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Abstract 

Title: All Roads Lead to Akt: How HCMV Controls Akt Activity to Generate a 

Microenvironment Favoring Viral Dissemination 

 

Author: S M Jamil Mahmud 

Sponsor: Gary Chan, PhD 

 

Infection with human cytomegalovirus (HCMV) is highly prevalent, with 

seropositivity reaching 80% in developed countries and upwards of 100% in 

developing countries.  Because of the obligate intracellular nature, similar to 

other viruses, HCMV modulates cellular environment to promote infection.  The 

Phosphatidylinositol-3-kinase (PI3K)/Akt pathway is modulated by many viruses 

because of its central importance in multiple cellular processes.  HCMV has been 

reported to regulate Akt activity during all three stages of its lifecycle: quiescent, 

latent, and lytic infection.  Previously, our lab showed that HCMV promotes Akt 

phosphorylation preferentially at serine 473 (S473) during quiescent infection to 

promote monocyte survival and hematogenous dissemination of the virus.  This 

is in contrast to growth factor-mediated survival of monocytes which involves Akt 

phosphorylation at both S473 and threonine 308 (T308).  The exact mechanism 

how HCMV induces an atypical Akt activation in monocytes, and its biological 

significance remains unclear.  The studies in this thesis reveal that HCMV 

glycoproteins gB and gH work in concert to initiate a HCMV-specific signalosome 

responsible for a robust Akt activation through phosphorylation at S473 in 



 xv 

monocytes.  Moreover, we demonstrate that virion-associated US28-mediated 

signaling is required to inhibit Akt phosphorylation at T308.  Induction of the 

atypical Akt activation is essential to establish HCMV quiescent infection and 

monocyte survival which are required for successful dissemination of the virus.  

We found that HCMV phosphorylates Akt at both S473 and T308 during viral 

entry into fibroblasts.  However, with the progression of infection, HCMV 

suppresses Akt phosphorylation at both residues for efficient viral genome 

replication.  Overall, our data demonstrate that HCMV regulates Akt activity in a 

multifaceted approach which depends on the type of infection to generate a 

microenvironment favoring viral infection and dissemination. 
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A Brief History of Human Cytomegalovirus Discovery 

Human cytomegalovirus (HCMV), also known as Human Herpesvirus 5 (HHV 

5), is a widespread pathogen which belongs to the Betaherpesvirinae subfamily of 

Herpesviridae.  The word “cytomegalovirus” is derived from the Greek words “cyto-” 

and “megalo-” which refer to the giant appearance of the infected cells with large 

intranuclear inclusion bodies (1).  Observation of these “giant cells” was first reported in 

1881 by a German pathologist, Dr. Hugo Ribbert, based on his studies of kidney sections 

from a stillborn (2).  Lipschuetz and Von Glahn later hinted that these abnormal cells 

were a result of viral infection (1, 3).  Because of the intranuclear inclusion bodies in 

affected cells, Wyatt et al. proposed the name “generalized cytomegalic inclusion 

disease” (CID) to describe the lethal congenital infection that resulted in the death of 25 

children in 1932.  It was not until 1953 that electron microscopy revealed tiny particles, 

suggestive of a virus, in the intranuclear inclusion of pancreatic cells in a case of CID (4).  

However, due to limitations regarding cell culture technique, isolation of the virus was 

not possible at that time. 

 Research on the causative viral agent of CID received a new motion after 

successful isolation of poliovirus in human embryonic cell culture (5).  Dr. Margaret 

Smith was the first to isolate the CID virus in 1955 from salivary gland of a dead patient, 

a virus which grew only in human but not in mouse cell cultures (6).  At around the same 

time, Rowe et al. also isolated a virus that caused intranuclear inclusion in infected cells 

which was later confirmed as the causative agent of CID by the Weller lab (7).  These 

scientists exchanged the viruses among them and the similarity of agents recovered was 

established (8).  The name “cytomegalovirus” was coined by Dr. Weller and has since 
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been used to describe species-specific beta-herpesviruses including human, murine, 

simian, and chimpanzee. 

 

HCMV Epidemiology and Diseases 

Infection with human cytomegalovirus (HCMV) is highly prevalent, with 

seropositivity reaching 80% in developed countries and upwards of 100% in developing 

countries (9).  HCMV infection results in lifelong latent infection, with more than 50% 

individuals aged 6 years harboring HCMV, which rises to 90% by the age of 75 in the 

United States (10, 11).  In healthy individuals, HCMV infection is generally 

asymptomatic, although HCMV can cause acute infectious mononucleosis (12, 13), 

gastrointestinal complications (14-19), liver function test (LFT) abnormalities (20), 

encephalitis (21) and has been implicated in cardiovascular disease (22-30), including 

atherosclerotic lesions (31, 32).  While there is debate about HCMV’s ability to be an 

oncogenic virus, growing evidence strongly suggest its ability to modulate cellular 

pathways to promote a pro-tumoral environment to aid in tumor formation and 

progression (33, 34).  In support, HCMV has been linked to glioblastoma, colon cancer, 

breast cancer and prostate cancer (35-41). 

HCMV infection of immunocompromised individuals, including AIDS patients 

and transplant recipients, causes severe morbidity and mortality (42-44).  HCMV is also 

the most common congenital infection occurring in approximately 20,000-30,000 infants 

each year in the United States with approximately 10-15% of infected newborns 

developing permanent neurological abnormalities (45).  HCMV-associated diseases are 
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characterized by end-organ dysfunction, which is a direct consequence of the systemic 

spread of the virus that occurs during an acute infection (46-48). 

 

Congenital HCMV Infection 

 HCMV can infect developing fetus from their mother during pregnancy, and 

during birth through the genital tract at delivery or through breastfeeding (49-52).  

HCMV causes congenital infection to approximately 20,000-30,000 infants, resulting in 

death of 400 infants each year in the United States (45, 53, 54).  More than 10% of the 

infected newborns develop neurological abnormalities, including hearing loss and vision 

loss, as a direct consequence of the viral infection.  In addition, 7-10% of the 

asymptomatic children develops long-term neurological deficits, including intellectual 

disability, sensorineural hearing loss, vision loss, motor disabilities, and seizures at later 

stages of their lives (9, 55). 

 The exact mechanism of HCMV transmission to the fetus during pregnancy 

remains poorly understood.  However, monocytes seem to play a significant role in the 

viral transmission to and dissemination in the fetus (56-60).  Macrophages has been 

shown to express HCMV protein in the villous cores (60), suggesting infected monocytes 

from mother’s bloodstream may travel to the placenta and infect the developing fetus.  

Monocytes are involved in further damage to the placenta and demonstrates enhanced 

adherence to HCMV-infected syncytiotrophoblasts, the cell layer that forms the barrier 

between maternal blood and fetal tissue in the villous placenta (59).  These monocytes 

produce TNFα that promotes apoptosis of the syncytiotrophoblast cells and results in 

placental villitis, a pathological change associated with congenital HCMV infection (59).  
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Finally, the virus can travel to the fetus brain through intracellular transport using the 

infected monocytes (57, 58). 

 

HCMV Infection in Transplant Recipients 

 HCMV is the most common viral cause of post-transplant illness and death.  

Symptomatic HCMV infection is observed in approximately 20% to 60% of all transplant 

recipients (61).  Most cases of symptomatic HCMV infection can be characterized by a 

self-limiting syndrome of episodic fever attacks for a period of 2 to 4 weeks which may 

be associated with arthralgias, fatigue, anorexia, abdominal pain, and diarrhea.  However, 

in these immunodepleted patients, the virus can cause severe inflammation and disease in 

the eyes, brain, heart and lungs, gastrointestinal tract, and can lead to multi-organ failure 

and death.  Moreover, indirect effect of HCMV infection on the grafts has also been 

observed, resulting in graft rejection, accelerated coronary artery atherosclerosis, 

coronary stenosis or rejection in heart transplant recipients, renal impairment in kidney 

recipients, hepatitis after liver transplantation, pneumonitis after lung or heart-lung 

transplant, and overall enhanced risk of fungal and bacterial infections. 

 Seronegative recipients (R-) receiving an organ from a seropositive donor (D+) 

are at the highest risk of HCMV related complications after transplantation (reviewed in 

(62)).  This is because the seronegative recipients are unable to mount an effective 

immune response against the virus which may lead to a chronic infection in the infected 

organs and death (reviewed in (63)).  Moreover, often organ recipients are prescribed 

with immunosuppressive regimen which exacerbate the situation in case of HCMV 

infection.  HCMV-associated diseases in hematopoietic stem cell recipients are reported 
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separately from solid organ transplants because of their increased risk for HCMV related 

complications.  A total of 30% of patients undergoing allogeneic transplant (cells from an 

outside donor) and 5% of autologous patients (cells from the patient themselves) develop 

HCMV diseases (64, 65). 

 HCMV-associated diseases onsets roughly after 4-8 weeks of transplantation 

which can originate from the reactivation of the recipient’s latent virus, or the infected 

organ from a seropositive donor.  Although antiviral treatments may control the disease 

during the course of regimen, HCMV-related complications generally begin soon after 

the discontinuation of the treatment (66).  The mechanism of HCMV diseases in 

transplant recipients is unclear.  One possible explanation includes the uncontrolled viral 

replication in infected organs because of the immunosuppressant condition of the 

recipients.  However, induction of unregulated inflammatory response by HCMV can 

result in severe complications in the transplant recipients (67, 68).  In support, 10% of 

transplanted organs during hepatic allografts are lost because of chronic HCMV infection 

which causes damage in hepatic endothelium and mononuclear infiltration in the intima 

(reviewed in (69)).  This is a result of viral replication in the infected organs leading to 

autocrine and paracrine inflammatory responses which recruit the immune cells. 

 

Current Treatment Against HCMV 

 Although United States National Academy of Medicine has declared the 

development of an HCMV vaccine a top public health priority, unfortunately, there is no 

effective vaccine against HCMV.  At this moment, we are heavily dependent on 

approved antiviral therapies for HCMV diseases: ganciclovir/valganciclovir, cidofovir, 
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foscarnet, letermovir, and maribavir.  Ganciclovir and valganciclovir are considered as 

the first line antivirals for symptomatic HCMV disease and for prophylaxis.  Ganciclovir 

is a nucleotide analog that blocks viral DNA replication by terminating the DNA chain 

elongation (70, 71).  The exact mechanism involves inhibition of viral DNA synthesis by 

HCMV DNA polymerase UL54 following activating phosphorylation of ganciclovir by 

viral UL97 protein (72).  Valganciclovir is an orally bioavailable prodrug that is rapidly 

converted to ganciclovir (73).  However, recent studies reported mutations in the UL57 

and UL97 that refer this drug ineffective (74, 75).  Additionally, both of these drugs show 

significant toxicity in patients that include nephrotoxicity, hepatotoxicity, suppression of 

multiple hematopoietic lineages, that ultimately leads to discontinuation of treatment 

(76).  Unlike ganciclovir, cidofovir does not require an activation by viral protein and 

thus can be used against ganciclovir resistant viral strains.  However, cidofovir treatment 

is also associated with nephrotoxicity and renal failure and must be administered with 

normal saline and probenecid with each infusion to reduce the possibility of toxicity (77).  

Foscarnet is a pyrophosphate analog that selectively binds near the pyrophosphate-

binding site of the viral DNA polymerase and halts DNA replication.  Side effects of this 

drug include renal insufficiency, anemia, and electrolyte abnormalities (78).  However, 

viral resistance against cidofovir and foscarnet can also develop through mutation in viral 

DNA polymerase.  Another FDA approved drug, letormovir, is a viral terminase complex 

inhibitor and is used as a prophylaxis in transplant recipients with HCMV (79, 80).  

Although letormovir is not associated with nephrotoxicity, it has been reported have 

increased risk of adverse cardiac events (81).  Moreover, viral mutations against 

letormovir have already been reported in clinical settings (82-85).  Finally, maribavir 
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inhibits the viral kinase UL97 which is required during egression of viral capsid from the 

nucleus (82, 86).  The most common side effects of maribavir are dysgeusia (altered 

perception of taste) and gastrointestinal events such as diarrhea and nausea (87). 

However, because this drug also targets UL97, it may be ineffective in the treatment of 

ganciclovir and valganciclovir resistant viral strains (88, 89). 

 Along with the severe toxicity associated with the approved drugs prescribed for 

HCMV, they target only a small cluster of viral proteins that may lead to an unavoidable 

development of viral resistance against the antivirals.  Moreover, they are only effective 

against actively replicating viruses, making them ineffective for latent and quiescent 

HCMV infections.  This is especially important in transplant recipients because of the 

delayed onset of HCMV diseases which is mediated by quiescently infected monocytes.  

One possible solution is to target host proteins that are critical for HCMV infection.  

Advantage of targeting host proteins include less susceptibility to develop antiviral 

resistance and broad-spectrum activity through the inhibition of host proteins that are 

manipulated by multiple viruses (90). 

 

HCMV Genome and Virion Structure 

 The HCMV genome consists of a linear, double-stranded DNA molecule which 

circularizes soon after infection (91-93).  The genome is ~236 kbp in length and has a 

class E genome structure with two unique regions, termed unique long (UL) and unique 

short (US), which are flanked by a pair of inversely repeated sequences (94).  The genome 

is often represented as ab-UL-b’a’c’-US-ca where ba/b’a’ and ca/c’a’ represent inverted 

repeats flanking the unique regions (Figure 1A).  During DNA replication, the UL and US 
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segments can invert relative to each other via recombination.  As a result, HCMV DNA is 

found as four genomic isomers which differ in the relative orientations of UL and US, and 

are present in equimolar concentrations (95).  Although the biological significance 

remains unclear, the phenomenon may help explaining the variations found in HCMV 

genomes isolated from different hosts, as well as within the same host (96).  Moreover, 

studies revealed a significant difference in HCMV genome between clinical isolates and 

lab adapted strains.  For example, because of extensively passaging through human 

fibroblast cell culture, AD169, originally a clinical isolate (97) lost the 3’ end of UL 

region (also known as UL/b’) in the genome which was replaced with an inverted copy of 

the 5’ end of the UL region (97, 98).  As a result, this isolate lost its tropism for cell types 

that are known to be infected by the wild-type clinical isolates.  Later studies suggested 

that the UL/b’ encodes virulence factors that are dispensable for infection and replication 

in fibroblasts (98).  The large and complex genome of HCMV was previously thought to 

encode ~200 open reading frames (ORF) (93, 99).  However, a more recent report 

suggests that there could be more than 700 ORF in HCMV genome, which makes it the 

largest and most complex of all human Herpesvirus genomes (100), and underscores how 

much is left to be understood about HCMV biology.   

Like other Herpesviruses, the HCMV genome is encapsidated within a 

nucleocapsid which is 100-125nm in diameter.  The nucleocapsid is composed of 162 

capsomers, broken down into 12 pentameric units and 150 hexameric units of the major 

capsid protein, that are arranged in a T=16 iscosahedral lattice architectural structure 

(101).  Triplexes are composed of triplex capsid protein and triplex capsid protein- 
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Figure 1.  HCMV genome and virion structure. (A) A simplified diagram of the linear, 

double-stranded HCMV genome.  (B) A depiction of the HCMV virion structure showing 

viral genome, capsid, tegument and envelop consisting of viral glycoproteins and US28 

(one of the four HCMV GPCR). 
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binding proteins which lie between the pentameric and hexameric units and are critical 

for capsid morphology and stabilizing the capsid during maturation (102, 103). 

 The viral nucleocapsid is surrounded by a less structured matrix of proteins called 

tegument which is ~50nm in thickness and is localized between the capsid and outer 

envelope of the virion.  The tegument is comprised of more than 50 viral proteins, ~70 

host cellular proteins, as well as viral and cellular RNA species (104, 105).  Although 

function of half of the tegument proteins remains unclear, many of the tegument proteins 

play significant roles during early events, such as, viral entry, immune evasion, and viral 

gene expression, as well as are crucial in virion assembly and egress during late stages of 

infection.  The most abundant tegument protein, pp65, plays an essential role in 

regulating both innate and adaptive immune responses of the host during infection (106-

109).  Studies suggested that pp65 phosphorylates viral immediate-early (IE) proteins to 

prevent their degradation and presentation to major histocompatibility complex class I 

(MHC I) molecules (108).  Another abundant tegument protein, pp71, is important for IE 

expression through degradation of cellular transcription factors that silence IE promoter 

(reviewed in (110)).  Additionally, pp28 and pp150 have been reported to assist with 

virion assembly and egress during late stage of infection (104, 111, 112). 

 The outer-most layer of the virion’s structure is the envelop which is 10nm in 

thickness and is derived from host cell endoplasmic reticulum-Golgi intermediate 

compartment.  The envelop contains at least 20 virally encoded glycoproteins and G-

protein coupled receptor (GPCR) homologs to facilitate HCMV entry and initiate 

signaling cascade to promote host cellular microenvironment favorable for viral infection 

(113-115) (Figure 1B).  The key glycoproteins for HCMV binding and entry include gM, 
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gN, gB, gH, gL, gO, and UL128-131 (116-118).  Glycoproteins gM and gN are the most 

abundant glycoproteins in the envelope and form gM/gN heterodimer that mediates the 

viral binding to the cell-surface heparan sulfate proteoglycan to initiate viral entry into 

host cells (119).  This low-affinity reversible binding between the virus and the cell is 

replaced by a high-affinity irreversible binding of HCMV glycoproteins with cellular 

receptors (120).  Glycoprotein gB plays a critical role in this aspect which is found as a 

homotrimeric complex and binds to cellular receptors to trigger HCMV entry into cells 

(121-128).  Another key glycoprotein for HCMV entry is gH which can be found in three 

complexes: a gH/gL dimer, a gH/gL/gO trimer, and a gH/gL/UL128-131 pentamer (129-

131).  Following initial tethering of the virion to the cell surface, gH complexes bind to 

receptors and induce cellular signaling needed for viral entry into target cells (132, 133).  

Specifically, the trimeric gH complex mediates entry into fibroblasts, while the 

pentameric gH complex is required for entry into epithelial, endothelial, and myeloid 

cells (134-137). 

 

HCMV Cell Tropism 

 The pathogenesis of acute HCMV infection is a direct consequence of broad 

target cell tropism which includes parenchymal and connective tissue cells of almost any 

organ, and various hematopoietic cell types.  The predominant targets for HCMV 

replication are epithelial cells, endothelial cells, fibroblasts, and smooth muscle cells 

(reviewed in (118)).  Infection in each type of cells plays a significant role in overall 

HCMV infection and pathogenesis.  While infection of epithelial cells contributes to 

host-to-host transmission of the virus, infected endothelial and hematopoietic cells 
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facilitate spread of the virus within the hosts.  Finally, infected fibroblasts and smooth 

muscle cells contribute to efficient propagation of HCMV. 

 Aside from the long list of cell types that HCMV can infect, the virus does not 

undergo replication in lymphoid cells and polymorphonuclear leukocytes (138, 139).  

Although HCMV enters these cells and may also express the IE genes to some extent, 

synthesis of early (E) and late (L) proteins is absent (54, 140).   Although HCMV can 

infect and replicate in hepatocytes, neuronal cells, macrophages, dendritic cells, and 

trophoblasts, the efficiency of viral proliferation is low in these cell types.  Regardless, 

HCMV infections within the myeloid compartment play a critical role in HCMV’s 

dissemination and persistence strategies.  Following a primary infection, HCMV 

replicates in oral epithelial cells and spreads to peripheral blood monocytes which are 

considered to serve a major role in the hematogenous dissemination of the virus (141, 

142).  HCMV also infects CD34+ hematopoietic progenitor cells (HPC) in the bone 

marrow that are the main sites of HCMV latency (reviewed in (143)).  Because of the 

long list of cells that HCMV can infect, in his book Dr. Sinzger wrote, “it is easier to list 

the cell types that do not support HCMV replication” (118), underscoring the broad 

tropism this virus has for human cells. 

 A significant effort has been made to replicate the in vivo broad HCMV tropism 

using in vitro culture system.  HCMV infections in skin and lung fibroblasts remain the 

gold standard for virion production.  However, as discussed above, extensively passaging 

of HCMV through human fibroblast cell culture may result in the loss of tropism for 

endothelial or myeloid cells.  This is linked to the loss of specific portions of the viral 

genome encoding glycoproteins necessary for entry in the latter cell types (98, 133, 136, 
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144).  For example, HCMV strains expressing the gH pentameric complex bind to 

integrin β1 during HCMV entry into monocytes while the trimeric gH complex mediates 

entry into fibroblasts (134-137).  The pentameric complex is also indispensable for viral 

entry into monocytes through interaction with integrin β1 (133).  Glycoprotein gB is 

found as a homotrimeric complex and binds to EGFR and/or PDGFRα to trigger HCMV 

entry into different cells, although there are conflicting reports about both receptors being 

a bona fide entry receptor for HCMV (121-128).  Studies have demonstrated a direct 

interaction between gB and EGFR or PDGFRα in fibroblast cells (121, 123).  EGFR is 

thought to be the gB engaging receptor required for HCMV entry into monocytes due to 

the lack of PDGFRα expression (124).  In addition to these receptors, additional cellular 

receptors, including Nrp1, CD147, CD90, and BST2, have also been reported to mediate 

HCMV entry in different cell types (127, 145-148).  Interestingly, very few of the 

receptors have been found to be essential for HCMV entry for all cell types.  This 

underscores the complexity of interactions between different viral glycoproteins and host 

cell-surface receptors that are utilized by HCMV to expand its tropism. 

 HCMV glycoprotein binding to appropriate receptors activates signaling cascades 

that facilitates viral entry into the host cell (132, 149).  The entry can be mediated by two 

different paths: pH-independent fusion, or endocytosis (150, 151).  During pH-

independent fusion, gB and gH are required for viral entry in fibroblasts (151).  Entry 

into endothelial cells requires the gH pentameric complex which mediates the 

endocytosis through endosome acidification and cytoplasmic delivery of viral tegument 

and genome (150).  Thus, it is likely that HCMV has developed different methods of 

entry depending on the cell type and the receptors engaged on the host cell-surface.  For 
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example, in monocytes, HCMV enters through a macropinocysis-like process (124, 152, 

153).  Regardless of the method utilized by the virus for entry, capsid is released in the 

host cell cytoplasm that facilitate the delivery of the HCMV genome within the capsid to 

the nucleus. 

 

Overview of HCMV Lifecycle and its Regulation 

 After binding and entry of HCMV, several tegument proteins are involved in the 

stabilization and transportation of the viral capsid.  In this regard, phosphoprotein pp150 

plays an important role as it has been reported to interact with preformed capsids (154, 

155).  In addition, pUL47 and pUL48 form a complex which helps with capsid 

transportation and injection of the HCMV genome through the nuclear pore complex 

(156).  Depending on the cell type, HCMV establishes 3 distinct types of infection: lytic, 

latent, or quiescent.  Importantly, each type of infection plays significant role in viral 

proliferation, immune evasion and persistence which enables the virus to establish and 

maintain a lifelong infection in the host.   

 

Lytic Infection 

 Lytic infection is the productive phase of the HCMV lifecycle during which new 

virions are produced.  It is the predominant type of HCMV infection that is established in 

most cell types in the body, including fibroblasts, endothelial cells, and epithelial cells.  

Upon entry of the linear double-stranded viral DNA in the nucleus, it circularizes and 

begins a coordinated cascade of viral gene expression.  Depending on the order of viral 

gene expression, HCMV lytic genes are categorized into three main groups: immediate-
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early (IE), early (E), and late (L) genes.  Regulation of IE gene expression is mediated by 

the major immediate early promoter (MIEP).  Expression of the two main IE genes, 

UL122 and UL123, is independent of de novo viral protein synthesis which regulates host 

immune and stress responses as well as expression of subsequent viral genes (reviewed in 

(157)).  Expression of E gene products is primarily responsible for replication of HCMV 

genome.  Finally, L genes encode the structural proteins, such as, the components of viral 

capsid which are assembled inside the nucleus (158).  The newly synthesized viral 

genome is then incorporated inside the capsid which is transported to the cytoplasm using 

nuclear egress complex (159, 160).  Once outside of the nucleus, capsid and tegument 

proteins are transported to the virion assembly compartment (VAC) which is formed at 

the endoplasmic reticulum (ER)-Golgi intermediate compartment (42, 157).  After 

acquisition of more tegument proteins inside the VAC, the virus then enters intracellular 

vesicles and attains the lipid envelope containing viral glycoproteins (reviewed in (161)).  

Finally, the matured virions are released by exocytosis at the plasma membrane (42, 157). 

 

Latent Infection 

 HCMV latency is described by the maintenance of viral genome in the absence of 

lytic gene expression and progeny virus production (e.g. refs. (162-165)).  Like other 

Herpesviruses, the ability to establish and maintain latent infection allows HCMV to 

persist in the host for life.  HCMV latency is primarily described in CD34+ HPCs (164, 

166-168).  During latency, HCMV remains undetected by the host immune system which 

can be activated with an external stimulation with activators of inflammatory signaling or 

DNA damage responses (169-172).  Unlike lytic HCMV infection, expression of IE, E 
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and L genes does not occur in a classical cascade manner.  Instead, gene expression is 

tightly regulated in latency which allows limited viral gene expression required to 

maintain latency (167, 173, 174).  Currently, there is debate among the experts whether 

these genes are a distinct category of genes specific to latency or they are simply lytic 

genes expressed at a low-level during latency (143, 167, 173). 

HCMV protein pUL138 is expressed during latency in monocytes and CD34+ 

cells.  Infection with recombinant virus lacking the UL138 gene failed to establish or 

maintain latency and resulted in a productive infection in CD34+ cells (167).  Latency-

associated nuclear antigen (LUNA), another transcript expressed during latency, 

functions as an anti-sense RNA that potentially mediates inhibition of pp71, a viral trans-

activator of the MIEP, to maintain latency (175, 176).  The HCMV G protein-coupled 

receptor (GPCR) US28 is found within mature virions (177) and is expressed during 

latent (177-185) as well as lytic infection (e.g. refs (186-188)).  Importantly, US28 is 

essential for viral latency/quiescence in cells of the myeloid lineage, including CD34+ 

HPCs (177, 179, 180, 182), THP1 cells (180, 183, 189), Kasumi-3 cells (177, 179, 180), 

and monocytes (183, 190).  During latency, US28-mediated signaling silences the MIEP 

to establish and maintain latency (177, 179, 180, 183).  The available models for the 

study of HCMV latency in vitro include the THP-1 monocytic-like cell line, NTERA-2 

embryonal carcinoma cells, Kasumi-3 myeloid progenitor cell line, and primary CD34+ 

cells in a co-culture system with a stromal cell line (191-193). Investigations into HCMV 

latency using these models have provided critical knowledge expanding our 

understanding of HCMV biology.  However, each model has its own limitations, 
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including inability to maintain the viral genome for long periods of time, low infectivity 

rates, population heterogeneity, or dysregulated signaling (194). 

In addition to HCMV proteins, viral and cellular microRNAs have also been 

reported to regulate HCMV latency establishment and maintenance (reviewed in (195)).  

HCMV microRNAs, such as UL112-3p, targets UL123 mRNA to limit expression of IE1 

and viral genome replication in infected fibroblast cells (196, 197).  While UL112-3p was 

shown not to be involved in the establishment in HCMV latency in monocytes, it was 

required for suppression of IE gene expression and host immune activation (198).  In 

addition of targeting viral transcripts, HCMV microRNAs also target host transcripts to 

establish viral latency (reviewed in (195)).  Moreover, host microRNAs also play 

important role in establishment of HCMV latency.  Recent studies in Kasumi-3 and 

CD34+ HPCs identified hsa-miR-200 cluster of miRNAs that targets 3’-UTR of UL122 

to repress HCMV lytic infection (199). 

 

Quiescent Infection 

 Quiescent infection is the third type of HCMV infection that has been recently 

described in peripheral blood monocytes (141, 142).  Similar to latent infection, during a 

quiescent infection, HCMV does not express lytic genes and lacks progeny virus 

production with the maintenance of viral genome (162, 200).  However, an important 

distinction between latent and quiescent infection lies within the realm of reactivation.  

Unlike latent infection which requires an external stimulation for viral reactivation, as 

discussed above, HCMV reactivates spontaneously, without any external stimulus after 2-

3 weeks of infection in monocytes (201, 202).  Following a primary infection, HCMV 
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spreads to peripheral blood monocytes where the virus establishes a quiescent infection.  

Infection directly promotes monocytes to travel to distal end-organ sites and differentiate 

into long-lived tissue macrophages permissive for viral replication.  Infected monocytes 

that journey to the bone marrow ultimately transfer infection to CD34+ HPCs to establish 

a lifelong reservoir of latency.  Based on this model of viral dissemination, primary 

infected monocytes are a critical lynchpin to viral dissemination by linking initial lytic 

infection to life-long latent infection in CD34+ cells.  Suppression of initial lytic 

infection in primary infected monocytes is essential for the immune evasion and spread 

of HCMV within the host, as viral mutants unable to establish latency or wild type 

HCMV forced out of latency are targeted by the host immune response (183, 203).  

Spontaneous reactivation occurs as the nonpermissive infected monocytes differentiate 

into a long-lived, permissive macrophages (204). Following monocyte-to-macrophage 

differentiation, lytic gene expression and viral replication are observed (205). 

 

Role of US28 in the Regulation of Latency/Quiescence 

 GPCRs represent a large group of eukaryotic transmembrane proteins consisting 

of seven transmembrane domains that initiate signaling cascades after activation through 

an array of different stimuli.  The exact mechanism mostly involves activation of Gα 

subunit of the associated G-proteins.  As a result, Gα is released from the other two 

submit of the G-protein complex, Gβ, and Gγ, and interacts with other cellular proteins to 

activate diverse pathways (206).  Similar to other members of the Herpesvirus family 

(reviewed in (207)), HCMV encodes GPCR homologues: UL33, UL78, US27, and US28.  
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Among the four HCMV GPCRs, the role of US28 protein is better defined in HCMV 

infection. 

 US28 is found within mature virions (177) and expressed during latent (177-185) 

as well as lytic infection (e.g. refs (186-188)).  US28 modulates multiple cellular 

pathways during lytic infection, including calcium signaling (186, 187), FAK/Src (208), 

PLC (186, 209), COX-2 (210), STAT3 (211), Akt, ERK1/2, eNOS (212), beta-catenin 

(213).  Importantly, US28 is essential for viral latency/quiescence in cells of the myeloid 

lineage, including CD34+ HPCs (177, 179, 180, 182), THP1 cells (180, 183, 189), 

Kasumi-3 cells (177, 179, 180), and monocytes (183, 190).  During latency, US28-

mediated signaling silences the major immediate early promoter (MIEP) (177, 179, 180, 

183), a key promoter in the latent-to-lytic switch that regulates the expression of 

immediate early 1 (IE1) and immediate early 2 (IE2) viral proteins, encoded by UL123 

and UL122, respectively.  In Kasumi-3 cells and CD34+ HPCs, US28 attenuates cellular 

fos (c-fos) to prevent AP-1 transcription factor-dependent activation of the MIEP (180).  

Additionally, studies in THP-1 cells revealed the importance of US28-mediated 

downregulation of MAPK and NFκB pathways in establishing latency (183).  Similar to 

latent infection, expression of viral lytic proteins, such as IE1, are inhibited during 

quiescent infection of monocytes (141, 142, 205, 214).  Although virion-associated US28 

is important for the establishment of latency in Kasumi-3 cells and CD34+ HPCs (180), 

the role of US28-mediated regulation of the MIEP during the establishment of a 

quiescent infection in monocytes remains to be elucidated. 
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Reactivation of HCMV from Latency/Quiescent Infection 

 Primary HCMV infection may cause devastating effects, especially following 

congenital infection (215).  However, reactivation of the virus from latency is a major 

cause of disease in transplant patients and in late-stage HIV patients suffering from AIDS 

(216-218).  Changes in the cellular environment, such as differentiation, play a major role 

in triggering HCMV reactivation.  Studies in CD34+ HPCs revealed that HCMV is 

reactivated after differentiation of the CD34+ cells to dendritic cells (172, 219).  

Mechanistically, changes in the cellular transcriptional regulator that is followed by the 

differentiation process may lead to the reactivation of HCMV.  In support, pro-

inflammatory cytokine treatment, or treatment with agents used for myeloid 

differentiation leads to the viral reactivation from latency (220, 221). 

 At the genomic level, latency and reactivation are regulated through the 

suppression and activation of MIEP, respectively.  Because the HCMV genome is rapidly 

chromatinised upon entry into nucleus, the MIEP is subjected to regulation by chromatin 

structure (222-226).  For example, H3K9me2, H3K9me3, and H3K27me3 methylation at 

the MIE locus correlate with low levels of IE expression (219, 226-229).  Contrarily, 

H3K4me2, H3K4me3, H3K9/14ac, H3S10ph, and H4Kac recruitment to the MIEP locus 

is responsible for an activation of MIEP (171, 172, 219, 226-229).  These data suggest 

that genome silencing through a closed chromatin conformation at the MIEP locus 

promotes latency, while an open chromatin conformation may result in reactivation, 

indicative of transcriptional activity.  Activation of transcription factor NFκB has been 

studied the most in terms of MIEP locus and has been reported to activate IE gene 

expression (230-234).  Binding of AP1, another cellular transcription factor, to the 
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enhancer region of MIEP is essential for successful reactivation of HCMV from latency 

(180).  Expression of HCMV microRNAs, such as miR-US22, may also promote 

reactivation through suppression of EGR-1 protein level (235) which is involved in the 

expression of latency associated  gene UL138.  In sum, a wide range of transcription 

factors and a cumulation of chromatinization with its associated factors play an 

intertwined role for the regulation of different stages of HCMV lifecycle and reactivation 

from latency (reviewed in (236)). 

