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 ABSTRACT 

My studies focused on the role of human cytomegalovirus (HCMV) envelope 

glycoproteins in viral entry. My first set of studies questioned how a complex of HCMV 

glycoproteins, gH/gL/gO, functions to promote virus entry. Our laboratory has previously 

demonstrated that another complex of five HCMV proteins, gH/gL/UL128/UL130/UL131, 

is necessary for HCMV entry into epithelial and endothelial cells that requires 

endocytosis and low pH-dependent fusion with endosomal membranes. When I began 

my studies, it was believed that entry into fibroblasts was facilitated by HCMV gH/gL/gO 

and occurred at the plasma membrane. However, the exact role of gO in entry had not 

been thoroughly defined. I studied this genetically by constructing and characterizing a 

HCMV strain TR gO-null mutant. Together with biochemical characterization of gO, we 

discovered that in the HCMV strain TR, gO acts as a molecular chaperone to promote 

gH/gL ER export, then gO dissociates from gH/gL and is not found in the virion envelope. 

When gO was deleted, gH/gL incorporation into the virion envelope was significantly 

reduced, and these virus particles were unable to enter both fibroblasts and epithelial 

and endothelial cells. 

 My second set of studies focused on HCMV glycoprotein gB. For other 

herpesviruses, gB is thought to be the fusion protein, causing the virion envelope to fuse 

with cellular membranes during virus entry. Triggering of gB is thought to involve 

interactions between gB and gH/gL complexes. However, little is known about how 

HCMV gB promotes fusion or even if HCMV gB is the fusion protein. I found that HCMV 

gB could be expressed in cellular membranes and would promote the entry of HCMV 

virus particles lacking gB. This process, denoted entry in trans, was novel in that no one 

has described an instance in which a viral fusion protein can be expressed in cells and 
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mediate entry of virus particles lacking that fusion protein. By contrast, cells expressing 

HCMV gH/gL would not mediate entry of virus particles lacking gH/gL. In the entry in 

trans that I observed, gH/gL complexes are oriented toward the plasma membrane of 

cells and gB is oriented toward the virion envelope. Thus, these results support two 

important hypotheses: i) HCMV gH/gL complexes bind cellular ligands or receptors and 

can interact with gB across the space between the virion envelope and cell membranes 

and ii) gB is the fusion-inducing protein.  
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 CHAPTER 1: INTRODUCTION 

A. HCMV infection and pathogenesis 

Human cytomegalovirus (HCMV) is a ubiquitous virus. The distribution of 

humans with antibodies to HCMV varies between 40% in industrialized nations and 

100% in developing nations (115). The differences in seroprevalence have been 

attributed to crowding rather than geographical location and climate (188). Several 

routes of transmission lead to infection with HCMV early in life, including congenital (0.2 

to 2.2% of live births), perinatal (contracted from the birth canal or after birth from the 

mother) or between children in group day care facilities, where between 15% and 70% of 

children acquire an HCMV infection (2, 83, 204-206). While a significant percent of 

infections occur in childhood, there is a near constant conversion rate from older 

childhood to middle age, such that there is 70% to 90% seropositivity in the elderly even 

in populations with lower overall prevalence (210, 235). 

A1. Primary Infection. HCMV initiates infection by infecting epithelial cells, 

either mucosal epithelium or other types of epithelial tissues (144). Congenital infection 

occurs at the uterine-placenta interface, mediated either by embryonic cells carrying 

virus back to the embryo, or by hematogenous spread from the maternal blood 

(reviewed in (162)). In the first scenario, invading embryonic cytotrophoblasts become 

infected in the uterine wall and then carry virus to the embryo by moving in a retrograde 

fashion, subsequently infecting the embryonic cells of the anchoring chorionic villi (60). 

In the second scenario, HCMV present in the maternal blood space that surrounds the 

anchoring villi is endocytosed by syncytiotrophoblasts and transcytosed to the underlying 

cytotrophoblasts, which are subsequently infected (60, 133, 164). Perinatal infection 
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occurs when the neonate acquires virus horizontally, either during birth or soon following 

birth. The mother transmits virus during birth when her cervix is HCMV positive (179). 

Following birth, HCMV is transmitted to the neonate by the mother through breast milk 

(207), or is acquired via blood transfusion (243). Subsequent to the perinatal exposure 

period, HCMV is acquired in children by exposure to infected saliva and urine leading to 

infection of mucosal epithelium (159). Adults acquire HCMV through multiple routes, 

including from the saliva and urine of infected children (158), sexual contact (reviewed in 

Chapter 9 of (83)), transplanted organs (reviewed in Chapter 13 of (83)), and blood 

transfusions (reviewed in Chapter 9 of (83)). 

A2. HCMV spread in the host. Following primary infection, HCMV spreads 

widely in its host. Analysis of the dissemination of mouse cytomegalovirus (MCMV) has 

led to a model where virus is spread from epithelial cells to the vascular endothelium, 

then subsequently to late myeloid progenitor cells (LMPs) (143, 156). The virus utilizes 

these leukocytes to spread throughout the body via the peripheral blood as 

demonstrated by the observation that virus can be recovered from long-term cultures of 

peripheral blood mononuclear cells (PBMCs) (200), and that monocyte/macrophages 

spread virus out of the blood and into underlying tissues (67, 132, 196). Following 

dissemination from the site of infection, virus can be found in many organs, including 

heart, lungs, spleen, liver, pancreas, adrenal glands, kidney, uterus, fallopian tube, ovary, 

esophagus, stomach, duodenum, jejunum, cecum, parotid, lymph nodes, breast, lip, skin, 

colon, pituitary, bone marrow, and brain (15, 153, 236). Cell types infected in these 

organs include epithelial cells, endothelial cells, macrophages, myocytes, pneumocytes, 

reticular cells, hepatocytes, acinar cells, mesenchymal cells, fibroblasts, glial cells, and 

neurons (15, 153, 236). The breadth of infected cells in disseminated HCMV infection 
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demonstrates that this virus is capable of entering and initiating replication in most cells 

and tissues. 

A3. Epithelial and endothelial cells. Infection of epithelial cells and endothelial 

cells is critical for both dissemination and pathogenesis. Epithelial cells are infected by 

CMV at the site of infection and where the virus is transmitted from the body; e.g., 

salivary glands, mammary glands, the gastrointestinal tract, and the kidney (153). 

Endothelial cell infection is important both in terms of hematogenous dissemination and 

pathogenesis. Following the initial epithelial cell infection, HCMV produced by epithelial 

cells is not likely to be the source of virus that spreads to other cells throughout the body. 

Invading leukocytes are also unlikely to take virus back out into the blood stream, as 

these cells do not typically leave tissues they enter. More likely, virus derived from 

epithelial cells, invading leukocytes and connective tissue cells—e.g., fibroblasts—at the 

initial site of infection spreads to vascular endothelial cells (143). Then virus replication 

in endothelial cells leads to dissemination either through infection of leukocytes in the 

blood that contact infected endothelial cells, or through detachment of the infected 

endothelial cells, which then infect other cells as they are carried through the blood (143). 

Although this model predicts that spread of HCMV is mostly dependent upon cell-to-cell 

transmission, HCMV is also found as cell-free virions in the blood stream (50). 

Alternatively, monocyte/macrophages may become infected by virus shed from epithelial 

cells and these cells can move into the blood and infect distant organs either by crossing 

endothelial barriers or causing infection of endothelial cells. 

A4. Latency or persistence. Following primary infection, dissemination, and the 

initiation of humoral and cellular immune responses, cytomegalovirus likely persists 

through several mechanisms involving several different cell types. One mechanism is 
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latency, strictly defined as the maintenance of the viral genome in cells with very limited 

gene expression and no production of infectious progeny. HCMV genomes are 

detectable in bone marrow derived cells that are precursors to leukocytes (reviewed in 

(193)). When these cells are cultured in vitro, they do not replicate the virus, despite 

containing the HCMV genome (68, 71, 113, 131, 142, 177). However, these cells can be 

forced to undergo differentiation, and the resulting monocyte-derived macrophages will 

then replicate virus (200). Although it is unclear the exact population of bone marrow-

derived cells that cytomegalovirus initially invades in order to establish latency, it is clear 

that cytomegalovirus is persistently spread out of the blood compartment for the life of 

the host by CD34+ cells (193). Persistent infection or latency has also been suggested 

to occur in endothelial cells (97). In the case of persistence, HCMV might replicate 

continuously in endothelial cells, monocytes, macrophages or other cells but at a 

relatively low level, producing cell-free virus or virus that is spread via cell-cell contacts. 

Low-level replication may not be injurious to persistently infected cells and the virus 

might defend the cell from attack by immune responses using its many immune evasion 

proteins (reviewed in (168)). The variety of sites of potential latency and persistence are 

further evidence that cytomegalovirus relies on several different cell types during each 

stage of its infection of the host. 

A5. HCMV pathology. The pathological consequences of human 

cytomegalovirus infection are directly tied to the effectiveness of the host immune 

responses, i.e. whether the host can restrict spread of virus and reduce its replication. 

Immunocompetent individuals rarely present any symptoms of infection and when they 

do occur, these symptoms are usually mild and typically range from flulike symptoms to 

mononucleosis, which is associated with infection of mononuclear leukocytes (3, 173, 
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180). In extremely rare cases, HCMV is associated with more serious diseases such as 

pneumonia and encephalitis in otherwise healthy patients (3, 173).  

In most cases, HCMV-induced pathologies occur in immunocompromised or 

immunodeficient patients. The most significant of these populations are AIDS patients, 

fetuses and newborns, and transplant patients.  

AIDS patients are immunocompromised. Thus, when the delicate balance 

between viral persistence/latency and immunity is upset, HCMV replicates at much 

higher levels. For AIDS patients, the most clinically relevant result of this increase in 

HCMV replication involves infection of retinal pigmented epithelial cells and neurons, 

leading to the destruction of the retina, i.e., retinitis (85, 189). Encephalitis caused by 

HCMV in AIDS patients is another destructive consequence of uncontrolled HCMV 

replication (236). Encephalitis in these patients is associated with HCMV infection of 

capillary endothelial cells, microglial cells and macrophages, and neurons (147). These 

symptoms can be indirectly ameliorated by highly active anti-retroviral therapy (HAART), 

which preserves sufficient immunity to prevent uncontrolled HCMV replication and the 

resulting pathologies (189). HCMV-induced retinitis can also be treated directly with 

ganciclovir (13). 

Fetuses are infected via the placenta and maternal blood space, as described 

above, and HCMV is believed to cause a wide variety of effects on development, ranging 

from minor neurological defects and deafness to death (35). Acquisition during the 

perinatal period has also been associated with disease (5). HCMV causes disease in 

these circumstances because fetuses and newborns apparently have not developed the 

immune system functions required to limit HCMV spread (150), and thus several tissues, 

and therefore cell types, are targeted by the virus.  
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For transplant patients, intentional immunosuppression necessary to prevent 

organ rejection is often associated with increased susceptibility to HCMV. Increased 

virus burden can cause transplant rejection, either as a result of virus invading the organ 

from the recipient, or virus becoming reactivated in the transplanted organ. For example, 

in the case of kidney transplant, latently infected kidney capillary endothelial cells or 

leukocytes give rise to virus that produces disease in the recipient's kidney leading to 

rejection (82, 86). Treatment with ganciclovir is used frequently to prevent rejection in 

transplant patients (100). 

HCMV has also been linked to several multifactorial inflammatory diseases, 

including vasculopathies such as atherosclerosis, transplant vascular sclerosis, and 

restenosis after coronary angioplasty (212). Persistent infections, e.g., in vessel walls, 

may contribute to inflammation by causing changes in cellular and tissue architecture, 

increasing immune responses against infected endothelial cells or smooth muscle cells 

and increasing movement and activation of these cells (212). HCMV infected cells can 

be detected in these inflammatory lesions. Moreover, in vitro infection of several cell 

types in atherosclerotic plaques (e.g., smooth muscle cells, macrophages, and 

endothelial cells) leads to phenotypic changes in these cell types including increased 

migration of smooth muscle cells, properties which may lead to decreased vessel 

diameter (199, 212-214). Infection of endothelial cells can promote angiogenesis (19). 

These and many other studies make it clear that HCMV infects and replicates in 

a wide spectrum of cell types throughout the body, utilizing epithelial cells, endothelial 

cells, fibroblasts, leukocytes, monocyte/macrophages, neurons, and microglial cells to 

initiate infection, disseminate, and cause disease. 
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B. Overview of the HCMV replication cycle 

B1. HCMV entry. To be able to infect all these diverse cell types, HCMV must 

first gain access into these cells. Simplistically, this involves virus adsorption onto 

charged structures on the cell surface, binding to more specific receptors, in some cases 

endocytosis, and membrane fusion between the virion envelope and cellular membranes 

(plasma membrane or endosomes), so that capsids reach the cytosol (Fig. 1-1, 1-2). 

Like other herpesviruses, this process begins with adsorption of HCMV onto heparan 

sulfate proteoglycans (HSPGs) (41). This low affinity adsorption step is dependent on 

charge attraction between basic residues in GAG consensus binding sites on the surface 

of the viral glycoproteins (namely glycoproteins B [gB] and M [gM]) and negatively 

charged HSPGs (41, 80, 108). Attachment is probably followed by more specific protein-

protein interactions between HCMV glycoproteins and cell surface proteins that act as 

receptors. Several different complexes containing the glycoprotein heterodimer gH/gL 

are likely responsible for receptor binding (183). Based on studies of HSV, receptor 

binding is believed to trigger the putative fusion protein, glycoprotein B (gB), to promote 

fusion between the virion envelope and host cell membrane (74). These entry processes 

are discussed in greater detail below. 
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Figure 1-1 

Overview of HCMV replication cycle. 

Illustration by Andrew Townsend. 
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Figure 1-2 

Herpesvirus Entry. 

Illustration by Tiffani Howard. 
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B2. HCMV disassembly and access into the nucleus. Following virion 

envelope fusion with cell membranes, capsid and tegument proteins are released into 

the cytosol. In order for capsids to reach the nucleus, it is likely capsids must find and 

attach onto microtubules (157), although there also appears to be an important role for 

intermediate filaments, e.g., vimentin (139). If HCMV does reach the nucleus via 

microtubules, it likely does so by using dynein and dynactin motors, similar to HSV (48). 

Capsids would be pulled towards the microtubule organizing center (MOC) that is 

proximal to the nucleus. Capsids likely reach nuclear pores via diffusion or other 

processes and then capsids disassemble and viral genomic DNA is released into the 

nucleoplasm. This process was described for HSV using a temperature sensitive mutant 

in UL36 that accumulated capsids at the nuclear pores and did not release viral genomic 

DNA into the nucleus at the non-permissive temperature (11). The details of this process 

for HCMV have not been thoroughly characterized, although two HCMV proteins are 

thought to be important based on their homology to HSV UL36: the large tegument 

protein (LTP) encoded by UL48 and a LTP binding protein encoded by UL47 (51, 144, 

245). 

B3. Gene Expression. Once the genome reaches the nucleus, incoming 

tegument proteins are used to overcome cellular barriers of replication and initiate 

immediate-early, delayed-early, and late gene expression (reviewed in (211)). 

Immediate-early gene products have a vast array of functions, most of which alter 

cellular functions relating to cell cycle and defense mechanisms (reviewed in (144)). 

HCMV is able to begin robust immediate-early gene transcription in part via the action of 

the tegument protein pp71, which is brought in by the infecting virion rather than being 

produced de novo. pp71 interacts with several viral and cellular proteins in order to de-
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repress viral promoters and initiate transcription. Immediate-early (IE) transcripts encode 

proteins that are also transcription factors. These IE proteins are thus responsible for 

initiating delayed-early transcription of genes that encode proteins responsible for DNA 

replication and for modifying the host cell environment to favor replication (e.g., blocking 

the immune response). IE and delayed-early proteins are subsequently used to initiate 

late gene transcription. Late genes mostly encode structural proteins. For HCMV, there 

appear to be very few true late genes that require genome replication in order to be 

transcribed and translated (144). 

B4. Assembly of capsids. Replicated genomes are packaged into capsids in 

the nucleus. Capsid proteins initially organize in the cytoplasm after translation, and are 

transported into the nucleus in multi-protein complexes; the major capsid protein (MCP) 

is part of the protocapsomers, and the minor capsid protein (mCP) is part of a trimer with 

its binding protein mc-BP (reviewed in (65)). These two sets of complexes meet in the 

nucleoplasm to form procapsids. Following proteolysis of scaffolding proteins bound to 

the MCP, scaffolding remnants are released from the capsid, leaving the empty 

intermediate “B” capsids. Interactions between the portal protein, terminase complex, 

and the packaging signal on the genomic DNA initiate packaging, so that DNA is 

threaded into preformed capsids. Packaging completes when the terminase cleaves the 

DNA at the next packaging signal, which it encounters because the genome is replicated 

as a concatamer (65). 
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Figure 1-3 

Herpesvirus egress. 

Illustration by Tiffani Howard. 
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B5. Nuclear egress. Herpesvirus capsids exit the nucleus, gain access to the 

cytosol, and then gain their final envelope in a strategy denoted envelopment−de-

envelopment−re-envelopment (Fig. 1-3, reviewed in (105, 134, 135)). Following genome 

encapsidation, the final structure of the capsid is set, exposing binding sites for tegument 

proteins and nonstructural proteins involved in primary egress. Although most tegument 

proteins are associated with the capsid in the cytosol, some of these proteins, e.g., pp71 

(76), are found in the nucleus and bind to the capsid in the nucleus. Primary 

envelopment occurs at the inner nuclear membrane. The capsid binds to the nuclear 

egress complex, composed of viral proteins and cellular proteins that are part of the 

nuclear lamina (30, 138). The nuclear lamina proteins are a blockade to nuclear exit as 

they are responsible for the structure of the nucleus by forming a dense, highly 

structured mesh (47). The virus disrupts the lamina in much the same way it is disrupted 

during cell division, i.e., phosphorylation of the lamins causes their dissociation (47). 

This process requires a complex of UL31 and UL34 for HSV (178) and M50 and M53 for 

MCMV (151). Once the capsid has crossed through the lamina, it is able to bud into the 

inner nuclear membrane, (reviewed in (53)). For HSV and pseudorabies virus (PrV), 

envelopment at the inner nuclear membrane may also rely on viral envelope 

glycoproteins, but if so, in a redundant manner since no single envelope glycoprotein is 

necessary (9, 56, 208, 220, 238). De-envelopment involves enveloped particles in the 

perinuclear space fusing with the outer nuclear membrane, releasing the capsid and the 

associated primary tegument layer out into the cytosol. This likely requires envelope 

glycoproteins, as is the case for HSV (56),  

Herpesvirus glycoproteins provide redundant or overlapping functions in de-

envelopment. There is evidence that the first egress event, budding into the nuclear 
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membrane, is maintained in nearly all herpesvirus envelope glycoprotein mutants except 

for EBV gM/gN mutants, which accumulate capsids in the nucleus (120, 121). Thus, 

most deletion mutants and combinations thereof maintain the production of primary 

enveloped particles that bud into the perinuclear space. No other single mutants give 

rise to defects in nuclear envelopment and de-envelopment. However, for HSV-1 it is 

clear that there is a role, if redundant, for gB and gH/gL in de-envelopment, as virions 

from a gB-gH double-null mutant collect in so-called “herniations” in the perinuclear 

space, and thus cannot undergo de-envelopment (56). Because this is not observed with 

either single mutant (gB-null or gH-null), this result demonstrates that gB or gH/gL are 

sufficient to mediate some aspect of primary envelopment/de-envelopment, whether or 

not that function is membrane fusion, as their role in entry suggests. Double and triple 

mutants of the related α-herpesvirus pseudorabies virus (PrV) in gB, gH/gL, and/or gD 

did not show any defects in primary egress (112), nor did a gE/gI/gM triple deletion 

mutant (21), suggesting PrV uses a different mechanism for de-envelopment than HSV. 

B6. Cytoplasmic egress. Following de-envelopment, capsids are delivered into 

the cytoplasm and additional tegument proteins assemble onto capsids and help 

properly route them to sites of secondary envelopment. For HCMV, this process occurs 

in the assembly compartment, a highly organized structure of cytoplasmic membranes 

involving concentric rings of the TGN and endosomes (innermost), Golgi apparatus and 

endoplasmic reticulum (outermost) that is rearranged by viral proteins to optimize 

tegumentation, envelopment, and release (30, 32, 45, 66, 187). Viral glycoproteins traffic 

to this site of assembly (discussed below) and are incorporated into the infectious virion 

as the capsid buds into the assembly compartment membranes. At this point, the virion 

is inside of a vesicle, and must find its way to sites of release from cells. This is either at 
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cell-cell junctions or apical or basolateral surfaces on cells. Virus released into the space 

between cells, i.e., at cell-cell junctions, can rapidly spread to the neighboring cell. 

Whether there is any specific targeting of nascent HCMV virions to sites of cell-cell 

contact is unclear. HSV exhibits directed transport to epithelial cell-cell junctions (104). 

Regardless, there is no evidence that the composition of HCMV particles directed to 

different sites of release are different, such that all infectious virions released from an 

HCMV infected cell contain the same complement of viral glycoproteins required for 

entry into any cell type. However, the amounts of certain envelope proteins (e.g., UL128-

131) incorporated into virions might be cell-type specific (190). 

B7. Secondary envelopment. Like de-envelopment, herpesvirus glycoproteins 

provide redundant or overlapping functions in secondary envelopment. As was the case 

with nuclear egress, PrV glycoproteins gB, gH/gL, and gD are not required for secondary 

envelopment (112). However, a gM/gE/gI triple deletion mutant accumulates capsids in 

the cytoplasm, in contrast to the single mutants or combinations of double mutants in gE, 

gI, and gM. This again suggests functional redundancy for glycoprotein complexes 

during egress (21). For HSV, while single deletion mutants in the envelope glycoproteins 

do not prevent secondary envelopment, double deletion mutants of gD and gE or gI and 

a gD/gE/gI triple deletion mutant accumulated unenveloped capsids in the cytoplasm 

(54). In contrast, a KSHV gB deletion mutant accumulates partially enveloped capsids 

with uncondensed cores on cytoplasmic membranes, resulting in nearly complete 

elimination of extracellular virus particles (116). Extracellular virus particle release is also 

reduced when KSHV glycoprotein K8.1 production is inhibited by siRNA (216). This may 

also be the case with EBV gB, but unique deletion mutants in EBV gB give conflicting 
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results, with one mutant defective for release while the other releases the same number 

of particles as wild-type EBV (79, 155). 

C. Roles of HCMV and herpesvirus glycoproteins in virus assembly and egress 

C1. HCMV glycoprotein intracellular transport. Herpesvirus envelope 

glycoproteins are involved in numerous steps during the replication cycle. For HCMV, 

these proteins include, but are not limited to, gB, gH/gL, gM/gN, gO, UL128, UL130, and 

UL131. Following translation and translocation into the endoplasmic reticulum 

membrane, the glycoproteins are modified by oligosaccharyltransferase to yield N-linked 

high-mannose oligosaccharides (reviewed in (114)). During and after translation, these 

HCMV envelope proteins associate with binding partners, e.g. gH/gL and gM/gN, and 

this assembly is required for their further progression through the secretory pathway 

(129, 202). Other proteins, gO and UL128, UL130, and UL131, can also associate with 

gH/gL in two independent complexes: gH/gL/gO and gH/gL/UL128/UL130/UL131 (87, 

124, 186, 232). As the glycoproteins move from the RER to the trans-Golgi apparatus, 

N-linked oligosaccharides on all of the glycoproteins are modified by removal and 

addition of sugars leaving the proteins with complex, N-linked oligosaccharides. 

