high-potency HIG 
preparation detected by rabbit anti-monkey IgG-AP showing absence of IgG in 
depleted sera (1st column) as well as distinct heavy and light chain bands (3rd 
column – 55 and 25kDa)  (C) Details regarding the purification process and final 
composition and endotoxin levels of the high-potency HIG product. 
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Figure 2.4: Pharmacokinetic (PK) modeling for dose-optimization of high-
potency HIG infusion.  

(A) PK coefficients were calculated using a two-compartment model system for 
standard HIG infusion and dose-optimized, high-potency HIG infusion. (B) An 
initial loading dose of 150mg/kg followed by a second dose of 100mg/kg 3 days 
later was determined to be the optimal regimen to maintain a level of infused 
IgG above 1-1.2mg/mL (estimated epithelial ID50 of 1000; horizontal dotted black 
lines), for 14 days. (C) HIG infusion kinetics for high potency HIG infused 
animals accurately mimicked the PK prediction. 

 

 

 

2.2.2 Glycoprotein targets of RhCMV-neutralizing antibodies.  

 To determine the RhCMV antibody specificity of the administered HIG, both 

standard (Figure 2.5A) and high-potency HIG (Figure 2.5) were depleted for antibodies 
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specific for RhCMV glycoprotein B (RhgB), RhCMV pentameric complex (RhPC), as well 

as RhgB/RhPC combined. Sufficient and selective depletion of glycoprotein-specific 

antibodies was confirmed by ELISA against the depleted epitope. We confirmed a >75% 

decrease in EC50 magnitude against depleted epitope and <20% change in EC50 against 

non-depleted epitope (Table 2.1). For the standard HIG preparation, absorption with 

RhgB resulted in a 2.2-fold reduction in the neutralization potency of plasma (mock 

depleted IC50=32.3 vs. RhgB-depleted IC50=71.8), whereas absorption with RhPC resulted 

in a slightly higher 2.9-fold reduction in neutralization potency (RhPC-depleted 

IC50=94.6) (Figure 2.5, Table 2.1). This same trend was observed for antigen depletion of 

the high-potency HIG, with a 2.9-fold reduction following RhgB depletion and a 3.3-fold 

reduction following RhPC depletion (Figure 2.5, Table 2.1). Additionally, depletion of 

antibodies specific to both antigens reduced the neutralization potency of sera beyond 

that of depletion with either RhgB or RhPC alone (Figure 2.5A,B, Table 2.1). Altogether, 

these findings suggest that antibodies targeting both RhgB and RhPC contribute to 

overall RhCMV neutralization activity in roughly equivalent proportions. Furthermore, 

both RhgB and RhPC-specific antibodies were found to contribute to the RhCMV-

neutralization titer in individual RhCMV-seropositive rhesus monkeys (Figure 2.6).  
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Figure 2.5: Both RhCMV gB and PC-specific antibodies contribute to 
neutralization activity of purified HIG preparations.  

Neutralization curves for standard HIG (A) and high-potency HIG (B) compare 
the relative neutralization potency of mock-depleted, RhgB-depleted, RhPC-
depleted, and both RhgB/RhPC-depleted antibody preparations. Each curve 
represents the mean value of two experimental replicates. 

 

Table 2.1: Antigen binding and neutralization activity of RhgB and RhPC-
depleted plasma 

 

                                                   

1EC50 values measured in µg/mL of HIG equivalent 
2Starting ELISA concentration of 33.3 µg/mL  
3Starting neutralization concentration of 100 µg/mL 

 Standard HIG High-potency HIG 

 RhgB EC50 
(µg/mL)11 

RhPC EC50 
(µg/mL)1 

IC50 
(µg/mL) 

RhgB EC50 
(µg/mL)* 

RhPC EC50 
(µg/mL)* 

IC50 
(µg/mL) 

Undepleted 1.7 3.9 22.6 1.0 3.1 5.9 
Mock depleted 5.9 15.7 32.3 3.1 9.0 13.1 
RhgB-depleted >33.32 17.7 71.8 10.9 7.1 38.3 
RhPC-depleted 5.26 >33.32 94.6 3.8 >33.32 42.6 
Both depleted >33.32 >33.32 >1003 15.3 >33.32 82.5 
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Figure 2.6: Both RhCMV gB and PC-specific antibodies contribute to 
neutralization activity of individual RhCMV-seropositive rhesus monkeys 

 (A) ID50 values depict the relative neutralization potency of mock-depleted, 
RhgB-depleted, PC-depleted, and both RhgB/RhPC-depleted antibody 
preparations. (B) ID50 values for depleted antibodies measured in epithelial cells 
with UCD52 virus (starting dilution 1:10). ELISA ED50 values confirm specific 
depletion of antibodies for a given antigen (starting dilution 1:30). Each data 
point represents the mean value of two experimental replicates.  

 

2.2.3 Antibody kinetics following HIG infusion.  

 Total RhCMV-binding IgM and IgG titers (Figure 2.7A,B), RhgB and RhPC-

specific IgG titers (Figure 2.7C,D), and fibroblast/epithelial cell IgG neutralizing 

antibody titers (Figure 2.7E,F), were measured following HIG infusion. Based on the 

known kinetics of antibody responses to primary viral infections, we attributed early 

detection of RhCMV-specific activity (within the first 10 days) to reflect passively-

infused antibodies in the HIG preparations. Peak RhCMV-binding IgG as well as RhgB 

and RhPC-specific antibody titers in the high-potency HIG group surpassed those of the 
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standard HIG group (Figure 2.7B-D), while peak neutralization titers were similar 

between the two HIG groups (Figure 2.7E-F). However, levels of IgG binding and 

antibody neutralization were sustained near peak levels for 10 days in the dose-

optimized, high-potency HIG group compared to only 3 days in the standard HIG 

group (Figure 2.7B-E). It is noteworthy that average binding IgG and epithelial cell 

neutralization titers in the high-potency HIG group surpassed those of chronically-

infected rhesus monkeys (Figure 2.7B,E) (Bialas et al., 2015). The standard HIG group 

had the most robust natural host immune response, with a sustained elevation of 

RhCMV-specific IgM (Figure 2.7A), as well as an exponential rise in binding IgG (Figure 

2.7B) and neutralization titers (Figure 2.7D,E) that outpaced each of the other groups.  
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Figure 2.7: Plasma RhCMV IgM/IgG binding and neutralization following HIG 
infusion. 

Median whole UCD52 RhCMV virion IgM (A) and IgG (B) binding titers are 
shown for 2 control animals in black (excluding 4 historical controls because of 
sample limitation), the 3 animals infused with a single dose of standard HIG in 
red, and the 3 animals administered a dose-optimized regimen of high-potency 
HIG in blue. RhCMV glycoprotein B (RhgB) (C) and RhCMV pentameric 
complex (RhPC) (D) binding-IgG titers demonstrate higher glycoprotein binding 
in the high-potency HIG-infused group. Furthermore, median neutralization 
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titers (ID50) were measured on fibroblast (180.92 virus) (D) and epithelial cells 
(UCD52 virus) (E). The time points of HIG infusion are denoted by colored 
arrows. Two experimental replicates were averaged to obtain each value, then 
median and numerical range was plotted for animals within the same treatment 
group. Horizontal dotted lines indicate average antibody binding and 
neutralization titers for chronically RhCMV-infected rhesus monkeys.  

 

2.2.4 RhCMV viral load, placental transmission, and shedding. 

 Following RhCMV inoculation, both control and standard HIG group animals 

showed a rapid onset of viremia that peaked at 2 weeks post infection (Figure 2.8A). In 

contrast, peak viremia in the high-potency HIG group was delayed until 4 weeks post 

infection (Figure 2.8A), with a median value nearly two logs lower than the control 

group (Figure 2.8E; p=0.047, corrected Wilcoxon exact test). RhCMV DNA copies in 

amniotic fluid were used as a marker for placental virus transmission because it is the 

gold-standard clinical test for congenital HCMV infection (Revello et al., 1998a). All 6 

control animals had detectable RhCMV DNA in amniotic fluid between 1 and 3 weeks 

following infection (Figure 2.8B), indicating 100% placental transmission. Additionally, 2 

of 3 animals in the standard HIG group had detectable congenital RhCMV infection 

(67% transmission) (Figure 2.8B). However, none of the 3 animals in the high-potency 

HIG group had detectable RhCMV DNA in the amniotic fluid, suggesting complete 

inhibition of congenital RhCMV transmission (Figure 2.8B), and indicating a potential 

dose-effect of HIG-mediated protection. It is possible that systemic viral load influenced 

placental transmission, as animals that transmitted the virus had the highest peak 
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plasma viral loads (Figure 2.8E) and peak plasma viral load correlated with initial 

amniotic fluid viral load (Figure 2.8F; r=0.812, p=0.001, Spearman correlation). Finally, 

while there was no difference in the peak magnitude of viral shedding in maternal urine 

(Figure 2.8C) or saliva (Figure 2.8D) between treatment groups, there was delayed onset 

of shedding in both urine (Figure 2.8G) and saliva (Figure 2.8H) following high-potency 

HIG infusion (both p=0.047, corrected Wilcoxon exact test). Altogether, these findings 

suggest that the presence of neutralizing antibodies can reduce systemic replication and 

block dissemination of the virus to other anatomic compartments. 
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Figure 2.8: Infusion with high-potency HIG prior to RhCMV infection reduces 
plasma viral load, prevents placental virus transmission, and delays viral 
shedding 

RhCMV copy number determined by qPCR is shown for control animals (n=6; 
black), the standard HIG group (n=3; red), and the high-potency HIG group (n=3; 
blue) in plasma (A), amniotic fluid (B), urine (C), and saliva (D). Data shown as 
the mean value of 6 or more individual replicates, with error bars indicating SD. 
Filled symbols represent animals with placental transmission, and non-filled 
symbols represent those without transmission. (E) Compared to the control 
group, median peak plasma viral load (VL) is reduced by nearly 2 logs in high-
potency HIG group (p=0.047, corrected Wilcoxon exact test). (F) There is a 
correlation between peak maternal plasma VL and initial amniotic fluid (AF) VL 
(r=0.812, p=0.002, nonparametric Spearman correlation). Additionally, in 
comparison to the control group, the average number of days to first urine 
shedding (G) and first saliva shedding (H) is increased in the high-potency HIG 
group (both p=0.047, corrected Wilcoxon exact test). Horizontal bars indicate 
median values for each group. *p<0.05, corrected Wilcoxon exact test. 

 

 2.2.5 Short NGS Amplicon Population Profiling (SNAPP) of plasma 

virus.  

  Using a novel, validated (Figure 2.9) next generation sequencing technique, short 

400bp regions within the RhCMV gB (Figure 2.10) and gL (Figure 2.11) genetic loci were 

amplified and sequenced at great read depth. We found that, as previously reported 

(Bialas et al., 2015), the viral populations in plasma were composed primarily of strain 

UCD52 at each sampled time point and in all treatment groups. The reason for the 

consistent predominance of UCD52 over other viral strains 180.92/UCD59 is unclear, 

though may indicate enhanced in vivo fitness of this isolate. Additionally, viral diversity 

was measured by calculating mean nucleotide diversity (∏) across each sample’s 
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haplotype sequences (Table 2.2). Overall, the diversity of the dominant plasma UCD52 

viral subpopulation was restricted in the high-potency HIG-treated animals compared to 

the control group at both the gB (Figure 2.10C) and gL (Figure 2.11) loci (both p=0.036, 

Wilcoxon exact test).  Nucleotide diversity was not significantly different between the 

control and standard HIG groups.  
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Figure 2.9: Short NGS Amplicon Population Profiling (SNAPP) accurately 
reflects input strain-specific viral DNA 

Viral DNA from RhCMV viral strains 180.92 and UCD52 mixed in equal 
proportions (50% 180.92 + 50% UCD52), then sequenced by SNAPP at the gB and 
gL loci results in raw sequencing reads of 180.92 and UCD52 corresponding to 
the original ratio of input DNA. This result is replicated for RhCMV viral DNA 
mixed in various ratios (B-E). The number in center of each ring represents 
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percentage of sequenced reads passing quality filters. The percentage of input 
reads corresponding to individual viral strains is denoted by the legend adjacent 
to each plot
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Figure 2.10: Plasma RhCMV gB sequence diversity is decreased following high-
potency HIG infusion 

SNAPP deep sequencing analysis at the glycoprotein B locus for maternal plasma virus 
population is shown for (A) 5 control dams (145-97, 174,97, 369-09, GM04, and HD79), 
(B) 3 standard HIG infused dams (GI73, IM67, and JC65), and (C) 3 high-potency HIG 
infused dams (HD82, HR73, and JM52). The top panel for each animal indicates the 
plasma viral load. The middle panel indicates the percentage of sequence reads 
corresponding to each of the three inoculated RhCMV strains in plasma at weeks 1-6 
post infection (180.92 in pink, UCD52 in green, and UCD59 in blue), which was similar 
between the treatment groups. The bottom panel for each animal is a heat map 
depiction of viral nucleotide diversity (π). Scale ranges from white (π=0) to dark red 
(π=0.02), with the diversity of each viral stock displayed for reference. Gray coloring 
indicates that no sequence reads were detected at that time point for a given viral 
variant. Blank areas represent sample non-availability (control group) or limited plasma 
viral load (<100 copies/mL). There is a significant reduction in diversity at the gB locus 
for the dominant strain in plasma (UCD52) following high-potency HIG infusion 
(*p=0.036, Mann-Whitney U test). Each data point represents the mean value of two or 
more experimental replicates. Historical control animal 274-98 (Bialas et al., 2015) was 
omitted from this analysis because it was only inoculated with  a single strain (180.92). 
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Figure 2.11: Glycoprotein L SNAPP confirms restricted plasma viral diversity in 
high-potency HIG group.  

Analogous to Fig 4, deep-sequencing analysis for maternal plasma virus population is 
shown for (A) 5 control dams (145-97, 174,97, 369-09, GM04, and HD79), (B) 3 standard 
HIG infused dams (GI73, IM67, and JC65), and (C) 3 high-potency HIG infused dams 
(HD82, HR73, and JM52). The upper panel indicates the percentage of sequence reads 
corresponding to each of the three inoculated RhCMV strains in plasma at weeks 1-6 
post infection (180.92 in pink, UCD52 in green, and UCD59 in blue), which was similar 
between the treatment groups. � denotes samples amplified by nested PCR with known 
primer bias. The lower panel for each animal is a heat map depiction of viral nucleotide 
diversity (π), calculated as the mean π value across each sample’s haplotype sequences. 
Scale ranges from white (π=0) to dark red (π=0.02). Gray coloring indicates that no 
sequence reads were detected at that time point for a given viral variant. Blank areas 
represent sample non-availability (control group) or limited plasma viral load (<100 
copies/mL). There is a significant reduction in diversity at the gL locus for the dominant 
strain in plasma (UCD52) following high-potency HIG infusion (*p=0.036, Wilcoxon 
exact test). Each data point represents the mean value of two or more experimental 
replicates. Historical control animal 274-98 was omitted from this analysis because it was 
only inoculated with a single strain (180.92). 
 
 

Table 2.2: Raw nucleotide diversity values (π) for plasma variants at gB and gL 
loci 

   
gB gL 

  Monkey Week 180.92 UCD52 UCD59 180.92 UCD52 UCD59 

Viral 
Stocks 

180.92 Stock 0.0037 0.0000 NA 0.0033 NA NA 
UCD52 Stock NA 0.0014 NA NA 0.0025 NA 
UCD59 Stock NA 0.0000 0.0030 NA NA 0.0010 

Control 

145-97 1 NA 0.0003 0.0000 0.0073 0.0214 0.0230 
145-97 2 NA 0.0036 NA 0.0006 0.0052 NA 
145-97 6 0.0000 0.0075 0.0113 0.0013 0.0038 NA 
174-97 1 0.0018 0.0147 0.0050 NA 0.0095 0.0039 
174-97 3 0.0160 0.0091 0.0074 0.0028 0.0070 0.0077 
369-09 1 0.0066 0.0069 0.0082 0.0013 0.0046 0.0033 
369-09 2 NA 0.0122 0.0015 NA 0.0086 0.0049 
369-09 3 0.0059 0.0099 0.0156 0.0025 0.0052 0.0049 
369-09 5 NA 0.0089 0.0028 0.0000 0.0067 0.0054 
369-09 7 NA 0.0170 0.0148 0.0000 0.0037 NA 
369-09 9 NA 0.0029 0.0040 NA 0.0021 NA 
GM04 1 0.0000 0.0026 0.0124 0.0002 0.0049 0.0039 
GM04 2 0.0011 0.0148 0.0081 0.0013 0.0064 0.0015 
GM04 3 0.0088 0.0094 0.0067 0.0062 0.0035 0.0061 
GM04 4 0.0089 0.0046 0.0154 0.0036 0.0049 0.0029 
GM04 5 0.0034 0.0013 NA       
HD79 1 0.0022 0.0012 0.0104 0.0048 0.0052 NA 
HD79 2 0.0041 0.0052 0.0011 0.0000 0.0004 NA 
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HD79 3 0.0096 0.0009 0.0160 0.0000 0.0057 NA 
HD79 4 0.0028 0.0024 NA 0.0011 0.0043 NA 
HD79 5 0.0029 0.0027 NA 0.0033 0.0061 NA 
HD79 6 NA 0.0037 0.0032 0.0041 0.0000 NA 

Standard 

GI73 1 NA 0.0149 0.0099       
GI73 2 NA 0.0113 0.0015 0.0000 0.0114 0.0098 
GI73 3 NA 0.0130 0.0014 0.0058 0.0047 NA 
GI73 4 NA 0.0006 NA 0.0000 0.0196 0.0097 
GI73 5 0.0030 0.0080 0.0021 0.0024 0.0015 NA 
GI73 6 NA 0.0011 0.0119       
IM67 1 0.0114 0.0060 0.0084 0.0003 0.0049 0.0023 
IM67 2 NA 0.0131 0.0027 0.0000 0.0060 NA 
IM67 3 0.0026 0.0026 0.0005 0.0000 0.0035 0.0062 
IM67 4 0.0050 0.0015 0.0010 0.0000 0.0005 NA 
IM67 5 0.0014 0.0139 0.0055 0.0000 0.0006 NA 
IM67 6 NA 0.0170 0.0112 0.0044 0.0138 0.0101 
JC65 1 NA 0.0062 0.0013 0.0000 0.0039 0.0008 
JC65 2 NA 0.0026 NA NA 0.0053 0.0000 
JC65 3 NA 0.0035 0.0086 NA 0.0032 NA 
JC65 4 NA 0.0140 0.0027 0.0015 0.0000 NA 
JC65 5 NA 0.0008 0.0053 0.0005 0.0000 NA 
JC65 6 NA 0.0132 0.0014       

High-
potency 

HD82 2 NA 0.0011 NA       
HD82 3 NA 0.0053 0.0186 0.0039 0.0035 NA 
HD82 4 NA 0.0005 NA 0.0020 0.0028 NA 
HD82 6 0.0021 0.0000 NA 0.0056 0.0061 NA 
HR73 3 0.0018 NA NA 0.0004 NA NA 
HR73 4 NA 0.0007 0.0005 0.0003 0.0028 NA 
HR73 5 0.0023 0.0022 0.0000 0.0005 0.0010 NA 
HR73 6 0.0035 0.0037 0.0119 0.0044 0.0022 NA 
JM52 2 NA 0.0010 NA 0.0011 0.0020 NA 
JM52 3 0.0011 0.0020 0.0000       
JM52 4 NA 0.0008 NA NA 0.0032 NA 
JM52 5 NA 0.0006 NA 0.0011 NA NA 
JM52 6 NA 0.0005 NA 0.0072 0.0055 NA 

 
 
2.2.6 Fetal outcome and RhCMV congenital infection.  
 

While 5 of 6 control dams aborted their fetus at 3 weeks post RhCMV infection, 

administration of either HIG regimen was sufficient to protect fetuses from spontaneous 

abortion (p=0.015, Exact Logrank Test based on Heinze macro; Figure 2.12A) (Heinze et 

al., 2003). Furthermore, we observed a reduced rate of congenital RhCMV transmission 

among HIG-treated animals (2/6) compared to control animals (6/6) (p=0.049, Exact 

Logrank Test based on Heinze macro; Figure 2.12B) (Heinze et al., 2003). Intriguingly, in 

the standard HIG group only 1 of 3 fetuses remained uninfected whereas all 3 fetuses in 
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the high-potency HIG group were protected from infection (Figure 2.12C), suggesting 

that preexisting, potently CMV-neutralizing HIG can reduce the incidence of congenital 

infection. Of note, fetal growth curves (Figure 2.13) and systemic cytokine profiles 

(Figure 2.14) were similar between treatment groups, indicating no obvious off-target 

effects of the infused HIG. Reassuringly, all dams with detectable RhCMV DNA in 

amniotic fluid also had detectable virus in placenta, amniotic membrane, and umbilical 

cord (Figure 2.12C). However, there was significant heterogeneity in viral burden and 

distribution among fetal tissue types: some fetuses had high copy number virus in 

nearly every tissue tested (174-97, IM67), while others only had virus detectable in the 

cochlea (GI73, HD79) (Figure 2.12C). This heterogeneity is consistent with previous 

reports for HCMV suggesting that the virus can replicate in the amniotic membrane 

without observable fetal infection (Tabata et al., 2016). It is unclear from the data 

whether cochlear infection might have occurred via direct inoculation of the ear canal or 

if fetal immune control could have led to isolated virus detectable in the cochlea. 

However, the persistence of virus in the cochlea further validates this model as 

consistent with congenital HCMV infection in human fetuses. Congenital infection was 

additionally confirmed in placentas by histology and immunohistochemical staining for 

the RhCMV IE-1 protein (Figure 2.12D, Table 2.3). Of note, the placental tissue PCR and 

histology/IHC data do not agree completely (Table 2.3), suggesting that PCR may be a 

more sensitive measure after resolution of the acute infection. 
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Figure 2.12: Maternal HIG pre-infusion significantly reduces incidence and 
severity of RhCMV congenital infection 

Fetal survival was significantly increased following HIG infusion (p=0.015, Exact 
Logrank Test based on Heinze macro), and both standard HIG and high-potency 
HIG infusion were sufficient to prevent fetal loss. (B) Rate of congenital infection 
was significantly reduced following HIG pre-infusion (p=0.049, Exact Logrank 
Test based on Heinze macro), though 2/3 animals in the standard HIG group had 
congenitally-infected infants compared with 0/3 in the high-potency HIG group. 
(C) Heat map separated by treatment group demonstrates heterogeneity in the 
viral burden of amniotic fluid (AF), placenta, amniotic membrane, cord, and fetal 
tissues. Data shown as the mean value of 6 or more individual replicates. 
Samples were considered positive if viral DNA was detected in 2 or more 
individual replicates. (D) Placental infection was detected by 
immunohistochemistry for RhCMV IE-1 protein, with rare cells in the 
trophoblastic shell of IM67 (Standard HIG) exhibiting intranuclear staining. 
Inset: higher magnification of cell exhibiting intranuclear staining.  
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Figure 2.13: Growth of RhCMV infected rhesus monkey fetuses is similar between 
control and HIG pretreatment groups. 
 
Fetuses were monitored regularly for signs of intrauterine growth restriction by 
ultrasound examination. Growth was measured by (A) biparietal diameter (BPD) and 
(B) femur length, and was within normal limits for all animals 
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Figure 2.14: Plasma cytokine and growth factor profile of RhCMV-infected rhesus dams 
is similar between control and HIG pre-treatment groups 

16 cytokines were detectable above background levels at one or more of the tested time 
points: IL-12 (A), Rantes (CCL5) (B), Eotaxin (C), MIP-1β (CCL4) (D), MCP-1 (E), EGF 
(F), HGF (G), IFNγ (H), MDC (CCL22) (I), I-TAC (CXCL11) (J), MIF (K), IL-1RA (L), 
TNFα (M), IP-10 (CXCL10) (N), MIG (CXCL9) (O), and IL-8 (P). Dotted vertical line 
indicates time of CD4+ T cell depletion, and solid vertical line indicates time of RhCMV 
infection. Two experimental replicates were completed for each data point. 
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Table 2.3: Immunohistochemical and microscopic findings in the placenta. 

Group Dam 
Transmission 

Status 
(AF PCR) 

Placental 
Tissue 
PCR 

Placenta 
IHC 

Microscopic 
findings 

Control 369-09 + + + No significant findings 
174-97 + + + No significant findings 
274-98 + + - No significant findings 
GM04 + + - No sig. findings 
HD79 + + + No significant findings 

      
Standard 

HIG 
GI73 + + - No significant findings 
IM67 + + + Mild lymphocytic infilt. 
JC65 - - - No significant findings 

      
High-

potency 
HIG 

JM52 - - - Minimal lymph infilt. 
HR73 - - - No significant findings 
HD82 - - - No significant findings 

 

2.2.7 Placental transcriptome.  

Congenital RhCMV infection appears to modify the placental transcriptome 

more radically than HIG infusion or fetal abortion, as more than 300 genes were 

differentially-expressed between RhCMV-transmitting and nontransmitting dams, but 

only 78 when comparing HIG infusion/fetal outcome (Figure 2.15, Figure 2.16). This 

finding suggests that HIG predominantly mediated protection through its impact on 

maternal systemic virus replication rather than through modification of the placental 

transcriptome. A large proportion of these differentially-expressed genes were immune-

related. Additional cellular functions that appeared altered by RhCMV infection 

included metabolism, oxidoreductase activity, and cellular growth/proliferation (Table 
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2.4). Gene interaction analysis of differentially-expressed genes between RhCMV-

transmitting and nontransmitting dams (Figure 2.16B) revealed that the placental 

transcriptome was heavily biased towards up-regulation of genes in transmission. 

Furthermore, certain gene nodes had numerous connections to other differentially 

regulated genes (e.g. VCAM1, EGFR, GZMB, LYN, FYN, GAPDH), suggesting that these 

“keystone” genes are central to the cellular pathways induced by RhCMV infection. 

Focusing on a subset of genes involved in innate vs. adaptive immunity (Figure 2.16C), 

we note that there is a potential bias for activation of innate immune pathways by 

placental RhCMV infection. Finally, cell type enrichment analysis based upon 

previously-described genes involved in cellular activation/processes (Smith et al., 2014) 

demonstrated no preference at the transcriptome level for myeloid vs. lymphoid 

lineages (Figure 2.16D). However, Natural Killer (NK) cell-specific genes had the most 

robust differential expression (Figure 2.16D), and we identified 21 unique genes known 

to be associated with NK cell function and/or chemotaxis (Figure 2.16E, Table 2.5) 

including killer immunoglobulin-like receptors (KIR2DL4) and killer lectin-like 

receptors (KLRD1, KLRC1, KLRC3, KLRB1). Furthermore, non-classical MHC molecules 

HLA-E and HLA-G (rhesus analog inferred by IPA database) were up-regulated. 
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Figure 2.15: Placental transcriptome is influenced more by RhCMV infection than 

HIG pretreatment or the outcome of fetal loss.  

(A) Heat map and Venn diagram for 78 differentially-expressed genes (p<0.05, 

fc>2.0) for dams with protected fetuses vs. dams with fetal loss (�=HIG pre-

treatment/fetal survival; □=fetal loss) (B) Heat map and Venn diagram for 310 

differentially-expressed genes (p<0.05, fc>2.0) for RhCMV-transmitting vs. 

nontransmitting dams (●=no RhCMV placental transmission; ○=placental 

transmission). Samples and genes are clustered based on correlation distance 

with complete linkage. A single transcriptome microarray was completed for 

each sample. 
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Figure 2.16: Placental transcriptome shifts following RhCMV congenital infection.  
 
(A) Heat map depicting normalized fold change of top differentially expressed genes 
(p<0.01, fc>2.0) in monkey dam placenta with and without RhCMV congenital infection 
(red=relative up-regulation in RhCMV infection, blue=relative down-regulation) (B) 
Interaction network for all differentially regulated genes (p<0.05, fc>2.0) suggests that 
genes up-regulated in congenital infection (green) greatly outnumber those up-regulated 
in no infection (red). Node size reflects the number of gene interactions (InnateDB 
database), while color intensity indicates degree of fold change. (C) Analysis of innate 
vs. adaptive immune genes suggests some preference for up-regulation of innate 
immunity following infection, with blue denoting a statistically significant change 
(p<0.05) (D) Cell type enrichment analysis suggests no preference for myeloid vs. 
lymphoid lineages, but that genes specific for monocytes and NK cells are up-regulated 
following congenital infection. Statistically significant genes (p<0.05) shown in blue, and 
significant genes with a fc>2.0 are labeled. (E) Diagram depicting placental genes related 
to NK cell movement and/or function (defined by IPA and KEGG databases) that are 
differentially up-regulated (p<0.05, fc>2) in placental RhCMV infection. APC=Antigen 
Presenting Cell. Data represents values obtained from a single transcriptome microarray 
experiment. 

 

Table 2.4: Top 25 placental genes up-regulated in RhCMV infection 

Gene ID log2(fc) P-value Gene Title 

CCL23 6.25 0.022 Chemokine (C-C Motif) Ligand 23 
SERPINA3 5.71 0.005 Serpin Peptidase Inhibitor, Clade A, Member 3 

KLK2 5.49 0.011 Kallikrein Related Peptidase 2 
GNLY 5.21 0.008 Granulysin 
OMD 5.06 0.009 Osteomodulin 

POSTN 5.01 0.007 Periostin, Osteoblast Specific Factor 
GZMA 4.76 0.012 Granzyme A 

MAMU-A3 4.69 0.030 Major Histocompatibility Complex, Class I, A 
C13H2orf40 4.65 0.014 Chromosome 2 ORF 40 

RORB 4.63 0.027 RAR-Related Orphan Receptor B 
NDP 4.59 0.004 Norrie Disease (Pseudoglioma) 

ALDH1A2 4.19 0.019 Aldehyde Dehydrogenase 1 Family, Member A2 
CRISP3 4.17 >0.001 Cysteine-Rich Secretory Protein 3 
CCL15 4.11 0.004 Chemokine (C-C Motif) Ligand 15 
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Table 2.5: Placental genes up-regulated in RhCMV infection related to NK cell 
function  

Gene ID Log2(fc) P-value Gene Title 

CCL2 1.29 0.002 C-C motif chemokine ligand 2 
CD44 1.06 0.027 CD44 molecule  
CD81 1.96 0.044 CD81 molecule 

CXCL8 2.91 0.028 C-X-C motif chemokine ligand 8 
FYN 1.98 0.022 FYN protein tyrosine kinase 

GZMB 3.97 0.018 granzyme B 
HLA-E 1.49 0.037 major histocompatibility complex, class I, E 
HLA-G 1.75 0.02 major histocompatibility complex, class I, G 
IL1RL1 2.23 0.012 Interleukin 1 Receptor Like 1 

IL15 1.52 0.042 interleukin 15 
KIR2DL4 2.24 0.014 killer cell immunoglobulin like receptor 

KLRB1 4.1 0.009 killer cell lectin like receptor B1 
KLRC1  1.21 0.0002 killer cell lectin like receptor C1 
KLRC3 1.78 0.005 killer cell lectin like receptor C3 
KLRD1 1.75 0.015 killer cell lectin like receptor D1 
NKG7 2.36 0.027 natural killer cell granule protein 7 
PRL 3.63 0.019 prolactin 

RARRES2 1.57 0.034 retinoic acid receptor responder 2 
SOCS2 1.26 0.01 suppressor of cytokine signaling 2 

TYROBP 1.13 0.049 TYRO protein tyrosine kinase binding protein 

KLRB1 4.10 0.009 Killer Cell Lectin-Like Receptor B1 
GZMB 3.97 0.018 Granzyme B 
WT1 3.91 0.027 Wilms Tumor 1 

CTSH 3.73 0.003 Cathepsin H 
IGFBP6 3.67 0.018 Insulin-Like Growth Factor Binding Protein 6 

PRL 3.63 0.019 Prolactin 
DKK1 3.57 0.006 Dickkopf WNT Signaling Pathway Inhibitor 1 
LYZ 3.54 0.001 Lysozyme 

IGFBP1 3.47 0.049 Insulin-Like Growth Factor Binding Protein 1 
APOD 3.38 0.002 Apolipoprotein D 
FAP 3.29 0.011 Fibroblast Activation Protein, Alpha 

CACNAD3 3.23 0.031 Voltage-Dependent Calcium Channel a2/d3 
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VCAM1 2.91 0.031 vascular cell adhesion molecule 1 

2.3 Discussion 

The role of preexisting antibodies in prevention of congenital HCMV infection 

remains controversial within the HCMV vaccine field, yet our findings indicate that a 

dose-optimized preinfusion with potently-neutralizing HIG can block placental RhCMV 

transmission in a rhesus monkey model of congenital CMV. Our study illustrates that 

factors such as maternal antibody titer and neutralization potency at the time of peak 

CMV viremia are important considerations for antibody-mediated protection against 

congenital CMV infection. In this study, given the experimental setup, we have not 

definitively proven that it is neutralization titer that is protective against congenital 

RhCMV transmission. Other possibilities include the total pre-existing binding antibody 

level, non-neutralizing antibody functions such as antibody-dependent cellular 

cytotoxicity (ADCC) activity, a reduction in maternal viral load, or reduction in the 

number of infected monocytes that might traffic to the placenta. Nevertheless, these data 

substantiate observational human cohort studies suggesting that maternal HCMV-

specific antibodies decrease risk of placental virus transmission (Boppana and Britt, 

1995; Fowler et al., 2003; Lilleri et al., 2012; Lilleri et al., 2013).  Furthermore, these data 

affirm findings from the guinea pig model of congenital infection that demonstrate that 

preexisting antibodies (from either glycoprotein immunization or passive 

HIG/monoclonal antibody infusion) can reduce the incidence and/or severity of  
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congenital gpCMV infection (Auerbach et al., 2014; Bourne et al., 2001; Bratcher et al., 

1995; Chatterjee et al., 2001).  

The therapeutic efficacy of HIG in preventing placental transmission in mothers 

with primary HCMV infection is a topic of ongoing investigation. Several non-

randomized small-scale clinical trials (Nigro et al., 2005; Visentin et al., 2012) and case-

controlled studies (Maidji et al., 2010; Nigro et al., 2012), concluded that post-infection 

HIG infusion significantly reduced rates of placental HCMV transmission, reduced 

placental pathology, and improved infant outcomes. Animal studies in the guinea pig 

model of congenital infection further corroborated these findings (Cekinovic et al., 2008; 

Chatterjee et al., 2001). However, a large-scale, randomized, placebo-controlled trial did 

not find significant reduction in rates of congenital infection in mothers with primary 

HCMV infection that were subsequently treated with HIG, and revealed no difference in 

virus-specific antibody titers, effector T cell count, or the level of plasma viremia 

between the HIG-treated and placebo groups (Revello et al., 2014). Several confounding 

factors may explain the lack of efficacy of HIG treatment in this large-scale clinical trial. 

First, it was unknown in this study whether congenital transmission had already 

occurred prior to initiating therapeutic HIG treatment. Second, there is no concrete 

evidence for the therapeutic efficacy of the clinically-utilized product (Cytotect®), and 

therefore it is unknown whether HIG infusion achieved a titer that was both sustained 

and/or sufficient for effective anti-HCMV immunity.  
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This study was not intended to model a therapeutic treatment regimen but rather 

to directly address the clinical question: can preexisting antibodies alone prevent 

congenital CMV infection? The advantages of our NHP model are that the timing of 

infection is predefined and serum antibody titer can be titrated. By utilizing passive 

infusion experiments with different dosing regimens and potency of RhCMV-specific 

antibodies prior to RhCMV inoculation, we were able to model the requirements for 

preexisting antibodies to confer protection against congenital RhCMV infection. 

Moreover, conducting the experiments in a CD4+ T cell-depletion model also allowed us 

to address the protective role of antibodies to the exclusion of RhCMV-specific cellular 

immune responses. Our results suggest that a single 100 mg/kg dose of standard 

neutralizing potency HIG (donor plasma screened by elevated ELISA OD, as is done for 

the clinical product Cytotect® (Planitzer et al., 2011)) delivered immediately prior to 

RhCMV infection can reduce the severity of congenital infection (0 of 3 monkeys 

aborted) but is insufficient to prevent congenital CMV transmission (2 of 3 monkeys 

transmitted).  

To our knowledge, the epitope specificity of RhCMV-neutralizing antibodies has 

not been previously reported. It has been well established for HCMV that, while gB is an 

important target of neutralizing antibodies, the majority of neutralization activity in 

seropositve individuals is directed against the gH/gL/UL128-131A pentameric complex 

(Fouts et al., 2012; Loughney et al., 2015). Furthermore, the pentameric complex has also 
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been shown to be a target of neutralizing antibodies for guinea pig CMV (Coleman et al., 

2016). In this study, we identified that antibodies targeting both RhgB and RhPC 

contribute to the total neutralization activity of RhCMV-seropositive monkey sera in 

approximately equivalent proportions. It is certainly reassuring for the translational 

applicability of this animal model system that RhPC-directed antibodies are 

neutralizing; however, it is unclear why the relative proportions of PC-directed 

neutralization activity would differ between HCMV (~85%) (Fouts et al., 2012) and 

RhCMV (~50%). We hypothesize that this could explain why the magnitude of RhCMV 

neutralizing antibody titers are roughly equivalent magnitude when measured in both 

fibroblasts and epithelial cells, whereas HCMV neutralizing antibody titers are nearly an 

order of magnitude lower in fibroblasts than epithelial cells (Wang et al., 2011). 