 

HCMV Dissemination in the Host and Role of Monocytes 

 The actual mechanism and cell type involved in HCMV dissemination during 

primary infection long remained unknown.  Peripheral blood leukocytes were suspected 

to be involved in the process as HCMV viremia was known to be cell associated (36-40, 

237, 238).  Monocytes are the predominant infiltrating cell type in infected organs of 

patients with HCMV disease, thus, they were proposed to be responsible for viral 

dissemination (237-240).  Studies in mice with a related herpesvirus, murine CMV, also 

suggested monocyte-associated viremia is a pre-requisite for viral pathogenesis (241-

243).  However, HCMV is unable to replicate inside monocytes (140, 204, 237, 238, 244, 

245).  Furthermore, monocytes are short-lived cells, with a life span of ~48 hours 

following released from the bone marrow, making them a seemingly unsuitable target 

cell for HCMV, which requires days to weeks for its replication (246).  Unlike 

monocytes, macrophages, the differentiated counterparts of monocytes, are not only 

permissive for HCMV replication, but are also long-lived.  But as macrophages are not 

blood-borne cells, they cannot be responsible for the viral dissemination in host organs.   
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Figure 2.  Model of HCMV dissemination in the host (adapted from Smith et al. 2004 

and revised in our lab).  The primary HCMV infection of a naïve host can either be 

symptomatic or asymptomatic by contact with bodily fluid from an individual actively 

shedding virus or transplanted organ from a seropositive donor (247).  Following primary 

infection, HCMV infects peripheral blood monocytes and use them as a vehicle for 

dissemination of the infection to multiple organ sites (238, 248).  Indeed, HCMV infected 

monocytes exhibit increased motility (249) and are the predominant infiltrating cell type 

found in infected organs (240).  Ultimately, infected monocytes can enter bone marrow, 

where HCMV can establish viral latency within CD34+ progenitor cells (250).  

Furthermore, life-long periodic viral shedding occurs when infected myeloid precursor 

cells differentiate into monocytes and leave bone marrow, and further differentiated into 

macrophages (191, 251). 

 

 

 

 



 24 

Finally, resolving the conundrum, our group showed that after infecting monocytes, 

HCMV induces monocyte-to-macrophage differentiation and replicates- the first report of 

viral induced hematopoietic differentiation (142) (Figure 2). 

Although monocytes are “at the right place at the right time”, HCMV is unable to 

replicate in the monocytes (142).  Further complicating the matters, monocytes are 

naturally programmed to die approximately 48 h after being released from the bone 

marrow (252).  To overcome this challenging situation, HCMV reprograms monocytes to 

bypass the 48-h “viability gate”, allowing monocyte-to-macrophage differentiation (142, 

253, 254).  However, anti-apoptotic viral proteins are not expressed before monocytes 

differentiate into macrophages (255, 256).  Contrarily, HCMV activates signaling 

pathways in monocytes as early as 10 minutes which includes receptor activation and 

pro-survival events, such as Akt activation (249).  Interestingly, our lab also found that 

UV-inactivated virus stimulates pro-survival events similar to the “live” virus, suggesting 

that HCMV upregulates monocyte viability during the entry process for successful 

dissemination in our body (202). 

 

Regulation of Akt Pathway in HCMV-infected Cells 

 Akt is a serine-threonine protein kinase that regulates multiple cellular pathways 

(reviewed in (257-260)).  Because of its importance in regulating numerous aspects in 

cell biology, Akt activity is tightly controlled by an intricate system of positive and 

negative regulators at the cell membrane (Fig. 3A). Phosphatidylinositol-3-kinase (PI3K) 

is a phospholipid kinase that becomes recruited to and activated by receptor tyrosine 

kinases (RTKs) at the cell surface upon their engagement by activating ligands.  PI3K 
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consists of a p85 regulatory subunit and a p110 catalytic subunit.  There are three 

isoforms of the p110 subunit of class 1A PI3K, namely p110α, p110β, and p110δ, and 

they are upstream of Akt.  Under normal circumstances, the p110δ isoform is associated 

with monocyte viability through activation of Akt.  PI3K phosphorylates 

phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2] to phosphatidylinositol 3,4,5-

trisphosphate [PI(3,4,5)P3] that recruits Akt to the plasma membrane, leading to the 

phosphorylation of Akt at T308 and S473 residues by PDK1 and mTORC2, respectively 

(261, 262).  The activity of PI3K can be reversed by the phosphatase and tensin homolog 

(PTEN), which dephosphorylates PI(3,4,5)P3 back into PI(4,5)P2 (263, 264).  

Alternatively, PI(3,4,5)P3 can also be dephosphorylated to PI(3,4)P2 by SH2 domain-

containing inositol 5-phosphatase 1 (SHIP1) (265).  Thus, one aspect of regulation of Akt 

activation is through regulation of relative abundance of different forms of 

phosphatidylinositol phosphate (PIP) lipids at the cell membrane.  Interestingly, HCMV 

seems to regulate the Akt pathway in a cell-dependent manner.  During lytic infection, 

HCMV promotes a bi-phasic activation of Akt (266, 267).  While the early activation of 

Akt is mediated by glycoproteins and is required for efficient HCMV entry, the late 

activation after IE protein expression may play a role in viral genome replication (266, 

268, 269).  However, late activation of Akt is inhibitory for HCMV replication in 

fibroblasts (270).  Similarly, HCMV infection in aortic endothelial cells also causes a 

reduction in Akt phosphorylation, which is required for the reduction of eNOS expression 

to promote atherogenesis (271).  Correspondingly, the Goodrum lab has investigated the 

role of PI3K/Akt pathway in terms of HCMV latency and showed that UL138 positively  
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Figure 3: Activation of the Akt pathway in growth factor-induced (left) and HCMV-

infected (right) monocytes.  (A) Treatment of monocytes with growth factors, such as 

GM=CSF, results in the activation of a RTK, which in turn activates PI3K.  PI3K 

phosphorylates PI(4,5)P2 to PI(3,4,5)P3 which recruits Akt to the plasma membrane and 

is activated through phosphorylation at T308 and S473 residues by PDK1 and mTORC2, 

respectively.  (B) Contrarily, during HCMV entry into monocytes, RTK, such as EGFR, 

is activateds through glycoprotein-mediated signaling and activates PI3K.  However, 

unlike growth factor induction, HCMV upregulates SHIP1, which dephosphorylates 

PI(3,4,5)P3 to PI(3,4)P2.  This results in an atypical Akt activation through a preferential 

phosphorylation at S473.  As a result, HCMV infection upregulates a unique subset of 

Akt-dependent anti-apoptotic proteins, such as, Mcl-1, HSP27 and XIAP to promote 

monocyte survival. 
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regulates this pathway through a sustaining EGFR signaling to promote latency in 

CD34+ HPCs (270). 

 During HCMV entry in monocytes, activation of EGFR initiates the PI3K/Akt 

pathway (124) (Figure 3B).  Although p110δ is the primary isoform responsible for the 

survival of monocytes under homeostatic conditions (272, 273), we have previously 

shown that HCMV preferentially utilizes PI3K p110β to stimulate the survival of infected 

monocytes (274).  To enhance Akt activation, HCMV rapidly inactivates PTEN activity 

during entry into monocytes (274).  Although a negative regulator of the PI3K/Akt 

pathway under normal circumstances, SHIP1 positively regulates Akt activity within 

tumor microenvironments (275-277).  We have also demonstrated SHIP1 activity is 

required for Akt activation during HCMV infection of monocytes and that the SHIP1 

product, PI(3,4)P2, rescued the loss of SHIP1 activity (274).  

Phosphorylation analyses revealed atypical Akt phosphorylation; HCMV 

infection stimulated a preferential phosphorylation at Akt serine 473 (S473) in contrast to 

granulocyte-macrophage colony-stimulating factor (GM-CSF) and macrophage colony-

stimulating factor (M-CSF), which mediates Akt phosphorylation at both S473 and 

threonine 308 (T308) (256, 278, 279).  This atypical Akt activation results in the 

upregulation of select anti-apoptotic proteins, such as myeloid cell leukemia 1 (Mcl-1) 

and heat shock protein 27 (HSP27) only within infected monocytes (280) and is 

necessary to ensure viral dissemination and persistence by promoting monocyte survival 

and differentiation into macrophages (274). 
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Unanswered Questions 

Similar to other viruses, HCMV modulates the host cellular microenvironment 

and manipulates multiple pathways to promote successful infection.  We have previously 

shown that HCMV promotes survival of short-lived monocytes through the activation of 

Akt to promote viral dissemination in our body.  Interestingly, UV-inactivated particles 

stimulate monocyte survival similar to “live” virus, indicating a critical role for 

glycoproteins in the survival of HCMV-infected monocytes.  However, identity of the 

glycoproteins and how they mediate Akt activation in monocytes is unknown (Figure 4).  

Our lab reported that HCMV promotes the survival of the infected monocytes by 

an atypical activation of Akt via preferential phosphorylation at S473.  It is interesting 

that HCMV reroutes canonical Akt activation to promote monocyte survival, while the 

growth factors induce survival through Akt phosphorylation at both S473 and T308.  

Interestingly, cellular GPCRs have been shown to modulate Akt pathway.  In addition, 

the HCMV GPCR, US28, suppresses active viral infection in monocytes.  How US28 

regulates quiescent infection in monocytes requires further investigation and whether 

US28 modulates Akt activation has not previously been investigated. 

HCMV activates Akt in a cell-dependent manner to promote a successful 

infection.  However, regulation of Akt in HCMV-infected cells that support lytic 

infection, such as fibroblasts, is a new avenue of research that is far from clear.  Recent 

reports suggest an inhibitory effect of Akt activation on HCMV replication in fibroblasts, 

but the precise mechanism requires further investigation.  Overall, examination of how 

HCMV regulates Akt in different stages of infection and their biological significance will 

allow for a deeper understanding about HCMV infection and may provide insights into  
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Figure 4:  Unanswered questions about how HCMV regulates Akt activation in 

different cell types and its role at different stages of HCMV lifecycle.  Previously we 

showed that during viral entry, HCMV promotes an atypical Akt activation to induce 

monocyte survival.  However, the viral glycoproteins and monocyte receptors remain 

unknown.  Moreover, whether this atypical Akt activation is required for the 

establishment of a quiescent infection in monocytes has not previously been investigated.  

In addition, how HCMV regulates Akt activity during the viral lytic cycle and its 

biological significance in viral infection is an avenue of research that requires further 

investigation.  
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new molecular targets aimed at eliminating HCMV infection, dissemination, and 

persistence. 

 

Thesis Outline 

 The studies in this thesis are a continuation of the work in our lab focused on 

understanding the mechanisms by which HCMV modulates Akt activation to promote 

successful infection in the settings of quiescence and replication in permissive cells.  

Chapter 2 examines the role of HCMV glycoproteins and their interactions with cellular 

receptors for inducing an atypical Akt activation to promote survival of the infected 

monocytes.  Chapter 3 investigates how HCMV further fine-tunes Akt activation using 

virion-associated US28 to establish quiescent infection in monocytes.  Mechanistically, 

Chapter 3 unveils how US28 inhibits canonical Akt activation to suppress IE expression 

required for immune evasion.  Chapter 4 focuses on how HCMV regulates Akt in 

permissive cells, such as fibroblasts, and its biological significance.  Importantly, Chapter 

4 identifies that expression of HCMV IE gene products leads to the inactivation of Akt 

with the progression of lytic infection, which is required for efficient viral DNA 

replication and progeny virus production.  Finally, Chapter 5 discusses the overall 

findings, outlines remaining questions, and proposes future avenues of research. 

 

 

 

 

 



 31 

References 

 

1. W. C. Vonglahn, A. M. Pappenheimer, Intranuclear Inclusions in Visceral Disease. Am J 

Pathol 5, 445-466 443 (1925). 

2. H. Ribbert, Ueber protozoenartige Zellen in der Niere eines syphilitischen Neugeborenen 

und in der Parotis von Kindern. Zbl All Pathol, 3 (1904). 

3. B. Lipschütz, Untersuchungen ueber die Aetiologie der Krankheiten der Herpes genitalis. 

Arch Dermatol Syph. Arch Dermatol Syph 136, 54 (1921). 

4. W. Minder, Die Aetiologie der Cytomegalia infantum. Schweiz Med Wochenschr 83, 2 

(1953). 

5. J. F. Enders, T. H. Weller, F. C. Robbins, Cultivation of the Lansing Strain of 

Poliomyelitis Virus in Cultures of Various Human Embryonic Tissues. Science 109, 85-

87 (1949). 

6. M. G. Smith, Propagation in tissue cultures of a cytopathogenic virus from human 

salivary gland virus (SGV) disease. Proc Soc Exp Biol Med 92, 424-430 (1956). 

7. W. P. Rowe, J. W. Hartley, S. Waterman, H. C. Turner, R. J. Huebner, Cytopathogenic 

agent resembling human salivary gland virus recovered from tissue cultures of human 

adenoids. Proc Soc Exp Biol Med 92, 418-424 (1956). 

8. T. H. Weller, Review. Cytomegaloviruses: the difficult years. J Infect Dis 122, 532-539 

(1970). 

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

demographic characteristics associated with infection. Rev Med Virol 20, 202-213 (2010). 

10. G. Pawelec, J. E. McElhaney, A. E. Aiello, E. Derhovanessian, The impact of CMV 

infection on survival in older humans. Curr Opin Immunol 24, 507-511 (2012). 

11. S. A. Staras et al., Seroprevalence of cytomegalovirus infection in the United States, 

1988-1994. Clin Infect Dis 43, 1143-1151 (2006). 

12. P. L. Nerheim et al., Enhanced cytomegalovirus infection in atherosclerotic human blood 

vessels. Am J Pathol 164, 589-600 (2004). 

13. G. Lawlor, A. C. Moss, Cytomegalovirus in inflammatory bowel disease: pathogen or 

innocent bystander? Inflamm Bowel Dis 16, 1620-1627 (2010). 

14. P. J. Yeh et al., Cytomegalovirus gastritis: Clinicopathological profile. Dig Liver Dis 53, 

722-728 (2021). 

15. J. Yoon et al., Endoscopic features and clinical outcomes of cytomegalovirus 

gastroenterocolitis in immunocompetent patients. Sci Rep 11, 6284 (2021). 

16. S. Bernard et al., Symptomatic cytomegalovirus gastrointestinal infection with positive 

quantitative real-time PCR findings in apparently immunocompetent patients: a case 

series. Clin Microbiol Infect 21, 1121 e1121-1127 (2015). 

17. R. W. Goodgame, Gastrointestinal cytomegalovirus disease. Ann Intern Med 119, 924-

935 (1993). 



 32 

18. S. Patra, S. C. Samal, A. Chacko, V. I. Mathan, M. M. Mathan, Cytomegalovirus 

infection of the human gastrointestinal tract. J Gastroenterol Hepatol 14, 973-976 (1999). 

19. D. S. Siegal, N. Hamid, B. A. Cunha, Cytomegalovirus colitis mimicking ischemic colitis 

in an immunocompetent host. Heart Lung 34, 291-294 (2005). 

20. J. I. Cohen, G. R. Corey, Cytomegalovirus infection in the normal host. Medicine 

(Baltimore) 64, 100-114 (1985). 

21. M. Eddleston, S. Peacock, M. Juniper, D. A. Warrell, Severe cytomegalovirus infection 

in immunocompetent patients. Clin Infect Dis 24, 52-56 (1997). 

22. E. Adam et al., High levels of cytomegalovirus antibody in patients requiring vascular 

surgery for atherosclerosis. Lancet 2, 291-293 (1987). 

23. Y. J. Tang-Feldman et al., Murine cytomegalovirus (MCMV) infection upregulates P38 

MAP kinase in aortas of Apo E KO mice: a molecular mechanism for MCMV-induced 

acceleration of atherosclerosis. J Cardiovasc Transl Res 6, 54-64 (2013). 

24. H. Heybar, S. M. Alavi, M. Farashahi Nejad, M. Latifi, Cytomegalovirus infection and 

atherosclerosis in candidate of coronary artery bypass graft. Jundishapur J Microbiol 8, 

e15476 (2015). 

25. M. Kawasaki et al., Carotid atherosclerosis, cytomegalovirus infection, and cognitive 

decline in the very old: a community-based prospective cohort study. Age (Dordr) 38, 29 

(2016). 

26. Y. J. Jia et al., Cytomegalovirus infection and atherosclerosis risk: A meta-analysis. J 

Med Virol 89, 2196-2206 (2017). 

27. J. Danesh, R. Collins, R. Peto, Chronic infections and coronary heart disease: is there a 

link? Lancet 350, 430-436 (1997). 

28. M. Levi, CMV endothelitis as a factor in the pathogenesis of atherosclerosis. Cardiovasc 

Res 50, 432-433 (2001). 

29. H. Valantine, Cardiac allograft vasculopathy after heart transplantation: risk factors and 

management. J Heart Lung Transplant 23, S187-193 (2004). 

30. J. B. DuRose, J. Li, S. Chien, D. H. Spector, Infection of vascular endothelial cells with 

human cytomegalovirus under fluid shear stress reveals preferential entry and spread of 

virus in flow conditions simulating atheroprone regions of the artery. J Virol 86, 13745-

13755 (2012). 

31. R. Horvath et al., The possible role of human cytomegalovirus (HCMV) in the origin of 

atherosclerosis. J Clin Virol 16, 17-24 (2000). 

32. R. Chen et al., The relationship between human cytomegalovirus infection and 

atherosclerosis development. Mol Cell Biochem 249, 91-96 (2003). 

33. S. Pasquereau et al., Cytomegalovirus, Macrophages and Breast Cancer. Open Virol J 11, 

15-27 (2017). 

34. G. Herbein, A. Kumar, The oncogenic potential of human cytomegalovirus and breast 

cancer. Front Oncol 4, 230 (2014). 



 33 

35. C. S. Cobbs et al., Human cytomegalovirus infection and expression in human malignant 

glioma. Cancer Res 62, 3347-3350 (2002). 

36. L. Harkins et al., Specific localisation of human cytomegalovirus nucleic acids and 

proteins in human colorectal cancer. Lancet 360, 1557-1563 (2002). 

37. M. Michaelis, H. W. Doerr, J. Cinatl, The story of human cytomegalovirus and cancer: 

increasing evidence and open questions. Neoplasia 11, 1-9 (2009). 

38. D. A. Mitchell et al., Sensitive detection of human cytomegalovirus in tumors and 

peripheral blood of patients diagnosed with glioblastoma. Neuro Oncol 10, 10-18 (2008). 

39. C. Soderberg-Naucler, HCMV microinfections in inflammatory diseases and cancer. J 

Clin Virol 41, 218-223 (2008). 

40. L. Soroceanu, C. S. Cobbs, Is HCMV a tumor promoter? Virus Res 157, 193-203 (2011). 

41. C. Taher et al., High prevalence of human cytomegalovirus proteins and nucleic acids in 

primary breast cancer and metastatic sentinel lymph nodes. PLoS One 8, e56795 (2013). 

42. T. Crough, R. Khanna, Immunobiology of human cytomegalovirus: from bench to 

bedside. Clin Microbiol Rev 22, 76-98, Table of Contents (2009). 

43. X. J. Jiang et al., Human cytomegalovirus glycoprotein polymorphisms and increasing 

viral load in AIDS patients. PLoS One 12, e0176160 (2017). 

44. M. Koldehoff, M. Lindemann, S. R. Ross, A. H. Elmaagacli, Cytomegalovirus induces 

HLA-class-II-restricted alloreactivity in an acute myeloid leukemia cell line. PLoS One 

13, e0191482 (2018). 

45. W. J. Britt, Congenital Human Cytomegalovirus Infection and the Enigma of Maternal 

Immunity. J Virol 91 (2017). 

46. A. L. Bissinger, C. Sinzger, E. Kaiserling, G. Jahn, Human cytomegalovirus as a direct 

pathogen: correlation of multiorgan involvement and cell distribution with clinical and 

pathological findings in a case of congenital inclusion disease. J Med Virol 67, 200-206 

(2002). 

47. A. D. Yurochko, Human cytomegalovirus modulation of signal transduction. Curr Top 

Microbiol Immunol 325, 205-220 (2008). 

48. K. M. Anderholm, C. J. Bierle, M. R. Schleiss, Cytomegalovirus Vaccines: Current 

Status and Future Prospects. Drugs 76, 1625-1645 (2016). 

49. S. Stagno, D. W. Reynolds, R. F. Pass, C. A. Alford, Breast milk and the risk of 

cytomegalovirus infection. N Engl J Med 302, 1073-1076 (1980). 

50. S. Stagno et al., Comparative serial virologic and serologic studies of symptomatic and 

subclinical congenitally and natally acquired cytomegalovirus infections. J Infect Dis 

132, 568-577 (1975). 

51. D. W. Reynolds, S. Stagno, T. S. Hosty, M. Tiller, C. A. Alford, Jr., Maternal 

cytomegalovirus excretion and perinatal infection. N Engl J Med 289, 1-5 (1973). 

52. K. Hayes, D. M. Danks, H. Gibas, I. Jack, Cytomegalovirus in human milk. N Engl J 

Med 287, 177-178 (1972). 



 34 

53. J. W. Gnann, Jr. et al., Inflammatory cells in transplanted kidneys are infected by human 

cytomegalovirus. Am J Pathol 132, 239-248 (1988). 

54. C. Sinzger, B. Plachter, A. Grefte, T. H. The, G. Jahn, Tissue macrophages are infected 

by human cytomegalovirus in vivo. J Infect Dis 173, 240-245 (1996). 

55. M. R. Schleiss, Congenital cytomegalovirus infection: molecular mechanisms mediating 

viral pathogenesis. Infect Disord Drug Targets 11, 449-465 (2011). 

56. M. C. Seleme, K. Kosmac, S. Jonjic, W. J. Britt, Tumor Necrosis Factor Alpha-Induced 

Recruitment of Inflammatory Mononuclear Cells Leads to Inflammation and Altered 

Brain Development in Murine Cytomegalovirus-Infected Newborn Mice. J Virol 91 

(2017). 

57. M. C. Cheeran, J. R. Lokensgard, M. R. Schleiss, Neuropathogenesis of congenital 

cytomegalovirus infection: disease mechanisms and prospects for intervention. Clin 

Microbiol Rev 22, 99-126, Table of Contents (2009). 

58. I. Slavuljica et al., Immunobiology of congenital cytomegalovirus infection of the central 

nervous system-the murine cytomegalovirus model. Cell Mol Immunol 12, 180-191 

(2015). 

59. G. Chan, L. J. Guilbert, Enhanced monocyte binding to human cytomegalovirus-infected 

syncytiotrophoblast results in increased apoptosis via the release of tumour necrosis 

factor alpha. J Pathol 207, 462-470 (2005). 

60. S. Fisher, O. Genbacev, E. Maidji, L. Pereira, Human cytomegalovirus infection of 

placental cytotrophoblasts in vitro and in utero: implications for transmission and 

pathogenesis. J Virol 74, 6808-6820 (2000). 

61. E. Cordero, C. Casasola, R. Ecarma, R. Danguilan, Cytomegalovirus disease in kidney 

transplant recipients: incidence, clinical profile, and risk factors. Transplant Proc 44, 

694-700 (2012). 

62. A. J. Eid, R. R. Razonable, New developments in the management of cytomegalovirus 

infection after solid organ transplantation. Drugs 70, 965-981 (2010). 

63. P. Reinke, S. Prosch, F. Kern, H. D. Volk, Mechanisms of human cytomegalovirus 

(HCMV) (re)activation and its impact on organ transplant patients. Transpl Infect Dis 1, 

157-164 (1999). 

64. W. G. Nichols, T. Price, M. Boeckh, Cytomegalovirus infections in cancer patients 

receiving granulocyte transfusions. Blood 99, 3483-3484 (2002). 

65. W. G. Nichols, L. Corey, T. Gooley, C. Davis, M. Boeckh, High risk of death due to 

bacterial and fungal infection among cytomegalovirus (CMV)-seronegative recipients of 

stem cell transplants from seropositive donors: evidence for indirect effects of primary 

CMV infection. J Infect Dis 185, 273-282 (2002). 

66. S. Husain, C. E. Pietrangeli, A. Zeevi, Delayed onset CMV disease in solid organ 

transplant recipients. Transpl Immunol 21, 1-9 (2009). 

67. D. Myerson, R. C. Hackman, J. A. Nelson, D. C. Ward, J. K. McDougall, Widespread 

presence of histologically occult cytomegalovirus. Hum Pathol 15, 430-439 (1984). 



 35 

68. J. E. Grundy, J. D. Shanley, P. D. Griffiths, Is cytomegalovirus interstitial pneumonitis in 

transplant recipients an immunopathological condition? Lancet 2, 996-999 (1987). 

69. C. Martin-Gandul, N. J. Mueller, M. Pascual, O. Manuel, The Impact of Infection on 

Chronic Allograft Dysfunction and Allograft Survival After Solid Organ Transplantation. 

Am J Transplant 15, 3024-3040 (2015). 

70. W. C. Buhles, Compassionate use: a story of ethics and science in the development of a 

new drug. Perspect Biol Med 54, 304-315 (2011). 

71. A. Erice et al., Ganciclovir treatment of cytomegalovirus disease in transplant recipients 

and other immunocompromised hosts. JAMA 257, 3082-3087 (1987). 

72. C. S. Crumpacker, Ganciclovir. N Engl J Med 335, 721-729 (1996). 

73. A. J. Patil, A. Sharma, M. C. Kenney, B. D. Kuppermann, Valganciclovir in the treatment 

of cytomegalovirus retinitis in HIV-infected patients. Clin Ophthalmol 4, 111-119 

(2010). 

74. N. S. Lurain, S. Chou, Antiviral drug resistance of human cytomegalovirus. Clin 

Microbiol Rev 23, 689-712 (2010). 

75. A. K. Le Page et al., Clinical aspects of cytomegalovirus antiviral resistance in solid 

organ transplant recipients. Clin Infect Dis 56, 1018-1029 (2013). 

76. N. Perrottet et al., Valganciclovir in adult solid organ transplant recipients: 

pharmacokinetic and pharmacodynamic characteristics and clinical interpretation of 

plasma concentration measurements. Clin Pharmacokinet 48, 399-418 (2009). 

77. J. B. Kendle, P. Fan-Havard, Cidofovir in the treatment of cytomegaloviral disease. Ann 

Pharmacother 32, 1181-1192 (1998). 

78. M. A. Jacobson, Review of the toxicities of foscarnet. J Acquir Immune Defic Syndr 

(1988) 5 Suppl 1, S11-17 (1992). 

79. P. S. Verghese, M. R. Schleiss, Letermovir Treatment of Human Cytomegalovirus 

Infection Antiinfective Agent. Drugs Future 38, 291-298 (2013). 

80. E. S. Kim, Letermovir: First Global Approval. Drugs 78, 147-152 (2018). 

81. R. F. Chemaly et al., Letermovir for cytomegalovirus prophylaxis in hematopoietic-cell 

transplantation. N Engl J Med 370, 1781-1789 (2014). 

82. S. Chou, Rapid In Vitro Evolution of Human Cytomegalovirus UL56 Mutations That 

Confer Letermovir Resistance. Antimicrob Agents Chemother 59, 6588-6593 (2015). 

83. S. Jung, M. Michel, T. Stamminger, D. Michel, Fast breakthrough of resistant 

cytomegalovirus during secondary letermovir prophylaxis in a hematopoietic stem cell 

transplant recipient. BMC Infect Dis 19, 388 (2019). 

84. S. Paolucci et al., Emergence of Letermovir-resistant HCMV UL56 mutant during rescue 

treatment in a liver transplant recipient with ganciclovir-resistant infection HCMV: a case 

report. BMC Infect Dis 21, 994 (2021). 

85. E. Hofmann et al., Emergence of letermovir resistance in solid organ transplant recipients 

with ganciclovir resistant cytomegalovirus infection: A case series and review of the 

literature. Transpl Infect Dis 23, e13515 (2021). 



 36 

86. P. M. Krosky, M. C. Baek, D. M. Coen, The human cytomegalovirus UL97 protein 

kinase, an antiviral drug target, is required at the stage of nuclear egress. J Virol 77, 905-

914 (2003). 

87. J. Maertens et al., Maribavir for Preemptive Treatment of Cytomegalovirus Reactivation. 

N Engl J Med 381, 1136-1147 (2019). 

88. M. Santos Bravo et al., Phenotype and Genotype Study of Novel C480F Maribavir-

Ganciclovir Cross-Resistance Mutation Detected in Hematopoietic Stem Cell and Solid 

Organ Transplant Recipients. J Infect Dis 224, 1024-1028 (2021). 

89. S. Chou, J. Wu, K. Song, T. Bo, Novel UL97 drug resistance mutations identified at 

baseline in a clinical trial of maribavir for resistant or refractory cytomegalovirus 

infection. Antiviral Res 172, 104616 (2019). 

90. V. C. Chitalia, A. H. Munawar, A painful lesson from the COVID-19 pandemic: the need 

for broad-spectrum, host-directed antivirals. J Transl Med 18, 390 (2020). 

91. C. Cunningham et al., Sequences of complete human cytomegalovirus genomes from 

infected cell cultures and clinical specimens. J Gen Virol 91, 605-615 (2010). 

92. A. Dolan et al., Genetic content of wild-type human cytomegalovirus. J Gen Virol 85, 

1301-1312 (2004). 

93. A. J. Davison et al., The human cytomegalovirus genome revisited: comparison with the 

chimpanzee cytomegalovirus genome. J Gen Virol 84, 17-28 (2003). 

94. S. Sijmons, M. Van Ranst, P. Maes, Genomic and functional characteristics of human 

cytomegalovirus revealed by next-generation sequencing. Viruses 6, 1049-1072 (2014). 

95. E. Murphy, T. Shenk, Human cytomegalovirus genome. Curr Top Microbiol Immunol 

325, 1-19 (2008). 

96. N. Renzette, B. Bhattacharjee, J. D. Jensen, L. Gibson, T. F. Kowalik, Extensive genome-

wide variability of human cytomegalovirus in congenitally infected infants. PLoS Pathog 

7, e1001344 (2011). 

97. M. S. Chee et al., Analysis of the protein-coding content of the sequence of human 

cytomegalovirus strain AD169. Curr Top Microbiol Immunol 154, 125-169 (1990). 

98. T. A. Cha et al., Human cytomegalovirus clinical isolates carry at least 19 genes not 

found in laboratory strains. J Virol 70, 78-83 (1996). 

99. E. Murphy, I. Rigoutsos, T. Shibuya, T. E. Shenk, Reevaluation of human 

cytomegalovirus coding potential. Proc Natl Acad Sci U S A 100, 13585-13590 (2003). 

100. N. Stern-Ginossar et al., Decoding human cytomegalovirus. Science 338, 1088-1093 

(2012). 

101. S. J. Butcher, J. Aitken, J. Mitchell, B. Gowen, D. J. Dargan, Structure of the human 

cytomegalovirus B capsid by electron cryomicroscopy and image reconstruction. J Struct 

Biol 124, 70-76 (1998). 

102. X. Yu, J. Jih, J. Jiang, Z. H. Zhou, Atomic structure of the human cytomegalovirus capsid 

with its securing tegument layer of pp150. Science 356 (2017). 



 37 

103. X. Yu et al., Three-dimensional localization of the smallest capsid protein in the human 

cytomegalovirus capsid. J Virol 79, 1327-1332 (2005). 

104. R. F. Kalejta, Tegument proteins of human cytomegalovirus. Microbiol Mol Biol Rev 72, 

249-265, table of contents (2008). 

105. S. M. Varnum et al., Identification of proteins in human cytomegalovirus (HCMV) 

particles: the HCMV proteome. J Virol 78, 10960-10966 (2004). 

106. A. Gallina et al., Polo-like kinase 1 as a target for human cytomegalovirus pp65 lower 

matrix protein. J Virol 73, 1468-1478 (1999). 

107. J. P. Kamil, D. M. Coen, Human cytomegalovirus protein kinase UL97 forms a complex 

with the tegument phosphoprotein pp65. J Virol 81, 10659-10668 (2007). 

108. M. J. Gilbert, S. R. Riddell, B. Plachter, P. D. Greenberg, Cytomegalovirus selectively 

blocks antigen processing and presentation of its immediate-early gene product. Nature 

383, 720-722 (1996). 

109. T. I. Arnon et al., Inhibition of the NKp30 activating receptor by pp65 of human 

cytomegalovirus. Nat Immunol 6, 515-523 (2005). 

110. R. Patel, C. V. Paya, Infections in solid-organ transplant recipients. Clin Microbiol Rev 

10, 86-124 (1997). 

111. B. Liu, M. F. Stinski, Human cytomegalovirus contains a tegument protein that enhances 

transcription from promoters with upstream ATF and AP-1 cis-acting elements. J Virol 

66, 4434-4444 (1992). 

112. C. J. Baldick, Jr., A. Marchini, C. E. Patterson, T. Shenk, Human cytomegalovirus 

tegument protein pp71 (ppUL82) enhances the infectivity of viral DNA and accelerates 

the infectious cycle. J Virol 71, 4400-4408 (1997). 

113. G. R. Nemerow, Cell receptors involved in adenovirus entry. Virology 274, 1-4 (2000). 

114. U. F. Greber, Signalling in viral entry. Cell Mol Life Sci 59, 608-626 (2002). 

115. J. Mercer, M. Schelhaas, A. Helenius, Virus entry by endocytosis. Annu Rev Biochem 79, 

803-833 (2010). 

116. W. Gibson, A. Irmiere, Selection of particles and proteins for use as human 

cytomegalovirus subunit vaccines. Birth Defects Orig Artic Ser 20, 305-324 (1984). 

117. S. Pepperl, J. Munster, M. Mach, J. R. Harris, B. Plachter, Dense bodies of human 

cytomegalovirus induce both humoral and cellular immune responses in the absence of 

viral gene expression. J Virol 74, 6132-6146 (2000). 

118. C. Sinzger, M. Digel, G. Jahn, Cytomegalovirus cell tropism. Curr Top Microbiol 

Immunol 325, 63-83 (2008). 

119. T. Compton, D. M. Nowlin, N. R. Cooper, Initiation of human cytomegalovirus infection 

requires initial interaction with cell surface heparan sulfate. Virology 193, 834-841 

(1993). 