Completion of this processing and transport to the Golgi apparatus can be assessed by 

treating glycoproteins with the enzyme endoglycosidase H (endo H), which cleaves 

immature, mannose-rich N-linked oligosaccharides found on glycoproteins in the ER, but 

not complex oligosaccharides found on glycoproteins in the trans-Golgi apparatus (114). 

The removal of immature, high-mannose oligosaccharides from glycoproteins by endo H 

can be assayed by changes in the electrophoretic mobility of the protein in SDS-PAGE 

(see for example (184)). It is important to understand that without this proper assembly 

of multi-protein complexes and intracellular transport from the ER to the Golgi apparatus, 
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HCMV glycoproteins will not be incorporated into the virion envelope and cannot function 

properly. Thus, when HCMV mutants are made or when HCMV glycoproteins are 

expressed outside the context of virus infection, these effects must be considered. 

C2. Roles of HCMV glycoproteins in virus egress. The immature, high-

mannose form of gB is found in the inner nuclear membrane (52), and gB has specific 

nuclear trafficking and retention signals (136, 137). Any role gB plays during assembly, 

though, is likely redundant with other HCMV glycoproteins, because a gB mutant lacking 

the cytoplasmic domain of the protein produces enveloped virions (215), and a HCMV 

gB-null mutant releases normal levels of virions (94). Newly described HCMV and 

rhesus CMV (RhCMV) gL deletion mutants also had no defects in assembly (20). Thus, 

although functional redundancy is possible, it appears that the two major HCMV 

glycoproteins gB and gH/gL are not necessary for any aspect of virus egress. However, 

like HSV (56), it is possible that deletion of both gB and gH/gL might compromise virus 

egress. 

HCMV glycoproteins gM and gN form a heterodimer, gM/gN, that plays a role in 

virus assembly and egress (118, 130). gM- and gN-null mutants do not release normal 

levels of virions, and exhibit increased concentrations of unenveloped capsids in the 

cytoplasm (118, 130). This suggests that gM/gN is necessary for secondary 

envelopment. The role of gM/gN during secondary envelopment is not entirely clear; one 

model suggests that gM/gN helps deliver other HCMV membrane proteins to the sites of 

secondary envelopment, either through organizing the envelope glycoproteins in the 

assembly complex or binding tegument proteins so that they are brought into the virion 

(118). There is precedent for HSV gM causing relocalization of several viral 

glycoproteins from cell surfaces to the TGN (44). The HCMV gM cytoplasmic tail was 
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recently shown to bind to Rab11 effector protein FIP4, a protein involved in vesicular 

trafficking in the endosomal recycling compartment (ERC). This interaction may be 

critical for assembly compartment formation by concentrating gM/gN in the ERC and 

assembly compartments (119).  

The role of the gB in secondary envelopment is unclear. gB moves through the 

exocytic pathway to the cell surface (163), where it is subsequently retrieved (171), 

sorted to endocytic compartments (59, 221) and finally to TGN-derived compartment by 

PACS-1 (43, 98). It is unclear whether this final step is necessary for gB to be re-

localized to the site of secondary envelopment, as membrane acquisition colocalizes 

with both TGN and early endosome markers at the center of the assembly compartment 

(45, 187). The large-scale membrane reorganization initiated by HCMV, however, may 

make these markers irrelevant, as virus membranes contain both TGN markers and 

early endosome markers (32), and thus the cellular proteins that gB utilizes to traffic to 

the site of assembly may be associated with either compartment. After reaching the 

assembly compartment, gB is incorporated into enveloped virions. However, as 

described above, an HCMV gB-null mutant produces enveloped virions, and thus gB is 

not required for secondary envelopment, or is used in a redundant fashion as with HSV 

gB (106).  

The role of gH/gL complexes in secondary envelopment is also unclear. Like gB, 

gH/gL traffics through the exocytic pathway and can be found on the cell surface (109). 

Unlike gB, PACS-1 is not required for gH localization to TGN-derived membranes (43). 

How gH/gL complexes are sorted to sites of secondary envelopment and incorporated 

into the virion envelope is unknown. Given that HCMV and rhesus CMV (RhCMV) gL-
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null mutants do not have defects in assembly (20), it seems unlikely that gH/gL is 

required for secondary envelopment. 

D. HSV and EBV glycoprotein function during virus entry 

It is useful at this point to describe the pathways used by HSV and EBV to enter 

cells because more is known about these viruses compared with HCMV. This sets the 

scene for my studies of HCMV entry into cells. All herpesviruses apparently require gB 

and gH/gL for entry and for the related process of cell-cell fusion, which is often used to 

study herpesvirus entry machinery.  

D1. Herpes simplex virus. HSV requires three envelope glycoproteins for 

receptor binding and fusion: gD, gH/gL, and gB. Entry is initiated by attachment, which 

involves either gB or gC that bind to heparan sulfate glycosaminoglycans (GAGs) (77, 

78, 241). Entry requires an additional binding to cellular ligands, involving gD which 

interacts with receptors: e.g., nectin-1 or HVEM (117, 146). Subsequent to receptor 

binding, gD triggers conformational changes in gH/gL and/or gB (7). In virus particles 

lacking gD, entry does not progress past attachment onto heparan GAGs (127). The 

precise function of gH/gL during HSV entry is unclear. Virus particles lacking gH/gL do 

not progress beyond receptor binding to fusion of the virion envelope with cellular 

membranes (61). There are two models for the role of gH/gL in entry. First, gH/gL might 

act as a fusogen, providing the necessary energy to fuse the viral envelope and cellular 

membrane. Supporting this model, Subramanian and Geraghty suggested that HSV 

particles containing gH/gL and gD promoted hemifusion, while gB, gH/gL and gD 

promoted full fusion of both leaflets of the membrane bilayers (217). This observation 

was contradicted by observations that gD, gH/gL and gB are required for both 

hemifusion and fusion (96). Second, gH/gL could relay the signal from gD (that binds gD 
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receptors) to gB (that acts as the fusion protein) by changing conformation in response 

to gD receptor binding and transmitting these changes to gB. The Cohen and Eisenberg 

laboratories demonstrated that gB directly associates with membranes and is required 

for the interaction of gH/gL with membranes (7, 31). This suggested that gB is the 

primary fusion protein and is triggered by gH/gL, which associated with membranes only 

through binding to gB. The structure of HSV gB also argues very strongly that gB is a 

fusion protein. gB has the structure of a class III fusion protein similar to VSV-G and 

baculovirus gp64 (75, 107, 181). It appears that gB associates with membranes and 

mediates fusion involving so called "fusion loops,” which are hydrophobic loops 

embedded in the center of the molecule that enter cellular membranes during fusion (72). 

Together, these two observations suggest that gH/gL does not act on its own as a 

membrane fusion protein. It is more likely that gB is the main fusion protein and gH/gL 

triggers gB. The gB-mediated fusion reaction likely involves insertion of gB fusion loops 

into the apposing cellular membranes followed by rearrangement of the structure of gB, 

drawing viral and cellular membranes together and promoting their fusion (reviewed in 

(74)). 

D2. Epstein-Barr virus. EBV entry contrasts with HSV in that EBV enters cells in 

a cell-type specific manner, using different viral and cellular molecules to enter B cells 

versus epithelial cells (reviewed in (91)). For B cells, EBV attaches via high-affinity 

binding interactions between gp350/220 in the virion envelope and CD21 (CR2) on the 

cell surface (154, 218). Similar to HSV gB and gC interactions with heparan GAGs, the 

interaction between gp350/220 and CD21 is not sufficient for entry. Instead, EBV 

assembles a gH/gL complex containing another glycoprotein, gp42, which binds directly 

to HLA class II molecules present on B cells and this binding of gH/gL/gp42 to class II 
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likely triggers gB for entry fusion (125, 126). This entry into B cells also requires 

endocytosis (140). EBV entry into epithelial cells involves gH/gL (without gp42) which 

bind integrins αvβ6 and αvβ8 (37) and does not require endocytosis (140). Again, gH/gL 

bound to integrins likely triggers conformational changes in gB which cause fusion. EBV 

virus particles assembled in epithelial cells contain primarily gH/gL/gp42 that facilitates 

entry into B cells. When virus is assembled in B cells, however, gp42 is sequestered by 

HLA class II molecules, preventing its association with gH/gL (18). Thus, EBV particles 

derived from B cells contain less gp42 (approximately 100-fold decreased), and instead 

primarily enter epithelial cells. This provides a switch in virus tropism, such that virus 

derived from epithelial cells infects B cells well and virus from B cells infects epithelial 

cells well.  

E. Roles of HCMV membrane glycoproteins in virus entry 

E1. HCMV Attachment. As with HSV and EBV, HCMV attaches to cells via 

envelope glycoproteins; specifically gB and gM appear to play a redundant role in this 

process. These proteins bind to heparan GAGs (41, 108). The attachment step is not 

cell-type specific, and does not initiate the fusion process at the plasma membrane (41). 

More specific receptor-ligand interactions are necessary for the remaining entry steps. 

Once attached, the virion is close enough to the cell to find and bind to other receptors 

that trigger fusion with the plasma membrane or endocytosis, depending upon the cell 

type. 

E2. Membrane penetration. HCMV penetrates cellular membranes either at the 

plasma membrane or internal membranes following endocytosis (40, 185). This 

correlates with pH-dependence: pH-independent membrane fusion occurs at the cell 
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surface, and low pH-dependent fusion occurs following endocytosis. The particular route 

of entry appears to be cell-type specific: HCMV enters fibroblasts by fusing at the 

plasma membrane (40), but enters endothelial and epithelial cells by fusing with internal 

membranes in a process that depends upon endosomal acidification (185). This 

specificity is likely mediated by cell-specific receptor binding. 

E3. The role of HCMV gH/gL complexes in virus entry. Analogous to other 

herpesviruses, HCMV gH/gL is required for entry and likely participates in fusion. 

Neutralizing antibodies to HCMV gH initially established its role in entry (42, 175, 176). 

gH antibodies were also shown to block fusion of U373 cells initiated by high-titer HCMV 

infection (i.e., fusion from without [FFWO], the ability of a high concentration of virus 

particles to fuse neighboring cells during infection) (141). Entry can also be blocked by 

heptad-repeat peptides derived from gH. These peptides overlap putative coiled-coil 

domains, motifs which have been implicated as important for the function of other fusion 

proteins (128). Similar to other herpesviruses, HCMV gH was found to form a 

heterodimer with gL (109), and that gH/gL complex formation was necessary for both gH 

and gL to exit the ER and get to the cell surface (202). gH/gL was most rigorously 

implicated in fusion using cell-cell fusion assays: epithelial cells fuse when gH/gL and gB 

are expressed in isolation from other HCMV proteins (227). Recently, the role of gH/gL 

in entry was shown genetically, as a gL-null HCMV is defective in entry and cell-cell 

spread (20). In accordance with a putative role in entry, several receptors have been 

proposed for gH/gL, including a 92.5 kDa protein found in fibroblasts that was identified 

using gH-derived anti-idiotype antibodies (110), and αvβ3 integrin (233). However, there 

is no evidence to date that either of these molecules is a trigger for entry fusion. Overall, 
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it has become clear that HCMV gH/gL has a function in entry similar to its herpesvirus 

homologues. 

Similar to EBV gH/gL and gH/gL/gp42, HCMV gH/gL forms multiple complexes 

with other viral proteins. The discovery of the two independent HCMV gH/gL complexes 

provided important clues into how gH/gL functions to mediate entry into different cell 

types.  

gH/gL/gO was originally described as the predominant HCMV gH/gL complex in 

experiments using laboratory strain AD169 (87, 88, 124). While the HCMV homologues 

of HSV gH and gL had been previously identified, when both were expressed by 

vaccinia virus vectors they did not reconstitute the gH/gL complexes found in AD169 

virion envelopes (124). A third glycoprotein found covalently bound to gH was 

subsequently recognized as the final component of glycoprotein complex III (gcIII) of the 

HCMV envelope (87, 124), identified as the gene product of UL74, and named gO (88). 

In cells infected with the laboratory-adapted HCMV strain AD169, gO binds to gH/gL as 

a glycosylated precursor, and gH/gL/gO subsequently reaches the cell surface 

decorated with endo H resistant oligosaccharides (89). gO has a single hydrophobic 

domain that is used as a signal peptide for translocation into the ER, and thus gO is a 

peripheral membrane protein via its interactions with gH/gL (219).  

Studies similar to those that determined the role of gH/gL in entry and fusion 

have been used to better understand the role of gO in these processes. Antibodies to gO 

prevent fusion from without in a manner similar to gH antibodies (160). Prior to the gO-

null mutant described herein, two other gO mutants have been characterized. An AD169 

gO-null mutant was able to replicate in fibroblasts and spread, but has a small plaque 

phenotype and a 100-1000 fold reduction in titer as compared to a repaired virus (84). 
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These results suggested that AD169 gO-null was defective in cell-cell spread and/or 

virus release. A gO-null mutant in strain TB40/E has a similar phenotype, and was also 

demonstrated to spread normally in endothelial cells (101). Defects in replication in 

fibroblasts were attributed to a reduction in virus assembly (as determined by electron 

microscopy). Aside from the reduction in plaque size and titer, no assay performed with 

these two mutants demonstrated a direct role for gO in entry; in particular, there is no 

evidence that gO participates in receptor binding or fusion. The role of gO in HCMV 

replication is investigated in depth in Chapter 2. 

gH/gL/UL128-131. It was observed that AD169, Towne and other HCMV 

laboratory strains that have been serially passaged long-term on fibroblasts are greatly 

reduced in their ability to infect cell types such as endothelial and epithelial cells (29, 81, 

172, 197, 229, 230). Later studies revealed that AD169 cannot enter these cells because 

it cannot construct a second gH/gL-containing complex with three additional proteins: 

UL128, UL130 and UL131 (4, 64, 70, 231). It was deduced that serial passage in 

fibroblasts led to mutations in the UL128, UL130, or UL131 genes which are part of the 

ULb' region of HCMV that is frequently mutated in laboratory-adapted HCMV strains 

(169). The absence of one or more of the UL128-131 genes prevents assembly of the 

gH/gL/UL128-131 complex in laboratory strains passaged long-term on fibroblasts (70). 

Biochemical studies of the gH/gL/UL128-131 complex revealed that all five members are 

required to form a complex, demonstrating why the loss of only one of UL128, UL130, or 

UL131 leads to the loss of the entire gH/gL/UL128-131 complex in laboratory strains. 

Complexes of gH/gL missing any of UL128, UL130, or UL131 cannot exit the ER and 

thus cannot be incorporated into the virion envelope (186). Work from the laboratory of 

Thomas Shenk showed that when UL131 expression was restored in strain AD169, that 
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two gH/gL complexes, gH/gL/UL128/UL130/UL131 and gH/gL/gO, were produced and 

appeared to be separate from one another (232). Restoration of gH/gL/UL128-131 in 

AD169 significantly increased its ability to infect endothelial and epithelial cells without 

compromising fibroblast infection (232). In agreement with this observation, the UL128, 

UL130, and UL131 genes are highly conserved in all clinically derived HCMV (10). Null 

mutants of any or all of UL128, UL130, UL131 in clinical strains are likewise unable to 

infect epithelial and endothelial cells (185, 186). The defect in replication was narrowed 

to entry, as virions lacking gH/gL/UL128-131 complexes can be forced to enter epithelial 

and endothelial cells by the chemical fusogen polyethylene glycol (PEG) and will initiate 

the replication cycle but not spread cell-to-cell (185, 186). The role of gH/gL/UL128-131 

was subsequently demonstrated to be at the stage of receptor binding by using an 

interference assay (183). Interference occurs when viral proteins (in this case, 

gH/gL/UL128-131) are expressed in a susceptible cell, and these bind to putative 

receptors, preventing the receptor from being utilized by incoming virus. Brent Ryckman 

also demonstrated that gH/gL/UL128-131 interfered with HCMV infection of epithelial 

cells when all five proteins were expressed using non-replicating adenovirus vectors 

before the cells were challenged with HCMV. Interference only occurred in cell types in 

which gH/gL/UL128-131 was required for entry; i.e., endothelial and epithelial cells, and 

not fibroblasts. There was no interference in epithelial cells transduced with gH/gL or gB 

(183). This reduction in infectivity is strong evidence that the viral proteins bind to a 

saturable receptor required by HCMV to enter epithelial cells. These data further refined 

the model of entry to include gH/gL/UL128-131 as a receptor binding protein complex 

that is required for the endocytic route of entry into epithelial and endothelial cells. 
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Thus, it was clear from these studies that gH/gL complexes for HCMV were a key 

tropism determinant, i.e., gH/gL/gO was associated with fibroblast infection and 

gH/gL/UL128-131 was critical for endothelial and epithelial cell infection (Fig 1-4). 

However, there was less information on how gH/gL/gO functions, whether in entry or in 

some other process (e.g., assembly) before my studies. 

  



 27 

Figure 1-4 

gH/gL complexes are receptor binding proteins. 

Illustration by Tiffani Howard. 
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E4. The role of HCMV gB in virus entry. HCMV gB has been demonstrated to 

be critical for viral membrane fusion during entry. Initial biochemical studies involved 

mapping monoclonal neutralizing antibodies to the exposed surfaces of gB (27). 

Neutralizing antibodies are made to several HCMV envelope glycoproteins (e.g., gH), 

thus neutralization via gB-specific antibodies did not show that gB was critical for entry 

or how. HCMV gB was found to be proteolytically cleaved similar to the influenza virus 

hemagglutinin (HA) and HIV gp120, both of which are responsible for receptor binding 

and entry fusion for their respective viruses (22, 203). During transit through the TGN, 

gB undergoes endoproteolytic cleavage by furin from a 160 kDa precursor into 100 kDa 

and 58 kDa fragments which are disulfide linked (24, 27, 228). Also like other fusion 

proteins, gB oligomerizes, forming a dimer in the ER (14, 25). gB causes syncytium 

formation when constitutively expressed independent of infection in stably-transfected 

U373 cell clones (222). Mutations in the transmembrane domain and cytoplasmic tail of 

gB reduced the number of synctia formed in these cells, although how this relates to gB 

function is unclear, as syncytia formation was partially retained when half of the 

transmembrane domain was deleted (223). It is difficult to justify a model in which gB 

could induce fusion as a soluble protein, as all known cellular and viral fusogens require 

a membrane anchor in order to function. Background fusion by the parental U373 cells 

also confounds these results, and this assay was not repeated with any other HCMV 

proteins, including gH/gL, as controls. Thus, although these data suggested a role for gB 

in fusion, because of its limitations, a U373 cell-cell fusion assay does not provide 

conclusive evidence of the role of gB acting as the fusion protein. Stronger evidence has 

come from experiments in which entry of HCMV was blocked by peptides of putative 

coiled-coil domains in both gB and gH (128). Coiled-coil domains have been implicated 
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in formation of hairpins found in the post-fusion structures of fusion proteins. However, 

this result did not distinguish between gH and gB as being the fusion proteins. Kinzler 

and Compton demonstrated low levels of fusion between cells expressing only gH/gL, 

and addition of gB or gO did not increase the number of syncytia (111). However, this 

result was again confounded by background fusion between CHO cells when no 

glycoprotein was added. Moreover, these results do not fit with many observations that 

gB is required for cell-cell fusion in other herpesviruses. These results were also 

contradicted by experiments by Adam Vanarsdall in our laboratory who found that both 

gB and gH/gL were required for cell-cell fusion of ARPE-19 epithelial cells (227). Neither 

gB or gH/gL alone were able to mediate any detectable fusion and these cells do not 

fuse without glycoprotein present. These results were extended to several other cell 

lines that also did not display background fusion.  

The strongest evidence supporting an essential role for HCMV gB in entry came 

from studies of a gB-null mutant (94). The gB-null mutant failed to enter fibroblasts at a 

post-attachment step. This defect can be overcome with PEG, demonstrating that the 

defect involves receptor binding or membrane fusion. Again, these results did not 

directly determine whether gB or gH/gL is the fusion protein for HCMV. However, based 

on the preponderance of evidence listed above involving HCMV gH/gL complexes and 

other herpesviruses (HSV and EBV), it is very likely that HCMV gB is the fusion protein, 

while gH/gL and perhaps other glycoproteins bind receptors and trigger gB.  

E5. Binding of cellular proteins by HCMV gB and gH/gL and involvement in 

virus entry. There has been some evidence that HCMV gB can bind cell surface 

proteins, but it is frequently unclear whether these interactions mediate entry or, 

alternatively, activate signaling cascades that are important for downstream replication 
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events. Several of these gB receptors have been proposed for HCMV only to be 

subsequently ruled out as bona fide entry-fusion receptors, and more evidence is 

needed to confirm the role of several other putative receptors (reviewed in (16, 93)). gB 

binds to annexin II (240), but evidence was subsequently presented that annexin II is not 

an important receptor for HCMV (166). Similarly, gB was found to bind to epidermal 

growth factor receptor (EGFR) and there was evidence that this receptor can mediate 

entry (234). However, HCMV entered EGFR-null fibroblasts and cells treated with 

EGFR-neutralizing antibodies and thus it was argued that EGFR is not an important 

entry receptor for HCMV (38, 92). Studies by Adam Vanarsdall in our laboratory have 

recently shown that EGFR plays no important role in HCMV entry into any cell tested. 

Integrins have also been implicated in post-attachment steps of HCMV entry; a peptide 

derived from the disintegrin-like domain (DLD) of gB—a recombinant soluble version of 

the gB-DLD—and β1-integrin antibodies partially block HCMV entry at a step between 

attachment and delivery of the tegument protein pp65 into the cytosol (57, 58). Again 

there is no direct evidence that this interaction is a trigger for entry fusion, or whether 

integrin signaling is necessary for a post-fusion entry event like EGFR. A second report 

suggested that gH/gL interacts with integrins (233), but the evidence for this involved 

coprecipitation of integrins and gH/gL and focused on signaling rather than virus entry. 

Another cell surface signaling molecule, platelet-derived growth factor-α receptor 

(PDGFRα) was found to be bound by HCMV gB and activated by either HCMV infection 

or soluble gB (201). In this case, however, blocking downstream signaling events by 

suppressing the PI(3)K pathway only delayed gene expression and did not prevent entry. 

Thus, it is possible that PDGFRα acts as an entry mediator in a manner distinct from 

signal transduction, or that HCMV replication requires PDGFRα signaling either for early 
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replication or entry. Recent studies by Adam Vanarsdall have shown that PDGFRα can 

mediate HCMV entry into a variety of cell types, but that PDGFRα does not explain 

HCMV entry into some relevant cell types including epithelial and endothelial cells.  

E6. Other HCMV receptors. All the receptors described above were identified 

and characterized by using HCMV laboratory strain AD169. AD169 does not express 

gH/gL/UL128-131 and does not enter epithelial and endothelial cells or monocyte-

macrophages. Therefore, there must be other important receptors used by wild-type 

HCMV. Moreover, interference experiments in which gH/gL/UL128-131 was expressed 

in epithelial cells suggested that there are molecules expressed in these cells and bound 

by gH/gL/UL128-131 that act as receptors. By definition, these receptors cannot be 

EGFR, PDGFRα or integrins, because those molecules were discovered using AD169 

that does not express gH/gL/UL128-131. Moreover, gB has been expressed in 

fibroblasts, epithelial and endothelial cells and in no case was interference observed. 

Adam Vanarsdall also has evidence that expression of gH/gL/gO in fibroblasts can 

mediate interference. Therefore, none of our results support HCMV gB acting as a 

receptor binding protein and so there must be important receptors beyond integrins, 

PDGFRα and EGFR.  