Subsequent studies are needed to improve our understanding of this potential difference 

in viral biology and/or antiviral humoral immune factors between RhCMV and HCMV. 

It has been theorized that passively-infused antibodies can reduce systemic 

maternal viral load and thereby reduce the likelihood of placental transmission (Lilleri et 

al., 2012; Nigro et al., 2005), though this correlation has not been observed in some 

human primary infection cohorts (Revello et al., 1998b).  In this study, dams with 

reduced peak plasma viral load in the presence of antibodies did not transmit the 

infection to their fetus in utero. This trend was accompanied by a significant reduction in 

nucleotide diversity of the plasma virus population in the high-potency HIG group, 
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assessed at both the gB and gL loci. Thus, we hypothesize that in the setting of antibody-

mediated immune pressure, the number of unique viral variants is restricted following 

primary infection and systemic replication is inhibited, resulting in decreased viral 

transmission to the fetus.  

The placental transcriptome was examined to investigate whether HIG-mediated 

protection against congenital infection occurs via gene regulation at the level of the 

placenta/decidua. Intriguingly, RhCMV infection impacted the transcription profile of 

placental/decidual cells to a much greater degree than HIG-treatment or fetal abortion, 

suggesting that HIG predominantly mediated protection through its impact on maternal 

systemic virus replication. The preferential activation of innate over adaptive immune 

processes in RhCMV-infected placenta is perhaps due to the tolerogenic environment at 

the maternofetal interface (Koga and Mor, 2010; Racicot et al., 2014). Furthermore, the 

apparent upregulation of NK cell-specific genes in RhCMV-infected placenta may be 

attributable to either NK cells being the major leukocyte in the decidua during the early 

stages of pregnancy (Male et al., 2011) or by the propensity for NK cells to control CMV 

infection in vivo (Kuijpers et al., 2008; Min-Oo and Lanier, 2014). However, this analysis 

has several caveats including (1) placental samples were from full-thickness 

decidua/placenta tissue and therefore lack anatomic specificity and (2) all tissue samples 

were isolated from CD4+ T cell-depleted animals. As such, we cannot be certain whether 

the trends observed are broadly applicable outside of this model system. 



 

67 

Our findings are based on a relatively small cohort of animals (n=12) due to the 

severely limited availability of breeding, seronegative female monkeys. One 

consequence of our limited animal population is the need to amplify the biologic effects 

of placental RhCMV infection through both CD4+ T cell depletion and IV viral 

inoculation. Though both these artificial methods distort the reality of natural CMV 

infection and bias our results in favor of placental transmission, we propose that these 

interventions strengthen the major finding in this study that preexisting antibody alone 

(in the absence of cell-mediated immunity) can prevent placental transmission in the 

setting of acute maternal viremia. One additional limitation to our study design is that, 

though HIG is known to non-specifically modulate immune responses to prevent 

inflammatory disease (Adler and Nigro, 2009; Cheeran et al., 2009; Maidji et al., 2010), 

we had to limit the number of individual control groups in this study and did not have a 

cohort of animals infused with non RhCMV-reactive HIG. Because of this deficiency, we 

cannot definitively rule out non-specific immunomodulatory effects of the infused HIG, 

though all infusion groups had similar cytokine expression profiles following infection. 

Furthermore, since protection against congenital transmission may have been achieved 

as a result of a “dose-effect” in the high-potency HIG group vs. the standard group, 

antibody-mediated protection is likely due to anti-viral function rather than 

immunomodulatory properties of the infused HIG.  
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Despite these limitations, this is the first primate study to demonstrate that 

preexisting maternal antibody alone has the potential to block and ameliorate placental 

CMV transmission. Thus, a maternal vaccine that elicits durable, potently-neutralizing 

humoral immunity could be an ideal intervention to eliminate pediatric disabilities 

associated with congenital HCMV infection. Based on our findings we hypothesize that 

the prevention of maternal HCMV acquisition (i.e. sterilizing immunity), which has been 

the target of several phase 2 vaccine trials (Bernstein et al., 2016; Pass et al., 2009), may 

not be the most appropriate measurable outcome for a congenital HCMV vaccine that 

ultimately seeks a reduction in the frequency of congenital HCMV transmission. Since 

we observed that antibody-mediated protection against congenital HCMV was 

associated with a decrease in maternal systemic viral load and constrained viral 

diversity, these surrogate markers could potentially serve as clinical study endpoints. 

Subsequent studies should investigate the epitope specificity and properties of 

protective immunoglobulins for future rational design of a maternal congenital HCMV 

vaccine.  

 

2.4 Materials and Methods 

Animals. Indian-origin rhesus macaques were housed at the Tulane Primate 

National Research Center and maintained in accordance with institutional and federal 

guidelines for the care and use of laboratory animals (Council, 2011). All females were 
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from the expanded specific pathogen-free (eSPF) colony and confirmed to be RhCMV 

seronegative by whole-virion ELISA screening for RhCMV-specific IgM and IgG plasma 

antibodies. RhCMV-seronegative males and females were then co-housed and females 

were screened every 3 weeks for pregnancy via abdominal ultrasound. All animals in 

this study were between 4 and 9 years of age at the time of pregnancy/enrollment 

(JC65=4.7, GI73=8.8, IM67=5.7, JM52=4.6, HR73=7.6, HD82=8.7, HD79=8.7, GM04=8.8, 

HD79=8.7). Gestational dating was performed by sonography, and was based on 

gestational sac size (average of three dimensions) and crown rump length of the fetus. 

At week 7 of gestation, 12 RhCMV-seronegative dams were administered an IV 50 

mg/kg dose of recombinant rhesus CD4+ T cell–depleting antibody (CD4R1 clone; 

Nonhuman Primate Reagent Resource).  

One week following CD4+ T cell depletion, 3 seronegative dams were 

administered a single dose (100 mg/kg) of hyperimmune globulin (HIG) produced from 

the plasma of RhCMV seropositive monkeys screened by RhCMV whole virion IgG 

binding ELISA (50% Inhibitory Concentration – IC50=22.64 µg/mL) 1 hour prior to 

intravenous (IV) challenge with a mixture of RhCMV strains 180.92 (originally isolated 

from the lung of an immune-compromised rhesus macaque) (Kaur et al., 1996) and 

UCD52/59 (originally isolated from urine of seropositive monkeys) (Oxford et al., 2011). 

Each monkey was administered 2×106 TCID50 RhCMV 180.92 in one arm and 

1×106 TCID50 each of RhCMV UCD52 and UCD59 in the other arm, diluted in serum-free 
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RPMI. The remaining 3 dams received a dose-optimized (2 dose) regimen of a potently-

neutralizing HIG product purified from RhCMV seropositive monkeys with a plasma 

neutralization titer in epithelial cells >1000 (IC50=5.88 µg/mL) at 1 hour prior to IV 

RhCMV inoculation (150 mg/kg) and 3 days post infection (100 mg/kg), respectively. 

This dose-optimized regimen was based on pharmacokinetic modeling of the 

neutralization activity from the standard group. 6 dams were non-infused control 

animals (including 4 historical controls) (Bialas et al., 2015).  

Blood draws were performed on the standard potency infused animals on the 

following days after infection/infusion: 0, 2, 4, 7, 10, 14, 21, 28, 35, 42. The high-potency 

infused animals were sampled at days: 0, 1, 2, 3, 4, 7, 10, 14, 21, 28, 35, 42, 49, 56, 63, 70, 

77, 84. Amniotic fluid (by amniocentesis), urine (by clean pan collection), and saliva (by 

oral saline wash), were also collected on all animals on a weekly to biweekly intervals 

until fetal harvest. In the case of fetal abortion, placental and fetal products were 

obtained from the cage and fixed in formalin for hematoxylin–eosin staining and 

immunohistochemistry or frozen. Fetal growth was monitored by measuring biparietal 

diameter and femur length during weekly to biweekly fetal sonography over the course 

of gestation. Sonography was also used to screen for signs of congenital RhCMV-

associated sequelae. The fetuses of dams in the standard HIG group were harvested at 6 

weeks following infection, and those of the high-potency HIG group at 12 weeks 

following infection. The standard and high-potency HIG groups were followed for 
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different periods of time because we did not observe any fetal abortion in the first group 

(standard HIG), and therefore wanted to ensure in the subsequent year that HIG 

treatment did not simply delay fetal abortion.  

IgG purification for HIG preparations. Seropositive rhesus monkeys plasma donors 

were screened by either high OD binding against UCD52 virions (top 50% seropositive 

OD; standard HIG) or by epithelial cell neutralization titer (ID50>1000; high-potency 

HIG). Donor plasma was mixed with equal volume of Protein G IgG Binding Buffer 

(Pierce) and spun at 4700 RPM for 25 minutes at RT. Pellet was discarded and 

supernatant was filter sterilized through a 0.22 µm filter and used for purification. Sera 

mixture was passed through gravity column packed with Protein G Plus Agarose beads 

(Pierce). Beads were washed with 5 column volume (CV) of IgG Binding buffer and 

eluted with 2 CV of IgG Elution Buffer (Pierce). Eluted IgG was immediately neutralized 

with 1M Tris buffer, pH=8. Beads were washed with 5 CV of IgG binding buffer. Serum 

was passed through Protein G Plus Agarose beads 10 times and IgG was eluted each 

time. All IgG elutions were concentrated and buffer exchanged into 1x PBS using 

Millipore Amicon 30K filters (Fisher Scientific). Final preparations were tested by ELISA 

for the presence of bacterial endotoxin.  

Pharmacokinetic modeling for dose-optimized HIG infusion. Plasma concentration-

time data of IgG in rhesus monkeys were adjusted using baseline value of IgG for each 

individual animal and analyzed using WinNonlin (version 6.3.0; Certara). One- and two-
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compartment PK models with first-order elimination were evaluated to characterize the 

observed data. PK parameters including clearance (CL), volume of distribution (V), and 

half-life associated with the elimination phase (T1/2,β) were estimated for each animal. 

Simulations for optimizing dosing regimen in the second PK study were performed to 

ensure IgG concentrations above 1-1.2 mg/ml (~ID50>1000) for 2 weeks after initiating 

treatment.  

Cell culture and virus growth. Telomerized rhesus fibroblasts (TeloRF) cells were 

maintained in Dulbecco’s modified Eagle medium (DMEM) containing 10% FCS, 2 

mM L-glutamine, 50 U/mL penicillin, 50 µg/mL each streptomycin and gentamicin, and 

100 µg/mL geneticin G418 (Invitrogen). TeloRF immortalized cells were used for in vitro 

assays and viral growth since they: (1) robustly support viral replication indefinitely (i.e. 

without issues of cellular senescence) and (2) facilitate standardization/consistency 

between assays (Chang et al., 2002). Monkey kidney epithelial (MKE) cells were cultured 

in DMEM-F12 supplemented with 10% FCS, 2 mM L-glutamine, 1 mM sodium 

pyruvate, 50 U/mL penicillin, 50 µg/mL each streptomycin and gentamicin, and 5 mL of 

epithelial growth cell supplement (ScienCell). Cell lines were tested for mycoplasma 

contamination every 6 months.   

Epithelial-tropic UCD52 and UCD59 were propagated on MKE cells for 3-4 

passages, then passaged once on TeloRF cells in order to increase viral titer. This single 

round of fibroblast amplification was intended to minimize any alteration of viral 
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tropism or glycoprotein surface expression. Virus infections were performed with 

similar media but with 5% FCS for 4h at 37°C and 5% CO2. Virus was harvested when 

cells showed 90% cytopathic effects (CPE) by cell scraping. For harvest, infected cells 

were pelleted by low-speed centrifugation, and the supernatant was placed on ice. Cell 

pellets were then resuspended in infection media and subjected to three rounds of 

freeze/thaw cycles. Following centrifugation, supernatants were combined, passed 

through a 0.45 µm filter, overlaid onto a 20% sucrose cushion, and ultracentrifuged at 

70,000×g for 2 hours at 4°C using an SW28 Beckman Coulter rotor. Virus pellets were 

resuspended in DMEM containing 10% FCS and titered in TeloRFs using the 

TCID50 method of Reed and Muench. 

Characterization of T cells by flow cytometry. Maternal peripheral CD4+ and CD8+ T 

cells were phenotyped by mixing 100 µL of EDTA-anticoagulated blood with a pool of 

fluorescently labeled monoclonal antibodies including CCR7, CD95, CD28, CD4, CD20, 

CD3, CD8, and CD45. After a 30 minute incubation at 4°C, cells were washed with PBS 

supplemented with 2% FCS and pelleted at 100×g for 5 min. Red blood cells were then 

lysed by adding 1× BD lysis buffer for 40min at room temperature. Intact cells were 

centrifuged at 150×g for 5 min, washed once with PBS containing 2% FCS, and 

resuspended in 100 µL of PBS with 2% FCS. Cells were fixed by adding 15 µL of 2% 

formaldehyde and processed by flow cytometry. Gating of CD4+ and CD8+ 

populations/subpopulations was completed in FlowJo as is outlined in Supplemental 
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Figure 2.17.  

 

Figure 2.17: Flow cytometry gating of peripheral blood mononuclear cells for T 
cell phenotyping. 

A generous lymphocyte gate was applied (A), then FSC singlets (B), SSC singlets 
(C), and CD45+ leukocytes (D) were selected. Next, the CD3+ T cell population 
was identified (E), and CD4+ and CD8+ T cell populations defined (F). Central 
memory , effector memory, and naïve CD4+ and CD8+ T cell subsets were 
classified as either CD28+CD95+, CD28- CD95+, and CD28+CD95-, respectively 
(G,I). Transitional memory  T cells were characterized as CD28+CCR7- (H,J). 

 

Antibody kinetics and glycoprotein binding specificity. Virus-specific IgM and IgG 

antibody kinetics were measured in maternal plasma by whole-virion ELISAs, and 

glycoprotein specificity of HIG and maternal plasma samples was measured by ELISA 
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against soluble RhCMV gB protein and RhCMV pentameric complex. Plates were coated 

with antigen diluted in PBS with Mg2+ and Ca2+ (PBS+) overnight at 4°C – either 5,120 

PFU/mL of filtered RhCMV UCD52 virus for whole virion ELISA or 0.13 µg/mL soluble 

glycoprotein. Following incubation, plates were blocked for 2h with blocking solution 

(PBS+, 4% whey protein, 15% goat serum, 0.5% Tween-20), then threefold serial dilutions 

of plasma (1:30 to 1:5,314,410) were added to the wells in duplicate for 1.5 hours. Plates 

were then washed twice and incubated for 1 hour with anti-monkey IgM or anti-

monkey IgG HRP-conjugated antibodies (Rockland) at a 1:10,000 dilution. After four 

washes, SureBlue Reserve TMB Microwell Peroxidase Substrate (KPL) was added to the 

wells for 10 minutes, and the reaction was stopped by addition of 1% HCl solution. 

Plates were read at 450 nm. The lower threshold for antibody reactivity was considered 

to be 3 SDs above the average optical density measured for the preinfection, RhCMV 

seronegative samples at the starting plasma dilution (1:30). The end point dilution 

reported is the highest dilution of plasma that exceeds this positivity threshold.   

Neutralization assays. TeloRF and MKE cells were seeded into 96-well plates and 

incubated for 2 days at 37°C and 5% CO2 to achieve 100% confluency. After 2 days, serial 

dilutions (1:10 to 1:30,000) of heat-inactivated rhesus plasma were incubated with 

RhCMV 180.92 or RhCMV UCD52 (MOI=1) in a 50 µl volume for 45 minutes at 37°C. 

The virus/plasma dilutions were then added in duplicate to wells containing TeloRF or 

MKE cells, respectively, and incubated at 37°C for 2 hours. After washing, cells were 
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incubated at 37°C for an additional 16 hours. Infected cells were then fixed for 20 

minutes at -20°C with 1:1 methanol/acetone, rehydrated in PBS with Mg2+ and Ca2+ 

(PBS+) 3 x 5 minutes, and processed for immunofluorescence with 1 µg/mL mouse anti-

RhCMV IE-1 monoclonal antibody (provided by Dr. Daniel Cawley, Oregon Health and 

Science University) followed by a 1:500 dilution of goat anti-mouse IgG-Alexa Fluor 488 

antibody (Millipore). Nuclei were stained with DAPI for 5 minutes (Pierce). Infection 

was quantified in each well by automated cell counting software using either: (1) a 

Nikon Eclipse TE2000-E fluorescent microscope equipped with a CoolSNAP HQ-2 

camera at 10× magnification OR (2) a Cellomics Arrayscan VTI HCS instrument at 10x 

magnification. Subsequently, the 50% inhibitory dose was calculated as the sample 

dilution that caused a 50% reduction in the number of infected cells compared with 

wells treated with virus only using the method of Reed and Muench.  

Soluble protein bead coupling and antibody depletion. Cyanogen bromide (CNBr) 

activated Sepharose beads (GE Healthcare) were re-hydrated in 1 mM HCl, then 

suspended in coupling buffer (0.1 M NaHCO3 + 0.5 M NaCl, pH 8.3) at room 

temperature (RT). Every 100 µL of bead slurry was combined with 150 µg soluble RhgB 

or RhPC ligands. Coupling was allowed to proceed for 1 hour at RT on an inversion 

rotator. Excess soluble protein was washed off with 5 column volumes coupling buffer. 

CNBr unbound active groups were blocked by incubation in 0.1M Tris HCl, pH 8.0 for 2 

hours at RT on inversion rotator. Protein-bound beads were washed with 3 cycles of 
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alternating pH: first 0.1 M acetic acid, pH 4.0, then second 0.1 M Tris-HCl, pH 8.0. Beads 

were suspended in PBS and stored at 4°C. For depletion of antibodies for a given 

specificity, 100 µL of protein-coupled bead slurry were loaded into a spin microelution 

column (Pierce, TFS). 50 µL of plasma was filtered (0.22 µM), then loaded into the 

column. Plasma was centrifuged through the column five times without elution between 

steps. Bound IgG was eluted using a 0.2 M glycine elution buffer, pH 2.5. Column was 

recalibrated by washing with 3 cycles of solutions of alternating pH (as described 

above). Adequate and specific depletion of plasma was confirmed by ELISA against the 

depleted protein (>75% change in EC50 against depleted epitope; <20% change in EC50 

against non-depleted epitope). 

Tissue processing and staining. Standard immunoperoxidase staining for RhCMV 

was performed on formalin-fixed, paraffin-embedded sections of multiple tissues. 

Tissue sections were deparaffinized in xylene, rehydrated in graded alcohol, and 

subsequently blocked with 0.3% hydrogen peroxide in PBS for 30 minutes. Pretreatment 

involved microwaving for 20 minutes in 0.01% citrate buffer (Vector laboratories), 

followed by 45 minutes of cooling at room temperature. Following pretreatment, an 

avidin–biotin block (Invitrogen) and protein block with 10% normal goat serum (NGS) 

were conducted on all sections. A wash of Tris-buffered saline with 0.5% Tween-20 

followed each step. Sections were incubated with anti–RhCMV IE1 polyclonal rabbit 

sera (kindly provided by P.A.B., UC Davis) at a 1:1,600 dilution for 30 minutes at room 
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temperature. Slides were then incubated with biotinylated goat anti-rabbit IgG 

(Invitrogen) at a 1:200 dilution in NGS for 30 minutes at room temperature. This was 

followed by a 30 minute incubation at room temperature with R.T.U. Vectastain ABC 

(Vector Laboratories). Immunolabeling was visualized using diaminobenzidine and 

counterstained with Mayer’s hematoxylin. Irrelevant, isotype-matched primary 

antibodies were used in place of the test antibody as negative controls in all 

immunohistochemical studies. Positive control tissues consisted of archived rhesus 

macaque lung and testis from an RhCMV-seropositive animal. 

Viral DNA isolation and assessment of viral load. RhCMV viral load was measured 

in plasma, AF, saliva, urine, and tissues by quantitative RhCMV-specific PCR following 

DNA extraction. Urine and mouth washes were concentrated using Ultracel YM-100 

filters (Amicon) and frozen for subsequent DNA extraction. DNA was extracted from 

urine using the QIAmp RNA minikit (Qiagen), from AF/saliva/plasma by using the 

QIAmp DNA minikit, and from snap-frozen tissue (10-25 mg) after overnight Proteinase 

K digestion using the DNeasy Blood and Tissue kit (Qiagen). RhCMV DNA was 

quantitated by real-time PCR using the 5′-GTTTAGGGAACCGCCATTCTG-3′ forward 

primer, 5′-GTATCCGCGTTCCAATGCA-3′ reverse primer, and 5′-FAM-

TCCAGCCTCCATAGCCGGGAAGG-TAMRA-3′ probe, which amplify and detect a 

108-bp region of the RhCMV IE1 gene (Kaur et al., 2002). Between 5-10 ng of DNA was 

added as template to 50 µL of 1× PCR mixture containing 300 nM of each primer, 100 



 

79 

nM probe, 2 mM MgCl2, 200 µM each of dATP, dCTP, and dGTP, 400 µM dUTP, 0.01 

U/µL Amperase UNG, 0.025 U/µL Taq polymerase, and reaction buffer that includes 

passive reference dye ROX. PCR conditions consisted of an initial 2 minute cycle at 50°C 

followed by 10 minutes at 95°C, then 45 cycles of denaturation at 95°C for 15 seconds 

and combined annealing/extension at 60°C for 1 minute. Data are expressed as copies 

per milliliter for plasma/AF and as copies per microgram input DNA for 

tissues/saliva/urine. RhCMV DNA was quantitated using a standard consisting of a 

plasmid containing the entire RhCMV IE1 gene. RhCMV DNA was detected with a 

linear dynamic range from 100 to 106 copies in the presence of genomic DNA. 

SNAPP (Short NGS Amplicon Population Profiling). Viral DNA was isolated from 

plasma using the High Pure Viral Nucleic Acid kit (Roche Life Science). Hypervariable 

regions 400 base pair in length within glycoprotein B and glycoprotein L were amplified 

in duplicate by a single round of PCR using 5’-AAGTGCTCGAAGGGCTTCTC-3’ and 

5’-TCTGGACATTGATCCGCTGG-3’ for the gB region and 5’-

GCGCGGCACACATTATCTAC-3’ and 5’-GGTGAGTGCTGCTGTTTTGG-3’ for the gL 

region. Overhang regions were conjugated to primer locus-specific sequences for 

subsequent Illumina index primer addition and sequencing: forward primer overhang= 

5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-[locus]-3’ and reverse primer 

overhang= 5’-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-[locus]-3’. 

Approximately 10 ng DNA was added as template to 50µL of 1× PCR mixture 
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containing 100 nM of each primer, 2 mM MgCl2, 200 µM each of dNTP mix (Qiagen), 

0.025 U/µL Phusion Taq polymerase. PCR conditions consisted of an initial 2 minute 

denaturation at 98°C, followed by the minimum number of PCR cycles to achieve 

adequate amplification (98°C for 10 seconds, 65°C for 30 seconds, and 72°C for 30 

seconds), then a final 72°C extension for 10 minutes. Products were purified using 

Agencourt AMPure XP beads (Beckman Coulter), then Illumina Nextera XT index 

primers were added by 15 cycles of amplification. The resultant PCR product was gel 

purified using ZR-96 Zymoclean Gel DNA Recovery Kit (Zymogen). The molar amount 

of each sample was normalized by qPCR using the KAPA library amplification kit 

(KAPA Biosystems). The library of individual amplicons was pooled together, diluted to 

an end concentration of 10pm, combined with 20% V3 PhiX (Illumina), then sequenced 

on Illumina Miseq using a 600 cycle V3 cartridge (Illumina).  For each primer set we 

confirmed that there was no significant primer bias through mixing viral DNA in known 

ratios and applying the SNAPP technique.  

SNAPP amplicon reconstruction and nucleotide diversity. Sequences of the targeted 

regions on the genes gB and gL were reconstructed by merging the paired reads sets 

using the PEAR software under default parameters (Zhang et al., 2014). The fused reads 

were then filtered using the extractor tool from the SeekDeep pipeline (http:// 

baileylab.umassmed.edu/seekdeep), filtering sequences according to their length, overall 

quality scores and presence of the primer sequences. To homogenize the number of 
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sequences per sample due to variable coverage, a random set of at most 10,000 

sequences was retrieved from each sample to estimate strain frequency and nucleotide 

diversity. The number of sequences analyzed per sample varied from 2,000-10,000, 

depending on the sample coverage. Next, haplotype reconstruction was performed 

using the qluster tool from SeekDeep, which accounts for possible sequencing errors by 

collapsing fragments with mismatches at low quality positions. For each given sample, 

the haplotypes had to be present in two sample replicates to be taken into account. Each 

haplotype was assigned to 1 of the 3 inoculated viral strains by first calculating the 

nucleotide distance (nucleotide substitutions) between the haplotype and the reference 

viral strain, then assigning the haplotype to the strain with the shortest nucleotide 

distance. Nucleotide diversity was computed as the average distance between each 

possible pair of sequences belonging to the same reference strain (Nelson and Hughes, 

2015). Historical control animal 274-98 (Bialas et al., 2015) was omitted from this analysis 

because it was only inoculated with a single RhCMV strain (180.92). 

Placental RNA isolation and microarray. Tissue sections weighing approximately 30 

mg were obtained from flash frozen, full-thickness rhesus placenta/decidua, lysed using 

a TissueLyser LT (Qiagen), then total RNA extracted using an RNeasy Mini Kit (Qiagen). 

RNA was assessed for quality with Agilent 2100 Bioanalyzer G2939A (Agilent 

Technologies) and Nanodrop 8000 spectrophotometer (Thermo Scientific/Nanodrop) 

and confirmed to have: A260/A280>1.8, A260/A230>1.0, and RIN>7.0. Note that the analysis 
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was not completed for animal HR73 (high-potency HIG infused) because high quality 

RNA could not be obtained from the tissue sample. Hybridization targets were prepared 

with MessageAmp™ Premier RNA Amplification Kit (Applied Biosystems/Ambion) 

from total RNA, hybridized to Affymetrix GeneChip® Rhesus Macaque Genome arrays 

in Affymetrix GeneChip® hybridization oven 645, washed in Affymetrix GeneChip® 

Fluidics Station 450 and scanned with Affymetrix GeneChip® Scanner 7G according to 

standard Affymetrix GeneChip® Hybridization, Wash, and Stain protocols (Affymetrix). 

Affymetrix microarray data was initially processed, underwent QC, and was normalized 

with the robust multi-array average method using the affy (Gautier et al., 2004) 

Bioconductor (Gentleman et al., 2004) package from the R statistical programming 

environment (R studio version 0.99.902). Differential expression was carried out using a 

moderated t-statistic from the limma (Ritchie et al., 2015) package. In an attempt to 

minimize the effect of gestational age on our transcriptome analysis, we corrected for 

this variable by using a linear model that included time as a covariate (gene expression ~ 

condition + time).  The false discovery rate was used to control for multiple hypothesis 

testing. Gene set enrichment analysis (Mootha et al., 2003) was performed to identify 

differentially regulated pathways and gene ontology terms for each of the comparisons 

performed. Gene sets specific for innate/adaptive immunity, myeloid/lymphoid 

lineages, and immune cell specific were obtained from previous reports (Smith et al., 

2014) and supplemented from the literature such that each comparison group had >25 
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characteristic genes (gene lists in Supplemental Dataset 1). Gene networks were 

constructed using NatureAnalyst (Xia et al., 2015), with first order gene interactions 

inferred from the InnateDB interactome (Breuer et al., 2013). Genes related to NK cell 

function were determined using QIAGEN’s Integrated Pathway Analysis (IPA) (NK cell 

activation and movement gene lists) and supplemented with those from the KEGG 

database (NK cell mediated cytotoxicity gene list) (Kanehisa and Goto, 2000).  

 Statistical analysis. Comparisons of peak viremia and shedding in monkeys from 

each group were performed using the Exact Wilcoxon Test. The correlation between 

peak plasma viral load and initial amniotic fluid viral load was calculated with the 

Spearman Correlation. The Benjamini-Hochberg false discovery rate (FDR) p-value 

correction was used to correct for multiple comparisons (Benjamini and Hochberg, 

1995). For sequence diversity analysis, UCD52 diversity was compared between 

treatment groups because it was the dominant strain replicating in plasma. First, median 

UCD52 nucleotide diversity was calculated for each animal. Median values were 

compared first by Kruskal-Wallis test (p=0.036), then by posthoc Mann-Whitney U test. 

Analysis of survival curves between standard HIG group and high-potency HIG 

infusion group was completed with the Exact Logrank Test based on Heinze macro 

(Heinze et al., 2003). Statistical analysis was performed with SAS v9.4 (SAS Institute). A 

p-value of <0.05 (two-tailed) was considered as significant for all analyses. 
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 Study approval. The animal protocol was approved by the Tulane University and 

the Duke University Medical Center Institutional Animal Care and Use Committees.  

Data and materials availability. SNAPP sequence data used in this manuscript is 

available in the NCBI SRA repository (PRJNA386504, 

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA386504). Placental transcriptome 

microarray data is available in the NCBI GEO repository (GSE87395; 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE87395). 
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3. Defining the Immune Responses Elicited by the 
Partially-Efficacious gB/MF59 Vaccine 

The glycoprotein B (gB) + MF59 adjuvant subunit vaccine platform is the most 

successful HCMV vaccine tested to-date, demonstrating approximately 50% efficacy in 

preventing HCMV acquisition in phase 2 trials (Bernstein et al., 2016; Pass et al., 2009). 

However, the mechanism of vaccine protection remains unknown. We sought to 

understand of the function and epitope-specificity of the partially-efficacious humoral 

immune response stimulated by gB vaccination in an effort to inform rational design 

and evaluation of the next generation of HCMV vaccines.  
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3.1 Rationale 

The HCMV glycoprotein B (gB) subunit vaccine administered with MF59 

squalene adjuvant demonstrated moderate (~50%) efficacy in preventing primary 

HCMV infection in cohorts of both postpartum (Pass et al., 2009) and adolescent women 

(Bernstein et al., 2016). Furthermore, this vaccine demonstrated a protective benefit 

against HCMV viremia and reduced clinical need for antiviral treatment in transplant 

recipients (Griffiths et al., 2011). gB is the viral fusogen which facilitates the fusion of 

viral envelope and host membrane during viral entry (Vanarsdall and Johnson, 2012). 

This glycoprotein is essential for entry into all cell types, including trophoblast 

progenitor cells (Zydek et al., 2014), and is a known target of neutralizing antibodies 

(Fouts et al., 2012; Potzsch et al., 2011). However, previous investigations have reported 

that gB/MF59-elicited antibodies were poorly neutralizing (Cui et al., 2008; Frey et al., 

1999; Sabbaj et al., 2011), raising questions about the mechanism underlying the partial 

gB vaccine efficacy observed in multiple clinical trials. An understanding of the 

gB/MF59-mediated protection is needed to rationally-design immunogens that will 

improve upon the partial vaccine efficacy that was achieved clinically.  

 Glycoprotein B is a 907-amino acid, homotrimeric glycoprotein consisting of 4 

distinct structural regions: an ectodomain, a membrane-proximal region (MPER), a 

transmembrane domain, and a cytoplasmic domain (Figure 3.1) (Burke and Heldwein, 

2015a; Chandramouli et al., 2015). Additionally, there are 5 distinct antigenic sites 
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known to be targeted by gB-specific antibodies, identified as antigenic domain (AD) 1-5 

(Fig.  S1) (Burke and Heldwein, 2015a; Chandramouli et al., 2015; Potzsch et al., 2011). 

Antibodies against AD-1, an uninterrupted ~80 amino acid epitope, are present in 

virtually all infected individuals (Potzsch et al., 2011) and can be either neutralizing or 

non-neutralizing (Schoppel et al., 1996; Wagner et al., 1992).  In contrast, AD-2 specific 

antibodies are present in only subset of seropositive people (Meyer et al., 1992; Potzsch 

et al., 2011), and this region consists of 2 unique linear epitopes: site 1 is perfectly 

conserved in all viral strains and a target of potently-neutralizing antibodies, whereas 

site 2 is highly variable and targeted by only non-neutralizing antibodies (Meyer et al., 

1992). AD-3 is located within the cytosolic domain and is a known target of exclusively 

non-neutralizing antibodies (Kniess et al., 1991; Mach, 2005; Silvestri et al., 1991). Finally, 

AD-4 (Domain II) and AD-5 (Domain I) are conformational, globular protein domains 

that were recently identified and characterized as the targets of neutralizing antibodies 

(Potzsch et al., 2011; Spindler et al., 2014; Spindler et al., 2013; Wiegers et al., 2015).  The 

antigen used for the gB/MF59 vaccine clinical trials (Bernstein et al., 2016; Griffiths et al., 

2011; Pass et al., 2009) consisted of the full protein with two modifications to facilitate 

manufacture: (1) deletion of the transmembrane domain (75 amino acids) and (2) 

mutation of the furin protease cleavage site (Pass et al., 1999).  
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Figure 3.1: Linear structure of defined glycoprotein B antigenic domains.  

The entire open reading frame (ORF) of HCMV gB is shown, from N-terminus on 
the left to C-terminus on the right. The four distinct regions of the gB structure 
are indicated by black bars at the base of the figure, including the ectodomain, 
membrane proximal external region (MPER), transmembrane domain (TM), and 
the cytodomain. Major antigenic regions indicated include AD-1 (orange), AD-2 
site 1 (red), AD-2 site 2 (yellow), AD-3 (purple), AD-4 (Domain II) (green), and 
AD-5 (Domain I) (blue). Numbers indicate approximate amino acid residues 
dividing each region of interest. The gB immunogen employed in this clinical 
trial contained the full gB ORF with the furin cleavage site mutated and 
excluding a region from amino acid residue 698 to 773 (containing MPER and 
TM regions) to facilitate protein secretion during production. Diagram was 
adapted from Burke et al., Plos Pathogens, 2015 and Hebner et al., Nature 
Communications, 2015 

 

To identify possible mechanisms accounting for the partial protection against 

HCMV infection following gB/MF59 vaccination, we undertook an in-depth 

investigation into the characteristics and functionality of the antibody responses elicited 

by this gB subunit vaccine. As other groups have reported, we observed that gB/MF59 

vaccine-elicited antibodies mediated limited neutralization. Here we report on our 

observations that gB/MF59 vaccination results in an antibody profile quite distinct from 

that observed in the setting of natural HCMV infection. Furthermore, we have observed 

that the poorly-neutralizing, gB/MF59-elicited antibodies can mediate robust non-
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neutralizing antiviral responses, such as phagocytosis, leading us to propose that non-

neutralizing antibody functions played a role in the observed 50% vaccine efficacy 

against HCMV acquisition.  

 

3.2 Results 

3.2.1 Immunogen and HCMV Virion Binding IgG Responses/Avidity  

We obtained plasma samples from 33 gB/MF59 vaccinee participants in the phase 

2 clinical trial conducted in a population of seronegative postpartum women (Pass et al., 

2009). All subsequent studies used samples collected at peak immunogenicity (6.5 

months), or the next available time point (not exceeding 12 months). The gB/MF59 

vaccine platform has been previously reported to elicit robust titers of gB immunogen-

specific IgG (Mitchell et al., 2002; Pass et al., 1999). We observed similar results for this 

subset of vaccinees (gB/MF59), with high-magnitude plasma gB IgG binding exceeding 

that elicited in chronically-infected, seropositive (SP) individuals (Fig. S1A) (log10AUC: 

gB/MF59=6.32, SP=5.64; p=0.03, Wilcoxon rank sum test).  
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Figure 3.2: gB/MF59 immunization elicits a robust, high-avidity binding antibody 
response.   

The magnitude and avidity of gB immunogen-specific (A,C) and whole HCMV 
virion-specific (TB40/E strain) (B,D) binding antibodies were assessed for 33 
gB/MF59 vaccinees (blue circle) and 30 seropositive, chronically HCMV-infected 
women (red square). In comparison to the seropositive control cohort, gB/MF59 
vaccinees had slightly enhanced gB binding (A) though reduced HCMV virion 
binding (B). Additionally, in comparison to seropositive women, gB/MF59-
elicited antibodies had comparable gB-binding avidity (C), though reduced 
HCMV virion binding avidity (D). Each data point represents the mean value of 
2 experimental replicates. Horizontal values indicate the median values for each 
group. *=p<0.05, Satterthwaite t test (IgG binding), pooled t test (avidity). 

 

We first investigated the ability of vaccine-elicited antibodies to neutralize a 

panel of HCMV strains, including the autologous Towne strain (Figure 3.2), AD169 (Fig.  

1B), and TB40/E (in fibroblasts, Figure 3.3C, and epithelial cells, Figure 3.3D). Assays 
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were conducted in both the presence and absence of rabbit complement to assess the 

possibility of enhanced neutralization titers following complement fixation. A low level 

of vaccine-elicited neutralization was observed against the autologous Towne virus, 

though significantly reduced compared to the seropositive group (Towne median 

log10ID50: gB/MF59=1.70, SP=2.96; p<0.001, pooled t test). Very few vaccinee samples had 

detectable neutralization against heterologous viruses, though neutralization of these 

strains was robust in the seropositive group (TB40/E epithelial cell median log10ID50: 

gB/MF59<1; SP=3.80; p<0.001, Fisher’s exact test). We observed minimal enhancement of 

vaccine-mediated neutralization activity in the presence of complement (Towne median 

vaccinee log10ID50: no comp=1.70; comp=1.93), not quite as robust as previous reports (Li 

F, 2017). Additionally, though we observed that a GFP reporter-based neutralization 

assay detected higher level plasma neutralization in seropositive individuals than an IE-

1 immunofluorescence-based assay (Figure 3.4) consistent with previous reports (Cui et 

al., 2008), yet still detected only low-level, infrequent neutralization in vaccinee plasma. 