120. T. Compton, Receptors and immune sensors: the complex entry path of human 

cytomegalovirus. Trends Cell Biol 14, 5-8 (2004). 



 38 

121. X. Wang, S. M. Huong, M. L. Chiu, N. Raab-Traub, E. S. Huang, Epidermal growth 

factor receptor is a cellular receptor for human cytomegalovirus. Nature 424, 456-461 

(2003). 

122. M. K. Isaacson, A. L. Feire, T. Compton, Epidermal growth factor receptor is not 

required for human cytomegalovirus entry or signaling. J Virol 81, 6241-6247 (2007). 

123. L. Soroceanu, A. Akhavan, C. S. Cobbs, Platelet-derived growth factor-alpha receptor 

activation is required for human cytomegalovirus infection. Nature 455, 391-395 (2008). 

124. G. Chan, M. T. Nogalski, A. D. Yurochko, Activation of EGFR on monocytes is required 

for human cytomegalovirus entry and mediates cellular motility. Proc Natl Acad Sci U S 

A 106, 22369-22374 (2009). 

125. A. Kabanova et al., Platelet-derived growth factor-alpha receptor is the cellular receptor 

for human cytomegalovirus gHgLgO trimer. Nat Microbiol 1, 16082 (2016). 

126. Y. Wu et al., Human cytomegalovirus glycoprotein complex gH/gL/gO uses PDGFR-

alpha as a key for entry. PLoS Pathog 13, e1006281 (2017). 

127. A. L. Vanarsdall et al., CD147 Promotes Entry of Pentamer-Expressing Human 

Cytomegalovirus into Epithelial and Endothelial Cells. MBio 9 (2018). 

128. A. M. Altman, J. Mahmud, Z. Nikolovska-Coleska, G. Chan, HCMV modulation of 

cellular PI3K/AKT/mTOR signaling: New opportunities for therapeutic intervention? 

Antiviral Res 163, 82-90 (2019). 

129. A. D. Yurochko et al., The human cytomegalovirus UL55 (gB) and UL75 (gH) 

glycoprotein ligands initiate the rapid activation of Sp1 and NF-kappaB during infection. 

J Virol 71, 5051-5059 (1997). 

130. M. T. Huber, T. Compton, The human cytomegalovirus UL74 gene encodes the third 

component of the glycoprotein H-glycoprotein L-containing envelope complex. J Virol 

72, 8191-8197 (1998). 

131. M. T. Huber, T. Compton, Intracellular formation and processing of the heterotrimeric 

gH-gL-gO (gCIII) glycoprotein envelope complex of human cytomegalovirus. J Virol 73, 

3886-3892 (1999). 

132. X. Wang, D. Y. Huang, S. M. Huong, E. S. Huang, Integrin alphavbeta3 is a coreceptor 

for human cytomegalovirus. Nat Med 11, 515-521 (2005). 

133. M. T. Nogalski, G. C. Chan, E. V. Stevenson, D. K. Collins-McMillen, A. D. Yurochko, 

The HCMV gH/gL/UL128-131 complex triggers the specific cellular activation required 

for efficient viral internalization into target monocytes. PLoS Pathog 9, e1003463 (2013). 

134. S. Straschewski et al., Protein pUL128 of human cytomegalovirus is necessary for 

monocyte infection and blocking of migration. J Virol 85, 5150-5158 (2011). 

135. J. Liu, T. S. Jardetzky, A. L. Chin, D. C. Johnson, A. L. Vanarsdall, The Human 

Cytomegalovirus Trimer and Pentamer Promote Sequential Steps in Entry into Epithelial 

and Endothelial Cells at Cell Surfaces and Endosomes. J Virol 92 (2018). 

136. B. Adler et al., Role of human cytomegalovirus UL131A in cell type-specific virus entry 

and release. J Gen Virol 87, 2451-2460 (2006). 



 39 

137. D. Wang, T. Shenk, Human cytomegalovirus UL131 open reading frame is required for 

epithelial cell tropism. J Virol 79, 10330-10338 (2005). 

138. C. Sinzger et al., Fibroblasts, epithelial cells, endothelial cells and smooth muscle cells 

are major targets of human cytomegalovirus infection in lung and gastrointestinal tissues. 

J Gen Virol 76 ( Pt 4), 741-750 (1995). 

139. G. P. Rice, R. D. Schrier, M. B. Oldstone, Cytomegalovirus infects human lymphocytes 

and monocytes: virus expression is restricted to immediate-early gene products. Proc 

Natl Acad Sci U S A 81, 6134-6138 (1984). 

140. A. Grefte et al., Presence of human cytomegalovirus (HCMV) immediate early mRNA 

but not ppUL83 (lower matrix protein pp65) mRNA in polymorphonuclear and 

mononuclear leukocytes during active HCMV infection. J Gen Virol 75 ( Pt 8), 1989-

1998 (1994). 

141. G. Chan, M. T. Nogalski, E. V. Stevenson, A. D. Yurochko, Human cytomegalovirus 

induction of a unique signalsome during viral entry into monocytes mediates distinct 

functional changes: a strategy for viral dissemination. J Leukoc Biol 92, 743-752 (2012). 

142. M. S. Smith, G. L. Bentz, J. S. Alexander, A. D. Yurochko, Human cytomegalovirus 

induces monocyte differentiation and migration as a strategy for dissemination and 

persistence. J Virol 78, 4444-4453 (2004). 

143. F. Goodrum, Human Cytomegalovirus Latency: Approaching the Gordian Knot. Annu 

Rev Virol 3, 333-357 (2016). 

144. M. N. Prichard, M. E. Penfold, G. M. Duke, R. R. Spaete, G. W. Kemble, A review of 

genetic differences between limited and extensively passaged human cytomegalovirus 

strains. Rev Med Virol 11, 191-200 (2001). 

145. K. Viswanathan et al., BST2/Tetherin enhances entry of human cytomegalovirus. PLoS 

Pathog 7, e1002332 (2011). 

146. Q. Li, A. R. Wilkie, M. Weller, X. Liu, J. I. Cohen, THY-1 Cell Surface Antigen (CD90) 

Has an Important Role in the Initial Stage of Human Cytomegalovirus Infection. PLoS 

Pathog 11, e1004999 (2015). 

147. Q. Li, E. Fischer, J. I. Cohen, Cell Surface THY-1 Contributes to Human 

Cytomegalovirus Entry via a Macropinocytosis-Like Process. J Virol 90, 9766-9781 

(2016). 

148. N. Martinez-Martin et al., An Unbiased Screen for Human Cytomegalovirus Identifies 

Neuropilin-2 as a Central Viral Receptor. Cell 174, 1158-1171 e1119 (2018). 

149. A. L. Feire, H. Koss, T. Compton, Cellular integrins function as entry receptors for 

human cytomegalovirus via a highly conserved disintegrin-like domain. Proc Natl Acad 

Sci U S A 101, 15470-15475 (2004). 

150. B. J. Ryckman, M. A. Jarvis, D. D. Drummond, J. A. Nelson, D. C. Johnson, Human 

cytomegalovirus entry into epithelial and endothelial cells depends on genes UL128 to 

UL150 and occurs by endocytosis and low-pH fusion. J Virol 80, 710-722 (2006). 

151. T. Compton, R. R. Nepomuceno, D. M. Nowlin, Human cytomegalovirus penetrates host 

cells by pH-independent fusion at the cell surface. Virology 191, 387-395 (1992). 



 40 

152. F. Haspot et al., Human cytomegalovirus entry into dendritic cells occurs via a 

macropinocytosis-like pathway in a pH-independent and cholesterol-dependent manner. 

PLoS One 7, e34795 (2012). 

153. M. T. Nogalski, G. Chan, E. V. Stevenson, S. Gray, A. D. Yurochko, Human 

cytomegalovirus-regulated paxillin in monocytes links cellular pathogenic motility to the 

process of viral entry. J Virol 85, 1360-1369 (2011). 

154. M. K. Baxter, W. Gibson, Cytomegalovirus basic phosphoprotein (pUL32) binds to 

capsids in vitro through its amino one-third. J Virol 75, 6865-6873 (2001). 

155. D. P. AuCoin, G. B. Smith, C. D. Meiering, E. S. Mocarski, Betaherpesvirus-conserved 

cytomegalovirus tegument protein ppUL32 (pp150) controls cytoplasmic events during 

virion maturation. J Virol 80, 8199-8210 (2006). 

156. J. T. Bechtel, T. Shenk, Human cytomegalovirus UL47 tegument protein functions after 

entry and before immediate-early gene expression. J Virol 76, 1043-1050 (2002). 

157. P. M. Jean Beltran, I. M. Cristea, The life cycle and pathogenesis of human 

cytomegalovirus infection: lessons from proteomics. Expert Rev Proteomics 11, 697-711 

(2014). 

158. J. B. Wang, Y. Zhu, M. A. McVoy, D. S. Parris, Changes in subcellular localization 

reveal interactions between human cytomegalovirus terminase subunits. Virol J 9, 315 

(2012). 

159. W. Gibson, Structure and assembly of the virion. Intervirology 39, 389-400 (1996). 

160. W. W. Newcomb et al., The UL6 gene product forms the portal for entry of DNA into the 

herpes simplex virus capsid. J Virol 75, 10923-10932 (2001). 

161. J. C. Alwine, The human cytomegalovirus assembly compartment: a masterpiece of viral 

manipulation of cellular processes that facilitates assembly and egress. PLoS Pathog 8, 

e1002878 (2012). 

162. F. D. Goodrum, C. T. Jordan, K. High, T. Shenk, Human cytomegalovirus gene 

expression during infection of primary hematopoietic progenitor cells: a model for 

latency. Proc Natl Acad Sci U S A 99, 16255-16260 (2002). 

163. T. Zhuravskaya et al., Spread of human cytomegalovirus (HCMV) after infection of 

human hematopoietic progenitor cells: model of HCMV latency. Blood 90, 2482-2491 

(1997). 

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

cytomegalovirus in CD34+ bone marrow progenitors. J Gen Virol 77 ( Pt 12), 3099-3102 

(1996). 

165. H. Sindre et al., Human cytomegalovirus suppression of and latency in early 

hematopoietic progenitor cells. Blood 88, 4526-4533 (1996). 

166. D. von Laer et al., Detection of cytomegalovirus DNA in CD34+ cells from blood and 

bone marrow. Blood 86, 4086-4090 (1995). 

167. F. Goodrum, M. Reeves, J. Sinclair, K. High, T. Shenk, Human cytomegalovirus 

sequences expressed in latently infected individuals promote a latent infection in vitro. 

Blood 110, 937-945 (2007). 



 41 

168. J. P. Maciejewski et al., Infection of hematopoietic progenitor cells by human 

cytomegalovirus. Blood 80, 170-178 (1992). 

169. E. Forte, Z. Zhang, E. B. Thorp, M. Hummel, Cytomegalovirus Latency and 

Reactivation: An Intricate Interplay With the Host Immune Response. Front Cell Infect 

Microbiol 10, 130 (2020). 

170. B. Rauwel et al., Release of human cytomegalovirus from latency by a KAP1/TRIM28 

phosphorylation switch. Elife 4 (2015). 

171. M. B. Reeves, P. A. MacAry, P. J. Lehner, J. G. Sissons, J. H. Sinclair, Latency, 

chromatin remodeling, and reactivation of human cytomegalovirus in the dendritic cells 

of healthy carriers. Proc Natl Acad Sci U S A 102, 4140-4145 (2005). 

172. M. B. Reeves, P. J. Lehner, J. G. P. Sissons, J. H. Sinclair, An in vitro model for the 

regulation of human cytomegalovirus latency and reactivation in dendritic cells by 

chromatin remodelling. J Gen Virol 86, 2949-2954 (2005). 

173. A. K. Cheung, A. Abendroth, A. L. Cunningham, B. Slobedman, Viral gene expression 

during the establishment of human cytomegalovirus latent infection in myeloid 

progenitor cells. Blood 108, 3691-3699 (2006). 

174. F. Goodrum, C. T. Jordan, S. S. Terhune, K. High, T. Shenk, Differential outcomes of 

human cytomegalovirus infection in primitive hematopoietic cell subpopulations. Blood 

104, 687-695 (2004). 

175. W. A. Bresnahan, T. E. Shenk, UL82 virion protein activates expression of immediate 

early viral genes in human cytomegalovirus-infected cells. Proc Natl Acad Sci U S A 97, 

14506-14511 (2000). 

176. M. Bego, J. Maciejewski, S. Khaiboullina, G. Pari, S. St Jeor, Characterization of an 

antisense transcript spanning the UL81-82 locus of human cytomegalovirus. J Virol 79, 

11022-11034 (2005). 

177. M. S. Humby, C. M. O'Connor, Human Cytomegalovirus US28 Is Important for Latent 

Infection of Hematopoietic Progenitor Cells. J Virol 90, 2959-2970 (2015). 

178. E. G. Elder, B. A. Krishna, E. Poole, M. Perera, J. Sinclair, Regulation of host and viral 

promoters during human cytomegalovirus latency via US28 and CTCF. J Gen Virol 102 

(2021). 

179. B. A. Krishna, A. B. Wass, R. Sridharan, C. M. O'Connor, The Requirement for US28 

During Cytomegalovirus Latency Is Independent of US27 and US29 Gene Expression. 

Front Cell Infect Microbiol 10, 186 (2020). 

180. B. A. Krishna, M. S. Humby, W. E. Miller, C. M. O'Connor, Human cytomegalovirus G 

protein-coupled receptor US28 promotes latency by attenuating c-fos. Proc Natl Acad Sci 

U S A 116, 1755-1764 (2019). 

181. L. B. Crawford et al., Human Cytomegalovirus US28 Ligand Binding Activity Is 

Required for Latency in CD34(+) Hematopoietic Progenitor Cells and Humanized NSG 

Mice. mBio 10 (2019). 

182. D. Zhu et al., Human cytomegalovirus reprogrammes haematopoietic progenitor cells 

into immunosuppressive monocytes to achieve latency. Nat Microbiol 3, 503-513 (2018). 



 42 

183. B. A. Krishna et al., Latency-Associated Expression of Human Cytomegalovirus US28 

Attenuates Cell Signaling Pathways To Maintain Latent Infection. mBio 8 (2017). 

184. B. A. Krishna et al., Targeting the latent cytomegalovirus reservoir with an antiviral 

fusion toxin protein. Nat Commun 8, 14321 (2017). 

185. P. S. Beisser, L. Laurent, J. L. Virelizier, S. Michelson, Human cytomegalovirus 

chemokine receptor gene US28 is transcribed in latently infected THP-1 monocytes. J 

Virol 75, 5949-5957 (2001). 

186. W. E. Miller et al., US28 is a potent activator of phospholipase C during HCMV 

infection of clinically relevant target cells. PLoS One 7, e50524 (2012). 

187. J. Vieira, T. J. Schall, L. Corey, A. P. Geballe, Functional analysis of the human 

cytomegalovirus US28 gene by insertion mutagenesis with the green fluorescent protein 

gene. J Virol 72, 8158-8165 (1998). 

188. A. R. Welch, L. M. McGregor, W. Gibson, Cytomegalovirus homologs of cellular G 

protein-coupled receptor genes are transcribed. J Virol 65, 3915-3918 (1991). 

189. S. E. Wu, W. E. Miller, The HCMV US28 vGPCR induces potent Galphaq/PLC-beta 

signaling in monocytes leading to increased adhesion to endothelial cells. Virology 497, 

233-243 (2016). 

190. T. W. M. De Groof et al., Targeting the latent human cytomegalovirus reservoir for T-

cell-mediated killing with virus-specific nanobodies. Nat Commun 12, 4436 (2021). 

191. C. M. O'Connor, E. A. Murphy, A myeloid progenitor cell line capable of supporting 

human cytomegalovirus latency and reactivation, resulting in infectious progeny. J Virol 

86, 9854-9865 (2012). 

192. R. R. Penkert, R. F. Kalejta, Human embryonic stem cell lines model experimental 

human cytomegalovirus latency. mBio 4, e00298-00213 (2013). 

193. J. H. Lee, J. R. Pasquarella, R. F. Kalejta, Cell Line Models for Human Cytomegalovirus 

Latency Faithfully Mimic Viral Entry by Macropinocytosis and Endocytosis. J Virol 93 

(2019). 

194. L. B. Crawford, N. L. Diggins, P. Caposio, M. H. Hancock, Advances in Model Systems 

for Human Cytomegalovirus Latency and Reactivation. mBio 10.1128/mbio.01724-21, 

e0172421 (2022). 

195. N. L. Diggins, R. L. Skalsky, M. H. Hancock, Regulation of Latency and Reactivation by 

Human Cytomegalovirus miRNAs. Pathogens 10 (2021). 

196. F. Grey, H. Meyers, E. A. White, D. H. Spector, J. Nelson, A human cytomegalovirus-

encoded microRNA regulates expression of multiple viral genes involved in replication. 

PLoS Pathog 3, e163 (2007). 

197. E. Murphy, J. Vanicek, H. Robins, T. Shenk, A. J. Levine, Suppression of immediate-

early viral gene expression by herpesvirus-coded microRNAs: implications for latency. 

Proc Natl Acad Sci U S A 105, 5453-5458 (2008). 

198. B. Lau et al., Human cytomegalovirus miR-UL112-1 promotes the down-regulation of 

viral immediate early-gene expression during latency to prevent T-cell recognition of 

latently infected cells. J Gen Virol 97, 2387-2398 (2016). 



 43 

199. C. M. O'Connor, J. Vanicek, E. A. Murphy, Host microRNA regulation of human 

cytomegalovirus immediate early protein translation promotes viral latency. J Virol 88, 

5524-5532 (2014). 

200. S. Larsson, C. Soderberg-Naucler, F. Z. Wang, E. Moller, Cytomegalovirus DNA can be 

detected in peripheral blood mononuclear cells from all seropositive and most 

seronegative healthy blood donors over time. Transfusion 38, 271-278 (1998). 

201. M. S. Smith, G. L. Bentz, P. M. Smith, E. R. Bivins, A. D. Yurochko, HCMV activates 

PI(3)K in monocytes and promotes monocyte motility and transendothelial migration in a 

PI(3)K-dependent manner. J Leukoc Biol 76, 65-76 (2004). 

202. G. Chan et al., PI3K-dependent upregulation of Mcl-1 by human cytomegalovirus is 

mediated by epidermal growth factor receptor and inhibits apoptosis in short-lived 

monocytes. J Immunol 184, 3213-3222 (2010). 

203. B. A. Krishna et al., Transient activation of human cytomegalovirus lytic gene expression 

during latency allows cytotoxic T cell killing of latently infected cells. Sci Rep 6, 24674 

(2016). 

204. C. E. Ibanez, R. Schrier, P. Ghazal, C. Wiley, J. A. Nelson, Human cytomegalovirus 

productively infects primary differentiated macrophages. J Virol 65, 6581-6588 (1991). 

205. C. K. Min et al., The Differentiation of Human Cytomegalovirus Infected-Monocytes Is 

Required for Viral Replication. Front Cell Infect Microbiol 10, 368 (2020). 

206. X. Zhang, U. S. Eggert, Non-traditional roles of G protein-coupled receptors in basic cell 

biology. Mol Biosyst 9, 586-595 (2013). 

207. A. Alcami, Viral mimicry of cytokines, chemokines and their receptors. Nat Rev Immunol 

3, 36-50 (2003). 

208. D. N. Streblow et al., Human cytomegalovirus chemokine receptor US28-induced 

smooth muscle cell migration is mediated by focal adhesion kinase and Src. J Biol Chem 

278, 50456-50465 (2003). 

209. R. Minisini et al., Constitutive inositol phosphate formation in cytomegalovirus-infected 

human fibroblasts is due to expression of the chemokine receptor homologue pUS28. J 

Virol 77, 4489-4501 (2003). 

210. D. Maussang et al., The human cytomegalovirus-encoded chemokine receptor US28 

promotes angiogenesis and tumor formation via cyclooxygenase-2. Cancer Res 69, 2861-

2869 (2009). 

211. E. Slinger et al., HCMV-encoded chemokine receptor US28 mediates proliferative 

signaling through the IL-6-STAT3 axis. Sci Signal 3, ra58 (2010). 

212. L. Soroceanu et al., Human cytomegalovirus US28 found in glioblastoma promotes an 

invasive and angiogenic phenotype. Cancer Res 71, 6643-6653 (2011). 

213. E. V. Langemeijer et al., Constitutive beta-catenin signaling by the viral chemokine 

receptor US28. PLoS One 7, e48935 (2012). 

214. D. Collins-McMillen et al., HCMV Infection and Apoptosis: How Do Monocytes 

Survive HCMV Infection? Viruses 10 (2018). 

215. P. D. Griffiths, S. Walter, Cytomegalovirus. Curr Opin Infect Dis 18, 241-245 (2005). 



 44 

216. S. P. Adler, Transfusion-associated cytomegalovirus infections. Rev Infect Dis 5, 977-993 

(1983). 

217. R. H. Rubin, Impact of cytomegalovirus infection on organ transplant recipients. Rev 

Infect Dis 12 Suppl 7, S754-766 (1990). 

218. J. G. Sissons, A. J. Carmichael, Clinical aspects and management of cytomegalovirus 

infection. J Infect 44, 78-83 (2002). 

219. J. C. Murphy, W. Fischle, E. Verdin, J. H. Sinclair, Control of cytomegalovirus lytic gene 

expression by histone acetylation. EMBO J 21, 1112-1120 (2002). 

220. C. Soderberg-Naucler, K. N. Fish, J. A. Nelson, Reactivation of latent human 

cytomegalovirus by allogeneic stimulation of blood cells from healthy donors. Cell 91, 

119-126 (1997). 

221. C. Soderberg-Naucler et al., Reactivation of latent human cytomegalovirus in CD14(+) 

monocytes is differentiation dependent. J Virol 75, 7543-7554 (2001). 

222. J. Sinclair, Chromatin structure regulates human cytomegalovirus gene expression during 

latency, reactivation and lytic infection. Biochim Biophys Acta 1799, 286-295 (2010). 

223. M. F. Stinski, H. Isomura, Role of the cytomegalovirus major immediate early enhancer 

in acute infection and reactivation from latency. Med Microbiol Immunol 197, 223-231 

(2008). 

224. J. A. Nelson, M. Groudine, Transcriptional regulation of the human cytomegalovirus 

major immediate-early gene is associated with induction of DNase I-hypersensitive sites. 

Mol Cell Biol 6, 452-461 (1986). 

225. M. Boshart et al., A very strong enhancer is located upstream of an immediate early gene 

of human cytomegalovirus. Cell 41, 521-530 (1985). 

226. I. J. Groves, M. B. Reeves, J. H. Sinclair, Lytic infection of permissive cells with human 

cytomegalovirus is regulated by an intrinsic 'pre-immediate-early' repression of viral gene 

expression mediated by histone post-translational modification. J Gen Virol 90, 2364-

2374 (2009). 

227. C. Cuevas-Bennett, T. Shenk, Dynamic histone H3 acetylation and methylation at human 

cytomegalovirus promoters during replication in fibroblasts. J Virol 82, 9525-9536 

(2008). 

228. A. Nitzsche, C. Steinhausser, K. Mucke, C. Paulus, M. Nevels, Histone H3 lysine 4 

methylation marks postreplicative human cytomegalovirus chromatin. J Virol 86, 9817-

9827 (2012). 

229. E. Ioudinkova et al., Control of human cytomegalovirus gene expression by differential 

histone modifications during lytic and latent infection of a monocytic cell line. Gene 384, 

120-128 (2006). 

230. A. D. Yurochko, T. F. Kowalik, S. M. Huong, E. S. Huang, Human cytomegalovirus 

upregulates NF-kappa B activity by transactivating the NF-kappa B p105/p50 and p65 

promoters. J Virol 69, 5391-5400 (1995). 



 45 

231. P. Caposio et al., Targeting the NF-kappaB pathway through pharmacological inhibition 

of IKK2 prevents human cytomegalovirus replication and virus-induced inflammatory 

response in infected endothelial cells. Antiviral Res 73, 175-184 (2007). 

232. I. B. DeMeritt, L. E. Milford, A. D. Yurochko, Activation of the NF-kappaB pathway in 

human cytomegalovirus-infected cells is necessary for efficient transactivation of the 

major immediate-early promoter. J Virol 78, 4498-4507 (2004). 

233. P. Caposio, A. Luganini, M. Bronzini, S. Landolfo, G. Gribaudo, The Elk-1 and serum 

response factor binding sites in the major immediate-early promoter of human 

cytomegalovirus are required for efficient viral replication in quiescent cells and 

compensate for inactivation of the NF-kappaB sites in proliferating cells. J Virol 84, 

4481-4493 (2010). 

234. J. M. Cherrington, E. L. Khoury, E. S. Mocarski, Human cytomegalovirus ie2 negatively 

regulates alpha gene expression via a short target sequence near the transcription start 

site. J Virol 65, 887-896 (1991). 

235. I. Mikell et al., HCMV miR-US22 down-regulation of EGR-1 regulates CD34+ 

hematopoietic progenitor cell proliferation and viral reactivation. PLoS Pathog 15, 

e1007854 (2019). 

236. A. L. Dooley, C. M. O'Connor, Regulation of the MIE Locus During HCMV Latency and 

Reactivation. Pathogens 9 (2020). 

237. J. Sinclair, P. Sissons, Latent and persistent infections of monocytes and macrophages. 

Intervirology 39, 293-301 (1996). 

238. C. Sinzger, G. Jahn, Human Cytomegalovirus Cell Tropism and Pathogenesis. 

Intervirology 39, 302-319 (1996). 

239. J. Taylor-Wiedeman, J. G. Sissons, L. K. Borysiewicz, J. H. Sinclair, Monocytes are a 

major site of persistence of human cytomegalovirus in peripheral blood mononuclear 

cells. J Gen Virol 72 ( Pt 9), 2059-2064 (1991). 

240. J. Booss, P. R. Dann, B. P. Griffith, J. H. Kim, Host defense response to cytomegalovirus 

in the central nervous system. Predominance of the monocyte. Am J Pathol 134, 71-78 

(1989). 

241. T. M. Collins, M. R. Quirk, M. C. Jordan, Biphasic viremia and viral gene expression in 

leukocytes during acute cytomegalovirus infection of mice. J Virol 68, 6305-6311 (1994). 

242. N. Saederup, Y. C. Lin, D. J. Dairaghi, T. J. Schall, E. S. Mocarski, Cytomegalovirus-

encoded beta chemokine promotes monocyte-associated viremia in the host. Proc Natl 

Acad Sci U S A 96, 10881-10886 (1999). 

243. C. A. Stoddart et al., Peripheral blood mononuclear phagocytes mediate dissemination of 

murine cytomegalovirus. J Virol 68, 6243-6253 (1994). 

244. J. M. Grefte et al., The lower matrix protein pp65 is the principal viral antigen present in 

peripheral blood leukocytes during an active cytomegalovirus infection. J Gen Virol 73 ( 

Pt 11), 2923-2932 (1992). 

245. J. Taylor-Wiedeman, P. Sissons, J. Sinclair, Induction of endogenous human 

cytomegalovirus gene expression after differentiation of monocytes from healthy carriers. 

J Virol 68, 1597-1604 (1994). 



 46 

246. D. A. Hume et al., The mononuclear phagocyte system revisited. J Leukoc Biol 72, 621-

627 (2002). 

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

fluids and relevance to congenital cytomegalovirus infection. Rev Med Virol 21, 240-255 

(2011). 

248. S. Paolucci, F. Baldanti, M. Zavattoni, G. Gerna, Novel recombinant phenotypic assay 

for clonal analysis of reverse transcriptase mutations conferring drug resistance to HIV-1 

variants. J Antimicrob Chemother 53, 766-771 (2004). 

249. R. P. Pauly et al., Long-term clinical outcomes of nocturnal hemodialysis patients 

compared with conventional hemodialysis patients post-renal transplantation. Clin 

Transplant 23, 47-55 (2009). 

250. F. Goodrum, K. Caviness, P. Zagallo, Human cytomegalovirus persistence. Cell 

Microbiol 14, 644-655 (2012). 

251. L. R. Keyes et al., HCMV protein LUNA is required for viral reactivation from latently 

infected primary CD14(+) cells. PLoS One 7, e52827 (2012). 

252. D. M. Whitelaw, Observations on human monocyte kinetics after pulse labeling. Cell 

Tissue Kinet 5, 311-317 (1972). 

253. G. Chan, E. R. Bivins-Smith, M. S. Smith, A. D. Yurochko, NF-kappaB and 

phosphatidylinositol 3-kinase activity mediates the HCMV-induced atypical M1/M2 

polarization of monocytes. Virus Res 144, 329-333 (2009). 

254. G. Chan, M. T. Nogalski, A. D. Yurochko, Human cytomegalovirus stimulates 

monocyte-to-macrophage differentiation via the temporal regulation of caspase 3. J Virol 

86, 10714-10723 (2012). 

255. T. W. Kelley et al., Macrophage colony-stimulating factor promotes cell survival through 

Akt/protein kinase B. J Biol Chem 274, 26393-26398 (1999). 

256. A. Goyal et al., Monocyte survival factors induce Akt activation and suppress caspase-3. 

Am J Respir Cell Mol Biol 26, 224-230 (2002). 

257. K. M. Nicholson, N. G. Anderson, The protein kinase B/Akt signalling pathway in 

human malignancy. Cell Signal 14, 381-395 (2002). 

258. S. V. Madhunapantula, P. J. Mosca, G. P. Robertson, The Akt signaling pathway: an 

emerging therapeutic target in malignant melanoma. Cancer Biol Ther 12, 1032-1049 

(2011). 

259. I. Vivanco, C. L. Sawyers, The phosphatidylinositol 3-Kinase AKT pathway in human 

cancer. Nat Rev Cancer 2, 489-501 (2002). 

260. M. P. Scheid, J. R. Woodgett, Unravelling the activation mechanisms of protein kinase 

B/Akt. FEBS Lett 546, 108-112 (2003). 

261. L. Bozulic, B. A. Hemmings, PIKKing on PKB: regulation of PKB activity by 

phosphorylation. Curr Opin Cell Biol 21, 256-261 (2009). 

262. D. A. Guertin et al., Ablation in mice of the mTORC components raptor, rictor, or 

mLST8 reveals that mTORC2 is required for signaling to Akt-FOXO and PKCalpha, but 

not S6K1. Dev Cell 11, 859-871 (2006). 



 47 

263. A. Gericke, N. R. Leslie, M. Losche, A. H. Ross, PtdIns(4,5)P2-mediated cell signaling: 

emerging principles and PTEN as a paradigm for regulatory mechanism. Adv Exp Med 

Biol 991, 85-104 (2013). 

264. M. Malek et al., PTEN Regulates PI(3,4)P2 Signaling Downstream of Class I PI3K. Mol 

Cell 68, 566-580 e510 (2017). 

265. M. Martini, M. C. De Santis, L. Braccini, F. Gulluni, E. Hirsch, PI3K/AKT signaling 

pathway and cancer: an updated review. Ann Med 46, 372-383 (2014). 

266. C. S. Cobbs, L. Soroceanu, S. Denham, W. Zhang, M. H. Kraus, Modulation of 

oncogenic phenotype in human glioma cells by cytomegalovirus IE1-mediated 

mitogenicity. Cancer Res 68, 724-730 (2008). 

267. Y. Yu, J. C. Alwine, Human cytomegalovirus major immediate-early proteins and simian 

virus 40 large T antigen can inhibit apoptosis through activation of the 

phosphatidylinositide 3'-OH kinase pathway and the cellular kinase Akt. J Virol 76, 

3731-3738 (2002). 

268. S. McFarlane, M. J. Nicholl, J. S. Sutherland, C. M. Preston, Interaction of the human 

cytomegalovirus particle with the host cell induces hypoxia-inducible factor 1 alpha. 

Virology 414, 83-90 (2011). 

269. R. A. Johnson, X. Wang, X. L. Ma, S. M. Huong, E. S. Huang, Human cytomegalovirus 

up-regulates the phosphatidylinositol 3-kinase (PI3-K) pathway: inhibition of PI3-K 

activity inhibits viral replication and virus-induced signaling. J Virol 75, 6022-6032 

(2001). 

270. J. Buehler et al., Opposing Regulation of the EGF Receptor: A Molecular Switch 

Controlling Cytomegalovirus Latency and Replication. PLoS Pathog 12, e1005655 

(2016). 

271. Y. H. Shen et al., Human cytomegalovirus inhibits Akt-mediated eNOS activation 

through upregulating PTEN (phosphatase and tensin homolog deleted on chromosome 

10). Cardiovasc Res 69, 502-511 (2006). 

272. A. Bilancio et al., Key role of the p110delta isoform of PI3K in B-cell antigen and IL-4 

receptor signaling: comparative analysis of genetic and pharmacologic interference with 

p110delta function in B cells. Blood 107, 642-650 (2006). 

273. E. A. Papakonstanti et al., Distinct roles of class IA PI3K isoforms in primary and 

immortalised macrophages. J Cell Sci 121, 4124-4133 (2008). 

274. O. Cojohari, M. A. Peppenelli, G. C. Chan, Human Cytomegalovirus Induces an Atypical 

Activation of Akt To Stimulate the Survival of Short-Lived Monocytes. J Virol 90, 6443-

6452 (2016). 

275. R. Brooks et al., SHIP1 inhibition increases immunoregulatory capacity and triggers 

apoptosis of hematopoietic cancer cells. J Immunol 184, 3582-3589 (2010). 

276. W. G. Kerr, Inhibitor and activator: dual functions for SHIP in immunity and cancer. Ann 

N Y Acad Sci 1217, 1-17 (2011). 

277. S. Fernandes, S. Iyer, W. G. Kerr, Role of SHIP1 in cancer and mucosal inflammation. 

Ann N Y Acad Sci 1280, 6-10 (2013). 



 48 

278. O. Cojohari, M. A. Peppenelli, G. C. Chan, Human Cytomegalovirus Induces an Atypical 

Activation of Akt To Stimulate the Survival of Short-Lived Monocytes. J Virol 90, 6443-

6452 (2016). 