F. Summary 

Despite significant advances in our understanding of HCMV entry, two aspects of 

this process remain poorly defined. First, it is not clear how the two gH/gL complexes 

function during entry. Several lines of data suggest that gH/gL complexes are receptor-

binding proteins; the interference assay suggested that gH/gL/UL128-131 bind epithelial 

and endothelial cell receptors while gH/gL/gO binds fibroblast receptors. This suggests 
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that different gH/gL complexes are used depending on the route of entry and/or receptor 

availability, and that these interactions then trigger entry fusion, likely promoted by gB. 

However, before my studies we knew little of how gH/gL/gO was assembled and how 

this complex functions in entry into different cell types. The second aspect of HCMV 

entry that is poorly understood involves how gB participates in HCMV entry and 

specifically whether gB acts as the viral fusion protein. gB is clearly necessary for HCMV 

entry and is probably the fusion protein for all herpesviruses. However, for HCMV there 

is little information pointing to gB acting in membrane fusion and yet extensive 

information that gB binds receptors. Experiments in the results below attempt to 

separate these functions and more clearly define whether gB is the fusion protein. 
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 CHAPTER 2: AN HCMV gO-NULL MUTANT FAILS TO INCORPORATE gH/gL INTO 

THE VIRION ENVELOPE AND IS UNABLE TO ENTER FIBROBLASTS, EPITHELIAL, 

AND ENDOTHELIAL CELLS 
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B. Abstract 

Human cytomegalovirus (HCMV) depends upon a five protein complex, 

gH/gL/UL128-UL131, to enter epithelial and endothelial cells. A separate HCMV gH/gL-

containing complex, gH/gL/gO, has been described. Our prevailing model is that 

gH/gL/UL128-131 is required for entry into biologically important epithelial and 

endothelial cells and gH/gL/gO is required for infection of fibroblasts. Genes encoding 

UL128-131 are rapidly mutated during laboratory propagation of HCMV on fibroblasts, 

apparently related to selective pressure for the fibroblast entry pathway. Arguing against 

this model in Ryckman et al. (184), we describe evidence that clinical HCMV strain TR 

expresses a gO molecule that acts to promote ER export of gH/gL and gO is not stably 

incorporated into the virus envelope. This was different from results involving fibroblast-

adapted HCMV strain AD169 that incorporates gO into the virion envelope. Here, we 
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constructed a TR gO-null mutant, TRΔgO, that replicated to low titers, spread poorly 

between fibroblasts, but produced normal quantities of extracellular virus particles. 

TRΔgO particles released from fibroblasts failed to infect fibroblasts, epithelial and 

endothelial cells, but the chemical fusogen polyethylene glycol (PEG) could partially 

overcome defects in infection. Therefore, TRΔgO is defective for entry into all three cell 

types. Defects in entry were explained by observations that TRΔgO incorporated about 

5% the quantities of gH/gL in extracellular virus particles compared with wild type virions. 

Although TRΔgO particles could not enter cells, cell-to-cell spread involving epithelial 

and endothelial cells was increased relative to TR, apparently resulting from increased 

quantities of gH/gL/UL128-131 in virions. Together, our data suggest that TR gO acts as 

a chaperone to promote ER export and incorporation of gH/gL complexes into the HCMV 

envelope. Moreover, the data suggest that it is gH/gL, and not gH/gL/gO, that is present 

in virions and is required for infection of fibroblasts, epithelial and endothelial cells. Our 

observations that both gH/gL and gH/gL/UL128-131 are required for entry into 

epithelial/endothelial cells differ from models for other β- and γ-herpesviruses that use 

one of two different gH/gL complexes to enter different cells.  

C. Introduction 

 Human cytomegalovirus (HCMV) infects a broad spectrum of cell types in vivo 

including epithelial and endothelial cells, fibroblasts, monocyte-macrophages, dendritic 

cells, hepatocytes, neurons, glial cells and leukocytes (26, 122, 167). Infection of this 

diverse spectrum of cell types contributes to the multiplicity of CMV-associated disease. 

HCMV infection of hepatocytes and epithelial cells in the gut and lungs following 

transplant immunosuppression is directly associated with CMV disease (15, 195). HCMV 
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can be transported in the blood by monocyte-macrophages and virus produced in these 

cells can infect endothelial cells leading to virus spread into solid tissues such as the 

brain, liver, lung, etc. (63). Despite the broad spectrum of cells infected in vivo, 

propagation of HCMV in the laboratory is largely limited to normal human fibroblasts 

because other cells produce little virus. HCMV rapidly adapts to laboratory propagation 

in fibroblasts, however, losing the capacity to infect other cell types, i.e., epithelial and 

endothelial cells and monocyte-macrophages (33, 63, 70, 194). This adaptation to 

fibroblasts involves mutations in the ULb' region of the HCMV genome which includes 22 

genes (33). Targeted mutation of three of the ULb' genes: UL128, UL130 and UL131 

abolished HCMV infection of endothelial cells, transmission to leukocytes and infection 

of dendritic cells (62, 70). Restoration of UL128-131 genes in HCMV laboratory strain 

AD169 (which cannot infect epithelial and endothelial cells) produced viruses capable of 

infecting these cells (70, 231). There is also evidence that the UL128-UL131 proteins are 

deleterious to HCMV replication in fibroblasts, resulting in rapid loss or mutation of one 

or more of the UL128-131 genes during passage in fibroblasts (4). 

 A major step forward in understanding how the UL128-131 genes promote 

HCMV infection of epithelial and endothelial cells involved observations that the UL128-

131 proteins assemble onto the extracellular domain of the membrane-anchored HCMV 

glycoprotein heterodimer gH/gL (1, 232). Antibodies to each of UL128, UL130 and 

UL131 neutralized HCMV for infection of endothelial or epithelial cells (1, 232). All 

herpesviruses express gH/gL homologues and, where this has been tested, all depend 

upon gH/gL for replication and, more specifically, for entry into cells (51, 61, 145, 182). 

Indeed, we showed the gH/gL/UL128-131 complex mediated entry into epithelial and 

endothelial cells (185). All five members of the gH/gL/UL128-131 complex were required 
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for proper assembly and export from the endoplasmic reticulum (ER) and for function 

(183, 186). In addition, the expression of gH/gL/UL128-131, but not gH/gL or gB, in 

epithelial cells interfered with HCMV entry into these cells (183). This interference 

suggested that there are saturable gH/gL/UL128-131 receptors present on epithelial 

cells, molecules that HCMV uses for entry. There was no interference in fibroblasts 

expressing gH/gL/UL128-131, although some interference was observed with gH/gL 

(183). As noted above, gH/gL/UL128-131 plays no obvious role in entry into fibroblasts 

and, in fact, appears to be deleterious in this respect (4, 70, 185).  

 HCMV also expresses a second gH/gL complex: gH/gL/gO (87-89, 124, 231). 

Fibroblast-adapted HCMV strain AD169 expresses a gO protein that is a 110-125 kDa 

glycoprotein (88). Pulse-chase studies suggest that gH/gL assembles first in the ER 

before binding and forming disulfide links with gO (88, 89). The 220 kDa immature 

gH/gL/gO complex is transported from the ER to the Golgi apparatus and increases in 

size to ≈280-300 kDa before incorporation into the virion envelope (88). gH/gL/gO 

complexes are apparently distinct from gH/gL/UL128-131 complexes because gO-

specific antibodies do not detect complexes containing either UL128 or UL130 and 

UL128-specific antibodies do not precipitate gO (232). Laboratory strains Towne and 

AD169 gO-null mutants can produce small plaques on fibroblasts, leading to the 

conclusion that gO is not essential. However, the AD169 and Towne mutants produced 

≈ 1000 fold less infectious virus compared with wild type HCMV (51, 84), which might 

also be interpreted to mean that gO is very important or even essential for replication. 

Thus, the prevailing model has been that wild type HCMV particles contain two gH/gL 

complexes: gH/gL/gO that promotes infection of fibroblasts and gH/gL/UL128-131 that 

promotes entry into epithelial and endothelial cells. Supporting this model, there are two 
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different entry mechanisms: HCMV enters fibroblasts by fusion at the plasma membrane 

at neutral pH (40), whereas entry into epithelial and endothelial cells involves 

endocytosis and a low pH-dependent fusion with endosomes (185). This model of 

HCMV entry parallels models for Epstein-Barr virus (EBV) entry that uses gH/gL to enter 

epithelial cells and gH/gL/gp42 to enter B cells (91). Similarly, HHV-6 uses gH/gL/gO 

and gH/gL/gQ that bind to different receptors (149). 

 Many of the studies of gH/gL/gO have involved the fibroblast-adapted HCMV 

strain AD169 that fails to express UL131 and assemble gH/gL/UL128-131 or AD169 

recombinants in which UL131 expression was restored (87-89, 231, 232). It seemed 

possible that the adaptation of AD169 to long-term passage in fibroblasts might also 

involve alterations in gO. HCMV gO is unusually variable (15-25% amino acid 

differences) among different HCMV strains, compared with other viral genes (49, 152, 

160, 174, 209). In recent studies, Jiang et al. (101) described a gO-null mutant derived 

from the HCMV strain TB40/E, a strain that can infect endothelial cells following 

extensive passage on these cells. The TB40/E gO-null mutant spread poorly on 

fibroblasts compared with wild type TB40/E and there was little infectious virus detected 

in fibroblast culture supernatants. However, the few TB40/E gO-null mutant particles 

produced by fibroblasts that could initiate infection of endothelial cells were able to 

spread to form normal sized plaques on endothelial cells. These results further 

supported the model in which gH/gL/gO is required for infection of fibroblasts, but not for 

epithelial/endothelial cells. These authors also concluded that gO is important for 

assembly of enveloped particles in fibroblasts, based on observations of few infectious 

virus particles in supernatants and cytoplasmic accumulation of unenveloped capsids 

(101).  
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 Our studies of gH/gL/UL128-131 have involved the clinical HCMV strain TR (183, 

185, 186, 227). HCMV TR was originally an ocular isolate from an AIDS patient (198) 

and was passaged only a few times on fibroblasts before being genetically frozen in the 

form of a bacterial artificial chromosome (BAC) (152, 185). HCMV TR infects epithelial 

and endothelial cells (185) and monocyte-macrophages well (D. Streblow and J. Nelson, 

unpublished results). In the accompanying paper (184), we characterized the 

biochemistry and intracellular trafficking of TR gO. TR gO expressed either in TR-

infected cells or by using adenovirus vectors (expressed without other HCMV proteins) 

was largely retained in the ER. Co-expression of gO with gH/gL promoted transport of 

gH/gL beyond the ER. Importantly, TR gO was not found in extracellular virions. By 

contrast, AD169 gO was present in extracellular virus particles, as described previously 

(87, 88). We concluded that TR gO is a chaperone that promotes ER export of the gH/gL 

complex but gO dissociates prior to incorporation into the virus envelope. Moreover, 

these differences highlight major differences between gO molecules expressed by 

fibroblast-adapted strain AD169 and low-passage TR.  

 To extend these results and characterize how TR gO functions, whether in virus 

entry or virus assembly/egress, we constructed a TR gO-null mutant. TRΔgO exhibited 

major defects in entering fibroblasts, as evidenced by increased virus infection following 

treatment with the chemical fusogen PEG. Unexpectedly, the mutant also failed to enter 

epithelial and endothelial cells and, again, PEG partially restored entry. Relatively 

normal numbers of TRΔgO particles were produced and released into cell culture 

supernatants, although even with PEG treatment most of these virus particles remained 

defective in initiating immediate early HCMV protein synthesis. Western blot analyses of 

TRΔgO extracellular particles demonstrated very low levels of gH/gL incorporated into 
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virions, which likely explains reduced entry of TRΔgO. However, the low amounts of 

gH/gL complexes that were present in TRΔgO virions were associated with increased 

quantities of UL130 and these TRΔgO particles spread better compared with wild type 

HCMV on epithelial cell monolayers. Together with the results in the accompanying 

paper (184), we concluded that HCMV TR gO functions as a chaperone to promote ER 

export of gH/gL to HCMV assembly compartments and incorporation of gH/gL into the 

virion envelope. The highly reduced quantities of gH/gL in virions are apparently 

responsible for the inability of TRΔgO to enter fibroblasts, epithelial and endothelial cells. 

These results suggest a modified version of our model in which gH/gL, not gH/gL/gO, 

mediates entry into fibroblasts and both gH/gL and gH/gL/UL128-131 are required for 

entry into epithelial and endothelial cells.  

D. Materials and Methods 

 D1. Cells and viruses. MRC-5 fibroblasts were obtained from the American 

Type Culture Collection (ATCC-CCL-171) and neonatal normal human dermal 

fibroblasts (NHDF) were obtained from Cascade Biologics (Portland, OR) and were 

grown in Minimum Essential Medium (MEM, Invitrogen) and Dulbecco's Minimum 

Essential Medium (DMEM, Invitrogen), respectively, that was supplemented with 5% 

fetal bovine serum (FBS, Hyclone) and 5% bovine growth supplement (BGS, Hyclone). 

The retinal pigment epithelial cell line ARPE-19 was obtained from the ATCC and was 

grown in a 1:1 mix of DMEM and Ham’s F-12 medium (Invitrogen) supplemented with 

10% FBS. HPV E6/E7 transformed aortic endothelial cells (HPV-AEC) were provided by 

Ashlee Moses (Oregon Health & Science University) and were grown in Medium 200 

(Cascade M-200-500) supplemented with low serum growth supplement (Cascade). 
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HCMV strain TR was derived from the ocular vitreous fluid of an AIDS patient (198) and 

was stabilized in the form of a bacterial artificial chromosome (BAC) (152). Wild-type TR 

was propagated on NHDF cells by infection at a multiplicity of less than 0.1 in DMEM 

plus 5% FBS for 10 to 16 days. Virus particles were concentrated from infected cell 

supernatants by centrifugation at 50,000 X g for 1 h through a 20% sorbitol cushion.  

 D2. Construction of recombinant HCMV TRΔgO. The UL74 gene of BAC-TR 

was mutated by using lambda phage linear recombination as previously described (23, 

123, 244). Briefly, a 1.5-kb PCR product containing a kanamycin resistance (kanR) gene 

cassette flanked by Flp recombination target (FRT) sites and with HCMV sequences 

near the 5' end of the UL74 gene (60 nt, corresponding to nt 144593 to 14534 of the 

published TR sequence, accession no. AC146906) and sequences near the 3' end of 

the UL74 gene (61 nt, corresponding to nt. 143393 to 143333) was generated with 

primers: 

GTACACGCAGGCAAGCCAAACCACAAGGCAGACGGACGGTGCGGGGTCTCCTCCT

CTGTCGTAAAACGACGGCCAGT and 

TAGGTGTAGTTTCGGAAGCCGTTTTGTTTTCCACGAACATGGTTTCGTTGTAATATA

AGGATTACAGGAAACAGCTATGAC using a PCR template from pCP015 (36). 

Following transformation of EL250 bacteria containing TR-BAC with the kanR PCR 

product, bacteria were selected for growth on kanamycin. KanR clones were analyzed by 

Southern blot analyses using probes specific for the UL74 gene and for the kanR 

sequences following EcoRI restriction. Clones were also confirmed by direct DNA 

sequence analysis. The kanR cassette was removed from BAC-TRΔgO kanR clones by 

inducing Flp recombinase expression in EL250 host bacteria (123). Colonies were 

replica plated on chloramphenicol and kanamycin-containing plates to screen for BAC 
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lacking kanR sequences and clones were confirmed by Southern blotting. Infectious 

HCMV TRΔgO was derived by electroporation of BAC DNA (2 µg) into MRC-5 cells (5 X 

106 cells). Following electroporation, the MRC-5 cells were washed, plated in 100-mm 

dishes in DMEM containing 10% serum, allowed to spread on the plastic, and fresh 

medium was added after 24 h. When these cells became confluent, the cells were 

trypsinized and replated at a lower cell density, until TRΔgO produced cytopathic effect 

in ≈20% of the cells after 42 days. 

 D3. Production of TRΔgO virus stocks and PEG treatment to enhance 

entry. Initially, TRΔgO was propagated using BAC-TRΔgO transfected MRC-5 cells by 

trypsinizing the cells and plating infected cells with other, uninfected MRC-5 cells. Cell 

culture supernatants were harvested, and viruses were concentrated either by 

centrifugation at 50,000 X g for 1 h or through 20% sorbitol at 50,000 X g for 1 h. Later, 

TRΔgO virus stocks were produced using NHDFs infected with extracellular TRΔgO 

virus particles by enhancing virus entry using a combination of low speed centrifugation 

and PEG treatment. Briefly, cells and virus were mixed and immediately centrifuged at 

800 x g for 1 h at 15˚C. Cells were washed once with warm PBS then treated with 44% 

(wt/wt) PEG (Fluka) in PBS at 37°C for 30 sec, and then washed immediately four times 

with warm PBS.   

D4. Quantitative PCR (qPCR) of HCMV DNA. Cell culture supernatants from 

HCMV-infected cells were treated with DNase-I (Roche) to remove any DNA not 

protected within viral capsids. Capsids were disrupted by using the detergents and 

proteinase K in the QIAamp MinElute Virus Spin Kit (Qiagen). DNA was resuspended in 

50 µL nuclease-free water and genomes were quantified by real-time qPCR using 

UL115 primers and TaqMan probes (Applied Biosystems): forward 
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GTAGCCATAACCTGTCAATCATCCTGTA, reverse 

GTATTGTAGCGTGTAATTTAGGTTGCACT, probe 6FAM-

TTGCGGTGGATGAAGAAGAGCCAGAACTG. PCR samples were made to a total 

volume of 25 µL with 2X TaqMan Universal PCR Master Mix (Applied Biosystems), 10 

µL of 1:100, 1:1,000, or 1:10,000 dilutions of cDNA, 600 nM forward and reverse primers, 

150 nM probe, and nuclease-free water. Sequences were detected using an ABI Prism 

7700 Sequence Detection System. Samples were compared to a plasmid 

pcDNA3.1(+)gLSP standard. 

 D5. Antibodies. Mouse monoclonal antibodies (MAb) specific for the HCMV 

major capsid protein (28-4), tegument protein p65 (28-19), and glycoproteins gB (27-

156) and gN (14-16A) were kindly provided by Bill Britt (University of Alabama, 

Birmingham) (27, 28, 34). Rabbit polyclonal anti-IE86 antibody (R683) has been 

described previously (99). Rabbit polyclonal antisera directed against HCMV gH, gL, and 

UL130 were previously described (186). Polyclonal antisera directed against a peptide 

(KRKQAPVKEQSEKKSKKSC) derived from HCMV TR gO was produced by coupling 

the peptide to keyhole limpet hemocyanin using m-maleimidobenzoyl-N-

hydroxysuccinimide ester (Sigma, St. Louis, MO) and vaccinating rabbits as described 

(186). 

 D6. Immunofluorescence. HCMV-infected cells were fixed with 50:50 

methanol:acetone for 10 min, washed 3 times with phosphate buffered saline (PBS), and 

then permeabilized using IF buffer (0.5% Triton X-100, 0.5% deoxycholate, 1% BSA, 

0.05% sodium azide in PBS). The cells were stained with anti-IE86 rabbit sera diluted in 

IF buffer, washed with IF buffer, and then incubated with Alexa-594-conjugated goat 

anti-rabbit secondary antibody obtained from Molecular Probes (Eugene, OR). In some 
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experiments, cells were also stained with SYTO 13 green fluorescent nucleic acid stain 

(Invitrogen) in PBS for 10 min. The cells were analyzed using a Nikon Eclipse TS100 

fluorescent microscope.  

 D7. HCMV cell-to-cell spread assay. NHDF, MRC-5, and ARPE-19 cells were 

grown to near confluence and infected with 100-200 PFU of wild type TR or TRΔgO 

using centrifugation (800 x g for 1 h at 15˚C) and PEG treatment. Cells were maintained 

in media containing 0.3% pooled human immunoglobulin (a source of HCMV neutralizing 

antibodies) for 10 and 20 days then fixed and analyzed by immunofluorescence for IE86. 

 D8. HCMV release assay. NHDF cultured in 12 well dishes (Falcon) were 

infected with wild type TR and TRΔgO using doses of virus that resulted in 20% infection 

by using PEG treatment. Cell culture medium was changed 1 day post-infection with 1 

mL fresh DMEM containing 10% serum. Cell culture supernatants were collected after 2, 

4, 6, and 8 days. Cell debris was removed from supernatants by centrifugation at 20,000 

x g for 10 min. 200 µL of each sample was DNase I treated and then viral DNA was 

subsequently harvested with QIAamp MinElute Virus Spin Kit (Qiagen). Genomes were 

measured by qPCR (as described above). At these same times, the cells were fixed and 

analyzed by immunofluorescence for IE86 expression. 

 D9. Immunoblotting. Cell culture supernatants derived from HCMV-infected 

cells were clarified by centrifugation at 6,000 x g for 15 minutes then virus particles 

pelleted at 50,000 x g for 1 h through 20% sorbitol cushions (185). Virus pellets or 

HCMV-infected cells were lysed in 50 mM Tris-HCl, pH 6.8 buffer containing 2% SDS 

and 2% ß-mercaptoethanol, then proteins were separated using SDS-polyacrylamide 

gels. Proteins were electrophoretically transferred to Immobilon membranes (Millipore) in 

a buffer containing 25 mM Tris, 192 mM glycine, and 20% methanol. HCMV proteins 
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were detected with rabbit polyclonal antibodies or MAb, followed by horseradish 

peroxidase-conjugated secondary antibodies, and chemiluminescence imaging as 

described (90, 239). 

 D10. Electron microscopy. NHDF were infected with wild type TR or TRΔgO by 

using centrifugation and PEG enhancement. After 7 days the cells were washed with 0.1 

M sodium cacodylate buffer, pH 7.2 and fixed in Ito and Karnovsky's fixative (1.6% 

paraformaldehyde, 2.5% glutaraldehyde, and 0.5% picric acid in 0.1 M sodium 

cacodylate, pH 7.2) for 30 min at 23°C. The samples were post-fixed in 1.5% osmium 

tetroxide, rinsed, post-fixed in 4% paraformaldehyde, then dehydrated in a graded 

acetone series and embedded in epoxy resin, and ultrathin sections were double stained 

in uranyl acetate and lead citrate and viewed with a Philips EM 300 electron microscope. 

E. Results 

E1. Construction of a HCMV TR mutant unable to express gO. The previous 

evidence that HCMV gH/gL/UL128-131 promotes virus entry (185), suggested the 

possibility that gH/gL/gO might also participate in entry. This point has not been studied 

for any HCMV strain, either AD169 or the endotheliotropic TB40/E strain (101). We 

routinely use HCMV strain TR that can infect fibroblasts, epithelial and endothelial cells 

well (152, 185, 198). To construct a gO-null mutant, a BAC containing TR sequences 

was used in conjunction with homologous recombination targeting the UL74 (gO) gene, 

as described (23, 185). First, the N-terminal 1,141 nucleotides of the UL74 (gO) gene 

beginning with the start codon were replaced with a kanamycin resistance (kanR) 

cassette flanked by FRT sites (Fig. 1A). The gO sequences targeted were carefully 

designed to avoid disruption of the promoters and polyadenylation sites for flanking 

genes (gH and gN). Bacterial clones were selected for resistance to kanamycin then the 
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kanR cassette was removed by induction of flp recombinase. Southern blot analysis 

revealed that the kanR cassette replaced the UL74 gene in BAC-TR∆gO kanR clones #2 

and #3 and the kanR cassette was removed in BAC-TR∆gO clones #2.1 and #3.1 (Fig. 

1B).  