Thus, the assay methodology did not explain the lack of neutralization observed against 

heterologous virus strains in gB/MF59 vaccinees. 
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Figure 3.3: Limited vaccine-elicited neutralization responses and poor gB 
neutralizing epitope-binding following gB/MF59 immunization.  

Neutralizing antibody responses (A-D) and gB neutralizing epitope binding (E-J) 
were assessed for 33 gB/MF59 vaccinees (blue circle) and 30 seropositive, 
chronically-HCMV infected individuals (red square). Neutralization was 
measured against Towne strain HCMV (A) and AD169 strain HCMV (B) in 
fibroblasts, and TB40/E strain HCMV in both fibroblasts (C) and epithelial cells 
(D). Assays were conducted in both the presence (“+C”, solid symbols) and 
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absence (“-C”, open symbols) of purified rabbit complement. In comparison to 
seropositive, chronically-infected individuals, gB/MF59 vaccine-elicited 
neutralization titers were reduced against each viral strain (A-D). Binding 
responses against the gB immunogen (E) and known gB neutralizing epitopes 
AD-1 (F), AD-2 (G), Domain I (H), Domain II (I), and Domain I+II combined (J) 
were measured. In comparison to seropositive women, gB/MF59 vaccination 
elicited reduced binding against AD-1, AD-2, Domain I, and Domain I+II 
combined. Each data point represents the mean of 2 experimental replicates. 
Horizontal dotted lines for neutralization assays indicates the starting dilution, 
whereas dotted lines for neutralizing-epitope binding indicate the threshold for 
positivity (preimmune control mean + 2 standard deviations). Black horizontal 
bars indicate the median values for each group. *=p<0.05, Fisher’s exact test 
(neutralization), pooled t test (epitope binding). 

 

 

 

Figure 3.4: GFP-based neutralization assay is slightly more sensitive at detecting 
plasma neutralization responses than an IE-1 immunofluorescence assay in 
HCMV-seropositive individuals. 

The neutralization activity of 33 postpartum gB/MF59 vaccinee sera samples and 
30 seropositive subjects was assessed in fibroblasts (A) and epithelial cells (B) by 
IE-1 immunofluorescence staining (IF) and by GFP-reporter expression (GFP). 
The GFP-reporter assay detected higher-level neutralization responses in 
seropositive individuals, with ID50 values increased by nearly an order of 
magnitude, *=p<0.05, Exact McNemar test (gB/MF59 comparison), Paired T test 
(seropositive) 
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Subsequently, we examined whether vaccine-elicited antibodies bound to 

previously-identified gB neutralizing epitopes (Figure 3.1) (Burke and Heldwein, 2015a; 

Potzsch et al., 2011), including AD-1 (Figure 3.3F), AD-2 site 1 (Figure 3.3G), Domain I 

(AD-5) (Figure 3.3H), Domain II (AD-4) (Figure 3.3I), and Domain I+II combined (Figure 

3.3J). All gB antigens utilized for this study are described in Table 3.1, with quality 

control data presented in Figure 3.5.  Intriguingly, though vaccination elicited robust gB-

binding responses, there was very poor targeting of these gB neutralizing epitopes. 

Compared to chronically HCMV-infected, seropositive women, there was significantly 

reduced vaccine-elicited binding against AD-1 (median log10MFI: gB/MF59=1.75, 

SP=2.46; p=0.001, pooled t test), AD-2 site 1 (median log10MFI: gB/MF59=0.65, SP=1.70; 

p=0.002, Saittertherwaite t test), Domain I (median log10MFI: gB/MF59=1.70, SP=3.20; 

p<0.001, pooled t test), and a Domain I+II fused construct (median log10MFI: 

gB/MF59=2.60, SP=3.14; p<0.001, pooled t test). Thus, the poor targeting of known gB 

neutralizing epitopes by vaccination likely explains the lack of neutralization responses 

observed. 
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Table 3.1: gB protein constructs utilized.

Construct 
Cell line/ 
Source 

HCMV Strain  
(gB genotype) 

Size  
(kDa)1 

Assays used in Notes 

Full-length gB Sanofi Towne (gB1) ~100 
ELISA, multiplex 
ELISA, gB 
phagocytosis 

Full gB ORF, with 1) deletion of the 
transmembrane domain, and 2) mutation 
of the furin cleavage site (RTKR to TTQT) 

gB Domain I 
293F, 
in-house 

Merlin (gB1) 21.3 Multiplex ELISA 
Includes His and HA tag. Purified using 
nickel beads. Sequence available in 
supplement. 

gB Domain II 
293F, 
in-house 

Merlin (gB1) 26.9 Multiplex ELISA 
Includes HA tag. Purified using lectin 
beads, then HPLC purified. Sequence 
available in supplement. 

gB Domain 
I+II 

293F, 
in-house 

Merlin (gB1) 45.4 Multiplex ELISA 
Include His and HA tag. Purified using 
nickel beas, then HPLC purified. 
Sequence available in supplement. 

AD-1 myBiosource AD169 (gB2) 10.9 Multiplex ELISA 
Product number MBS485117. Produced in 
E. coli, and so likely lacks glycosylation at 
the two potential glycan sites for AD-1 

AD-2 
Peptide - CPC 
Scientific 

Conserved 
between strains 

1.6 Multiplex ELISA 
Peptide conjugated to biotin to facilitate 
coupling to fluorescent beads for 
multiplex ELISA 

gB 
ectodomain 

Acro 
Biosystems 

Towne (gB1) ~78 
gB ectodomain-coupled 
bead phagocytosis 

Product number CMV-V5255. Was 
originally conjugated to human Fc, but 
was cleaved off with factor X 

Peptide lib JPT peptides Towne (gB1) N/A   gB peptide microarray 
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Figure 3.5: gB domain protein quality control 

(A) Structural integrity and size of produced gB protein domains was confirmed 

by Western blot. Blot was incubated with a 1:1000 dilution of either SM-10 (gB 

domain I specific mAb) or SM5-1 (gB domain II-specific mAb),  then a 1:10K 

dilution of  goat anti-human IgG-AP for detection. Bands were appropriately 

sized, accounting for the increased molecular weight of N-linked glycans. (B) gB-

specific mAb binding was assessed to gB protein domains by multiplex ELISA at 

a concentration of 10ug/mL. As expected, mAbs TRL310 and Pfizer gB004 bound 

to the AD-2 peptide, SM-10 and Pfizer gB005 bound to both domain I as well as 

domain I+II, and SM5-1 bound to domain 2 as well as domain I+II.  

 

3.2.2 Comparison of neutralization activity of postpartum and phase 
1 gB/MF59 vaccinee plasma. 

Since our observed lack of heterologous virus neutralization and modest 

complement enhancement in gB/MF59 vaccinees was inconsistent with previous reports 

of phase 1 gB/MF59 vaccine immunogenicity (Li F, 2017), we obtained phase 1 gB/MF59 

vaccinee sera (Frey et al., 1999) and complement-dependent neutralizing monoclonal 

antibodies (210.4, 272.7, and 350.1) reported by other investigators (Li F, 2017). We first 
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noted that the level of gB-binding was comparable between the phase 1 and the 

postpartum phase 2 cohorts (Figure 3.6A,B). In our neutralization assay, gB mAbs 210.4, 

272.7, and 350.1 had neutralization enhanced in a complement-dependent manner in 

both fibroblasts (Figure 3.6C) and epithelial cells (Figure 3.6D). Intriguingly, our 

neutralization assays also confirmed previous findings of low-level, gB/MF59-induced 

heterologous virus neutralization in plasma of healthy adult phase 1 vaccinees that is 

robustly-boosted with the addition of complement. Even without complement, phase 1 

gB/MF59 sera had increased neutralization activity compared to postpartum vaccinees 

(median fibroblast log10ID50, w/o complement: phase 1=1.32 , postpartum<1 ; p<0.001, 

Fisher’s Exact Test). In the presence of complement, median plasma neutralization titer 

of phase 1 gB/MF59 vaccinees was boosted more than 1 log in magnitude (median 

fibroblast phase 1 log10ID50: -C=1.32, +C=2.57; p=0.018, Wilcoxon Signed Rank test). 

However, no complement enhancement of plasma neutralization was observed for 

postpartum gB/MF59 vaccinees (Figure 3.6C,D). These data suggest a physiologic and 

immunologic difference between the cohorts, with enhanced neutralization and 

complement-mediated antiviral responses elicited in phase 1 gB/MF59 vaccinees 

compared to postpartum vaccinees.  
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Figure 3.6: Phase 1 gB/MF59 vaccinees exhibit enhanced plasma HCMV 

neutralization potency compared to postpartum gB/MF59 vaccinees.  

Samples from a phase 1 gB/MF59 vaccine study (Frey et al., JID, 1999) 

demonstrate a comparable level of gB-binding antibodies to postpartum phase 2 

vaccinees as measured by EC50 (A) and AUC (B). Neutralization was assessed by 

GFP-reporter expression against repaired AD169 strain HCMV in fibroblasts (C) 

and epithelial cells (D). Assays were conducted in both the presence (“+C”, solid 
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symbols) and absence (“-C”, open symbols) of purified rabbit complement. 

Complement-dependent neutralizing mAbs (Li et al., Nature Vaccines, 2018) 210.4 

(green), 272.7 (red), and 350.1(purple) demonstrate more than 1 log enhanced 

neutralization potency in the presence of complement.  In comparison to 

postpartum phase 2 gB vaccinees, phase 1 gB vaccinees had enhanced plasma 

neutralization in both the presence and absence of rabbit complement. *=p<0.05, 

Fisher’s exact test (phase 1 vs postpartum), Wilcoxon Signed Rank test (-C vs +C).  

 

3.2.3 Linear gB Epitope Binding 

To map the epitopes targeted by vaccine-induced antibodies a peptide 

microarray library was created, consisting of 15-mers overlapping each subsequent 

peptide by 10 residues and spanning the entire gB open reading frame (Towne strain). 

We observed that vaccine-elicited linear epitope binding was quite distinct from that 

observed in the setting of chronic HCMV infection (Figure 3.7, Figure 3.8). Most notably, 

there was a negligible AD-2 site 1 response elicited by vaccination, which is known to be 

a target of potent gB-specific neutralizing antibodies (Jacob et al., 2013) (AD-2 site 1 

median log10MFI: gB/MF59=2.68, SP=3.69; p<0.001, Saittertherwaite t test). Furthermore, 

vaccination resulted in dominant IgG response against the non-neutralizing AD-3 

epitope located in the gB protein cytodomain (AD-3 median log10MFI: gB/MF59=5.23, 

SP=4.14; p<0.001, pooled t test), comprising 76% of the linear gB IgG response in 

vaccinees compared to 32% in chronically HCMV-infected individuals (Figure 3.8A,B,F). 
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Figure 3.7: Dominant linear epitope binding response against cytosolic antigenic 

domain 3 following gB/MF59 immunization.  

The binding magnitude of antibody responses of Cytogam, 19 gB/MF59 

vaccinees pre-immunization, 32 gB/MF59 vaccinees post-immunization, and 30 

chronically-infected seropositive controls were assessed against a 15-mer peptide 

library spanning the entire Towne gB open reading frame (180 unique peptides). 

Each row indicates a single patient. Assay was completed in triplicate, and the 

binding magnitude is indicated as the log-scaled, median fluorescent intensity. 

White indicates median fluorescent intensity <100. Peptides corresponding to 

distinct gB antigenic domains are indicated along X-axis. 

 

Figure 3.8: gB/MF59 vaccine-elicited linear epitope IgG response profile is 

distinct from that observed in chronic HCMV infection.  

The linear epitope binding magnitude of IgG responses of 19 gB/MF59 vaccinees 

pre-immunization (black diamonds), 32 gB/MF59 vaccinees post-immunization 

(blue circles), and 30 chronically-infected seropositive controls (red squares) were 
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assessed against a 15-mer peptide library spanning the entire Towne gB open 

reading frame. The median fluorescent intensity (MFI) of binding to peptides 

covering gB antigenic domains was summed for the entire cohort of gB/MF59 

vaccinees (A) and seropositive individuals (B), demonstrating greater breadth of 

antibody responses among the seropositive group. Known neutralizing epitopes 

are indicated in bold text. Total = sum of median fluorescent intensity of 

antibody binding to all peptides. Furthermore, binding MFI was summed for 

peptides spanning AD-1 (C), AD-2 site 2 (D), AD-2 site 1 (E), AD-3 (F), AD-4 

(Dom II) (G), AD-5 (Dom I) (H), and the Dom II loop (I) for each individual 

patient. Greater AD-2, site 2 binding was observed among seropositive 

individuals, whole greater AD-3 binding observed among gB/MF59 vaccinees. 

Assay was completed in triplicate. Black horizontal bars indicate the median 

values for each group. *=p<0.05, pooled t test. 

 

3.2.4 IgG Subclass Distribution and Binding to Membrane-Associated 
gB 

Given the poor neutralizing antibody responses observed, we sought to 

investigate whether vaccine-elicited IgG responses had properties suggestive of the 

ability to mediate non-neutralizing antibody effector functions. First, we examined the 

IgG subclass of gB-directed responses, and identified that both vaccinees and chronically 

HCMV-infected individuals had a similar response profile dominated by IgG1 and IgG3, 

with very little detectable IgG2 or IgG4 subclasses (Figure 3.9A-D). Furthermore, we 

examined whether vaccine-elicited antibodies could bind to membrane-associated gB 

expressed on the surface of both gB-transfected (Figure 3.9E,F) and TB40/E-infected cells 

(Figure 3.9H,I). Vaccine-elicited IgG bound to both transfected autologous Towne strain 

gB (Figure 3.9E) and a heterologous strain gB (Figure 3.9F) (most frequently-detected 

strain in infected vaccinees) more robustly than antibodies elicited by chronic HCMV 
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infection (heterologous median % IgG binding: gB/MF59=13.2%, SP=5.9%; p<0.001, 

Saittertherwaite t test). Yet, vaccine-elicited IgG bound TB40/E-infected cells less well 

than antibodies elicited by chronic infection (Figure 3.9H) (median % infected cell 

binding: gB/MF59=6.7%, SP=36.7% ; p<0.001, Saittertherwaite t test), likely due to 

antibody binding to other glycoprotein epitopes in the seropositive group. Thus, we 

purified gB-specific IgG from both gB/MF59 vaccine and SP plasma and assessed the 

magnitude of the infected cell-associated gB binding. The purified gB-specific IgG 

revealed higher magnitude infected cell-associated gB binding in the vaccinee group 

(Figure 3.9I) (median % infected cell gB binding: gB/MF59=4.4%, SP=1.7%; p=0.01, 

Saittertherwaite T test), consistent with the gB-transfected cell IgG binding magnitude. 

Finally, we examined NK cell degranulation in the presence of plasma antibodies from 

gB vaccinees as this process is a prerequisite of both antibody-dependent cellular 

cytotoxicity (ADCC) and cytokine release by activated NK cells. Interestingly, despite 

the vaccine eliciting robust gB transfected and infected cell IgG binding, minimal NK 

cell degranulation responses were detected in vaccinees using both gB-transfected 

(Figure 3.9G) and TB40/E-infected target cells (Figure 3.9J). In contrast, the majority of 

chronically HCMV-infected individuals had antibodies that mediated measurable, 

though low magnitude, NK degranulation (TB40/E-infected targets, % CD107a+ NK 

cells: gB/MF59=4.9%, SP=6.6%; p<0.001, Wilcoxon rank sum test).  
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Figure 3.9: gB/MF59 vaccination elicited high-magnitude IgG3 responses and 

robust membrane-associated gB IgG binding.  

The magnitude of gB-specific IgG1 (A), IgG2 (B), IgG3 (C), and IgG4 (D) subclass 

responses was assessed for 33 gB/MF59 vaccinees (blue circles) and 30 

seropositive, chronically-HCMV infected individuals (red squares). A similar 

IgG1 and IgG3 subclass profile was elicited by both gB vaccination and chronic 

infection, with nearly undetectable levels of IgG2 and IgG4 gB-specific 

antibodies. Furthermore, the ability of plasma antibodies to bind to membrane-

associated gB expressed on the surface of transfected cells was assessed, 

including autologous (Towne) (E) and heterologous gB (most frequently 

identified strain in infected vaccinees) (F). Likewise, binding to TB40/E-infected 

cells was quantified using both whole plasma (H) and purified gB-specific IgG 

(I). Lastly, the ability of plasma antibodies to activate NK cells in the presence of 

either gB mRNA-transfected ARPE target cells (G) or TB40/E-infected ARPE 

target cells (J) was assessed by the percentage of NK cells expressing CD107a. 

Black horizontal bars indicate the median values for each group. Horizontal 

dotted lines in subclass plots (A-D) indicate the threshold for positivity, defined 

IgG1

gB/MF59 SP
0

1

2

3

4

5
IgG2

gB/MF59 SP
0

1

2

3

4

5

*

IgG3

gB/MF59 SP
0

1

2

3

4

5 IgG4

gB/MF59 SP
0

1

2

3

4

5

*

A B DC

Lo
g 1

0 
M

FI
%

 P
E+

 tr
an

sf
ec

te
d 

29
3T

s

gB
-tr

an
sf

ec
te

d
ce

lls
TB

40
/E

-in
fe

ct
ed

ta
rg

et
 c

el
ls

Ig
G

 
Su

bc
la

ss

 Vaccine-strain (Towne)
gB binding

Controls gB/MF59 SP
0

20

40

60

80

Cytogam

Preimmune

TRL100

SM10

SM5-1

Vaccine-heterologous
gB binding

Controls gB/MF59 SP
0

20

40

60

80

*

Infected cell binding: 
whole plasma

Controls gB/MF59 SP
0

20

40

60

80

100 *

Infected cell binding:
gB-specific IgG

Controls gB/MF59 SP
0

20

40

60

80

100

Cytogam
gB IgG

*

%
 F

IT
C

+ 
In

fe
ct

ed
 M

R
C

-5
s

Controls gB/MF59 SP

5

10

15

20

NK degranutation:
gB-transfected targets

*

Controls gB/MF59 SP

5

10

15

20

NK degranulation:
TB40/E-infected targets

*

%
 C

D
10

7+
 N

K
 c

el
ls

%
 C

D
10

7+
 N

K
 c

el
ls

E F G

H I J



 

105 

here as 100 MFI. The dotted line in the NK cell degranulation plots (G,J) 

represents the threshold for positivity (mean of preimmune samples + 2 standard 

deviations). Nonspecific binding to transfected and infected cells was adjusted 

for by subtraction of % positive cells against negative control cell population, 

while nonspecific NK cell degranulation was not corrected. Each data point 

represents the mean value of two experimental replicates. For E-J, control values 

are displayed to indicate a dynamic range of the assay, including cytogam 

(black), AD-2 mAb TRL345 (purple), Dom I mAb SM10 (green), and Dom II mAb 

SM5-1 (brown). *=p<0.05, Satterthwaite t test. 

 

3.2.5 Antibody-Mediated Phagocytosis and Monocyte Infection  

We next investigated the ability of vaccine-elicited antibodies to mediate 

monocyte phagocytosis. We developed highly-specific, flow-based assays for measuring 

the phagocytosis of both gB-conjugated beads (Figure 3.10A,B) and fluorescently-

conjugated HCMV virions (Figure 3.10C,D) using a THP-1 monocyte cell line. Cellular 

uptake of HCMV was confirmed by confocal microscopy, demonstrating fluorescent 

virus either at the cell surface (Figure 3.10E) or internalized (Figure 3.10F). The small 

number of distinct viral foci observed following phagocytosis differs from the multiple, 

dispersed foci following monocyte infection (Figure 3.10H). Additionally, we confirmed 

that phagocytosis did not lead to productive infection, as cells that phagocytosed 

TB40/E-mCherry virus did not exhibit mCherry expression at 48 hours post 

phagocytosis (Figure 3.11). Robust vaccine-elicited phagocytosis of gB immunogen-

coupled beads was observed, exceeding that in SP individuals (median % phagocytosing 

cells: gB/MF59=52.1, SP=29.1; p=0.04, pooled T test) (Figure 3.10I). To determine whether 
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the dominant AD-3 antibody response (Figure 3.7) contributed to this vaccine-elicited gB 

phagocytosis observed, we investigated phagocytosis of gB ectodomain-coupled beads 

(Figure 3.10J). There was a reduced magnitude of phagocytosis activity directed against 

the gB ectodomain in comparison to the full gB protein. Furthermore, there was no 

observable difference in gB ectodomain-directed phagocytosis activity between 

vaccinees and SP individuals (median % phagocytosing cells: gB/MF59=24.8, SP=18.6; 

p=ns, pooled t test), suggesting that a proportion of the phagocytosis-mediating 

antibodies measured in vaccinees target cytodomain epitopes likely not exposed on the 

surface of an HCMV virion or infected cell. Additionally, we examined phagocytosis of 

whole HCMV virions and noted more robust virion phagocytosis mediated by plasma 

antibodies from chronically HCMV-infected individuals compared to vaccinees (Figure 

3.10K) (median % phagocytosing cells: gB/MF59=9.6%, SP=17.6%; p<0.001, pooled t test). 

To determine if antibodies targeting other glycoprotein epitopes in the SP group 

contribute to this difference, we evaluated virion phagocytosis mediated by purified gB-

specific IgG from vaccinees and HCMV-infected individuals and observed similar levels 

of gB-specific phagocytosis (Figure 3.10L) (median % positive cells: V=11.3%, SP=10.1%; 

p=ns, pooled t test). Finally, we confirmed that, though gB vaccine-elicited antibodies 

could mediate robust virion phagocytosis, they minimally blocked infection of THP-1 

monocytes (Figure 3.10M,N) (normalized % neutralization at 1:100 dilution: 

gB/MF59=18.4%, SP=82.8%; p<0.001, Satterthwaite t test). Finally, we examined whether 
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vaccine-elicited plasma antibodies could mediate whole virion phagocytosis in 

monocyte-derived macrophages. However, we observed a high level of non-specific 

virus uptake by macrophages regardless of the addition of HCMV-specific antibodies 

(Figure 3.12). 
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Figure 3.10: gB vaccine elicits antibodies that mediate robust HCMV virion 

phagocytosis, though do not block monocyte infection.  

A flow cytometry-based assay was created to assess antibody-mediated 

phagocytosis of both gB-coupled fluorescent beads (A,B) and fluorophore-

conjugated virus (C,D). Histogram plots of fluorescent intensity indicate the 

sensitivity of the assay for sera (A,C) and a gB AD-2 specific mAb (B,D). The 

assay was validated by confocal microscopy (E-G) of THP-1 cells that have either 

phagocytosed (E,F) or been infected with (G,H) fluorescently-labeled virus. 

Nuclear material is shown in blue, plasma membrane in green, and AF647-

tagged virus in red. Images indicate that phagocytosing cells can either have 

virus bound to the cell surface (E) or internalized (F). These assays were used to 

test the phagocytosis-mediating ability of plasma IgG from 33 gB/MF59 vaccinees 

(blue circles) and 30 chronically HCMV-infected individuals (red squares) of gB 

immunogen-coupled fluorescent beads (I), gB ectodomain-coupled fluorescent 

beads (J), and fluorophore-conjugated whole HCMV virions (K,L). In comparison 

to seropositive, chronically HCMV-infected women, more robust phagocytosis of 

the gB immunogen and whole HCMV virions (gB-specific activity) was observed 

among gB/MF59 vaccinees. Lastly, the ability of vaccine-elicited antibodies to 

block infection of THP-1 cells was assessed at a single dilution (1:100), using both 

whole plasma (M) and purified gB-specific IgG (N). Black horizontal bars 

indicate the median values for each group. Nonspecific uptake of fluorescent 

beads (I,J) was accounted for by subtraction of the % positive cells in the 

presence of uncoupled beads, while nonspecific uptake of whole virions (C-D) 

was not corrected. The dotted line in the whole virion phagocytosis plots 

represents the threshold for positivity (mean of preimmune samples + 2 standard 

deviations), while the dotted line for the TB40/E infection of THP-1 monocyte 

plots is the threshold for true neutralization activity (50%). Each data point 

represents the mean value of two experimental replicates. Control antibody 

values are displayed to indicate a dynamic range, including cytogam (black), 

AD-2 mAb TRL345 (purple), Dom I mAb SM10 (green), and Dom II mAb SM5-1 

(brown). *=p<0.05, pooled t test. 
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Figure 3.11: Phagocytosed virus can induce a moderate level of HCMV IE-1 

protein expression in THP-1 cells, but not full viral replication.  

TB40/E-mCherry virus contains an mCherry reporter protein inserted between 

the HCMV US34 and TRS-1 open reading frames, driven by an SV40 promoter. 

(A) TB40-E-mCherry infected THP-1 cells express both IE-1 protein and mCherry 

at 48 hours post infection (MOI=1.0). (B) AF647-labelled TB40/E-mCherry virus is 

phagocytosed following incubation with either cytogam or gB vaccinee sera, and 

these cells do not stain for IE-1 or express mCherry protein immediately 

following phagocytosis. (C) At 48 hours post phagocytosis, AF647 fluorescence 

has disappeared and a discrete cell population stains positive for IE-1, but no 

mCherry protein is expressed. 

 

 

Figure 3.12: Monocyte-derived macrophages mediate non-specific HCMV virion 

phagocytosis.  

THP-1 monocyte cells were incubated with PMA for 3 days, then rested for 7 

days to differentiate into macrophages. (A) Progressively-increased size and 

granularity is detectable by flow cytometry at day 0, 1, 2, 4, 6, 8, and 10. Light 

microscopy indicates significant morphological changes from day 0 (B) to day 10 

(C). (D) Monocyte-derived macrophages mediate non-specific uptake of AF647-

coupled HCMV virons, which is slightly enhanced in the presence of plasma 

from seropositive individuals. *=p<0.05, pooled T test 
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3.2.6 Infected/Uninfected Vaccinee Immune Response Comparison 
and Antibody Response Correlation Matrix.  

Though this study was underpowered to detect a difference in immune 

responses between vaccinees who became infected during the course of the trial (n=11) 

and those who did not (n=22), we assessed the comparative magnitude of responses 

between these groups by uncorrected Mann-Whitney U or Fisher’s Exact tests (Table 

3.2). While a majority of response magnitudes were nominally higher in protected vs. 

unprotected vaccinees, the only vaccine-elicited response that was potentially distinct 

between infected and uninfected vaccinees (raw p<0.05) was IgG binding to AD-2, site 2 

in the linear peptide microarray (p=0.01, Exact Wilcoxon Rank Sum test), which is a non-

neutralizing epitope (Burke and Heldwein, 2015a).   

  

Table 3.2: Comparison of median immune response magnitude between infected 

and uninfected gB/MF59 vaccinees. 

Assay Target/Conditions Unit 
Infected 

Median (range) 
n=11 

Uninfected 

Median (range) 
n=22 

RRaw 

P-value 
Test 

       

ELISA Full length gB protein log10AUC 5.97 (0.33-7.33) 6.35 (3.23-6.95) 0.30 Exact Wilcoxon Rank Sum 

Whole AD169r virion log10AUC 0.48 (0.26-2.24) 0.67 (0.24-1.48) 0.36 Exact Wilcoxon Rank Sum 

       

Avidity ELISA Full length gB protein Avidity Index 0.91 (0.78-1.14) 0.91 (0.69-1.07) 0.87 Exact Wilcoxon Rank Sum 

Whole AD169r virion Avidity Index 0.78 (0.69-0.99) 0.81 (0.54-0.89) 0.46 Exact Wilcoxon Rank Sum 

       

Multiplex  
ELISA 

Full length gB protein log10MFI 4.02 (0-4.31) 4.18 (2.83-4.38) 0.15 Exact Wilcoxon Rank Sum 

gB Domain I log10MFI 1.34 (0.30-1.94) 1.88 (0-2.77) 0.20 Exact Wilcoxon Rank Sum 

gB Domain I+II log10MFI 2.42 (0.08-2.98) 2.65 (1.23-3.33) 0.19 Exact Wilcoxon Rank Sum 

gB Domain II log10MFI 2.22 (0-2.60) 2.57 (0-3.07) 0.11 Exact Wilcoxon Rank Sum 

gB AD-1 log10MFI 1.96 (0.70-3.27) 1.72 (0-3.46) 0.63 Exact Wilcoxon Rank Sum 

gB AD-2 log10MFI 0.67 (0-2.15) 0.60 (0-2.65) 0.63 Exact Wilcoxon Rank Sum 

       

Subclass 
multiplex 
ELISA 

gB IgG1 log10MFI 3.26 (0-4.20) 3.53 (0.87-4.28) 0.18 Exact Wilcoxon Rank Sum 

gB IgG2 log10MFI 1.72 (0-2.35) 1.77 (0-2.62) 0.35 Exact Wilcoxon Rank Sum 

gB IgG3 log10MFI 4.18 (0-4.27) 4.10 (0-4.42) 0.76 Exact Wilcoxon Rank Sum 

gB IgG4 log10MFI 1.50 (0-2.18) 1.50 (0-1.90) 0.76 Exact Wilcoxon Rank Sum 
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Peptide 
microarray 

gB AD-1 peptides log10MFI 3.36 (2.85-3.68) 3.46 (2.67-3.88) 0.11 Exact Wilcoxon Rank Sum 

gB AD-2 site 2 

peptides 

log10MFI 2.16 (1.69-4.30) 3.29 (2.07-4.56) 0.01 Exact Wilcoxon Rank Sum 

gB AD-2 site 1 

peptides 

log10MFI 2.47 (2.02-4.11) 2.68 (2.02-3.55) 0.31 Exact Wilcoxon Rank Sum 

gB AD-3 peptides log10MFI 5.19 (3.18-5.60) 5.29 (4.16-5.80) 0.64 Exact Wilcoxon Rank Sum 

gB AD-4 peptides log10MFI 3.27 (2.74-4.42) 3.28 (2.70-4.05) 0.96 Exact Wilcoxon Rank Sum 

gB AD-5 peptides log10MFI 3.90 (3.36-4.24) 3.95 (3.30-4.36) 0.46 Exact Wilcoxon Rank Sum 

gB DomII loop 

peptides 

log10MFI 3.80 (2.93-4.73) 3.77 (2.73-4.73) 0.84 Exact Wilcoxon Rank Sum 

       

Neutralization Towne -C log10ID50 1.64 (<1-2.33) 1.75 (<1-3.64) 0.49 Exact Wilcoxon Rank Sum 

Towne +C log10ID50 1.73 (<1-2.86) 2.03 (<1-2.87) 0.34 Exact Wilcoxon Rank Sum 

AD169 -C log10ID50 <1 (max <1) <1 (<1-1.40) 1 Fisher’s Exact Test 

AD169 +C log10ID50 <1 (max <1) <1 (max <1) 1 Fisher’s Exact Test 

TB40/E fibroblast -C log10ID50 <1 (<1-1.04) <1 (<1-2.99) 1 Fisher’s Exact Test 

TB40/E fibroblast +C log10ID50 <1 (max <1) <1 (<1-2.33) 1 Fisher’s Exact Test 

TB40/E epithelial -C log10ID50 <1 (<1-1.65) 1.04 (<1-3.00) 0.27 Fisher’s Exact Test 

TB40/E epithelial +C log10ID50 <1 (<1-1.68) <1 (<1-2.95) 1 Fisher’s Exact Test 

       

gB-transfected  
Cell binding 

Autologous gB % pos cells 23.89 (0-32.04) 26.37 (5.27-53.16) 0.28 Exact Wilcoxon Rank Sum 

Heterologous gB % pos cells 9.77 (0-16.72) 16.10 (1.91-23.0) 0.15 Exact Wilcoxon Rank Sum 

       

HCMV-
infected  

Cell binding 

Whole plasma % pos cells 4.44 (0.25-9.32) 7.53 (0.71-53.76) 0.08 Exact Wilcoxon Rank Sum 

gB-specific IgG % pos cells 2.22 (0.68-13.18) 5.89 (0.48-24.35) 0.56 Exact Wilcoxon Rank Sum 

       

gB bead 
phagocytosis 

Full length gB protein % pos cells 52.40 (0-70.16) 51.98 (0-72.76) 0.95 Exact Wilcoxon Rank Sum 

gB ectodomain % pos cells 23.20 (0.41-

33.05) 

25.34 (0-35.55) 0.56 Exact Wilcoxon Rank Sum 

       

Whole virion 
phagocytosis 

Whole plasma % pos cells 9.63 (1.34-13.40) 9.79 (4.91-13.35) 0.65 Mann-Whitney U Test 

gB-specific IgG % pos cells 11.30 (0.24-

12.75) 

11.25 (0.24-13.50) 0.98 Mann-Whitney U Test 

       

NK cell 
degranulation 

gB-transfected target 

cells 

% pos cells 5.08 (4.14-7.99) 4.91 (4.38-7.20) 0.59 Fisher’s Exact Test 

HCMV-infected target 

cells 

% pos cells 3.54 (2.58-7.07) 3.49 (2.81-4.75) 0.63 Fisher’s Exact Test 

 

Lastly, we sought to investigate the relationship between measured antibody 

responses by creating a correlation matrix (Figure 3.13). We observed two distinct 

clusters of responses that appeared related to one another. The first cluster is comprised 

of gB-specific phagocytosis activity (of both gB protein and whole HCMV virions), 

binding responses against free gB protein and membrane-associated gB, and gB-specific 

IgG1 and IgG3 subclass responses. Neutralization activity, by contrast, was associated 
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with a distinct alternate cluster, with robust correlations observed between the different 

viral strains and cell lines tested.  Intriguingly, NK cell activation was inversely 

correlated with several parameters in cluster 1 (phagocytosis, gB-binding). Finally, some 

epitope-specific responses correlated with antibody function, including gB domain II-

specific IgG responses with phagocytosis activity and AD-2 and domain I-specific IgG 

responses with neutralization activity. To evaluate whether these clustered correlations 

were driven by vaccinated vs seropositive individuals, we performed an identical cluster 

analysis for vaccinee (Figure 3.14A) and seropositive antibody responses (Figure 3.14B) 

independently. Of note, the formation of cluster 1 was primarily driven by gB vaccine-

elicited immune responses, while cluster 2 was primarily driven by HCMV infection, 

likely by IgG binding and neutralization against non-gB HCMV glycoprotein epitopes. 
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Figure 3.13: Phagocytosis activity is highly correlated with gB-binding IgG and 

IgG3 magnitude.  

A correlation matrix was constructed using data from all 63 tested samples (33 

gB/MF59 vaccinee + 30 seropositive) to identify whether assay results correlate 

with one another. Assays are clustered based on similarity. The Pearson 

coefficient for each correlation is displayed in the matrix, ranging from -1.0 (blue) 

to +1.0 (red). Non-significant correlations (p>0.01) are displayed in gray text. Two 

distinct clusters were identified. The first cluster consists of gB-binding (protein 

and membrane-associated), IgG1/IgG3 subclass, and ADCP. The second cluster 

consists of whole virus binding and neutralization activity.  
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Figure 3.14: HCMV-specific plasma antibody response correlation matrix is 

distinct between gB/MF59 vaccinees and HCMV-infected women.  

Correlation matrices were constructed using data from either 33 vaccinees (A) or 

30 seropositive individuals (B) to identify how HCMV-specific antibody 

responses correlate with one another. Immune responses are clustered based on 

correlation strength. The Pearson coefficient for each correlation is displayed in 

the matrix, ranging from -1.0 (blue) to +1.0 (red). Non-significant correlations 

(p>0.01) are displayed in gray text 

 

3.3 Discussion 

Over the past decade, the HCMV vaccine field has largely shifted its focus away 

from the elicitation of gB-specific antibody responses and towards the targeting of  the 

gH/gL/UL128/UL130/UL131A pentameric complex (PC) because this protein construct 

was newly identified as a primary target of potent HCMV neutralizing antibodies 

(Chandramouli et al., 2017; Fouts et al., 2012). Yet, it is important to recognize that the 

gB/MF59 vaccine platform, which did not include the PC, achieved approximately 50% 

vaccine efficacy in preventing primary HCMV infection in two phase 2 trials (Bernstein 

et al., 2016; Pass et al., 2009) and demonstrated a protective benefit for transplant 

recipients (Griffiths et al., 2011) without the elicitation of potent neutralizing antibody 

responses (Cui et al., 2008; Griffiths et al., 2011; Sabbaj et al., 2011). Increasingly, the 

limitations of neutralizing antibodies in controlling HCMV cell-to-cell spread (Jacob et 

al., 2013) and the protective capacity of non-neutralizing HCMV-specific antibodies are 

becoming recognized (Bootz et al., 2017), indicating that the role of non-neutralizing 
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antibodies needs to be further investigated as a potentially-important endpoint for 

HCMV vaccine immunogenicity trials.  