279. C. P. Baran et al., The inositol 5'-phosphatase SHIP-1 and the Src kinase Lyn negatively 

regulate macrophage colony-stimulating factor-induced Akt activity. J Biol Chem 278, 

38628-38636 (2003). 

280. M. A. Peppenelli, K. C. Arend, O. Cojohari, N. J. Moorman, G. C. Chan, Human 

Cytomegalovirus Stimulates the Synthesis of Select Akt-Dependent Antiapoptotic 

Proteins during Viral Entry To Promote Survival of Infected Monocytes. J Virol 90, 

3138-3147 (2016). 

 



 49 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter II: 

 

Human Cytomegalovirus Glycoprotein-Initiated Signaling Mediates the 

Aberrant Activation of Akt 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1A version of this chapter was previously published in the Journal of Virology. Mahmud J, Miller MJ, 

Altman AM, Chan GC. Human Cytomegalovirus Glycoprotein-Initiated Signaling Mediates the Aberrant 

Activation of Akt. J Virol. 2020 Jul 30;94(16):e00167-20. doi: 10.1128/JVI.00167-20. PMID: 32493823; 

PMCID: PMC7394886.  



 50 

Abstract 

Human cytomegalovirus (HCMV) is a major cause of morbidity and mortality among 

immunocompromised and immunonaive individuals.  HCMV-induced signaling initiated 

during viral entry stimulates a rapid non-canonical activation of Akt to drive the 

differentiation of short-lived monocytes into long-lived macrophages, which is essential 

for viral dissemination and persistence.  We found that HCMV glycoproteins gB and gH 

directly bind and activate cellular epidermal growth factor receptor (EGFR) and integrin 

β1, respectively, to reshape canonical Akt signaling within monocytes.  The remodeling 

of the Akt signaling network was due to the recruitment of non-traditional Akt activators 

to either the gB- or gH-generated receptor signaling complexes.  Phosphoinositide 3-

kinase (PI3K) comprised of the p110β catalytic subunit was recruited to the gB/EGFR 

complex despite p110δ being the primary PI3K isoform found within 

monocytes.  Concomitantly, SH2 domain-containing inositol 5-phosphatase 1 (SHIP1) 

was recruited to the gH/integrin β1 complex, which is critical to aberrant Akt activation 

as SHIP1 diverts PI3K signaling towards a non-canonical pathway.  Although integrin β1 

was required for SHIP1 recruitment, gB-activated EGFR mediated SHIP1 activation, 

underscoring the importance of the interplay between gB- and gH-mediated signaling to 

the unique activation of Akt during HCMV infection.  Indeed, SHIP1 activation mediated 

the increased expression of Mcl-1 and HSP27, two Akt-dependent anti-apoptotic proteins 

specifically upregulated during HCMV infection, but not during growth factor 

treatment.  Overall, our data indicate that HCMV glycoproteins gB and gH work in 

concert to initiate a HCMV-specific signalsome responsible for the atypical activation of 

Akt required for infected monocyte survival and ultimately viral persistence. 
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Importance 

Human cytomegalovirus (HCMV) infection is endemic throughout the world 

regardless of socio-economic conditions and geographic locations with a seroprevalence 

reaching up to 100% in some developing countries.  Although asymptomatic in healthy 

individuals, HCMV can cause severe multi-organ disease in immunocompromised or 

immunonaive patients.  HCMV disease is a direct consequence of monocyte-mediated 

systematic spread of the virus following infection.  Because monocytes are short-lived 

cells, HCMV must subvert the natural short life span of these blood cells by inducing a 

unique activation of Akt, a serine/theonine-protein kinase.  In this work, we demonstrate 

that HCMV glycoproteins gB and gH work in tandem to reroute classical host cellular 

receptor signaling to aberrantly activate Akt and drive survival of infected monocytes.  

Deciphering how HCMV modulates the cellular pathway to induce monocyte survival is 

important to develop a new class of anti-HCMV drugs that could target and prevent 

spread of the virus by eliminating infected monocytes. 
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Introduction 

Human Cytomegalovirus (HCMV) is a ubiquitous β-herpesvirus reaching 60-90% 

seroprevalence among adults in the United States (1).  In healthy individuals, HCMV 

infection is generally asymptomatic, although HCMV can cause acute infectious 

mononucleosis (2, 3) and has also been linked to chronic inflammatory diseases, such as 

atherosclerosis, and cancers, including glioblastoma and colon cancer (4, 5).  In contrast, 

HCMV infection of immunocompromised individuals, including AIDS patients and 

transplant recipients, causes severe morbidity and mortality (6-8).  HCMV is also the 

most common congenital infection occurring in approximately 20,000-30,000 infants 

each year in the United States with approximately 10-15% of infected newborns 

developing permanent neurological abnormalities (9).  HCMV-associated diseases are 

characterized by end-organ dysfunction, which is a direct consequence of the systemic 

spread of the virus that occurs during an acute infection (10-12). 

Monocytes are the predominant infiltrating cell type found in the infected organs 

of patients with HCMV disease and thought to be responsible for viral dissemination (13-

16).  However, the inability of HCMV to replicate within monocytes contradicts this 

assertion that monocytes function to mediate virus spread within the infected host (15-

20).  Furthermore, monocytes are naturally short-lived cells programmed to undergo 

apoptosis approximately 48 hours (h) after their release from the bone marrow in the 

absence of a differentiation signal (21).  To circumvent these obstacles, we have 

previously shown that HCMV reprograms monocytes to bypass the 48-h viability 

checkpoint allowing infected monocytes to differentiate into macrophages (22-24).  The 

differentiation of monocytes is critical for HCMV spread within the host as macrophages 
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are permissive for virus replication and have a lifespan ranging from months to years 

(22).  Anti-apoptotic viral proteins are not expressed in monocytes during the first 48 

hours of infection (25) and UV-inactivated particles stimulate monocyte survival similar 

to “live” virus, suggesting that HCMV entry triggers cellular survival pathways (22, 26).  

Indeed, HCMV glycoproteins initiate antiapoptotic signaling pathways during viral entry 

(26-28), indicating a critical role for glycoproteins in the survival of HCMV-infected 

monocytes. 

The HCMV entry process begins with binding of viral envelope glycoproteins to 

cell surface heparan sulfate proteoglycans (29).  This low affinity reversible binding 

between the virus and the cell is replaced by a high affinity irreversible binding of 

HCMV glycoproteins with cellular receptors (30).  The key glycoproteins involved 

during HCMV entry include gB, gH, gL, gO, and HCMV proteins UL128-131 (31-42).  

HCMV glycoprotein gH can be found in three complexes: a gH/gL dimer, a gH/gL/gO 

trimer, and a gH/gL/UL128-131 pentamer (27, 43, 44).  Following initial tethering of the 

virion to the cell surface, gH complexes bind integrins to induce cellular signaling needed 

for viral entry into target cells (34, 42).  Specifically, the trimeric gH complex mediates 

entry into fibroblasts, while the pentameric gH complex is required for entry into 

epithelial, endothelial, and myeloid cells (37, 41, 45, 46).  HCMV strains expressing the 

pentameric complex bind to integrin β1 via gH during HCMV entry into monocytes (42).  

Glycoprotein gB is found as a homotrimeric complex and binds to EGFR and/or 

PDGFRα to trigger HCMV entry into cells, although there are conflicting reports about 

both receptors being a bona fide entry receptor for HCMV (31, 47-53).  Studies have 

demonstrated a direct interaction between gB and EGFR or PDGFRα in fibroblast cells 



 54 

(31, 48).  EGFR is thought to be the gB engaging receptor required for HCMV entry into 

monocytes due to the lack of PDGFRα expression (49).  In support, HCMV-induced 

activation of EGFR signaling is needed for viral entry into monocytes (49).  However, it 

is unknown whether gB directly binds to and activates EGFR during monocyte entry, or 

stimulates the release of EGFR activating factors. 

During the entry process of HCMV, activation of EGFR initiates the 

phosphoinositide 3-kinase (PI3K)/Akt pathway (49).  PI3K phosphorylates 

phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2] to phosphatidylinositol 3,4,5-

trisphosphate [PI(3,4,5)P3] that recruits Akt to the plasma membrane leading to its 

activation (54-57).  PI3K consists of a p85 regulatory subunit and a p110 catalytic 

subunit, which exists as three different isoforms (58).  The p110α and p110β are 

ubiquitously expressed while p110δ is expressed only in immune cells (59, 60).  

Although p110δ is the primary isoform responsible for the survival of monocytes under 

homeostatic conditions (61, 62), we have previously shown that HCMV preferentially 

utilizes PI3K p110β to stimulate the survival of infected monocytes (63).  The activity of 

PI3K can be reversed by the phosphatase and tensin homolog (PTEN), which 

dephosphorylates PI(3,4,5)P3 back into PI(4,5)P2 (64, 65).  However, HCMV rapidly 

inactivates PTEN activity during entry into monocytes (63).  Alternatively, PI(3,4,5)P3 

can also be dephosphorylated to PI(3,4)P2 by SH2 domain-containing inositol 5-

phosphatase 1 (SHIP1).  Although a negative regulator of the PI3K/Akt pathway under 

normal circumstances, SHIP1 positively regulates Akt activity within tumor 

microenvironments (66-68).  We have also demonstrated SHIP1 activity is required for 

Akt activation during HCMV infection of monocytes and that the SHIP1 product 
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PI(3,4)P2 can rescued the loss of SHIP1 activity (63).  The HCMV-induced non-

canonical activation of Akt leads to a phosphorylation profile distinct from that of 

myeloid growth factor-activated Akt (63), which results in the upregulation of select anti-

apoptotic proteins only within infected monocytes (69).  Aberrant Akt activity is 

necessary to ensure viral dissemination and persistence by promoting monocyte survival 

and differentiation into macrophages (63).   

In this study, we examined how HCMV glycoproteins mediate signaling to induce 

the non-classical activation of Akt required for the survival of HCMV-infected 

monocytes.  Specifically, we showed that glycoproteins gB and gH stimulated signaling 

from EGFR and integrin β1, respectively.  We show for the first time that gB directly 

binds and activates EGFR during HCMV entry into monocytes to promote the 

recruitment of PI3K to the gB/EGFR complex.  Consistent with our previous findings, 

PI3K p110β was recruited to the gB/EGFR signaling complex.  Simultaneously, SHIP1 

was recruited to the gH/integrin β1 complex, although EGFR was responsible for the 

activation of SHIP1.  SHIP1 activity was sustained up to 48 hours and needed for the 

increased expression of anti-apoptotic proteins specifically required for infected 

monocyte survival.  Taken together, our data indicate that HCMV glycoproteins gB and 

gH work in concert to activate SHIP1 leading to the unique activation of Akt and the 

subsequent survival of infected monocytes.  

 

 

Materials and Methods 

Human peripheral blood monocyte isolation.  Isolation of human peripheral blood 

monocytes was performed as previously described (22, 25).  Briefly, blood was drawn 
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from random donors by venipuncture, diluted in Roswell Park Memorial Institute 

medium (RPMI) 1640, and centrifuged through Histopaque 1077 (Sigma Aldrich, St. 

Louis, MO) to remove red blood cells and neutrophils.  Mononuclear cells were collected 

and washed with saline to remove the platelets and then separated by centrifugation 

through a Percoll (GE Healthcare, Wilkes-Barre, PA) gradient (40.48% and 47.7%).  

More than 90% of isolated peripheral blood mononuclear cells were monocytes as 

determined by CD14-positive staining (24).  Cells were washed with saline, resuspended 

in RPMI 1640 (Lonza, Walkersville, MD), and counted.  All experiments were performed 

in 0–1% human serum at 37°C in a 5% CO2 incubator.  University Institutional Review 

Board and Health Insurance Portability and Accountability Act guidelines for the use of 

human subjects were followed for all experimental protocols in our study. 

For the inhibitor studies, the following reagents were purchased from the 

indicated companies: AG-1478 (AG; an EGFR inhibitor (70)), 3-α-aminocholestane 

(3AC; a SHIP1 inhibitor (66)) and LY294002 (a pan-PI3K inhibitor (71)) from 

Calbiochem (Billerica, MA); and ATN161 (ATN; an integrin α5β1 inhibitor (72)) from 

Selleckchem (Houston, TX). 

 

Virus preparation and infection.  Human embryonic lung (HEL) 299 fibroblasts (CCL-

137, American Type Culture Collection, Manassas, VA) of low passage (P7-15) were 

subcultured in Dulbecco's Modified Eagle medium (DMEM) (Lonza) with 2.5 μg/ml 

plasmocin (Invivogen, San Diego, CA) and 10% fetal bovine serum (FBS) (Sigma).  

When culture reached confluency, cells were infected with HCMV (strain TB40/E) in 

DMEM + 4% FBS.  Virus was purified from supernatant on a 20% sorbitol cushion to 
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remove cellular contaminants and resuspended in RPMI 1640 medium.  A multiplicity of 

infection (MOI) of 5 was used for each experiment as >99% of monocytes were infected 

with TB40/E (49), unless otherwise stated.  Mock infection was performed by adding an 

equivalent volume of RPMI 1640 medium to monocytes.  In some experiments, HCMV 

was pretreated for 1 h with blocking antibodies to glycoprotein B (gB; clone 10B2664; 

United States Biological, Salem, MA), glycoprotein gH (gH; clone 51C1; ThermoFisher, 

Rockford, IL) or an isotype control (Abcam, Cambridge, MA) and were used at 5 µg/ml. 

 

Western blot analysis. Monocytes were harvested in modified radioimmunoprecipitation 

assay (RIPA) buffer (50 mM Tris-HCl [pH 7.5], 5 mM EDTA, 100 mM NaCl, 1% Triton 

X-100, 0.1% SDS, 10% glycerol) supplemented with protease inhibitor cocktail (Sigma) 

and phosphatase inhibitor cocktails 2 and 3 (Sigma) for 30 min on ice.  The lysates were 

cleared from the cell debris by centrifugation at 4°C (5 min, 21000 x g) and stored at -

20°C until further analysis.  Protein samples were solubilized in Laemmli SDS-sample 

nonreducing (6x) buffer (Boston Bioproducts, Boston, MA) supplemented with β-

mercaptoethanol (Amresco, Solon, OH) by incubation at 95°C for 10 min, unless 

otherwise stated.  For detecting EGFR and phospho-EGFR, protein samples were 

incubated at 60oC for 10 min after solubilizing in Laemmli SDS-sample nonreducing (6x) 

buffer.  Equal amounts of total protein from each sample were loaded in each well, 

separated by SDS-polyacrylamide gel electrophoresis, and transferred to polyvinylidene 

difluoride membranes (Bio-Rad, Hercules, CA).  Blots were blocked in 5% bovine serum 

albumin (BSA; Fisher Scientific, Waltham, MA) for 1 h at room temperature (RT) and 

then incubated with primary antibodies overnight at 4°C.  The following antibodies were 
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purchased from the indicated companies: anti-Akt, anti-phospho (p)-Akt (Ser473), anti-

SHIP1, anti-p-SHIP1 (Tyr1020), anti-PI3K p110β, anti-EGFR, and anti-p-EGFR 

(Tyr1068) were from Cell Signaling Technology (Danvers, MA);  anti-integrin β1, and 

anti-p-integrin β1 (Tyr783) were from Abcam (Cambridge, MA); anti-integrin β3 was 

from Novus Biologicals (Centennial, CO); anti-Mcl1, and anti-HSP27 were from Santa 

Cruz Biotechnology (Santa Cruz, CA);  anti-glycoprotein B was from US Biologicals 

(United States Biological, Salem, MA);  anti-glycoprotein gH was from ThermoFisher 

Scientific (Rockford, IL);  Rhodamine anti-actin antibody was from Bio-Rad (Hercules, 

CA) and was used as loading control. The blots were then incubated with horseradish 

peroxidase (HRP)-conjugated secondary antibodies (Cell Signaling) for 30 min at room 

temperature (RT), and chemiluminescence was detected using the Clarity Western ECL 

substrate (Bio-Rad).  Densitometry analysis was performed using Image Lab software 

(Bio-rad). 

 

Purification of soluble sgB and sgH from stably expressing Expi293F cells. HCMV 

(TB40E strain) gB and gH glycoproteins genomic regions were amplified and cloned into 

pQCXIN retroviral plasmids.  During amplification, the transmembrane domains were 

replaced by His-tag using the following primers: sgB-AgeI forward primer, 5’-

CCCACCGGTGACGAACATGGAATCCAGGAT-3’; sgB-BamHI reverse primer, 5’-

GCGGGATCCCTAATGGTGATGGTGATGATGCTGCTTGTACGAGTTGAATTC-

3’; sgH-AgeI forward primer, 5’-CCCACCGGTCCGCGCTATGCGGCCCGGCCT-3’; 

sgH-BamHI reverse primer, 

GCGGGATCCCTAATGGTGATGGTGATGATGGTCGGTGGCGTCCACGACGAC-
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3’.  Retroviral vectors containing the gB and gH genes were then generated according to 

manufacturer’s recommendations (Takara, Mountain View, CA).  Briefly, GP2-293 cells 

were transfected with 15 µg of retroviral plasmid and 15 µg of envelop plasmid (VSV-

G).  The retroviruses were harvested after 48 h and used to infect Expi293F cells 

(ThermoFisher Scientific, Rockford, IL) at MOI of 10 to generate stable cell lines 

expressing sgB and sgH.  After 24 h, geneticin (G418, ThermoFisher Scientific, 

Rockford, IL) was used at 400 µg/ml concentration to select Expi293F cells containing 

the insert sequences.  Once viability dropped to ~20%, cells were maintained at 200 

µg/ml geneticin concentration until the viability recovered to 90-100%.  The cells were 

then harvested and stored in vapor phase of liquid nitrogen at a concentration of 1x107/ml 

in Expi293 expression media according to manufacturer’s recommendations.  For 

isolation of sgB/sgH, the stable cells lines were grown in Expi293 expression media 

(ThermoFisher Scientific, Rockford, IL) with 200 µg/ml geneticin at 8% CO2 on an 

orbital shaker (125 rpm).  Following lysis, recombinant sgB/sgH were then purified using 

Ni-charged resin (Bio-Rad, Hercules, CA) and dialyzed with PBS at the final stage of 

purification. Monocytes were treated with the soluble glycoproteins at 1µg/ ml 

concentration for each experiment, unless otherwise stated.  Ni-charged resin purified 

lysate of un-transfected Expi293 cells was dialyzed with PBS and same amount of total 

volume of soluble glycoproteins was used as negative control to treat monocytes. 

 

Immunoprecipitation.  Monocytes were infected with HCMV (MOI of 15) or treated 

with sgB or sgH (5 µg/ml) at 4oC for 1 h.  Subsequently, cells were either kept at 4oC or 

incubated at 37oC for 5 min.  Afterwards, cells were spun down at 1000 x g for 5 min at 
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4oC.  The pellet was washed twice with ice-cold PBS and lysed with NP40 cell lysis 

buffer (ThermoFisher Scientific, Rockford, IL).  The lysates were cleared from the cell 

debris by centrifugation at 4°C (5 min, 21000 x g).  Antibodies (5 µg) recognizing gB 

(US Biologicals, Salem, MA), gH, EGFR (ThermoFisher Scientific, Rockford, IL), 

integrin β1, p85 (Abcam, Cambridge, MA), SHIP1, or IgG isotype controls (Cell 

Signaling Technology, Danvers, MA) were added to the cleared lysate and incubated 

overnight at 4oC.  Dynabeads protein A/G were added afterwards and incubated at 4oC 

for additional 4 h.  Protein A/G beads with bound protein complexes were magnetically 

separated and washed with lysis buffer followed by elution of the protein complexes. 

Samples were then prepared for SDS-polyacrylamide gel electrophoresis and analyzed by 

western blot assay. 

 

Flow cytometry.  Monocytes were washed in PBS and incubated in blocking solution 

consisting of fluorescence-activated cells sorting buffer, 5% BSA, and human FcR 

binding inhibitor (eBioscience, San Diego, CA).  Cells were stained with an 

allophycocyanin (APC)-anti-CD14 or APC-anti-mouse IgG1 isotype control antibody 

(BioLegend, San Diego, CA) on ice, then washed and stained with FITC-annexin V and 

propidium iodide (PI; ThermoFisher Scientific, Rockford, IL) to detect dead and dying 

cells.  After staining, cells were analyzed by flow cytometry using an LSRFortessa cell 

analyzer and BD FACSDiva software (BD Biosciences, Franklin Lakes, NJ).   

 

Statistical analysis.  All experiments were performed independently a minimum of 3 

times using primary monocytes isolated from different blood donors.  Data sets obtained 
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from primary monocytes inherently have substantial variation due to donor variability.  

Consequently, data is displayed as matched experimental data points from individual 

donors in a side-by-side comparison.  Displaying a side-by-side comparison allows for 

consistent trends between the different donors to be identified that may otherwise be 

missed when presenting only the mean and that may not be statistically significant given 

the high number of donors needed to achieve significance on smaller changes.  

Nonetheless, data were analyzed using Student’s t test comparison with GraphPad Prism 

software and p values less than 0.05 was considered statistically significant.   

 

 

Results 

HCMV activates Akt through gB- and gH-initiated signaling to promote the 

survival of infected monocytes.  HCMV entry rapidly activates Akt through a 

preferential phosphorylation at serine 473 (S473) , which is essential to the survival of 

HCMV infected monocytes past the 48-h viability “gate” (63).  HCMV virions 

neutralized with an anti-gB antibody failed to induce Akt phosphorylation to the level of 

infected monocytes (63), suggesting the involvement of HCMV glycoproteins in the 

rapid noncanonical activation of Akt during viral entry.  In support, increased expression 

of Akt-dependent anti-apoptotic proteins following HCMV infection requires both gB- 

and gH-initiated signaling (69).  To test whether simultaneous signaling from both gB 

and gH glycoproteins is required for Akt activation, HCMV was pre-treated with 

neutralizing antibody against either gB or gH.  Loss of gB- or gH-initiated signaling 

reduced the levels of Akt phosphorylation induced during viral entry (Fig. 1A), indicating 

gB and gH work together to activate Akt and promote the survival of short-lived  
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Figure 1.  HCMV gB and gH stimulate Akt activity to promote the survival of HCMV-

infected monocytes.  (A) Peripheral blood monocytes were mock or HCMV infected, or infected 

with the virus neutralized with antibody against glycoprotein gB or gH or isotype antibody for 15 

minutes (m).  The phospho (p)-Akt (Ser473) and total-Akt were detected by immunoblotting from 

whole cell lysates.  Actin was used as a loading control.  Results are representative of 3 to 5 

independent experiments using different donors.  Densitometry analysis was performed using 

Image Lab software (Bio-rad) and quantification of the specific blots shown are marked as “donor 

1” and data points from another donor (donor 2) has additionally been provided to account for 

donor variability.  (B, C and D) Monocytes were infected with mock or non-neutralized HCMV, 

or HCMV neutralized with antibody against glycoprotein gB or gH or isotype antibody and 

incubated for 48 hours (h).  Viability was measured by annexin V and propidium iodide (PI) 

staining using flow cytometry.  (B)  Monocytes negative for both annexin and PI were considered 

as live cells.  (C and D) Lines connect data points from the same experiment using the same 

donor. Results are representative of 3 to 5 independent experiments using different donors.  

Statistical significance was measured using paired t-test;  *p<0.05, ** p<0.005, ns= non-

significant. 
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monocytes.  Moreover, we did not see an enhanced reduction of p-Akt below gB 

treatment alone when both gB and gH were neutralized, supporting our model that gB 

and gH signal down a single pathway, rather than parallel pathways, to activate Akt and 

stimulate monocyte survival. Accordingly, we found that primary peripheral blood 

monocytes infected with either gB or gH neutralized HCMV exhibited lower viability 

when compared to monocytes infected with untreated virus (Fig. 1B).  Consistent across 

3 donors, neutralization of gB had greater effect on lowering monocyte survival 

following infection, suggesting gB-mediated signaling may have a more prominent role 

in inducing monocyte survival (Fig. 1C).  Additionally, HCMV incubated with an 

isotype matched antibody did not have any effect on the Akt activation (Fig. 1A) and 

survival of infected monocytes (Fig. 1D), suggesting the observed effect of either gB or 

gH neutralization on monocyte was specific.  To directly assess the individual 

contributions of gB and gH during HCMV-induced Akt-dependent monocyte survival, 

we generated stable human cell lines expressing soluble versions of gB (sgB) and gH 

(sgH).  The transmembrane and cytoplasmic domains of the soluble glycoproteins were 

replaced with His-tag for convenient purification of the glycoproteins using a nickel 

column (Fig. 2A).  Retroviral vectors containing the sgB or sgH gene were used to 

transduce human Expi293F cells, which are adapted for high density, serum-free 

suspension culture to allow for large-scale production of recombinant proteins.  Nickel 

column purified secreted recombinant His-tagged sgB and sgH had the expected smaller 

molecular weights compared to their full-length counterparts (Fig. 2B).  Consistent with 

neutralizing studies demonstrating gB and gH were essential components of the virion 

required to induce monocyte survival, we found that individual treatment with either sgB  
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Figure 2. Soluble sgB and sgH induce monocyte survival via activation of Akt.  (A) 

Schematic representation of the full-length HCMV glycoprotein gB or gH along with soluble sgB 

and sgH construct. SS = signal sequence, TMD = trans-membrane domain, CPD = cytoplasmic 

domain, His = Histidine-tag.  (B) HCMV virus particles were lysed and immunoblotted for gB 

and gH.  Soluble His-tagged sgB and sgH were purified from the supernatants of stably 

transduced Expi293F cells by nickel column purification and immunoblotted for gB, gH, or His-

tag.  (C, D and E) Monocytes were mock or HCMV infected, or treated with sgB (1 µg/ ml) 

and/or sgH (1 µg/ ml) or negative control (NC).  (C) After 15 m, p-Akt (Ser473) and total-Akt 

levels were measured by immunoblotting.  (D and E) Monocyte viability was measured after 48 

h by annexin V and PI staining using flow cytometry. Results are representative of 3 to 5 

independent experiments using different donors.  *p<0.05, ns= non-significant. 
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or sgH resulted in the activation of Akt (Fig. 2C).  Accordingly, sgB or sgH induced 

monocyte survival, albeit not to the levels with whole virus, suggesting that co-signaling 

from gB and gH may be necessary to induce maximum survival.  Although we did not 

find a statistical difference between sgB or sgH and sgB/sgH treatments, we did observe 

that with each individual donor sgB/sgH treatment always induced slightly greater 

monocyte survival than sgB or sgH alone (Fig. 2D).  The lack of statistical difference is 

likely due to the donor variability in response levels to experimental treatments that is 

inherent with using primary monocytes isolated from different blood donors.  

Nonetheless, these data suggest there is likely a cooperative effect between gB and gH 

within a single signaling cascade.  In addition, the negative control did not induce 

monocyte survival, indicating a specific effect of the soluble glycoproteins towards the 

survival of monocytes (Fig. 2E).  Our study indicates that HCMV utilizes both gB and 

gH during monocyte entry to initiate signaling events required for the atypical Akt 

activation and survival of infected monocytes.  In addition, these data confirm 

recombinant sgB and sgH retained proper folding to initiate signaling events consistent to 

whole virus. 

 

HCMV glycoproteins gB and gH directly bind to EGFR and integrin β1, 

respectively.  Previous studies have demonstrated that gB directly interacts with EGFR, 

PDGFRα, and integrins to mediate entry into fibroblasts (31, 48, 73).  However, EGFR is 

thought to be the major gB receptor on monocytes due to the lack of PDGFRα (49).  In 

support, activation of EGFR is required for HCMV entry into monocytes (49).  

Furthermore, although gH binds and activates integrins  
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Figure 3.  gB and gH directly bind to and activate EGFR and integrin β1, 

respectively.  (A, B and C) Monocytes were mock or HCMV infected, or treated with 

sgB (5 µg/ ml) or sgH (5 µg/ ml) for (A) 0 m or 5 m, or (B and C) for 0 m and 

immunoprecipitated with antibodies recognizing gB, gH, EGFR, integrin β1 or isotype 

antibody.  Western blot analyses were performed to determine the presence of gB, gH, 

EGFR, p-EGFR, integrin β1, p- integrin β1 and integrin β3 in the immunoprecipitated 

samples.  Input controls were blotted for actin to confirm homogeneous loading of the 

samples. (B) Immunoblot is from a single gel from the same experiment.  (A, B and C) 

Results are representative of at least 3 independent experiments using different donors. 
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during entry into monocytes (42), it remains unclear whether gB also engages integrins as 

on fibroblasts.  To confirm a direct interaction between gB and EGFR, co-

immunoprecipitation assays were performed.  We found that gB immunoprecipitated 

with EGFR from monocytes infected with HCMV at 4oC (time 0 min) (Fig. 3A).  

Further, activated EGFR was only observed in the immunoprecipitate from infected 

monocytes briefly temperature shifted to 37oC (time 5 min), confirming gB-mediated 

signaling is required for the activation of EGFR.  In agreement with previous reports, we 

found that gH binds to integrin β1, but not β3, on monocytes (42).  Similar to EGFR 

activation, higher levels of phosphorylated integrin β1 was found in the gH pull-down 

from temperature shifted monocytes.  Although gB has also been shown to bind integrins 

to mediate entry into fibroblasts, we did not find gB to interact with either integrin β1 or 

β3, suggesting specific glycoprotein and receptor interactors are cell type dependent.  

Moreover, despite receptor clustering of EGFR and integrin β3 occurring within the first 

5 minutes of HCMV binding onto fibroblast (34), we did not observe the presence of 

integrin β1 in the immunoprecipitate of gB pull-down, or EGFR from gH pull-down from 

infected monocytes (Fig. 3A).  To further validate binding of gB to EGFR and gH to 

integrin β1, we performed the reverse immunoprecipitation with EGFR and integrin β1.  

As expected, gB co-immunoprecipitated with EGFR and gH with integrin β1 (Fig. 3B).  

We also confirmed that sgB and sgH bound to EGFR and integrin β1, respectively (Fig. 

3C), indicating our lab-generated soluble glycoproteins retained proper folding and 

signaling capacity.  These findings demonstrate that gB and gH directly binds to EGFR 

and integrin β1 during entry into monocytes, respectively, but that the signalosome 
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initiated may be distinct from fibroblasts due to differences in receptor usage and the 

absence of receptor clustering. 

 

gB and gH initiate monocyte survival signaling through EGFR and integrin β1 

activation.  HCMV glycoproteins gB and gH have been shown to directly bind and 

activate EGFR and integrins to mediate entry into fibroblasts (31, 34).  Activation of 

EGFR and integrins are also required for HCMV entry into monocytes (40, 42, 49, 74).  

Consistent with these reports, HCMV rapidly phosphorylated EGFR and integrin β1 at 15 

min post-infection in monocytes (Fig. 4A).  As expected, sgB and sgH activated EGFR 

and integrin β1, respectively.  However, sgB also activated integrin β1 and sgH activated 

EGFR, suggesting crosstalk between gB- and gH-initiated signaling pathways during 

viral entry into monocytes.  Crosstalk between the EGFR and integrin signaling has been 

observed with HCMV-infected fibroblasts (34).  To test if glycoprotein-mediated 

activation of EGFR and integrin β1 cross-activates the receptors, monocytes were treated 

with AG (an EGFR inhibitor) and ATN (an integrin inhibitor) in order to block signaling 

from the receptor cytoplasmic domain prior to HCMV infection.  Pre-treatment with 

either AG and ATN blocked HCMV or soluble glycoprotein-induced activation of EGFR 

and integrin β1 (Fig. 4B and Fig. 4C), demonstrating receptor crosstalk during HCMV 

entry into monocytes.  Crosstalk between EGFR and integrin β1 was required for Akt 

activation as loss of signaling from either receptor prevented Akt activation following 

HCMV infection (Fig. 4D).  Our results also suggest that minimal levels of EGFR 

activity were required to sustain basal Akt activity since EGFR inhibition completely 

abrogated Akt activity within infected monocytes while suppression of integrin β1 during  
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Figure 4.  gB and gH activate Akt through EGFR and integrin β1 during monocyte entry.  

(A) Monocytes were mock or HCMV infected, or treated with sgB or sgH. After 15 m, p-EGFR 

and p-integrin β1 levels were measured by immunoblotting.  (B, C, D, E and F) Monocytes were 

mock or HCMV infected, or treated with sgB, sgH or negative control (NC).  Indicated samples 

were pre-incubated with 5 µM AG (an EGFR inhibitor) and 20 µM ATN (an integrin inhibitor) 

for 1 h at 37oC prior to infection or treatment.  (B, C and D) After 15 m, cells were lysed and 

levels of p-EGFR, p-integrin β1, p-Akt, and total Akt were measured by immunoblotting.  (E) 

After 48 h, monocyte viability was measured by annexin V and PI staining using flow cytometry.  

(F) Mcl-1 and HSP27 were detected after 48 h by immunoblotting from whole cell lysates. 

Results are representative of at least 3 independent experiments using different donors.  * p<0.05, 

** p<0.005. 
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HCMV infection returned Akt levels to mock-infected levels (Fig. 4D).  Accordingly, 

monocytes treated with either AG or ATN displayed lower survival after HCMV 

infection with inhibition of EGFR having a more robust effect (Fig. 4E).  

Mechanistically, we found that EGFR inhibition blocked the upregulation of select Akt-

dependent anti-apoptotic proteins Mcl-1 and HSP27 following HCMV infection, which 

was in contrast to integrin β1 inhibition only affecting Mcl-1 expression (Fig. 4F).  

Overall, these data suggest that EGFR and integrin β1 activation co-signaling mediate 

survival of infected monocytes.  

 

Activation of EGFR and integrin β1 during HCMV entry initiate a unique Akt 

signaling network.  HCMV induces non-canonical Akt signaling within monocytes 

during viral entry by recruiting nontraditional Akt activators (63, 69, 75).  The role of 

EGFR and integrins in assembling the HCMV-specific Akt signaling network is unclear.  