BAC-TRΔgO clones #2.1 and #3.1 were separately introduced into MRC-5 

fibroblasts using electroporation. After 5 days, there was visible cytopathic effect (CPE) 

in a small number of cells and there was limited virus spread of both TRΔgO clones over 

the subsequent 5-7 days. This spread of CPE was substantially (2-10%) less when 

compared with other dishes of MRC-5 cells that had been transfected with BAC TR 

(wild-type). Since the majority of MRC-5 cells transfected with both clones of BAC-

TRΔgO did not display CPE, we replated these cells with other, uninfected MRC-5 cells 

for several rounds to amplify virus. Over the course of 6 weeks, infections with both 

clones spread to ≈20% of the cells. Other attempts to transfect BAC-TRΔgO using 

normal human dermal fibroblasts (NHDF) produced virus but CPE was observed even 

later. Virus derived from one of these BAC clones: BAC-TRΔgO #3.1, was denoted 

HCMV TRΔgO and studied further by western blot analysis and most other analyses. 

However, a second virus derived from BAC-TRΔgO #2.1 was also characterized in a 

more limited number of experiments described below. TRΔgO expressed gB, gH, gL, 

and gN, but not gO (Fig. 1C). There were reduced quantities of all HCMV proteins in 

TRΔgO-infected fibroblasts compared with wild type TR but these reductions in HCMV 

proteins were in line with reduced numbers of infected cells (not shown). Importantly, the 

reduced expression of gH and gN could be explained by these reduced numbers of cells 
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and was similar to expression of gB, demonstrating the adjacent (UL73 and UL75) 

genes were not negatively affected by mutation of the gO (UL74) gene.  

E2. TRΔgO particles are defective for entry into human fibroblasts. We 

attempted to characterize entry of TRΔgO virus particles into fibroblasts by using 

particles derived from cell culture supernatants. Because infection and spread of TRΔgO 

in fibroblast monolayers was markedly reduced, compared with wild type TR, many 

fewer cells were infected and fewer virus particles were produced into cell culture 

supernatants. However, virus particles in supernatants could be concentrated by 

centrifugation and quantified by measuring HCMV DNA by quantitative PCR. Thus, by 

using the content of viral DNA we could apply similar quantities of virus particles to cells. 

Wild type TR and TRΔ131, a mutant unable to assemble gH/gL/UL128-131 complexes 

(186) were applied to NHDFs, representing 1 PFU/cell of each virus. A similar quantity of 

TRΔgO particles (normalized using genome copies) was also incubated with fibroblasts. 

Infection of these fibroblasts was measured by staining cells using IE86-specific 

antibodies. Wild type TR and TRΔ131 infected 78.4% and 52.6% of fibroblasts, 

respectively (Fig. 2). By contrast, we did not detect any IE86+ fibroblasts following 

inoculation with a comparable amount of TRΔgO particles (Fig. 2, TRΔgO 1X). When the 

TRΔgO inoculum was increased 10-fold, we observed infection of 5-10 cells/well 

representing 0.025-0.04% of the total cells in the dish (Fig. 2, TRΔgO 10X). Thus, 

extracellular TRΔgO virus particles cannot initiate infection of fibroblasts well. It is 

important to note that these infections involved extracellular TRΔgO particles and are 

different from our propagation of TRΔgO which involved plating TRΔgO-infected 

fibroblasts with uninfected fibroblasts.  
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We previously showed that HCMV UL128-131 mutants failed to enter epithelial 

and endothelial cells, but this defect was reversed by treating cells and virus with the 

chemical fusogen PEG (185). PEG promotes entry of mutant viruses that are bound onto 

cell surfaces, but unable to enter because the virus particles are blocked in the capacity 

to fuse with cellular membranes. Fibroblasts were inoculated with TRΔgO using 

quantities of virus particles corresponding to 1 PFU/cell of wild type TR, then treated with 

PEG and ≈ 7% of the cells were IE86+ (Fig. 2, TRΔgO 1X). Using 10-fold more TRΔgO 

and PEG, 26% of the fibroblasts expressed IE86 (Fig. 2, TRΔgO 10X). In separate 

experiments using concentrated stocks of TRΔgO, we could obtain 5-40% infection of 

fibroblasts using PEG treatment (not shown). Therefore, the markedly enhanced 

expression of IE86 following PEG treatment demonstrated that TRΔgO was severely 

defective for entry into human fibroblasts. However, the low levels of infection observed 

even with 10 fold more TRΔgO virions and PEG treatment, suggested that many of the 

TRΔgO particles were defective in processes that preceded or followed fusion. This 

phenotype was different from UL128-131 mutants (186).  

A very similar phenotype was observed with HCMV derived from the second 

BAC clone, BAC-TRΔgO #2.1, described above, i.e., very few or no IE86+ fibroblasts 

were detected without PEG and 5-40% IE86+ cells with PEG (not shown). This provided 

evidence that this phenotype was not due to secondary mutations.  

E3. TRΔgO particles are defective for entry into epithelial and endothelial 

cells. Our model suggested that gH/gL/gO might mediate infection of fibroblasts (40, 

185). To test this model, we investigated whether TRΔgO could enter ARPE-19 retinal 

epithelial cells. Infection of ARPE-19 cells requires higher inputs of HCMV (40, 185) and 
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consequently, cells were infected using 10 PFU/cell of wild type TR and an equal 

quantity of TRΔgO particles (based on quantities of viral DNA). All the epithelial cells 

were infected with wild type TR (Fig. 3). By contrast, very few of the ARPE-19 cells were 

infected with TRΔgO. In this particular experiment, no IE86+ cells were detected in 

several wells infected with TRΔgO, although in other experiments 1-10 IE86+ cells per 

well (0.005-0.04% of the cells) were detected. PEG treatment increased the number of 

IE86+ epithelial cells infected by TRΔgO to 7% (Fig. 3).  

To determine whether TRΔgO could infect endothelial cells, HPV E6/E7 

transformed aortic endothelial cells (HPV-AEC) were also infected with wild type TR, 

TRΔ131 or TRΔgO. Again, similar quantities of TRΔgO particles were applied to cells 

using PCR to quantify viral genomes in preparations of supernatant virus particles. Wild 

type TR infected 54.7% of the endothelial cells using 1 PFU/cell, whereas no cells were 

infected with either TRΔgO or TRΔ131 at this dose of virus (Fig. 4). Using 10 fold more 

TRΔgO (Fig. 4, TRΔgO 10X) less than 0.1% of the endothelial cells were infected in this 

experiment (Fig. 4) and no cells in other experiments (not shown). PEG treatment 

increased TRΔ131 infection at the lower dose of virus (1 PFU/cell) to 43.3%. TRΔgO at 

the lower dose (TRΔgO 1X) infected ≈1% of endothelial cells following PEG treatment 

and 10 fold more TRΔgO particles infected 4.8% of the cells (Fig. 4, TRΔgO 10X). These 

observations suggested that TR gO is important for HCMV entry into both epithelial and 

endothelial cells. This conclusion was surprising given our model that gH/gL/gO 

functions primarily in fibroblasts and not in epithelial and endothelial cells. However, in 

contrast to TRΔ131, there were defects beyond entry fusion, because PEG 

enhancement did not restore infection to wild type levels.   
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 E4. TRΔgO cell-to-cell spread. Cell-to-cell spread of TRΔgO between 

fibroblasts and between epithelial cells was measured by using PEG to enhance virus 

entry into cells then monitoring infected cells for IE86 expression over 20 days. TRΔgO 

produced plaques on NHDF and MRC-5 fibroblasts that included reduced numbers of 

infected cells per plaque: 40-65% compared with wild type TR plaques (Fig. 5). By 

contrast, on ARPE-19 epithelial cells TRΔgO formed larger plaques that included 350-

440% the number of infected cells per plaque compared with wild type TR plaques (Fig. 

5). We were unable to obtain plaques with several types of endothelial cells, as the cells 

did not remain attached to plastic dishes over the course of these long experiments. 

Given previous results (51, 84, 101), it was not unexpected that TRΔgO would spread 

poorly on fibroblasts. However, it was surprising that TRΔgO could spread between 

epithelial cells better compared with wild type TR, especially given that the mutant 

largely failed to enter these epithelial cells as cell-free virus.  

 E5. Quantification of TRΔgO virus particles in cell culture supernatants. To 

determine whether the defects in TRΔgO virus particle entry and subsequent IE86 

expression might be related to defects in assembly or release of virus particles, we 

quantified the numbers of viral genomes in cell culture supernatants. From the studies 

above, it was clear that some TRΔgO particles were released from cells and it was 

possible to concentrate these particles and enhance their entry by using PEG. However, 

these studies did not compare the numbers of particles released. In one set of 

experiments designed to quantify the numbers of particles present in cell culture 

supernatants, MRC-5 cells that had been transfected with BAC-TRΔgO or BAC-TR were 

trypsinized and plated with uninfected MRC-5. After two rounds of expansion of TRΔgO-
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infected fibroblasts, the numbers of infected cells were measured by IE86+ staining. In 

the experiment shown in Fig. 6A, ≈ 10% of the MRC-5 cells were infected with TRΔgO, 

and 100% of the cells were infected with wild type TR. Cell culture supernatants were 

harvested from these cells and, following DNase treatment to remove DNA not protected 

by capsids, HCMV DNA was measured by quantitative PCR. In line with the numbers of 

infected cells, there were also ≈ 10% the number of TRΔgO genomes compared with 

wild type TR genomes in these supernatants (Fig 6A). To further determine whether 

there were defects in assembly or egress of HCMV with loss of gO, we attempted to 

increase the number of TRΔgO-infected cells by concentrating TRΔgO extracellular 

particles and used these in conjunction with PEG to enhance entry into cells. We also 

used fewer wild type TR virions so that after 2 days ≈ 20% of the fibroblasts were 

infected by both TRΔgO and wild type TR, as assessed by staining with IE86-specific 

antibodies. Cell culture supernatants were harvested after various times and the 

quantities of HCMV genomes were measured by quantitative PCR. Given that there 

were higher input doses of TRΔgO particles, we observed larger quantities of 

extracellular virus particles (genomes) in TRΔgO supernatants after day 2 (Fig. 6B). This 

was related to the larger quantities of TRΔgO particles that stuck on cell surfaces 

(resisting washes), but failed to enter even with PEG enhancement. However, by day 8, 

differences between the amounts of viral DNA in cell culture supernatants comparing 

TRΔgO and wild type TR narrowed so that there were comparable amounts of wild type 

TR and TRΔgO DNA in supernatants. We concluded that TRΔgO assembles particles 

and these particles are released into cell culture supernatants in relatively normal 

numbers.  
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 E6. Electron microscopic analyses of TRΔgO-infected fibroblasts. To further 

examine TRΔgO assembly and egress, we infected fibroblasts with wild type TR or 

TRΔgO using PEG enhancement. Only 10-20% of the cells were infected with TRΔgO, 

whereas all cells were infected with wild type TR. We harvested infected cells after 7 

days and then fixed and stained the cells for electron microscopy. Enveloped virions 

were observed in the cytoplasm and on the surfaces of both wild-type TR- and TRΔgO-

infected NHDFs (Fig. 7). Due to the differences in the numbers of infected cells, it was 

difficult to compare (count) the absolute numbers of enveloped virions. However, among 

the TRΔgO-infected cells, cells that possessed capsids in the nucleus, there was no 

apparent reduction in the numbers of enveloped versus unenveloped capsids in the 

cytoplasm and numerous TRΔgO virus particles were observed on cell surfaces. 

Together with the results in the previous section involving quantification of viral DNA (Fig. 

6), we concluded that TR gO is not required for assembly of enveloped virions or egress 

to cell surfaces.  

 E7. Loss of gO reduces incorporation of gH/gL complexes into the virion 

envelope but increases quantities of UL130. In the accompanying paper (184) we 

showed that gO promotes ER export of gH/gL. Thus, it was of special interest to 

determine whether loss of gO altered the quantities of gH/gL complexes present in 

extracellular virus particles. Fibroblasts were infected with wild type TR or TRΔgO using 

PEG enhancement and cell culture supernatants were harvested and concentrated by 

pelleting the particles through 20% sorbitol cushions. Viral proteins in these particles 

were analyzed by western blotting. Again, we attempted to equalize the quantities of wild 

type TR versus TRΔgO particles by using quantitative PCR to determine virus genomes. 

Several of the major structural proteins of HCMV particles, including the major capsid 
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protein (MCP), tegument protein pp65, and glycoproteins gB and gN, were present in 

wild type TR particles, as expected (Fig. 8). TRΔgO exhibited reduced quantities of gB, 

MCP, and pp65, although these proteins were reduced by two-fold or less likely 

reflecting differences in measuring viral DNA and proteins (Fig. 8). gO was detected in 

TR-infected cells, but not in wild type TR particles, consistent with observations in the 

accompanying paper (184). Surprisingly, TRΔgO virions contained little gH and gL, 

despite being present in infected cell lysates at a level comparable to gB (Fig. 1). In 

lighter exposures, no gH or gL was observed, but darker exposures revealed a small 

quantity of gH and gL in TRΔgO particles. Even taking into account the reduced 

quantities of gB and MCP in TRΔgO particles, we estimate that gH and gL were reduced 

by ≈90-95% in TRΔgO particles compared with TR particles. Despite this decreased 

quantity of gH/gL, UL130 was increased in TRΔgO virions by 2-3 fold compared with wild 

type TR. These studies were further confirmation that virus particles were released from 

TRΔgO-infected cells. We concluded that loss of TR gO leads to the production of 

virions with much less gH/gL, although the small quantities of gH/gL that are present 

contain more UL130 and, likely, gH/gL/UL128-131. 

F. Discussion  

  Our studies of HCMV TR gO were prompted by observations that clinical versus 

laboratory strains of HCMV differ with respect to the expression of gH/gL/UL128-131 

which mediates entry into epithelial and endothelial cells (186). Given these results and 

work with other herpesviruses, it seemed likely that gH/gL/gO might be involved in entry 

into fibroblasts. Consistent with a role for gH/gL/gO in HCMV entry into fibroblasts, we 

recently found that expression of gH/gL/gO in fibroblasts effectively interfered with 
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HCMV entry into fibroblasts, while expression of gB, gH/gL and gH/gL/UL128-131 

produced much less or no interference (A. Vanarsdall, M. Chase, and D. Johnson, in 

press). Thus our working model suggested that HCMV uses gH/gL/UL128-131 to enter 

epithelial/endothelial cells, gH/gL/gO to enter fibroblasts, and that adaptation to 

fibroblasts favors the gH/gL/gO entry pathway.  

To test the model, a HCMV TR gO-null mutant was constructed using BAC 

mutagenesis. The use of BACs substantially reduces the chances of second site 

mutations involving distant genes (17). However, the possibility of second site mutations 

(affecting neighboring or more distant genes) was made extremely unlikely by three sets 

of observations. First, the deletion of the gO coding sequences did not affect either the 

promoters or polyadenylation sites for the adjacent gH and gN genes, and gH and gN 

proteins were expressed at levels comparable to gB. Second, two separate BAC clones 

were used to produce two different viruses and both were found to be unable to enter 

fibroblasts and epithelial cells unless PEG enhancement was used. Third, our TR gO-

null mutant was phenotypically similar to the previously characterized HCMV AD169, 

Towne and TB40/E gO-null mutants with respect to production of small plaques on 

fibroblasts and relatively normal (or better) spread on epithelial and endothelial cells (84, 

101). It is very hard to conceive of the possibility that secondary mutations, i.e., in genes 

other than the gO gene, would produce this exact phenotype on all cell types.  

TRΔgO produced very little infectious virus into cell culture supernatants, i.e., 

virus that could initiate infection of fibroblasts. When TRΔgO particles from supernatants 

were concentrated and applied to fibroblast monolayers, only a few cells per dish (0 - 

0.04%) were infected. However, when PEG was used to chemically promote membrane 

fusion, as many as 40% of the fibroblasts could be infected with TRΔgO. The striking 
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increase in rates of infection with PEG demonstrated that a fraction of TRΔgO particles 

were markedly defective for entry into fibroblasts. However, PEG enhancement of 

TRΔgO entry failed to produce rates of infection similar to wild type HCMV. When 10 

times as many TRΔgO particles were used (compared to TR at 1 PFU/cell, a dose that 

infected ≈75% of cells) there was infection of only 5-40% of fibroblasts. These results 

also suggested that another fraction of TRΔgO particles possessed defects either 

preceding or following entry fusion.  

Quantification of HCMV genomes in extracellular virus particle preparations 

demonstrated relatively normal numbers of TRΔgO particles compared with wild type 

TR, when numbers of infected cells were taken into account. These studies were 

complicated to perform related to defects in TRΔgO infection and spread between 

fibroblasts. With fewer fibroblasts infected by TRΔgO versus wild type TR, it was difficult 

to compare extracellular particles. PEG was used to boost the entry of TRΔgO and using 

lower inputs of TR we could roughly match infections so that after 2 days there was ≈ 

20% infection with both mutant and wild type HCMV. After 8 days, TRΔgO produced 

comparable quantities of HCMV particles (measured by viral DNA). Immunoblotting of 

extracellular TRΔgO particles also showed that there were relatively normal quantities of 

gB, the tegument protein pp65 and MCP. Furthermore, electron microscopy of TRΔgO-

infected fibroblasts revealed morphologically normal enveloped virus particles in the 

cytoplasm and on cell surfaces.  

Our analyses of extracellular TRΔgO particles derived from fibroblasts by 

immunoblotting demonstrated marked reductions in the amounts of gH and gL, 

compared with gB, pp65 and MCP. Related to these observations, in the accompanying 
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paper (184) we showed that TR gO is largely ER retained but acts as a molecular 

chaperone to facilitate ER export of gH and gL. Previous studies had shown that co-

expression of UL128-131 with gH/gL (without other HCMV proteins) also increases ER 

export of gH/gL, but, importantly, the UL128-131 proteins remain bound onto gH/gL and 

become incorporated into virions as gH/gL/UL128-131 (186). The markedly reduced 

quantities of gH/gL present in extracellular TRΔgO virions probably explains the 

observed defects in entry into fibroblasts. It appears that gH/gL, and not gH/gL/gO, 

mediates entry into fibroblasts. This conclusion is partially based on the observations 

that HCMV UL128-131-null mutants can efficiently enter fibroblasts (70, 185), indicating 

that a second gH/gL complex must function in fibroblast entry. Furthermore, the highly 

reduced amounts of gH/gL present in TRΔgO particles might explain our observations 

that these particles are morphologically normal, yet cannot enter cells efficiently, even 

with PEG treatment. Without normal amounts of gH/gL, these virions might be less able 

to bind onto cell surfaces. Reduced binding to cells would not be overcome by PEG 

treatment. This point is under investigation in ongoing studies.  

Entry into epithelial and endothelial cells by TRΔgO (produced by fibroblasts) 

was also extremely poor. Concentrated stocks of extracellular TRΔgO particles infected 

only a few cells in the entire monolayer. PEG treatment increased TRΔgO infection to 5-

10% of these cells. This inhibition of entry into epithelial and endothelial cells was not 

predicted from our working model in which gH/gL/UL128-131, rather than some other 

gH/gL complex, is required for entry into epithelial and endothelial cells. Instead, the 

highly reduced quantities of gH/gL in the envelope of TRΔgO apparently reduced entry 

into these cells. This supports a modified hypothesis in which HCMV entry into epithelial 

and endothelial cells requires both gH/gL and gH/gL/UL128-131.  
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Spread of TRΔgO in fibroblast monolayers was reduced, as plaques included 35-

60% the number of cells compared with wild type TR. By contrast, the defect in entering 

fibroblasts was much more pronounced, involving 104-105 fewer cells infected. Cell-to-

cell spread of TRΔgO between epithelial cells was increased by 2.5 to 4 fold, compared 

with wild type TR. Again, this spread was compared with 104-105 fewer cells infected by 

TRΔgO. These results were similar to those involving the TB40/E gO-null mutant that 

could spread normally on endothelial cells (101). We found that there were increased 

amounts of UL130 present in TRΔgO extracellular virions. It seems probable that this 

increased UL130 was accompanied by increased UL128 and UL131 as well, although 

this was not directly tested. If this is the case, the increased quantities of gH/gL/UL128-

131 found in TRΔgO virions were insufficient for entry into epithelial/endothelial cells, but 

apparently promoted increased movement of TRΔgO particles between epithelial and 

endothelial cells.  

Observations of enhanced HCMV cell-to-cell spread with virus particles that were 

highly defective for entry into cells were quite astonishing. These results underscore 

major differences between these two processes. One possibility is that cell-to-cell spread 

is much less sensitive to deficiencies in the quantities of gH/gL, compared with entry of 

extracellular particles. This may relate to the relative concentration of herpesvirus 

receptors at cell junctions where cell-to-cell spread likely occurs (reviewed in (102)). 

Extracellular virus particles might require higher quantities of gH/gL complexes to find 

and bind receptors on cell surfaces. However, it is important to note that we did not 

purify extracellular TRΔgO virus particles from epithelial cells. Thus, we do not know 

whether these extracellular particles, or particles spreading between epithelial cells, 

have deficiencies in gH/gL, but this is likely.  
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Previous characterization of an HCMV strain TB40/E gO-null mutant by Jiang et 

al. (101) produced some similar results compared with ours, but also some different 

conclusions about how gO functions. They observed very few infectious virus particles 

(100-1000 fold decreased) produced into fibroblast culture supernatants, similar to our 

results with TRΔgO. The very small amounts of infectious TB40/E gO-null in cell culture 

supernatants were concentrated then applied to fibroblasts using 0.001 PFU/cell 

comparing to the same amount of wild type TB40/E. Both mutant and wild type produced 

rare cells expressing early and late HCMV genes. From this, they concluded that there 

were not defects in virus entry associated with loss of gO. However, because TB40/E 

gO-null particles in supernatants were not enumerated, it was not clear whether there 

were large quantities of noninfectious TB40/E gO-null (based on the 100-1000 fold 

decrease in infectious virus) that failed to enter these cells. Certainly, our studies 

involving PEG treatment directly demonstrated defects in TRΔgO entry into all cells 

tested. We also observed no defects in virus egress, normal numbers of virus particles 

were found in cell culture supernatants, and enveloped particles were observed in 

infected cells in normal numbers by electron microscopy. Jiang et al. observed 

substantial accumulation of unenveloped capsids in the cytoplasm and few enveloped 

particles produced in TB40/E gO-null infected fibroblasts by electron microscopy and 

concluded that gO is required for virus assembly (101). The different conclusions about 

how TB40/E and TR gO function might also reflect strain differences, as gO is highly 

variable (49, 152, 160). In this regard, TB40/E was passaged extensively on endothelial 

cells, whereas TR is a low passage strain. Whether our results involving TR gO apply to 

other HCMV strains is not clear. TR is a low passage isolate that we consider “wild type.” 

Alternatively, the concept of “wild type” may be misplaced here, so that different strains 
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of HCMV make use of gO for different functions. Resolving these issues will require the 

characterization of other clinical strains of HCMV (e.g., strain Merlin). 

In summary, the studies herein and in the accompanying paper (184) 

demonstrated that TR gO is not present in virions and, instead, acts to increase gH/gL 

export from the ER (184) and incorporation into extracellular virions (this study). Thus, it 

appears that gH/gL, rather than gH/gL/gO, mediates HCMV entry into fibroblasts. 

However, entry into epithelial and endothelial cells appears to require both gH/gL and 

gH/gL/UL128-131. These observations provide a molecular picture for why loss of 

UL128-131 proteins promotes adaptation of HCMV to propagation in fibroblasts. The 

increased levels of UL130 in TRΔgO particles suggest that gO and UL128-131 compete 

for binding to gH/gL. Consistent with this notion, co-expression of gO with gH/gL 

decreases binding of UL128-131 to gH/gL in experiments involving Ad vectors (B. 