Using a cohort of postpartum, phase 2 gB/MF59 vaccinees, we demonstrated 

low-level neutralization against the autologous, vaccine-strain Towne virus (Chou and 

Dennison, 1991), but negligible neutralizing responses against heterologous strains and 

minimal complement-mediated enhancement of neutralization activity. Yet in a cohort 

of phase 1 gB/MF59 vaccinees we observed a different result, confirming reports of 

heterologous neutralization and robust complement-mediated enhancement of virus-

neutralizing activity (Li F, 2017). Since the vaccine immunogen and adjuvant were 

identical in both trials, we hypothesize there is a physiologic and immunologic 

difference between the two cohorts. The phase 1 gB/MF59 vaccine cohort was comprised 

of young, healthy men and women (median age of 26), whereas the phase 2 cohort was 

comprised solely of immediately postpartum women (median age of 20). Pregnant 

women have long been known to have increased severity and/or susceptibility to 

specific infectious pathogens including influenza, hepatitis E, HSV-1, malaria, listeria, 

measles, smallpox, HIV-1 (Kourtis et al., 2014), suggesting a modified immunologic state 

during pregnancy. Reproductive hormones have been shown to modulate activity of the 

human immune system (Kourtis et al., 2014). For example, progestrone, which surges at 

the end of pregnancy and into the postpartum period, is immunosuppressive and can 

alter the Th1/Th2 balance (Robinson and Klein, 2012; Szekeres-Bartho and Wegmann, 
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1996) which could have impacted antibody maturation pathways. Additionally, it well-

characterized that the CD4+ regulatory T cells are highly upregulated during pregnancy 

to maintain tolerance against the developing fetus (Rowe et al., 2012). Regardless, it is 

evident that the partial vaccine efficacy achieved following gB/MF59 vaccination of 

postpartum women was not dependent on the induction of robust neutralizing antibody 

responses.  

Interestingly, analysis of the linear gB epitope IgG binding profile revealed high-

magnitude vaccine-elicited antibody responses against the AD-3 region located within 

the cytodomain of gB (Fig.  3, Fig.  S1) (Burke and Heldwein, 2015a; Chandramouli et al., 

2015). Indeed, an average of 76% of the total vaccine-elicited linear gB IgG binding was 

directed against this single region, in contrast to 32% in seropositive individuals. 

Because the AD-3 region is intracellular when gB is expressed on a cell membrane, it 

presumably does not give rise to antibodies that can bind to or neutralize infectious 

virus (Mach, 2006). It is unclear whether AD-3-directed antibody responses contributed 

to vaccine-mediated protection through mechanisms that remain to be defined, or, 

alternatively, whether this response was merely a diversion away from more functional 

epitopes. Decoy immune responses away from functional epitopes have been described 

for other pathogens, most notably for HIV-1, where a vaccine construct containing both 

gp120 and gp41 elicited a memory B cell response in which 93% targeted the gp41 region 

(Williams et al., 2015).  This gp41-dominant response is hypothesized to have occurred 
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due to preexisting memory B cells directed against a gp41-crossreactive epitope within 

intestinal microbiota, thus biasing the antibody response in a form of molecular 

mimicry. The cause of the immune dominance of the AD-3 region in gB/MF59 vaccinees 

is unclear, though this epitope may be more accessible on soluble protein compared to 

its typical intraluminal location on whole virions or HCMV-infected cells. The restricted 

antibody response against other gB epitopes, including neutralizing epitopes such as 

AD-1, AD-2, Domain I, and Domain II (Fig.  1, Fig. S5) may be a consequence of a 

diversionary AD-3 immune response. It is therefore possible that a next-generation 

HCMV gB vaccine construct without the cytodomain AD-3 epitope would elicit a 

greater magnitude and breadth of epitope-specific IgG responses and possibly elicit 

more potently-neutralizing antibodies.  

gB/MF59 vaccination elicited a robust titer of gB-specific IgG3 subclass 

antibodies, which is unusual for a protein subunit vaccine (Chung et al., 2014; Fouda et 

al., 2015). The identified IgG1/IgG3 subclass profile is consistent with previous reports 

(Gupta et al., 1996), though the relative abundance of gB-specific IgG subclasses could 

not be defined by our assay because of its semi-quantitative nature. Previous studies 

have suggested that the subclass distribution of gB-specific IgG responses may depend 

on the adjuvant used for vaccination (Britt et al., 1995) or the structure of the gB 

immunogen (Schleiss et al., 2017). Specifically, adjuvant MF59 has been tied to enhanced 

IgG3 responses for other vaccines (Fouda et al., 2015). Antigen-specific IgG3 has been 
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implicated in virologic control of other pathogens such as HIV-1 (Yates et al., 2014), and 

is anticipated that IgG3 mediates protective antiviral effects by binding to effector cell Fc 

receptors and facilitating non-neutralizing functions such as antibody-dependent 

cellular cytotoxicity (ADCC) (Chung et al., 2015) or antibody-dependent cellular 

phagocytosis (ADCP) (Tay et al., 2016). Non-neutralizing antibody effector functions 

have not been evaluated extensively for HCMV, though NK cells have been strongly 

implicated in control of HCMV replication (Arase et al., 2002; Biron and Brossay, 2001; 

Cosman et al., 2001; Kuijpers et al., 2008). Moreover, there is some precedent for ADCC-

mediated control of HCMV replication in vitro in patients with severe AIDS and 

concomitant HCMV retinitis (Forthal et al., 2001). Furthermore, purified HCMV 

hyperimmune gamma globulin (Cytogam) has been observed to dramatically enhance 

the antiviral function of macrophages or NK cells in culture (Forthal et al., 2001). A 

critical prerequisite for any vaccine-elicited non-neutralizing effector functions is 

antibody binding to membrane-associated glycoproteins. Importantly, our results 

demonstrate robust, strain-independent binding of vaccine-elicited antibodies to gB 

expressed on the surface of both gB-transfected and HCMV-infected cells, suggesting 

the possibility that these antibodies facilitate antiviral functions such as ADCC or ADCP.  

Despite the high-magnitude vaccine-elicited IgG3 response and membrane-

associated gB-binding, no substantial evidence of ADCC was observed among 

vaccinees. Yet, we demonstrated that vaccine-elicited plasma antibodies could mediate a 
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robust level of ADCP of both the gB immunogen alone and gB expressed on the surface 

of whole virions.  Antibody-mediated uptake of whole virions has not to our knowledge 

been explored as a protective immune mechanism for HCMV, though it has been shown 

to play an important role in clearing other viral pathogens including influenza (Fujimoto 

et al., 2000), West Nile virus (Chung et al., 2007), adenovirus (Zsengeller et al., 2000), 

SARS coronavirus (Yasui et al., 2014), foot-and-mouth disease virus (Quattrocchi et al., 

2011), and perhaps HIV-1 (Tay et al., 2016). As we observed robust vaccine-elicited IgG3 

antibody responses, it should be noted that IgG3 has high affinity for the Fc receptors 

expressed on monocytes/macrophages (Vidarsson et al., 2014), and that this IgG subclass 

has been associated with more robust uptake of opsonized virus (Rozsnyay et al., 1989; 

Tay et al., 2016). Monocytes are widely recognized as an important target for HCMV 

latent infection and dissemination throughout the body (Wills et al., 2015). Our data 

suggests that phagocytosed virions are destroyed and do not initiate HCMV replication, 

yet the fate of a phagocytosed virion is relatively unexplored and subsequent studies 

should investigate whether antibody-mediated uptake of HCMV can facilitate initiation 

of latent/lytic HCMV infection.  

One limitation of this study is that we did not assess the role of CD4+ or CD8+ T 

cells in gB/MF59 vaccine-elicited functional immunity, as stored mononuclear cells are 

not available. Yet protein vaccines, and MF59-adjuvanted protein vaccines in particular, 

are quite poor at stimulating antigen-specific T cells (Foged et al., 2012). Nevertheless, 
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this topic remains controversial, as robust CD4+/CD8+ T cell immunity has been 

observed in a human cohort following 3 doses of an MF59-adjuvanted protein vaccine 

(Galli et al., 2009), and gB/MF59 vaccination of HCMV-seropositive subjects resulted in 

boosted gB-specific CD4+ T cells (Sabbaj et al., 2011). Another shortcoming is that our 

study was underpowered to compare the magnitude of immune responses between 

vaccinees who acquired HCMV during the course of the vaccine trial and those who did 

not. Thus, we cannot say with certainty that non-neutralizing antibody functions such as 

ADCP were associated with protection against HCMV infection. Nevertheless, this 

investigation has expanded the repertoire of HCMV-specific antibody functional assays 

and informs which vaccine-elicited antibody functions were potentially-responsible for 

the partial vaccine efficacy, guiding subsequent investigation in HCMV vaccine trials.  

This in-depth investigation of the immune responses elicited by the most 

efficacious HCMV vaccine candidate to-date has revealed important biology of antibody 

functions that are potentially-protective against HCMV infection. Though neutralizing 

antibody responses are likely important in the control of cell-free HCMV dissemination, 

cellular responses and/or non-neutralizing antibody effector functions may be essential 

to eliminate the infected cell reservoir and contain direct cell-to-cell spread. Our data 

demonstrate for the first time that heterologous neutralizing antibody responses were 

not responsible for the partial efficacy observed in this HCMV vaccine clinical trial (Pass 

et al., 2009). Furthermore, gB/MF59-elicited antibodies can mediate robust, non-
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neutralizing antiviral functions, and such responses in the absence of potent neutralizing 

antibodies are the likely mechanism behind the clinically-demonstrated 50% vaccine 

efficacy. Thus, the elicitation of non-neutralizing antibody responses against HCMV 

should be a consideration in the rational design of the next generation of HCMV 

vaccines for the elimination of congenital and transplant-associated HCMV infections.   

 

3.4 Materials and Methods 

Study population. The postpartum gB/MF59 vaccine study population was 

comprised of 33 postpartum women who participated in a phase 2, randomized, double-

blind, placebo controlled clinical trial of an HCMV vaccine(Pass et al., 2009). Trial 

participants were HCMV-seronegative women immunized with gB protein (Sanofi 

Pasteur) with MF59 adjuvant (Novartis) on a 0, 1 and 6 month schedule. The utilized 

subset of 33 gB/MF59 vaccinees was a consequence of sample availability at the peak 

immunogenicity time point, with no selection based on the magnitude of gB/MF59-

elcited immune responses. Phase 1 gB/MF59 vaccine cohort consisted of 10 healthy, 

young, seronegative subjects immunized with various doses of HCMV gB (range from 5-

30µg) (Frey et al., 1999). Seropositive cohort consisted of 30 chronically HCMV-infected, 

postpartum women with infants diagnosed with congenital HCMV infection. 

Institutional review board (IRB) approval was obtained from the University of Alabama 

at Birmingham (postpartum gB/MF59), Virginia Commonwealth University (phase 1 
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gB/MF59), and Harvard University (Seropositive cohort). All subjects signed an 

approved consent form. The Duke IRB determined that the analysis of de-identified sera 

samples did not meet the definition of human subjects research.   

Cell culture. Human retinal pigment epithelial (ARPE-19) cells (ATCC) were 

maintained for a maximum of 35 passages in Dulbecco’s modified Eagle medium-12 

(DMEM-F12) supplemented with 10% FCS, 2mM L-glutamine, 1mM sodium pyruvate, 

50 U/mL penicillin, 50 µg/mL streptomycin and gentamicin, and 1% epithelial growth 

cell supplement (ScienCell). Human epithelial kidney (HEK293T) cells (ATCC) were 

maintained for a maximum of 35 passages in DMEM containing 10% FCS, 25mM HEPES 

buffer, 50 U/mL penicillin, and 50 µg/mL streptomycin. Human lung (MRC-5) 

fibroblasts (ATCC) were maintained for a maximum of 20 passages in DMEM 

containing 20% FCS, 50 U/mL penicillin, and 50 µg/mL streptomycin. Immortalized 

human foreskin fibroblast cells (BJ-5ta) cells (ATCC) were maintained for a maximum of 

100 passages in DMEM and Medium 199 mixed in a 4:1 ratio, then supplemented with 

10% FCS, 25mM HEPES buffer, 50 U/mL penicillin, 50 µg/mL streptomycin and 

gentamicin, and 10 µg/mL hygromycin B. Human monocyte (THP-1) cells (ATCC) were 

maintained for a maximum of 35 passages in RPMI-1640 medium containing 10% FCS. 

To differentiate THP-1 cells into macrophages, cells were plated at a density of 2x105 

cells/mL, PMA was added to cells at 200ng/mL, then media changed after 3 days and the 
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cells allowed to rest for an additional 6 days. All cell lines were tested for the presence of 

mycoplasma biannually.  

Virus growth. Towne virus (ATCC) was propagated on MRC-5 cells in T75 culture 

flasks. AD169 revertant virus (AD169r +/- GFP; a gift from Merck) (Wang et al., 2011) 

and TB40/E-mCherry (a gift from N. Moorman) (O'Connor and Shenk, 2011) virus stocks 

were propagated on ARPE cells in T75 culture flasks. Supernatant containing cell-free 

virus was collected when 90% of cells showed cytopathic effects, then cleared of cell 

debris by low-speed centrifugation before passage through a 0.45-µm filter.  

IgG binding and avidity ELISAs. To measure the magnitude of the gB-specific and 

HCMV-specific plasma IgG response, 384-well ELISA plates were coated overnight at 

4°C with 30 ng gB or 33 PFU TB40/E-mCherry per well, then blocked with the assay 

diluent (1x PBS containing 4% whey, 15% normal goat serum, and 0.5% Tween-20). 

Three-fold dilutions of sera were then added to the plate, detected with a horseradish 

peroxidase (HRP)-conjugated polyclonal goat anti-monkey IgG (Rockland), and 

developed using the SureBlue Reserve tetramethylbenzidine (TMB) peroxidase substrate 

(KPL). Data are reported as log10 AUC (area under the curve) values, which indicates the 

magnitude of the area under the sigmoidal dilution vs. OD curve. AUC was chosen 

because full sigmoidal binding curves were not obtained for some samples, complicating 

ED50 determination. For antibody avidity assessment, duplicate wells were treated for 5 

min with either 7M urea or 1x PBS following sera incubation step. Sera dilutions that 
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resulted in an OD value between 0.6 and 1.2 in the absence of urea treatment (dilution 

range = 1:30-1:1000) were used to determine the relative avidity index (RAI). Indexes 

were calculated as the OD ratio of urea:PBS treated wells.  

Neutralization. The neutralization titers of patient sera were measured by both a 

high-throughput immunofluorescence assay as previously described (Bialas et al., 2016) 

as well as by a GFP-based assay (for AD169r GFP). Briefly, BJ-5ta or ARPE-19 cells were 

seeded into 96-well flat-bottom plates and incubated for 2 days at 37°C and 5% CO2 to 

achieve 100% confluency. Once confluent, 3-fold dilutions (1:10–1:30,000) of heat-

inactivated maternal plasma samples in infection media were incubated with an 

MOI=1.0 of Towne (ATCC), AD169r (Merck Laboratories) (Wang et al., 2011) or TB40/E-

mCherry (gift of Nat Moorman) (O'Connor and Shenk, 2011) virus stock in a total 

volume of 50 µL for 45 minutes at 37°C. For complement neutralization assays, 

plasma/virus was diluted in infection media containing rabbit complement (Cedarlane 

Laboratories) at a final dilution of 1:2. Immune complexes were then added in duplicate 

to wells containing ARPE-19 or BJ-5ta cells, respectively. For the immunofluorescence 

assay, cells were incubated for 18 hours at 37°C. Infected cells were then fixed for 10 

minutes with 3.7% paraformaldehyde, permeabilized for 10 minutes with Triton × 100, 

and subsequently processed for immunofluorescence with mouse anti-HCMV IE-1 

monoclonal antibody (MAB810, Millipore) followed by goat anti-mouse IgG-

AlexaFluor488 (Millipore). To extract the fluorescent conjugate into solution, a 50 µL 
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volume of alkaline carbonate buffer (0.1 M NaOH and 0.5% Na2CO3) was added to each 

well for 1 hour, transferred to a 384 black-well plate, and read at a wavelength of 450 nm 

with a Victor 3X. For the GFP-based assay, cells were incubated for 42 hours at 37°C, 

followed by fixation for 10 minutes with 3.7% paraformaldehyde. GFP expression was 

read on a Cellomics Arrayscan (ThermoFisher Scientific). Neutralization titers (ID50) 

were calculated according to the method of Reed and Muench using the RLU and 

indicate the plasma dilution that resulted in a 50% reduction in fluorescence signal 

compared to control wells infected with virus only.  

gB monoclonal antibody production. The heavy and light chain sequences for gB 

mAbs were obtained from NCBI: SM10 (JF806459.1, JF806449.1) and SM5-1 (JF806466.1, 

JF806456.1). Sequences were synthesized (Genscript) and cloned into the pcDNA3.1+ 

mammalian expression vector. The heavy chain for all antibodies included an IgG 

backbone. Plasmids were transiently transfected into 293F cells, and the antibody was 

purified using protein A beads as described previously (Liao et al., 2011). 

gB glycoprotein domain design/production. Sequences encoding HCMV glycoprotein 

B (gB) Domain I (AA 133-343) and gB Domain I+II (AA 112-438) from the Merlin strain 

were tagged at the 5’ end with the UL132 signal peptide sequence 

MPAPRGLLRATFLVLVAFGLLLHMDFS and hemagglutinin (HA) tag, and at the 3’ end 

with an avidin and polyhistidine tag.  The discontinuous sequence encoding gB Domain 

II (AA 112-133 + 343-438) was joined with the flexible linker Ile-Ala-Gly-Ser-Gly, and the 
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3’ avidin/polyhistidine tags omitted due to hypothesized steric hinderance. Nucleotides 

were codon optimized for mammalian cells, synthesized de novo (Genscript), then cloned 

into pcDNA3.1(+) mammalian expression vector (Invitrogen) via BamHI at the 5′ end 

and EcoRI site at the 3′ end. Plasmids were transiently transfected into 293F suspension 

cells as previously described using polyethylenamine transfection reagent (Sigma-

Aldrich) (Liao et al., 2011). Supernatant was harvested 5 days later, and purified using 

Nickel-NTA resin for gB Domain I and Domain I+II (Thermo Fisher Scientific), and lectin 

resin (VWR) for gB Domain II. Proteins were then size-exclusion HPLC purified. Purity 

and identity were confirmed by Western blot using polyclonal CMV IgG (Cytogam – 

CSL Behring) or monoclonal antibodies SM10 (Domain I, Domain I+II) and SM5-1 

(Domain II).  

Binding antibody multiplex assay (BAMA). Antibody responses against gB protein 

and gB epitopes was measured as previously described (Bialas et al., 2016). In brief, 

carboxylated fluorescent beads (Luminex) were covalently coupled to purified HCMV 

antigens and subsequently incubated with maternal plasma in assay diluent (phosphate-

buffered saline, 5% normal goat serum, 0.05% Tween 20, and 1% Blotto milk). The 

antigen panel included gB (Sanofi-Pasteur), gB domain I, gB domain II, gB domain I+II 

(see above), gB AD-1 (myBiosource), and biotinylated linear gB AD-2 (biotin-

NETIYNTTLKYGD). CMV glycoprotein–specific antibodies were detected with 

phycoerythrin-conjugated goat anti-human IgG (2 µg/mL, Southern Biotech). Beads 
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were washed and acquired on a Bio-Plex 200 instrument (Bio-Rad), and results were 

expressed as mean fluorescence intensity. A panel of pre-vaccination time points and 

placebo recipients (n=30) was included to determine nonspecific baseline levels of 

binding. Minimal background activity was observed, so the threshold for positivity for 

each antigen was set at the mean value of negative control sera to each antigen + 2 

standard deviations. Blank beads were used in all assays to account for nonspecific 

binding. All assays included tracking of CMV immunoglobulin (Cytogam) standard by 

Levy-Jennings charts. The preset assay criteria for sample reporting were coefficient of 

variation per duplicate values of ≤20% for each sample and ≥100 beads counted per 

sample. All samples were analyzed at the same dilution for each antigen: gB, gB Domain 

I, and gB Domain I+II were assessed at a 1:500 dilution, while gB AD-1 and gB AD-2, 

and gB Domain II were assessed at a 1:50 dilution. These dilutions were predetermined 

to be within the linear range of the assay based on testing serial dilutions of a small 

subset of plasma samples. 

 BAMA IgG subclass determination. To measure the IgG subclass of gB-specific 

antibodies, plasma was diluted 1:40 and tested against the gB protein. Binding was 

detected using biotin-conjugated subclass-specific antibodies at a concentration of 4 

µg/mL in separate assays for each subclass: IgG1-biotin (BD Pharmingen; clone G17-1), 

IgG2-biotin (BD Pharmingen; G18-21), IgG3-biotin (Calbiochem; clone HP6047), and 

IgG4-biotin (BD Pharmingen; clone G17-4). The plates were washed, then 
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phycoerythrin-conjugated streptavidin (2 µg/mL, Southern Biotech) was added. Assay 

acquisition, data analysis, and QC criteria were identical to those described above.   

 gB peptide microarray. To identify linear gB epitope binding, 15-mer peptides 

covering the entire gB open reading frame (Towne strain), and overlapping with 

neighboring peptides by 10 residues (total of 188 peptides) were synthesized and 

printed to a PepStar multiwell array (JPT Peptide) in triplicate. The sequences of all 

peptides in the library are included (Dataset S1). Microarray binding was performed 

manually using individual slides immobilized in the ArraySlide 24-4 chamber (JPT 

Peptide). First, arrays were blocked with blocking buffer (PBS containing 1% milk blotto, 

5% NGS, and 0.05% Tween20) for 1.5 hours, followed by a 1.5 hour incubation with sera 

diluted 1:250 in blocking buffer, and finally a 45 minute incubation with anti-human IgG 

conjugated to AF647 (Jackson ImmunoResearch) diluted in blocking buffer (0.75 µg/mL). 

Following each incubation step, arrays were washed 5x in wash buffer (1x TBS buffer + 

0.1% Tween) using an automated plate washer (BioTec ELX50). Array was washed one 

final time 2x with 0.1x SSC buffer, then dried by centrifugation in a 50 mL conical tube 

(Falcon). Arrays were scanned at a wavelength of 635 nm using an Axon Genepix 4300 

scanner (Molecular Devices) at a PMT setting of 580 and 100% laser power. Images were 

analyzed using Genepix Pro 7 software (Molecular Devices). Images were reviewed 

manually for accurate automated peptide identification. Binding intensity of sera to each 

peptide was corrected with the surrounding background fluorescence. Median 
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fluorescent intensity of each of the 3 replicates was reported. Samples with more than 

3% of peptides having a CV more than 25% were repeated. 

 gB-specific IgG isolation. First to biotinylate the gB antigen, EZ-Link NHS-LC-LC-

Biotin (ThermoFisher Scientific) was suspended in DMSO at a 10 mM concentration, 

then added to glycoprotein B (1 mg/mL in 1x PBS) at a final concentration of 0.2mM, and 

the mixture allowed to incubate for 30 min at room temperature (RT) with constant 

agitation. Subsequently, the biotinylated sample was transferred to a 30K molecular 

weight, 0.5 mL Amicon centrifuge spin column (Millipore), washed twice with 1x PBS, 

then re-suspended in the original volume. Next, the biotinylated antigen was added to 

streptavidin-conjugated magnetic beads (New England Biolabs) in a 1:10 ratio, allowed 

to incubate for 1 hour at RT with constant agitation, then washed using of wash/binding 

buffer (0.5 M NaCl, 20 mM Tris-HCl pH 7.5, 1 mM EDTA) in a microcentrifuge tube 

using a magnetic tube rack (Nvigen), and resuspended in the original volume. Samples 

first underwent a “pre-clear” step to remove non-specific bead-binding: for each sample, 

50 µL of heat-inactivated plasma was combined with 25 µL of washed, uncoupled 

streptavidin magnetic beads and allowed to incubate for 1 hour at RT with constant 

agitation. Pre-cleared plasma (now 75 µL) was transferred to a new microcentrifuge 

tube, then combined with 25 µL of gB-coupled beads and allowed to incubate at RT for 1 

hour. Magnetic beads were washed 2x with binding/wash buffer, then eluted using 90 

µL of IgG Elution Buffer (ThermoFisher Scientific) into 10 µL 1 M Tris-HCl, pH 8.0. 
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Samples were buffer exchanged with 1x PBS, then re-suspended in the original 50 µL 

plasma volume.  

 gB-transfected cell binding. HEK293T cells were grown overnight to ~50% 

confluency in a T75 flask, then co-transfected using Effectine transfection reagent 

(Qiagen) with a GFP-expressing plasmid (gift of Maria Blasi, Duke University) and a 

second plasmid encoding either the full autologous Towne strain gB ORF 

(SinoBiological) or a custom-synthesized heterologous gB sequence (Genscript). The 

heterologous gB sequence was obtained from the consensus viral variant identified in 

HCMV-infected gB/MF59 vaccinees.  Transfected cells were incubated for 2 days at 37°C 

and 5% CO2, washed with DPBS (Gibco), then removed from the flask using enzyme free 

cell-dissociation buffer (ThermoFisher Scientific). Cells were re-suspended in wash 

buffer (DPBS + 1% FBS), counted using Muse Count and Viability kit (Millipore), then 

100,000 live cells were added to each well of a 96-well V-bottom plate (Corning). Plate 

was then centrifuged at 1200 x g for 5 minutes and the supernatant discarded. Sera 

samples were diluted in duplicate 1:6250 in HEK293T growth media. Cells were re-

suspended in diluted sera, then incubated for 2 hours at 37°C and 5% CO2. Next, cells 

were washed and re-suspended in LIVE/DEAD Aqua Dead Cell Stain Kit (ThermoFisher 

Scientific) diluted 1:1000 and allowed to incubate for 20 minutes at RT. Afterwards, cells 

were washed, then re-suspended in PE-conjugated goat anti-human IgG Fc (eBioscience) 

diluted 1:200 in wash buffer then incubated for 25 minutes at 4°C. Following two 
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additional wash steps, cells were re-suspended and fixed in DPBS + 1% Formalin. Events 

were acquired on LSR Fortessa machine (BD biosciences) using the high-throughput 

sampler (HTS). The % PE+ cells was calculated from the live, GFP+ cell population and 

reported for each sample. Background binding of each plasma sample was corrected for 

using cells transfected with the GFP-expressing plasmid alone.   

 HCMV-infected cell binding. MRC-5 cells were grown to ~50% confluency in a T175 

flask, then infected with TB40/E-mCherry at an MOI=2.0. Cells were incubated at 37°C 

and 5% CO2 for 2 hours, then the media was changed and the infection was allowed to 

proceed for an additional 46 hours. Infected cells were washed with DPBS, removed 

from the flask using a cell scraper and re-suspended in wash buffer (DPBS + 1% FBS), 

then counted using Muse Count and Viability kit (Millipore). Cells were pelleted by 

spinning at 1200 x g for 5 minutes, re-suspended at a concentration of 10 million cells / 

mL, then incubated with LIVE/DEAD Aqua Dead Cell Stain Kit at a 1:1000 dilution for 

20 minutes. Cells were washed and then re-suspended and fixed in DPBS + 10% 

formalin for 10 minutes. Following 2 additional wash steps, 20,000 live cells were added 

to each well of a 96-well V-bottom plate (Corning). Plate was then centrifuged at 1200 x 

g for 5 minutes and the supernatant discarded. Sera samples were diluted in duplicate 

1:1250 in wash buffer. Cells were re-suspended in diluted sera, then incubated for 2 

hours at 37°C and 5% CO2. Next, cells were washed, then re-suspended in FITC-

conjugated goat anti-human IgG  (Abcam) diluted 1:200 in wash buffer then incubated 
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for 25 minutes at 4°C. After two final wash steps, cells were re-suspended in PBS + 1% 

Formalin. Events were acquired on LSR Fortessa machine (BD biosciences) using the 

HTS. The % FITC+ cells was calculated from the live, mCherry+ cell population and 

reported for each sample. Background signal of each plasma sample was corrected using 

mock infected cells. 

 gB protein phagocytosis. gB protein (gift of Sanofi) was biotinylated as described 

previously. gB protein ectodomain (Acro biosystems) was similarly biotinyated 

following cleavage of human IgG Fc conjugate protein by Factor X protease (New 

England Biolabs). Yellow-green avidin-conjugated NeutrAvidin fluorescent 

microspheres (ThermoFisher Scientific) were combined with biotinylated antigen at a 

ratio of 1 µL beads : 1 µg antigen, then allowed to incubate overnight at 4°C with 

constant agitation. Beads were washed twice with wash buffer (DPBS + 0.1% BSA) to 

remove unbound antigen, then re-suspended in 100x the original bead volume of wash 

buffer. Sera samples were diluted 1:1250 in wash buffer, then 10 µL of diluted sera was 

combined with 10 µL of diluted, antigen-conjugated beads in a round-bottom, 96-well 

plate and allowed to incubate at 37°C for 2 hours. Following this incubation step, 25,000 

THP-1 cells were added to each well, suspended in 200 µL primary growth media. 

Plates were centrifuged at 1200 xg and 4°C for 1 hour in a spinoculation step, then 

incubated at 37°C for an additional hour. Cells were re-suspended and transferred to a 

96-well V-bottom plate, then washed twice prior to fixing in 100 µL DPBS + 1% 
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Formalin. Events were acquired on LSR Fortessa machine (BD biosciences) using the 

HTS. The % FITC+ positive cells was calculated from the full THP-1 cell population and 

reported for each sample. Background activity of each plasma sample was corrected by 

assessing phagocytosis of NeutrAvidin beads not coupled to a protein antigen. 

 Whole HCMV virion phagocytosis. Approximately 1x107 PFU of concentrated, 

sucrose gradient-purified TB40/E-mCherry virus was transferred to a 100,000 kDa 

Amicon filter (Millipore), then buffer exchanged with 1x PBS, concentrated down to 

approximately 100 µL, transferred to a microcentrifuge tube containing 20 µL of 1 M 

sodium bicarbonate. For direct fluorescent conjugation of the virus, approximately 10 µg 

of AF647 NHS ester (Invitrogen) reconstituted in DMSO was added to the concentrated, 

purified virus, then this reaction mixture was allowed to incubated at room temperature 

for 1 hour with constant agitation. The reaction was quenched with 80 µL of 1 M Tris-

HCl, pH 8.0, then the labelled virus was diluted 25x in wash buffer (PBS + 0.1% FBS). 

Sera samples were diluted 1:10 in wash buffer, then 10 µL of diluted sera was combined 

with 10 µL of diluted, fluorophore-conjugated virus in a round-bottom, 96-well plate 

and allowed to incubate at 37°C for 2 hours. Following this incubation step, 25,000 THP-

1 cells were added to each well, suspended in 200 µL primary growth media. Plates 

were centrifuged at 1200 xg and 4°C for 1 hour in a spinoculation step, then incubated at 

37°C for an additional hour. Cells were re-suspended and transferred to a 96-well V-

bottom plate, then washed twice prior to fixing in 100 µL DPBS + 1% formalin. Events 
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were acquired on LSR Fortessa machine (BD biosciences) using the HTS. The % AF647+ 

cells was calculated from the full THP-1 cell population and reported for each sample. A 

cutoff for sample positivity was defined as the mean value of pre-vaccination sera (n=25) 

+ 2 standard deviations.  

 Natural killer (NK) cell CD107a degranulation assay. Cell-surface expression of 

CD107a was used as a marker for NK cell degranulation (PMID: 14580882, PMID: 

15604012). ARPE cells were plated at 3x104 cells/well in a 96-well flat-bottom tissue 

culture plate and allowed to incubate for 24 hours at 37°C. Cells were either infected with 

TB40/E-RFP at an MOI of 1.0 or transfected with gB-encoding mRNA using the TransIT 

mRNA transfection kit (Mirus Biosciencies), then incubated a further 48 hours at 37°C. 

Following incubation, supernatant was removed and the transfected or infected cell 

monolayers were washed once with RMPI 1640 containing 10% FBS, HEPES, Pen-

Strep-L-Glut, Gentamicin (R10 media) before addition of NK cells. Primary human NK 

cells were isolated from peripheral blood mononuclear cells (PBMC) after overnight rest 

in R10 media with 10ng/mL IL-15 (Miltenyi Biotech) by depletion of magnetically 

labeled cells (Human NK cell isolation kit, Miltenyi Biotech). 5x104 live NK cells were 

added to each well containing gB transfected or HCMV-infected ARPE-19 cell 

monolayers. Plasma samples or monoclonal antibodies (mAbs) were diluted in R10 and 

added to the cells at a final dilution of 1:25 or a concentration of 25µg/mL, respectively, 

in duplicate. Brefeldin A (GolgiPlug, 1 µl/ml, BD Biosciences), monensin (GolgiStop, 

4µl/6mL, BD Biosciences), and CD107a-FITC (BD Biosciences, clone H4A3) were added 
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to each well and the plates were incubated for 6 hours at 37ºC in a humidified 5% CO2 

incubator. NK cells were then gently resuspended, taking care not to disturb the ARPE-

19 cell monolayer, and the NK containing supernatant was collected and transferred to 

96-well V-bottom plates. The recovered NK cells were washed with PBS, and stained 

with LIVE/DEAD Aqua Dead Cell Stain at a 1:1000 dilution for 20 minutes at room 

temperature. The cells were then washed with 1%FBS PBS and stained for 20 minutes at 

room temperature with the following panel of fluorescently conjugated antibodies 

diluted in 1%FBS PBS: CD56-PECy7 (BD Biosciences, clone NCAM16.2), CD16-PacBlue 

(BD Biosciences, clone 3G8), and CD69-BV785 (BioLegend, Clone FN50). The cells were 

then washed with 1%FBS PBS, fixed and permeabilized for 20 minutes at 4ºC (BD 

Fixation/Permeabilization solution), washed with BD Perm/Wash, and stained for 

intracellular interferon (IFN)-g-BV711 (BioLegend, clone 4S.B3) and tumor necrosis 

factor-alpha (TNF)-a-BV650 (BD Biosciences, clone Mab11) for 30 minutes at 4ºC. The 

cells were then washed twice and re-suspended in 1% paraformaldehyde fixative for 

flow cytometric analysis. Data analysis was performed using FlowJo software (v9.9.6). 

Data is reported as the % of CD107a positive live NK cells (singlets, lymphocytes, aqua 

blue-, CD56+ and/or CD16+, CD107a+). The threshold for positivity is the mean response 

of preimmune samples + 2 standard deviations. CD69, TNFa, and IFNg were not 

included in the final analysis due to the low frequency of CD107a+ responses. 
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Statistical analysis. Data transformation were performed before any analysis.  

Specifically, avidity, transfected cell binding, infected cell binding, phagocytosis, and 

ADCC, and THP-1 % neutralization, and macrophage phagocytosis data were arcsine 

transformed.  Luminex MFI, Luminex subclass MFI, peptide microarray MFI, and 

Towne neutralization data were Log10 transformed.  Normality was then assessed by 

checking skewness and kurtosis values (West SG, 1995). Comparisons of AD169 

neutralization, TB40/E (fibroblast) neutralization, and TB40/E (epithelial) neutralization 

data between vaccinee versus seropositive samples or between infected and uninfected 

gB/MF59 vaccinees, and comparisons of neutralization data between Phase 1 gB/MF59 

vaccinees and postpartum gB/MF59 vaccinees were performed using Fisher's exact test. 

Comparisons of neutralization data between the presence and absence of purified rabbit 

complement were performed using Wilcoxon signed-rank test.  Comparisons of GFP-

based neutralization assay versus immunofluorescence assay were performed using 

either Exact McNemar Test for postpartum gB/MF59 vaccinees or paired t-test for 

seropositive subjects. Comparisons of remaining data between vaccinee versus 

seropositive samples, or between infected and uninfected gB/MF59 vaccinees were 

performed using the t-test for normal data or Wilcoxon rank sum test for non-normal 

data.  The correlations among different assays were calculated with the Pearson 

correlation.  The Benjamini-Hochberg FDR P value correction was used to correct for 

multiple comparisons (Benjamini and Hochberg, 1995).  All statistical tests were 
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completed using SAS v9.4 (SAS Institute Inc).  A p-value less than 0.05 (2-tailed) was 

considered significant for all analyses.  Correlation matrix was plotted in R v3.4.1 using 

corrplot package. 
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4. Interrogating the HCMV Viral Population in the Setting 
of Vaccine-Elicited Immunity 

The glycoprotein B (gB) + MF59 adjuvant subunit vaccine is the most efficacious 

trialed clinically to-date, demonstrating approximately 50% efficacy in multiple phase 2 

trials. Yet, the impact of gB/MF59-elicited immune responses on the population of 

viruses acquired by trial participants has not been assessed, which remains a critical 

question for understanding the functional antiviral immunity responsible for the partial 

vaccine efficacy demonstrated in these clinical trials.  
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4.1 Rationale 

Though the polymorphic nature of HCMV is well established (Section 1.4), the 

biologic implications remain uncertain. If multiple unique viral variants are identified in 

a single individual (so-called “mixed infection”), does this represent de novo mutations, 

simultaneous initial infection with multiple unique variants, or independent, sequential 

infection events? Mixed infections have been frequently detected in both chronically 

HCMV-infected individuals (Novak et al., 2008) and immunocompromised host 

(Coaquette et al., 2004; Peek et al., 1998; Sowmya and Madhavan, 2009). Yet, recently-

seroconverted women from the gB/MF59 vaccine trial predominantly had a single 

variant detected in all tissues and at all time points (Murthy et al., 2011) when evaluated 

by a traditional Sanger sequencing methodology, suggesting that mixed infections in 

healthy individuals may result from independent, sequential infection events.  