PI3K is directly downstream of EGFR and activated during HCMV entry into monocytes 

(49).  Indeed, we found HCMV binding to the monocyte cell surface stimulated the 

recruitment of the p85 regulatory subunit of PI3K to EGFR (Fig. 5A).  In addition to the 

regulatory subunit, class 1A PI3K have three different catalytic subunits- p110α, p110β 

and p110δ with p110δ as the primary isoform responsible for the survival of monocytes 

under homeostatic condition (59, 60).  However, HCMV infection utilizes p110β isoform 

to mediate survival of infected monocytes (63).  Accordingly, the p85 regulatory subunit 

was found to bind to the 110β catalytic subunit (Fig. 5B).  We have also shown HCMV 

to use SHIP1 in concert with PI3K to drive the non-classical activation of Akt within 

infected monocytes (63).  To determine if SHIP1 is recruited to either the gB-EGFR or  
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Figure 5.  Phosphorylation of EGFR and integrin β1 results in the activation of the 

EGFR/PI3K/SHIP1 signaling pathway.  (A and B) EGFR, integrin β1, p85, and SHIP1 

were immunoprecipitated after monocytes were infected with/without HCMV for (A) 0 

m or 5 m, or (B) 5 m. (C) Cells were treated with 5 µM AG (an EGFR inhibitor) and 20 

µM ATN (an integrin inhibitor) for 1 h at 37oC and then infected with HCMV for 15 m. 

Cells were then lysed followed by western blot analyses to determine the presence of 

different proteins using specific antibodies. Results are representative of at least 3 

independent experiments using different donors. 
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gH-integrin β1 complex, we immunoprecipitated EGFR and integrin β1 from infected 

monocytes and found SHIP1 to interact with integrin β1, but not with EGFR (Fig. 5A).  

We also found that inhibition of EGFR had a robust effect on suppressing SHIP1 

phosphorylation, indicating integrin β1 is responsible for the localization of SHIP1 while 

EGFR is required for its activation (Fig. 5C).  These data argue that HCMV 

glycoproteins stimulate the synchronous activation of EGFR and integrin β1 in order to 

selectively recruit and activate PI3K-p110β and SHIP1, which are responsible for the 

noncanonical activation of Akt. 

 

SHIP1 activation is required for the upregulation of pro-survival proteins in HCMV 

infected monocytes.  Despite the normal negative regulatory effect on PI3K/Akt 

pathway, SHIP1 positively regulates Akt activity in HCMV-infected monocytes similar 

to leukemic cells (66-68).  In cancer cells, the PH domain of Akt binds with greater 

affinity to the SHIP1 product PI(3,4)P2 leading to a more robust activation of Akt than 

the direct product of PI3K, PI(3,4,5)P3 (76).  However, the kinases recruited to the cell 

membrane to mediate the non-conanical activation of Akt remains unknown.  In 

agreement with our previous studies, total SHIP1 level was elevated by 24 h in HCMV-

infected monocytes and maintained for 48 h (Fig. 6A).  Here, we further confirmed 

phosphorylation of SHIP1, and hence activity, which was sustained up to 48-h post-

infection.  SHIP1 activity was regulated by the EGFR/PI3K signaling pathway as 

treatment with EGFR and PI3K inhibitors blocked phosphorylation of integrin bound 

SHIP1 similar to 3AC (an SHIP1 inhibitor) (Fig. 6B).  Because atypical Akt activation is 

required for the upregulation of select anti-apoptotic proteins such as Mcl-1 and HSP27,  
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Figure 6.  HCMV induces a chronic SHIP1 activation required for the survival of 

infected monocytes.  (A) Monocytes were mock or HCMV infected for 15 m, 24 h, or 48 

h and total/p-SHIP1 were detected from whole cell lysates. (B, C, and D) Monocytes 

were treated with either 5 µM AG (an EGFR inhibitor), 50 µM LY (a PI3K inhibitor), 

and 5 µM 3AC (a SHIP1 inhibitor) for 1 h and then mock or HCMV infected.  (B) After 

5 m infection, anti-gH antibody was used to pull-down gH glycoprotein (and any other 

proteins bound to gH) followed by blotting for gH, integrin β1, SHIP1, and p-SHIP1 in 

the immunoprecipitate using specific antibodies. Input controls were blotted for actin to 

confirm homogeneous loading of the samples.  (C) After 24 h, western blot analysis was 

performed to detect Mcl1 and HSP27 from total cell lysates.  (D) Survival of monocytes 

was measured after 48 h of infection with or without the inhibitors by annexin V and PI 

staining using flow cytometry. Results are representative of at least 3 to 5 independent 

experiments using different donors. ** p<0.005. 
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we examined if blocking SHIP1 and PI3K also prevented the HCMV induction of these 

pro-survival proteins.  Indeed, loss of the PI3K/SHIP1 signaling cascade reduced Mcl-1 

and HSP27 expression in HCMV-infected monocytes (Fig. 6C).  Subsequently, 

inhibition of either SHIP1 or PI3K also completely repressed HCMV-induced monocyte 

survival (Fig. 6D).  These data indicate that HCMV glycoproteins mediated signaling 

activates SHIP1 to drive the HCMV-specific activation of Akt leading to monocyte 

survival through the 48-h viability checkpoint. 

 

Discussion 

Monocytes play a critical role in HCMV’s lifecycle by bridging the initial acute 

infection with the establishment of a life-long persistent infection.  Following a primary 

infection, HCMV-infected peripheral blood monocytes function to disseminate the virus 

to multiple organ sites (14, 20, 77).  Infected monocytes that travel to the bone marrow 

transmit the virus to CD34+ progenitor cells, which serve as the primary reservoir for 

latency (78).  In order for systemic spread to occur, differentiation of monocytes is 

required as macrophages are long-lived cells permissive for HCMV replication (15-20, 

22).  The first step towards differentiation is the survival of monocytes through a 48-h 

viability gate, which functions as a critical checkpoint where monocytes either undergo 

apoptosis or differentiate into macrophages in the presence of appropriate stimuli (21).  

Despite the plethora of viral anti-apoptotic proteins encoded by the HCMV genome, none 

are expressed during the first 48 h of monocyte infection (25).  Consequently, HCMV 

modulates cellular survival pathways during viral entry to bypass the 48-h viability 

checkpoint (24, 25, 79).  We have previously shown that HCMV stimulates a 
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noncanonical activation of Akt to induce the survival of infected monocytes (63).  

However, the precise role of HCMV glycoproteins in propagating cellular signaling 

cascades that guide the aberrant activation of Akt within infected monocytes is not well 

understood.  In this study, we demonstrate that HCMV gB and gH stimulate monocyte 

survival by spatially regulating EGFR and integrin β1 at site of entry leading to the 

recruitment of non-traditional Akt activators.  

The binding and activation of cellular receptors by viral glycoproteins during 

entry disrupts normal signaling to promote changes in the host cell microenvironment 

required for almost every aspect of the viral lifecycle (80-82).  HCMV has a broad 

cellular tropism largely due to the wide range of host receptors engaged during viral 

entry, including EGFR, PDGFRα, integrins, TLR2, Nrp1, CD147, CD90, and BST2 (31, 

34, 48, 50-52, 83-87).  Despite the plethora of cellular receptors involved in mediating 

HCMV entry, many ultimately signal to Akt (31, 48, 49, 51, 63, 85).  This biological 

redundancy of HCMV to activate Akt via several mechanisms suggest a critical role of 

Akt to the viral lifecycle.  Akt acts as a signaling hub interpreting outside signals to elicit 

the appropriate response to the microenvironment (88).  In other words, activation of 

different Akt activating receptors stimulates unique biological outcomes by Akt.  Thus, 

Akt function during HCMV infection will be dependent on cell type and receptor 

repertoire expressed on the cellular surface.  The receptors utilized by HCMV 

glycoproteins to activate Akt during infection of monocytes has been somewhat unclear 

due to the controversy that surrounds EGFR as a bona fide HCMV entry receptor.  EGFR 

has been shown to facilitate HCMV entry into fibroblasts, trophoblasts, and endothelial 

cells (31, 49), while others did not observe EGFR activation during infection and found 
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EGFR to be dispensable for virus entry (47).  Instead, gB has been shown to bind 

PDGFR to activate Akt and mediate HCMV entry (48).  Although PDGFR likely 

functions as a HCMV entry receptor into certain cell types, monocytes do not express 

PDGFR (49).  We have previously shown monocytes to express EGFR, which was 

required for HCMV entry into monocytes (49).  However, the lack of direct evidence of 

gB binding directly to EGFR left open the possibility that EGFR was activated during 

infection by an ancillary mechanism.  Thus, we confirm for the first time that gB directly 

binds and activates EGFR during HCMV entry into monocytes.  These data further 

suggest the possibility of a hierarchy of Akt activation receptors engaged by HCMV 

whereby the low-affinity ligand binding of gB allows for substitution of receptors 

ensuring the initiation of Akt signaling.  

HCMV glycoproteins other than gB have also been reported to engage Akt 

regulatory receptors (51, 85).  Consistent with a previous report (42), we demonstrate gH 

directly binds to integrin β1 but not to β3 during entry into monocytes, which is in 

contrast to gH binding to both integrin β1 and β3 on fibroblasts (34).  Interestingly, we 

found sgB and sgH activates both EGFR and integrin β1, suggesting crosstalk between 

the receptors that may be responsible for the unique Akt signaling network following 

infection of monocytes.  In support, sgB immunoprecipitated only with EGFR and sgH 

only with integrin β1, yet small molecular inhibitors blocking the intracellular signaling 

domains of either receptors reduce activation of the other.  Crosstalk between EGFR and 

integrins has been shown to be important in cell survival, proliferation and migration (89-

91) as well as tumor cell invasion and metastasis (92-94).  It appears that HCMV has 

usurped the synergistic interplay between EGFR and integrin β1 to enhance/modify 
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signaling pathways.  Wang et al. reported an early transient receptor clustering between 

EGFR and integrin β3, which was required to initiate appropriate signaling for HCMV 

entry into fibroblasts (34).  Contrarily, we did not observe a direct interaction between 

EGFR and integrin β1 in monocytes during the early stages of HCMV entry, indicating 

that the HCMV-induced signalosome generated in monocytes is different than that of 

fibroblasts, despite activating similar receptors.  

HCMV stimulates a noncanonical activation of Akt by inducing a shift away from the 

PI3K p110δ to the p110β isoform as well as utilizing SHIP1 (63).  The role of 

glycoproteins in coordinating the recruitment and activation of these Akt regulators that 

are not traditionally associated with Akt activation within monocytes is unclear.  Our 

study demonstrates that gB binding of EGFR leads to the recruitment of PI3K p110β, 

despite p110δ being the predominant isoform found in monocytes (61, 62) and being 

responsible for Akt regulation under homeostatic conditions (63).  Why HCMV-induced 

activation of EGFR leads to the recruitment of p110β isoform is unknown.  While EGFR 

may have specificity towards p110β, generally RTKs are able to bind the different 

isoforms of PI3K (95).  Alternatively, we speculate HCMV induces virus specific 

changes to EGFR signaling to promote the recruitment of p110β.  Indeed, HCMV 

stimulates a distinct phosphorylation pattern on the cytoplasmic signaling domain when 

compared to EGF activation (96).  Regardless, gB activation of EGFR promotes the 

selective recruitment of p110β to initiate phosphatidylinositol signaling.  Once initiated, 

SHIP1 then diverts PI(3,4,5)P3 signaling towards PI(3,4)P2 signaling, which preferentially 

phosphorylates Akt at S473 leading to the upregulation of a select subset of Akt 

dependent antiapoptotic proteins (63).  The regulation of SHIP1 appears to be 
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cooperatively controlled by both EGFR and integrin β1.  SHIP1 is recruited to the 

monocyte plasma membrane via integrin β1.  However, inhibition of integrin β1 did not 

affect SHIP1 activity, but rather the loss of EGFR signaling prevented HCMV-induced 

SHIP1 activation.  These data indicate that EGFR and integrin β1 work collectively to 

activate SHIP1 leading predominantly to the phosphorylation of Akt at S473.  Because 

Akt substrate specificity is determined by the phosphorylation ratio between S473 and 

T308 residues (97, 98), we speculate that HCMV directs the upregulation of a subset of 

Akt dependent proteins not induced during growth factor treatment.  Indeed, SHIP1 is 

required for the upregulation of Mcl-1 and HSP27, which are known to be selectively 

upregulated in HCMV-infected monocytes (69).  

Monocytes are non-permissive for HCMV replication, therefore monocyte-to-

macrophage differentiation is essential for the dissemination of the virus and 

establishment of HCMV latency.  Here we demonstrate that during monocyte entry, 

HCMV glycoproteins are responsible for triggering a noncanonical activation of Akt in 

order to drive the survival of short-lived monocytes (Fig. 7).  Specifically, the spatial 

regulation of EGFR and integrin β1 by gB and gH leads to the concomitant recruitment 

and/or activation of PI3K p110β and SHIP1 to the plasma membrane.  As observed in 

cancer cells, SHIP1 diverts signaling from PI(3,4,5)P3 to PI(3,4)P2, which aberrantly 

activates Akt leading to the upregulation of specific anti-apoptotic proteins necessary for 

survival of infected monocytes.  Currently, antiviral therapies against HCMV block 

specific steps along the virus replication cycle, rendering these drugs ineffective at 

preventing viral spread in transplant patients at high risk for exposure often resulting in 

rebound infection upon termination of the anti-viral regimen.  Thus, deciphering the  
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Figure 7. Proposed model for activation of monocyte receptors by HCMV 

glycoproteins required for Akt phosphorylation and subsequent survival of infected 

monocytes.  During HCMV entry into monocytes, gB and gH directly bind EGFR and 

integrin β1, respectively.  Activation of either receptor can also lead to the cross-

activation of the other receptor.  Ultimately, activation of EGFR by HCMV results in the 

recruitment of the p85 and p110β subunits of PI3K to initiate signaling from PI(3,4,5)P3.  

However, the concomitant recruitment of SHIP1 to integrin β1 diverts signaling away 

from canonical PI(3,4,5)P3 signaling to a noncanonical PI(3,4)P2-mediated activation of 

Akt.  The non-classical activation of Akt leads to the upregulation of a select subset of 

Akt-dependent anti-apoptotic proteins required for the survival of HCMV-infected 

monocytes. 
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mechanism of how HCMV modulates cellular signaling to induce monocyte survival may 

provide insight into new molecular targets aimed at eliminating infected monocytes and 

inhibiting viral dissemination.  
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Abstract 

 

Circulating monocytes mediate hematogenous dissemination of human cytomegalovirus 

(HCMV). Establishing a non-productive silent/quiescent infection within monocytes is 

essential for immune evasion, and thus viral spread. Yet, the mechanism by which 

HCMV establishes a quiescent infection in monocytes remains unclear. US28 is a 

HCMV-encoded G protein-coupled receptor (GPCR) necessary for the establishment and 

maintenance of viral latency within CD34+ progenitor cells and monocytes. US28 is 

incorporated into the mature virion and de novo synthesized during latency. We found 

virion-associated US28 was rapidly delivered to monocytes, while de novo synthesized 

US28 was not expressed for several days post-infection, suggesting virion-associated 

US28 may play an early role in establishing a quiescent infection within monocytes. 

Indeed, a recombinant mutant virus lacking US28 (US28Δ) was unable to establish a 

quiescent infection, leading to a rapid expression of the viral immediate-early 1 (IE1) and 

subsequently lytic replication. The US28Δ phenotype was rescued by coinfection with 

UV-inactivated wild-type (WT) HCMV, further supporting the negative regulatory role 

of virion-associated US28 on IE1 expression. Mechanistically, infection with US28Δ 

phosphorylated Akt at both serine 473 (S473) and threonine 308 (T308) upon viral entry, 

which was in contrast to the preferential site-specific phosphorylation of Akt at S473 

following WT infection. Preventing Akt bi-phosphorylation during US28Δ infection 

attenuated IE1 expression, indicating US28 modifies Akt activity to repress lytic 

replication. Accordingly, ectopic expression of an Akt variant constitutively 

phosphorylated at both S473 and T308 triggered lytic infection during WT infection of 

monocytes. Overall, our data demonstrate that virion-delivered US28 modulates Akt 
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activity to direct HCMV infection towards a quiescent state following primary infection 

of monocytes. 

 

Significance 

Human cytomegalovirus (HCMV) is a widespread pathogen that remains a major threat 

for immuonaïve and immunocompromised patients. During initial infection of a 

seronegative individual, HCMV uses circulating blood monocytes as “Trojan horses” to 

mediate dissemination of the virus. To avoid host immune activation, HCMV initially 

establishes a non-productive silent/quiescent infection within monocytes. US28 is a 

HCMV-encoded G protein-coupled receptor (GPCR) incorporated into the mature virion 

and essential for HCMV latency in CD34+ progenitor cells. However, the role of virion-

delivered US28 in the establishment of a quiescent infection within monocytes is unclear. 

Herein we report that virion-associated US28 is necessary for establishing a quiescent 

infection in monocytes. Our data indicate US28 mediates a site-specific phosphorylation 

of Akt, a serine-threonine protein kinase, at S473 to rapidly repress HCMV lytic 

replication. This work reveals the mechanism by which virion-associated US28 

modulates the host cell signaling network to allow for successful dissemination of 

HCMV. 
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Introduction 

Infection with human cytomegalovirus (HCMV) is highly prevalent, with 

seropositivity reaching 80% in developed countries and upwards of 100% in developing 

countries (1). HCMV infection results in lifelong latent infection, with more than 50% 

individuals aged 6 years harboring HCMV, which rises to 90% by the age of 75 in the 

United States (2, 3). In healthy individuals, primary HCMV infection is generally 

asymptomatic, and latency is tightly controlled by the immune system. However, HCMV 

primary infection or reactivation is associated with significant morbidity and mortality in 

the immunonaïve, such as neonates, and the immunocompromised, such as HIV patients 

and transplant recipients (4-7). HCMV-associated inflammatory diseases within these 

patients are often widespread and can lead to multi-organ failure. 

The myeloid compartment is central to the HCMV viral dissemination and 

persistence strategy. Following a primary infection, HCMV replicates in oral epithelial 

cells and spreads to peripheral blood monocytes where the virus establishes a quiescent 

infection, which is defined by the suppression of viral lytic gene expression and 

replication (8, 9). Infection directly stimulates monocytes to travel to distal end-organ 

sites and differentiate into long-lived tissue macrophages permissive for viral replication. 

Infected monocytes that journey to the bone marrow ultimately transfer infection to 

CD34+ hematopoietic progenitor cells (HPCs) in order to establish a lifelong reservoir of 

latency. Based on this model of viral dissemination, primary infected monocytes are a 

critical lynchpin to viral dissemination by linking initial lytic infection to life-long latent 

infection in CD34+ cells. Suppression of initial lytic infection in primary infected 

monocytes is essential for the immune evasion and spread of HCMV within the host, as 
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viral mutants unable to establish latency or wild type HCMV forced out of latency are 

targeted by the host immune response (10, 11). Yet, little is known about the mechanisms 

underpinning the establishment of a quiescent infection within monocytes. 

HCMV replication is restricted during latent infection of CD34+ HPCs (e.g. refs. 

(12-15)), suggesting the mechanism(s) for the establishment of latent infection in HPCs 

and quiescent infection in monocytes may be similar. HCMV G protein-coupled receptor 

(GPCR) US28 is found within mature virions (16) and expressed during latent (10, 16-

23) as well as lytic infection (e.g. refs (24-26)). US28 modulates multiple cellular 

pathways during lytic infection, including calcium signaling (24, 25), FAK/Src (27), PLC 

(24, 28), COX-2 (29), STAT3 (30), Akt, ERK1/2, eNOS (31), beta-catenin (32). 

Importantly, US28 is essential for viral latency/quiescence in cells of the myeloid lineage, 

including CD34+ HPCs (16, 18, 19, 21), THP1 cells (10, 19, 33), Kasumi-3 cells (16, 18, 

19), and monocytes (10, 34). During latency, US28-mediated signaling silences the major 

immediate early promoter (MIEP) (10, 16, 18, 19), a key promoter in the latent-to-lytic 

switch that regulates the expression of immediate early 1 (IE1) and immediate early 2 

(IE2) viral proteins, encoded by UL123 and UL122, respectively. In Kasumi-3 cells and 

CD34+ HPCs, US28 attenuates cellular fos (c-fos) to prevent AP-1 transcription factor-

dependent activation of the MIEP (19). Additionally, studies in THP-1 cells revealed the 

importance of US28-mediated downregulation of MAPK and NFκB pathways in 

establishing latency (10). Similar to latent infection, expression of viral lytic proteins, 

such as IE1, are inhibited during quiescent infection of monocytes (8, 9, 35, 36). 

Although virion-associated US28 is important for the establishment of latency in 

Kasumi-3 cells and CD34+ HPCs (19), the role of US28-mediated regulation of the 
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MIEP during the establishment of a quiescent infection in monocytes remains to be 

elucidated. 

In this study, we demonstrate that virion-associated US28 modulates Akt activity 

to rapidly suppress the MIEP and allow for the establishment of a quiescent infection in 

primary, HCMV-infected monocytes. Specifically, we found that infection of peripheral 

blood monocytes with recombinant mutant viruses lacking US28 (US28Δ) or deficient in 

US28-mediated signaling resulted in the rapid expression of IE proteins as well as early 

and late genes, suggesting full lytic replication cycle. Co-infection with UV-inactivated 

wild type (WT) HCMV compensated for the loss of US28 and suppressed UL123 

transcription, indicating virion-associated US28 is sufficient to inhibit IE gene expression 

without de novo synthesized US28. Mechanistically, we found US28-mediated signaling 

restrained EGFR activation in WT infection, which led to the preferential 

phosphorylation of Akt at the S473 residue. In contrast, US28Δ-infected monocytes 

exhibited robust EGFR activity and Akt phosphorylation at both S473 and T308. 

Importantly, stimulation of Akt phosphorylation at both S473 and T308 during WT 

infection of monocytes initiated IE1 synthesis, while suppression of either S473 or T308 

phosphorylation during US28Δ infection reduced IE1 expression. These findings indicate 

selective phosphorylation of Akt activation is critical to the establishment of a quiescent 

infection in monocytes, as S473 phosphorylated Akt allows for the long-term survival of 

infected monocytes (37, 38), while also suppressing lytic replication needed for immune 

response avoidance. 
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Materials and Methods 

Human Peripheral Blood Monocyte Isolation. Isolation of human peripheral blood 

monocytes was performed as previously described (9, 39). For details, see SI Appendix, 

SI Materials and Methods. 

 

Virus Preparation and Infection. Bacterial artificial chromosome (BAC)-derived 

TB40/EmCherry (wild type; WT) (41) , TB40/EmCherry-US28-3xF (US28-3xF) (24), 

TB40/EmCherry-US28Δ (US28Δ) (24), TB40/EmCherry-US28ΔN-3xF (US28ΔN) (19), 

and TB40/EmCherry-US28-R129A-3xF (R129A) (19) were previously described. For 

details on virus preparation, see SI Appendix, SI Materials and Methods. 

 

Compound Treatments. Inhibitors and chemical compounds used in the study are found 

in the SI Appendix, SI Materials and Methods. 

 

DNA, RNA and Protein Analyses. Experimental approaches are included in SI 

Appendix, SI Materials and Methods. 

 

Flow Cytometry. For the toxicity assay, monocytes were washed in 1X phosphate-

buffered saline (PBS) and incubated in blocking solution, consisting of fluorescence-

activated cells sorting (FACs) buffer (1X PBS, 2mM EDTA, 0.5% BSA), 5% bovine 

serum albumin (BSA), and human Fc receptor (FcR) binding inhibitor (eBioscience). 

Cells were stained with an allophycocyanin (APC)-anti-CD14 or APC-anti-mouse IgG1 

isotype control antibody (BioLegend) on ice, then washed and stained with FITC-annexin 
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V and propidium iodide (PI; ThermoFisher Scientific) to detect dead and dying cells. 

After staining, cells were analyzed by flow cytometry using an LSRFortessa cell analyzer 

and BD FACSDiva software (BD Biosciences). For measuring mCherry expression, 

monocytes were washed in 1X PBS and resuspended in FACs buffer prior to analysis by 

flow cytometry. 

 

Plasmid and siRNA Transfection. Primary monocytes (3 × 106 cells/transfection) were 

washed with 1X PBS and resuspended in 100 μl of P3 Primary Cell Nucleofector solution 

(Lonza) containing either 1000 ng empty vector (EV) (Addgene plasmid # 10841 (42)), 

or myristylated-Akt (myr-Akt) plasmid (Addgene plasmid # 26453 (43)). For knockdown 

of PDK1 and Rictor, 1000 nM validated Silencer Select siRNAs against PDK1 

(Invitrogen-Themo Fisher Scientific; siRNA ID # s10274), Rictor (Invitrogen-Themo 

Fisher Scientific; siRNA ID # s48410), or Silencer negative-control (NC) siRNAs 

(Themo Fisher Scientific; catalog # AM4642) were mixed in the nucleofector solution 

prior to transfection. Plasmids and siRNAs were then transfected with a 4D-Nucleofector 

(Lonza) using program EI-100. Following transfection, monocytes were incubated in 

RPMI 1640 supplemented with 2% human AB serum at 37°C for 48 hours (h), after 

which transfected monocytes were infected (multiplicity of infection MOI = 1) with 

mock, WT, or US28Δ for 24 h. Whole cell lysates were collected and subjected to 

western blot analyses. 

 

Statistical analyses. All experiments were performed with a minimum of 3 biological 

replicates using primary monocytes isolated from different blood donors. Data were 
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analyzed using Student’s t test comparison with GraphPad Prism software, and p-values 

less than 0.05 were considered statistically significant. 

 

Results 

US28-mediated signaling promotes HCMV quiescent infection within monocytes. 

US28 expression is essential for HCMV latency in CD34+ HPCs (16, 18, 19, 21), THP1 

cells (10, 19, 33), Kasumi-3 cells (16, 18, 19), and monocytes (10, 34). Accordingly, we 

found that infection of CD14+ primary peripheral blood monocytes with an HCMV 

mutant lacking US28 (US28Δ) failed to establish a quiescent infection, leading to rapid 

IE1 protein expression at 24 through 48 hours post-infection (hpi), similar to WT 

infection in replication permissive fibroblasts (Fig. 1A-C). In addition to IE1 protein 

expression, infection of monocytes with US28Δ also resulted in early (E) and late (L) 

gene expression (Fig. S1), indicating progression through late stages of the lytic 

replication cycle. This suggests the mechanism(s) for establishing latent infection in 

HPCs and quiescent infection in monocytes are likely similar. To determine the 

importance of US28 signaling in inhibiting IE1, we used two additional US28-

recombinant viral strains with altered signaling capabilities (19). TB40/EmCherry-

US28ΔN-3xF (US28ΔN) is a chemokine binding domain-deficient mutant that lacks 

amino acids (aa) 2-16, thereby preventing US28’s interaction with many of its ligands 

(44-46). TB40/EmCherry-US28-R129A-3xF (R129A) harbors a point mutation in the 

‘DRY’ motif at aa 129, to which G proteins couple. Thus, this US28 mutant is signaling 

deficient (47, 48). Similar to US28Δ, infection with either ΔN or R129A resulted in IE1  
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Fig 1. US28 mediated signaling inhibits IE1 expression in monocytes. Monocytes 

were infected (MOI= 1) with mock, wild-type (WT), US28Δ, US28-ΔN (ΔN), or US28-

R129A (R129A) for 24 h (A, B, D) or for the indicated time (C), and IE1 expression was 

detected by western blot. Infection of fibroblasts (FB) with WT (C) was used as a 

positive control. Densitometry analysis was performed using Image Lab software (Bio-

Rad), and quantification of IE1 protein expression from 8 independent donors is shown in 

B. Statistical significance was measured using two-tailed paired t test; ****, P < 0.0001. 
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expression in monocytes (Fig. 1D), which is consistent with previous findings in THP-1 

and Kasumi-3 cells (10, 19), suggesting these mutants fail to undergo quiescence in 

monocytes. Altogether, our data indicate both ligand binding, as well as G protein-

mediated signaling via US28, are pivotal for suppressing IE1 expression in monocytes.  

Next, we sought to investigate the kinetics of US28-mediated regulation of IE1 

expression in US28Δ-infected monocytes. While IE1 expression was restricted in WT-

infected monocytes, IE1 protein expression in US28Δ-infected monocytes was detectable 

as early as 6 hpi (Fig. 2A), which was similar to IE1 expression kinetics in both WT- and 

US28Δ-infected fibroblasts (Fig. 2B). These results further confirm previous studies 

demonstrating US28 is dispensable for in vitro infection of fibroblasts (e.g. refs. (16, 24, 

25, 49, 50). We next ensured the suppression of IE1 expression following WT HCMV 

infection was not due to reduced viral binding or entry into monocytes. First, we 

performed binding assays at 4oC and confirmed both WT and US28Δ bound monocytes 

to the same extent (Fig. S2A). Additionally, the absence of US28 had no effect on viral 

entry, as both WT and US28Δ equally entered monocytes (Fig. S2B). As a control, we 

inhibited viral entry by pre-treating the monocytes with a known entry inhibitor, AG1478 

(51), which reduced entry of both WT and US28Δ. Next, we confirmed that translocation 

of the viral genome to the nucleus was also not impaired by the deletion of US28. Flow 

cytometric analysis of mCherry expression, which is driven from an independent SV40 

promoter inserted in an intergenic region of the HCMV genome (41), did not reveal any 

significant difference in the percentage of mCherry positive cells or mCherry 

fluorescence intensity between WT- and US28Δ-infected monocytes (Fig. S2C). In  
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Fig 2. Kinetics of IE1 expression in US28Δ infected monocyte is similar to fibroblast 

infection. Monocytes (A) and fibroblasts (B) were infected (MOI= 1) with mock, WT, or 

US28Δ for the indicated times, and IE1 expression was detected by immunoblot.  
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addition, the percentage of mCherry positive cells and fluorescence intensity increased 

over time in both WT- and US28Δ-infected monocytes (Fig. S2D, S2E), suggesting de 

novo synthesis of mCherry and that both WT and US28Δ HCMV viral genomes were 

equally delivered to the nucleus. Collectively, our results indicate US28 suppresses IE1 

expression upon entry into monocytes in a ligand- and G protein-coupling-dependent 

fashion. 

 

Virion-associated US28 is required for the rapid suppression of UL123 transcription 

in monocytes. Virion-associated US28 is important for establishing latency in Kasumi-3 

and CD34+ HPCs (19), while de novo synthesized US28 is required to maintain latency 

(10, 16, 18-21). Thus, we next assessed the kinetics of US28 expression following 

infection of primary monocytes. To this end, we infected primary monocytes with 

TB40/EmCherry-US28-3xF (US28-3xF), a viral recombinant that contains a triple FLAG 

epitope tag inserted in-frame with the US28 ORF virus at the C-terminus (24). We also 

included lytically-infected primary fibroblasts as a control. Although US28 expression 

was observed in fibroblasts at 48 hpi, we failed to detect de novo synthesized US28 in 

monocytes by western blot (Fig. 3A) or RT-qPCR (Fig. 3B) until 4 days post-infection 

(dpi) (Fig. S3). SV40-driven mCherry was detected in US28-3xF-infected monocytes by 

24 hpi (Fig. 3A) and flow cytometry (Fig. S4), confirming delivery of the viral genome 

to the nucleus. These data indicate de novo synthesized US28 is not likely involved in the 

rapid suppression of IE1 during infection of monocytes. We thus hypothesized that 

virion-delivered US28 suppresses IE1. To this end, we infected monocytes as above and 

collected infected cell lysates as early as 15 minutes (min) post-infection over 24 h. Long  
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Fig 3. HCMV is unable to perform de novo synthesis of US28 in monocyte during 

early infection. Cells were infected for the indicated time with mock or US28-3xF at 

MOI 1 (A, B) and MOI 5 (C). US28 protein and mRNA expression were detected by 

western blot using 𝛼Flag (US28) antibody (A, C) or RT-qPCR (B), respectively. SV40-

driven mCherry expression in infected cells was assessed using an 𝛼mCherry antibody as 

a control for infection (A). US28-3xF and US28Δ cell-free virus lysates were used as 

positive and negative controls for US28, respectively (C). The red pixels represent the 

over saturation of the positive control band from long exposure of the blot during image 

capture. 
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exposure during image capture revealed delivery of virion-associated US28 in the 

infected monocytes within 15 min of infection (Fig. 3C), which was reduced over 48 h 

through proteasomal degradation (Fig. 3C; Fig. S5). To determine if virion-associated 

US28 suppresses IE1 expression upon infection, US28Δ-infected monocytes were 

coinfected with UV-inactivated US28-3xF (UV-US28-3xF), which is unable to de novo 

synthesize viral proteins. Indeed, we found IE1 protein (Fig. 4A, 4B) and mRNA (Fig. 

4C) expression in US28Δ-infected monocytes were reduced with UV-US28-3xF 

coinfection, indicating virion-delivered US28 can attenuate IE1 expression, consistent 

with previous findings (19). Flow cytometry showed no difference in the percentage of 

mCherry positive cells between WT- and US28Δ-infected monocytes coinfected with 

UV-US28-3xF (Fig. S6A, S6B), indicating proper nuclear translocation of the viral 

genome. Altogether, our data suggest that virion-associated US28 directly suppresses IE1 

transcription in order to promote the establishment of HCMV quiescence within 

monocytes. 