Ryckman, unpublished results). By this model, loss of UL128-131 might favor the 

production of gH/gL and the fibroblast entry pathway. It seems possible that adaptation 

to passage in fibroblasts produces changes in gO. Observations that both HCMV gH/gL 

and gH/gL/UL128-131 are required for entry into cells differ from models involving EBV 

and HHV-6, which use one of two gH/gL complex to enter different cell types (91, 148). 

G. Acknowledgments 

 This work was supported by grants from the National Institutes of Health 

R01AI081517 (to DCJ) and RO1AI21640 (to JAN). We thank Michael Webb of the 

OHSU EM Core for excellent technical assistance with the electron microscopy 

experiments, and Craig Kreklywich for assistance with qPCR. We are grateful to Dr. 

William J. Britt (University of Alabama-Birmingham) for supplying important monoclonal 

antibodies. Tiffani Howard prepared the graphics. Finally, we appreciate advice and 



 59 

support from all the members of the Johnson and Nelson laboratories, especially Brent 

Ryckman, Adam Vanarsdall, and Marie Chase. 

  



 60 

 

H. Figures 

 Figure 1. Construction of a HCMV TR gO-null mutant. (A) TR-BAC containing 

the entire genome of HCMV clinical strain TR (except for where the BAC sequence 

replaces US2-US5) was previously described (152). The UL73 (gN), UL74 (gO) and 

UL75 (gH) genes are depicted. The N-terminal 1,141 nucleotides of UL74 (beginning at 

the gO start codon and extending to codon 380) were replaced by homologous 

recombination with a kanamycin resistance (kanR) cassette flanked by FRT sites 

producing BAC-TRΔgO kanR. The replacement did not affect the UL73 or UL75 

promoters, coding sequences, or polyA sites. Following induction of flp recombinase in 

bacteria, the kanR cassette was excised, leaving a single FRT site in place of the N-

terminal UL74 sequences (BAC-TRΔgO). Illustration by Tiffani Howard. (B) Southern 

blot analyses of BAC clones. TR-BAC (WT), BAC-TRΔgO kanR clones 2 and 3, and 

BAC-TRΔgO clones 2.1 and 3.1 were digested with EcoRI. This produces a 32.4 

kilobase fragment for wild type UL74 but a 4.5 kilobase fragment when the kanR cassette 

is inserted. Flp recombination produced clones 2.1 and 3.1 that lacked both kanR and 

UL74 sequences. The blots were probed with either gO sequences or kanR sequences. 

(C) Expression of gH, gL, gB, gO and gN proteins in wild type TR and TRΔgO-infected 

NHDF fibroblasts after 8 days infection by western blotting. 
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Figure 2-1 
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 Figure 2. Entry of TRΔgO into fibroblasts with and without PEG treatment. 

Multi-well dishes of NHDFs were incubated with extracellular HCMV particles 

concentrated by pelleting from fibroblast culture supernatants. Wild type (wt) TR and 

TRΔUL131 were used at 1 PFU/cell. A similar quantity of TRΔgO extracellular virions 

(based on quantifying genomes using qPCR) or 10 times (10X) that amount of TRΔgO 

were also incubated with cells. These viruses were centrifuged with cells at 800 x g for 1 

h. Some of the wells were subsequently treated with 44% PEG for 30 sec then 

immediately washed (+PEG). After 48 h, cells were fixed, permeabilized and stained for 

HCMV immediate-early protein IE86. Numbers indicate the average number of IE86+ 

cells in three replicate wells.  
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Figure 2-2 
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 Figure 3. Entry of TRΔgO into epithelial cells with and without PEG 

treatment. Multi-well dishes of ARPE-19 epithelial cells were incubated with 

extracellular HCMV particles: wild-type (wt) TR corresponding to 10 PFU (defined using 

fibroblasts)/ARPE-19 cell or a similar quantity of TRΔgO virus particles (based on 

quantifying genomes using qPCR). The virus and cells were centrifuged at 800 × g for 1 

h at 15˚C. Some of the wells were subsequently incubated with 44% PEG for 30 sec 

then immediately washed. After 48 h, cells were fixed, permeabilized and stained for 

IE86. Numbers indicate the average number of IE86+ cells in three wells.  
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Figure 2-3 
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 Figure 4. Entry of TRΔgO into endothelial cells with and without PEG 

treatment. Multi-well dishes of HPV-AEC endothelial cells were incubated with 

extracellular HCMV particles: wild type (wt) TR or TRΔ131 using 1 PFU (defined using 

fibroblasts)/endothelial cell or a similar quantity (1X) of TRΔgO virus particles (based on 

quantifying genomes using qPCR) or 10 times that quantity of TRΔgO particles (10X). 

The cells and viruses were centrifuged at 800 × g for 1 h at 15˚C. Some of the wells 

were subsequently incubated with 44% PEG for 30 sec then immediately washed. After 

48 h, cells were stained for IE86. Numbers indicate the average number of IE86+ cells in 

three wells. 
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Figure 2-4 
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 Figure 5. Cell-to-cell spread of TRΔgO is in fibroblasts and epithelial cells. 

NHDF and MRC-5 fibroblasts and ARPE-19 epithelial cells were infected with wild type 

(wt) TR or TRΔgO using ≈100-200 PFU/well. Cells and virus were centrifuged at 800 × g 

for 1 h at 15˚C, all wells treated with 44% PEG for 30 sec, and then the cells washed 

and incubated in the presence of HCMV neutralizing antibodies for 10 or 20 days. Cells 

were then fixed and stained for IE86. The numbers of infected cells in 10 representative 

plaques were counted and the average numbers are shown. Bar represents 100 µm.  
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Figure 2-5 
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 Figure 6. Release of TRΔgO from fibroblasts into extracellular supernatants. 

(A) MRC-5 fibroblasts that had been transfected with BAC-TRΔgO or BAC-TR were 

trypsinized and plated with other MRC-5 cells. This allowed for spread of TRΔgO, such 

that ≈10% of these cells showed CPE and expressed IE86. After 10 days, culture 

supernatants from these TRΔgO-infected fibroblasts and supernatants from wild type 

TR-infected fibroblasts (in which all the cells were infected) were subjected to 

quantitative PCR to enumerate HCMV genomes. (B) NHDF were infected with wild type 

TR or TRΔgO using low speed centrifugation followed by PEG enhancement of entry, 

such that approximately 20% of the cells were infected by both viruses following 2 days 

of infection. Infected cell supernatants were collected 2, 4, 6, and 8 days post infection, 

treated with DNase, and viral DNA was isolated and quantified by qPCR.  
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Figure 2-6 
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 Figure 7. Electron microscopy of wild type TR- and TRΔgO-infected 

fibroblasts. NHDF were infected with wild type TR or TRΔgO by using low speed 

centrifugation and PEG treatment. Under these conditions, ≈10-20% of TRΔgO-infected 

cells displayed IE86 expression by day 2, whereas all the cells were infected with wild 

type TR. After 7 days, cells were fixed, stained and analyzed by transmission electron 

microscopy. cp, cytoplasm; pm and arrow, plasma membrane; arrowheads, enveloped 

virus particles. 
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Figure 2-7 
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 Figure 8. Analyses of HCMV proteins in TRΔgO extracellular virus particles. 

NHDF were infected with wild type TR or TRΔgO using low speed centrifugation and 

PEG to enhance entry. After 8 days, virus particles were prepared from cell culture 

supernatants by centrifugation through 20% sorbitol cushions. The quantities of the virus 

particles per sample were made similar by measuring viral genomes using qPCR. A cell 

lysate from wild type TR-infected cells was loaded as a positive control for gO 

immunoblotting (TR wt cell). Proteins were separated by SDS-PAGE, transferred to 

Immobilon membranes and western blotted for gO, gH, gL, gN, UL130, gB, the major 

capsid protein (MCP) or tegument protein pp65. Lighter and darker exposures are 

shown for gH and gL.  
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Figure 2-8 
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 CHAPTER 3: HCMV PARTICLES LACKING gB CAN ENTER FIBROBLASTS 

EXPRESSING gB 
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B. Abstract 

All herpesviruses use multiple viral membrane glycoproteins to mediate virus 

entry. Two universally required glycoprotein components are gB and the heterodimer 

gH/gL. For human cytomegalovirus (HCMV), we have shown that expression of gB and 

gH/gL in cells was sufficient to cause cell-cell fusion. Surprisingly, cells expressing only 

gH/gL fused with cells expressing only gB. This cell-cell fusion in trans suggested that 

the putative fusion protein, gB, can be activated by interactions with gH/gL that occur 

across the spaces separating cells. Here, we tested whether HCMV mutants deleted for 

gB (HCMVΔgB) or gH (HCMVΔgH) were able to enter cells expressing gB or gH. Neither 

glycoprotein appeared to be required for assembly or virus release, and gB-null and gH-

null particles were incapable of entering cells except when fusion was enhanced in the 

presence of polyethylene glycol (PEG). However, HCMVΔgB entered fibroblasts and 
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epithelial cells expressing gB. We named this novel phenomenon entry in trans. 

HCMVΔgH did not enter gH/gL expressing cells, but could enter gB-expressing cells, 

albeit to a much lesser extent compared to HCMVΔgB. This phenomenon does not 

appear to extend to HSV gB-null or gH-null mutants. Because gB is expressed in cells 

and oriented toward the extracellular space, whereas gH/gL is present in the virion 

envelope and oriented toward cells, we believe this is strong evidence supporting a 

model in which gB is the HCMV fusion protein and gH/gL binds cellular receptors to 

activate gB. 

C. Introduction 

HCMV infects a broad array of cell types (15, 153, 236). Several different cell 

types appear to be required for invasion, dissemination, and transmission to new hosts: 

epithelial cells, endothelial cells, monocyte/macrophages and fibroblasts are all utilized 

by the virus during the course of infection (143, 153). HCMV uses distinct mechanisms 

to initiate entry fusion into different cell types. Entry into fibroblasts involves virus fusion 

with the plasma membrane (40), while entry into epithelial and endothelial cells involves 

endocytosis and requires low pH (185). These separate portals of entry appear to 

require unique envelope glycoprotein complexes, as mutants that are unable to 

assemble the gH/gL/UL128/UL130/UL131 complex are defective for entry into epithelial 

and endothelial cells, but show no defects for entry into fibroblasts (4, 64, 70, 184, 185, 

231, 237). In Chapter 1, I described the other gH/gL complexes, gH/gL and gH/gL/gO, 

that participate in HCMV entry into both fibroblasts and epithelial and endothelial cells. 

One simplified model for how herpesviruses enter cells suggests three steps: i) 

adhesion or adsorption onto cell surfaces, ii) receptor binding, and iii) fusion between the 

virion envelope and cellular membranes. Which viral glycoproteins are responsible for 
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each step is becoming clearer, especially in the case of Epstein-Barr virus (EBV) and 

herpes simplex virus (HSV) (reviewed in (74, 91)). HCMV adheres to cells through 

interactions between glycoproteins gB or gM and heparan sulfate glycosaminoglycans 

(GAGs) (39, 108). These interactions are not sufficient for entry, but are required prior to 

binding of downstream receptors, and likely increase cell surface levels of virus (41). 

Following this adsorption, HCMV binds receptors that trigger entry fusion. The two 

known routes of entry described above apparently require different receptors. Evidence 

for this involves interference, in which viral glycoproteins are expressed in trans and 

cells are subsequently infected with HCMV. If the viral glycoprotein binds saturable 

receptors required for entry and this binding prevents incoming virus from interacting 

with the cell protein, then HCMV cannot enter. Expression of gH/gL/UL128-131 in 

epithelial cells interfered with HCMV entry via the endosomal pathway (183). By contrast, 

gH/gL/UL128-131 expression in fibroblasts did not interfere with HCMV entry via fusion 

with the plasma membrane (183). However, expression of gH/gL/gO caused interference 

in fibroblasts, but not epithelial cells (A. Vanarsdall, M. Chase, D. Johnson, in press). 

These studies were consistent with the hypothesis that there are different cellular 

proteins acting as HCMV receptors in fibroblasts and epithelial cells and that these 

proteins are bound by different gH/gL complexes. Based on the studies below, we 

believe that the third step in this pathway, fusion between the virion envelope and cell 

membranes, is carried out by HCMV gB. 

Studies of EBV have demonstrated that different gH/gL complexes can act as 

receptor-binding proteins for entry into different cell types. EBV gH/gL/gp42 binds to HLA 

class II molecules to mediate entry into B cells, while gH/gL complexes lacking gp42 

bind integrins αvβ6 or αvβ8 on epithelial cells to mediate fusion (125, 224, 242). Therefore, 
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our model of HCMV gH/gL complexes binding different receptors on fibroblasts and 

epithelial cells parallels the studies of EBV entry. However, with EBV the receptors have 

been identified.  

The other universal herpesvirus glycoprotein, gB, appears to be required for a 

step subsequent to adsorption and receptor binding. The structure of HSV and EBV gB 

argues very strongly that gB is a class III fusion protein analogous to vesicular stomatitis 

virus (VSV) G protein (8, 75, 181). Soluble HSV gB is also able to directly associate with 

lipid vesicles in vitro, while soluble HSV gH/gL only associates with vesicles in the 

presence of gB (31, 72). These observations are consistent with a model in which 

herpesvirus gB molecules act directly in membrane fusion during entry, i.e., to mix lipids 

in the virion envelope with those in cell membranes.  

Much less is known about how HCMV gB functions, but since all herpesviruses 

express gB molecules, it seems likely that HCMV gB functions in membrane fusion 

similar to EBV and HSV gB. A HCMV gB-null was constructed to address its role in 

HCMV replication (94). This mutant produced normal numbers of virus particles, 

consistent with no defects in assembly. Moreover, these virus particles could adsorb 

onto cells, but not enter (94). These studies were consistent with defects in either the 

receptor binding or membrane fusion steps in entry. The best evidence that HCMV gB 

participates in membrane fusion involves cell-cell fusion assays. In human epithelial cells, 

expression of HCMV gB and gH/gL caused fusion. Initially, this involved expression of 

both gB and gH/gL in the same cells (fusion in cis) (227). However, we also observed a 

phenomenon we denoted cell-cell fusion in trans, in which cells expressing HCMV gB 

alone were mixed with cells expressing HCMV gH/gL alone and, again, efficient cell-cell 

fusion was observed (227). Thus, it appeared that gB in one cell could be activated by 
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interactions with gH/gL in an apposing cell. However, the model of HCMV gB as the 

fusion protein was still largely based on studies of HSV and EBV gB. Further studies of 

how HCMV gB mediates fusion in trans were warranted to extend our knowledge of 

HCMV entry.  

Here, we demonstrated that expression of HCMV gB in fibroblasts promoted the 

entry of an HCMV gB-null mutant. We denoted this process entry in trans. HCMV lacking 

gH/gL did not enter cells expressing gH/gL complexes. By contrast, we were unable to 

demonstrate entry in trans involving HSV mutants lacking gB or gH. Given the 

orientation of gB, pointed toward the virion envelope during entry in trans, gB cannot act 

as a receptor binding protein in this process. Given that gH/gL must be oriented toward 

the cell during entry in trans, it appears that gH/gL is acting to bind receptors. These 

results suggest that HCMV gB is triggered by gH/gL complexes across the space 

between membranes and causes fusion between the virion envelope and cell 

membranes.  

D. Materials and Methods 

 D1. Cells. Neonatal normal human dermal fibroblasts (NHDF) were obtained 

from Cascade Biologics (Portland, OR) and were grown in Dulbecco's Minimum 

Essential Medium (DMEM, HyClone) that was supplemented with 12% fetal bovine 

serum (FBS, HyClone). NHDF-gB and -gH were made as described (94, 111). Briefly, 

NHDF were infected with retrovirus constructs encoding either the HCMV gB or gH gene 

in a bicistronic cassette with green fluorescent protein (GFP), and were maintained in 

the same manner as NHDF. The retinal pigment epithelial cell line ARPE-19 was 

obtained from the ATCC and was grown in a 1:1 mix of DMEM and Ham’s F-12 medium 

(HyClone) supplemented with 10% FBS. Vero cells were maintained in DMEM 
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supplemented with 8% FBS. VD60 cells were maintained in DMEM lacking histidine 

(HyClone) supplemented with 8% FBS and 0.2-0.4 mM histidinol (Sigma) (127). F6 cells 

(a gift from Tony Minson, Cambridge University) were maintained in DMEM 

supplemented with 8% FBS and 150 µg/ml G418 (Mediatech) (61).  

 D2. Viruses. Laboratory strain AD169 (not derived from BAC clones) that has 

been passaged extensively on fibroblasts was obtained from Jay Nelson. Construction of 

pAD/CreΔUL55 (HCMVΔgB) was previously described (94). HCMV strain TR was 

derived from the ocular vitreous fluid of an AIDS patient (198) and was stabilized in the 

form of a bacterial artificial chromosome (BAC) (152). Generation of TRΔUL75 

(HCMVΔgH) is described below. AD169 and TR were propagated on NHDF by infection 

at a multiplicity of 0.1 in DMEM supplemented with 5% FBS for 10 to 16 days. 

Complemented stocks of HCMVΔgB or HCMVΔgH containing gB or gH in the virus 

envelope were generated on NHDF-gB or -gH cells by infecting the cells at an MOI of 

0.2-0.5 in DMEM supplemented with 5% FBS for 10 days. gB- or gH-null stocks of 

HCMVΔgB or HCMVΔgH were generated on NHDF cells by infecting at an MOI of 2-5 

for 2 h, washing the cells with citrate buffer (40 mM citric acid, 10 mM KCl, 135 mM NaCl, 

pH 3.0) for 30 sec to neutralize and remove uninternalized HCMV, and collecting virus 

after 7-10 days. Virus particles were concentrated from infected cell supernatants by 

centrifugation at 50,000 × g for 1 h through a cushion of 20% sorbitol in PBS. Pellets 

were resuspended in DMEM/F12 supplemented with 10% FBS and frozen at -70°C. The 

number of infectious units (IU) was determined by plating serial dilutions on NHDF 

confluent monolayers. 1 d post-infection the number of infected cells was determined by 

immunofluorescence detection of HCMV IE86, and the numbers of IU/mL were defined 

as the numbers of IE86+ cells per mL. 
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 HSV mutants lacking gB and gH (F-BAC gB- and F-BAC gH-) were previously 

described (55, 56). F-BAC mutants were propagated and titered on Vero cells. 

 D3. Replication-defective adenovirus vectors. Non-replicating (E1-) 

adenovirus (Ad) vectors induced by the tet-transactivator protein (supplied by Ad tet-

trans) expressing HCMV TR gB, gH and gL and AD169 gB have been described (73, 98, 

183, 186).  

 D4. Construction of recombinant HCMV TRΔgH. The UL75 gene of BAC-TR 

was mutated by using λ-phage linear recombination as previously described (23, 123, 

244). Briefly, a 1.4-kb PCR product containing a kanamycin resistance (kanR) gene 

cassette flanked by Flp recombination target (FRT) sites and with HCMV sequences at 

the 5' end of the UL75 gene (63 nt, corresponding to nt 147098 to 147160 of published 

TR sequence, accession no. AC146906) and sequences near the 3' end of the UL75 

gene (60 nt, corresponding to nt 146981 to 147040) was generated with primers: 

CGCAGGAAGCGGATGGGTCTCCCGTAGGTGTTGAGTAGTAGGTGAAACGCGTGAG

GGTCCGTGTAGGCTGGAGCTGCTTC and 

CCAGCGGCGCGGCCGCGCTAAACGGCCCGGCCTCCCCTCCTAGCTCACCGTCTT

CGCCGTCTAAATGGGAATTAGCCATGGTCC using a PCR template from pKD4 (46). 

DH10B bacteria containing TR-BAC and pKD46 plasmid encoding the λ-Red 

recombination genes were transformed with the kanR PCR product. Clones were 

selected for growth on kanamycin and were confirmed by restriction analysis and direct 

DNA sequence analysis. Infectious HCMV TRΔgH was derived by electroporation of 

BAC DNA (2 µg) into NHDF-gH cells (5 × 106 cells). Following electroporation, the 

NHDF-gH cells were plated on 100-mm dishes in DMEM containing 10% serum and 

fresh medium was added after 24 h. When these cells became confluent, the cells were 
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trypsinized and replated at a lower cell density three times, until TRΔgH produced 

cytopathic effect in ~20% of the cells after 28 days. 

 D5. Quantitative PCR (qPCR) of HCMV DNA. Cell culture supernatants from 

HCMV-infected cells were treated with DNase-I (Roche) to remove any DNA not 

protected within viral capsids. Capsids were disrupted by using the detergents and 

proteinase K in the QIAamp MinElute Virus Spin Kit (Qiagen). DNA was resuspended in 

50 µL nuclease-free water and genomes were quantified by real-time qPCR using 

AD169 UL115-derived primers and TaqMan probes (Applied Biosystems): forward 

GAGGTGTTTCAGGGTGACAAGTATGA, reverse 

GGACGGTAACGAATAAGTTGCGATAG, probe 6FAM- 

CTGCGCCCGTTGGTGAATGTTACCAG. PCR samples were made to a total volume of 

20 µL with 2X TaqMan Universal PCR Master Mix (Applied Biosystems), 2 µL viral DNA, 

600 nM forward and reverse primers, 150 nM probe, and nuclease-free water. 

Sequences were detected using an Applied Biosystems Step One Plus. Samples were 

quantified compared to a HCMV BAC DNA dilution series. 

 D6. Antibodies. Mouse monoclonal antibodies (MAb) specific for the HCMV 

major capsid protein (28-4), tegument protein pp65 (28-19), and glycoproteins gB (27-

156) and gH (AP86-SA4) were kindly provided by Bill Britt (University of Alabama, 

Birmingham) (27, 28, 34, 226). Rabbit polyclonal anti-IE86 antibody (R683) has been 

described previously (99). Rabbit polyclonal antisera directed against HCMV gH was 

previously described (186). Mouse MAb 58S directed against HSV ICP4 (192) was 

collected from mouse ascites. Rabbit polyclonal antisera R68 directed against HSV gB 

and R137 directed against HSV gH were kindly provided by Roselyn Eisenberg and 

Gary Cohen (95, 161). 
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 D7. Immunofluorescence. Cells were washed 2-3 times with phosphate 

buffered saline containing 1 mM CaCl2 and 1 mM MgCl2 (PBS+/+) (HyClone), fixed with 

2% formaldehyde for 10 min, washed 2-3 times with PBS+/+, and then permeabilized 

and blocked using IF buffer (0.5% Triton X-100, 0.5% deoxycholate, 1% BSA, 0.05% 

sodium azide in PBS). For cell-surface staining, primary antibody was added in PBS+/+ 

at 4˚C for 2 h prior to fixation. Fixed cells were stained with the appropriate antibodies in 

IF buffer, washed with PBS+/+, and then incubated with Alexa 594-conjugated goat anti-

rabbit or 488-conjugated goat anti-mouse secondary antibodies obtained from Molecular 

Probes (Eugene, OR). In some experiments, cells were also stained with SYTO 13 

green fluorescent nucleic acid stain (Invitrogen) in PBS for 10 min. The cells were 

analyzed using a Nikon Eclipse TS100 fluorescent microscope.  