One major limitation of traditional HCMV genotyping to evaluate HCMV 

diversity is a lack of sensitivity to detect viral variants present at low frequency. Recent 

HCMV whole-genome, next-generation sequencing (NGS) has suggested that there is 

remarkable intrahost diversity, comparable to many RNA viruses, stemming from the 

presence of low-frequency alleles representing minor viral variants (Renzette et al., 2011; 

Renzette et al., 2013; Renzette et al., 2015). Thus, it has been established that HCMV 

likely exists within individual hosts as a heterogeneous population of unique, but 

related viral variants (Renzette et al., 2015) – so-called quasi-species Subsequent 
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characterization of the intrahost composition and distribution of low-frequency viral 

variants, has led to recognition of unique viral populations between individual organs 

representing anatomic compartmentalization of viral populations (Renzette et al., 2013).  

As HCMV diversity is due to the presence of distinct, low-frequency viral 

variants, traditional sequencing methodologies may not be the most appropriate means 

to discern differences between intrahost viral populations. Thus, we applied a 

previously-validated (Nelson et al., 2017) sequencing methodology and analysis pipeline 

termed Short NGS Amplicon Population Profiling (SNAPP), to investigate the viral 

populations of recently-seroconverted gB/MF59 vaccinees and placebo recipients. This 

technique, which employs sequencing of an approximately 500 base-pair region at 

tremendous read depth, has facilitated a more complete understanding of in vivo viral 

dynamics. We hypothesize that gB/MF59 vaccination limited the complexity of the in 

vivo viral population following primary HCMV infection. Metrics of HCMV population 

dynamics including viral load, diversity, and number of unique haplotypes (viral 

variants), can be studied in concert with vaccine-elicited immune responses to arrive at a 

more comprehensive understanding of the mechanism of partial vaccine efficacy. 
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4.2 Results 

4.2.1 Viral Load, Number of Haplotypes, and Haplotype Sequence 
Diversity by Vaccine Group 

We obtained HCMV DNA extracted from plasma, saliva, urine, and vaginal fluid 

of 53 gB/MF59 vaccinee and placebo recipients following HCMV primary infection. 

Samples were taken approximately monthly, though sampling was heterogeneous 

between trial participants. To account for sampling heterogeneity, the peak plasma viral 

load (Figure 4.1A) and peak viral shedding in saliva, urine, and vaginal fluid (Figure 

4.1B-D) was identified for each patient and separated by vaccine group. The peak levels 

of viremia following primary HCMV acquisition were similar between vaccinee and 

placebo recipients. The viral load of shed virus in urine and vaginal fluid was similar 

between placebo and gB/MF59 vaccinees, though levels of saliva viral shedding was 

reduced in gB vaccinees (median copies/mL: Pb=319, gB/MF59=51; p=0.022, Friedman 

test + poshoc Exact Wilcoxon Rank Sum test).  
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Figure 4.1: Reduced saliva shedding, yet similar number of viral haplotypes and 

nucleotide diversity between HCMV-infected glycoprotein B vaccinees and 

placebo recipients.  

Peak plasma viral load (A) as well as the peak magnitude of virus shed in saliva 

(B), urine (C), and vaginal fluid (D) was compared between gB vaccinees and 

placebo recipients. Plasma viral load (A) as well as shed virus in urine (C) and 

vaginal fluid (D) was similar between HCMV-infected placebo recipients (Pb) 

and gB/MF59 vaccinees, though there was reduced HCMV shedding in the saliva 

of vaccinees (B). The number of unique viral haplotypes (E) as well as nucleotide 

diversity (Pi) (F) was assessed in viral DNA amplified at the gB locus for tissue 

culture virus (TCV), placebo recipients (Pb), gB/MF59 vaccinees, and 

seropositive, chronically HCMV-infected individuals (SP). (G) The magnitude of 

nucleotide diversity resulting in synonymous (PiS) vs. nonsynonymous changes 

was compared. Horizontal bars indicate the median values for each group. 

*p<0.05; statistical tests employed include: viral load – Exact Wilcoxon Rank Sum 

test, haplotypes & Pi – Kruskal-Wallis test + posthoc Exact Wilcoxon Rank Sum 

test, PiS vs. PiN – Wilcoxon Signed Rank test.  
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Next, short (~550 base pair), variable regions within gB and UL130 were amplified by 

nested PCR and deep-sequenced (Figure 4.2), then unique viral haplotypes inferred by a 

modified SeekDeep analysis pipeline (Hathaway et al., 2017) (Figure 4.3). gB and UL130 

haplotypes were obtained from a total of 14 placebo-recipients and 6 gB/MF59 vaccinees 

following primary infection, as well as 4 seropositive, chronically HCMV-infected 

individuals. Three tissue culture virus stocks were included for comparison. The peak 

number of viral haplotypes among all compartments for each patient was similar 

between placebo and gB/MF59 vaccinees following primary HCMV infection at both the 

UL55 (gB) (Figure 4.1E) and UL130 loci (Figure 4.5A). Interestingly, the peak number of 

gB viral haplotypes was higher in seropositive individuals compared to both placebo 

(median haplotypes: SP=15, P=4; p=0.002, Kruskal-Wallis test + posthoc Exact Wilcoxon 

Rank Sum test) and gB/MF59 vaccinees (median haplotypes: gB/MF59=6; p=0.008, 

Kruskal-Wallis + Exact Wilcoxon Rank Sum test), perhaps suggesting an increased 

complexity of the viral population in chronically versus recently HCMV-infected 

individuals. However, this trend was not identified at the UL130 locus.  
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Figure 4.2: Linear structure of gB and PCR amplification/next-generation 

sequencing strategy.  

The full gB HCMV open reading frame (ORF) is shown, from N-terminus on the 

left to C-terminus on the right. The four distinct regions of the gB structure are 

indicated by black bars at the base of the figure, including the ectodomain, 

membrane proximal external region (MPER), transmembrane domain I, and the 

cytodomain. Major antigenic regions indicated include AD-1 (orange), AD-2 site 

1 (red), AD-2 site 2 (yellow), AD-3 (purple), AD-4 (Domain II) (green), and AD-5 

(Domain I) (blue). Numbers indicate approximate amino acid residues dividing 

each region of interest. The gB immunogen employed in this clinical trial 

contained the full gB ORF with the furin cleavage site mutated and excluding a 

region from amino acid residue 698 to 773 (containing MPER and TM regions) to 

facilitate protein secretion during production. Diagram was adapted from Burke 

et al., Plos Pathogens, 2015 and Hebner et al., Nature Communications, 2015. (B) 

PCR mplification strategy consists of an initial PCR1 step with primers external 

to the gB ORF, followed by PCR2 amplifcation of the full gB ORF or an amplicon 

containing AD-4 and AD-5. Full gB ORF was NGS sequenced to generate a 

consensus sequence, while gB amplicons were sequenced directly and raw reads 

used to infer unique viral haplotypes.  
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Figure 4.3: SNAPP analysis pipeline using SeekDeep.  

Paired-end reads (forward=green, reverse=red) were obtained for an approximately 550 
base-pair amplicon on an Illumina Miseq platform. (B) Paired-end reads were merged, 
filtered for read quality, then clustered into unique haplotypes. Haplotypes identified in 
both technical replicates at a frequency above the determined 0.44% cutoff were 
included for subsequent analysis. 

 

The peak nucleotide diversity (Pi) for each patient was calculated for identified 

haplotypes at the gB (Figure 4.1F) and UL130 loci (Figure 4.5B). There was no difference 

in gB nucleotide diversity between placebo recipients and vaccinees following primary 

HCMV infection, though seropositive individuals had higher gB nucleotide diversity in 

comparison to primary HCMV-infected placebo recipients (median Pi: SP=9.8x10-4, 

Pb=7.3x10-4; p=0.011, Kruskal-Wallis test + posthoc Exact Wilcoxon Rank Sum test). 
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Furthermore, the nucleotide diversity occurring as a consequence of synonymous (PiS) 

and nonsynonymous (PiN) mutations were compared within each group at the gB 

(Figure 4.1G) and UL130 (Figure 4.5B) loci. gB PiS exceeded PiN for primary HCMV-

infected placebos (p=0.004, Wilcoxon Signed Rank test) and gB vaccinees (p=0.001, 

Wilcoxon Signed Rank test) as well as for se.ropositive, chronically HCMV-infected 

individuals (p=0.016, Wilcoxon Signed Rank test), indicating stabilizing variant selection 

in each of these groups. Of note, the enhanced nucleotide diversity of seropositive 

individuals over acutely-infected placebo recipients was not identified at the UL130 

locus, and UL130 PiS>PiN was only noted for the gB/MF59 vaccinee subgroup (p=0.006, 

Wilcoxon Signed Rank test).  

 

4.2.2 Viral Load, Number of HCMV Haplotypes, and Sequence 
Diversity by Anatomic Compartment 

The peak HCMV viral load for each patient in each anatomic compartment was 

compared (Figure 4.4A). As previously reported (Forman et al., 2017), peak vaginal 

HCMV shedding was noted to be higher than either plasma viral load (median 

copies/mL: vaginal=1,705, blood=95; p=0.002, Pairwise Wilcoxon Signed Rank test) and 

urine shedding (median copies/mL: urine=159; p=0.001, Pairwise Wilcoxon Signed Rank 

test). There were no differences in the peak number of viral haplotypes identified or 

peak nucleotide diversity between blood, saliva, urine, or vaginal fluid at either the gB 

(Figure 4.4B,C) or UL130 (Figure 4.5C,D) loci. Of note, the nucleotide diversity of 
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systemically-replicating HCMV was higher than that of shed HCMV in urine at the gB 

(median Pi: blood=1.5x10-3, urine=1.3x10-4) and UL130 (median Pi: blood=3.8x10-4, 

urine=2.1x10-4) as previously observed (Renzette et al., 2013), though this observation 

was not significant after pairwise correction. Finally, PiS exceeding PiN was observed in 

blood (p=0.027, Wilcoxon Signed Rank test), saliva (p=0.008, Wilcoxon Signed Rank test), 

urine (p=0.011, Wilcoxon Signed Rank test), and vaginal fluid (p=0.010, Wilcoxon Signed 

Rank test) at the gB locus, as well as in urine at the UL130 locus (p=0.006, Wilcoxon 

Signed Rank test), indicating stabilizing variant selection in the viral populations.  
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Figure 4.4: High magnitude viral shedding in vaginal fluid, yet similar number of 

unique viral variants and nucleotide diversity between physiologic 

compartments.  

Peak viral load was compared between anatomic compartments (A), revealing 

high-magnitude HCMV shedding in vaginal fluid. The number of unique viral 

haplotypes (B) as well as nucleotide diversity (Pi) (C) were defined for viral DNA 

amplified at the gB locus for tissue culture virus (TCV), as well as virus isolated 

from whole blood, saliva, urine, and vaginal fluid from acutely-infected gB 

vaccinees and placebo recipients as well as chronically HCMV-infected 

individuals. (G) The magnitude of nucleotide diversity resulting in synonymous 

(PiS) vs. nonsynonymous changes was compared. Horizontal bars indicate the 

median values for each group. *p<0.05; statistical tests employed include: viral 

load – Friedman test + posthoc Pairwise Wilcoxon Signed Rank test, haplotypes 

& Pi – Kruskal-Wallis test + posthoc Exact Wilcoxon Rank Sum test, PiS vs. PiN – 

Wilcoxon Signed Rank test. 

  

 

Figure 4.5: UL130 unique viral variants and peak nucleotide diversity is similar 

both between gB vaccine and placebo groups and between anatomic 

compartments.  

The number of unique viral haplotypes as well as nucleotide diversity (Pi) were 

assessed for viral DNA amplified at the UL130 locus between treatment groups 
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(A,B) as well as between physiologic compartments (C,D). (TCV), as well as virus 

isolated from whole blood, saliva, urine, and vaginal fluid. (G) The magnitude of 

nucleotide diversity resulting in synonymous (PiS) vs. nonsynonymous changes 

was compared. Horizontal bars indicate the median values for each group. 

*p<0.05, viral load = Friedman test + posthoc Pairwise Wilcoxon Signed Rank test, 

haplotypes & Pi = Kruskal-Wallis test + posthoc Exact Wilcoxon Rank Sum test, 

PiS vs. PiN = Wilcoxon Signed Rank test.  

 

4.2.3  Presence and Persistence of Low-frequency, Unique HCMV 
Variants 

The relative frequency of unique viral haplotypes was identified for tissue 

culture virus stocks, chronically HCMV-infected individuals, and primary HCMV-

infected gB/MF59 vaccinees and placebo recipients at the gB (Figure 4.6) and UL130 

(Figure 4.7) genetic loci. For all patients and at both loci, there is typically a single 

dominant viral variant, (frequency approaching 100% of population) along with 

multiple minor, variants (frequency <1% of population) that are genetically-distinct from 

the dominant variant and which often persist over time. For example, longitudinal 

haplotype data for placebo recipients 1 and 12 indicates the persistence of both the 

dominant variant and the low frequency variants from one time point to the next, 

suggesting a concrete, observable trend rather than sequencing artifact.  
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Figure 4.6: Large number of low-frequency viral variants detected in both 
primary HCMV-infected and chronically-infected individuals.  

The relative frequency of each unique gB haplotype identified by SNAPP is 
displayed by individual patient and time point of sample collection. Tissue 
culture viruses (A) exhibited reduced population complexity by comparison. In 
primary HCMV-infected placebo recipients (C) and gB vaccinees (D), as well as 
chronically HCMV-infected women (B), there are typically one or more high-
frequency haplotypes representing the dominant viral variants within the 
population which is accompanied by haploptyes at very low frequency 
representing minor viral variants (<1% of viral haplotype prevalence). Color 
indicates source fluid: red=blood, blue=saliva, yellow=urine, and pink=vaginal 
fluid. All haplotypes displayed exceed the 0.44% threshold of PCR and 
sequencing error established for the SNAPP method (see materials and methods 
for detail). 
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Figure 4.7: Low-frequency viral variants detectable at UL130 locus in both 
primary HCMV-infected and chronically-infected individuals.  

The relative frequency of each unique UL130 haplotype identified by SNAPP is 
displayed by individual patient and time point of sample collection. In primary 
HCMV-infected placebo recipients (A) and gB vaccinees (B) as well as 
chronically HCMV-infected women (C), there are typically one or more high-
frequency haplotypes representing the dominant viral variants comprising the 
population accompanied by haploptyes at very low frequency representing 
minor viral variants (<1% of viral haplotype prevalence). Tissue culture viruses 
(D) exhibited reduced population complexity by comparison. Color indicates 
source fluid: red=blood, blue=saliva, yellow=urine, and pink=vaginal fluid. All 
haplotypes displayed exceed the 0.44% threshold of PCR and sequencing error 
established for the SNAPP method (see materials and methods for detail). 

 

4.2.4  Anatomic Compartmentalization of HCMV Populations in 
gB/MF59 Vaccinees 

A panel of tests for genetic compartmentalization reliant upon 6 distinct distance 

and tree-based methods was employed to assess the extent to which viral populations in 

different anatomic compartments of a single subject constitute distinct populations. 

Given our definition of compartmentalization based on significant results for at least 3 of 

6 tests, anatomic compartmentalization at the gB locus was observed for 1 of 7 placebo 

recipients, 3 of 4 gB vaccine recipients, and 0 of 4 chronically HCMV-infected 

individuals (Figure 4.8A). Though this frequency of genetic compartmentalization 

between placebo recipients and gB vaccinees was not statistically significant (p=0.088, 

Fisher’s Exact test), there is a trend towards increased compartmentalization in the 

vaccinee group. This same trend was not observed at the UL130 locus, as 2 of 9 placebo 
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recipients, 1 of 4 gB vaccinees, and 2 of 3 seropositive individuals exhibited evidence of 

anatomic virus population compartmentalization (Figure 4.9). Of interest, no two 

patients had evidence of genetic compartmentalization at both gB and UL130 loci, 

perhaps suggesting that these two loci are under independent selection pressures. The 

pool of gB haplotypes for 3 representative individuals is shown chronologically and 

separated by anatomic compartment to demonstrate patients either lacking (Figure 4.8B) 

or exhibiting (Figure 4.8C,D) evidence of gB variant genetic compartmentalization. 
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Figure 4.8: Evidence of genetic compartmentalization of anatomic compartment-
specific viruses at gB locus in 3 of 4 gB vaccinees.   

(A) Table indicating the results of 6 distinct tests of genetic compartmentalization 
performed on the pool of unique gB haplotypes identified per patient, including 
Wright’s measure of population subdivision (FST), the nearest-neighbor statistic 
(Snn), the Slatkin-Maddison test (SM), the Simmonds association index (AI), and 
correlation coefficients based on distance between sequences (r) or number of 
phylogenetic tree branches (rb). For each test, >1000 permutations were 
simulated. Significant test results suggesting genetic compartmentalization are 
shown in gray with bold text. Values for FST, Snn, SM, r, and rb represent 
uncorrected p-values, with p<0.05 considered significant. An AI<0.3 was 
considered a significant result. Three or more positive tests per patient was 
considered strong evidence for genetic compartmentalization, indicated in green. 
UP = under-powered (fewer than 5 haplotypes were present in each 
compartment, making FST and Snn error-prone) (B-D) Network of unique viral 
haplotypes by individual patient, with 1 patient lacking tissue 
compartmentalization (B) and 2 patients demonstrating strong evidence of viral 
genetic compartmentalization (D). Samples are organized chronologically from 
left to right, with blood shown in red, saliva in blue, urine in yellow, and vaginal 
fluid in purple. The size of each node reflects the relative prevalence of each 
haplotype. Light blue lines connect identical viral variants between time points 
and compartments, green lines connect variants with a synonymous mutation, 
and red lines those with a nonsynonymous mutation. 
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Figure 4.9: Lack of genetic compartmentalization of anatomic compartment-
specific viral variants detected at UL130 locus in vaccinees.  

Table indicating the results of 6 distinct tests for genetic compartmentalization 
performed on the pool of unique UL130 haplotypes identified per patient, 
including Wright’s measure of population subdivision (FST), the nearest-neighbor 
statistic (Snn), the Slatkin-Maddison test (SM), the Simmonds association index 
(AI), and correlation coefficients based on distance between sequences (r) or 
number of phylogenetic tree branches (rb). For each test, >1000 permutations 
were simulated. Significant test results suggesting genetic compartmentalization 
are shown in gray with bold text. Values for FST, Snn, SM, r, and rb represent 
uncorrected p-values, with p<0.05 considered significant. An AI<0.3 was 
considered a significant result. Three or more positive tests per patient was 
considered strong evidence for genetic compartmentalization, indicated in green. 

 

4.2.5 gB Genotype Analysis 

In addition to gB and UL130 SNAPP to define viral haplotypes, the full gB ORF 

was amplified, fragmented, and sequenced by NGS to identify a gB consensus sequence 

for each unique sample (Figure 4.2).  Reassuringly, there was a high level of agreement 
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of the gB genotype identified in primary HCMV-infected women between previously-

published Sanger sequencing data (Murthy et al., 2011), full gB ORF NGS, and SNAPP 

(Table 4.1). As previously noted by Sanger sequencing, full gB ORF NGS indicated 

relatively few incidences of mixed infection observed between physiologic 

compartments or distinct time points. However, on average, the SNAPP technique 

identified additional, low-frequency viral variants corresponding to diverse gB 

genotypes, likely only discernable due to the enhanced sensitivity of this technique.  

 

Table 4.1: Distinct gB genotypes detected in various clinical samples from 
placebo recipients and gB/MF59 vaccinees using different sequencing 
methodologies. 

Patient Group 
gB cleavage 
site Sanger 

Full gB ORF 
NGS 

gB 
SNAPP 

1 Placebo 4 4, 5 1, 4, 5 
2 Placebo 3 3 1, 3 
3 Placebo 3 3 1, 3 
4 Placebo 1 1 1, 5 
5 Placebo 2 2 1, 2, 5 
6 Placebo 1 - 1 
7 Placebo 2 - 2 
8 Placebo 1 1 1 
9 Placebo 1 1 - 
10 Placebo 1 1 - 
11 Placebo 1, 4 1, 4 1, 4 
12 Placebo 1 1 1 
14 Placebo 1 1 1 
15 Placebo 5 5 1, 5 
17 Placebo 5 5 5 
22 gB/MF59 3 3 1, 3, 5 
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25 gB/MF59 1 5* 1 

27 gB/MF59 3 3+ 1, 3 
30 gB/MF59 5 5 1, 5 
32 gB/MF59 5 5 1, 5 

 

Additionally, sequences from the full gB ORF were compiled into a phylogenetic 

tree (Figure 4.10A). All 5 gB genotypes are clearly distinguishable as unique branches of 

the tree. We did not observe any preference of specific gB genotypes for any particular 

anatomic compartment. Yet, we noted a low frequency of gB1 genotype viruses among 

gB/MF59 vaccinees, perhaps suggesting that the gB1 genotype vaccine construct 

inhibited infection with genetically-similar viruses. Indeed, 7 of 13 placebo recipients 

acquired a gB1 genotype virus compared to 0 of 5 vaccinees (Figure 4.10B), though due 

to small sample size this comparison was not significant (p=0.10, Fisher’s Exact test). 

However, we also noticed there were no gB2 or gB4 genotype viruses acquired by 

vaccinees. Thus, 9 of 13 placebo recipients acquired a gB1/2/4 genotype virus compared 

to 0 of 5 vaccinees (p=0.03, Fishers Exact Test). We sought to investigate whether 

complete protection from gB1 genotype viruses could have explained the partial vaccine 

efficacy observed in the gB/MF59 clinical trial by modeling the HCMV force-of-infection. 

Assuming that gB1 genotype viruses comprise 54% of the circulating virus pool (7 of 13 

acquired viruses among placebo recipients) and second that gB vaccinees are universally 

protected against gB1 genotype viruses, we observe that HCMV force-of-infection 
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modeling (Figure 4.10C) very closely predicts the results observed in clinical trial (Pass 

et al., 2009). 

 

Figure 4.10: Possible vaccine immunogen genotype-specific protection in 
gB/MF59 vaccinees.  

(A) Unrooted phylogenetic tree in a polar layout constructed using full gB open 
reading frame consensus sequences for each individual sample. Black text 
indicates placebo recipients, blue are gB/MF59 vaccinees, and red are consensus 
sequences for each gB genotype. Clades representing gB genotypes are 
highlighted in different colors: gB1=purple, gB2=yellow, gB3=blue, gB4=red, and 
gB5=green. Observed results suggest a possible barrier to acquisition of gB1 
genotype viruses following vaccination with a gB1 genotype immunogen 
(p=0.088; Fischer’s Exact test) (B) Number of distinct gB vaccinees and placebo 
recipients with identified consensus viral variants belonging to each gB 
genotype, inferred by phylogeny. (C) Force-of-infection modeling closely 



 

162 

predicts observed gB/MF59 vaccine trial efficacy (Pass et al., New England Journal 
of Medicine, 2009). Underlying model assumptions include that gB1 genotype 
viruses represent 54% of the circulating virus pool and that gB vaccinees are 
universally-protected from acquisition of gB1 viruses. 

 

4.3 Discussion 

Despite the partial efficacy demonstrated gB/MF59 vaccination in multiple 

clinical trials (Bernstein et al., 2016; Griffiths et al., 2011; Pass et al., 2009), there has been 

little examination of the impact of this vaccine on the in vivo viral populations. In this 

investigation, we sought to employ the enhanced sensitivity of next-generation 

sequencing (NGS) technology to delve deeper into the question of whether there are 

discernable differences between viruses acquired by gB/MF59 vaccinees and placebo 

recipients. The advantage of NGS over more traditional sequencing methodologies is the 

ability to detect minor viral variants, which contribute to the diversity of the overall viral 

population. We discovered that numerous minor viral haplotypes, exceeding the 

threshold of PCR and sequencing error, were detectable in nearly all clinical samples 

tested, which is consistent with results of HCMV whole-genome sequencing that have 

suggested numerous genetic variants at <1% frequency in the viral population (Renzette 

et al., 2011; Renzette et al., 2013; Renzette et al., 2015). Interestingly, seropositive women 

reliably had more gB haplotypes  than acutely-infected vaccinated subjects, indicating a 

higher number of genetically-distinct viral variants in chronically HCMV-infected 

individuals. This observation complements previous work demonstrating that recently-
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seroconverted young women have very low incidence of mixed infection, yet that 

multiple gB genotypes are almost universally detectable in chronically-HCMV infected 

individuals (Novak et al., 2008). Altogether, these data favor a model that mixed 

infections in healthy individuals result from independent, sequential infection events.   

Throughout the study, we identified several indications of vaccine-mediated 

effects on the viral population. First, peak HCMV shedding in saliva was reduced by an 

order of magnitude in gB/MF59 vaccinees, suggesting that the vaccine resonses may 

limit viral replication in salivary glands. gB/MF59 vaccination is known to elicit high 

titers of gB-specific IgG, IgA, and SIgA in parotid saliva (Wang et al., 1996), which may 

have suppressed HCMV salivary replication and reduced saliva viral shedding. 

However, there was no difference observed in peak systemic viral load or peak viral 

load in urine and vaginal fluid between infected vaccinees and placebo recipients. Since 

women were only tested for HCMV acquisition every 3 months and since the time-point 

of infection and viral load/viral shedding kinetics are unknown, it is possible that 

sampling limitations may have obscured any differences between groups.  

Secondly, we observed that 3 of 4 gB vaccinees with viral DNA available from 

multiple compartments exhibited evidence of viral genetic compartmentalization at the 

gB locus, in contrast to only 1 of 7 placebo recipients. As has been previously described 

(Murthy et al., 2011), we observed that the dominant viral variant was identical between 

anatomic compartments in the majority of subjects. The evaluation of gB-specific 
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compartmentalization was therefore only discernable because of the ability of Short NGS 

Amplicon Population Profiling (SNAPP) to detect minor viral variants. Our data is 

consistent with HCMV whole-genome NGS indicating tissue-specific variants, with 

intrahost variable SNPs at relatively low frequency (Renzette et al., 2011; Renzette et al., 

2013). The mechanism leading to the observed compartmentalization in vaccinees is 

unclear, though it is possible this phenomenon stems from either neutral or positive 

selection in distinct anatomic compartments. One hypothesis is that systemic gB-specific 

antibodies prevented unrestricted dissemination of HCMV variants between tissue 

compartment. Then, this bottleneck might have reduced founder population size and 

increased the speed and likelihood of stochastic fixation of neutral SNPs and formation 

of genetically-distinct viral populations (Kimura, 1962; Kimura and Ohta, 1969). 

Alternatively, it is possible that local factors including cell type and local antibody 

production/secretion at the site of HCMV replication selected for “more fit” viral 

variants in each compartment.  

Finally, we observed an interesting trend that, among viruses for which the full 

gB ORF was sequenced, 7 of 13 placebo recipients (54%) and 0 of 5 gB/MF59 vaccinees 

(0%) acquired a gB1 genotype virus (p=0.08, Fishers Exact test). While this difference 

was not statistically significant, a comparison of the rate of acquisition of genetically-

similar gB genotypes gB1, gB2, and gB4 between vaccinees and placebo recipients 

(gB/MF59=10/13, Placebo=0/5; p=0.03, Fisher’s Exact test). Of note, the gB immunogen in 
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this vaccine trial was based on the Towne strain (gB1 genotype prototypic sequence) 

suggesting vaccine strain-specific protection. Complementarily, we have observed in the 

same gB/MF59 vaccinee cohort that gB-elicited neutralization activity was only 

detectable against the autologous Towne strain virus, but not heterologous viruses 

AD169 and TB40/E (CITE). These observations raise the possibility of gB1 genotype-

specific protection against HCMV acquisition based on neutralization of only the 

autologous virus. Furthermore, as demonstrated by force-of-infection modeling, gB1 

genotype-specific protection could explain the 50% partial vaccine efficacy observed in 

this phase 2 clinical trial. The concept of neutralization breadth has not been explored 

extensively for HCMV, though several papers have described strain-specific 

neutralization (Klein et al., 1999; Meyer et al., 1992; Urban et al., 1992). Of note, low 

frequency gB1 genotype haplotypes were detectable in several vaccinees by SNAPP, 

suggesting there may not have been a true barrier to gB1 genotype acquisition but rather 

restricted gB1 genotype virus replication.  

By far the largest limitation of this study was sample availability. Unfortunately, 

the scope of our investigation was restricted by: 1) the original sampling timeline 

employed during the clinical trial, 2) the availability of clinical samples, and 3) the 

integrity of the DNA more than a decade following DNA extraction. Additionally, as 

with any study based on PCR amplification and DNA sequencing, there is a potential for 

primer bias, contamination, and background error to obscure the results. We instituted 
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several measures to increase data integrity. First, primers were designed and validated 

to prevent amplification bias (Nelson et al., 2017). Additionally, PCR, sequencing, and 

analysis was completed in duplicate to reduce the likelihood of contamination affecting 

results. An advantage of this investigation is that we were able to validate our two 

sequencing methodologies (SNAPP and full gB ORF NGS) by comparing observed gB 

genotypes with previously published data (Murthy et al., 2011). The gB genotype 

predicted by Sanger sequencing and NGS sequencing methodologies were identical for 

88% of all samples. However, because of the relatively small cohort size and potential 

for sequencing error, our observed trends certainly merit further investigation. 

Nonetheless, this investigation is the first to employ NGS of viral DNA from 

infected gB/MF59 vaccinee and placebo recipients in an attempt to characterize the viral 

determinants of HCMV acquisition. Our observation of reduced saliva shedding and a 

high rate of gB sequence compartmentalization in vaccinees suggests an impact of gB-

elicited antibodies on viral population dynamics. Furthermore, the observation of 

possible vaccine immunogen genotype (gB1)-specific protection is intriguing, and, when 

paired with our previous finding that gB/MF59 vaccination elicited neutralization of the 

autologous (gB1) Towne strain virus but not heterologous virus strains in this same trial 

(CITE), strongly implies that strain-specificity of the immune response may have played 

a role in vaccine protection. Thus, the impact of including multiple gB genotypes in 

next-generation HCMV vaccines should be investigated in subsequent studies.  
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4.4 Materials and Methods 

Study population. The study population was comprised of 53 postpartum women 

who acquired HCMV infection while participating in a phase 2, randomized, double-

blind, placebo controlled clinical trial of an HCMV vaccine (Murthy et al., 2011). Clinical 

trial participants were HCMV-seronegative, healthy postpartum women immunized 

with gB protein (based on Towne, gB-1 genotype) vaccine (Sanofi Pasteur) with MF59 

adjuvant (Novartis) on a 0, 1 and 6-month schedule and were screened for HCMV 

infection every three months for 3.5 years using an antibody assay which detects 

seroconversion to CMV proteins other than gB (Dal Monte et al., 2001). Institutional 

review board (IRB) approval was obtained from University of Alabama at Birmingham 

and Johns Hopkins Hospital and all subjects signed an approved consent form. The 

Duke University Health System determined that analysis of de-identified samples from 

these cohorts does not constitute human subjects research. 

Viral isolation. Subjects with serologic evidence of infection were tested for 

HCMV in blood, urine, saliva and vaginal swab from one month to 3.5 years after 

seroconversion. Aliquots of each specimen were stored at −80°C. Fresh urine, saliva and 

vaginal swab specimens were inoculated into cultures of MRC-5 cells (ATCC) or locally 

prepared human foreskin fibroblasts. Cultures were checked weekly for 4–6 weeks after 



 

168 

inoculation; CMV was identified by its characteristic cytopathic effect. Tissue culture 

with CMV (primary isolate or first passage) was frozen at −80°C for later analysis. 

DNA extraction and Quantitative PCR. Total genomic DNA was extracted from 

infected cells using a capture-column kit (Qiagen, Valencia, CA). HCMV DNA was 

extracted from 400 µL of original samples – blood, urine, saliva, or vaginal swab in 

culture media – using the MagAttract virus mini M48 kit (Qiagen) on Biorobot M48. The 

quantitiative PCR assay is based on amplification of a 151-bp region from the US17 gene 

(Forman et al., 2017; Tanaka et al., 2002). As previously reported, the limit of detection is 

100 copies/mL (4 copies/well), with a measurable range of 100 to 108 copies per mL.  

Short NGS amplicon population profiling (SNAPP). Variable regions approximately 

550 base-pairs in length within gB (UL55) and UL130 were amplified in duplicate by a 

nested PCR using the primers in Table 4.2. Overhang regions were conjugated to PCR2 

primers for subsequent Illumina index primer addition and sequencing: forward primer 

overhang = 5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-[locus]-3′ and 

reverse primer overhang = 5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-

[locus]-3′. Template DNA extracted from primary fluids was added to 50 µl of 1x PCR 

mixture containing 100 nM of each primer, 2 mM MgCl2, 200 µM each of dNTP mix 

(Qiagen), and 0.2 U/µl Platinum Taq polymerase. PCR reactions consisted of an initial 2-

minute denaturation at 98°C, followed by 35 PCR cycles (98°C for 10 seconds, 65°C for 

30 seconds, and 72°C for 30 seconds), and a final 72°C extension for 10 minutes. 
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Following each amplification step, products were purified using Agencourt AMPure XP 

beads (Beckman Coulter). Illumina Nextera XT index primers were added by 15 cycles 

of amplification. The indexed PCR product was run on a 1% agarose gel, then gel-

purified using ZR-96 Zymoclean Gel DNA Recovery Kit (Zymogen). The molar amount 

of each sample was normalized by real-time PCR using the KAPA library amplification 

kit (KAPA Biosystems). The library of individual amplicons was pooled together, 

diluted to an end concentration of 14 pM, combined with 20% V3 PhiX (Illumina), and 

then sequenced on Illumina Miseq using a 600-cycle V3 cartridge (Illumina).  

Full glycoprotein B open reading frame PCR and sequencing. The full gB open reading 

frame (ORF) was amplified by nested PCR using primers in Table 4.2. Template DNA 

extracted from primary fluids was added to 50 µl of 1x PCR mixture containing 100 nM 

of each primer, 2 mM MgCl2, 200 µM each of dNTP mix (Qiagen), and 0.2 U/µl Platinum 

Taq polymerase. PCR reactions consisted of an initial 2-minute denaturation at 98°C, 

followed by 35 PCR cycles (98°C for 10 seconds, 65°C for 30 seconds, and 72°C for 3 

minutes), and a final 72°C extension for 10 minutes. Following each amplification step, 

products were purified using Agencourt AMPure XP beads (Beckman Coulter). The 

PCR2 product was run on a 1% agarose gel, then gel extracted using the ZR-96 

Zymoclean Gel DNA Recovery Kit (Zymogen). Purified product was tagmented using 

the Nextera XT library prep kit (Illumina). Subsequently, Nextera XT index primers 

were added to the tagmented DNA by 15 cycles of amplification. The molar amount of 
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each sample was normalized by real-time PCR using the KAPA library amplification kit 

(KAPA Biosystems). The library of individual amplicons was pooled together, diluted to 

an end concentration of 14 pM, combined with 20% V3 PhiX (Illumina), and then 

sequenced on Illumina Miseq using a 600-cycle V3 cartridge (Illumina).  

 

Table 4.2: Primer sequences 

Primer Sequence 
fullgB_PCR1_F 5’–ACACGCAAGAGACCACGACG–3’ 
fullgB_PCR1_R 5–TTGAAAAACATAGCGGACCG–3’ 
fullgB_PCR2_F 5’–ATGGAATCCAGGATCTGGTG–3’ 
fullgB_PCR2_R 5’–TCAGACGTTCTCTTCTTCGT–3’ 
gBamp_PCR2_F 5’–Illumina_overhang–GAAAACAAAACCATGCAATT–3’ 
gBamp_PCR2_R 5’–Illumina_overhang–GTCGGACATGTTCACTTCTT–3’ 
UL130_PCR1_F 5’–TGGGATGGGTGCAGAAGGT–3’ 
UL130_PCR1_R 5’–GGCTTCTGCTTCGTCACCAC–3’ 
UL130_PCR2_F 5’–Illumina_overhang–ATCGCACCTGAAAAGACACG–3’ 
UL130_PCR2_R 5’–Illumina_overhang–CCCCGCCATGGTCTAAACTG–3’ 

 

SNAPP haplotype reconstruction and nucleotide diversity. First, raw paired-end reads 

were merged using the PEAR software under default parameters (Zhang et al., 2014). 

The fused reads were then filtered using the extractor tool from the SeekDeep pipeline 

(http://baileylab.umassmed.edu/SeekDeep) (Hathaway et al., 2017), filtering sequences 

according to their length, overall quality scores, and presence of primer sequences. All 

filtered sequencing reads were included for subsequent haplotype reconstruction using 

the qluster tool from SeekDeep. This software accounts for possible sequencing errors by 

collapsing fragments with mismatches at low-quality positions. For each given sample, 
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haplotypes had to be present in both of 2 sample replicates to be confirmed. On average, 

concordance between the replicates was quite high as assessed by linear regression 

correlation and slope of the relative frequencies of each haplotype (Figure 4.11).  

 

 

Figure 4.11: High degree of concordance in haplotype identity and frequency 
between sequencing replicates.  

Haplotype identity and frequency were calculated for two technical replicates. 
The correlation (A) and slope (B) of the haplotype frequencies was compared 
between technical replicates for both gB and UL130 amplicons, and indicate a 
high degree of agreement between replicates.  