 

US28 modulates Akt activity to restrict IE1 expression. Activation of EGFR and its 

downstream pathways, such as phosphoinositide 3-kinase (PI3K) and Akt, are essential 

for HCMV latency, as inhibition of these proteins results in lytic replication of HCMV in 

CD34+ HPCs (52, 53). In contrast, activation of PI3K is required for lytic viral 

replication in highly permissive fibroblasts (54), suggesting HCMV regulates the 

EGFR/PI3K/Akt pathway in a cell-specific manner to either promote or inhibit lytic 

infection. To investigate if activation of this pathway is regulated by US28 during the 

establishment of quiescent infection in monocytes, infection leading to lytic replication,  
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Fig 4. Virion-associated US28 inhibits IE1 expression. Monocytes were infected with 

WT or US28Δ (MOI= 1) in the presence or absence of UV-inactivated US28-3xF (UV-

US28-3xF) for 24 h. Expression of IE1 was detected using western blot (A) or RT-qPCR 

(C). US28-3xF cell-free virus lysate was used as positive control for US28. The red 

pixels represent the over saturation of the positive control band from very long exposure 

of the blot during image capture. Densitometry analysis was performed using Image Lab 

software (Bio-Rad), and quantification of IE1 protein expression from 6 independent 

donors is shown in B. Statistical significance was measured using two-tailed paired t test; 

**, P < 0.005, *P<0.05, ns= not significant. 
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Fig 5. US28 modulates Akt pathway to establish quiescence. Monocytes were infected 

with WT or US28Δ (MOI= 1). After 30 m (to allow uninterrupted viral entry), samples 

were treated with AG (5 µM; EGFR inhibitor), LY (25 µM; pan-PI3K inhibitor) or MK 

(10 µM; Akt inhibitor), as indicated (A-C). After 24 h, cells were lysed, and IE1 

expression was measured by western blot (A, B) and RT-qPCR (C). Monocytes were 

lysed 30 m post-infection, and specific antibodies were used to detect Akt activation (D). 

Densitometry was performed using Image Lab software (Bio-Rad), and quantification 

from 3-5 independent donors is shown (B, E). Statistical significance was measured using 

two-tailed paired t test; ****P < 0.0001, ***P<.0005, **P<0.005, *P<0.05, ns= not 

significant. 
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we infected monocytes with WT or US28Δ followed by treatment with small-molecule 

inhibitors targeting EGFR, PI3K, or Akt. In the presence of the inhibitors, we failed to 

detect IE1 expression in WT-infected monocytes, similar to parallel WT-infected cultures 

treated with DMSO alone. In contrast, US28Δ-infected monocytes treated with vehicle 

(DMSO) showed robust IE1 expression, which was significantly attenuated in the 

presence of each inhibitor (Fig. 5A-5C). Inhibitor concentrations did not affect cell 

viability (Fig. S7A) or viral entry (Fig. S7B), indicating signaling from the 

EGFR/PI3K/Akt pathway is necessary for IE1 expression in US28Δ-infected monocytes. 

As the phosphorylation signature of Akt is responsible for its substrate specificity (55, 

56), we therefore next assessed the activation profile of Akt in WT- versus US28Δ-

infected monocytes. Consistent with our previous reports (37, 38, 57), WT infection of 

monocytes induced site-specific elevated phosphorylation of Akt at S473, whereas T308 

activity is unchanged relative to mock-infected control cells (Fig. 5D, 5E). Surprisingly, 

US28Δ-infected cells contained elevated levels of phosphorylated Akt at both S473 and 

T308 residues, which is similar to canonical Akt activation induced by growth factors 

(58, 59). These data suggest US28 may redirect Akt signaling to allow for the 

suppression of IE1 and the establishment of HCMV quiescence in monocytes. 

 

US28 redirects Akt phosphorylation towards S473 to suppress IE1 expression in 

HCMV-infected monocytes. During canonical activation of Akt, receptor tyrosine 

kinases (RTKs) activate PI3K, which phosphorylates PI(4,5)P2 to PI(3,4,5)P3. PI(3,4,5)P3 

then recruits Akt to the plasma membrane leading to the phosphorylation of at T308 and 

S473 residues by PDK1 and mTORC2, respectively (58, 59). To examine if Akt  
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Fig 6. Ectopic induction of Akt phosphorylation results in IE1 expression during 

WT infection. (A, B) Monocytes were treated with PBS or GM-CSF (100 ng/ml) for 30 

m. Cells were then mock-, WT-, or US28Δ-infected  (MOI= 1) for 30 m (A) or 24 h (B). 

Monocytes were treated with 15 µM of indicated phosphatidylinositol lipid or empty 

lipid carrier (EC) for 50 m (C, D). Cells were next infected with WT and US28Δ for 30 

m (B) or 24 h (C); mock-infected cells are shown as a control. Monocytes were 

transfected with myristylated-Akt (myr-Akt) plasmid or empty vector (EV) for 48 h (E, 

F). Cells were then mock-, WT-, or US28Δ-infected for 30 m (E) or 24 h (F). Expression 

of IE1, as well as Akt phosphorylation at S473 and T308 were detected by western blot. 

Total Akt or actin were used as controls. E= Endogenous Akt, M= Myristylated Akt, 

PIP3= PI(3,4,5)P3, PIP2= PI(3,4)P2. 
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phosphorylation at S473 and T308 regulates IE1 expression, we used several strategies to 

force the phosphorylation at both S473 and T308 during WT infection. First, we 

pretreated monocytes with GM-CSF prior to infection to stimulate Akt phosphorylation 

at both S473 and T308 (60). Indeed, we found GM-CSF-induced phosphorylation at S473 

and T308 (Fig. 6A) corresponded with IE1 expression during WT infection (Fig. 6B). As 

a second approach, we added exogenous PI(3,4,5)P3 lipid (PIP3) to induce Akt S473 and 

T308 phosphorylation (Fig. 6C) (58, 59), which corresponded to increased IE1 

expression in WT-infected monocytes (Fig. 6D). Surprisingly, the SH2 domain-

containing inositol 5-phosphatase (SHIP) 1 product PI(3,4)P2 (PIP2), which is 

responsible for the preferential phosphorylation of AKT at S473 (37, 38), also led to IE1 

expression, albeit to a lesser extent than PI(3,4,5)P3 treatment. However, IE1 expression 

induced by PI(3,4)P2 was likely due to the unexpected slight increase in T308 

phosphorylation along with the expected increase in S473 phosphorylation (Fig. 6C). 

Finally, we transfected monocytes with an Akt-expressing construct, in which the C-

terminus of Akt is fused to a myristylation domain (myr-Akt). This results in the 

recruitment of Akt at the cell membrane, independent of its pleckstrin homology (PH) 

domain (43, 60). As a result, Akt is constitutively phosphorylated at both S473 and T308 

residues by mTORC2 and PDK1, respectively (61, 62). As expected, WT-infected 

monocytes expressing the myr-Akt construct had robust phosphorylation at both 

S473/T308 residues (Fig. 6E). Of note, because myr-Akt lacks the PH domain (amino 

acids 4-129), it gives a distinct lower molecular weight band than the endogenous Akt. 

Nonetheless, myr-Akt phosphorylation at S473/T308 resulted in robust IE1 protein  
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Fig 7. Akt phosphorylation at both S473 and T308 residues is required for IE1 

expression. Monocytes were transfected with scramble (NC), PDK1, or rictor siRNA and 

incubated for 48 h, after which cells were WT- or US28Δ-infected for 30 m (A, B), or 24 

h (C); mock-infected cells are included as a control. Samples were then prepared for 

western blot and specific antibodies were used to confirm knock-down of PDK1 and 

rictor or to measure activation of Akt and expression of IE1. 

 

 

 

 

 



 110 

expression in WT-infected monocytes (Fig. 6F), suggesting Akt phosphorylation at 

S473/T308 promotes IE1 expression during HCMV infection of monocytes. 

Akt substrate specificity depends on the phosphorylation ratio between S473 and 

T308 (55, 56), thus we next asked whether US28 impacts both or just one of Akt’s 

phosphorylation sites to regulate IE1 expression. To this end, we knocked down PDK1 or 

rictor (critical for the kinase activity of mTORC2) with siRNAs (Fig. 7A), which reduced 

Akt phosphorylation at T308 and S473, respectively, in US28Δ-infected monocytes 

compared to the non-target control infected cells (Fig. 7B). Additionally, US28Δ 

infection of either siRNA knockdown cell populations resulted in attenuation of IE1 

compared to US28Δ-infected non-target siRNA control cells (Fig. 7C), indicating the 

enhanced Akt phosphorylation at both T308 and S473 during US28Δ infection are 

responsible for IE1 expression. Collectively, our data suggest US28 modulates Akt 

activity by directing a preferential Akt phosphorylation at S473 residue, thereby allowing 

the expression of anti-apoptotic proteins without promoting IE1 expression; properties 

critical for long-term viral persistence within monocytes. 

 

US28 restricts EGFR activation to regulate Akt phosphorylation. Next, we 

investigated the mechanism by which US28 regulates Akt phosphorylation. During 

HCMV-mediated non-canonical activation of Akt, SHIP1 is activated and converts 

PI(3,4,5)P3 to PI(3,4)P2 leading to site-specific phosphorylation at S473 (37, 38). Thus, 

we hypothesized that US28 promotes SHIP1 activity to redirect Akt phosphorylation 

towards S473 during WT infection. We tested this possibility using 3AC, a SHIP1  
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Fig 8. US28 does not regulate SHIP1 activity. Monocytes were infected with WT or 

US28Δ (MOI=1); mock-infected cells are shown as a control. After 30 m, cells were 

treated with 3AC (5 µM; SHIP1 inhibitor) and then incubated for 30 m (A-C), or 24 h 

(D-F). Activation of SHIP1 and Akt was detected by immunoblot using specific 

antibodies (A-C). IE1 expression was detected by western blot (D, E) or RT-qPCR (F). 

Statistical significance was measured using two-tailed paired t test; **P<0.005, *P<0.05, 

ns= not significant. 
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inhibitor that does not affect viral entry or cell survival at the concentration used in this 

study (Fig. S8). However, SHIP1 activity was indistinguishable between WT- and 

US28Δ-infected monocytes (Fig. 8A, 8B). We had hypothesized that if US28 redirects 

Akt signaling by promoting S473 phosphorylation over T308 via SHIP1, that 3AC 

treatment would prevent the establishment of HCMV latency within monocytes. 

However, although SHIP1 inhibition attenuated WT HCMV-induced S473 

phosphorylation, consistent with our previous work (38), we did not observe subsequent 

increase in T308 phosphorylation (Fig. 8C). Accordingly, IE1 expression remained 

suppressed during WT infection of monocytes despite the inhibition of SHIP1 (Fig. 8D-

8F). These data argue that US28 may regulate factors upstream of SHIP1, such as EGFR. 

Indeed, we found that infection of monocytes with US28Δ enhanced EGFR 

phosphorylation when compared to WT infection (Fig. 9A, 9B). Additionally, inhibition 

of EGFR activity using AG1478 following WT or US28Δ infection reduced Akt 

phosphorylation at both S473 and T308, compared to DMSO-treated infected cultures 

(Fig. 9C), without affecting viral entry or monocyte viability at the concentrations used 

(Fig. S7). Similarly, inhibition of downstream PI3K resulted in decreased Akt 

phosphorylation (Fig. 9C), suggesting US28 modulates EGFR activation to allow precise 

regulation of Akt activity. Together, these data indicate US28-mediated cell signaling 

restricts EGFR activation to modulate Akt phosphorylation and suppress IE1 expression 

during the establishment of HCMV quiescent infection in monocytes. 
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Fig 9. US28 restricts EGFR activation to negatively regulate Akt phosphorylation. 

Monocytes were WT-, US28Δ-, or mock-infected. After 30 m, cells were lysed and 

prepared for western blot to measure EGFR phosphorylation (A, B). After 30 m (to allow 

uninterrupted viral entry), samples were treated with AG (5 µM), LY (25 µM), or MK (10 

µM) (C). Cells were then lysed after 30 m, and specific antibodies were used to detect 

Akt activation. Densitometry analysis was performed using Image Lab software (Bio-

Rad). Statistical significance was measured using two-tailed paired t test; **P < 0.005, 

*P<0.05, ns= non-significant. 
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DISCUSSION 

 Silent infections within the myeloid compartment play a critical role in HCMV’s 

dissemination (mediated by monocytes) and persistence (mediated by CD34+ cells) 

strategies. A significant effort has been made to elucidate the mechanisms regulating 

viral latency in myeloid cells (reviewed in (63-65)). However, mechanisms by which 

HCMV promotes the establishment of a quiescent infection within monocytes remain 

elusive. US28 is essential for latency/quiescence in CD34+ HPCs (16, 18, 19, 21), THP1 

cells (10, 19, 33), Kasumi-3 cells (16, 18, 19), and monocytes (10, 34), thus we sought to 

determine the mechanism through which US28 promotes the establishment of a quiescent 

infection within monocytes. Herein we demonstrate that virion-associated US28 rapidly 

limits EGFR signaling initiated during HCMV entry to direct site-specific 

phosphorylation of Akt S473 (Fig. 10). We have previously shown HCMV-induced Akt 

S473 upregulates a select subset of pro-survival proteins required for the long-term 

survival of normally short-lived monocytes (37, 38, 57, 66). In this study, we show the 

preferential phosphorylation at S473 and not T308 is also critical for the establishment of 

a quiescent infection, as phosphorylation at both sites leads to the initiation of IE gene 

expression and subsequent lytic replication (Fig. 10). These results highlight virion-

delivered US28 as a critical player to the viral dissemination strategy, as it rapidly 

modulates cellular signaling pathways triggered during viral entry to produce a cellular 

environment conducive to both the long-term survival of infected monocytes and the 

establishment of a quiescent infection. 
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Fig 10. Proposed model for US28 regulation of quiescent HCMV infection. During 

WT HCMV infection of monocytes, US28 negatively regulates EGFR phosphorylation. 

Downstream of EGFR, PI3K phosphorylates PI(4,5)P2 to PI(3,4,5)P3. Additionally, 

HCMV infection results in an increased SHIP1 activity, which dephosphorylates 

PI(3,4,5)P3 to PI(3,4)P2. Recruitment of Akt to PI(3,4)P2 leads to a preferential 

phosphorylation at S473 and establishment of a quiescent infection during WT infection. 

Contrarily, in US28Δ-infected monocytes, EGFR is robustly phosphorylated without 

impacting SHIP1 activity. Thus, in the absence of US28, an accumulation of PI(3,4,5)P3 

leads to Akt phosphorylation at both S473 and T308, which is required for IE1 

expression and lytic HCMV replication. 
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 Monocytes are short-lived cells programmed to undergo apoptosis 48 h after their 

release from the bone marrow in the absence of differentiation stimuli (67-69). Following 

stimulation with normal myeloid growth factors, Akt is activated by phosphorylation at 

both S473 and T308 residues to mediate the survival of short-lived monocytes (70-72). In 

contrast, HCMV promotes the survival of the infected monocytes by an atypical 

activation of Akt via the preferential phosphorylation at S473 (37, 38). The 

phosphorylation ratio between S473 and T308 dictates Akt substrate specificity (55, 61, 

62), suggesting that HCMV-activated Akt exhibits a distinct biological output compared 

to growth factor-activated Akt. Indeed, during quiescent infection of monocytes, HCMV 

upregulates a select subset of Akt-dependent, anti-apoptotic proteins, including Mcl1, 

HSP27, and XIAP (66, 73). In this current study, we found that WT-mediated Akt 

phosphorylation at S473 did not result in IE gene, while US28Δ-mediated Akt 

phosphorylation at S473 and T308 promoted the expression of IE1 protein expression 

(Fig. 6; Fig. 7B, 7C; Fig. 8C, 8D) and subsequent early and late genes (Fig. S1). Given 

the MIEP is differentially regulated by a multitude of transcription factors during lytic 

and latent infections (reviewed in (64)), it is attractive to speculate that S473 Akt does not 

activate the same subset of transcription factors as S473/T308 Akt. Our data would then 

suggest that US28 guides the precise phosphorylation of Akt to promote the survival of 

infected monocytes without triggering the activation of Akt-dependent transcription 

factors necessary for the initiation of IE gene expression. In support of this, US28 

negatively regulates several transcription factors with known binding sites on the MIEP, 

including AP-1 and NFκB, which are required for attenuating IE gene expression and 

establishing latency within CD34+ (19), Kasumi-3 (19), and THP1 cells (10).  
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 How US28 modulates the phosphorylation profile of Akt to generate a signaling 

network essential to the survival of infected monocytes, while also being beneficial to the 

establishment of quiescent infection, is unclear. During viral entry, the HCMV viral 

glycoprotein gB directly binds and activates EGFR (37, 38), which then activates 

downstream PI3K to phosphorylate PI(4,5)P2 lipid into PI(3,4,5)P3. During canonical 

EGFR/PI3K signaling, PI(3,4,5)P3 directs Akt phosphorylation at both S473 and T308. In 

naïve, “normal” cells, PI(3,4,5)P3 can be dephosphorylated to PI(3,4)P2 by SHIP1 to 

negatively regulate Akt activity. However, in certain cancer cells and HCMV-infected 

monocytes, the recruitment of Akt to PI(3,4)P2 leads to site-specific phosphorylation at 

S473 (38, 74-76). Thus, we hypothesized US28 enhances S473 phosphorylation by either 

increasing SHIP1 activity to promote the conversion of PI(3,4,5)P3 into PI(3,4)P2 or 

decreasing EGFR activity to reduce accumulation of PI(3,4,5)P3 within HCMV-infected 

monocytes. Our study demonstrates virion-associated US28 expression attenuates EGFR 

activity (Fig. 9A, 9B) and has no impact on SHIP1 activity (Fig. 8A, 8B). As the 

conversion of PI(3,4,5)P3 to PI(3,4)P2 by SHIP1 appears to be the rate limiting step, we 

accordingly found the addition of exogenous PI(3,4,5)P3 during WT infection resulted in 

canonical S473 and T308 Akt phosphorylation (Fig. 6C). These data suggest HCMV 

prevents the accumulation of PI(3,4,5)P3 by restricting EGFR activity and allowing 

PI(3,4)P2 to be the predominant signaling lipid responsible for mediating Akt 

phosphorylation. 

 Many biological effects of GPCRs occur through crosstalk with EGFR (77, 78). 

The mechanism by which virion-associated US28 regulates EGFR activity remains to be 

determined. One possibility is that US28 functions similar to cellular GPRC5A by 
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binding and sequestrating EGFR, leading to its recycling/degradation through endocytic 

pathway (79). Another possibility is indirectly though the proteolytic cleavage and 

subsequent release of EGFR ligands. GCPRs stimulate the release of EGFR ligands (80-

83), which induce a conformational change in EGFR, resulting in dimerization and auto-

phosphorylation of the tyrosine kinase domain (84-86). However, the stability of 

dimerization is dictated by ligand specificity, affecting phosphorylation and the signaling 

properties of EGFR (87). Perhaps US28 attenuates EGFR activity by desensitization 

through proteolytic cleavage of EGFR ligands such as epiregulin and epigen, which are 

expressed on the monocyte surface and promote a less robust EGFR activation relative to 

EGF (87, 88). Although elucidating the mechanism through which US28 modulates Akt 

activity remains an active avenue of research, our study clearly demonstrates US28-

mediated suppression of EGFR signaling plays a pivotal role in shaping the Akt signaling 

network to promote the establishment of quiescent HCMV infection within monocytes. 

 To the best of our knowledge, this is the first study to demonstrate the effect of 

differential Akt phosphorylation status in the regulation of IE gene expression during the 

establishment of monocyte quiescent infection. Suppression of the initial lytic infection in 

monocytes is critical to HCMV’s dissemination and immune evasion strategy, as viral 

lytic gene expression triggers the activation of the host immune response (10, 11). 

Altogether, our study demonstrates virion-associated US28 attenuates EGFR in order to 

direct Akt activity into generating a cellular environment simultaneously conducive to 

both monocyte survival and quiescent infection. Unraveling the interplay between viral 

and cellular signaling factors could identify new antiviral targets aimed at preventing 

reactivation of HCMV from the myeloid compartment. 
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Supplementary Information Text 

SI Materials and Methods 

Human Peripheral Blood Monocyte Isolation. Peripheral blood was drawn from 

random donors by venipuncture, diluted in Roswell Park Memorial Institute medium 

(RPMI) 1640 (ATCC, Product #30-2001), and centrifuged through Histopaque 1077 

(MilliporeSigma) to remove red blood cells and neutrophils. Mononuclear cells were 

collected and washed with saline to remove the platelets and then separated by 

centrifugation through a Percoll (GE Healthcare) gradient (40.48% and 47.70%). More 

than 90% of isolated peripheral blood mononuclear cells were monocytes, as determined 

by CD14-positive staining (1). Cells were washed with saline, resuspended in RPMI 1640 

(ATCC, Product # 30-2001), and counted. All experiments were performed in the 

absence of human serum (unless mentioned otherwise) at 37°C in a 5% CO2 incubator. 

SUNY Upstate Medical University’s Institutional Review Board and Health Insurance 

Portability and Accountability Act guidelines for the use of human subjects were 

followed for all experimental protocols in our study. 

 

Virus Preparation and Infection. Human embryonic lung (HEL) 299 fibroblasts (CCL-

137, ATCC) of low passage (P7-15) were subcultured in Dulbecco's Modified Eagle 

medium (DMEM) (Lonza) with 2.5 μg/ml plasmocin (Invivogen) and 10% fetal bovine 

serum (FBS) (MilliporeSigma). When cultures reached confluency, cells were infected 

with HCMV in DMEM + 4% FBS. Virus was purified from the supernatant when 100% 

CPE was observed by ultracentrifugation (115000 x g, 65 min, 22oC) through a 20% 

sorbitol cushion to remove cellular contaminants and resuspended in RPMI 1640 medium 
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(ATCC, Product # 30-2001). A multiplicity of infection (MOI) of 1 genome copy/cell 

was used for each experiment unless otherwise stated. Mock infection was performed by 

adding an equivalent volume of RPMI 1640 medium to monocytes. 

 

Compound Treatments. Where indicated, the following reagents were used to treat the 

cells at concentrations noted in the text: Bafilomycin (Baf; inhibitor of lysosomal 

degradation of proteins (2)), MG132 (MG; proteasome inhibitor (3)), AG-1478 (AG; 

EGFR inhibitor (4)), 3-α-aminocholestane (3AC; SHIP1 inhibitor (5)) and LY294002 

(pan-PI3K inhibitor (6)) all from Calbiochem; MK-2206 (MK; Akt inhibitor (7)) and 

staurosporine (ST; broad spectrum protein kinase inhibitor/inducer of apoptosis (8)) both 

from Selleckchem. For induction of canonical Akt activation, monocytes were treated 

with PBS or GM-CSF (100 ng/ml) for 30 m before infection. Additionally, where 

indicated, samples were treated with 15 µM of phosphatidylinositol lipids (PI(3,4,5)P3, 

Echelon Biosciences, Product #P-3908; PI(3,4)P2, Echelon Biosciences, Product #P-

3416) or empty lipid carrier (EC; Echelon Biosciences, Product #P-9C1) for 50 m prior 

infection according to the manufacturer’s recommendations. 

 

Western Blot Analysis. Cells were harvested in modified radioimmunoprecipitation 

assay (RIPA) buffer (50 mM Tris-HCl [pH 7.5], 5 mM EDTA, 100 mM NaCl, 1% Triton 

X-100, 0.1% SDS, 10% glycerol), supplemented with protease inhibitor cocktail 

(MilliporeSigma) and phosphatase inhibitor cocktails 2 and 3 (MilliporeSigma) for 30 

min on ice. The lysates were cleared from the cell debris by centrifugation at 4°C (5 min, 

21000 x g) and stored at -20°C until further analysis. Protein samples were solubilized in 
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Laemmli SDS-sample non-reducing (6x) buffer (Boston Bioproducts), supplemented 

with β-mercaptoethanol (Amresco) by incubation at 95°C for 5 min, unless otherwise 

stated. For detecting EGFR, phospho-EGFR and US28, protein samples were incubated 

at room temperature for 30 min after solubilizing in Laemmli SDS-sample nonreducing 

(6x) buffer (9). Equal amounts of total protein were loaded, separated by SDS-

polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to polyvinylidene 

difluoride membranes (Bio-Rad). Blots were blocked in 5% bovine serum albumin (BSA; 

Fisher Scientific) for 1 h at room temperature (RT) and then incubated with primary 

antibodies overnight at 4°C. The following antibodies were purchased from the indicated 

companies: anti-Akt, anti-phospho (p)-Akt (Ser473), anti-phospho (p)-Akt (Thr308), 

anti-SHIP1, anti-p-SHIP1 (Tyr1020), anti-EGFR, anti-PDK1, and anti-Rictor were all 

from Cell Signaling Technology; anti-p-EGFR (Tyr1068) and anti-mCherry were both 

from Abcam; anti-FLAG, clone M2 was from MilliporeSigma; Rhodamine anti-actin 

antibody (Bio-Rad) was used as loading control. The anti-IE1 antibody (clone 1B12) was 

a generous gift from Tom Shenk (Princeton University, ref. (10)). The blots were then 

incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (Cell 

Signaling) for 30 min at room temperature (RT), and chemiluminescence was detected 

using the Clarity Western ECL substrate (Bio-Rad). Densitometry was performed using 

Image Lab software (Bio-Rad). 

 

Semiquantitative and Quantitative PCR. Total DNA and mRNA were isolated using 

QIAamp DNA mini kit and RNeasy mini kit (Qiagen, Germantown, MD), per the 

manufacturer’s recommendation. TURBO DNA free kit (ThermoFisher, Waltham, MA) 
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was used to remove the contaminating DNA from the extracted mRNA samples. 

Semiquantitative PCR was used to detect the expression of UL122 (sense, 5’-

CGCCTTCGTTACAAGCATCG-3’; antisense, 5’-AAGAGCAAACGCATCTCCGA-

3’), UL54 (sense, 5’-AAGGACAGGCATCGATAGCG-3’; antisense, 5’-

CACCTACGATCAGACGGACG-3’), UL83 (sense, 5’-

TGCATAAAGAGCTTGCCGGA-3’; antisense, 5’-CAGACGGGTATCCACGTACG-

3’), GAPDH (sense, 5’-ACCCACTCCTCCACCTTTGAC-3’; antisense, 5’-

CTGTTGCTGTAGCCAAATTCGT-3’) using Green GoTaq master mix (Promega, 

Madison, WI) with C1000 Touch Thermal Cycler (Bio-Rad, Hercules, CA). For 

quantitative PCR, UL123 (sense, 5’-AGTGACCGAGGATTGCAACG-3’; antisense, 5’-

CCTTGATTCTATGCCGCACC-3’), US28 (sense, 5’-

CCAGAATCGTTGCGGTGTCTCAGT-3’; antisense, 5’-

CGTGTCCACAAACAGCGTCAGGT-3’) and GAPDH were detected with CFX 

Connect Real Time System (Bio-Rad) using iTaq Universal SYBR Green Supermix (Bio-

Rad). For quantitative real time PCR (RT-PCR), iTaq Universal SYBR Green One-Step 

Kit was used to detect the expression of UL123, US28 and 18S rRNA (sense, 5’-

GCAATTATTCCCCATGAACG-3’; antisense, 5’-GGGACTTAATCAACGCAAGC-

3’). For quantitative PCR, samples were analyzed in technical duplicate and normalized 

to GAPDH (for DNA) or 18S rRNA (for mRNA). 

 

Virus-Binding and Entry Assay. To assess viral binding, monocytes were incubated on 

ice for 1 h and then infected with WT or US28Δ for 2 h on ice to allow for viral binding. 

Monocytes were then washed twice with ice-cold 1X PBS to remove any unbound viral 
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particles. As a negative control, another set of infected monocytes were treated with 

proteinase K (1.0 mg/ml, 30 m on ice) after the 2 h incubation and then washed twice 

with ice-cold 1X PBS to remove bound virus. DNA was extracted with QIAamp DNA 

mini kit (Qiagen) according to the manufacturer’s recommendations.  

 

To quantify viral entry, monocytes were pre-treated with AG (10 µM; EGFR 

inhibitor) for 1 h at 37oC to block efficient viral entry into monocytes or with vehicle 

control (DMSO). Cells were then incubated on ice for 1 h to allow for equal particle 

binding and then infected with WT or US28Δ for an additional hour on ice. Infected 

cultures were then shifted to 37oC for 2 h to allow for viral entry into monocytes. Finally, 

monocytes were treated with proteinase K (1.0 mg/ml, 5 min at 37oC) and then washed 

twice with 1X PBS to remove the viral particles that remained outside of the cell 

membrane and were unable to enter monocytes. RNeasy mini kit (Qiagen) was used per 

the manufacturer’s recommendation to extract mRNA. Any contaminating DNA from the 

samples was then removed using TURBO DNA free kit (ThermoFisher), according to 

manufacturer’s protocols. 
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Fig S1. US28 inhibits lytic gene expression in monocytes. Monocytes were infected 

with mock, US28Δ, or wild type (WT) for 1 (D1) or 4 (D4) day(s). Cells were then lysed, 

and total RNA was collected and assessed for UL54 (E; early) and UL83 (L; late) 

transcripts. 𝛽-actin is shown as a control. Uninfected and WT-infected fibroblast cells (3-

days post-infection) were used as negative control (Neg) and positive control (Pos), 

respectively. 
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Fig S2. Deletion of the US28 ORF does not interfere with infection of monocytes or 

delivery of the viral genome to the nucleus. Monocytes were incubated on ice for 1 h and 

then infected with WT or US28Δ for an additional 2 h on ice to allow for viral binding.  

Monocytes were then washed twice with ice-cold PBS to remove any unbound viral particles. 

As a negative control, another set of infected monocytes were treated with proteinase K (1.0 

mg/ml, 30 m on ice) after the 2 h incubation and then washed twice with ice-cold PBS to 

remove the bound virus (A). Monocytes were pre-treated with DMSO (vehicle control) or 

AG (10 µM; EGFR inhibitor, to block viral entry) for 1 h at 37oC. Cells were then incubated 

on ice for 1 h and then infected with WT or US28Δ for an additional 1 h on ice to allow viral 

binding. Infected monocytes were then shifted to 37oC for an additional 2 h to allow viral 

entry into monocytes. As a control, monocytes were treated with proteinase K (1.0 mg/ml, 5 

m at 37oC) and then washed twice with PBS to remove viral particles that remained outside 

of the cell membrane and were unable to enter monocytes (B). Samples were then lysed, and 

the viral genome was detected using qPCR (UL123/GAPDH) (A, B). Monocytes were 

infected with mock, WT, or US28Δ for 48 h (C), or the indicated times (D, E). Expression of 

mCherry was detected using flow cytometry. Statistical significance was measured using 

two-tailed paired t test; ****, P < 0.0001, ***P < 0.0005, **P < 0.005, *P<0.05, ns= non-

significant. 
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Fig S3. De novo synthesis of US28 is detected by 4 days post-infection. Monocytes 

were infected with mock, US28Δ, or US28-3xF for 1, 4, or 7 days (D1, D4, D7). (A) 

Cells were then lysed, and total mRNA was isolated, after which cDNA was synthesized. 

Expression of US28 and 𝛽-actin was detected by PCR. Uninfected and WT-infected 

fibroblast cells (3 days post-infection) were used as negative control (Neg) and positive 

control (Pos), respectively. (B) Cells were lysed after the specified time and expression of 

US28 protein was detected using 𝛼FLAG antibody by western blot. 
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Fig S4. US28-3xF-infected monocytes express mCherry, which is detectable by flow 

cytometry.  Monocytes were infected for the indicated times with US28-3xF. Mock-

infected monocytes were included as a control. Expression of SV40-driven mCherry was 

then analyzed using flow cytometry. 
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Fig S5. Virion-associated US28 is rapidly degraded by the proteasomal pathway in 

monocytes. Monocytes were pre-treated with Bafilomycin (200 nM) or MG132 (5 µM) 

for 1 h to inhibit lysosomal and proteasomal degradation, respectively. Cells were then 

infected for the indicated times. Total cell lysates were analyzed by western blot.  
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Fig S6. Virion-associated US28 does not interfere the delivery of viral genome into 

the host cell nucleus. Monocytes were infected with mock, WT, or US28Δ in the 

presence or absence of UV-inactivated US28-3xF (UV-US28-3xF) for 48 h. Expression 

of mCherry was detected using flow cytometry. Statistical significance was measured 

using two-tailed paired t test; **P < 0.005, *P<0.05, ns= non-significant. 
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Fig S7. Inhibition of the EGFR/PI3K/Akt pathway does not affect survival of 

infected monocytes or viral entry. Monocytes were infected with WT or US28Δ for 30 

m to allow for viral entry. Where indicated, samples were then treated with AG (5 µM), 

LY (25 µM; pan-PI3K inhibitor), or MK (10 µM; Akt inhibitor) (A, B). After 24 h, 

viability of monocytes was measured by flow cytometry using annexin V and propidium 

iodide (PI) staining. Staurosporine (0.5µM, ST; non-selective protein kinase inhibitor) 

was used as a control for cell death (A). After 2 h, monocytes were treated with 

proteinase K (1.0 mg/ml, 5 m at 37oC) and then washed twice with PBS to remove the 

viral particles that remained outside of the cell membrane and were unable to enter. 

Samples were then lysed, and the viral genome was detected using qPCR 

(UL123/GAPDH) (B). 
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Fig S8. Inhibition of SHIP1 does not affect viral entry or survival of infected 

monocytes. Monocytes were infected with WT or US28Δ for 30 m to allow for viral 

entry, and then the indicated samples were treated with 3AC (5 µM; SHIP1 inhibitor) (A, 

B). After 24 h, monocyte viability was measured by flow cytometry using annexin V and 

propidium iodide (PI) staining. Staurosporine (0.5µM, ST; non-selective protein kinase 

inhibitor) was used as a control for cell death (A). After 2 h, cells were treated with 

proteinase K (1.0 mg/ml, 5 m at 37oC) and then washed twice with PBS to remove the 

viral particles that remained outside of the cell membrane and were unable to enter 

monocytes. Samples were then lysed, and the viral genome was detected using qPCR 

(UL123/GAPDH) (B). 

 

 

 

 

 

 



 140 

References 

1. G. Chan, M. T. Nogalski, A. D. Yurochko, Human cytomegalovirus stimulates 

monocyte-to-macrophage differentiation via the temporal regulation of caspase 3. 

J Virol 86, 10714-10723 (2012). 