 D8. Immunoblotting. Concentrated virus derived from NHDF, NHDF-gB, or 

NHDF-gH cell culture supernatants were measured for genomes by qPCR, and 

equivalent genomes for each virus were pelleted at 100,000 × g for 30 min. Virus pellets 

were lysed in 1 × sample buffer (50 mM Tris-HCl, pH 6.8 buffer containing 10% glycerol, 

2% SDS and 2% β-mercaptoethanol). Proteins were separated using SDS-

polyacrylamide gels. Proteins were electrophoretically transferred to Immobilon 

membranes (Millipore) in a buffer containing 25 mM Tris, 192 mM glycine, and 20% 

methanol. HCMV proteins were detected with rabbit polyclonal antibodies or mouse 

monoclonal antibodies, horseradish peroxidase-conjugated secondary antibodies 

(Sigma), and enhanced chemiluminescence (ECL) substrate (Pierce). Images were 

collected using the ImageQuant detection system (GE).  

 D9. Entry in trans assay. NHDF or ARPE-19 were plated on 48- or 96-well 

plates and grown to touch confluence. Cells were infected with adenoviruses at the 
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MOIs described in figures for 4 h in the appropriate medium for each cell type 

supplemented with 2-5% FBS. 24 to 48 h later, cells were inoculated with the 

appropriate viruses. For HCMV, plates were immediately centrifuged at 800 × g for 30 

min at 10˚C. In some wells, virus entry was enhanced using polyethylene glycol (PEG) 

treatment. Cells were washed once with warm PBS+/+, treated with 44% (w/v) PEG 

(Fluka) in PBS+/+ at 37°C for 30 sec, and then washed immediately ten times with warm 

PBS and incubated with the appropriate medium for each cell type supplemented with 2-

5% FBS. Untreated wells were incubated for 1 to 1.5 h at 37˚C following either 

centrifugation and then the medium was replaced with the appropriate medium for each 

cell type supplemented with 2-5% FBS. All wells were fixed with 2% formaldehyde in 

PBS+/+ 24 to 48 h post-infection and assayed for IE86 expression by 

immunofluorescence.  

For HSV, virus inoculum was incubated with cells for 2 h at 37˚C. Where PEG 

was used, cells were treated with 44% (w/v) PEG (Fluka) in PBS+/+ at 37°C for 30 sec, 

and then washed immediately ten times with warm PBS and incubated with DMEM 

supplemented with 5% FBS. Medium was changed in untreated wells at the same time. 

6 h post-treatment, all wells were fixed with 2% formaldehyde in PBS+/+ and assayed 

for ICP4 expression by immunofluorescence. 

 D10. HCMV binding assay. NHDF, NHDF-gB, and NHDF-gH were plated to 

touch confluence. NHDF were infected with HCMVΔgB or HCMVΔgH, NHDF-gB were 

infected with HCMVΔgB and NHDF-gH were infected with HCMVΔgH at a MOI of 2 

IU/cell. 1 d post-infection, medium was supplemented with 3H-thymidine. 7 d post-

infection, supernatants were harvested, cell debris was pelleted at 5,000 × g, and virus 

was pelleted at 50,000 × g through a 20% sorbitol cushion. Virus was resuspended in 
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DMEM supplemented with 5% FBS and tritium was quantified in CytoScint (ICN) using a 

LS6500 scintillation counter (Beckman-Coulter). To measure binding, 3,000, 10,000, and 

30,000 counts/well of each virus were incubated with NHDF in a 24-well plate in DMEM 

supplemented with 5% FBS. Virus was bound to cells at 4˚C and plates were centrifuged 

for 30 min at 800 × g. Inoculum was removed from cells on ice following centrifugation 

and saved as an input sample. Cells were washed three times with ice-cold medium and 

each wash was collected as an input sample. Cells were lysed in PBS supplemented 

with 1% Triton X-100 and this lysate was collected as a bound sample. Wells were 

washed once with PBS supplemented with 1% Triton X-100 and this was collected as a 

bound sample. Tritium was quantified, and the four unbound input samples and two 

bound samples were added together to determine ratio of bound versus unbound virus. 

 D11. HCMV cell-to-cell spread assay. NHDF, NHDF-gB, and NHDF-gH were 

plated to touch confluence and infected with 100-200 IU AD169, HCMVΔgB, TR or 

HCMVΔgH. Cells were maintained in media containing 0.2% pooled human 

immunoglobulin (a source of HCMV neutralizing antibodies) for 10 days then fixed and 

analyzed by immunofluorescence for IE86. 

 D12. HCMV release assay. NHDF, NHDF-gB, and NHDF-gH were plated to 

touch confluence in a 12-well dish (Falcon) and infected with HCMVΔgB or HCMVΔgH at 

a MOI of 1 IU/cell in DMEM supplemented with 5% FBS for 2 h then washed three times 

with DMEM supplemented with 5% FBS. Cell culture medium was changed 1 day post-

infection with 1 mL fresh DMEM supplemented with 5% FBS. Cell culture supernatants 

were collected after 2, 4, 6, and 8 days from replicate plates. Cell debris was removed 

from supernatants by centrifugation at 20,000 × g for 10 min. 200 µL of each sample was 

DNase I treated and viral DNA was subsequently harvested with the QIAamp MinElute 
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Virus Spin Kit (Qiagen). Genomes were measured by qPCR. At these same times, the 

cells were fixed and analyzed by immunofluorescence for IE86 expression, and data 

was expressed as genomes per 1000 infected cells. 

E. Results 

E1. Characterization of HCMV gB- and gH-null virus particles. To study 

HCMV glycoproteins gB and gH/gL further, we produced viral null mutants unable to 

express gB or gH. Since gH/gL is a constitutive heterodimer, deletion of the gH gene is 

sufficient to extinguish gH/gL expression. Previously, an HCMV gB-null mutant was 

constructed using the HCMV strain AD169 BAC, and virus was propagated in human 

fibroblasts transduced with a retrovirus expressing gB (94). I used a BAC containing the 

HCMV TR genome to disrupt the UL75 (gH) gene by homologous recombination, as 

described previously (23, 123, 244). The initiator methionine codon was mutated from 

ATG to AAA, and 58 nucleotides near the 5' end of the UL75 (gH) open reading frame 

were replaced with a cassette encoding kanamycin resistance. Bacterial clones resistant 

to kanamycin were selected and screened by restriction digest and sequence analysis to 

determine the replacement of the gH gene with the kanR cassette (data not shown). An 

isolate denoted HCMVΔgH-BAC was identified and characterized further. 

As HCMV gH/gL is expected to be essential for entry, it was necessary to 

complement gH expression before rescuing the HCMV gH-null virus. A retrovirus vector 

expressing HCMV TR gH was obtained from Teresa Compton and used to infect 

neonatal human dermal fibroblasts (NHDF). Integration of the retrovirus genome into the 

cell genome transduced the NHDFs to become a cell line expressing gH (NHDF-gH) and 

these cells could be passaged approximately 20 population doublings following 

transduction. NHDF-gH cells constitutively express a bicistronic mRNA encoding gH and 
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green fluorescent protein (GFP), which is translated from an internal ribosomal entry site 

(IRES). Thus, to indirectly test for expression of gH, cells were assayed for GFP 

fluorescence. I also used another retrovirus provided by Teresa Compton to produce a 

gB-expressing cell line (NHDF-gB) in order to propagate HCMVΔgB, as described (94). 

 NHDF transduced with retroviruses expressing gB or gH were then 

electroporated with either HCMVΔgB-BAC or HCMVΔgH-BAC (Fig. 1A). Focal, virus-

induced cytopathic effect was observed by bright-field microscopy 10-14 days post-

electroporation with both HCMVΔgB-BAC or HCMVΔgH-BAC. The virus was 

subsequently propagated by serial passage; infected cells were split 1:3 every 4-9 days 

depending on cell density. Once infected cells were greater than 20% of the culture, 

HCMV was allowed to spread and infect the entire monolayer, and both cell- and 

supernatant-derived stocks were collected. The HCMV mutant lacking gH, but grown on 

gH-expressing fibroblasts (complemented), was denoted HCMVΔgH+gH and the mutant 

lacking gB, but grown on gB-expressing cells, was denoted HCMVΔgB+gB. These 

complemented viruses were titered by an infectious unit (IU) assay, where fibroblasts 

were infected with a dilution series of virus, and the number of HCMV immediate-early 

protein IE86-positive nuclei 24 h post-infection were quantified by immunofluorescence. 

Titered, complemented virus was used to infect untransduced fibroblasts at 

approximately 2-5 IU/cell (Fig. 1A). Virus particles lacking gH (HCMVΔgH-gH) or gB 

(HCMVΔgB-gB) were collected 7 days post-infection from cell culture supernatants. 

 The quantities of complemented and null virus particles produced into infected-

cell supernatants were measured by qPCR 1, 2, 4, 6, and 8 days following infection of 

either complementing or untransduced fibroblasts. Relatively high levels of input 

contaminated the samples produced by HCMVΔgB (day 1) but de novo virus production 
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was observed by day 4 (Fig. 1B). Lower levels of input were evident for HCMVΔgH. 

Production of virus in cell culture supernatants was reduced when gB or gH was absent. 

However, there was significant production of virus particles without gB or gH, and my 

results demonstrate that neither glycoprotein is required for assembly and release of 

genome-containing particles. This is consistent with previous reports describing 

HCMVΔgB and for an HCMVΔgL mutant that assembled normally (20, 94).  

 Released particles were also characterized for whether they contained similar 

quantities of HCMV structural proteins (Fig. 1C). These comparisons involved attempts 

to load similar amounts of the major capsid protein (MCP) in each lane, although it was 

not always possible to determine exactly equal quantities of each virus, partly related to 

problems in quantifying non-infectious viruses. All viruses contained comparable levels 

of the tegument protein pp65 compared to their parental strain. As expected, HCMVΔgH-

gH virus did not contain gH. HCMVΔgH+gH was reduced for gH incorporation compared 

to parental strain TR, but a significant gH band was observed (Fig. 1C). HCMVΔgH+gH 

and -gH particles contained relatively normal amounts of gB compared with parental 

strain TR. HCMVΔgB-gB lacks gB, as previously reported. The relative incorporation of 

gB into HCMVΔgB+gB was low compared with parental strain AD169. In contrast to gB 

incorporation into HCMVΔgH particles, there was a substantial loss of gH incorporation 

into both HCMVΔgB+gB and -gB compared to AD169. It is not clear how reduced gH/gL 

incorporation into particles lacking gB (or with reduced gB) comes about. This might be 

related to observations by Adam Vanarsdall that gB and gH/gL can coprecipitate from 

HCMV cell extracts (227), and thus, incorporation of gH/gL may rely on interactions with 
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gB. Regardless, this reduced gH/gL in gB-null particles may influence the interpretation 

of the data below. 

Spread of each virus with and without gB or gH was assessed in order to further 

characterize complementation (Fig. 1D). HCMVΔgH and HCMVΔgB produced plaques 

on complementing cells, with both viruses producing smaller plaques than those 

produced by their parental virus (Fig. 1D). However, plaque formation, similar to virus 

release (Fig. 1B), was good considering the very low levels of gB and gH incorporated 

into complemented virus. There were no plaques produced by HCMVΔgH and 

HCMVΔgB on normal human fibroblasts (NHDF); instead, single infected cells were 

observed.  

HCMVΔgB-gB and HCMVΔgH-gH were assessed for their ability to enter 

fibroblasts (Fig. 2). Cells were infected with equivalent numbers of genomes as 

measured by qPCR, in either the presence or absence of polyethylene glycol (PEG), a 

chemical fusogen that overcomes entry defects. Neither virus was able to enter 

fibroblasts as determined by immunofluorescence staining for HCMV immediate-early 

protein IE86 24-48 hours post-infection (Fig. 2, panel a, and c). In fact, there was not a 

single IE+ cell in the entire monolayer of cells. However, when virus particles were 

applied to cells for 30 minutes, then briefly treated with 44% PEG, both HCMVΔgB-gB 

and HCMVΔgH-gH entered 47% of cells (Fig. 2, panels b & d). These results 

demonstrated that both gB and gH/gL are absolutely essential for entry into human 

fibroblasts, as expected. 

E2. HCMVΔgB and HCMVΔgH entry in trans. HCMV gB and gH/gL can 

mediate cell-cell fusion when expressed in apposing membranes (227) and thus we 

tested whether a similar process could occur between the virion envelope and cell 



 91 

membranes. Fibroblasts were transduced to express gB, gH/gL, or GFP by using non-

replicating Ad vectors. The same number of HCMVΔgB-gB and HCMVΔgH-gH particles 

as were used in Figure 2 were incubated with these cells and IE+ cells were quantified 

after 24 hours. Neither gB-null nor gH-null virus particles entered any control Ad GFP-

transduced cells (Fig. 3A, panels a-b), i.e., there were zero cells infected. HCMVΔgB-gB 

also did not enter fibroblasts expressing gH/gL (Fig. 3A, panel e). Cells expressing 

HCMV gB, however, facilitated entry of HCMVΔgB-gB, and these particles entered 5-

14% of these cells (Fig. 3A, panel c). Importantly, HCMVΔgH-gH particles did not enter 

cells expressing gH/gL (Fig. 3A, panel f), gH/gL/gO (data not shown), or gH/gL/UL128-

131 (data not shown), There was some low level entry of HCMVΔgH-gH into fibroblasts 

expressing gB (Fig. 3A, panel d). We denoted this unique phenomenon entry in trans, as 

gB in the plasma membrane of cells apparently mediates the entry of virus that lacks gB. 

 We also tested whether other cell types were capable of mediating entry in trans. 

ARPE-19 epithelial cells were transduced with either gB or gH/gL (Figure 3B). Again, 

HCMVΔgB-gB and HCMVΔgH-gH entered gB-expressing cells (2.4% and 1.1%, Fig 3B 

panels c and e, respectively), but not GFP- or gH/gL-expressing cells (Fig. 3B, panels a 

and e, b and f, respectively). Entry into ARPE-19 cells with wild-type HCMV TR is less 

efficient compared with entry into fibroblasts, and this observation may partly explain the 

lower level of entry in trans. However, poor entry in trans may also be explained by the 

absence of gH/gL/UL128-131 complexes from HCMVΔgB-gB. Entry into epithelial cells 

requires gH/gL/UL128-131, and this complex is not present on HCMVΔgB-gB because 

this virus was derived from the UL131-deficient strain AD169.  

 We tested whether HCMV entry in trans was specifically mediated only by HCMV 

gB, or whether other class III fusion proteins could mediate HCMV entry in trans (Fig. 
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3C). Fibroblasts were infected with an adenovirus vector expressing HSV gB (Fig. 3C, 

panel b) and compared to HCMV gB (Fig. 3C, panel a). HSV gB was incapable of 

mediating HCMVΔgB entry in trans.  

E3. HSV glycoproteins do not mediate entry in trans of HSV glycoprotein-

null mutants. Given that HSV glycoproteins have also been found to mediate cell-cell 

fusion in trans (7), we tested whether HSV gB or gH/gL could mediate entry in trans of 

HSVΔgB and HSVΔgH. First, cell surface and total expression levels of HCMV and HSV 

gB and gH expressed from Ad vectors were compared by immunofluorescence 

microscopy (Fig. 4A). Cell surface expression of HSV glycoproteins was much higher 

than HCMV glycoproteins, and likely to be sufficient to cause entry in trans if this was 

possible. Both HSVΔgB and HSVΔgH were inoculated on cells that had been previously 

transduced with either no Ad or Ad expressing gB or gH/gL. The HSV doses were 

calculated to be the amount of virus necessary to infect most or all cells in the presence 

of PEG. Neither HSV gB or gH/gL could mediate entry in trans of HSVΔgB or HSVΔgH 

mutants (Fig. 4B and 4C). 

E4. Adsorption of HCMVΔgB-gB and HCMVΔgH-gH particles onto 

fibroblasts is normal. The efficiency of entry in trans by HCMVΔgB-gB (5-14%) was 

reduced compared with entry of HCMVΔgB-gB following PEG treatment (47%) or entry 

of a comparable number of wild-type AD169 particles (100%). To determine whether this 

was related to reduced virus adsorption, I measured virus binding to cells. Extracellular 

virus particles labeled with 3H-thymidine were prepared and incubated with fibroblasts. 

Both HCMVΔgB+gB and HCMVΔgB-gB bound to fibroblasts (Fig. 5). In this experiment 

there was a small increase in the binding of HCMVΔgB-gB particles compared with 
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HCMVΔgB+gB. This might be explained by a higher specific activity of the HCMVΔgB-gB 

particles, i.e., higher 3H-thymidine incorporation during the production of these particles. 

Regardless, it was clear that the absence of gB in the virion envelope does not decrease 

virus adsorption onto cells, as this process likely involves binding of multiple 

glycoproteins to heparan sulfate GAGs. HCMVΔgH+gH and HCMVΔgH-gH also bound 

to cells, but the binding of these particles was lower compared with HCMVΔgB+gB and 

HCMVΔgB-gB particles (Fig. 5). The reasons for these differences are not clear, but may 

again reflect the specific activities of these particles. Thus, it appears that particles 

lacking gH can bind to cells, although perhaps less well.  

F. Discussion 

F1. HCMV virions lacking gB can enter cells expressing gB. Previously, 

Adam Vanarsdall showed that expression of HCMV glycoproteins gB and gH/gL in cells 

produced cell-to-cell fusion (227). Importantly, gB and gH/gL could be expressed in 

apposing membranes and fusion was similarly efficient (227). The development of 

methods for constructing and complementing HCMV gB- and gH-null mutants (94) 

allowed me to test whether virus particles lacking gB or gH/gL could enter cells 

expressing gB or gH/gL in trans. HCMVΔgB was able to enter as many as 14% of gB-

expressing fibroblasts. When HCMV gB was absent, there was not a single infected cell 

in wells containing 2 × 104 cells and incubated with the same number of HCMVΔgB-gB 

virus particles. HCMVΔgB-gB particles also did not enter cells expressing HSV gB. 

Moreover, there was no entry of HCMVΔgH-gH into cells expressing gH/gL. However, 

there was some low level entry of HCMVΔgH-gH into cells expressing gB. This may be 
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related to the notion that gB is the fusion protein and can be triggered (but to a much 

lesser extent) in cell membranes missing gH/gL. 

HCMVΔgB entry in trans was less efficient compared with HCMVΔgB entry 

mediated by the chemical fusogen PEG. This is likely related to the low levels of gH/gL 

in the HCMVΔgB particles and the lower concentration of gB in cell membranes 

compared to gB in the virion envelope. Clearly, gB was expressed very poorly on cell 

surfaces (Fig. 4) and this is likely related to endocytosis motifs in the gB cytoplasmic 

domain (12, 43). To address this possibility, I have made two HCMV gB mutants with 

these endocytosis motifs removed, in the hopes that these mutants will be more 

extensively expressed on cell surfaces and mediate more efficient entry in trans 

compared to wild-type gB.  

 F2. Conclusions about gB from entry in trans observations. My results 

showed that when HCMV gB is oriented in cell membranes toward the extracellular 

space, this protein can mediate entry of HCMV particles that contain gH/gL in the virion 

envelope. By contrast, expression of gH/gL oriented toward the virion envelope did not 

allow entry of virus particles lacking gH/gL. Therefore, it appears that gH/gL must be 

oriented toward the cells. This supports the hypothesis that HCMV gB acts to fuse 

membranes, whereas gH/gL complexes act to bind cellular receptors and to trigger gB. 

Second, because gB and gH/gL were in separate membranes, the extracellular domains 

of gB and gH/gL must have interacted across the space between the cell membrane and 

the virion envelope so that gB was triggered for fusion. This is similar to cell-cell fusion in 

trans, in which gB and gH/gL were oriented head-to-head, apposing one another, rather 

than anchored together and running parallel to one another. Our studies add to the 
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structural information on HSV and EBV gB (8, 75) and studies of liposome binding (31, 

72) to strongly support the conclusion that gB is the fusion protein for all herpesviruses. 

F3. Conclusions about the role of gH/gL from these studies. The HCMVΔgH 

mutant I constructed did not enter cells, which demonstrates (as previously shown for 

HCMVΔgL (20)) that gH/gL is essential for HCMV entry into cells. The gH-null mutant 

was not blocked in assembly, and normal numbers of virus particles were released from 

cells. The gH-null particles could also adsorb onto cell surfaces. Unlike HCMVΔgB entry 

in trans into gB-expressing cells, HCMVΔgH did not enter cells expressing gH/gL 

complexes (i.e., gH/gL, gH/gL/gO, or gH/gL/UL128-131), demonstrating that gH/gL 

oriented toward the virion envelope fails to promote entry. Thus, gH/gL must be present 

in the virion envelope and oriented toward cellular membranes in order to mediate entry. 

These results are consistent with our previous conclusions that gH/gL complexes are 

involved in binding cellular receptors ((183), A. Vanarsdall, M. Chase and D. Johnson, in 

press) and these interactions trigger gB for fusion. 

F4. Can gB-mediated entry in trans function for other herpesviruses? We 

tested whether HSVΔgB or HSVΔgH could enter cells expressing HSV gB or gH/gL in 

trans and did not observe any entry. Several different cell lines were tested including a 

melanoma cell line expressing relatively high levels of nectin-1 (C10) that can undergo 

cell-cell fusion in trans (7). However, even with C10 cells there was no evidence that 

either virus could enter a single cell in the dish (data not shown). This result may be 

related to the fact that HSV uses three glycoproteins that are all essential for entry: gD, 

gH/gL and gB. In entry in trans assays, cells expressing HSV gB were incubated with 

HSV lacking gB but expressing gH/gL and gD in virion envelopes. However, the 

triggering of gD and gH/gL to cause gB-mediated fusion might be much less efficient 
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compared with HCMV gH/gL triggering gB, as HCMV apparently does not require a third 

protein in its core fusion machinery (227). I also initiated efforts to test EBV entry in trans. 

This involved a previously described EBV gB-null mutant (155), and we constructed Ad 

vectors expressing EBV gB and gH/gL. Unfortunately, I was unable to prepare sufficient 

quantities of extracellular EBV particles lacking gB to test entry in trans. There are 

experiments ongoing in Lindsey Hutt-Fletcher’s laboratory to examine this point further.  

F5. Summary. These entry in trans observations are novel, as there has never 

been a description of a viral fusion protein that can act in cell membranes to mediate 

entry of virus particles lacking that fusion protein. Moreover, these observations hold 

great potential to expand our understanding of how gB functions in fusion and how 

gH/gL triggers gB. Thus, cell-cell fusion and entry in trans assays can be used to further 

define the mechanism and regulation of HCMV glycoproteins required for fusion.  
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G. Figures 

Figure 1. Characterization of HCMV gB- and gH-null. (A) A schematic of the 

derivations of HCMVΔgB and HCMVΔgH. Neonatal human dermal fibroblasts (NHDF) 

are the primary cells for HCMV replication in cell culture. These cells can support the 

replication and spread of HCMV mutants deleted for gB and gH expression when they 

are transduced with retroviruses that constitutively express gB or gH, respectively. Virus 

collected from these cells is used to infect untransduced fibroblasts, and the resulting 

progeny virus does not contain the deleted glycoprotein. Illustration by Tiffani Howard. 

(B) HCMVΔgB-gB and HCMVΔgH-gH virus release from complementing or 

untransduced cells. NHDF-gB, NHDF-gH or NHDF were infected with HCMVΔgB+gB or 

HCMVΔgH+gH at an MOI of 1 IU/cell. HCMVΔgB+gB was collected from NHDF-gB, 

HCMVΔgH+gH was collected from NHDF-gH, and HCMVΔgB-gB and HCMVΔgH-gH 

were collected from untransduced NHDFs. 1, 2, 4, 6, and 8 days post-infection, 

supernatants were collected from replicate wells. Viral DNA was harvested from 

supernatants and copy number was determined by qPCR. Wells at each time point were 

stained for IE86+ cells. Genomes per 1000 infected cells are shown.  
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Figure 3-1 
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Figure 1. Characterization of HCMV gB- and gH-null. (C) Supernatant virus 

structural protein content. Each virus was quantified by qPCR. Equal numbers of 

particles were concentrated by ultracentrifugation and then extracted in SDS-containing 

sample buffer. Proteins were separated by SDS-PAGE, transferred to Immobilon 

membranes, and western blotted for gB, gH, major capsid protein (MCP), and pp65. (D) 

HCMVΔgB and HCMVΔgH plaque size on complementing and untransduced cells. 