 

Each gB haplotype was assigned to 1 of 5 described gB genotypes by assessing 

the shortest genetic distance (nucleotide substitutions) between the haplotype and 
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reference gB genotype sequences (CITE). Nucleotide diversity (Pi) was computed as the 

average distance between each possible pair of sequences (Nelson and Hughes, 2015):  

 

Where ! = sequence length in nucleotides for ", # = Total number of reads in 

sample, $%& = Number of nucleotide differences between haplotype % and &, '% = Number 

of reads belonging to haplotype %. "N( and "S were calculated as the average $( and $# 

between pairs of haplotypes weighted by the haplotypes abundance:  

 

Where ! = sequence length in amino acids for "#,"(, # = Total number of reads 

in sample, $(%& = $( between haplotype % and & sequences, '% = Number of reads 

belonging to haplotype %. Correlations were performed between various measures of 

viral population diversity (viral load, number of haplotypes, Pi, PiS, and PiN), and 

suggest that haplotypes, Pi, PiS, and PiN are somewhat related measures although are 

not directly equivalent (Figure 4.12).  
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Figure 4.12: Correlations between viral load, number of unique variants, and 
nucleotide diversity.  

Kendall Tau correlation coefficients are shown for viral load (VL), number of 
haplotypes, nucleotide diversity (Pi), as well as synonymous nucleotide diversity 
(PiS), and nonsynonymous nucleotide diversity (PiN). Bold values indicate a 
significant correlation (uncorrected p<0.05).  

 

Assessment of anatomic compartmentalization of virus populations. A panel of tests 

using diverse analytical methods is hypothesized to be the most accurate means to infer 

tissue compartmentalization (Zarate et al., 2007). Thus, we selected six tests employing 

both distance-based and tree-based algorithms. Wright’s measure of population 

subdivision (FST, distance-based) compares mean pairwise genetic distance between 

sequences from the same compartment to that of sequences from the same compartment 

(Hudson et al., 1992). The nearest-neighbor statistic (Snn, distance-based) measures how 
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frequently the nearest neighbor to each sequence is in the same or different 

compartments (Hudson, 2000). The Slatkin-Maddison test (SM, tree-based) calculates the 

minimum number of migration events between compartments, compared to the number 

of migration events expected in a randomly-distributed population (Slatkin and 

Maddison, 1989). The Simmonds association index (AI, tree-based) examines the 

complexity of the phylogenetic tree structure (Wang et al., 2001). Finally, correlation-

coefficients (r and rb, tree-based) correlates distances between sequences in a 

phylogenetic tree with compartment of origin based either on distance between 

sequences (r) or number of tree branches between sequences (rb). Distance-based tests 

used the TN93 distance matrix (Tamura and Nei, 1993), and tree-based methods 

employed a neighbor-joining algorithm. Distance-based tests were not conducted for 

patients with fewer than 5 haplotypes per compartment since this is known to produce 

unreliable results (Zarate et al., 2007). All tests were conducted using HyPhy software 

(https://veg.github.io/hyphy-site) (version 2.22), with test statistics estimated from 1000+ 

permutations. For each test, a p-value of <0.05 or an association index <0.3 was 

considered statistically significant. Three or more positive test results from these six test 

statistics was considered strong evidence for compartmentalization.  

Phylogenetic trees and genotype assignment. Protein or nucleotide sequences of 

interest were aligned using the ClustalW algorithm (Thompson et al., 2002) in Mega 

(version 6.06) (Kumar et al., 2008). A neighbor-joining tree was constructed using the 
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Los Alamos National Labs “neighbor treemaker,” then the tree was plotted in FigTree 

(version 1.4.3). Full gB ORF sequences were assigned to gB genotypes based on 

phylogenetic proximity to reference gB sequences (CITE). Because of sample limitation, 

if the full gB assigned genotype did not match the genotype assigned to SNAPP 

amplicons and/or previously published Sanger sequencing data (Murthy et al., 2011), 

these sequences were omitted from phylogenetic tree analysis. 

Force-of-infection modeling. The cohort of women in the postpartum gB/MF59 

vaccine trial were predominantly African-American (>70%) (Pass et al., 2009), and thus 

we utilized an HCMV force-of-infection estimate for non-Hispanic, African-American 

individuals of 5.7 per 100 persons (Colugnati et al., 2007). Additionally, we made the 

assumption that gB1 genotype viruses comprise 54% of the circulating virus pool, based 

on 6 of 11 placebo recipients acquiring gB1 genotype viruses. Finally, we hypothesized 

that gB1-vaccinated individuals were universally protected against all circulating gB1 

genotype viruses. Modeling was done using Matlab, and source code is included in the 

supplementary material.  
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5. Conclusions and Future Directions: Lessons for 
Rational Design of Next-Generation Congenital HCMV 
Vaccines 

5.1 Goal of Vaccine Development 

Over the past 50 years of vaccine research to prevent congenital HCMV infection, 

the field has struggled to coherently define the goals of an ‘efficacious vaccine.’ While 

there is tremendous unmet need in the HCMV vaccine field to define immune correlates 

of protection, the question remains: immune correlates of protection against what 

clinical endpoint? Should vaccination seek to reduce viral spread from toddlers, prevent 

infection of the mother, block viral transmission across the placenta, or reduce 

pathogenesis in the infant (Schleiss, 2016)? The endpoint utilized in phase 2 efficacy 

trials of the glycoprotein B (gB) subunit vaccine was a reduction in the rate of maternal 

HCMV acquisition (Bernstein et al., 2016; Pass et al., 2009). Since preexisting natural 

HCMV immunity is not protective against subsequent HCMV infection, there is a 

certain degree of pessimism among researchers who believe that vaccine-elicited 

sterilizing immunity is a tall order (Britt, 2017).  It is therefore quite impressive and 

encouraging to future vaccine development efforts that the gB subunit vaccine 

demonstrated approximately 50% efficacy in preventing HCMV acquisition (Bernstein et 

al., 2016; Pass et al., 2009). Potentially, if the primary outcome of gB subunit vaccination 

studies been the prevention of fetal infection, the measured vaccine efficacy might have 

been higher.  
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Given that sterilizing immunity against HCMV infection may be difficult to 

achieve, one proposition is to prioritize a reduction in the incidence of infant infection 

and/or severity of congenital disease as a clinical endpoint (Schleiss, 2016). There are 

certainly logistical concerns with such an approach; since HCMV affects approximately 

1 in 150 live-born infants, clinical demonstration of a reduction in the rate of infant 

infection would require a very large number of enrollees (Britt, 2017). Importantly, both 

guinea pig and rhesus macaque challenge models of congenital CMV transmission have 

given confidence to the assertion that vaccines can modulate the incidence and severity 

of congenital infection. In guinea pigs, immunization with a gB subunit vaccine (Schleiss 

et al., 2004), live-attenuated vaccine (Crumpler et al., 2009; Schleiss et al., 2015), or 

LCMV vector (Schleiss et al., 2017) as well as passive infusion of a gH-specific mAb 

(Auerbach et al., 2014) have been shown to reduce rates of congenital CMV infection. 

Furthermore, we have demonstrated that preexisting HCMV-specific antibody can 

prevent congenital CMV transmission in a rhesus monkey model (Nelson et al., 2017). 

These findings justify further preclinical and clinical evaluation of vaccine candidates for 

their ultimate purpose – to prevent congenital infant infection and disease.  
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5.2  Successes in Herpesvirus Vaccine Development 

Over the past several decades, there have been major advances in herpesvirus 

vaccine development. Because of the challenge of inducing sterilizing immunity against 

herpesviruses, vaccine efficacy is frequently assessed for both preventative efficacy 

(prevention of acquisition) and therapeutic efficacy (improvement of disease). The 

crowning achievement of herpesvirus vaccine research is the development of safe and 

efficacious varicella zoster virus (VZV) vaccines to both prevent “chickenpox” and 

provide a therapeutic reduction in symptomatic shingles and/or postherpetic neuralgia 

(PHN). A live-attenuated virus vaccine, which demonstrated vaccine efficacy for the 

prevention of chickenpox disease ranging from 70-96% depending on preparation 

(Krause and Klinman, 1995), was initially approved for both chickenpox disease then 

later for zoster/PHN  (Oxman et al., 2005). Additionally, a gE subunit vaccine recently 

demonstrated a remarkable 97% efficacy at preventing zoster in clinical trial and was 

approved for that indication (Lal et al., 2015). Finally, though less well-known, there 

have also been successful vaccination-based eradication campaigns for veterinary 

herpesviruses including bovine herpesvirus-1 (Raaperi et al., 2014).  The HCMV vaccine 

field stands to learn a great deal from these successes – most importantly that such a 

vaccine is possible.   
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The HCMV glycoprotein B subunit vaccine is the most efficacious tested to-date, 

achieving approximately 50% efficacy in preventing primary HCMV infection in 

multiple clinical trials (Bernstein et al., 2016; Pass et al., 2009). Intriguingly, the use of a 

subunit vaccine platform has met with mixed success for several other herpesvirus 

pathogens. A combination HSV1/HSV2 subunit vaccine using HSV2 glycoprotein D, 

initially demonstrated 74% efficacy in HSV1/2-seronegative women with long-term 

HSV2-infected partners (Stanberry et al., 2002). However, in the larger phase 3 

‘Herpevac’ trial, which enrolled more than 8,000 participants, the same vaccine elicited 

negligible (<20%) protection against HSV-2, though 58% efficacy for the prevention of 

HSV-1 genital disease (32% for the prevention of HSV-1 infection) (Belshe et al., 2012). 

This vaccine, which employed a TLR4 agonist (dMPL) as adjuvant, elicited robust 

neutralizing antibody and CD4+ T cell responses, and the magnitude of neutralizing 

antibody responses against the gD immunogen was identified as a correlate of 

protection against HSV-1 genital disease (Belshe et al., 2014). A subunit vaccine platform 

has also been attempted for Epstein-Barr virus (EBV). In a phase 2 study, the gp350 

vaccine for EBV demonstrated 78% efficacy in preventing infectious mononucleosis, 

though negligible protection against asymptomatic EBV acquisition (Sokal et al., 2007). 

These partial successes are encouraging that a subunit vaccine platform might prevent 

herpesvirus-relate disease, though that the therapeutic efficacy of vaccination likely will 
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far exceed the preventative efficacy and thus ought to be the primary outcome of interest 

in clinical trial.  

 

5.3  The Challenge of Superinfection 

Given that the HCMV basic reproductive rate (R0) is 1.7 (e.g. each person infects 

1.7 others on average) (Colugnati et al., 2007), effective immunity in a mere 41% of the 

population would restrict population-level transmission if this virus behaved like any 

other pathogen. One of the largest challenges of HCMV vaccine development remains 

the ability of this ‘changeling demon’ (Plotkin, 1999) to superinfect previously-exposed 

individuals, which recent epidemiologic data has suggested can result in a comparable 

level of infant congenital disease in the population (Manicklal et al., 2013). Thus, in 

addition to a focus on vaccine-elicited protective immunity among HCMV-naïve 

individuals, future studies should investigate whether vaccination can boost natural 

immunity and enhance protection against superinfection/reactivation and HCMV-

related disease (Reddehase and Lemmermann, 2013). Preliminary vaccination studies 

investigating the use of the gB/MF59 subunit vaccine in seropositive individuals indicate 

that vaccination can indeed improve upon natural immunity, specifically gB-specific 

CD4+ T cell responses (Sabbaj et al., 2011). Furthermore, in a cohort of HCMV-

seropositive transplant recipients, gB vaccination boosted neutralizing antibody 



 

181 

responses targeting the AD-2  neutralizing epitope, which was a correlate of protection 

against prolonged viremia (Baraniak et al., 2018).  

 

5.4  Humoral vs. Cellular Protective Immunity  

It is anticipated that any efficacious HCMV vaccine may have to engage multiple 

branches of the immune system (Reddehase and Lemmermann, 2013). Neutralizing 

antibodies have been frequently associated with protection against congenital HCMV 

transmission (Boppana and Britt, 1995; Lilleri et al., 2012; Lilleri et al., 2013). 

Furthermore, an apparent reduction in the rate and severity of congenital HCMV 

infection was observed following passive infusion of HCMV-neutralizing antibodies to 

infected women (Nigro et al., 2005; Nigro et al., 2012), though this protection was not 

replicated in a recent phase 3, placebo-controlled trial (Revello et al., 2014). In addition to 

neutralizing antibodies, high-magnitude HCMV-specific CD4+ T cell responses have 

been repeatedly correlated with protection against congenital HCMV infection (Fornara 

et al., 2016; Lilleri et al., 2007), suggesting that this cell type is likely critical in 

maturation of the protective antigen-specific immune response.  

The debate over humoral vs. cellular immune correlates of protection is shared 

by the HSV1/HSV2 vaccine field. Neutralizing antibodies were associated with 

protection against HSV1 disease in the partially-efficacious Herpevac trial  (Belshe et al., 

2014). Similar to the HCMV gB vaccine trials (Bernstein et al., 2016; Pass et al., 2009), it is 
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unclear whether the limited vaccine efficacy was due to: (1) poor immunogen design 

and/or quality of the neutralizing antibody responses or (2) failure to elicit potent 

antigen-specific T cell immunity. The highly-efficacious live-attenuated VZV vaccine 

elicited both robust and durable humoral immunity (Kuter et al., 1991) as well as potent 

CD4+/CD8+ T cell responses (Weinberg et al., 2011). Furthermore, the VZV gE subunit 

vaccine stimulates high-magnitude neutralizing antibodies and CD4+ T cell responses, 

though negligible CD8+ T cell responses (Leroux-Roels et al., 2012). These data suggest 

that humoral and cellular immunity may both be necessary for optimal herpesvirus 

vaccine efficacy.  

Our group previously established a nonhuman primate model for congenital 

CMV transmission (Bialas et al., 2015), observing that depletion of CD4+ T cells prior to 

primary rhesus CMV (RhCMV) infection resulted in universal congenital RhCMV 

infection and a high frequency of fetal loss. We subsequently used this model to 

investigate the ability of preexisting neutralizing antibodies to protect against placental 

CMV transmission and fetal loss following primary maternal infection.  Pregnant, 

RhCMV-seronegative, CD4+ T cell depleted dams were treated with hyperimmune 

globulin purified from RhCMV-seropositive monkeys, then inoculated with RhCMV. 

Intriguingly, the pre-infused antibody provided complete protection against fetal loss, 

while the most potently-neutralizing HIG product blocked placental RhCMV 

transmission (Nelson et al., 2017). These findings are highly suggestive that both CD4+ T 
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cells and neutralizing antibody influence the risks and severity of congenital CMV 

transmission. Yet, these studies also indicate that antibody alone can be protective 

against congenital HCMV transmission and could be a primary target of vaccines to 

eliminate this disease.  

 

5.5  Immunogen Selection 

HCMV encodes 165 unique proteins (Murphy et al., 2003b), yet previous HCMV 

vaccination efforts have focused almost exclusively on a handful of prevalent and 

immunodominant antigens including common targets of neutralizing antibodies gB, gH, 

and UL128-131A as well as T cell epitopes pp65 and IE1 (Reddehase and Lemmermann, 

2013). To elicit potent humoral immunity, gB seems a logical immunogen choice since it 

is the viral fusogen (Vanarsdall et al., 2008), is highly immunogenic, is the target of 

neutralizing antibodies, and is necessary for entry into all cell types (Isaacson and 

Compton, 2009). gH is also a dominant target of neutralizing antibodies and part of the 

core viral fusion machinery (Vanarsdall et al., 2008), though this neutralization can be 

strain specific (Boppana et al., 2001). Finally, the UL128/UL130/UL131a proteins, when 

assembled with the gH/gL heterodimer to form the HCMV pentameric complex (PC), is 

necessary for entry into epithelial cells and is the target of the most potent neutralizing 

antibodies (Hahn et al., 2004; Macagno et al., 2010; Wang and Shenk, 2005). The robust 

potency of neutralizing antibodies targeting UL128-131A makes the PC an attractive 
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vaccine target, and indeed much of the HCMV vaccine field is now focused on targeting 

these epitopes  (Anderholm et al., 2016). However, there is no indication that the 

magnitude of neutralization assessed in vitro with have protective efficacy in vivo (Bootz 

et al., 2017; Murrell et al., 2017). Furthermore, there is some disagreement regarding 

whether PC-specific antibodies can block infection of human placental cells and thereby 

prevent congenital HCMV transmission, as PC mAbs have been shown to inhibit 

infection of cytotrophoblasts (Chiuppesi et al., 2015) and Hofbauer cells (Wussow et al., 

2014), but not of trophoblast progenitor cells (Zydek et al., 2014).  

For T cell epitopes, both pp65 and IE1 have classically been identified as 

dominant T cell targets that are present in high frequency in HCMV-seropositive 

individuals (Reddehase and Lemmermann, 2013). Yet, of the 165 proteins encoded by 

HCMV, 151 have been shown to be targeted by CD4+ or CD8+ T cells (Sylwester et al., 

2005).  And it should be noted that the immunodominance of pp65 and IE1-specific T 

cells does not necessarily reflect the functionality of protective responses, as 

‘subdominant’ epitopes have been shown to be equivalently protective in murine 

transplant models following adoptive transfer (Holtappels et al., 2000) or DNA 

vaccination(Morello et al., 2000). More recent analysis of the HCMV-specific CD4+ and 

CD8+ T cell repertoire elicited by natural infection suggests that gB and the PC are more 

commonly targeted by CD4+ T cells, IE-1 more commonly by CD8+ T cells, and pp65 by 

both T cell subsets (Lilleri and Gerna, 2017).  
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It has long been theorized that an HCMV vaccine might require a multivalent 

approach, incorporating diverse epitopes to optimally-engage both humoral and cellular 

immune factors, thus maximizing the protective immunity elicited. Multivalent immune 

responses can be achieved either through vaccination with a live-attenuated virus or 

through delivery and/or in vivo expression of a combination of antigens. Again, this 

approach is not unique to the HCMV vaccine field, as the successful live-attenuated 

varicella vaccine elicited responses against many antigens and a diverse array of 

multivalent vaccine platforms are in development for HSV1/HSV2 (Awasthi and 

Friedman, 2014; Halford et al., 2015; Petro et al., 2015). The most commonly-trialed 

multivalent vaccine for HCMV has been the combination of gB and pp65, either as DNA 

or co-expressed in a viral vector, which appears safe and highly immunogenic (Schleiss, 

2016) and has demonstrated additive protection in a guinea pig congenital transmission 

model (Schleiss et al., 2017). However, multivalent vaccines are logistically-challenging 

to develop (Vidor, 2007) – particularly if future vaccine candidates seek to incorporate 

the HCMV pentameric complex, which requires that five proteins be expressed and 

stabilized in a conformationally-accurate manner.  

Next-generation, “plug and play” vaccine platforms such as mRNA are well 

suited to the low-cost, rapid development of multivalent vaccines (Pardi et al., 2018), 

and can elicit both robust humoral and T cell immunity. For example, gB, PC, and pp65 

encoding mRNA molecules might easily be combined for use in a single vaccine.  The 
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antigenicity of multiple HCMV mRNA constructs has been recently evaluated, both 

alone and in combination, and observed to elicit both robust neutralizing antibody and T 

cell responses in mice and nonhuman primates (John et al., 2018). Reassuringly, there 

was no discernable interference in the neutralizing antibody responses elicited by 

vaccination with a single immunogen vs. multiple immunogens. However, the authors 

did observe an important phenomenon of T cell epitope competition, as mRNA co-

expression of PC and pp65 resulted in robust CD4+ and CD8+ responses against PC 

epitopes, but negligible responses against pp65 epitopes. Yet this competition was able 

to be overcome by an initial priming vaccination with pp65 alone, followed by co-

administration of a pp65 and PC mRNA vaccine (John et al., 2018).  

 

5.6  Neutralizing vs. Non-neutralizing Antibody Responses 

 The elicitation of neutralizing antibodies has been a primary goal of HCMV 

vaccine research for the past 40 years (Reddehase and Lemmermann, 2013). It has been 

hypothesized that a congenital HCMV vaccine could be efficacious by inducing HCMV-

neutralizing antibodies that either: 1) provide sterilizing immunity by inhibiting HCMV 

acquisition or 2) reduce systemic viral replication, viral seeding of the placenta, and 

subsequent fetal infection (Schleiss, 2016). Neutralizing antibodies targeting HCMV 

surface glycoproteins have repeatedly been correlated with reduced incidence of 

congenital virus transmission after primary maternal HCMV infection (Boppana and 
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Britt, 1995; Lilleri et al., 2012; Lilleri et al., 2013). Few studies have evaluated any 

potential role of non-neutralizing antibodies.  However, HCMV is a highly cell 

associated virus (Silva et al., 2005), and ‘immunologically-covert’ cell-to-cell spread of 

HCMV is particularly implicated among wild-type clinical strains of HCMV with an 

intact pentameric complex (Murrell et al., 2017). It has become increasingly recognized 

that neutralizing antibodies cannot block cell-to-cell spread of wild-type HCMV (Jacob 

et al., 2013). Thus, non-neutralizing antibodies might provide an additional benefit by 

inducing complement-mediated virion lysis or by engaging Fc receptors on immune 

effector cells that mediate antibody-dependent cellular cytotoxicity (ADCC) or antibody-

dependent cellular phagocytosis (ADCP). 

 There is accumulating evidence in the HSV1/HSV2 vaccine field that non-

neutralizing antibodies can play an instrumental role in vaccine-mediated protection. 

Given that the gD subunit vaccine demonstrated suboptimal efficacy in clinical trial 

(Belshe et al., 2012), a live-attenuated HSV2 candidate vaccine deleted for gD was 

proposed. In the absence of gD, this live-attenuated vaccine provided 100% protection 

against intravaginal and skin challenge in both immune-competent and SCID mice. 

Most interestingly, the vaccine elicited minimal neutralization and the protective 

efficacy of this vaccine was completely lost in Fc-receptor knockout mice (Petro et al., 

2015), strongly suggesting that vaccine-elicited antibodies functioned through Fc-

receptor engagement and immune effector clearance.  While this is an entirely new 
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concept for herpesviruses, it is consistent with data suggesting the protective efficacy of 

non-neutralizing antibody responses for HIV/SHIV (Bonsignori et al., 2012; Florese et al., 

2009) and influenza (DiLillo et al., 2014).  

 The role of non-neutralizing antibodies in anti-HCMV immunity is gradually 

becoming recognized. A recent study examined the ability of neutralizing and non-

neutralizing gB-specific antibodies to reduce viral replication in a murine CMV (MCMV) 

model when given prior to MCMV inoculation (prophylactically) or following MCMV 

infection (therapeutically)(Bootz et al., 2017). When given prophylactically, neutralizing 

antibodies had the greatest therapeutic effect on viral load, though both neutralizing and 

non-neutralizing antibodies were equally effective in preventing mouse mortality. In 

addition, we recently identified that non-neutralizing antibodies were likely responsible 

for the 50% vaccine efficacy observed in an HCMV gB subunit vaccine trial (Nelson CS, 

2018; Pass et al., 2009). In previous phase 1 trials, the gB/MF59 vaccine was observed to 

elicit a high titer of gB-specific antibodies (Pass et al., 1999), though relatively low-level 

neutralization (Cui et al., 2008) that is enhanced in the presence of complement (Li et al., 

2017).  Therefore, the induction of neutralizing antibodies has long been thought to be 

the mechanism of partial vaccine efficacy. However, in a detailed evaluation of the 

vaccine-elicited responses in a phase 2 trial of postpartum women gB/MF59 vaccinees 

(Pass et al., 2009), there were no neutralizing responses detectable against heterologous 

viral strains, suggesting both: 1) a possible difference in the elicitation of neutralizing 
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antibodies in postpartum women 2) that neutralizing antibodies were not necessary for 

the partial vaccine efficacy. 

 

5.7  Immunogen Structural Design 

There have been significant advances made in the structural biology of viral 

fusion proteins over the past decade. The structural models which have emerged have 

revolutionized the vaccine immunology field by facilitating structure-based vaccine 

design (Kulp and Schief, 2013). Immunogen conformation has been recognized an 

extraordinarily-important consideration for HCMV glycoprotein B as well as the 

gH/gL/UL128-131a pentameric complex. gB is a class III viral fusogen (Backovic and 

Jardetzky, 2009), and is thus a metastable protein that facilitates merger of the viral 

envelope and host cell membrane by a conformational change from pre-fusion and post-

fusion states (Cooper and Heldwein, 2015; Harrison, 2015).  The post-fusion crystal 

structure of the protein has been determined (Burke and Heldwein, 2015a; 

Chandramouli et al., 2015), though the pre-fusion form has remained elusive. During 

natural infection, gB is known to elicit some neutralizing though predominantly non-

neutralizing antibodies. It has been hypothesized that neutralizing antibodies 

preferentially target epitopes exposed on the pre-fusion form of the protein, and non-

neutralizing antibodies those on the post-fusion form (Burke and Heldwein, 2015a). 

Indeed, viral metastable expression of both post-fusion and pre-fusion forms of gB on 
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the virion membrane is proposed as a mechanism of HCMV immune evasion, by which 

the virus elicits a dominant, non-neutralizing antibody response (Burke and Heldwein, 

2015a). Consistent with this hypothesis, we have previously demonstrated that 

immunization with soluble post-fusion gB elicited low-level binding responses against 

neutralizing epitopes in comparison to natural infection (Nelson CS, 2018), suggesting 

that neutralizing epitopes are not adequately exposed to immune cells when gB is in the 

post-fusion form. 

HCMV glycoprotein B is highly-conserved with herpesviruses HSV and EBV 

(Burke and Heldwein, 2015a; Cooper and Heldwein, 2015; Ratta et al., 2014). We have a 

great deal to learn from other herpesvirus fields as HCMV structural biology has lagged 

behind. The HSV post-fusion crystal structure has been published for well over a decade 

(Heldwein et al., 2006), and now have the first hints of a pre-fusion structure using cryo-

electron tomography technology (Fontana et al., 2017; Zeev-Ben-Mordehai et al., 2016). 

Furthermore, structure-based mutagenesis techniques have led to the identification of 

targeted mutations that can prevent the transition from pre-fusion to post-fusion 

conformation (Fan et al., 2017). A stabilized pre-fusion form of the protein will be an 

indispensable tool for future study. The HCMV vaccine field should utilize these 

advances to pursue both a pre-fusion structure and a stabilized pre-fusion gB construct. 

Moreover, isolation of antibodies specific for this conformation of the protein, would be 

a tremendous advance for a reverse vaccinology approach to HCMV. 



 

191 

Finally, the structural biology of the gH/gL/UL128-131a pentameric complex is of 

interest in the HCMV vaccine field. Though extremely potent epithelial cell neutralizing 

antibodies are directed against UL128, UL130, and UL131 following natural infection 

(Macagno et al., 2010), immunization with recombinant protein subunits or peptides 

induces far less potently-neutralizing antibodies (Saccoccio et al., 2011). This finding 

suggests that native folding and assembly of the full complex may be critical for optimal 

neutralizing antibody responses (Reddehase and Lemmermann, 2013), and indeed 

antibodies have been identified that recognize conformational epitopes only formed by 

the full pentameric complex (Macagno et al., 2010). The recently-deciphered pentameric 

complex crystal structure (Chandramouli et al., 2017) bound to neutralizing antibodies 

has informed the molecular basis of these conformational epitopes. And while the 

pentameric complex can be expressed in soluble form (Loughney et al., 2015), it is 

unknown how stable this complex is in vivo and thus unknown whether pentameric 

complex subunit vaccination could elicit neutralization titers comparable to natural 

infection. Thus, many researchers have sought to employ epitope expression strategies 

such as an MVA vector (Wussow et al., 2014) or mRNA (John et al., 2018). 

 

5.8  Antigenic Diversity 

It has long been recognized that HCMV is polymorphic between hosts (Bradley 

et al., 2008; Coaquette et al., 2004; Hassan-Walker et al., 2004; Murthy et al., 2011). With 
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the application of next-generation sequencing technology to HCMV, it has become 

increasingly apparent that there is extensive, genome-wide antigenic variability between 

viral strains and even within a single host (Renzette et al., 2011; Renzette et al., 2013; 

Renzette et al., 2015). The HCMV vaccine field appears to face a somewhat unique 

challenge in combating this antigenic diversity; among herpesvirus, HCMV boasts far-

and-away the highest level of interstrain diversity (Sijmons et al., 2015). Indeed, HCMV 

has an overall mean distance (i.e. number of substitution per base pair) of 0.027 (Sijmons 

et al., 2015), which places it in the realm of dengue and other RNA viruses (Renzette et 

al., 2011).  

Thus, it is perhaps no surprise that antigenic differences have been observed to 

impact neutralizing antibody responses. In a landmark study, neutralization of HCMV 

viral isolates was assessed by paired human sera (autologous neutralization) and by the 

sera of other HCMV-seropositive subjects (heterologous neutralization) (Klein et al., 

1999). Intriguingly, the authors noted that neutralization antibody titers frequently 

differed between individuals by an order of magnitude or more, and one viral isolate 

exhibited complete resistance to heterologous sera antibodies. Indeed, studies of the 

HCMV and MCMV-specific antibody repertoire have confirmed these findings by 

identifying mAbs directed at gB and gH that exhibit strain-specific neutralization 

activity (Baboonian et al., 1989; Simpson et al., 1993). Thus, antigenic variation will likely 

be a critical consideration for HCMV vaccine design. Yet it is worth noting that 
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neutralizing antibodies targeting certain conserved epitopes such as gB AD-2 (Potzsch et 

al., 2011) or the UL128/UL130/UL131a proteins (Ha et al., 2017) of the pentameric 

complex do not appear to be strain-specific and have been observed to neutralize 

genetically-diverse HCMV strains. 

We have observed in a cohort of gB/MF59-vaccinated postpartum women from a 

phase 2 vaccine efficacy study (Pass et al., 2009) that neutralizing antibodies were only 

detectable against a virus containing the vaccine-strain of gB, though not against 

heterologous strains AD169 and TB40/E (Nelson CS, 2018). Interestingly, heterologous 

neutralizing antibodies were identified in a cohort of phase 1 healthy adult gB/MF59 

vaccinees, suggesting that patient population may impact the breadth of neutralizing 

antibodies elicited by gB/MF59 vaccination. Furthermore, by investigating the viral 

population among infected gB/MF59 vaccinees and placebo recipients, we identified 

possible protection against viruses with a genetically-similar gB sequence to the vaccine 

strain (Towne – gB1 genotype). Indeed, among patients sequenced, we identified that 7 

of 13 placebo recipients acquired gB1 genotype viruses compared to 0 of 5 vaccinees 

(data unpublished). 

 

5.9 Glycan Shielding and Decoy Epitopes 

In addition to antigenic diversity, glycan shielding of susceptible epitopes is a 

common strategy of immune evasion known to be employed by viruses such as HIV-1 
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and influenza (Vigerust and Shepherd, 2007). The structures of HCMV glycoprotein B 

(post-fusion) (Burke and Heldwein, 2015a) and the pentameric complex (Chandramouli 

et al., 2017) are both heavily glycosylated. Of particular note, neutralizing epitopes on 

both gB and the PC are frequently located in the vicinity of N-linked glycans(Burke and 

Heldwein, 2015b; Chandramouli et al., 2015), suggesting that glycans might play a role 

in preventing antigenic recognition of these susceptible sites. Glycoprotein B in 

particular has 18 N-linked glycan sites, dramatically more than the homologous protein 

in either HSV1 or EBV. By careful manipulation of patterns of glycan shielding, it is 

anticipated that HCMV can elicit a predominantly non-neutralizing anti-gB response 

profile. For example, heavy glycosylation of the AD-4 and AD-5 regions known to be 

targeted by neutralizing antibodies (Potzsch et al., 2011), yet sparse glycosylation of 

predominantly non-neutralizing AD-1 might explain why non-neutralizing AD-1-

specific antibodies are the most dominant gB-specific antibody response observed 

following natural infection (Burke and Heldwein, 2015a). While the impact of HCMV 

envelope protein glycosylation on neutralizing antibody recognition of susceptible 

epitopes is currently theoretical, it will be an important consideration for future vaccine 

design efforts. 

Analogously to glycan shielding, an immune-dominant decoy response elicited 

upon vaccination can divert and limit functional immunity against a pathogen. This 

phenomenon has been described for several viruses, including HIV-1 and HSV. In one 
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HIV vaccine study (Hammer et al., 2013), 93% of the HIV-specific B cell response was 

observed against gp41 – a protein subunit located proximally to the virion membrane 

and most frequently targeted by non-neutralizing antibodies (Williams et al., 2015). 

Similarly, in the HSV field, gD subunit vaccines have long been the focus of vaccine-

development due to the immune-dominance of this antigen following natural infection, 

yet they have had limited success in clinical trial (Belshe et al., 2012). Thus, it was 

hypothesized that gD-specific antibodies, though potently-neutralizing, may be a decoy 

immune response that can block the development of more potently-functional 

antibodies. Subsequently it was observed that a gD-deletion live attenuated vaccine can 

elicit robust, protective, non-neutralizing antibody responses (Petro et al., 2015).  

Similarly, we recently assessed the epitope specificity of antibodies elicited by 

gB/MF59 vaccination in the most efficacious HCMV vaccine trial to date (Nelson CS, 

2018). Using a peptide microarray covering the full gB open reading frame, we identified 

that the gB/MF59 vaccine induced an extraordinarily high-magnitude response against 

peptide epitopes within the cytosolic gB AD-3 region, a known non-neutralizing epitope 

(Burke and Heldwein, 2015a). Indeed, 76% of vaccine-elicited linear gB-binding was 

directed against the AD-3 epitope, in comparison to 31% in naturally HCMV-infected 

individuals. Since we also observed that this vaccine elicited: 1) very low neutralizing 

antibody responses and 2) poor targeting of known neutralizing epitopes, we 
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hypothesize that the dominant AD-3-specific antibody response may have diverted 

functional antibodies away from neutralization-susceptible sites.  

 

 

5.10 Final Summary 

There is an accumulating body of evidence that HCMV vaccination can influence 

the incidence of infection and congenital disease. There are still numerous questions to 

be answered and hurdles to be to overcome in HCMV vaccine development; yet interest 

in the field among both public and private sector researchers has blossomed over the 

past decade, as evidenced by the number vaccine candidates entering clinical evaluation 

(Schleiss, 2016). Thus, the future of the congenital HCMV vaccine field is bright, with 

hope for unique vaccine designs that will bring an end to this common and devastating 

disease of pediatric and immune-suppressed populations.  

 



 

197 

References 

(2000). In Vaccines for the 21st Century: A Tool for Decisionmaking, K.R. Stratton, J.S. 
Durch, and R.S. Lawrence, eds. (Washington (DC)). 

Adler, S.P. (1991). Cytomegalovirus and child day care: risk factors for maternal 
infection. Pediatr Infect Dis J 10, 590-594. 

Adler, S.P. (2013). Immunization to prevent congenital cytomegalovirus infection. Br 
Med Bull 107, 57-68. 

Adler, S.P., and Nigro, G. (2009). Findings and conclusions from CMV hyperimmune 
globulin treatment trials. Journal of clinical virology : the official publication of the Pan 
American Society for Clinical Virology 46 Suppl 4, S54-57. 

Adler, S.P., Plotkin, S.A., Gonczol, E., Cadoz, M., Meric, C., Wang, J.B., Dellamonica, P., 
Best, A.M., Zahradnik, J., Pincus, S., et al. (1999). A canarypox vector expressing 
cytomegalovirus (CMV) glycoprotein B primes for antibody responses to a live 
attenuated CMV vaccine (Towne). The Journal of infectious diseases 180, 843-846. 

Ahlfors, K., Ivarsson, S.A., and Harris, S. (1999). Report on a long-term study of maternal 
and congenital cytomegalovirus infection in Sweden. Review of prospective studies 
available in the literature. Scand J Infect Dis 31, 443-457. 

Ahlfors, K., Ivarsson, S.A., Harris, S., Svanberg, L., Holmqvist, R., Lernmark, B., and 
Theander, G. (1984). Congenital cytomegalovirus infection and disease in Sweden and 
the relative importance of primary and secondary maternal infections. Preliminary 
findings from a prospective study. Scand J Infect Dis 16, 129-137. 

Alford, C.A., and Pass, R.F. (1981). Epidemiology of chronic congenital and perinatal 
infections of man. Clin Perinatol 8, 397-414. 

Anderholm, K.M., Bierle, C.J., and Schleiss, M.R. (2016). Cytomegalovirus Vaccines: 
Current Status and Future Prospects. Drugs 76, 1625-1645. 

Arase, H., Mocarski, E.S., Campbell, A.E., Hill, A.B., and Lanier, L.L. (2002). Direct 
recognition of cytomegalovirus by activating and inhibitory NK cell receptors. Science 
296, 1323-1326. 

Auerbach, M.R., Yan, D., Vij, R., Hongo, J.A., Nakamura, G., Vernes, J.M., Meng, Y.G., 
Lein, S., Chan, P., Ross, J., et al. (2014). A neutralizing anti-gH/gL monoclonal antibody is 



 

198 

protective in the guinea pig model of congenital CMV infection. PLoS pathogens 10, 
e1004060. 

Awasthi, S., and Friedman, H.M. (2014). Status of prophylactic and therapeutic genital 
herpes vaccines. Curr Opin Virol 6, 6-12. 