2. T. Yoshimori, A. Yamamoto, Y. Moriyama, M. Futai, Y. Tashiro, Bafilomycin 

A1, a specific inhibitor of vacuolar-type H(+)-ATPase, inhibits acidification and 

protein degradation in lysosomes of cultured cells. J Biol Chem 266, 17707-17712 

(1991). 

3. D. H. Lee, A. L. Goldberg, Proteasome inhibitors: valuable new tools for cell 

biologists. Trends Cell Biol 8, 397-403 (1998). 

4. T. G. Johns et al., Antitumor efficacy of cytotoxic drugs and the monoclonal 

antibody 806 is enhanced by the EGF receptor inhibitor AG1478. Proc Natl Acad 

Sci U S A 100, 15871-15876 (2003). 

5. R. Brooks et al., SHIP1 inhibition increases immunoregulatory capacity and 

triggers apoptosis of hematopoietic cancer cells. J Immunol 184, 3582-3589 

(2010). 

6. C. J. Vlahos, W. F. Matter, K. Y. Hui, R. F. Brown, A specific inhibitor of 

phosphatidylinositol 3-kinase, 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-

one (LY294002). J Biol Chem 269, 5241-5248 (1994). 

7. Y. Cheng et al., MK-2206, a novel allosteric inhibitor of Akt, synergizes with 

gefitinib against malignant glioma via modulating both autophagy and apoptosis. 

Mol Cancer Ther 11, 154-164 (2012). 

8. C. A. Belmokhtar, J. Hillion, E. Segal-Bendirdjian, Staurosporine induces 

apoptosis through both caspase-dependent and caspase-independent mechanisms. 

Oncogene 20, 3354-3362 (2001). 

9. J. Mahmud, G. C. Chan, Analysis of Cytomegalovirus Glycoprotein and Cellular 

Receptor Interactions. Methods Mol Biol 2244, 199-211 (2021). 

10. H. Zhu, Y. Shen, T. Shenk, Human cytomegalovirus IE1 and IE2 proteins block 

apoptosis. J Virol 69, 7960-7970 (1995). 

 

 



 141 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter IV: 

 

 

 

HCMV Immediate-Early Gene Products Suppress Akt Activity to 

promote viral replication in Fibroblasts  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter has been prepared for submission to the Journal of Virology. Jamil Mahmud, Dilruba Akter, 

Juthi Biswas, Michael J. Miller, Gary C. Chan. Virion-associated US28 rapidly modulates Akt activity to 

suppress HCMV lytic replication in monocytes. JM performed the experiments, DA assisted with 

transfection of IE1/IE2 encoding plasmids, JB assisted with some of the western blot,  MJM assisted with 

RT-PCR, JM designed the experiments, JM wrote the manuscript, GCC finalized the manuscript, GCC is 

the corresponding author. 



 142 

Abstract 

The Phosphatidylinositol-3-kinase (PI3K)/Akt pathway is modulated by many 

viruses because of its central importance in multiple cellular processes.  Recent studies 

suggest that HCMV inactivates Akt during lytic infection for efficient viral genome 

replication.  However, Akt activity is dependent on the phosphorylation ratio between 

serine 473 (S473) and threonine 308 (T308) residues.  The effect of Akt phosphorylation 

at each of the residues on HCMV replication is unclear.  Moreover, the viral gene 

products regulating Akt activity remain unknown.  We found that HCMV robustly 

activated Akt at S473 and T308 during entry into fibroblasts.  However, Akt 

phosphorylation was suppressed in the infected cell with the progression of infection.  

Importantly, inactivation of Akt was dependent on viral gene expression as UV-

inactivated virus failed to suppress Akt phosphorylation.  Moreover, we found a 

reduction in the total Akt protein level with the progression of infection, suggesting that 

HCMV employs a multifaceted approach to inactivate Akt to avoid its inhibitory effect 

on viral replication.  Indeed, inhibition of Akt phosphorylation using small molecule 

inhibitors, or through siRNA-mediated knockdown of Akt-kinases led to increased viral 

replication.  Correspondingly, ectopic expression of an Akt variant constitutively 

phosphorylated at both S473 and T308 significantly reduced lytic replication of HCMV, 

while Akt variant with either S473 or T308 phosphorylation resulted in an intermediated 

defect in the replication of HCMV genome, suggesting Akt phosphorylation at either 

residue is inhibitory towards HCMV replication.  Finally, we found that transient 

expression of HCMV immediate early gene products, IE1 and IE2, suppressed Akt 

phosphorylation at both S473 and T308.  Overall, our data demonstrate that HCMV 
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rapidly inactivates Akt phosphorylation at S473 and T308 through the expression of 

immediate-early gene products to promote efficient viral genome replication. 

 

 

Significance 

HCMV infection in immunocompromised adults and immunonaïve individuals 

can cause severe morbidity and mortality.  Similar to other viruses, HCMV modulates 

cellular environment to promote replication.  Because of the central importance of Akt in 

anti-apoptosis, proliferation, transcription, and translation, HCMV differentially regulates 

Akt in all three stages of its lifecycle.  However, the exact mechanism how HCMV 

regulates Akt during lytic infection is unclear.  Herein we report that HCMV rapidly 

suppresses Akt phosphorylation at S473 and T308 and also reduces total Akt protein 

level with the progression of lytic infection in fibroblasts.  Our data indicate HCMV’s 

immediate-early gene products suppress Akt phosphorylation while reduction of total Akt 

level depends on expression of viral late genes as well.  This work highlights the 

multifaceted approach to regulate Akt activity by HCMV and uncovers how HCMV 

promote efficient replication through the inhibition of Akt activity. 
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Introduction 

Human cytomegalovirus (HCMV) is a widespread beta-herpesvirus with a 

seropositivity reaching more than 50% of the population by the age of 6 years old in the 

United State (1).  Although HCMV infection is mostly asymptomatic in 

immunocompetent adults, infection of immunocompromised individuals, including AIDS 

patients and transplant recipients, causes severe morbidity and mortality (2-4).  Induction 

of unregulated inflammatory response by HCMV can result in severe complications in 

the transplant recipients (5, 6).  This is a result of viral replication in the infected organs 

leading to autocrine and paracrine inflammatory responses and recruitment of the 

immune cells. 

Because of the obligate intracellular nature, similar to other viruses, HCMV 

modulates cellular environment to promote replication.  The Phosphatidylinositol-3-

kinase (PI3K)/Akt phosphorylation cascade is one of the signaling pathways that is 

utilized by many viruses because of its central importance in pro-survival and anti-

apoptosis, autophagy, cell cycle progression and proliferation, transcription, and 

translation (reviewed in (7-10)).  While some viruses activate the Akt pathway to 

promote viral replication (e.g. refs. (11-18)), inhibition of the Akt pathway is beneficial 

for other viruses (e.g. refs. (12, 19-21)).  The importance of the Akt pathway during 

HCMV infection and how HCMV regulates Akt activity has lately received a great deal 

of attention. 

Recently, the Goodrum lab showed that a sustained activation of EGFR/PI3K/Akt 

pathway is required for the maintenance of HCMV latency in CD34+ progenitor cells 

(22).  Similarly, we showed that during quiescent infection in monocytes, HCMV 
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promotes Akt phosphorylation at S473 during viral entry which remained upregulated for 

at least 72 hours (h) (23, 24).  Contrarily, regulation of Akt during lytic infection, and 

whether Akt activity is inhibitory or conducive to HCMV replication remains a topic of 

debate.  Earlier reports suggest that HCMV-mediated activation of Akt is sustained 

throughout the lytic infection and is required for viral replication (25-27).  However, 

recent studies uncover that HCMV suppresses Akt activation with the progression of 

infection (28-30), suggesting expression of viral gene products may be required for Akt 

inactivation.  While these data underscore the multifaceted regulation of Akt activity 

during HCMV lytic infection, identity of viral gene products suppressing Akt 

phosphorylation remains unknown. 

Despite the plethora of cellular receptors involved in mediating HCMV entry, 

many ultimately signal to and activate Akt (23, 31-35).  Stimulation of receptor tyrosine 

kinases (RTKs) at the cell surface activates PI3K.  Next, PI3K phosphorylates 

phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2] to phosphatidylinositol 3,4,5-

trisphosphate [PI(3,4,5)P3] that recruits Akt to the plasma membrane, leading to the 

phosphorylation of Akt at T308 and S473 residues by PDK1 and mTORC2, respectively 

(36, 37).  Because of its importance in multiple pathways, Akt activity is strictly 

regulated in the cells.  For example, SHIP2, a phosphoinositide phosphatase, acts as a 

negative regulator of Akt pathway by dephosphorylating PI(3,4,5)P3 to PI(3,4)P2, hence, 

regulates Akt recruitment to the cell membrane and its phosphorylation (38, 39).  

Although Akt is activated during HCMV entry into different cells (23, 31-35), Akt 

phosphorylation is suppressed with the progression of the lytic cycle (30).  Importantly, 

Akt activity and substrate specificity are determined by the phosphorylation ratio 
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between S473 and T308 residues (40-42).  Despite the recent strides made to uncover the 

negative role of Akt in HCMV replication, it remains unknown whether Akt 

phosphorylation at S473, T308 or both is inhibitory towards viral replication. 

In this study, we demonstrate that HCMV immediate-early gene products, IE1 

and IE2, rapidly suppress Akt phosphorylation at S473 and T308 to promote efficient 

viral lytic replication in fibroblasts.  Specifically, we found that HCMV induced robust 

Akt phosphorylation at S473 and T308 during viral entry compared to uninfected 

fibroblasts, possibly through glycoprotein-mediated signaling as UV-inactivated HCMV 

also promoted Akt activation.  However, HCMV suppressed Akt phosphorylation to the 

level which was significantly lower than that of uninfected cells.  Contrarily, UV-

inactivated virus failed to reduce Akt phosphorylation, which persisted at significantly 

higher levels than that of HCMV-infected cells, indicating a requirement of viral gene 

expression for suppressing Akt phosphorylation.  Moreover, HCMV also negatively 

regulated the abundance of total Akt protein with the progression of infection, 

highlighting a multifaceted regulation of Akt activity in infected fibroblasts, which 

suggests a possible inhibitory effect of Akt activity during lytic infection.  Indeed, 

inhibition of the Akt activity using small-molecule inhibitors increased HCMV genome 

replication and late gene expression.  Correspondingly, inhibition of SHIP2 activity, a 

negative regulator of Akt pathway, using siRNA or a small-molecule inhibitor, 

significantly reduced viral replication and gene expression.  Importantly, suppression of 

either S473 or T308 phosphorylation using siRNA-mediated knockdown of rictor and 

PDK1, respectively, increased HCMV replication, while promoting Akt phosphorylation 

at either S473 or T308 reduced viral replication.  Mechanistically, we found that HCMV 
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immediate-early gene products, IE1 and IE2, suppressed Akt phosphorylation at both 

S473 and T308.  Altogether, our findings highlight the inhibitory effect of Akt 

phosphorylation at S473 and T308 on HCMV genome replication and indicate that 

expression of viral immediate-early gene products, IE1 and IE2, rapidly inactivate Akt 

for efficient lytic replication. 

 

 

Materials and Methods 

Cells and Viruses. Bacterial artificial chromosome (BAC)-derived TB40/EmCherry 

(43), TB40/EmCherry-UL99eGFP (44) were previously described.  For details on virus 

preparation, see SI Appendix, SI Materials and Methods. 

 

Compound Treatments. Inhibitors and chemical compounds used in the study are found 

in the SI Appendix, SI Materials and Methods. 

 

DNA, RNA and Protein Analyses. Experimental approaches are included in SI 

Appendix, SI Materials and Methods. 

 

Plasmid and siRNA Transfection. HEL 299 fibroblasts of low passage number 

(passage# 8-12) were transfected with empty vector (EV) (Addgene plasmid # 10841 

(45)), or myristylated-Akt (myr-Akt) plasmid (Addgene plasmid # 26453 (46)) using 

Lipofectamine™ 3000 Transfection Reagent according to manufacturer’s 

recommendation (Themo Fisher Scientific; catalog # L3000001).  Additionally, 
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myristylated-Akt T308A (T308A) plasmid, myristylated-Akt S473A (S473A) and 

myristylated-Akt T308A/S473A (T308A/S473A) plasmid were constructed from the 

myr-Akt plasmid backbone using site-directed mutagenesis and the mutations were 

confirmed by sanger sequencing.  Plasmid constructs expressing viral gene products, IE1, 

IE2, pp71 and respective empty vectors were a generous gift from the Murphy Lab at 

SUNY Upstate Medical University.  For knockdown of PDK1, Rictor, or SHIP2, 

validated Silencer Select siRNAs against PDK1 (Invitrogen-Themo Fisher Scientific; 

siRNA ID # s10274), Rictor (Invitrogen-Themo Fisher Scientific; siRNA ID # s48410), 

SHIP2 (Invitrogen-Themo Fisher Scientific; siRNA ID # s7464) or Silencer negative-

control (NC) siRNAs (Themo Fisher Scientific; catalog # AM4642) were purchased and 

transfected using Lipofectamine™ RNAiMAX Transfection Reagent according to 

manufacturer’s recommendation (Themo Fisher Scientific; catalog # 13778150).  After 

72 h of transfection, cells were serum-starved for overnight and then infected. 

 

Statistical analyses. All experiments were performed with a minimum of 3 biological 

replicates using HEL 299 fibroblast cells.  Data were analyzed using Student’s t test 

comparison with GraphPad Prism software, and p-values less than 0.05 were considered 

statistically significant. 
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Results 

 

Progression of the HCMV lytic cycle suppresses Akt phosphorylation.  Recent 

studies suggest that HCMV suppresses Akt activation to promote replication of the viral 

genome during lytic infection in permissive cells (28-30).  Accordingly, we found that 

infection of primary human embryonic lung (HEL-299) cells with HCMV leads to 

significant reduction in Akt phosphorylation at S473 and T308 at 24 h, 48 h and 72 h 

post-infection (Fig. 1A-C).  In addition, infection with HCMV also resulted in a 

significant reduction in the total Akt protein levels at 48 h and 72 h (Fig. 1A, 1D).  This 

suggests HCMV regulates Akt activity through a multifaceted approach.  To determine if 

viral gene expression is required for inhibiting Akt activity, we treated fibroblasts with 

UV-inactivated HCMV which is unable to de novo synthesize viral products (Fig. 1A).  

Contrary to the HCMV-infected cells, fibroblasts treated with UV-inactivated HCMV 

failed to reduce Akt phosphorylation and did not promote reduction of total Akt protein.  

Together, our data suggest that HCMV infection negatively regulates Akt activity 

through the expression of viral lytic gene products. 

 

HCMV inhibits Akt activity to promote viral DNA replication and gene expression.  

Activity of PI3K is required for the recruitment of Akt at the cell membrane and 

subsequent phosphorylation of Akt at S473 and T308 by mTORC2 and PDK1, 

respectively (36, 37).  Currently, there is a discord as to whether activation of PI3K/Akt 

pathway is inhibitory or conducive to HCMV lytic infection.  Previous studies reported 

that inhibition of PI3K or rictor (critical for the kinase activity of mTORC2) resulted in a  
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Fig 1. Expression of HCMV lytic genes inhibit Akt phosphorylation.  HEL 299 

fibroblasts were infected with HCMV (MOI= 5) or UV-inactivated HCMV for indicated 

time. Akt phosphorylation at S473 and T308 along with total Akt were detected by 

western blot using specific antibodies.  IE1, IE2, gL and actin were used as control (A).  

Densitometry analysis was performed using Image Lab software (Bio-Rad), and Akt 

phosphorylation at S473 and T308, as well as total Akt levels were normalized to actin.  

Data from 3 independent experiments is shown in B-D.  Statistical significance was 

measured using two-tailed t test; ****P < 0.0001, ***P<0.0005, **P<0.005, *P<0.05, 

ns= not significant. 
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reduction of HCMV gene expression (25) and viral genome replication (25, 26).  

However, recent reports suggest that inhibition of PI3K or Akt leads to increased virus 

production (28), while constitutive activation of Akt is accompanied by a defect in 

HCMV gene expression and replication of the viral genome (30).  To investigate the 

effect of Akt activity on HCMV infection in fibroblasts, we used small-molecule 

inhibitors targeting PI3K and Akt to inhibit Akt phosphorylation (Fig. 2A).  In line with 

recent reports (28-30), we found that PI3K and Akt inhibitors increased the expression of 

HCMV late proteins gL and pp28, gene products of UL115 and UL99, respectively, in a 

dose-dependent manner (Fig 2B-2D).  As late gene expression depends on viral DNA 

replication, we sought to examine if inhibition of Akt leads to an increase in HCMV 

genome replication.  Indeed, we found that HCMV genome replication in fibroblasts was 

increased in the presence of the inhibitors (Fig. 2E), suggesting a reduction in Akt 

activity promotes viral DNA replication. 

 Because of its importance in multiple pathways, Akt phosphorylation is tightly 

regulated in the cells.  SHIP2 is a phosphatidylinositol phosphatase which acts as a 

negative regulator of Akt (38, 39).  To further validate the inhibitory effect of Akt 

phosphorylation on HCMV replication, we induced Akt phosphorylation using a small-

molecule inhibitor targeting SHIP2 (Fig. 3A).  Consistent with the data presented above, 

expression of late proteins and viral DNA replication were significantly reduced with 

increased Akt phosphorylation (Fig. 3B-3E).  Importantly the concentrations of inhibitors 

used in this study did not affect viral binding or entry into fibroblasts (Fig. S1).  

However, to rule out off-target effects of the SHIP2 inhibitor, we knocked down SHIP2 

with siRNAs, which increased Akt phosphorylation at T308 and S473 in fibroblasts  
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Fig 2. Inhibition of Akt phosphorylation increases HCMV genome replication. 

Fibroblasts were treated with LY (0.1 µM, 1 µM, 5 µM), MK (1 µM, 5 µM, 10 µM), or 

vehicle control (DMSO) for 1 h.  Cells were then infected with HCMV (MOI= 5) for 30 

m (A) or (MOI= 0.1) for 146 h (B).  After 30 m, cells were lysed for western blot and 

activation of Akt phosphorylation at S473 and T308 were measured by western blot (A).  

After 146 h, cells were lysed for western blot and expression of gL and GFP-tagged pp28 

was detected using western blot (B).  Actin was used as a control.  Densitometry analysis 

was performed using Image Lab software (Bio-Rad), and quantification of gL and pp28 

protein expression is shown in C and D.  To assess viral genome replication, cells were 

infected with HCMV (MOI= 1) after 1 h pre-treatment with LY (5 µM), MK (10 µM), or 

vehicle control (DMSO). Fibroblasts were then lysed at 96 h post-infection, and the viral 

genome was detected using qPCR (UL123/GAPDH) (E).  Statistical significance was 

measured using two-tailed t test; **P<0.005, *P<0.05. 
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compared to the non-target control cells (Fig. 4A).  Similar to the cells treated with 

SHIP2 inhibitor, HCMV infection in fibroblasts with SHIP2 knockdown resulted in a 

significant defect in the expression of viral late proteins (Fig. 4C-4D).  Collectively, 

along with the recent findings from several groups (28-30), our data argue that HCMV 

inhibits Akt activity to promote viral DNA replication. 

 

Akt phosphorylation at either S473 or T308 is inhibitory to HCMV replication in 

fibroblasts.  As Akt substrate specificity depends on the phosphorylation ratio between 

S473 and T308 (42, 47), we next asked whether both or just one of Akt’s phosphorylation 

sites impacts HCMV replication and gene expression.  To this end, we knocked down 

PDK1 and rictor (critical for mTORC2 activity) with siRNAs, which reduced Akt 

phosphorylation at T308 and S473, respectively, in HCMV-infected fibroblasts compared 

to the non-target control infected cells (Fig. 5A).  Similarly, HCMV infection of either 

siRNA knockdown cell populations resulted in increased gL and pp28 expression (Fig. 

5B-5D).  Additionally, we found that replication of viral DNA was upregulated in 

fibroblasts with targeted knockdown of either kinase of Akt (Fig. 5E), suggesting a 

reduction of Akt phosphorylation at both T308 and S473 during HCMV infection in 

fibroblasts is required for efficient viral DNA replication and gene expression. 

As an alternative method of confirming the effect of Akt phosphorylation at S473 

and T308 on HCMV replication in fibroblasts, we transfected fibroblasts with an Akt-

expressing construct, in which the N-terminus of Akt is fused to a myristylation domain 

(myr-Akt) and the C-terminus is tagged with an HA epitope (WT).  Because of the  
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Fig 3. Inhibition of SHIP2 activity results in a reduction in HCMV replication.  

Fibroblasts were treated with AS for 1 h (5 µM; SHIP2 inhibitor) (A-E).  After 1 h, cells 

were mock- or HCMV-infected for 30 m (MOI= 5) (A), 146 h (MOI= 0.1) (B), or 96 h 

(MOI= 1) (D).  After 30 m, cells were lysed and prepared for western blot and Akt 

phosphorylation was detected using specific antibodies (A).  To detect expression of gL 

and pp28, cells were lysed after 146 h for western blot (B).  Densitometry analysis was 

performed using Image Lab software (Bio-Rad), and quantification of gL and pp28 

protein expression from 4 independent experiments are shown in C and D.  To assess 

viral genome replication, cells were lysed at 96 h post-infection, and the viral genome 

was detected using qPCR (UL123/GAPDH) (E).  Statistical significance was measured 

using two-tailed t test; ****P < 0.0001. 
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Fig 4. Inhibition of SHIP2 activity results in a reduction in HCMV late gene 

expression.  Fibroblasts were transfected with a scramble, or SHIP2 siRNA and 

incubated for 72 h.  Cells were then serum-starved for overnight and then infected with 

HCMV for 30 m (MOI= 5) or 96 h (MOI= 1).  Specific antibodies were used to confirm 

knock-down of SHIP2 or to measure activation of Akt (A).  After 96 h, cells were lysed 

and expression of gL and GFP-tagged pp28 were measure by western blot (B). 

Densitometry analysis was performed using Image Lab software (Bio-Rad), and 

quantification of gL and pp28 protein expression are shown in C and D.  Statistical 

significance was measured using two-tailed t test; ****P < 0.0001. 
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myristylation domain, Akt is recruited at the cell membrane independent of its pleckstrin 

homology (PH) domain (46, 48).  As a result, Akt is constitutively phosphorylated at both 

S473 and T308 residues by mTORC2 and PDK1, respectively (40, 41).  Of note, because 

myr-Akt lacks the PH domain (amino acids 4-129), it gives a distinct lower molecular 

weight band than the endogenous Akt (Fig. 6A).  As expected, HCMV-infected 

fibroblasts expressing the myr-Akt construct had robust phosphorylation at both S473 

and T308 residues.  Importantly, myr-Akt phosphorylation at S473 and T308 reduced gL 

and pp28 expression when compared to HCMV-infected fibroblasts expressing empty 

vector (Fig. 6B-6C).  This finding is consistent with recent reports showing myrAkt 

expression in fibroblasts after stable transduction resulted in an inefficient viral gene 

expression and DNA synthesis during HCMV infection (30).  To investigate the effect of 

Akt phosphorylation at S473 and T308 independently, next we constructed three 

additional myrAkt plasmids with mutations at either T308 (T308A), S473 (S473A), or 

both (T308A/S473A) amino acids to prevent phosphorylation.  Consistent with our 

siRNA knockdown data presented above, transfection of myrAkt plasmid with S473A 

mutation (overexpressing Akt phosphorylated at T308), or with T308A mutation 

(overexpressing Akt phosphorylated at S473) caused a defect in HCMV late gene 

expression, albeit not to the same extent as WT myrAkt plasmid (Fig. 6B-6C).  

Moreover, expression of myrAkt plasmid with T308A/S473A mutation (overexpressing 

Akt unphosphorylated at both S473 and T308) rescued HCMV gene expression and DNA 

replication which is comparable to HCMV-infected fibroblasts transfected with empty 

vector.  Collectively, our data indicates that HCMV inhibits Akt phosphorylation at both 

S473 and T308 for maximum viral DNA synthesis. 
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Fig 5. Suppression of S473 or T308 phosphorylation of Akt increases HCMV 

replication. Fibroblasts were transfected with scramble, PDK1, or rictor siRNA and 

incubated for 72 h.  Cells were then serum starved overnight and then mock-, or HCMV-

infected for 30 m (MOI= 5) (A) or 146 h (MOI= 0.1) (B-D).  Samples were then prepared 

for western blot and specific antibodies were used to confirm knock-down of PDK1 and 

rictor or to measure activation of Akt (A) and expression of gL and GFP-tagged pp28 (B).  

Densitometry analysis was performed using Image Lab software (Bio-Rad), and 

quantification of gL and pp28 proteins are shown in C and D.  To assess viral genome 

replication, cells were lysed at 96 h post-infection, and the viral genome was detected 

using qPCR (UL123/GAPDH) (E). Statistical significance was measured using two-tailed 

t test; ****P < 0.0001, ***P<0.0005, **P<0.005, *P<0.05. 
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Fig 6. Akt phosphorylation at either S473 or T308 is inhibitory for HCMV late 

protein expression. Fibroblasts were transfected with myristylated-Akt (WT), 

myristylated-Akt T308A (T308A), myristylated-Akt S473A (S473A), myristylated-Akt 

T308A/S473A (T308A/S473A) plasmid or empty vector for 72 h (A-C). Cells were then 

serum starved overnight and then mock-, or HCMV-infected for 30 m (MOI= 5) (A) or 

146 h (MOI= 0.1) (B).  Expression of gL, as well as Akt phosphorylation at S473 and 

T308 were detected by western blot. Total Akt or actin were used as controls and 𝛼HA 

antibody was used to detect the Akt plasmids which are tagged with HA epitope.  

Densitometry analysis was performed using Image Lab software (Bio-Rad), and 

quantification of gL protein expression from 3 independent experiments is shown in C.  

Statistical significance was measured using two-tailed paired t test; ***P<0.0005, 

**P<0.005, ns= not significant.  E= Endogenous Akt, M= Myristylated Akt.   
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Expression of IE1 and IE2 inactivates Akt in HCMV-infected Fibroblasts.  Next, we 

investigated how HCMV inactivates Akt during lytic infection in fibroblasts.  While 

expression of HCMV gene products was required to suppress Akt phosphorylation (Fig 

1), we asked whether replication of viral DNA and/ or expression of HCMV late genes 

inactivate Akt.  To this end, we treated fibroblasts with ganciclovir, a nucleotide analog 

that blocks HCMV DNA replication by terminating the DNA chain elongation (49, 50), 

and then infected with HCMV.  As expected, while ganciclovir did not affect the 

expression of immediate early gene products, such as IE1 and IE2, expression of late 

gene such as gL was greatly inhibited in infected cells treated with ganciclovir (Fig. 7A).  

Importantly, Akt phosphorylation at S473 and T308 was significantly reduced in HCMV-

infected cells with ganciclovir and the reduction was comparable to the infected cells 

treated with vehicle control (DMSO), indicating HCMV replication and late gene 

expression is not responsible for the rapid inactivation of Akt (Fig. 7B-7D).  However, 

we found that inhibition of viral replication partially rescued HCMV-mediated reduction 

of total Akt protein level, suggesting viral replication and/ or synthesis of viral gene 

products with late expression kinetics may play a role in regulating Akt protein level in 

the infected cells. 

Previous studies reported that HCMV infection in fibroblasts inactivates Akt 

within 9-12 h of infection (29, 30).  In line with these reports, we also found that HCMV 

inhibits Akt phosphorylation at 24 h (Fig. 1).  As HCMV immediate early gene 

expression is detectable at 4-6 hours post-infection (hpi) by western blot (51, 52), we 

sought to examine if the products of the two major immediate early genes, UL123 and 

UL122, are responsible for Akt inactivation in the infected fibroblasts.  Indeed, we found  
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Fig 7. Inhibition of HCMV replication does not rescue HCMV-mediated inactivation 

of Akt.  Fibroblasts were treated with ganciclovir for 1 h to inhibit viral genome 

replication and then infected (MOI= 5) with HCMV for indicated time (A).  Total Akt 

and Akt phosphorylation at S473 and T308 were detected by western blot using specific 

antibodies.  Densitometry analysis was performed using Image Lab software (Bio-Rad), 

and quantification of total Akt protein and Akt phosphorylation levels from 3 independent 

experiments is shown in B-D.  IE1, IE2, gL and actin was used as control. Statistical 

significance was measured using two-tailed paired t test; ****P < 0.0001, ***P<0.0005, 

**P<0.005, *P<0.05, ns= not significant. *non-specific band. 
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Fig 8. HCMV immediate early proteins IE1 and IE2 suppress Akt phosphorylation.  

Fibroblasts were transfected with IE1, IE2 or empty vector (A), or with pp71 or empty 

vector (C).  After 72 h, cells were starved overnight and then cells were lysed for western 

blot.  Specific antibodies were used to confirm the expression of IE1, IE2, and pp71.  Akt 

phosphorylation at S473 and T308 were detected by western blot using specific 

antibodies  (A, C).  Densitometry analysis was performed using Image Lab software 

(Bio-Rad), and quantification of Akt phosphorylation from 3 independent experiments is 

shown in B and D.  Statistical significance was measured using two-tailed paired t test; 

****P < 0.0001, **P<0.005, *P<0.05, ns= not significant. 
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that fibroblasts expressing either IE1 or IE2, the gene products of UL123 and UL122, 

respectively, inhibited Akt phosphorylation at S473 and T308 when compared to cells 

transfected with empty vector (Fig. 8A, 8B).  Due to the rapid inactivation of Akt in the 

infected fibroblasts, we also explored the possibility that the tegument proteins that are 

present in the virion and are released into the cells after infection may play a role in Akt 

inactivation.  However, expression of the pp71, two abundant tegument proteins in the 

virion, was unable to suppress Akt activation (Fig. 8C, 8D) which is consistent with our 

data demonstrating UV-inactivated HCMV failed to suppress Akt activation (Fig. 1).  

Our data suggests that viral gene expression is required for Akt inactivation and, IE1 and 

IE2 play a major role in suppressing Akt phosphorylation.  Altogether, these data indicate 

expression of HCMV immediate-early genes rapidly inhibit Akt phosphorylation at S473 

and T308 to promote viral genome replication in fibroblast cells. 

 

DISCUSSION 

 Akt is a serine-threonine protein kinase that is involved in multiple 

cellular pathways, including pro-survival and anti-apoptosis, autophagy, cell cycle 

progression and proliferation, transcription, and translation (reviewed in (7-10)).  

Because of its central importance on cell biology, it is not surprising that more often than 

not viruses modulate Akt activity (e.g. refs. (11-21)).  Similarly, HCMV has been 

reported to regulate Akt activity during all three stages of its lifecycle: quiescent, latent, 

and lytic infection (e.g. refs. (22-30, 53-55)).  However, the role of Akt during HCMV 

lytic infection remains a topic of debate. Although earlier studies suggest an 

indispensable role of Akt for HCMV genome replication during lytic infection (25-27), 
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recent studies indicate that Akt activity results in a defect in viral genome replication (28-

30).  As the ratio of Akt phosphorylation at S473 and T308 defines Akt substrate 

specificity (40-42), whether Akt phosphorylation at either residues or both are inhibitory 

towards HCMV replication remained unclear.  Herein we show that Akt phosphorylation 

at either S473 or T308 results in a defect in viral genome replication.  Because previous 

studies reported inactivation of Akt at 9-12 hpi (29, 30), we hypothesized that expression 

of viral gene products is required for the suppression of Akt phosphorylation.  Indeed, we 

found that HCMV immediate early gene products, IE1 and IE2, rapidly suppress Akt 

phosphorylation.  Overall, our data indicate that HCMV rapidly suppresses Akt 

phosphorylation at S473 and T308 through expression of immediate-early gene products 

to promote efficient viral lytic replication in fibroblasts.  

Despite the plethora of cellular receptors involved in mediating HCMV entry, 

many ultimately signal to and activate Akt (23, 31-35).  While we previously showed a 

preferential Akt phosphorylation at S473 during HCMV entry into monocytes (23, 53), 

herein we found that Akt is phosphorylated at both S473 and T308 during viral entry into 

Fibroblasts (Fig. 1), which is consistent with recent reports (30).  However, while a 

chronic activation of Akt is observed during quiescent and latent infections (22, 23, 53), 

Akt activity has been reported to be inhibitory at later stages of HCMV lytic infection 

(28-30).  In line with the recent reports (29, 30), we found that Akt activity is suppressed 

with the progression of lytic infection in fibroblasts (Fig. 1) as Akt activity is inhibitory 

for viral lytic replication (Fig. 2- Fig. 6, refs. (28-30)).  Altogether, these data feed into 

an overall mechanism where HCMV regulates all three stages of the viral lifecycle 

through differential regulation of Akt activity. 
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 The recent studies examined how HCMV regulates FoxO3a activity through the 

inactivation of Akt for efficient replication of the HCMV genome in fibroblasts (30).  

Herein, while we recapitulated the inhibitory role of Akt in HCMV replication, we 

focused our studies to investigate the effect of different Akt phosphorylation status on 

HCMV replication.  Akt acts as a “signaling hub”, interpreting outside signals to elicit the 

appropriate response to the microenvironment (47).  This is possible because Akt 

substrate specificity is determined by the phosphorylation ratio between S473 and T308 

residues (40-42).  Because HCMV inhibits Akt phosphorylation at both S473 and T308 

residues (30), we sought to investigate the effect of Akt phosphorylation at either site on 

viral replication.  We found that reduction in Akt phosphorylation at either S473 or T308 

using siRNA-mediated knockdown of PDK1 and rictor resulted in increased HCMV 

replication (Fig. 5).  Moreover, expression of chimeric Akt plasmid where Akt is 

constitutively phosphorylated at both S473 and T308 residues significantly reduced 

HCMV late gene expression (Fig. 6).  However, using chimeric Akt constructs where Akt 

can be phosphorylated at either S473 or T308 residues resulted in an intermediate 

phenotype, suggesting HCMV inhibits both S473 and T308 phosphorylation for 

maximum viral replication and gene expression. 