NHDF-gB, NHDF-gH, and NHDF were infected with either HCMVΔgB+gB or 

HCMVΔgH+gH. Plaques were fixed at 10 d and assayed for IE86 expression by 

immunofluorescence.  
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Figure 3-1 
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Figure 2. HCMVΔgB-gB and HCMVΔgH-gH entry in the presence or absence 

of PEG. An equivalent number of genomes of HCMVΔgB-gB and HCMVΔgH-gH 

(approximately 1 × 105 genomes/cell as measured by qPCR) were inoculated onto 

untransduced fibroblasts. The cells and viruses were centrifuged at 800 × g for 30 min at 

10˚C. Some of the wells were subsequently incubated with 44% PEG for 30 sec then 

immediately washed. 24 h post-infection, cells were assayed for IE86 expression by 

immunofluorescence. The percent of cells infected in the representative image is 

indicated.  
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Figure 3-2 
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Figure 3. HCMVΔgB-gB and HCMVΔgH-gH entry in trans. (A) NHDF were 

infected with Ad GFP, Ad gB, or Ad gH and Ad gL at an MOI of 100 PFU/cell. 24-48 h 

after adenovirus infection, cells were inoculated with a volume of HCMVΔgB-gB or 

HCMVΔgH-gH such that ~50% of the cells were infected in the presence of PEG, and 24 

h post-infection, cells were assayed for IE86 expression by immunofluorescence. The 

percent of cells infected in the representative image is indicated. (B) Conditions for (A) 

were repeated with ARPE-19 cells. (C) Fibroblasts were infected with Ad HSV or HCMV 

gB at a MOI of 100 PFU/cell, and 24 h later cells were inoculated with a volume of 

HCMVΔgB-gB such that ~50% of the cells were infected in the presence of PEG. 24 h 

post-infection, cells were assayed for IE86 expression by immunofluorescence. The 

percent of cells infected in the representative image is indicated. Illustrations by Tiffani 

Howard. 
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Figure 3-3 
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Figure 4. HSVΔgB and HSVΔgH entry in trans. (A) Expression of HCMV and 

HSV gB and gH by immunofluorescence. Permeabilized and non-permeabilized cells 

were stained to demonstrate the relative level of cell surface expression compared to 

total expression. NHDF were infected at a MOI of 100 PFU/cell with Ad HCMV gB, Ad 

HCMV gH and gL, Ad HSV gB, or Ad HSV gH and gL. 48 h post-infection, cells were 

assayed for glycoprotein expression by immunofluorescence. (B) NHDF were infected 

with adenovirus expressing HSV gB at a MOI of 100 PFU/cell. 24 h later, cells were 

inoculated with HSVΔgB (such that all cells were infected in the presence of PEG), and 2 

h post-infection one well was treated with 44% PEG to enhance entry. 8 h after HSV 

infection, cells were fixed and stained for HSV immediate early protein ICP4. (C) Cells 

were treated similar to (B), except cells were infected with Ad HSV gH and Ad HSV gL at 

a MOI of 100 PFU/cell and subsequently infected with HSVΔgH.  
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Figure 3-4 
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Figure 5. Adsorption of HCMVΔgB-gB and HCMVΔgH-gH onto fibroblasts. 

To test whether the absence of gB or gH reduced the ability of HCMV to adsorb onto 

fibroblasts, HCMVΔgB+gB or -gB and HCMVΔgH+gH or -gH supernatant virus particles 

that replicated in the presence of 3H-thymidine were collected from NHDF-gB, NHDF-gH 

or NHDF. 3,000, 10,000, and 30,000 cpm/well of each labeled virus were then incubated 

with untransduced NHDF. The cells and viruses were centrifuged at 800 × g for 30 min 

at 10˚C. Supernatants and washes were collected as the unbound samples, lysed cells 

and subsequent washes were collected as the bound samples, and data are expressed 

as the ratio of the total bound versus unbound counts. 
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Figure 3-5 
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Figure 6. Model of HCMV entry in trans. HCMV lacking gB in the virion 

envelope is able to enter fibroblasts expressing gB on the cell surface. The model 

suggests that this is triggered by gH/gL engagement of cellular receptors. Entry in trans 

appears to be specifically mediated by gB, as gH/gL complexes expressed in fibroblasts 

do not mediate entry of HCMV gH-null particles. Illustration by Tiffani Howard. 
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Figure 3-6 

  

gH/gL HCMV

gH/gL
receptor

gBcell



 111 

 CHAPTER 4: DISCUSSION 

 The studies herein have focused on the role of HCMV envelope glycoproteins in 

entry. Using a genetic and biochemical approach, I advanced our understanding of the 

role of gO as a member of a gH/gL complex and the function of gB as the HCMV fusion 

protein. Here, I will interpret my studies in the context of previous work on HSV, EBV, 

and HCMV, and discuss how further studies might advance our understanding of gO and 

gB. 

A. General summary of herpesvirus envelope glycoprotein function during entry  

The main function of herpesvirus envelope glycoproteins is to mediate fusion 

between the virion envelope and cellular membranes so viruses can enter cells. Entry 

can be broken down into three steps: i) attachment, ii) receptor binding, and iii) 

membrane fusion. Detailed understanding of each of these events differs between 

herpesviruses.  

A1. Attachment. For α- and β-herpesviruses, attachment is a relatively non-

specific event involving cell surface heparan sulfate glycosaminoglycans (GAGs) (41, 

191, 241, 246). Attachment onto these GAGs does not lead to entry, as GAG binding 

does not lead to the conformational changes in viral fusion proteins needed to mediate 

membrane fusion. Instead, GAG binding likely increases the local concentration of virus 

particles on cell surfaces, promoting downstream interactions between receptors and 

receptor binding proteins.  

A2. Receptor binding. These downstream interactions involve viral receptor 

binding envelope glycoproteins interacting with cellular receptors. The best described 

herpesvirus receptor binding proteins are HSV gD and EBV gH/gL and gH/gL/gp42 (37, 

103, 125, 146). These interactions are different from attachment to GAGs because they 
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cause conformational changes in the receptor binding protein that trigger the fusion 

protein. 

A3. Membrane fusion. Conformational changes triggered by receptor 

interactions lead the fusion protein to penetrate hydrophobic domains into the cell 

membrane, causing lipid mixing (i.e., fusion) between the virion envelope and cell 

membrane. Once the membranes have fully fused, content mixing occurs and the capsid 

is released into the cytosol. There is strong evidence that the herpesvirus protein 

responsible for fusion is gB, based on structural data from EBV and HSV gB (8, 75) and 

in vitro penetration of HSV gB into lipid vesicles (72).  

B. HSV and EBV entry 

 In order to better understand how HCMV entry might occur, it is instructive to 

understand the similarities and differences between the role of HSV, EBV, and HCMV 

envelope glycoproteins in entry. 

B1. HSV. In terms of comparing HSV to other herpesviruses, the most important 

information we have learned about HSV entry is the cascade of events leading to fusion: 

gD binds a receptor, this triggers an interaction between gH/gL and gB, and gB 

apparently promotes fusion between the virus and cell membranes.  

gD is clearly the HSV receptor binding protein. In virus particles lacking gD, entry 

does not progress past attachment (127). gD interacts with nectin-1 or HVEM, and these 

interactions initiate fusion (117, 146). gD does not directly signal gB for fusion, however. 

Instead, gH/gL is also required for entry (61). gD appears to trigger an interaction 

between gH/gL and gB, as shown by bimolecular complementation studies that 

determined that the gH/gL and gB cytoplasmic domains interacted only after gD receptor 

engagement (6). While gH/gL has not been formally ruled out as a fusion protein, three 
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sets of data suggest that this is not the case and that gB is the fusion protein: (i) the 

structure of gB is similar to other class III fusion proteins such as the vesicular stomatitis 

virus G protein (75, 107, 181), (ii) gB penetrates lipid vesicles in the absence of other 

envelope glycoproteins (72), but (iii) gH/gL does not directly associate with lipid vesicles 

unless gB is also present, where it is believed that a complex of gB and gH/gL is formed, 

but only gB enters the lipid bilayer (31). These data suggest that gH/gL does not directly 

participate in lipid mixing, but instead conveys the receptor binding signal from gD to gB, 

which then inserts hydrophobic fusion loops into the cell membrane to draw the cell and 

virion membranes together, causing fusion (reviewed in (74)).  

B2. EBV. For purposes of comparison to HCMV, three important conclusions 

have been drawn from studies of EBV entry: (i) gH/gL complexes are receptor binding 

proteins, (ii) separate gH/gL complexes bind unique receptors to mediate entry into 

different cell types, and (iii) virus entry can occur at the plasma membrane or by 

endocytosis (reviewed in (91). 

EBV forms two separate gH/gL complexes, gH/gL and gH/gL/gp42. gH/gL 

mediates entry into epithelial cells via interactions with integrins αvβ6 and αvβ8 (37) and 

does not require endocytosis (140). In contrast, entry into B cells involves EBV gp350 

binding the CR2 complement receptor and gH/gL/gp42 subsequently binding to HLA 

class II molecules (125, 126), which triggers endocytosis and fusion with endosomes 

(140). At least for entry into epithelial cells, gH/gL appears to directly convey the signal 

produced by integrin binding to gB, triggering the conformational changes in gB that 

cause fusion. As with HSV, the structure for EBV gB has been solved (8), and clearly 

demonstrates that gB is a class III fusion protein.  
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C. Comparing HCMV entry to HSV and EBV  

HCMV entry has similarities to both HSV and EBV. Like HSV, HCMV adsorbs 

onto heparan sulfate GAGs, involving gB and gM/gN (41, 108). Like EBV, two different 

HCMV gH/gL complexes appear to be the receptor binding proteins ((183), A. Vanarsdall, 

M. Chase, and D. Johnson, in press), and mediate entry via two different pathways: at 

the plasma membrane and following endocytosis (40, 185). It appears from my studies 

that, like HSV and EBV, HCMV gB is the fusion protein (Chapter 3). 

D. Two different gH/gL protein complexes and two different entry pathways  

 HCMV entry into different cell types occurs by at least two different pathways, 

with different gH/gL complexes involved in each pathway. Entry into fibroblasts occurs 

by fusion of the virion envelope with the plasma membrane at neutral pH (40). Entry into 

epithelial and endothelial cells involves endocytosis followed by fusion with endosomes, 

and is inhibited when endosomal pH is increased (185). This endosomal pathway is 

correlated with the requirement for the HCMV five protein complex gH/gL/UL128-131. 

This complex, however, is not required for entry into fibroblasts. Another complex, 

involving gH/gL/gO, is also formed in infected cells. My studies described in Chapter 2 

and those of Brent Ryckman (184) showed that gO is not present in the envelope of 

HCMV clinical strain TR, and thus, it appears that gH/gL is the complex required for 

entry into fibroblasts. However, as shown in Chapter 2, gO is required in order for gH/gL 

to be exported from the ER, reach the TGN, and incorporate into the virion envelope. 

Models that gH/gL/UL128-131 and gH/gL interact with receptors are based on using 

these complexes to interfere with entry into various cells types. Our laboratory 

demonstrated that gH/gL/UL128-131 expression in epithelial cells in trans is sufficient to 

block entry into these cells (185), but that gH/gL, gH/gL/gO, and gB cannot interfere with 
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epithelial cell entry (183). When gH/gL/gO is expressed in human fibroblasts there is 

interference with HCMV entry, while gH/gL/UL128-131 and gB have no effect (A. 

Vanarsdall, M. Chase, D. Johnson, in press). These studies indicated that different 

HCMV gH/gL complexes bind unique, saturable receptors in fibroblasts and epithelial 

cells, and that gB does not bind a saturable receptor on either cell type. While this does 

not exclude the possibility that gB binds a fusion receptor, instead, it is more likely that 

gH/gL complexes interact with saturable receptors and then trigger gB to promote 

membrane fusion, similar to HSV and EBV. 

E. Previously described HCMV receptors  

Several cellular proteins have been proposed to bind HCMV gH/gL or gB, 

including the epidermal growth factor receptor (EGFR), certain integrins, and the platelet 

derived growth factor receptor PDGFRα, but it is still unclear whether these proteins act 

as fusion receptors similar to: (i) nectin-1 and HVEM for HSV and (ii) HLA class II and 

integrins for EBV. It was reported that gB binds to EGFR and acts as an HCMV entry 

mediator (234). As well, it was proposed that EGFR signaling was necessary for either 

entry or to prepare cells for HCMV replication. However, this was challenged by other 

studies showing that HCMV can enter EGFR-null fibroblasts and cells treated with 

EGFR-neutralizing antibodies, and that HCMV binding did not activate signals 

downstream of EGFR (38, 92). Integrins have also been implicated in post-attachment 

steps of HCMV entry, and gB contains an integrin binding motif called a disintegrin-like 

domain (DLD). Both peptides derived from this domain and β1-integrin antibodies 

partially block HCMV entry at a step between attachment and delivery of the tegument 

protein pp65 into the cytosol (57, 58), but it is unclear whether the relatively high 

concentrations of these peptides and antibodies selectively block entry or some other 
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stage of HCMV replication. A second report suggested that gH/gL interacts with integrins 

(233), but these interactions were analyzed by co-precipitation of integrins with gH/gL 

and by changes in signaling, rather than directly assessing virus entry. Another cell 

surface signaling molecule, platelet-derived growth factor-α receptor (PDGFRα) was 

demonstrated to bind HCMV gB and be activated by either HCMV infection or soluble gB 

(201). In this case, however, blocking signaling events downstream from PDGFRα only 

delayed gene expression and did not prevent entry. It is still possible, though, that 

PDGFRα acts as an entry mediator in a manner distinct from signal transduction. Recent 

studies by Adam Vanarsdall have demonstrated that PDGFRα can mediate HCMV entry 

into a variety of cell types, but there is good evidence that PDGFRα does not explain 

how HCMV enters epithelial and endothelial cells.  

PDGFRα, EGFR, and integrins do not fit the criteria for HCMV entry receptors for 

a number of biologically relevant cell types. These molecules were all defined using the 

HCMV laboratory strain AD169. While AD169 can infect fibroblasts, this virus cannot 

infect a list of relevant cell types including epithelial and endothelial cells and monocyte-

macrophages. Moreover, the suggestion that gB is the receptor binding protein does not 

fit with observations that AD169 and TR gB sequences are very nearly identical. It is 

unlikely that gB would be the receptor binding protein for entry into fibroblasts, but not 

epithelial or endothelial cells. As well, EGFR and integrins are present in all of these 

cells. What is more likely, based on our interference studies, is that HCMV entry into 

epithelial and endothelial cells and monocyte-macrophages involves proteins bound by 

gH/gL/UL128-131, whereas other proteins are used to enter fibroblasts, likely involving 

the binding of gH/gL. This is a better model of entry in part because AD169 enters 

epithelial and endothelial cells when UL131 expression, and thus gH/gL/UL128-131 
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expression, is restored (231). Thus, HCMV entry into these cell types could not have 

relied on a missing gB receptor. 

It is clear that HCMV glycoproteins—gH/gL, gB and perhaps others—can 

potentially interact with many cellular proteins to promote virus entry. However, at 

present, we know little about which cellular receptors trigger gH/gL and gB for entry 

fusion. Adam Vanarsdall in our laboratory is attempting to use a cDNA library from 

epithelial cells to find a receptor that binds to gH/gL/UL128-131 and specifically triggers 

fusion. 

F. HCMV gO and entry 

 F1. Previous studies of gO. Prior to my studies of HCMV gO, our knowledge of 

how gO functions relied on the work of three laboratories, those of Teresa Compton, 

Ulrich Koszinowski, and Christian Sinzger. Huber and Compton initially described gO as 

the third member of the gH/gL complex from HCMV strain AD169 (87). Hobom et al. 

subsequently discovered that loss of AD169 gO led to decreased plaque size and single-

step growth curve kinetics on fibroblasts (84). More recently, a gO-null mutant in the 

endotheliotropic HCMV strain TB40/E was demonstrated to have a similar defect in 

replicating in, and spreading between, fibroblasts, but also spread normally between 

endothelial cells (101). Defects in the TB40/E gO-null mutant in fibroblasts were 

attributed to a reduction in virus assembly, and electron microscopy revealed high levels 

of cytosolic unenveloped capsids. Aside from the reduction in plaque size and titer, no 

assays performed with either AD169 or the two mutants demonstrated a direct role for 

gO in entry. There are several limitations to these sets of studies. First, the Compton and 

Koszinowski laboratories relied on strain AD169. It is clear that extensive passage of 

HCMV in fibroblasts leads to modifications of gH/gL complexes, e.g. UL128-UL131 
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expression is lost. It may also be that AD169 gO function has changed during long-term 

AD169 propagation in fibroblasts. These changes could potentially have made AD169 

gO function differently from wild-type gO. Thus, the AD169 gO cannot be used to 

understand how wild-type gO functions during entry into both fibroblasts and other 

clinically relevant cell types, especially cells that AD169 does not enter. Studies from the 

Sinzger laboratory were limited by their approach. Loss of infectivity in their gO-null 

mutant was attributed to loss of particle production into the supernatant, but they did not 

directly address whether uninfectious virus particles were released from cells. Related to 

this, they did not address whether released particles might be diminished in their 

capacity to bind to or enter cells. For these reasons, I characterized HCMV TR gO and 

directly determined whether gO is necessary for HCMV entry into a variety of cell types. 

 F2. Two approaches to studying the function of TR gO. Based on the 

interference studies performed by Brent Ryckman, our model suggested that entry into 

epithelial and endothelial cells is mediated by gH/gL/UL128-131 and involves binding to 

"gH/gL/UL128-131 receptors" (183). Entry into fibroblasts appeared to be mediated by 

the other gH/gL complex, gH/gL/gO. The first half of this model is now well supported by 

studies from our laboratory and other laboratories (4, 62, 70, 183, 185, 186, 231, 232). 

We took two different approaches toward testing the second half of this model, i.e., 

determining the function of gO. Brent Ryckman studied the assembly and intracellular 

transport of the gH/gL/gO complex in the context of viral infection and by expressing 

individual proteins or complexes of proteins by using non-replicating adenovirus (Ad) 

vectors. I took a genetic approach, producing and characterizing an HCMV TR gO-null 

mutant. This mutant, TRΔgO, was derived from a bacterial artificial chromosome (BAC) 
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containing the TR genome, and was constructed by Amber Knoche and Michael Jarvis 

to contain a mutation deleting the gO gene. 

 F3. gO is a chaperone that transiently associates with gH/gL, mediating its 

incorporation into the HCMV virion envelope. Brent Ryckman’s approach to studying 

gO function immediately altered our model of the role of gH/gL complexes in HCMV 

entry. First, gO was discovered to be absent from the envelope of extracellular HCMV 

TR particles, clearly indicating that gO could not have a direct role in entry. Thus, a 

gH/gL complex other than gH/gL/gO and gH/gL/UL128-131 must be responsible for TR 

entry into fibroblasts. Second, gH/gL relies on either UL128-131 or gO for ER export. But, 

unlike the gH/gL/UL128-131 complex that is stably incorporated into the virion envelope, 

gH/gL/gO is a transient complex. When gH, gL, and gO were expressed by using Ad 

vectors, gH/gL became endoglycosidase H resistant (indicating maturation in the Golgi 

apparatus), but gO did not. This means that gO dissociates from gH/gL during 

intracellular transport from the ER to the Golgi apparatus. These studies also showed 

that gO is a chaperone, because gH/gL expressed without gO is not exported from the 

ER and does not acquire endo H resistance. Thus, this work demonstrated that gO plays 

a critical role in the intracellular transport of gH/gL, but that gO does not remain bound to 

gH/gL when gH/gL is incorporated into the virion envelope. 

 F4. gO is necessary for assembly of HCMV particles capable of entering all 

cell types. In my studies of gO, I characterized the TRΔgO mutant for defects in 

assembly and entry. TRΔgO was successfully rescued as an infectious virus using 

fibroblasts, although this mutant was very difficult to rescue and grew very poorly on 

fibroblasts. As with the AD169 and TB40/E gO-null mutants, TRΔgO formed very small 

plaques compared to wild-type and produced very little infectious virus associated with 
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cells and in cell culture supernatants (Chapter 2). However, I concentrated supernatant-

derived TRΔgO and examined whether there were particles that could be forced to enter 

fibroblasts in the presence of polyethylene glycol (PEG). PEG acts to chemically fuse 

virus particles into cells, overcoming defects in virus entry. PEG treatment dramatically 

enhanced the entry of TRΔgO derived from cell culture supernatants, indicating that the 

loss of gO did not prevent the accumulation of virus particles in extracellular supernatant, 

but rather made them incapable of entry. This explained the results of Jiang, et al. (101), 

who failed to find infectious virus particles in cell culture supernatants, but did not look 

for non-infectious virus. Our model of entry suggested that the absence of gO would 

affect entry into fibroblasts but not other cell types, so I tested whether TRΔgO would 

enter epithelial and endothelial cells. To our surprise, TRΔgO was also largely incapable 

of infecting these cells. Again, these defects could be overcome by PEG treatment 

indicating that the gO-null mutant was blocked in virus entry. I also determined that 

defects in entry were not due to gross alterations in virus assembly or release. Similar 

numbers of wild type and gO-null HCMV particles were released, as measured by 

quantifying virus genomes. Moreover, electron microscopy demonstrated that TRΔgO 

particles were found on cell surfaces and that there were no obvious defects in assembly 

of these particles. Instead, an examination of the protein content of supernatant-derived 

gO-null particles revealed that there was a substantial decrease (>90%) in gH/gL 

incorporated into the virion envelope. I also demonstrated that TRΔgO was capable of 

spreading more quickly between epithelial cells. We believe that this enhanced spread in 

epithelial monolayers is due to the increased amount of gH/gL/UL128-131 in the virion 

envelope. Therefore, spread between these cells relies largely or entirely on 
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gH/gL/UL128-131 and not gH/gL in the virion envelope, yet entry into epithelial cells 

absolutely requires gH/gL as well as gH/gL/UL128-131. 

 My studies extended conclusions about how HCMV gO functions, showing for 

the first time that gO is necessary for entry into all cells tested. Rather than acting 

directly during entry as part of a gH/gL/gO complex in the virion, TR gO chaperones 

gH/gL out of the ER to the Golgi apparatus and presumably to sites of assembly in the 

TGN ((184), Chapter 2). This is dramatically different from AD169 that forms a complex 

with gH/gL and remains part of that complex as gH/gL/gO is incorporated into 

extracellular virions. This may represent changes in gO or gH/gL that relate to the loss of 

gH/gL/UL128-131 assembly. The gH/gL complexes chaperoned by TR gO apparently do 

not contain UL128-131 based on the studies of Wang and Shenk (232) and my 

observations that gH/gL/UL128-131 is increased in gO-null virus particles. Thus, we 

believe that these data suggest a new model in which gO is a binding partner of gH/gL, 

chaperones gH/gL from the ER, and dissociates from gH/gL in the endoplasmic 

reticulum-Golgi-intermediate compartment (ERGIC) or cis-Golgi apparatus, prior to 

envelopment. This chaperone activity appears to be necessary for HCMV to incorporate 

gH/gL, as well as gH/gL/UL128-131 into the envelope of mature HCMV virions. 