Baboonian, C., Blake, K., Booth, J.C., and Wiblin, C.N. (1989). Complement-independent 
neutralising monoclonal antibody with differential reactivity for strains of human 
cytomegalovirus. J Med Virol 29, 139-145. 

Backovic, M., and Jardetzky, T.S. (2009). Class III viral membrane fusion proteins. Curr 
Opin Struct Biol 19, 189-196. 

Baraniak, I., Kropff, B., McLean, G.R., Pichon, S., Piras-Douce, F., Milne, R.S.B., Smith, 
C., Mach, M., Griffiths, P.D., and Reeves, M.B. (2018). Epitope-Specific Humoral 
Responses to Human Cytomegalovirus Glycoprotein-B Vaccine with MF59: Anti-AD2 
Levels Correlate with Protection from Viremia. The Journal of infectious diseases. 

Bate, S.L., Dollard, S.C., and Cannon, M.J. (2010). Cytomegalovirus seroprevalence in the 
United States: the national health and nutrition examination surveys, 1988-2004. Clin 
Infect Dis 50, 1439-1447. 

Belshe, R.B., Heineman, T.C., Bernstein, D.I., Bellamy, A.R., Ewell, M., van der Most, R., 
and Deal, C.D. (2014). Correlate of immune protection against HSV-1 genital disease in 
vaccinated women. The Journal of infectious diseases 209, 828-836. 

Belshe, R.B., Leone, P.A., Bernstein, D.I., Wald, A., Levin, M.J., Stapleton, J.T., Gorfinkel, 
I., Morrow, R.L., Ewell, M.G., Stokes-Riner, A., et al. (2012). Efficacy results of a trial of a 
herpes simplex vaccine. The New England journal of medicine 366, 34-43. 

Benjamini, Y., and Hochberg, Y. (1995). Controlling the False Discovery Rate - a Practical 
and Powerful Approach to Multiple Testing. J Roy Stat Soc B Met 57, 289-300. 

Bernstein, D.I., Munoz, F.M., Callahan, S.T., Rupp, R., Wootton, S.H., Edwards, K.M., 
Turley, C.B., Stanberry, L.R., Patel, S.M., McNeal, M.M., et al. (2016). Safety and efficacy 
of a cytomegalovirus glycoprotein B (gB) vaccine in adolescent girls: A randomized 
clinical trial. Vaccine 34, 313-319. 

Bialas, K.M., Tanaka, T., Tran, D., Varner, V., Cisneros De La Rosa, E., Chiuppesi, F., 
Wussow, F., Kattenhorn, L., Macri, S., Kunz, E.L., et al. (2015). Maternal CD4 + T cells 
protect against severe congenital cytomegalovirus disease in a novel nonhuman primate 



 

199 

model of placental cytomegalovirus transmission. Proceedings of the National Academy 
of Sciences 112, 13645-13650. 

Bialas, K.M., Westreich, D., Cisneros de la Rosa, E., Nelson, C.S., Kauvar, L.M., Fu, T.M., 
and Permar, S.R. (2016). Maternal Antibody Responses and Nonprimary Congenital 
Cytomegalovirus Infection of HIV-1-Exposed Infants. The Journal of infectious diseases 
214, 1916-1923. 

Biron, C.A., and Brossay, L. (2001). NK cells and NKT cells in innate defense against 
viral infections. Curr Opin Immunol 13, 458-464. 

Bonsignori, M., Pollara, J., Moody, M.A., Alpert, M.D., Chen, X., Hwang, K.K., Gilbert, 
P.B., Huang, Y., Gurley, T.C., Kozink, D.M., et al. (2012). Antibody-dependent cellular 
cytotoxicity-mediating antibodies from an HIV-1 vaccine efficacy trial target multiple 
epitopes and preferentially use the VH1 gene family. Journal of virology 86, 11521-
11532. 

Bootz, A., Karbach, A., Spindler, J., Kropff, B., Reuter, N., Sticht, H., Winkler, T.H., Britt, 
W.J., and Mach, M. (2017). Protective capacity of neutralizing and non-neutralizing 
antibodies against glycoprotein B of cytomegalovirus. PLoS pathogens 13, e1006601. 

Boppana, S., Amos, C., Britt, W., Stagno, S., Alford, C., and Pass, R. (1994). Late onset 
and reactivation of chorioretinitis in children with congenital cytomegalovirus infection. 
Pediatr Infect Dis J 13, 1139-1142. 

Boppana, S.B., and Britt, W.J. (1995). Antiviral Antibody Responses and Intrauterine 
Transmission after Primary Maternal Cytomegalovirus Infection. Journal of Infectious 
Diseases 171, 1115-1121. 

Boppana, S.B., Pass, R.F., Britt, W.J., Stagno, S., and Alford, C.A. (1992). Symptomatic 
congenital cytomegalovirus infection: neonatal morbidity and mortality. Pediatr Infect 
Dis J 11, 93-99. 

Boppana, S.B., Rivera, L.B., Fowler, K.B., Mach, M., and Britt, W.J. (2001). Intrauterine 
transmission of cytomegalovirus to infants of women with preconceptional immunity. 
The New England journal of medicine 344, 1366-1371. 

Bourne, N., Schleiss, M.R., Bravo, F.J., and Bernstein, D.I. (2001). Preconception 
immunization with a cytomegalovirus (CMV) glycoprotein vaccine improves pregnancy 
outcome in a guinea pig model of congenital CMV infection. The Journal of infectious 
diseases 183, 59-64. 



 

200 

Bowman, J.J., Lacayo, J.C., Burbelo, P., Fischer, E.R., and Cohen, J.I. (2011). Rhesus and 
human cytomegalovirus glycoprotein L are required for infection and cell-to-cell spread 
of virus but cannot complement each other. Journal of virology 85, 2089-2099. 

Bradley, A.J., Kovacs, I.J., Gatherer, D., Dargan, D.J., Alkharsah, K.R., Chan, P.K., 
Carman, W.F., Dedicoat, M., Emery, V.C., Geddes, C.C., et al. (2008). Genotypic analysis 
of two hypervariable human cytomegalovirus genes. J Med Virol 80, 1615-1623. 

Bratcher, D.F., Bourne, N., Bravo, F.J., Schleiss, M.R., Slaoui, M., Myers, M.G., and 
Bernstein, D.I. (1995). Effect of passive antibody on congenital cytomegalovirus infection 
in guinea pigs. The Journal of infectious diseases 172, 944-950. 

Breuer, K., Foroushani, A.K., Laird, M.R., Chen, C., Sribnaia, A., Lo, R., Winsor, G.L., 
Hancock, R.E., Brinkman, F.S., and Lynn, D.J. (2013). InnateDB: systems biology of 
innate immunity and beyond--recent updates and continuing curation. Nucleic Acids 
Res 41, D1228-1233. 

Britt, W., Fay, J., Seals, J., and Kensil, C. (1995). Formulation of an immunogenic human 
cytomegalovirus vaccine: responses in mice. The Journal of infectious diseases 171, 18-
25. 

Britt, W.J. (2017). Congenital Human Cytomegalovirus Infection and the Enigma of 
Maternal Immunity. Journal of virology 91. 

Burke, H.G., and Heldwein, E.E. (2015a). Correction: Crystal Structure of the Human 
Cytomegalovirus Glycoprotein B. PLoS pathogens 11, e1005300. 

Burke, H.G., and Heldwein, E.E. (2015b). Crystal Structure of the Human 
Cytomegalovirus Glycoprotein B. PLoS pathogens 11, e1005227. 

Cannon, M.J., Hyde, T.B., and Schmid, D.S. (2011). Review of cytomegalovirus shedding 
in bodily fluids and relevance to congenital cytomegalovirus infection. Rev Med Virol 
21, 240-255. 

Cannon, M.J., Schmid, D.S., and Hyde, T.B. (2010). Review of cytomegalovirus 
seroprevalence and demographic characteristics associated with infection. Rev Med 
Virol 20, 202-213. 

Cekinovic, D., Golemac, M., Pugel, E.P., Tomac, J., Cicin-Sain, L., Slavuljica, I., Bradford, 
R., Misch, S., Winkler, T.H., Mach, M., et al. (2008). Passive immunization reduces 
murine cytomegalovirus-induced brain pathology in newborn mice. Journal of virology 
82, 12172-12180. 



 

201 

Chandramouli, S., Ciferri, C., Nikitin, P.A., Calo, S., Gerrein, R., Balabanis, K., Monroe, 
J., Hebner, C., Lilja, A.E., Settembre, E.C., et al. (2015). Structure of HCMV glycoprotein B 
in the postfusion conformation bound to a neutralizing human antibody. Nature 
communications 6, 8176. 

Chandramouli, S., Malito, E., Nguyen, T., Luisi, K., Donnarumma, D., Xing, Y., Norais, 
N., Yu, D., and Carfi, A. (2017). Structural basis for potent antibody-mediated 
neutralization of human cytomegalovirus. Sci Immunol 2. 

Chang, W.L., Kirchoff, V., Pari, G.S., and Barry, P.A. (2002). Replication of rhesus 
cytomegalovirus in life-expanded rhesus fibroblasts expressing human telomerase. J 
Virol Methods 104, 135-146. 

Chatterjee, A., Harrison, C.J., Britt, W.J., and Bewtra, C. (2001). Modification of maternal 
and congenital cytomegalovirus infection by anti-glycoprotein b antibody transfer in 
guinea pigs. The Journal of infectious diseases 183, 1547-1553. 

Cheeran, M.C., Lokensgard, J.R., and Schleiss, M.R. (2009). Neuropathogenesis of 
congenital cytomegalovirus infection: disease mechanisms and prospects for 
intervention. Clin Microbiol Rev 22, 99-126, Table of Contents. 

Chiuppesi, F., Wussow, F., Johnson, E., Bian, C., Zhuo, M., Rajakumar, A., Barry, P.A., 
Britt, W.J., Chakraborty, R., and Diamond, D.J. (2015). Vaccine-Derived Neutralizing 
Antibodies to the Human Cytomegalovirus gH/gL Pentamer Potently Block Primary 
Cytotrophoblast Infection. Journal of virology 89, 11884-11898. 

Chou, S.W., and Dennison, K.M. (1991). Analysis of interstrain variation in 
cytomegalovirus glycoprotein B sequences encoding neutralization-related epitopes. The 
Journal of infectious diseases 163, 1229-1234. 

Chung, A.W., Ghebremichael, M., Robinson, H., Brown, E., Choi, I., Lane, S., Dugast, 
A.S., Schoen, M.K., Rolland, M., Suscovich, T.J., et al. (2014). Polyfunctional Fc-effector 
profiles mediated by IgG subclass selection distinguish RV144 and VAX003 vaccines. 
Science translational medicine 6, 228ra238. 

Chung, A.W., Kumar, M.P., Arnold, K.B., Yu, W.H., Schoen, M.K., Dunphy, L.J., 
Suscovich, T.J., Frahm, N., Linde, C., Mahan, A.E., et al. (2015). Dissecting Polyclonal 
Vaccine-Induced Humoral Immunity against HIV Using Systems Serology. Cell 163, 
988-998. 

Chung, K.M., Thompson, B.S., Fremont, D.H., and Diamond, M.S. (2007). Antibody 
recognition of cell surface-associated NS1 triggers Fc-gamma receptor-mediated 



 

202 

phagocytosis and clearance of West Nile Virus-infected cells. Journal of virology 81, 
9551-9555. 

Coaquette, A., Bourgeois, A., Dirand, C., Varin, A., Chen, W., and Herbein, G. (2004). 
Mixed cytomegalovirus glycoprotein B genotypes in immunocompromised patients. 
Clin Infect Dis 39, 155-161. 

Coleman, S., Choi, K.Y., Root, M., and McGregor, A. (2016). A Homolog Pentameric 
Complex Dictates Viral Epithelial Tropism, Pathogenicity and Congenital Infection Rate 
in Guinea Pig Cytomegalovirus. PLoS pathogens 12, e1005755. 

Collier, A.C., Handsfield, H.H., Roberts, P.L., DeRouen, T., Meyers, J.D., Leach, L., 
Murphy, V.L., Verdon, M., and Corey, L. (1990). Cytomegalovirus infection in women 
attending a sexually transmitted disease clinic. The Journal of infectious diseases 162, 46-
51. 

Colugnati, F.A., Staras, S.A., Dollard, S.C., and Cannon, M.J. (2007). Incidence of 
cytomegalovirus infection among the general population and pregnant women in the 
United States. BMC Infect Dis 7, 71. 

Compton, T., Nowlin, D.M., and Cooper, N.R. (1993). Initiation of human 
cytomegalovirus infection requires initial interaction with cell surface heparan sulfate. 
Virology 193, 834-841. 

Cooper, R.S., and Heldwein, E.E. (2015). Herpesvirus gB: A Finely Tuned Fusion 
Machine. Viruses 7, 6552-6569. 

Cosman, D., Mullberg, J., Sutherland, C.L., Chin, W., Armitage, R., Fanslow, W., Kubin, 
M., and Chalupny, N.J. (2001). ULBPs, novel MHC class I-related molecules, bind to 
CMV glycoprotein UL16 and stimulate NK cytotoxicity through the NKG2D receptor. 
Immunity 14, 123-133. 

Council, N.R. (2011). Guide for the Care and Use of Laboratory Animals, 8th Edition edn 
(Washington DC: National Academies Press). 

Craig, J.M., Macauley, J.C., Weller, T.H., and Wirth, P. (1957). Isolation of intranuclear 
inclusion producing agents from infants with illnesses resembling cytomegalic inclusion 
disease. Proc Soc Exp Biol Med 94, 4-12. 

Crumpler, M.M., Choi, K.Y., McVoy, M.A., and Schleiss, M.R. (2009). A live guinea pig 
cytomegalovirus vaccine deleted of three putative immune evasion genes is highly 



 

203 

attenuated but remains immunogenic in a vaccine/challenge model of congenital 
cytomegalovirus infection. Vaccine 27, 4209-4218. 

Cui, X., Meza, B.P., Adler, S.P., and McVoy, M.A. (2008). Cytomegalovirus vaccines fail 
to induce epithelial entry neutralizing antibodies comparable to natural infection. 
Vaccine 26, 5760-5766. 

Dahle, A.J., Fowler, K.B., Wright, J.D., Boppana, S.B., Britt, W.J., and Pass, R.F. (2000). 
Longitudinal investigation of hearing disorders in children with congenital 
cytomegalovirus. J Am Acad Audiol 11, 283-290. 

Dal Monte, P., Pignatelli, S., Mach, M., and Landini, M.P. (2001). The product of human 
cytomegalovirus UL73 is a new polymorphic structural glycoprotein (gpUL73). J Hum 
Virol 4, 26-34. 

Damato, E.G., and Winnen, C.W. (2002). Cytomegalovirus infection: perinatal 
implications. J Obstet Gynecol Neonatal Nurs 31, 86-92. 

Davison, A.J., Dolan, A., Akter, P., Addison, C., Dargan, D.J., Alcendor, D.J., McGeoch, 
D.J., and Hayward, G.S. (2003). The human cytomegalovirus genome revisited: 
comparison with the chimpanzee cytomegalovirus genome. J Gen Virol 84, 17-28. 

de Rijk EPCT, V.E.E. (2008). The Macaque Placenta - A Mini-Review. Toxicol Pathol 36, 
108-118. 

DiLillo, D.J., Tan, G.S., Palese, P., and Ravetch, J.V. (2014). Broadly neutralizing 
hemagglutinin stalk-specific antibodies require FcgammaR interactions for protection 
against influenza virus in vivo. Nat Med 20, 143-151. 

Dolan, A., Cunningham, C., Hector, R.D., Hassan-Walker, A.F., Lee, L., Addison, C., 
Dargan, D.J., McGeoch, D.J., Gatherer, D., Emery, V.C., et al. (2004). Genetic content of 
wild-type human cytomegalovirus. The Journal of general virology 85, 1301-1312. 

Dormitzer, P.R., Ulmer, J.B., and Rappuoli, R. (2008). Structure-based antigen design: a 
strategy for next generation vaccines. Trends Biotechnol 26, 659-667. 

Dupont, L., and Reeves, M.B. (2016). Cytomegalovirus latency and reactivation: recent 
insights into an age old problem. Rev Med Virol 26, 75-89. 

Elek, S.D., and Stern, H. (1974). Development of a vaccine against mental retardation 
caused by cytomegalovirus infection in utero. Lancet 1, 1-5. 



 

204 

Evans, A.S. (1976). Viral infections of humans : epidemiology and control (New York: 
Plenum Medical Book Co.). 

Evans, A.S. (1982). Viral infections of humans : epidemiology and control, 2nd edn (New 
York: Plenum Medical Book Co.). 

Fan, Q., Kopp, S., Connolly, S.A., Muller, W.J., and Longnecker, R. (2017). Mapping sites 
of herpes simplex virus type 1 glycoprotein D that permit insertions and impact gD and 
gB receptors usage. Scientific reports 7, 43712. 

Florese, R.H., Demberg, T., Xiao, P., Kuller, L., Larsen, K., Summers, L.E., Venzon, D., 
Cafaro, A., Ensoli, B., and Robert-Guroff, M. (2009). Contribution of nonneutralizing 
vaccine-elicited antibody activities to improved protective efficacy in rhesus macaques 
immunized with Tat/Env compared with multigenic vaccines. Journal of immunology 
182, 3718-3727. 

Foged, C., Hansen, J., and Agger, E.M. (2012). License to kill: Formulation requirements 
for optimal priming of CD8(+) CTL responses with particulate vaccine delivery systems. 
Eur J Pharm Sci 45, 482-491. 

Fontana, J., Atanasiu, D., Saw, W.T., Gallagher, J.R., Cox, R.G., Whitbeck, J.C., Brown, 
L.M., Eisenberg, R.J., and Cohen, G.H. (2017). The Fusion Loops of the Initial Prefusion 
Conformation of Herpes Simplex Virus 1 Fusion Protein Point Toward the Membrane. 
MBio 8. 

Forman, M.S., Vaidya, D., Bolorunduro, O., Diener-West, M., Pass, R.F., and Arav-Boger, 
R. (2017). Cytomegalovirus Kinetics Following Primary Infection in Healthy Women. 
The Journal of infectious diseases 215, 1523-1526. 

Fornara, C., Furione, M., Arossa, A., Gerna, G., and Lilleri, D. (2016). Comparative 
magnitude and kinetics of human cytomegalovirus-specific CD4(+) and CD8(+) T-cell 
responses in pregnant women with primary versus remote infection and in transmitting 
versus non-transmitting mothers: Its utility for dating primary infection in pregnancy. J 
Med Virol 88, 1238-1246. 

Forthal, D.N., Phan, T., and Landucci, G. (2001). Antibody inhibition of cytomegalovirus: 
the role of natural killer and macrophage effector cells. Transpl Infect Dis 3 Suppl 2, 31-
34. 

Fouda, G.G., Cunningham, C.K., McFarland, E.J., Borkowsky, W., Muresan, P., Pollara, 
J., Song, L.Y., Liebl, B.E., Whitaker, K., Shen, X., et al. (2015). Infant HIV type 1 gp120 
vaccination elicits robust and durable anti-V1V2 immunoglobulin G responses and only 



 

205 

rare envelope-specific immunoglobulin A responses. The Journal of infectious diseases 
211, 508-517. 

Fouts, A.E., Chan, P., Stephan, J.P., Vandlen, R., and Feierbach, B. (2012). Antibodies 
against the gH/gL/UL128/UL130/UL131 complex comprise the majority of the anti-
cytomegalovirus (anti-CMV) neutralizing antibody response in CMV hyperimmune 
globulin. Journal of virology 86, 7444-7447. 

Fowler, K.B., Stagno, S., and Pass, R.F. (2003). Maternal immunity and prevention of 
congenital cytomegalovirus infection. Jama 289, 1008-1011. 

Fowler, K.B., Stagno, S., Pass, R.F., Britt, W.J., Boll, T.J., and Alford, C.A. (1992). The 
outcome of congenital cytomegalovirus infection in relation to maternal antibody status. 
The New England journal of medicine 326, 663-667. 

Frey, S.E., Harrison, C., Pass, R.F., Yang, E., Boken, D., Sekulovich, R.E., Percell, S., Izu, 
A.E., Hirabayashi, S., Burke, R.L., et al. (1999). Effects of antigen dose and immunization 
regimens on antibody responses to a cytomegalovirus glycoprotein B subunit vaccine. 
The Journal of infectious diseases 180, 1700-1703. 

Fujimoto, I., Pan, J., Takizawa, T., and Nakanishi, Y. (2000). Virus clearance through 
apoptosis-dependent phagocytosis of influenza A virus-infected cells by macrophages. 
Journal of virology 74, 3399-3403. 

Fulop, T., Larbi, A., and Pawelec, G. (2013). Human T cell aging and the impact of 
persistent viral infections. Frontiers in immunology 4, 271. 

Galli, G., Medini, D., Borgogni, E., Zedda, L., Bardelli, M., Malzone, C., Nuti, S., 
Tavarini, S., Sammicheli, C., Hilbert, A.K., et al. (2009). Adjuvanted H5N1 vaccine 
induces early CD4+ T cell response that predicts long-term persistence of protective 
antibody levels. Proceedings of the National Academy of Sciences of the United States of 
America 106, 3877-3882. 

Gantt, S., Leister, E., Jacobsen, D.L., Boucoiran, I., Huang, M.L., Jerome, K.R., Jourdain, 
G., Ngo-Giang-Huong, N., Burchett, S., and Frenkel, L. (2016). Risk of congenital 
cytomegalovirus infection among HIV-exposed uninfected infants is not decreased by 
maternal nelfinavir use during pregnancy. J Med Virol 88, 1051-1058. 

Gautier, L., Cope, L., Bolstad, B.M., and Irizarry, R.A. (2004). affy--analysis of Affymetrix 
GeneChip data at the probe level. Bioinformatics 20, 307-315. 



 

206 

Gaytant, M.A., Rours, G.I., Steegers, E.A., Galama, J.M., and Semmekrot, B.A. (2003). 
Congenital cytomegalovirus infection after recurrent infection: case reports and review 
of the literature. Eur J Pediatr 162, 248-253. 

Gentleman, R.C., Carey, V.J., Bates, D.M., Bolstad, B., Dettling, M., Dudoit, S., Ellis, B., 
Gautier, L., Ge, Y., Gentry, J., et al. (2004). Bioconductor: open software development for 
computational biology and bioinformatics. Genome Biol 5, R80. 

Griffiths, P.D., Stanton, A., McCarrell, E., Smith, C., Osman, M., Harber, M., Davenport, 
A., Jones, G., Wheeler, D.C., O'Beirne, J., et al. (2011). Cytomegalovirus glycoprotein-B 
vaccine with MF59 adjuvant in transplant recipients: a phase 2 randomised placebo-
controlled trial. Lancet 377, 1256-1263. 

Gupta, C.K., Leszczynski, J., Gupta, R.K., and Siber, G.R. (1996). IgG subclass antibodies 
to human cytomegalovirus (CMV) in normal human plasma samples and immune 
globulins and their neutralizing activities. Biologicals 24, 117-124. 

Ha, S., Li, F., Troutman, M.C., Freed, D.C., Tang, A., Loughney, J.W., Wang, D., Wang, 
I.M., Vlasak, J., Nickle, D.C., et al. (2017). Neutralization of Diverse Human 
Cytomegalovirus Strains Conferred by Antibodies Targeting Viral gH/gL/pUL128-131 
Pentameric Complex. Journal of virology 91. 

Hahn, G., Revello, M.G., Patrone, M., Percivalle, E., Campanini, G., Sarasini, A., Wagner, 
M., Gallina, A., Milanesi, G., Koszinowski, U., et al. (2004). Human cytomegalovirus 
UL131-128 genes are indispensable for virus growth in endothelial cells and virus 
transfer to leukocytes. Journal of virology 78, 10023-10033. 

Halford, W.P., Geltz, J., Messer, R.J., and Hasenkrug, K.J. (2015). Antibodies Are 
Required for Complete Vaccine-Induced Protection against Herpes Simplex Virus 2. 
PloS one 10, e0145228. 

Hammer, S.M., Sobieszczyk, M.E., Janes, H., Karuna, S.T., Mulligan, M.J., Grove, D., 
Koblin, B.A., Buchbinder, S.P., Keefer, M.C., Tomaras, G.D., et al. (2013). Efficacy trial of 
a DNA/rAd5 HIV-1 preventive vaccine. The New England journal of medicine 369, 2083-
2092. 

Hamprecht, K., Maschmann, J., Jahn, G., Poets, C.F., and Goelz, R. (2008). 
Cytomegalovirus transmission to preterm infants during lactation. Journal of clinical 
virology : the official publication of the Pan American Society for Clinical Virology 41, 
198-205. 



 

207 

Hamprecht, K., Maschmann, J., Vochem, M., Dietz, K., Speer, C.P., and Jahn, G. (2001). 
Epidemiology of transmission of cytomegalovirus from mother to preterm infant by 
breastfeeding. Lancet 357, 513-518. 

Hansen, S.G., Strelow, L.I., Franchi, D.C., Anders, D.G., and Wong, S.W. (2003). 
Complete sequence and genomic analysis of rhesus cytomegalovirus. Journal of virology 
77, 6620-6636. 

Harrison, S.C. (2015). Viral membrane fusion. Virology 479-480, 498-507. 

Hassan-Walker, A.F., Okwuadi, S., Lee, L., Griffiths, P.D., and Emery, V.C. (2004). 
Sequence variability of the alpha-chemokine UL146 from clinical strains of human 
cytomegalovirus. J Med Virol 74, 573-579. 

Hathaway, N.J., Parobek, C.M., Juliano, J.J., and Bailey, J.A. (2017). SeekDeep: single-
base resolution de novo clustering for amplicon deep sequencing. Nucleic Acids Res. 

Heinze, G., Gnant, M., and Schemper, M. (2003). Exact log-rank tests for unequal follow-
up. Biometrics 59, 1151-1157. 

Heldwein, E.E., Lou, H., Bender, F.C., Cohen, G.H., Eisenberg, R.J., and Harrison, S.C. 
(2006). Crystal structure of glycoprotein B from herpes simplex virus 1. Science 313, 217-
220. 

Ho, M. (2008). The history of cytomegalovirus and its diseases. Med Microbiol Immunol 
197, 65-73. 

Holtappels, R., Thomas, D., Podlech, J., Geginat, G., Steffens, H.P., and Reddehase, M.J. 
(2000). The putative natural killer decoy early gene m04 (gp34) of murine 
cytomegalovirus encodes an antigenic peptide recognized by protective antiviral CD8 T 
cells. Journal of virology 74, 1871-1884. 

Huang, E.S., Huong, S.M., Tegtmeier, G.E., and Alford, C. (1980). Cytomegalovirus: 
genetic variation of viral genomes. Annals of the New York Academy of Sciences 354, 
332-346. 

Hudson, R.R. (2000). A new statistic for detecting genetic differentiation. Genetics 155, 
2011-2014. 

Hudson, R.R., Slatkin, M., and Maddison, W.P. (1992). Estimation of levels of gene flow 
from DNA sequence data. Genetics 132, 583-589. 



 

208 

Hutter, J.A., Scott, J., Wreghitt, T., Higenbottam, T., and Wallwork, J. (1989). The 
importance of cytomegalovirus in heart-lung transplant recipients. Chest 95, 627-631. 

Hyde, T.B., Schmid, D.S., and Cannon, M.J. (2010). Cytomegalovirus seroconversion 
rates and risk factors: implications for congenital CMV. Rev Med Virol 20, 311-326. 

Isaacson, M.K., and Compton, T. (2009). Human cytomegalovirus glycoprotein B is 
required for virus entry and cell-to-cell spread but not for virion attachment, assembly, 
or egress. Journal of virology 83, 3891-3903. 

Jackson, S.E., Mason, G.M., and Wills, M.R. (2011). Human cytomegalovirus immunity 
and immune evasion. Virus Res 157, 151-160. 

Jacob, C.L., Lamorte, L., Sepulveda, E., Lorenz, I.C., Gauthier, A., and Franti, M. (2013). 
Neutralizing antibodies are unable to inhibit direct viral cell-to-cell spread of human 
cytomegalovirus. Virology 444, 140-147. 

Jacobson, M.A., Adler, S.P., Sinclair, E., Black, D., Smith, A., Chu, A., Moss, R.B., and 
Wloch, M.K. (2009). A CMV DNA vaccine primes for memory immune responses to 
live-attenuated CMV (Towne strain). Vaccine 27, 1540-1548. 

Jean Beltran, P.M., and Cristea, I.M. (2014). The life cycle and pathogenesis of human 
cytomegalovirus infection: lessons from proteomics. Expert Rev Proteomics 11, 697-711. 

John, S., Yuzhakov, O., Woods, A., Deterling, J., Hassett, K., Shaw, C.A., and Ciaramella, 
G. (2018). Multi-antigenic human cytomegalovirus mRNA vaccines that elicit potent 
humoral and cell-mediated immunity. Vaccine 36, 1689-1699. 

Jonjic, S., Pavic, I., Lucin, P., Rukavina, D., and Koszinowski, U.H. (1990). Efficacious 
control of cytomegalovirus infection after long-term depletion of CD8+ T lymphocytes. 
Journal of virology 64, 5457-5464. 

Kanehisa, M., and Goto, S. (2000). KEGG: kyoto encyclopedia of genes and genomes. 
Nucleic Acids Res 28, 27-30. 

Kaur, A., Daniel, M.D., Hempel, D., Lee-Parritz, D., Hirsch, M.S., and Johnson, R.P. 
(1996). Cytotoxic T-lymphocyte responses to cytomegalovirus in normal and simian 
immunodeficiency virus-infected rhesus macaques. Journal of virology 70, 7725-7733. 

Kaur, A., Hale, C.L., Noren, B., Kassis, N., Simon, M.A., and Johnson, R.P. (2002). 
Decreased frequency of cytomegalovirus (CMV)-specific CD4+ T lymphocytes in simian 



 

209 

immunodeficiency virus-infected rhesus macaques: inverse relationship with CMV 
viremia. Journal of virology 76, 3646-3658. 

Kenneson, A., and Cannon, M.J. (2007). Review and meta-analysis of the epidemiology 
of congenital cytomegalovirus (CMV) infection. Rev Med Virol 17, 253-276. 

Kimura, M. (1962). On the probability of fixation of mutant genes in a population. 
Genetics 47, 713-719. 

Kimura, M., and Ohta, T. (1969). The Average Number of Generations until Fixation of a 
Mutant Gene in a Finite Population. Genetics 61, 763-771. 

Klein, M., Schoppel, K., Amvrossiadis, N., and Mach, M. (1999). Strain-specific 
neutralization of human cytomegalovirus isolates by human sera. Journal of virology 73, 
878-886. 

Kniess, N., Mach, M., Fay, J., and Britt, W.J. (1991). Distribution of linear antigenic sites 
on glycoprotein gp55 of human cytomegalovirus. Journal of virology 65, 138-146. 

Koga, K., and Mor, G. (2010). Toll-like receptors at the maternal-fetal interface in normal 
pregnancy and pregnancy disorders. American journal of reproductive immunology : 
AJRI : official journal of the American Society for the Immunology of Reproduction and 
the International Coordination Committee for Immunology of Reproduction 63, 587-600. 

Kourtis, A.P., Read, J.S., and Jamieson, D.J. (2014). Pregnancy and infection. The New 
England journal of medicine 371, 1077. 

Krause, P.R., and Klinman, D.M. (1995). Efficacy, immunogenicity, safety, and use of live 
attenuated chickenpox vaccine. The Journal of pediatrics 127, 518-525. 

Kuijpers, T.W., Baars, P.A., Dantin, C., van den Burg, M., van Lier, R.A., and Roosnek, E. 
(2008). Human NK cells can control CMV infection in the absence of T cells. Blood 112, 
914-915. 

Kulp, D.W., and Schief, W.R. (2013). Advances in structure-based vaccine design. Curr 
Opin Virol 3, 322-331. 

Kumar, S., Nei, M., Dudley, J., and Tamura, K. (2008). MEGA: a biologist-centric 
software for evolutionary analysis of DNA and protein sequences. Brief Bioinform 9, 
299-306. 



 

210 

Kuter, B.J., Weibel, R.E., Guess, H.A., Matthews, H., Morton, D.H., Neff, B.J., Provost, 
P.J., Watson, B.A., Starr, S.E., and Plotkin, S.A. (1991). Oka/Merck varicella vaccine in 
healthy children: final report of a 2-year efficacy study and 7-year follow-up studies. 
Vaccine 9, 643-647. 

Lal, H., Cunningham, A.L., and Heineman, T.C. (2015). Adjuvanted Herpes Zoster 
Subunit Vaccine in Older Adults. The New England journal of medicine 373, 1576-1577. 

Leroux-Roels, I., Leroux-Roels, G., Clement, F., Vandepapeliere, P., Vassilev, V., Ledent, 
E., and Heineman, T.C. (2012). A phase 1/2 clinical trial evaluating safety and 
immunogenicity of a varicella zoster glycoprotein e subunit vaccine candidate in young 
and older adults. The Journal of infectious diseases 206, 1280-1290. 

Li F, F.D., Tang A, Rustandi RR, Troutman MC, Espeseth AS, Zhang N, An Z, McVoy M, 
Zhu H, Ha S, Wang D, Adler SP, Fu TM (2017). Complement enhances in vitro 
neutralizing potency of antibodies to human cytomegalovirus glycoprotein B (gB) and 
immune sera induced by gB/MF59 vaccination. Nature vaccines 2. 

Li, F., Freed, D.C., Tang, A., Rustandi, R.R., Troutman, M.C., Espeseth, A.S., Zhang, N., 
An, Z., McVoy, M., Zhu, H., et al. (2017). Complement enhances in vitro neutralizing 
potency of antibodies to human cytomegalovirus glycoprotein B (gB) and immune sera 
induced by gB/MF59 vaccination. NPJ Vaccines 2, 36. 

Liao, H.X., Chen, X., Munshaw, S., Zhang, R., Marshall, D.J., Vandergrift, N., Whitesides, 
J.F., Lu, X., Yu, J.S., Hwang, K.K., et al. (2011). Initial antibodies binding to HIV-1 gp41 in 
acutely infected subjects are polyreactive and highly mutated. The Journal of 
experimental medicine 208, 2237-2249. 

Lilleri, D., Fornara, C., Furione, M., Zavattoni, M., Revello, M.G., and Gerna, G. (2007). 
Development of human cytomegalovirus-specific T cell immunity during primary 
infection of pregnant women and its correlation with virus transmission to the fetus. The 
Journal of infectious diseases 195, 1062-1070. 

Lilleri, D., and Gerna, G. (2017). Maternal immune correlates of protection from human 
cytomegalovirus transmission to the fetus after primary infection in pregnancy. Rev 
Med Virol 27. 

Lilleri, D., Kabanova, A., Lanzavecchia, A., and Gerna, G. (2012). Antibodies against 
neutralization epitopes of human cytomegalovirus gH/gL/pUL128-130-131 complex and 
virus spreading may correlate with virus control in vivo. J Clin Immunol 32, 1324-1331. 



 

211 

Lilleri, D., Kabanova, A., Revello, M.G., Percivalle, E., Sarasini, A., Genini, E., Sallusto, 
F., Lanzavecchia, A., Corti, D., and Gerna, G. (2013). Fetal human cytomegalovirus 
transmission correlates with delayed maternal antibodies to gH/gL/pUL128-130-131 
complex during primary infection. PloS one 8, e59863. 

Lisnic, B., Lisnic, V.J., and Jonjic, S. (2015). NK cell interplay with cytomegaloviruses. 
Curr Opin Virol 15, 9-18. 

Lockridge, K.M., Zhou, S.S., Kravitz, R.H., Johnson, J.L., Sawai, E.T., Blewett, E.L., and 
Barry, P.A. (2000). Primate cytomegaloviruses encode and express an IL-10-like protein. 
Virology 268, 272-280. 

Loughney, J.W., Rustandi, R.R., Wang, D., Troutman, M.C., Dick, L.W., Jr., Li, G., Liu, Z., 
Li, F., Freed, D.C., Price, C.E., et al. (2015). Soluble Human Cytomegalovirus 
gH/gL/pUL128-131 Pentameric Complex, but Not gH/gL, Inhibits Viral Entry to 
Epithelial Cells and Presents Dominant Native Neutralizing Epitopes. J Biol Chem 290, 
15985-15995. 

Louis, C.S. (2016). CMV Is a Greater Threat to Infants Than Zika, but Far Less Often 
Discussed. In New York Times (New York, NK). 

Macagno, A., Bernasconi, N.L., Vanzetta, F., Dander, E., Sarasini, A., Revello, M.G., 
Gerna, G., Sallusto, F., and Lanzavecchia, A. (2010). Isolation of human monoclonal 
antibodies that potently neutralize human cytomegalovirus infection by targeting 
different epitopes on the gH/gL/UL128-131A complex. Journal of virology 84, 1005-1013. 

Mach, M. (2005). Antibody-mediated neutralization of infectivity Cytomegaloviruses: 
Molecular Biology and Immunology. Caister Academic Press, 265-283. 

Mach, M. (2006). antibody mediated neutralization of infectivity. In Cytomegaloviruses 
molecular biology and immunology, M.J. Reddehase, ed. (Norfolk, UK: Caister 
Academic Press), pp. 265-283. 

Mach, M., Kropff, B., Dal Monte, P., and Britt, W. (2000). Complex formation by human 
cytomegalovirus glycoproteins M (gpUL100) and N (gpUL73). Journal of virology 74, 
11881-11892. 