 Moreover, we demonstrated that UV-inactivated HCMV was unable to suppress 

Akt phosphorylation while HCMV infection in ganciclovir-treated fibroblasts inactivated 

Akt (Fig. 1, Fig. 7), suggesting rapid expression of viral gene products with immediate-

early, or early kinetics was required to inhibit Akt phosphorylation.  Because of the rapid 

nature of Akt inhibition in infected cells, we transfected fibroblasts with plasmids 

encoding the two major immediate-early genes of HCMV, UL122 and UL123.  We found 
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that expression of IE1 or IE2, products of UL123 and UL122, respectively, inactivated 

Akt at S473 and T308 while the empty vectors, or plasmids expressing pp71, failed to 

suppress Akt phosphorylation (Fig. 8).  However, the mechanism how HCMV’s 

immediate-early proteins suppress Akt phosphorylation remains unclear.  Inactivation of 

Akt can be mediated by Akt phosphatases, such as protein phosphatase 2 (PP2), which 

dephosphorylates Akt at both S473 and T308 (56, 57).  In support, expression and 

activity of PP2 is rapidly upregulated in HCMV-infected cells which can be detected as 

early as 1 hpi (58).  However, the role of Akt phosphatases during HCMV lytic infection 

should be further investigated to reveal the multifaceted regulation of Akt activity in 

HCMV infected cells. 

In addition to suppression of Akt phosphorylation, our study suggests that HCMV 

reduced the abundance of total Akt protein at 48 hpi (Fig. 1).  However, the exact 

mechanism remains unclear.  Our data indicate that expression of HCMV late products 

was required for down-regulation of Akt protein as ganciclovir treatment partially 

rescued Akt protein levels in the infected cells (Fig. 7).  Moreover, recent studies in 

CD34+ HPCs suggest possible involvement of HCMV microRNAs in HCMV-mediated 

reduction in Akt protein levels (unpublished data, presented at IHW 2022, Nelson Lab).  

It is possible that HCMV induces degradation of Akt, possibly through ubiquitination and 

proteasomal pathways.  In support, phosphorylation of Akt at S473 can lead to Lys-48-

linked polyubiquitination of Akt and proteasomal degradation which acts as a feedback 

mechanism to regulate Akt activity (59).  Moreover, HCMV induces degradation of host 

proteins through the proteasome (60).  However, if Akt is degraded in HCMV-infected 

fibroblast through the ubiquitin/proteasome pathway remains to be determined.  
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Regardless, these data underscore the multifaceted approach that HCMV employs to 

regulate Akt activity in the infected cells and warrants further investigation for a clearer 

picture. 
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Supplementary Information Text 

SI Materials and Methods 

 

Virus Preparation. Human embryonic lung (HEL) 299 fibroblasts (CCL-137, ATCC) of 

low passage (P7-15) were subcultured in Dulbecco's Modified Eagle medium (DMEM) 

(Lonza) with 2.5 μg/ml plasmocin (Invivogen) and 10% fetal bovine serum (FBS) 

(MilliporeSigma). When cultures reached confluency, cells were infected with HCMV in 

DMEM + 4% FBS. Virus was purified from the supernatant when 100% CPE was 

observed by ultracentrifugation (115000 x g, 65 min, 22oC) through a 20% sorbitol 

cushion to remove cellular contaminants and resuspended in RPMI 1640 medium 

(ATCC, Product # 30-2001). 

 

Compound Treatments. Where indicated, the following reagents were used to treat the 

cells at concentrations noted in the text: LY294002 (pan-PI3K inhibitor (1)) from 

Calbiochem; MK-2206 (MK; Akt inhibitor (2)) from Selleckchem; AS1949490 (AS; 

SHIP2 inhibitor (3)) from MilliporeSigma. 

 

Western Blot Analysis. Cells were harvested in modified radioimmunoprecipitation 

assay (RIPA) buffer (50 mM Tris-HCl [pH 7.5], 5 mM EDTA, 100 mM NaCl, 1% Triton 

X-100, 0.1% SDS, 10% glycerol), supplemented with protease inhibitor cocktail 

(MilliporeSigma) and phosphatase inhibitor cocktails 2 and 3 (MilliporeSigma) for 30 

min on ice.  The lysates were cleared from the cell debris by centrifugation at 4°C (5 min, 

21000 x g) and stored at -20°C until further analysis.  Protein samples were solubilized in 
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Laemmli SDS-sample non-reducing (6x) buffer (Boston Bioproducts), supplemented 

with β-mercaptoethanol (Amresco) by incubation at 95°C for 5 min, unless otherwise 

stated.  Equal amounts of total protein were loaded, separated by SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE), and transferred to polyvinylidene difluoride membranes 

(Bio-Rad).  Blots were blocked in 5% bovine serum albumin (BSA; Fisher Scientific) for 

1 h at room temperature (RT) and then incubated with primary antibodies overnight at 

4°C.  The following antibodies were purchased from the indicated companies: anti-Akt, 

anti-phospho (p)-Akt (Ser473), anti-phospho (p)-Akt (Thr308), anti-SHIP2, anti-PDK1, 

anti-GFP and anti-Rictor were all from Cell Signaling Technology; Rhodamine anti-actin 

antibody (Bio-Rad) was used as loading control. The anti-IE1 antibody (clone 1B12), 

anti-IE2 antibody were generous gift from Tom Shenk (Princeton University, ref. (4)).  

The blots were then incubated with horseradish peroxidase (HRP)-conjugated secondary 

antibodies (Cell Signaling) for 30 min at room temperature (RT), and chemiluminescence 

was detected using the Clarity Western ECL substrate (Bio-Rad).  Densitometry was 

performed using Image Lab software (Bio-Rad). 

 

Semiquantitative and Quantitative PCR. Total DNA was isolated using QIAamp DNA 

mini kit (Qiagen), per the manufacturer’s recommendation. TURBO DNA free kit 

(ThermoFisher) was used to remove the contaminating DNA from the extracted mRNA 

samples. For quantitative PCR, UL123 (sense, 5’- AGTGACCGAGGATTGCAACG-3’; 

antisense, 5’- CCTTGATTCTATGCCGCACC-3’), GAPDH (sense, 5’-

ACCCACTCCTCCACCTTTGAC-3’; antisense, 5’-

CTGTTGCTGTAGCCAAATTCGT-3’) were detected with CFX Connect Real Time 
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System (Bio-Rad) using iTaq Universal SYBR Green Supermix (Bio-Rad).  Samples 

were analyzed in technical duplicate and normalized to GAPDH. 

 

Virus-Binding and Entry Assay. To assess viral binding, fibroblasts were first treated 

with LY (5 µM), MK (10 µM), AS (5 µM), or vehicle control at 37oC.  After 1 h, cells 

were incubated on ice for 30 m and then infected with HCMV for an additional 2 h on ice 

to allow for viral binding.  Fibroblasts were then washed twice with ice-cold PBS to 

remove any unbound viral particles.  As a negative control, another set of infected 

monocytes were treated with proteinase K (1.0 mg/ml, 30 m on ice) after the 2 h 

incubation and then washed twice with ice-cold PBS to remove the bound virus.  DNA 

was extracted with QIAamp DNA mini kit (Qiagen) according to the manufacturer’s 

recommendations.  To quantify viral entry, fibroblasts were pre-treated with the above-

mentioned inhibitors for 1 h at 37
o
C.  Cells were then incubated on ice for 30 m and then 

infected with HCMV for an additional 1 h on ice to allow viral binding.  Infected cells 

were then shifted to 37
o
C for an additional 2 h to allow viral entry into monocytes. As a 

control, infected fibroblasts were left on ice for an additional 2 h.  Cells then were treated 

with proteinase K (1.0 mg/ml, 5 m at 37
o
C; 30 m at 4

o
C for control sample) and then 

washed twice with PBS to remove viral particles that remained outside of the cell 

membrane and were unable to enter monocytes. Samples were then lysed, and DNA was 

extracted with QIAamp DNA mini kit (Qiagen) according to the manufacturer’s 

recommendations. 
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Fig S1. Inhibition of PI3K, Akt and SHIP2 with small-molecule inhibitors at the 

concentrations used in this study did not affect HCMV binding and entry into 

fibroblasts.  Fibroblasts were pre-treated with DMSO (vehicle control), LY (5 µM; PI3K 

inhibitor), MK (10 µM; Akt inhibitor), or AS (5 µM; SHIP2 inhibitor) for 1 h at 37oC. 

Then, cells were incubated on ice for 1 h and then infected with HCMV (MOI= 1) for an 

additional 2 h on ice to allow for viral binding.  Cells were then washed twice with ice-

cold PBS to remove any unbound viral particles. As a negative control, another set of 

infected monocytes were treated with proteinase K (1.0 mg/ml, 30 m on ice) after the 2 h 

incubation and then washed twice with ice-cold PBS to remove the bound virus (A).  

Fibroblasts were pre-treated with the inhibitors at the above-mentioned concentrations for 

1 h at 37oC.  Cells were then incubated on ice for 1 h and then infected with WT or 

US28Δ for an additional 1 h on ice to allow viral binding.  Infected fibroblasts were then 

shifted to 37oC for an additional 2 h to allow viral entry into monocytes.  As a control, 

cells were kept on ice to prevent viral entry into fibroblasts.  Finally, cells were treated 

with proteinase K (1.0 mg/ml, 5 m at 37oC) and then washed twice with PBS to remove 

viral particles that remained outside of the cell membrane and were unable to enter 

fibroblasts (B).  Samples were then lysed, and the viral genome was detected using qPCR 

(UL123/GAPDH) (A, B). 
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Discussion 

HCMV is a widespread beta-herpesvirus with a seropositivity reaching more than 

50% of the population by the age of 6 years in the United State (1). Although mostly 

asymptomatic in healthy people, HCMV infection is associated with significant 

morbidity and mortality in immunonaïve and immunocompromised individuals.  While 

HCMV-associated diseases in infants and children are a result ship2of primary viral 

infection (2), reactivation of the virus from latency is devastating for 

immunocompromised adults, such as, transplant recipients and AIDS patients (3-5).  

During a primary infection, the virus infects peripheral blood monocytes as a vehicle for 

dissemination of the infection to multiple organ sites (6, 7).  Because HCMV does not 

replicate in monocytes (7-12), the current anti-viral drugs for HCMV are largely 

ineffective against the viruses “hiding” inside monocytes.  In addition, currently there is 

no approved vaccine against HCMV, and the available drugs are associated with severe 

toxicity, especially if administered for prolonged periods, such as in case of transplant 

recipients (13-17).  Unfortunately, reactivation of HCMV in transplant recipients usually 

occurs right after the drug regimen is withdrawn because of associated toxicity (18).  

Moreover, rise of anti-viral resistant strains of HCMV is quickly rendering the available 

antivirals outdated (19-24).  Thus, it is imperative to find new drug targets that could 

potentially inhibit HCMV infection during lytic cycle, as well as block viral 

dissemination through quiescent infection in monocytes.  As HCMV gene expression is 

tightly regulated during quiescent infection, targeting host proteins critical for HCMV 

infection may be the only viable option, especially until an effective vaccine against 

HCMV is available.  Moreover, such drugs provided additional give advantages, such as, 
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less susceptibility to develop antiviral resistance and broad-spectrum activity against 

multiple viruses utilizing the same host proteins for infection. 

Akt is a serine-threonine protein kinase that is involved in multiple cellular 

pathways, including pro-survival and anti-apoptosis, autophagy, cell cycle progression 

and proliferation, transcription, and translation (reviewed in (25-28)).  We have 

previously shown that HCMV induces an atypical Akt activation through a preferential 

phosphorylation at S473 to promote monocyte survival, which is in contrast to 

phosphorylation at S473 and T308 during growth factor stimulation (29).  However, the 

exact mechanism how HCMV activates Akt remained unclear, especially considering a 

tight restriction of viral gene expression during quiescent infection in monocytes.  In this 

study, we found that HCMV activates Akt during viral entry into monocytes through 

glycoprotein-mediated signaling.  Specifically, gB and gH bind to and activate EGFR and 

integrin β1, respectively, which stimulates an upregulation in SHIP1 activity.  As a result, 

Akt is activated through a site-specific phosphorylated at S473 (Chapter 2).  While 

growth factor mediated Akt activation also results in the survival of monocytes, the 

reason why HCMV re-wires the Akt activation pathway was an interesting avenue of 

research.  Our investigation reveals that Akt phosphorylation at both S473 and T308 

during HCMV infection leads to the initiation of a lytic infection in monocytes (Chapter 

3).  Because lytic infection in monocytes may activate an immune arsenal (30, 31), 

avoidance of the canonical Akt activation provides an evolutionary advantage to the virus 

to ensure a successful infection and dissemination of HCMV.  Recent studies suggest that 

HCMV suppresses Akt activation to promote replication of viral genome during lytic 

infection in permissive cells (32-34).  However, the exact mechanism is far from clear.  
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In our current study, we show that Akt phosphorylation at either S473 or T308 is 

suppressive for HCMV replication in fibroblasts (Chapter 4).  Mechanistically, we found 

that expression of HCMV IE1 and IE2 negatively regulate Akt phosphorylation.  It is 

interesting to unveil the contrast of Akt activity during quiescent and lytic infection of 

HCMV.  Our combined data suggest a mechanistic explanation of differential Akt 

regulation during quiescent and lytic infection.  Specifically, our data indicate HCMV 

entry activates Akt in both monocytes and fibroblasts, while the expression of IE results 

in the suppression of Akt phosphorylation to promote viral replication in fibroblasts.  In 

other words, because of the absence of IE expression, HCMV maintains a sustained S473 

phosphorylation of Akt required for monocyte survival and differentiation which play a 

pivotal role in the hematogenous dissemination of the virus.  Overall, our investigation 

indicates HCMV has developed an intricate mechanism to differentially regulate Akt 

activity based on the infected cell-type to promote a successful infection (Figure 1). 

 

Activation of Akt in HCMV-Infected Cells 

Despite the plethora of cellular receptors involved in mediating HCMV entry, 

many ultimately signal to and activate Akt (29, 35-39).  Akt acts as a signaling hub 

interpreting outside signals to elicit the appropriate response to the microenvironment 

(40).  Thus, upstream of Akt, activation of different receptor tyrosine kinases stimulates 

unique biological outcomes by Akt.  This is possible because Akt substrate specificity is 

determined by the phosphorylation ratio between S473 and T308 residues (41-43), which 

may be manipulated by HCMV through engagement of different receptors at the surface 

of different cells.  Indeed, while we observe a preferential Akt phosphorylation at S473 in 
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HCMV-infected monocytes, HCMV activates both S473 and T308 during viral entry into 

fibroblasts; this provides an added layer of regulation of Akt activity by HCMV.  For 

example, there is a direct interaction between gB and EGFR or PDGFRα in fibroblast 

cells (35, 37), although the latter receptor is absent in monocytes (38).  Instead, in this 

study we show that gB directly binds to EGFR during viral entry into monocytes.  In 

addition, different integrin receptors are also activated to mediate HCMV entry (44-48).  

We show that gH, another HCMV glycoprotein important for viral entry, binds to and 

activates integrin β1 during viral entry into monocytes, which is in contrast to the 

infected fibroblasts cells where gH-integrin β3 interaction has been recorded (49).  

Building on the existing knowledge, our current findings underscore the cell-specific 

regulation of Akt through generating different signalosomes during viral entry to 

modulate the cellular environment, making it conducive for a successful infection. 

In addition to the regulation of Akt during viral entry, Akt is differentially 

regulated by HCMV throughout the infection in different cell types.  We previously 

showed activation of Akt in HCMV-infected monocytes where S473 phosphorylation 

remained upregulated for at least 72 h and is required for the survival and differentiation 

of the infected cells (29, 50).  However, the reason why HCMV maintains an atypical Akt 

activation in monocytes remained unclear.  Our current data suggest that canonical 

activation of Akt through S473 and T308 phosphorylation in monocytes result in a lytic 

infection in.  Mechanistically, we show that virion-associated US28 negatively regulates 

EGFR activation to suppress canonical Akt phosphorylation.  As lytic infection in 

monocytes results in activation of immune arsenal (30, 31), our studies indicate HCMV 
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infection promotes a precise Akt activation to induce monocyte survival without 

activation of a lytic infection. 

Regulation of Akt during lytic infection, and whether Akt activity is inhibitory or 

conducive to HCMV replication remains a topic of debate.  Earlier studies suggest that 

HCMV-mediated activation of Akt is sustained throughout the lytic infection and is 

required for viral replication (51-53).  However, recent studies show that HCMV 

suppresses Akt activation to promote replication in permissive cells (32-34).  In our 

current study, we show that HCMV activates Akt at both S473 and T308 during viral 

entry into fibroblasts, possibly through glycoprotein-mediated signaling, as UV-

inactivated HCMV also promotes Akt activation.  However, in line with the recent 

studies (32-34), our data indicate that HCMV rapidly suppresses Akt phosphorylation and 

this inactivation of Akt is required for efficient viral genome replication.  Specifically, we 

show that HCMV IE proteins inhibit Akt phosphorylation at S473 and T308, and 

activation of either residue results in a significant defect in replication and virion 

production. 

 

Regulation of Akt Phosphorylation in HCMV-Infected Cells 

Because of its importance in multiple pathways, Akt activity is strictly regulated 

in the cells.  Directly upstream of Akt is PI3K which is activated by receptor tyrosine 

kinases upon stimulation.  When activated, PI3K phosphorylates PI(4,5)P2 to PI(3,4,5)P3 

and Akt is recruited to the product of PI3K which is required for Akt phosphorylation at 

S473 and T308.  We previously showed that during HCMV infection, the PI3K p110β 

isoform mediates the survival of monocytes (29) despite p110δ being the primary isoform 



 183 

responsible for the survival of monocytes under homeostatic conditions (54, 55).  Here 

we show that p110β isoform is directly recruited to the p85 regulatory subunit of PI3K 

and forms a signalosome with EGFR in the infected monocytes.  Concomitantly, gH- 

integrin β1-SHIP1 are recruited to another signalosome during HCMV entry into 

monocytes while EGFR activation regulates the functional activity of SHIP1 to promote a 

site-specific Akt S473 phosphorylation. 

The activity of PI3K can be reversed by PTEN, which dephosphorylates 

PI(3,4,5)P3 back into PI(4,5)P2 (56, 57).  Alternatively, PI(3,4,5)P3 can also be 

dephosphorylated to PI(3,4)P2 by SHIP1 (58).  As a result, Akt recruitment to PI(3,4,5)P3 

and subsequent phosphorylation is regulated by the relative abundance of different forms 

of phosphatidylinositol phosphate (PIP) lipids at the cell membrane.  To promote a robust 

Akt activation, HCMV rapidly inactivates PTEN activity during entry into monocytes 

(29).  Surprisingly, similar to tumor microenvironment (59-61), HCMV upregulates 

SHIP1 to promote a preferential Akt phosphorylation at S473 in monocytes which is 

required for monocyte survival (29).  However, effect of SHIP2 in HCMV lytic 

replication remains a less-studied topic.  Our studies show that inhibition of SHIP2 

during lytic infection in fibroblasts results in a significant reduction in HCMV replication 

because of increased Akt phosphorylation at both S473 and T308.  Surprisingly, SHIP1 

inhibition in monocytes during a quiescent infection results in a reduction in Akt S473 

phosphorylation while T308 phosphorylation remained unchanged.  While we do not 

know the precise mechanism, it is possible that during quiescent infection in monocytes, 

HCMV inhibits the accumulation of PI(3,4,5)P3 even in the absence of SHIP1 activity to 

suppress lytic infection.  To this end, we show that US28 modulates EGFR activation to 
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allow a precise regulation of Akt activity through a reduction in PI(3,4,5)P3 synthesis 

which is quickly converted by SHIP1.  As a result, Akt binding to PI(3,4,5)P3 remains 

restricted and canonical Akt phosphorylation is suppressed in HCMV-infected 

monocytes.  Regardless, activity of SHIP1 is required for S473 phosphorylation of Akt 

during quiescent infection to induce monocyte survival.  It is interesting that HCMV 

promotes a sustained Akt S473 phosphorylation in monocytes while phosphorylation at 

both S473 and T308 is suppressed by viral IE proteins to promote replication.  Our 

studies thus underscore how HCMV manipulates a single pathway to promote infection 

in different cell types.  This unravels potential targets to modulate HCMV infection 

during both quiescent and lytic phase of viral lifecycle through regulating Akt 

phosphorylation.  Specifically, as inhibition of SHIP1 inhibits S473 phosphorylation of 

Akt which is required for the survival of infected monocytes, blocking SHIP1 activity 

would inhibit the dissemination of HCMV through quiescent infection.  Additionally, as 

SHIP2 inhibition results in a reduction in viral genome replication during lytic infection 

in fibroblasts, usage of a pan-SHIP inhibitor may act as a magic bullet against HCMV 

infection. 

To conclude, our studies underscore the importance of HCMV-mediated 

regulation of Akt at different aspects of HCMV lifecycle in different cell types.  Whether 

HCMV activates Akt or suppresses its activity, regulation of Akt is essential to promote a 

favorable cellular environment for HCMV infection.  Indeed, HCMV regulates Akt 

activity in all three stages of viral lifecycle.  During a primary infection, HCMV initiates 

lytic infection in oral epithelial cells and replicates to produce progeny viruses.  In line 

with the recent reports (32-34), our current studies confirm that HCMV suppresses Akt 
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phosphorylation to promote replication during lytic stage.  We show that Akt 

phosphorylation at either S473 or T308 results in a significant defect in viral replication 

and progeny virus production.  Thus, inhibition of SHIP2, which promotes Akt 

phosphorylation, negatively regulates HCMV replication.  Following the initial lytic 

infection, HCMV spreads to the peripheral blood monocytes where the virus establishes a 

quiescent infection (62, 63).  As monocytes have a short life-span and are not permissive 

for lytic infection (7-12), HCMV directly stimulates monocytes to travel to distal end-

organ sites and differentiate into long-lived tissue macrophages permissive for viral 

replication (63).  Our lab has previously shown that HCMV promotes monocyte survival 

and differentiation through upregulation of Akt phosphorylation at S473 (29, 50, 64, 65).  

Our current studies reveal HCMV glycoproteins gB and gH work in concert to promote a 

sustained Akt activation at S473 during a quiescent infection.  Mechanistically, we show 

that the glycoproteins activate EGFR and integrin β1 to upregulate SHIP1 which 

mediates S473 phosphorylation and is required for monocyte survival and hematogenous 

dissemination of HCMV.  Infected monocytes that journey to the bone marrow ultimately 

transfer infection to CD34+ HPCs in order to establish a lifelong reservoir of latency.  

Recent reports suggest that HCMV maintains a sustained Akt activity during latency in 

CD34+ cells and the inhibition of EGFR/PI3K/Akt pathway leads to the reactivation of 

HCMV (66).  Overall, our studies suggest that manipulation of Akt phosphorylation can 

be a viable approach to control HCMV infection at different stages of viral life-cycle and 

point out SHIP1/ SHIP2 as novel targets to inhibit both quiescent and lytic infection, thus 

a better way to fight against HCMV-associated diseases. 

 



 186 

 

 

Figure 1: Model for how HCMV regulates Akt activation at different stages of viral 

lifecycle.  During viral entry into monocytes, HCMV glycoproteins gB and gH binds to and 

activates EGFR and integrin β1, respectively.  Subsequently, SHIP1 is recruited to the gH-

integrin β1 complex while p110β isoform activates SHIP1.  However, US28 negatively 

regulates EGFR phosphorylation.  As a result, the relative abundance of PI(3,4,5)P3 remains 

low which is rapidly converted to PI(3,4)P2 by SHIP1.  Thus, Akt is primarily recruited to 

PI(3,4)P2 and is phosphorylated at S473.  While Akt S473 phosphorylation mediates 

monocyte survival, a lack of T308 phosphorylation suppresses IE expression and promotes a 

quiescent infection in monocytes.  During HCMV infection of fibroblasts or in the absence of 

US28, HCMV robustly activates EGFR which results in an upregulation of PI(3,4,5)P3.  

Thus, Akt binds to the PI(3,4,5)P3 and is phosphorylated at both S473 and T308 which leads 

to lytic infection.  However, after IE proteins are synthesized, IE1 and IE2 suppress Akt 

phosphorylation at both S473 and T308 residues which is required for efficient lytic 

replication of HCMV genome.  Uncovering how Akt is differentially regulated at different 

stages of HCMV lifecycle would allow us to develop novel antivirals to target HCMV in 

different cell-types which is impossible with the current antiviral regimen. 
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Remaining Questions and Future Directions 

 The mechanism by which HCMV differentially regulates Akt activity at various 

stages of viral lifecycle is becoming more coherent.  However, the overall puzzle is still 

missing a few pieces and requires further investigation.  Our studies here open new 

avenues of research to investigate the importance of Akt regulation and its biological 

effect on viral pathogenesis.  We show in Chapter 2 that during HCMV entry, the p110β 

isoform of PI3K is recruited to the gB/EGFR/PI3K signalosome to mediate the survival 

of infected monocytes.  However, our recent reports suggest that p110δ isoform of PI3K 

is required for differentiation of monocytes, which occurs ~48 hpi (50), suggesting a shift 

between the two isoforms as the infection progresses.  How HCMV promotes a shift 

between the PI3K isoforms later during the infection remains unclear.  As p110δ is the 

primary isoform responsible for monocyte survival under homeostatic conditions (54, 

55), it is possible that during HCMV entry viral glycoprotein-mediated signaling 

activates the p110β isoform in a temporal manner.  Thus, after the initial wave of 

signaling through viral glycoprotein dissipates, the canonical PI3K p110δ isoform regains 

control and mediates Akt activation, which may be different than activation through 

p110β.  In support, our lab showed that while Akt S473 phosphorylation predominates 

during early HCMV infection of monocytes, phosphorylation of T308 becomes more 

prominent later during infection which is required for monocyte differentiation (50).  In 

addition to activation of PI3K through EGFR, integrin-mediated signaling through Src 

tyrosine kinase has also been linked to the activation of PI3K/Akt pathway (67-69).  It 

would be interesting to examine if p110δ is activated through integrin-mediated signaling 

at later stage of HCMV infection in monocytes.  This is supported by previous studies 
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showing p110δ is regulated through chemokine induced activation of integrins and 

mediates binding of monocytes to adhesion molecules, spreading, and diapedesis (70).  

Understanding how HCMV manipulates activation of different PI3K isoforms at different 

stages of infection would allow the opportunity to explore them as targets for therapeutic 

intervention. 

 Our studies in Chapter 2 also revealed that during viral entry glycoproteins gH 

and gH work in concert to promote Akt S473 phosphorylation.  In Chapter 3, we showed 

that this atypical Akt activation is mediated by US28, which fine-tunes EGFR activation 

to attenuate Akt 308 phosphorylation.  However, the exact mechanism how US28 

restricts EGFR activation remains unclear.  Cross-talk between EGFR and GPCRs has 

been recorded in previous studies (71, 72).  Although in most cases this leads to the 

activation of EGFR, it is possible that the viral GPCR, US28, interacts with EGFR to 

prevent its activation through phosphorylation.  This hypothesis is supported with the 

previous finding that GPRC5A, a cellular GPCR, binds to and sequesters EGFR, leading 

to its recycling/degradation through endocytic pathway (73).  However, the hypothesis 

would have to be tested through co-immunoprecipitation and/or colocalization 

experiments.  Another possible explanation includes desensitization of EGFR through 

US28-mediated signaling.  GPCRs are known to release EGFR ligands through matrix 

metalloproteinases (74-77).  As the metalloproteinases cleaves ligands on the cell surface, 

the activated ligands then bind and activate EGFR (reviewed in (74)).  However, 

following stimulation through a ligand, dimerization and auto-phosphorylation of EGFR 

is dependent on the type of ligand, which ultimately affects the signaling properties of 

EGFR (78).  It is possible that US28 attenuates EGFR activity by desensitization through 



 189 

proteolytic cleavage of EGFR ligands, such as epiregulin and epigen, which are 

expressed on the monocyte surface and promote a less robust EGFR activation relative to 

EGF and glycoprotein-mediated activation (78, 79).  Using specific inhibitors against the 

metalloproteinases (reviewed in (80)) may unveil the actual mechanism employed by 

US28 to regulate EGFR activation. 

 Our data in Chapter 3 indicates that during HCMV infection, US28-mediated 

signaling inhibits canonical Akt activation, resulting in the absence of HCMV UL123 

transcription and establishment of a quiescent infection.  Supporting this, phosphorylation 

of Akt at S473 and T308 leads to the transcription of UL123 and synthesis of IE1.  This 

led us to hypothesize that the set of transcription factors activated during Akt 

phosphorylation at S473 is different than the ones activated in response to Akt 

phosphorylation at both S473 and T308.  Indeed, Akt substrate specificity is determined 

by the phosphorylation ratio between S473 and T308 residues (41, 42).  A recent study 

identified transcription factors that are differentially regulated based on the 

phosphorylation status of Akt (43).  According to our hypothesis, transcription factors 

that are unique regulated in Akt phosphorylated at both S473 and T308 monocytes are 

required for the activation of MIEP and transcription of UL123 to initiate lytic HCMV 

infection in monocytes.  Thus, the next exciting project emanating from the current 

investigation would be to identify transcription factors uniquely regulated in monocytes 

with Akt phosphorylation at both S473 and T308 during HCMV infection. 

 These findings lead to an exciting avenue of research to find the exact mechanism 

how HCMV maintains a quiescent infection in monocytes for several weeks.  Our group 

has previously shown that after infection of monocytes HCMV does not reactivate for 2-3 
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weeks (81, 82).  Following monocyte-to-macrophage differentiation, lytic gene 

expression and viral replication are observed in monocytes (83).  Combined with the data 

presented in this thesis, it would be exciting to examine whether the natural reactivation 

of HCMV (2-3 weeks post-infection) is associated with Akt S473/T308 phosphorylation.  

Importantly, further studies are required to test if the Akt-dependent transcription factors 

mentioned in the previous paragraph are upregulated after monocyte-to-macrophage 

differentiation and are required to initiate UL123 transcription and reactivation of HCMV 

in monocytes.  Answer to these questions would help us to understand how HCMV 

maintains a quiescent infection in monocytes and may unveil new therapeutic targets 

against HCMV. 

 In line with recent reports (32-34), our current studies in Chapter 4 showed that 

Akt phosphorylation at either S473 or T308 is inhibitory towards viral replication in 

fibroblasts.  Mechanistically, we found that HCMV’s immediate early proteins, IE1 and 

IE2, suppress Akt phosphorylation.  However, the question that remained unanswered is 

how IE proteins inhibit Akt phosphorylation.  One possible explanation may involve the 

feedback-inhibition of Akt pathway through mTORC1.  In an energy rich situation, 

mTORC1, which is normally activated by Akt, phosphorylates the insulin receptor 

substrate (IRS) family of proteins at S422, leading to their degradation (84, 85).  Because 

tyrosine-phosphorylated IRS proteins recruit PI3K at the cell membrane, mTORC1-

mediated degradation of IRS limits PI3K recruitment, and hence, Akt activation.  As 

HCMV utilizes pUL38 to bypass Akt to activate mTORC1 (86), this provides the viral an 

advantage in viral protein translation while inhibiting cellular protein translation, which is 

otherwise dependent on Akt activity.  In addition, inactivation of Akt can also be 
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mediated by Akt phosphatases, such as protein phosphatase 2 (PP2) which 

dephosphorylates Akt at both S473 and T308 (87, 88).  In support of this, expression and 

activity of PP2 is rapidly upregulated in HCMV-infected cells (89).  However, the role of 

Akt phosphatases during HCMV lytic infection would have to be investigated to better 

understand the multifaceted regulation of Akt activity in HCMV infected cells. 

 In addition to suppression of Akt phosphorylation, in Chapter 4 we showed that 

HCMV reduces total Akt levels in fibroblasts with the progression of infection.  While 

we identified IE1 and IE2 suppress Akt phosphorylation, how HCMV reduces Akt 

protein levels in fibroblasts remains unclear.  Our data indicate that expression of HCMV 

late proteins is required for down-regulation of Akt protein as ganciclovir treatment 

partially rescues HCMV-mediated Akt down-regulation.  Moreover, recent studies in 

CD34+ HPCs suggest possible involvement of HCMV microRNAs in HCMV-mediated 

reduction in Akt protein levels (unpublished data, presented at IHW 2022, Nelson Lab).  

It is possible that HCMV induces degradation of Akt protein, possibly through 

ubiquitination and proteasomal pathway.  In support, phosphorylation of Akt at S473 can 

lead to Lys-48-linked polyubiquitination of Akt and degradation by proteasome (90).  

Indeed, HCMV is reported to induce degradation of host proteins through the proteasome 

(91).  However, if Akt is degraded in HCMV-infected fibroblast through 

ubiquitin/proteasome pathway remains to be determined.  Regardless, these data 

underscore the multifaceted approach that HCMV employs to regulate Akt activity in the 

infected cells and warrants further investigation for a clearer picture. 

 In summary, the work presented in this thesis builds upon the current knowledge 

and paves the way to uncover the complex mechanism how HCMV regulates Akt activity 
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at different stages of viral lifecycle.  During quiescent infection in monocytes, HCMV 

upregulates monocyte survival to promote viral dissemination and persistence.  To avoid 

host immune activation, HCMV rewires the canonical Akt activation pathway in 

monocytes and upregulates monocyte survival without activating lytic replication.  

Additionally, we showed that Akt activity suppresses HCMV replication during lytic 

infection.  Thus, HCMV inhibits Akt activity as the infection progresses to promote a 

conducive environment for viral lytic replication.  Our studies also unlock new avenue of 

research to investigate the transcription factors regulated by Akt that are required for 

reactivation of HCMV from quiescent infection in monocytes.  Moreover, future studies 

focusing on how HCMV regulates Akt activity after reactivation in monocytes and during 

lytic infection in fibroblasts would help us in better understanding of HCMV biology.  

Overall, the studies presented here, and the new opportunities of research unlocked 

through this work would allow for the development of new therapies to eliminate 

HCMV-infected cells and prevent viral dissemination and HCMV diseases. 
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