G. Future exploration of gO functions  

Several questions remain about how HCMV gO functions. First among these 

questions involves mechanisms of how gO assembles with gH/gL and later dissociates 

from gH/gL. Second, is the question of why AD169 particles contain gO, while TR 

particles do not contain gO. Third, it is not clear whether AD169 gO contributes to the 

entry of AD169 into human fibroblasts, given that the gH/gL/gO complex is present in 
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AD169 virions. Fourth, it is not known whether other low-passage, clinical HCMV strains 

also behave like TR and fail to incorporate gO into the virus particle. 

 G1. Assembly and stability of different gH/gL complexes. Further studies of 

the role of gO in the assembly and transport of gH/gL are important because: (i) we do 

not understand whether gO competes with UL128-131 for binding to gH/gL or (ii) where 

gO dissociates from gH/gL and how this promotes ER export of gH/gL but not gO. Our 

current model of gH/gL assembly suggests that gH and gL assemble in the ER quickly 

and then bind either gO or UL128-131. We believe this is the case because: (i) Wang 

and Shenk determined that gO is not detected in gH/gL complexes containing UL128-

131, and UL128-131 is not found in gH/gL complexes containing gO (232), and (ii) I 

demonstrated that TR gH/gL/UL128-131 complexes are increased in the virion envelope 

in the absence of gO (Chapter 2). The Wang and Shenk study is the most direct 

demonstration of separate complexes; however, this study is limited by the fact that it 

involved HCMV strain AD169 that was repaired so that gH/gL/UL128-UL131 was 

expressed. My experiments showed that TR gO-null mutant virus collected from cell 

culture supernatants had increased levels of gH/gL/UL128-131, but this reflected 

released virus particles and not events in the ER. Thus, it is possible that TR and other 

low-passage strains create gH/gL complexes containing all six proteins during assembly. 

Arguing against this, studies by Brent Ryckman involving characterization of different 

immunoprecipitated gH/gL complexes have not shown any evidence for the presence of 

gO in gH/gL/UL128-131 complexes.  

Our current knowledge of TR gH/gL complex formation is limited to results from 

two experimental conditions: (i) expression of proteins that allow gH/gL complexes to 

exit the ER and become endo H resistant and (ii) expression of gH/gL complexes using 
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Ad vectors and measuring function in interference assays. Either gO or UL128-131 allow 

gH/gL to exit the ER. It appears that gH/gL (without gO) interferes with HCMV entry into 

fibroblasts while gH/gL/UL128-131 interferes with HCMV entry into epithelial cells. These 

experiments involve downstream readouts of function and, thus, do not directly address 

the assembly process itself.  

 Two important questions remain. First is whether gO competes with UL128-131 

in binding to gH/gL in the ER. Second is whether gH/gL is incorporated into the virion 

envelope or whether gH/gL/gO is incorporated, followed by loss of gO as the virus 

particles are secreted from cells. Loss of gO following assembly is still formally possible 

because Brent Ryckman only characterized mature, extracellular TR particles that 

lacked gO. One reasonable approach to addressing competition and the specific forms 

of gH/gL present in cells and virion envelopes is the development of monoclonal 

antibodies that recognize unique epitopes. For example, we need antibodies to gH that 

only recognize gH when it is part of the gH/gL/UL128-131 complex, as well as antibodies 

that recognize gH/gL but only when UL128-131 or gO are absent. These antibodies 

would be made by injecting purified protein complexes of gH/gL or gH/gL/UL128-131 

into mice, harvesting B cell clones, making hybridomas, and screening the antibodies 

from these hybridomas for their ability to recognize the different proteins and complexes. 

In order to assess which complexes are formed during infection, these antibodies would 

be used for immunoprecipitations of metabolically labeled, infected cell lysates, and we 

could quantify by pulse-chase analysis the kinetics of formation of specific complexes. 

For example, in a short chase we might observe gH/gL alone, such that antibodies that 

only recognize gH/gL/UL128-131 would not recognize the gH/gL complex present in 

these samples. In later chase samples, we might discern gH/gL/gO that subsequently 
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dissociates to form gH/gL. In order to determine which complexes are present in the 

virion envelope, we would simply need to immunoprecipitate virion lysates with these 

conformational antibodies and then perform immunoblot analysis to look for which other 

proteins are present. For example, an antibody that recognizes gH/gL alone (i.e., without 

UL128-131 or gO bound) could be used to prove for the first time that gH/gL lacking gO 

and UL128-131 is present in the virion envelope. At present this is just a hypothesis and 

not proven. Thus, we believe the addition of these antibodies would provide us with the 

means to better assess gH/gL complex formation and incorporation into the virus particle. 

Moreover, a panel of conformation-dependent antibodies would be a very powerful tool 

towards understanding function. It is believed that gH/gL receptor binding alters gH/gL 

conformation and then triggers gB, but this cannot be understood without antibodies as 

molecular probes.  

 G2. Incorporation of gO into AD169 but not TR. It is currently unclear why 

AD169 gO is incorporated into extracellular virus particles but this is not the case with 

HCMV clinical strain TR. It is important to understand why these differences arose 

because we do not know at this point whether there is a significant functional difference 

between AD169 gO and TR gO or if this represents a difference between all clinical 

strains and laboratory strains. If indeed AD169 is aberrant in this respect, this could have 

resulted from mutations in AD169 gO or mutations in gH/gL. 

Two types of research are needed to address these questions. First, it is 

important to address whether other clinical strains of HCMV possess gO in the virion 

envelope. Brent Ryckman attempted to address this question using two rabbit polyclonal 

antibodies generated with peptides derived from TR gO; however, he found that the very 

large amino acid sequence variability of gO between strains (up to 25% of the residues) 
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caused TR gO antibodies to not recognize gO produced by other strains (184). 

Antibodies specific for gO from these other HCMV strains could be developed in a 

similar manner to those raised against TR gO: small peptides derived from each gO 

would be coupled to Keyhole Limpet Hemocyanin (KLH, a high molecular weight protein 

and potent immunogen) and injected into rabbits to produce serum able to recognize 

other gO molecules. Alternatively, each gO molecule from several different low passage 

strains could be epitope-tagged at their amino- or carboxy-termini. These constructs 

could then be cloned into the BACs containing their respective strain’s genomes and 

used to produce HCMV with epitope-tagged gO molecules.  

 The second related question asks whether AD169 gO is mutant compared with 

TR gO and whether this accounts for incorporation of AD169 gO into the virion. This 

question can be addressed by swapping gO between strains, i.e., replace AD169 gO 

with TR gO and vice versa. Replacing the gO coding sequence in AD169 BAC and TR 

BAC using standard recombineering methods would generate these viruses. Initial 

characterization of virus particles released into the supernatant by immunoblot would 

determine whether gO was present. Based on a simple model of gO incorporation, two 

results are possible: incorporation of gO is intrinsic to gO; i.e., differences in 

incorporation are due entirely to differences in the gO polypeptide sequences. If this is 

the case, TR gO would not incorporate into AD169 virions, but AD169 gO would 

incorporate into TR. However, gO incorporation might depend upon mutations in AD169 

gH/gL. In that case, TR gO might be incorporated into AD169 particles and AD169 gO 

would not be incorporated into TR particles. 

 G3. Participation of AD169 gO in entry. Previous studies with wild type and 

gO-null mutant AD169 have not addressed whether the AD169 gO protein that is 
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incorporated in virions is directly involved in entry. Again, this is an important question 

because it will reveal whether the stable association of AD169 gH/gL and gO represents 

an innocuous difference between strains or whether AD169 gO plays a different role in 

entry compared with TR gO. A similar strategy to that used to characterize TRΔgO could 

be employed to help answer this question. As part of the efforts to swap gO between 

AD169 and TR and vice versa, we would construct an AD169 gO-null mutant. Like 

TRΔgO, this AD169ΔgO virus would be characterized for: (i) its ability to assemble and 

release particles, (ii) its ability to enter fibroblasts, (iii) plaque formation on fibroblasts, 

and, (iv) protein content of released virus. One possibility would be that noninfectious 

AD169ΔgO particles would be released into cell culture supernatants and that these 

particles would be incapable of entering fibroblasts. Coupled with the study of gH/gL 

transport in cells infected with AD169ΔgO, we might conclude that the loss of AD169 gO 

prevents gH/gL ER export and, thus, prevents incorporation of gO into the virion 

envelope. If this is the case, then AD169 relies on gO for incorporation of gH/gL into the 

virion envelope as with HCMV strain TR. These experiments with AD169ΔgO, then, will 

not have determined if AD169 gO has a direct role in entry. However, it is possible that 

AD169 gH/gL would be incorporated into the virion envelope in the absence of gO, and 

that the loss of gO directly prevents gH/gL function during entry. This result would 

indicate that AD169 gO has been modified to play a different role than TR gO, and thus 

would likely not be representative of wild-type gO. 

 Another tool at our disposal for addressing whether AD169 gO participates in 

entry is the swaps. Swapping TR gO in place of AD169 gO gives us a genetic means to 

separate the chaperone function of AD169 gO from its role in entry. There are four 

scenarios possible in this experiment: TR gO is incorporated into AD169 virus particles, 
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and entry is either restored or not, or gO from TR is not incorporated and entry is either 

restored or not. (1) If TR gO is incorporated into AD169 virions and entry does occur, 

then none of the differences between AD169 gO and TR gO has made AD169 gO 

uniquely necessary for entry. (2) If entry does not occur when TR gO has been 

incorporated this would likely indicate that mutations in AD169 gO have a direct role in 

entry and this function cannot be substituted for by TR gO. (3) If TR gO is not 

incorporated into AD169 virions and gH/gL is present at wild-type levels in the virion, 

entry into cells would indicate that AD169 gO is coincidentally incorporated into the 

particle while facilitating incorporation of gH/gL, and thus does not have a direct role in 

entry. (4) If TR gO is not incorporated and gH/gL is incorporated into virions, but entry 

does not occur, this would demonstrate AD169 gO has a specific role in entry beyond 

incorporation of gH/gL for strain AD169.  

 In summary, there are several differences in the behavior of AD169 and TR gO 

and understanding these differences is crucial to determining whether our conclusions 

about the function of TR gO represents wild-type gO. We believe that there are several 

experiments that would help answer this question and that building the reagents for 

these experiments is important and reasonable based on our previous experience 

working with HCMV. 

H. The functions of HCMV gB 

For reasons discussed above, it is relatively clear that HSV gB is the viral protein 

that mediates entry fusion. It would seem likely that HCMV gB is also the fusion protein, 

and that gB is triggered by gH/gL complexes that bind cellular receptors. Supporting the 

notion that HCMV gB is the fusion protein and does not bind saturable receptors, our 

interference studies showed that gB expression in cells does not block virus entry.  
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 H1. Cell-cell fusion assays. Besides the interference data indicating that gH/gL 

complexes bind receptors, there is cell-cell fusion data as described by Adam Vanarsdall 

that indicate that HCMV gB and gH/gL are sufficient for cell-cell fusion. Cell-cell fusion 

assays have been a critical tool for defining the constituents of each herpesvirus’ fusion 

machinery (69, 165, 225). Early studies of cell-cell fusion by Teresa Compton's 

laboratory concluded that gH/gL was sufficient for cell-cell fusion (111). However, these 

studies were compromised by the use of CHO cells, which have a substantial 

background of syncytia regardless of HCMV protein expression, and by relatively low 

levels of HCMV protein expression from retrovirus constructs. Moreover, only a small 

percentage of cells formed syncytia. Adam Vanarsdall in our laboratory used Ad vectors 

that produce higher levels of TR gB, gH, and gL and expressed these proteins in the 

epithelial cell line ARPE-19, demonstrating high levels of cell-cell fusion that only 

occurred when both gB and gH/gL were expressed (227). Thus, the minimal fusion 

machinery of HCMV is gB and gH/gL. Remarkably, though, gB and gH/gL did not need 

to be expressed in the same cell in order for cell-cell fusion to occur. In a phenomenon 

we denoted cell-cell fusion in trans, cells expressing gB can fuse with cells expressing 

gH/gL. This was the first report of cell-cell fusion of this type. Later, similar results were 

reported for HSV (7). We concluded from these results that gB and gH/gL can interact 

across the space between apposing membranes to mediate fusion. However, these data 

did not demonstrate conclusively which HCMV glycoprotein, gB or gH/gL, was producing 

the membrane fusion.  

 H2. Entry in trans. Despite the utility of cell-cell fusion assays, they are limited 

by the possibility that cell-to-cell fusion is governed by different parameters (e.g., kinetics 

and mechanism) compared with the fusion that occurs between the virion envelope and 
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cellular membranes when HCMV enters cells. For example, HCMV entry into ARPE-19 

cells occurs by fusion with endosomal membranes and requires gH/gL/UL128-131 and 

gB (183, 185, 186, 227). By contrast, ARPE-19 cell-cell fusion is much slower than entry 

fusion, requires only gH/gL and gB, and occurs at neutral pH involving the plasma 

membrane (227). Thus, when our laboratory observed the unique phenomenon of cell-

cell fusion in trans, we were very interested in testing whether this could occur in the 

context of virus infection. This is a phenomenon known as entry in trans, in which gB or 

gH/gL is expressed in cells and the cells are subsequently incubated with HCMV 

mutants lacking gB or gH/gL. In this case, gB and gH/gL must interact across the space 

between the virion envelope and the cell membrane expressing gB or gH/gL. The 

availability of an HCMV mutant unable to express gB, HCMVΔgB, constructed by 

Isaacson and Compton (94) allowed me to test whether gB could mediate entry in trans. 

HCMVΔgB was derived from AD169 using a BAC and propagated in fibroblasts 

transduced with gB. I also constructed a TR BAC in which gH was deleted and used 

fibroblasts transduced with a gH-expressing retrovirus (from Teresa Compton) to 

propagate HCMVΔgH.  

I initially characterized both mutant viruses for their ability to be released from 

fibroblasts expressing either gB or gH (NHDF-gB or NHDF-gH). The complemented 

virus particles were denoted: HCMVΔgB+gB and HCMVΔgH+gH. There were only slight 

decreases in the quantities of the complemented virus particles released into cell culture 

supernatants for both HCMVΔgB+gB and HCMVΔgH+gH, compared to wild type viruses. 

I could also concentrate extracellular particles. Characterization of these extracellular 

virus particles showed that both mutants were significantly different compared with wild 

type AD169 or TR. This was apparently related to incomplete complementation, i.e., 
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there were reduced levels of gB or gH expressed by the retroviruses compared to the 

levels present during wild-type infection. Unlike what was previously reported by 

Isaacson, et al. (94), HCMVΔgB+gB virus particles also appeared to contain significantly 

less gH compared with their parent AD169. By contrast, HCMVΔgH+gH were 

complemented better and contained wild-type levels of gB. It is unclear at this point as to 

why the loss of gB prevents gH/gL incorporation into AD169 virus particles.  

 The complemented virus particles HCMVΔgB+gB and HCMVΔgH+gH were used 

to produce virus particles lacking gB (HCMVΔgB-gB) or gH (HCMVΔgH-gH). These 

particles were quantified by using quantitative real-time PCR (qPCR) to detect virus 

genomes. Neither of these viruses were capable of infecting any cell type tested. In 

order to determine whether this block was at the stage of entry (as had been reported for 

the gB-null (94)), I used PEG enhancement. If the particles were able to attach to cells 

but defective for fusion, PEG would overcome this defect, allowing the gB and gH 

mutant viruses to enter cells. By concentrating virus and using PEG enhancement, I 

could produce stocks of HCMVΔgB-gB and HCMVΔgH-gH that infected approximately 

50% of fibroblasts. HCMVΔgB-gB and HCMVΔgH-gH were tested for whether they could 

enter fibroblasts or ARPE-19 epithelial cells expressing either gB or gH/gL. In this case, 

the fibroblasts or epithelial cells were transduced with Ad vectors to express gB or gH/gL 

in trans. Remarkably, virus particles lacking gB (HCMVΔgB-gB) could enter fibroblasts 

and epithelial cells expressing gB. As many as 14% of fibroblasts in these dishes 

became IE+ when incubated with HCMVΔgB-gB, while up to 3% of epithelial cells 

became IE+. There was also some low level entry of HCMVΔgH-gH into cells expressing 

gB. There is no background entry by either null mutant, i.e., not a single cell in the entire 
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monolayer became HCMV IE+, when cells were not transduced with gB. Moreover, 

expression of HCMV gH/gL did not facilitate entry of HCMVΔgH-gH or HCMVΔgB-gB. As 

well, transduction of fibroblasts with HSV gB did not facilitate the entry of HCMV gB-null. 

Entry in trans did not work, in my hands, when several types of cells were transduced 

with HSV gB and then infected with HSV particles lacking gB. Although not all cells were 

infected when HCMVΔgB-gB was induced to enter cells expressing gB, the result was 

still quite amazing. No one has described an example in which a viral entry mediator can 

be expressed in cells and promote entry of a virus.  

H3. Future experiments involving gB entry in trans. To extend these results, I 

am planning to try to increase the entry in trans by HCMVΔgB-gB mediated by gB 

expressing cells. Note that 5-14% of the gB-expressing cells were infected by 

HCMVΔgB-gB but there were many other HCMVΔgB-gB particles that could be caused 

to enter cells by PEG treatment. One reason may be that HCMV gB reaches cell 

surfaces, but is rapidly internalized by endocytosis. In fact, the vast majority of gB 

appears to be present in cytoplasmic membranes, the Golgi apparatus, trans-Golgi 

network and endosomes (43). This internalization is mediated largely by the cytoplasmic 

domain of HCMV gB that contains several obvious endocytosis motifs (43, 170). Thus, I 

have constructed a number of gB mutant molecules that delete or mutate portions of the 

gB cytoplasmic domain. In preliminary experiments, an HCMV mutant truncated at 

residue 882, denoted gB 882 stop, which removes the C-terminal 25 residues, appears 

to be present on the cell surface to a greater extent than wild-type gB and mediates cell-

cell fusion at lower expression levels than wild-type gB. Experiments to determine 

whether gB 882 stop increases entry in trans are currently underway.  
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In order to further test our hypothesis that HCMV gB functions directly in the 

fusion process during HCMVΔgB-gB entry in trans, I have constructed a second panel of 

mutant gB molecules. These were based on the structure of HSV gB which contains 

internal bipartite "fusion loops" composed of both hydrophobic and hydrophilic residues 

(74). Mutation of these fusion loops blocks cell-cell fusion (72). These gB fusion loops 

are thought to interact with host membranes during fusion, i.e., dive into the membranes 

to promote lipid mixing (72). Based on sequence alignments between HSV and HCMV 

gB, Martin Muggeridge helped us identify two similar fusion loops in HCMV gB. My aim 

was to mutate these fusion loops in HCMV gB, producing a protein that was able to fold 

and be transported to cell surfaces but unable to promote membrane fusion. Initially, I 

produced three HCMV gB mutants, Y153K, Y157K, and W240R, constructed Ad 

expression vectors, and tested the gB mutants for ER export (which measures folding of 

the glycoprotein) and for cell-cell fusion. Unfortunately, two (Y153K, W240R) were 

improperly folded and did not escape the ER, and one (Y157K) was exported from the 

ER to cell surfaces but retained the capacity to mediate cell-cell fusion. A second set of 

fusion loop mutants, Y155K, L241R, and Y242K are currently being tested for ER export 

and cell-cell fusion.  

 H4. Conclusions about gB function from entry in trans. My observations that 

gB can mediate entry in trans, but gH/gL cannot, provides an important new 

understanding about how gB and gH/gL function in entry. The results show that gB 

expressed in cells and thus pointed toward the HCMV virion envelope can mediate entry, 

apparently by fusing the virion envelope with the plasma membrane. This demonstrates 

that gB does not require interactions with cellular proteins in the host membrane. This 

argues strongly against the notion that gB is a receptor binding protein or is needed to 
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cause signaling in host cells. One could argue that this process is inefficient and not 

related to what normally occurs when HCMV enters cells. But infection of 5-14% of all 

the cells was not insignificant and PEG only increased this entry by 3-10 fold. There 

were also observations that particles lacking gB were also deficient for gH/gL, and this 

deficiency (similar to the loss of gH/gL from gO-null virus) likely reduces the entry 

capacity of these particles mediated by gB in trans. The results suggest that gB 

expressed in cells is mediating entry of HCMV particles that lack gB. These results 

strongly support the hypothesis that gB is the fusion protein and gH/gL acts as a 

receptor binding protein to trigger gB for fusion. Put another way, gB recognized a 

protein in the viral membrane, likely gH/gL, and gH/gL recognized a molecule in the cell 

membrane, i.e., gH/gL receptors. I believe that these results provide the best functional 

data to date to support this model for HCMV entry.  

I. Overall summary  

The two projects described in Chapters 2 and 3 have illuminated the functions of 

two HCMV glycoproteins, gB and gH/gL, that are necessary for virus entry. My work on 

gO coupled with that of Brent Ryckman demonstrated that the previous model of how gO 

functions was inaccurate. The prevailing model was that gH/gL/gO was formed, 

incorporated into the virion, and gH/gL/gO acted directly in entry into fibroblasts. We 

showed that gO acts as a chaperone to promote ER export of gH/gL. Without gO, there 

was much less gH/gL present in extracellular virions and this reduction prevented entry 

into fibroblasts and epithelial and endothelial cells. Thus, gO's chaperone function is 

essential and gO does not play a direct role in virus entry.  

My demonstration of gB-mediated entry in trans provides the best functional 

evidence to date that HCMV gB is the fusion protein. Moreover, this is the first 
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description of any viral fusion protein acting in a cellular membrane to trigger entry of the 

virus. We believe that this has not been shown before because other viral fusion proteins 

(e.g., VSV-G protein) must be triggered by binding to cellular receptors. However, in the 

case of HCMV, gH/gL in the virion envelope can bind receptors, reach across the space 

between virus particles and cells expressing gB, and then trigger that gB for fusion. This 

assay also provides a means by which the function and mechanism of gB can be 

defined and genetically separated from the function of gH/gL complexes.  

Based on my results and many previous results, our model of HCMV entry is as 

follows: entry that occurs at the cell surface (e.g., into fibroblasts) is mediated by gH/gL 

engagement with an unknown receptor and this interaction leads to gB being triggered 

for fusion. With epithelial and endothelial cells, entry involves endocytosis and requires 

both gH/gL and gH/gL/UL128-131. There is evidence that gH/gL/UL128-131 engages 

with an unknown receptor (different from those on fibroblasts), either on cell surfaces or 

in endosomes, and this triggers gB for fusion. This entry pathway is disrupted when the 

low pH of endosomes is raised.  

 Finally, this work has important implications for how all herpesvirus gB and gH/gL 

molecules function. Although the structures of HSV and EBV gB were consistent with gB 

being a fusion protein, the structures of HSV and EBV gH/gL did not prove that they 

were not fusion proteins. My data is consistent with the notion that gB molecules are the 

fusion protein, while gH/gL molecules are not. It seems possible that the entry in trans 

assay can be extended to other herpesviruses in order to further study function, e.g., 

domains important for gB interactions with gH/gL. To date, my efforts to adapt this assay 

to HSV have failed. This may relate to the fact that HSV expresses gD, which binds 

receptors to initiate interactions between gH/gL and gB. The addition of gD makes the 
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interactions much more complicated, although it is important to note that cell-cell fusion 

in trans occurs with HSV glycoproteins (7). Other attempts to adapt these assays to EBV 

in collaboration with the Hutt-Fletcher laboratory are underway and may help us 

determine whether this phenomenon is unique to CMV. Determining how different 

herpesvirus gB molecules can function in trans will likely substantially illuminate how gB 

functions.  
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