Maidji, E., Nigro, G., Tabata, T., McDonagh, S., Nozawa, N., Shiboski, S., Muci, S., 
Anceschi, M.M., Aziz, N., Adler, S.P., et al. (2010). Antibody treatment promotes 
compensation for human cytomegalovirus-induced pathogenesis and a hypoxia-like 
condition in placentas with congenital infection. Am J Pathol 177, 1298-1310. 



 

212 

Male, V., Sharkey, A., Masters, L., Kennedy, P.R., Farrell, L.E., and Moffett, A. (2011). 
The effect of pregnancy on the uterine NK cell KIR repertoire. Eur J Immunol 41, 3017-
3027. 

Manicklal, S., Emery, V.C., Lazzarotto, T., Boppana, S.B., and Gupta, R.K. (2013). The 
"silent" global burden of congenital cytomegalovirus. Clin Microbiol Rev 26, 86-102. 

McSharry, B.P., Avdic, S., and Slobedman, B. (2012). Human cytomegalovirus encoded 
homologs of cytokines, chemokines and their receptors: roles in immunomodulation. 
Viruses 4, 2448-2470. 

McVoy, M.A. (2013). Cytomegalovirus vaccines. Clin Infect Dis 57 Suppl 4, S196-199. 

Mendelson, M., Monard, S., Sissons, P., and Sinclair, J. (1996). Detection of endogenous 
human cytomegalovirus in CD34+ bone marrow progenitors. J Gen Virol 77 ( Pt 12), 
3099-3102. 

Meyer, H., Sundqvist, V.A., Pereira, L., and Mach, M. (1992). Glycoprotein gp116 of 
human cytomegalovirus contains epitopes for strain-common and strain-specific 
antibodies. J Gen Virol 73 ( Pt 9), 2375-2383. 

Miller, D.M., Zhang, Y., Rahill, B.M., Waldman, W.J., and Sedmak, D.D. (1999). Human 
cytomegalovirus inhibits IFN-alpha-stimulated antiviral and immunoregulatory 
responses by blocking multiple levels of IFN-alpha signal transduction. Journal of 
immunology 162, 6107-6113. 

Min-Oo, G., and Lanier, L.L. (2014). Cytomegalovirus generates long-lived antigen-
specific NK cells with diminished bystander activation to heterologous infection. The 
Journal of experimental medicine 211, 2669-2680. 

Mitchell, D.K., Holmes, S.J., Burke, R.L., Duliege, A.M., and Adler, S.P. (2002). 
Immunogenicity of a recombinant human cytomegalovirus gB vaccine in seronegative 
toddlers. Pediatr Infect Dis J 21, 133-138. 

Mootha, V.K., Lindgren, C.M., Eriksson, K.F., Subramanian, A., Sihag, S., Lehar, J., 
Puigserver, P., Carlsson, E., Ridderstrale, M., Laurila, E., et al. (2003). PGC-1alpha-
responsive genes involved in oxidative phosphorylation are coordinately 
downregulated in human diabetes. Nat Genet 34, 267-273. 

Morello, C.S., Cranmer, L.D., and Spector, D.H. (2000). Suppression of murine 
cytomegalovirus (MCMV) replication with a DNA vaccine encoding MCMV M84 (a 
homolog of human cytomegalovirus pp65). Journal of virology 74, 3696-3708. 



 

213 

Morris, D.J., Sims, D., Chiswick, M., Das, V.K., and Newton, V.E. (1994). Symptomatic 
congenital cytomegalovirus infection after maternal recurrent infection. Pediatr Infect 
Dis J 13, 61-64. 

Murphy, E., Rigoutsos, I., Shibuya, T., and Shenk, T.E. (2003a). Reevaluation of human 
cytomegalovirus coding potential. Proceedings of the National Academy of Sciences of 
the United States of America 100, 13585-13590. 

Murphy, E., Yu, D., Grimwood, J., Schmutz, J., Dickson, M., Jarvis, M.A., Hahn, G., 
Nelson, J.A., Myers, R.M., and Shenk, T.E. (2003b). Coding potential of laboratory and 
clinical strains of human cytomegalovirus. Proceedings of the National Academy of 
Sciences of the United States of America 100, 14976-14981. 

Murrell, I., Bedford, C., Ladell, K., Miners, K.L., Price, D.A., Tomasec, P., Wilkinson, 
G.W.G., and Stanton, R.J. (2017). The pentameric complex drives immunologically covert 
cell-cell transmission of wild-type human cytomegalovirus. Proceedings of the National 
Academy of Sciences of the United States of America 114, 6104-6109. 

Murthy, S., Hayward, G.S., Wheelan, S., Forman, M.S., Ahn, J.H., Pass, R.F., and Arav-
Boger, R. (2011). Detection of a single identical cytomegalovirus (CMV) strain in recently 
seroconverted young women. PloS one 6, e15949. 

Myers, J.D., Spencer, H.C., Jr., Watts, J.C., Gregg, M.B., Stewart, J.A., Troupin, R.H., and 
Thomas, E.D. (1975). Cytomegalovirus pneumonia after human marrow transplantation. 
Ann Intern Med 82, 181-188. 

Myerson, D., Hackman, R.C., Nelson, J.A., Ward, D.C., and McDougall, J.K. (1984). 
Widespread presence of histologically occult cytomegalovirus. Hum Pathol 15, 430-439. 

Nelson, C.S., Cruz, D.V., Tran, D., Bialas, K.M., Stamper, L., Wu, H., Gilbert, M., Blair, 
R., Alvarez, X., Itell, H., et al. (2017). Preexisting antibodies can protect against congenital 
cytomegalovirus infection in monkeys. JCI Insight 2. 

Nelson CS, H.T., Cisneros de la Rosa E, Xi G, Vandergrift N, Pass RF, Pollara J, Permar 
SR (2018). HCMV glycoprotein B subunit vaccine efficacy was mediated by non-
neutralizing antibody effector functions. bioRxiv: preprint server for biololgy. 

Nelson, C.W., and Hughes, A.L. (2015). Within-host nucleotide diversity of virus 
populations: insights from next-generation sequencing. Infect Genet Evol 30, 1-7. 



 

214 

Nigro, G., Adler, S.P., La Torre, R., Best, A.M., and Congenital Cytomegalovirus 
Collaborating, G. (2005). Passive immunization during pregnancy for congenital 
cytomegalovirus infection. The New England journal of medicine 353, 1350-1362. 

Nigro, G., Adler, S.P., Parruti, G., Anceschi, M.M., Coclite, E., Pezone, I., and Di Renzo, 
G.C. (2012). Immunoglobulin therapy of fetal cytomegalovirus infection occurring in the 
first half of pregnancy--a case-control study of the outcome in children. The Journal of 
infectious diseases 205, 215-227. 

Noriega, V., Redmann, V., Gardner, T., and Tortorella, D. (2012). Diverse immune 
evasion strategies by human cytomegalovirus. Immunol Res 54, 140-151. 

Novak, Z., Ross, S.A., Patro, R.K., Pati, S.K., Kumbla, R.A., Brice, S., and Boppana, S.B. 
(2008). Cytomegalovirus strain diversity in seropositive women. J Clin Microbiol 46, 882-
886. 

Noyola, D.E., Fortuny, C., Muntasell, A., Noguera-Julian, A., Munoz-Almagro, C., 
Alarcon, A., Juncosa, T., Moraru, M., Vilches, C., and Lopez-Botet, M. (2012). Influence 
of congenital human cytomegalovirus infection and the NKG2C genotype on NK-cell 
subset distribution in children. Eur J Immunol 42, 3256-3266. 

O'Connor, C.M., and Shenk, T. (2011). Human cytomegalovirus pUS27 G protein-
coupled receptor homologue is required for efficient spread by the extracellular route 
but not for direct cell-to-cell spread. Journal of virology 85, 3700-3707. 

Oxford, K.L., Strelow, L., Yue, Y., Chang, W.L., Schmidt, K.A., Diamond, D.J., and Barry, 
P.A. (2011). Open reading frames carried on UL/b' are implicated in shedding and 
horizontal transmission of rhesus cytomegalovirus in rhesus monkeys. Journal of 
virology 85, 5105-5114. 

Oxman, M.N., Levin, M.J., Johnson, G.R., Schmader, K.E., Straus, S.E., Gelb, L.D., Arbeit, 
R.D., Simberkoff, M.S., Gershon, A.A., Davis, L.E., et al. (2005). A vaccine to prevent 
herpes zoster and postherpetic neuralgia in older adults. The New England journal of 
medicine 352, 2271-2284. 

Pardi, N., Hogan, M.J., Porter, F.W., and Weissman, D. (2018). mRNA vaccines - a new 
era in vaccinology. Nat Rev Drug Discov. 

Pass, R.F., Duliege, A.M., Boppana, S., Sekulovich, R., Percell, S., Britt, W., and Burke, 
R.L. (1999). A subunit cytomegalovirus vaccine based on recombinant envelope 
glycoprotein B and a new adjuvant. The Journal of infectious diseases 180, 970-975. 



 

215 

Pass, R.F., and Hutto, C. (1986). Group day care and cytomegaloviral infections of 
mothers and children. Rev Infect Dis 8, 599-605. 

Pass, R.F., Zhang, C., Evans, A., Simpson, T., Andrews, W., Huang, M.L., Corey, L., Hill, 
J., Davis, E., Flanigan, C., et al. (2009). Vaccine prevention of maternal cytomegalovirus 
infection. The New England journal of medicine 360, 1191-1199. 

Peckham, C.S., Chin, K.S., Coleman, J.C., Henderson, K., Hurley, R., and Preece, P.M. 
(1983). Cytomegalovirus infection in pregnancy: preliminary findings from a prospective 
study. Lancet 1, 1352-1355. 

Peek, R., Verbraak, F., Bruinenberg, M., Van der Lelij, A., Van den Horn, G., and Kijlstra, 
A. (1998). Cytomegalovirus glycoprotein B genotyping in ocular fluids and blood of 
AIDS patients with cytomegalovirus retinitis. Invest Ophthalmol Vis Sci 39, 1183-1187. 

Permar, S.R., Schleiss, M.R., and Plotkin, S.A. (2018). Advancing our understanding of 
protective maternal immunity as a guide for development of vaccines to reduce 
congenital cytomegalovirus infections. Journal of virology. 

Petro, C., Gonzalez, P.A., Cheshenko, N., Jandl, T., Khajoueinejad, N., Benard, A., 
Sengupta, M., Herold, B.C., and Jacobs, W.R. (2015). Herpes simplex type 2 virus deleted 
in glycoprotein D protects against vaginal, skin and neural disease. Elife 4. 

Planitzer, C.B., Saemann, M.D., Gajek, H., Farcet, M.R., and Kreil, T.R. (2011). 
Cytomegalovirus neutralization by hyperimmune and standard intravenous 
immunoglobulin preparations. Transplantation 92, 267-270. 

Plotkin, S. (2015). The history of vaccination against cytomegalovirus. Med Microbiol 
Immunol 204, 247-254. 

Plotkin, S.A. (1999). Vaccination against cytomegalovirus, the changeling demon. 
Pediatr Infect Dis J 18, 313-325; quiz 326. 

Plotkin, S.A., Farquhar, J., and Horberger, E. (1976). Clinical trials of immunization with 
the Towne 125 strain of human cytomegalovirus. The Journal of infectious diseases 134, 
470-475. 

Potena, L., Grigioni, F., Magnani, G., Lazzarotto, T., Musuraca, A.C., Ortolani, P., 
Coccolo, F., Fallani, F., Russo, A., and Branzi, A. (2009). Prophylaxis versus preemptive 
anti-cytomegalovirus approach for prevention of allograft vasculopathy in heart 
transplant recipients. J Heart Lung Transplant 28, 461-467. 



 

216 

Potzsch, S., Spindler, N., Wiegers, A.K., Fisch, T., Rucker, P., Sticht, H., Grieb, N., Baroti, 
T., Weisel, F., Stamminger, T., et al. (2011). B cell repertoire analysis identifies new 
antigenic domains on glycoprotein B of human cytomegalovirus which are target of 
neutralizing antibodies. PLoS pathogens 7, e1002172. 

Powers, C.J., and Fruh, K. (2008). Signal peptide-dependent inhibition of MHC class I 
heavy chain translation by rhesus cytomegalovirus. PLoS pathogens 4, e1000150. 

Preece, P.M., Blount, J.M., Glover, J., Fletcher, G.M., Peckham, C.S., and Griffiths, P.D. 
(1983). The consequences of primary cytomegalovirus infection in pregnancy. Arch Dis 
Child 58, 970-975. 

Quattrocchi, V., Langellotti, C., Pappalardo, J.S., Olivera, V., Di Giacomo, S., van 
Rooijen, N., Mongini, C., Waldner, C., and Zamorano, P.I. (2011). Role of macrophages 
in early protective immune responses induced by two vaccines against foot and mouth 
disease. Antiviral Res 92, 262-270. 

Raaperi, K., Orro, T., and Viltrop, A. (2014). Epidemiology and control of bovine 
herpesvirus 1 infection in Europe. Vet J 201, 249-256. 

Racicot, K., Kwon, J.Y., Aldo, P., Silasi, M., and Mor, G. (2014). Understanding the 
complexity of the immune system during pregnancy. American journal of reproductive 
immunology : AJRI : official journal of the American Society for the Immunology of 
Reproduction and the International Coordination Committee for Immunology of 
Reproduction 72, 107-116. 

Ratta, B., Yadav, B.S., Pokhriyal, M., Saxena, M., and Sharma, B. (2014). Microarray chip 
based identification of a mixed infection of bovine herpesvirus 1 and bovine viral 
diarrhea 2 from Indian cattle. Curr Microbiol 68, 127-131. 

Reddehase, M.J., and Lemmermann, N. (2013). Cytomegaloviruses : from molecular 
pathogenesis to intervention (Wymondham, Norfolk, UK: Caister Academic Press). 

Renzette, N., Bhattacharjee, B., Jensen, J.D., Gibson, L., and Kowalik, T.F. (2011). 
Extensive genome-wide variability of human cytomegalovirus in congenitally infected 
infants. PLoS pathogens 7, e1001344. 

Renzette, N., Gibson, L., Bhattacharjee, B., Fisher, D., Schleiss, M.R., Jensen, J.D., and 
Kowalik, T.F. (2013). Rapid intrahost evolution of human cytomegalovirus is shaped by 
demography and positive selection. PLoS Genet 9, e1003735. 



 

217 

Renzette, N., Pokalyuk, C., Gibson, L., Bhattacharjee, B., Schleiss, M.R., Hamprecht, K., 
Yamamoto, A.Y., Mussi-Pinhata, M.M., Britt, W.J., Jensen, J.D., et al. (2015). Limits and 
patterns of cytomegalovirus genomic diversity in humans. Proceedings of the National 
Academy of Sciences of the United States of America 112, E4120-4128. 

Revello, M.G., Lazzarotto, T., Guerra, B., Spinillo, A., Ferrazzi, E., Kustermann, A., 
Guaschino, S., Vergani, P., Todros, T., Frusca, T., et al. (2014). A randomized trial of 
hyperimmune globulin to prevent congenital cytomegalovirus. The New England 
journal of medicine 370, 1316-1326. 

Revello, M.G., Sarasini, A., Zavattoni, M., Baldanti, F., and Gerna, G. (1998a). Improved 
prenatal diagnosis of congenital human cytomegalovirus infection by a modified nested 
polymerase chain reaction. J Med Virol 56, 99-103. 

Revello, M.G., Zavattoni, M., Sarasini, A., Percivalle, E., Simoncini, L., and Gerna, G. 
(1998b). Human cytomegalovirus in blood of immunocompetent persons during 
primary infection: prognostic implications for pregnancy. The Journal of infectious 
diseases 177, 1170-1175. 

Rigoutsos, I., Novotny, J., Huynh, T., Chin-Bow, S.T., Parida, L., Platt, D., Coleman, D., 
and Shenk, T. (2003). In silico pattern-based analysis of the human cytomegalovirus 
genome. Journal of virology 77, 4326-4344. 

Ritchie, M.E., Phipson, B., Wu, D., Hu, Y., Law, C.W., Shi, W., and Smyth, G.K. (2015). 
limma powers differential expression analyses for RNA-sequencing and microarray 
studies. Nucleic Acids Res 43, e47. 

Robinson, D.P., and Klein, S.L. (2012). Pregnancy and pregnancy-associated hormones 
alter immune responses and disease pathogenesis. Horm Behav 62, 263-271. 

Ross, S.A., Fowler, K.B., Ashrith, G., Stagno, S., Britt, W.J., Pass, R.F., and Boppana, S.B. 
(2006). Hearing loss in children with congenital cytomegalovirus infection born to 
mothers with preexisting immunity. The Journal of pediatrics 148, 332-336. 

Rowe, J.H., Ertelt, J.M., Xin, L., and Way, S.S. (2012). Pregnancy imprints regulatory 
memory that sustains anergy to fetal antigen. Nature 490, 102-106. 

Rowe, W.P., Hartley, J.W., Waterman, S., Turner, H.C., and Huebner, R.J. (1956). 
Cytopathogenic agent resembling human salivary gland virus recovered from tissue 
cultures of human adenoids. Proc Soc Exp Biol Med 92, 418-424. 



 

218 

Rozsnyay, Z., Sarmay, G., Walker, M., Maslanka, K., Valasek, Z., Jefferis, R., and 
Gergely, J. (1989). Distinctive role of IgG1 and IgG3 isotypes in Fc gamma R-mediated 
functions. Immunology 66, 491-498. 

Ryckman, B.J., Jarvis, M.A., Drummond, D.D., Nelson, J.A., and Johnson, D.C. (2006). 
Human cytomegalovirus entry into epithelial and endothelial cells depends on genes 
UL128 to UL150 and occurs by endocytosis and low-pH fusion. Journal of virology 80, 
710-722. 

Ryckman, B.J., Rainish, B.L., Chase, M.C., Borton, J.A., Nelson, J.A., Jarvis, M.A., and 
Johnson, D.C. (2008). Characterization of the human cytomegalovirus gH/gL/UL128-131 
complex that mediates entry into epithelial and endothelial cells. Journal of virology 82, 
60-70. 

Sabbaj, S., Pass, R.F., Goepfert, P.A., and Pichon, S. (2011). Glycoprotein B vaccine is 
capable of boosting both antibody and CD4 T-cell responses to cytomegalovirus in 
chronically infected women. The Journal of infectious diseases 203, 1534-1541. 

Saccoccio, F.M., Sauer, A.L., Cui, X., Armstrong, A.E., Habib el, S.E., Johnson, D.C., 
Ryckman, B.J., Klingelhutz, A.J., Adler, S.P., and McVoy, M.A. (2011). Peptides from 
cytomegalovirus UL130 and UL131 proteins induce high titer antibodies that block viral 
entry into mucosal epithelial cells. Vaccine 29, 2705-2711. 

Schleiss, M.R. (2006a). Acquisition of human cytomegalovirus infection in infants via 
breast milk: natural immunization or cause for concern? Rev Med Virol 16, 73-82. 

Schleiss, M.R. (2006b). Role of breast milk in acquisition of cytomegalovirus infection: 
recent advances. Curr Opin Pediatr 18, 48-52. 

Schleiss, M.R. (2013). Cytomegalovirus in the neonate: immune correlates of infection 
and protection. Clin Dev Immunol 2013, 501801. 

Schleiss, M.R. (2016). Cytomegalovirus vaccines under clinical development. J Virus 
Erad 2, 198-207. 

Schleiss, M.R., Berka, U., Watson, E., Aistleithner, M., Kiefmann, B., Mangeat, B., 
Swanson, E.C., Gillis, P.A., Hernandez-Alvarado, N., Fernandez-Alarcon, C., et al. (2017). 
Additive Protection against Congenital Cytomegalovirus Conferred by Combined 
Glycoprotein B/pp65 Vaccination Using a Lymphocytic Choriomeningitis Virus Vector. 
Clinical and vaccine immunology : CVI 24. 



 

219 

Schleiss, M.R., Bierle, C.J., Swanson, E.C., McVoy, M.A., Wang, J.B., Al-Mahdi, Z., and 
Geballe, A.P. (2015). Vaccination with a Live Attenuated Cytomegalovirus Devoid of a 
Protein Kinase R Inhibitory Gene Results in Reduced Maternal Viremia and Improved 
Pregnancy Outcome in a Guinea Pig Congenital Infection Model. Journal of virology 89, 
9727-9738. 

Schleiss, M.R., Bourne, N., Stroup, G., Bravo, F.J., Jensen, N.J., and Bernstein, D.I. (2004). 
Protection against congenital cytomegalovirus infection and disease in guinea pigs, 
conferred by a purified recombinant glycoprotein B vaccine. The Journal of infectious 
diseases 189, 1374-1381. 

Schoppel, K., Hassfurther, E., Britt, W., Ohlin, M., Borrebaeck, C.A., and Mach, M. 
(1996). Antibodies specific for the antigenic domain 1 of glycoprotein B (gpUL55) of 
human cytomegalovirus bind to different substructures. Virology 216, 133-145. 

Sijmons, S., Thys, K., Mbong Ngwese, M., Van Damme, E., Dvorak, J., Van Loock, M., Li, 
G., Tachezy, R., Busson, L., Aerssens, J., et al. (2015). High-throughput analysis of human 
cytomegalovirus genome diversity highlights the widespread occurrence of gene-
disrupting mutations and pervasive recombination. Journal of virology. 

Silva, M.C., Schroer, J., and Shenk, T. (2005). Human cytomegalovirus cell-to-cell spread 
in the absence of an essential assembly protein. Proceedings of the National Academy of 
Sciences of the United States of America 102, 2081-2086. 

Silvestri, M., Sundqvist, V.A., Ruden, U., and Wahren, B. (1991). Characterization of a 
major antigenic region on gp55 of human cytomegalovirus. J Gen Virol 72 ( Pt 12), 3017-
3023. 

Simpson, J.A., Chow, J.C., Baker, J., Avdalovic, N., Yuan, S., Au, D., Co, M.S., Vasquez, 
M., Britt, W.J., and Coelingh, K.L. (1993). Neutralizing monoclonal antibodies that 
distinguish three antigenic sites on human cytomegalovirus glycoprotein H have 
conformationally distinct binding sites. Journal of virology 67, 489-496. 

Sinclair, J., and Sissons, P. (2006). Latency and reactivation of human cytomegalovirus. J 
Gen Virol 87, 1763-1779. 

Sindre, H., Tjoonnfjord, G.E., Rollag, H., Ranneberg-Nilsen, T., Veiby, O.P., Beck, S., 
Degre, M., and Hestdal, K. (1996). Human cytomegalovirus suppression of and latency 
in early hematopoietic progenitor cells. Blood 88, 4526-4533. 

Slatkin, M., and Maddison, W.P. (1989). A cladistic measure of gene flow inferred from 
the phylogenies of alleles. Genetics 123, 603-613. 



 

220 

Slobedman, B., Cao, J.Z., Avdic, S., Webster, B., McAllery, S., Cheung, A.K., Tan, J.C., 
and Abendroth, A. (2010). Human cytomegalovirus latent infection and associated viral 
gene expression. Future Microbiol 5, 883-900. 

Smith, C.L., Dickinson, P., Forster, T., Craigon, M., Ross, A., Khondoker, M.R., France, 
R., Ivens, A., Lynn, D.J., Orme, J., et al. (2014). Identification of a human neonatal 
immune-metabolic network associated with bacterial infection. Nature communications 
5, 4649. 

Smith, M.G. (1956). Propagation in tissue cultures of a cytopathogenic virus from human 
salivary gland virus (SGV) disease. Proc Soc Exp Biol Med 92, 424-430. 

Sohn, Y.M., Oh, M.K., Balcarek, K.B., Cloud, G.A., and Pass, R.F. (1991). 
Cytomegalovirus infection in sexually active adolescents. The Journal of infectious 
diseases 163, 460-463. 

Sokal, E.M., Hoppenbrouwers, K., Vandermeulen, C., Moutschen, M., Leonard, P., 
Moreels, A., Haumont, M., Bollen, A., Smets, F., and Denis, M. (2007). Recombinant 
gp350 vaccine for infectious mononucleosis: a phase 2, randomized, double-blind, 
placebo-controlled trial to evaluate the safety, immunogenicity, and efficacy of an 
Epstein-Barr virus vaccine in healthy young adults. The Journal of infectious diseases 
196, 1749-1753. 

Sowmya, P., and Madhavan, H.N. (2009). Analysis of mixed infections by multiple 
genotypes of human cytomegalovirus in immunocompromised patients. J Med Virol 81, 
861-869. 

Spector, S.A., and Spector, D.H. (1982). Molecular epidemiology of cytomegalovirus 
infections in premature twin infants and their mother. Pediatr Infect Dis 1, 405-409. 

Spiller, O.B., Hanna, S.M., Devine, D.V., and Tufaro, F. (1997). Neutralization of 
cytomegalovirus virions: the role of complement. The Journal of infectious diseases 176, 
339-347. 

Spindler, N., Diestel, U., Stump, J.D., Wiegers, A.K., Winkler, T.H., Sticht, H., Mach, M., 
and Muller, Y.A. (2014). Structural basis for the recognition of human cytomegalovirus 
glycoprotein B by a neutralizing human antibody. PLoS pathogens 10, e1004377. 

Spindler, N., Rucker, P., Potzsch, S., Diestel, U., Sticht, H., Martin-Parras, L., Winkler, 
T.H., and Mach, M. (2013). Characterization of a discontinuous neutralizing epitope on 
glycoprotein B of human cytomegalovirus. Journal of virology 87, 8927-8939. 



 

221 

Stanberry, L.R., Spruance, S.L., Cunningham, A.L., Bernstein, D.I., Mindel, A., Sacks, S., 
Tyring, S., Aoki, F.Y., Slaoui, M., Denis, M., et al. (2002). Glycoprotein-D-adjuvant 
vaccine to prevent genital herpes. The New England journal of medicine 347, 1652-1661. 

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. (2005). Broadly targeted human 
cytomegalovirus-specific CD4+ and CD8+ T cells dominate the memory compartments 
of exposed subjects. The Journal of experimental medicine 202, 673-685. 

Szekeres-Bartho, J., and Wegmann, T.G. (1996). A progesterone-dependent 
immunomodulatory protein alters the Th1/Th2 balance. J Reprod Immunol 31, 81-95. 

Tabata, T., Petitt, M., Fang-Hoover, J., Zydek, M., and Pereira, L. (2016). Persistent 
Cytomegalovirus Infection in Amniotic Membranes of the Human Placenta. Am J Pathol 
186, 2970-2986. 

Tamura, K., and Nei, M. (1993). Estimation of the number of nucleotide substitutions in 
the control region of mitochondrial DNA in humans and chimpanzees. Mol Biol Evol 10, 
512-526. 

Tanaka, Y., Kanda, Y., Kami, M., Mori, S., Hamaki, T., Kusumi, E., Miyakoshi, S., 
Nannya, Y., Chiba, S., Arai, Y., et al. (2002). Monitoring cytomegalovirus infection by 
antigenemia assay and two distinct plasma real-time PCR methods after hematopoietic 
stem cell transplantation. Bone Marrow Transplant 30, 315-319. 

Tay, M.Z., Liu, P., Williams, L.D., McRaven, M.D., Sawant, S., Gurley, T.C., Xu, T.T., 
Dennison, S.M., Liao, H.X., Chenine, A.L., et al. (2016). Antibody-Mediated 
Internalization of Infectious HIV-1 Virions Differs among Antibody Isotypes and 
Subclasses. PLoS pathogens 12, e1005817. 

Temple, R.O., Pass, R.F., and Boll, T.J. (2000). Neuropsychological functioning in patients 
with asymptomatic congenital cytomegalovirus infection. J Dev Behav Pediatr 21, 417-
422. 

Thompson, J.D., Gibson, T.J., and Higgins, D.G. (2002). Multiple sequence alignment 
using ClustalW and ClustalX. Curr Protoc Bioinformatics Chapter 2, Unit 2 3. 

Urban, M., Britt, W., and Mach, M. (1992). The dominant linear neutralizing antibody-
binding site of glycoprotein gp86 of human cytomegalovirus is strain specific. Journal of 
virology 66, 1303-1311. 



 

222 

Vanarsdall, A.L., and Johnson, D.C. (2012). Human cytomegalovirus entry into cells. 
Curr Opin Virol 2, 37-42. 

Vanarsdall, A.L., Ryckman, B.J., Chase, M.C., and Johnson, D.C. (2008). Human 
cytomegalovirus glycoproteins gB and gH/gL mediate epithelial cell-cell fusion when 
expressed either in cis or in trans. Journal of virology 82, 11837-11850. 

Vidarsson, G., Dekkers, G., and Rispens, T. (2014). IgG subclasses and allotypes: from 
structure to effector functions. Frontiers in immunology 5, 520. 

Vidor, E. (2007). The nature and consequences of intra- and inter-vaccine interference. J 
Comp Pathol 137 Suppl 1, S62-66. 

Vigerust, D.J., and Shepherd, V.L. (2007). Virus glycosylation: role in virulence and 
immune interactions. Trends Microbiol 15, 211-218. 

Visentin, S., Manara, R., Milanese, L., Da Roit, A., Forner, G., Salviato, E., Citton, V., 
Magno, F.M., Orzan, E., Morando, C., et al. (2012). Early primary cytomegalovirus 
infection in pregnancy: maternal hyperimmunoglobulin therapy improves outcomes 
among infants at 1 year of age. Clin Infect Dis 55, 497-503. 

Wagner, B., Kropff, B., Kalbacher, H., Britt, W., Sundqvist, V.A., Ostberg, L., and Mach, 
M. (1992). A continuous sequence of more than 70 amino acids is essential for antibody 
binding to the dominant antigenic site of glycoprotein gp58 of human cytomegalovirus. 
Journal of virology 66, 5290-5297. 

Wang, D., Li, F., Freed, D.C., Finnefrock, A.C., Tang, A., Grimes, S.N., Casimiro, D.R., 
and Fu, T.M. (2011). Quantitative analysis of neutralizing antibody response to human 
cytomegalovirus in natural infection. Vaccine 29, 9075-9080. 

Wang, D., and Shenk, T. (2005). Human cytomegalovirus virion protein complex 
required for epithelial and endothelial cell tropism. Proceedings of the National 
Academy of Sciences of the United States of America 102, 18153-18158. 

Wang, J.B., Adler, S.P., Hempfling, S., Burke, R.L., Duliege, A.M., Starr, S.E., and Plotkin, 
S.A. (1996). Mucosal antibodies to human cytomegalovirus glycoprotein B occur 
following both natural infection and immunization with human cytomegalovirus 
vaccines. The Journal of infectious diseases 174, 387-392. 

Wang, T.H., Donaldson, Y.K., Brettle, R.P., Bell, J.E., and Simmonds, P. (2001). 
Identification of shared populations of human immunodeficiency virus type 1 infecting 



 

223 

microglia and tissue macrophages outside the central nervous system. Journal of 
virology 75, 11686-11699. 

Wang, X., Huong, S.M., Chiu, M.L., Raab-Traub, N., and Huang, E.S. (2003). Epidermal 
growth factor receptor is a cellular receptor for human cytomegalovirus. Nature 424, 
456-461. 

Weinberg, A., Enomoto, L., Marcus, R., and Canniff, J. (2011). Effect of menstrual cycle 
variation in female sex hormones on cellular immunity and regulation. J Reprod 
Immunol 89, 70-77. 

West SG, F.J., Curran PJ (1995). Structural equation models with nonnormal variables: 
problems and remedies. In Structural equation modeling: Concepts, issues and 
applications, H. RH, ed. (Newberry Park, CA: Sage), pp. 56-75. 

Wiegers, A.K., Sticht, H., Winkler, T.H., Britt, W.J., and Mach, M. (2015). Identification of 
a neutralizing epitope within antigenic domain 5 of glycoprotein B of human 
cytomegalovirus. Journal of virology 89, 361-372. 

Williams, W.B., Liao, H.X., Moody, M.A., Kepler, T.B., Alam, S.M., Gao, F., Wiehe, K., 
Trama, A.M., Jones, K., Zhang, R., et al. (2015). HIV-1 VACCINES. Diversion of HIV-1 
vaccine-induced immunity by gp41-microbiota cross-reactive antibodies. Science 349, 
aab1253. 

Wills, M.R., Poole, E., Lau, B., Krishna, B., and Sinclair, J.H. (2015). The immunology of 
human cytomegalovirus latency: could latent infection be cleared by novel 
immunotherapeutic strategies? Cell Mol Immunol 12, 128-138. 

Wloch, M.K., Smith, L.R., Boutsaboualoy, S., Reyes, L., Han, C., Kehler, J., Smith, H.D., 
Selk, L., Nakamura, R., Brown, J.M., et al. (2008). Safety and immunogenicity of a 
bivalent cytomegalovirus DNA vaccine in healthy adult subjects. The Journal of 
infectious diseases 197, 1634-1642. 

Wussow, F., Chiuppesi, F., Martinez, J., Campo, J., Johnson, E., Flechsig, C., Newell, M., 
Tran, E., Ortiz, J., La Rosa, C., et al. (2014). Human cytomegalovirus vaccine based on the 
envelope gH/gL pentamer complex. PLoS pathogens 10, e1004524. 

Xia, J., Gill, E.E., and Hancock, R.E. (2015). NetworkAnalyst for statistical, visual and 
network-based meta-analysis of gene expression data. Nat Protoc 10, 823-844. 

Yasui, F., Kohara, M., Kitabatake, M., Nishiwaki, T., Fujii, H., Tateno, C., Yoneda, M., 
Morita, K., Matsushima, K., Koyasu, S., et al. (2014). Phagocytic cells contribute to the 



 

224 

antibody-mediated elimination of pulmonary-infected SARS coronavirus. Virology 454-
455, 157-168. 

Yates, N.L., Liao, H.X., Fong, Y., deCamp, A., Vandergrift, N.A., Williams, W.T., Alam, 
S.M., Ferrari, G., Yang, Z.Y., Seaton, K.E., et al. (2014). Vaccine-induced Env V1-V2 IgG3 
correlates with lower HIV-1 infection risk and declines soon after vaccination. Science 
translational medicine 6, 228ra239. 

Yue, Y., and Barry, P.A. (2008). Rhesus cytomegalovirus a nonhuman primate model for 
the study of human cytomegalovirus. Adv Virus Res 72, 207-226. 

Zarate, S., Pond, S.L., Shapshak, P., and Frost, S.D. (2007). Comparative study of 
methods for detecting sequence compartmentalization in human immunodeficiency 
virus type 1. Journal of virology 81, 6643-6651. 

Zeev-Ben-Mordehai, T., Vasishtan, D., Hernandez Duran, A., Vollmer, B., White, P., 
Prasad Pandurangan, A., Siebert, C.A., Topf, M., and Grunewald, K. (2016). Two distinct 
trimeric conformations of natively membrane-anchored full-length herpes simplex virus 
1 glycoprotein B. Proceedings of the National Academy of Sciences of the United States 
of America 113, 4176-4181. 

Zhang, J., Kobert, K., Flouri, T., and Stamatakis, A. (2014). PEAR: a fast and accurate 
Illumina Paired-End reAd mergeR. Bioinformatics 30, 614-620. 

Zhang, X.W., Li, F., Yu, X.W., Shi, X.W., Shi, J., and Zhang, J.P. (2007). Physical and 
intellectual development in children with asymptomatic congenital cytomegalovirus 
infection: a longitudinal cohort study in Qinba mountain area, China. Journal of clinical 
virology : the official publication of the Pan American Society for Clinical Virology 40, 
180-185. 

Zsengeller, Z., Otake, K., Hossain, S.A., Berclaz, P.Y., and Trapnell, B.C. (2000). 
Internalization of adenovirus by alveolar macrophages initiates early proinflammatory 
signaling during acute respiratory tract infection. Journal of virology 74, 9655-9667. 

Zydek, M., Petitt, M., Fang-Hoover, J., Adler, B., Kauvar, L.M., Pereira, L., and Tabata, T. 
(2014). HCMV infection of human trophoblast progenitor cells of the placenta is 
neutralized by a human monoclonal antibody to glycoprotein B and not by antibodies to 
the pentamer complex. Viruses 6, 1346-1364. 



 

225 

Biography 

Cody Shaw Nelson was born in Medford, Oregon. He graduated from St. Mary’s 

High School in Medford in 2008, then attended the University of Southern California for 

his undergraduate education. In 2012, after graduating from USC with a BS in 

Biochemistry and a BA in History, Cody enrolled in the combined MD/PhD program at 

Duke University. In 2014, he began his PhD degree at Duke in the department of 

Molecular Genetics and Microbiology, joining the laboratory of Sallie Permar, MD, PhD, 

in which he studied Human Cytomegalovirus (HCMV) for application to vaccine 

design. While a student in Dr. Permar’s lab, Cody used both clinical samples and a 

nonhuman primate model of congenital transmission to investigate the protection 

conferred by antibody responses against CMV, publishing several articles on his work in 

the Journal of Virology, Journal of Clinical Investigation Insight, Clinical and Vaccine 

Immunology, and the Proceedings of the National Academy of Sciences. To fund his work, 

Cody received an F30 predoctoral fellowship through the National Institutes of Health 

and a graduate student fellowship through the Triangle Center for Evolutionary 

Medicine. Additionally, Cody is a member of the Alpha Omega Alpha medical honors 

society.  

 

 

 


