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Redirect Protein Translation Towards Antiapoptotic Factors Necessary for the Survival of 

Infected Monocytes 
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 Human cytomegalovirus (HCMV) is a highly prevent pathogen with seropositivity 

ranging from 40-90% in North America, and in excess of 100% in developing nations. Although 

HCMV infections are often mild to asymptomatic among immunocompetent hosts, HCMV 

represents a significant cause of morbidity and mortality for those with compromised immune 

systems. HCMV’s systemic dissemination within the host is facilitated by infected blood 

monocytes. Within monocytes, HCMV establishes a quiescent infection, thus acting as “Trojan 

horses”, delivering the virus to distant end organs all while remaining hidden from innate 

immune detection. Blood monocytes are inherently short-lived however, with an average 

lifespan of only 48 h. To circumvent this shortcoming HCMV aberrantly regulates the 

Akt/mTORC1 signaling axis. Our lab has previously shown that HCMV binding and entering 

into target monocytes elicits a unique action of Akt, characterized by the preferential 

phosphorylation at Serine 473 (S473). Critically, downstream substrate specificity of Akt 

signaling is dictated by the ratio of S473 to threonine 308 phosphorylation, suggesting this 

unique Akt activation would have biologic significance during infection.  The studies of this 

thesis reveal that a major consequence of HCMV-mediated aberrantly regulated Akt is a robust 
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increase in protein translation through the activation of mTORC1 and its downstream signaling 

substrates.  Moreover, HCMV uniquely usurps the activity of heat shock factor 1 (HSF1) to 

bypass cellular stress response traditionally intended to limit protein synthesis through the direct 

interaction between HSF1 and mTOR. The tightly regulated signaling events downstream of Akt 

and mTORC1 lead to a reshaping of the host translatome to redirect protein synthesis towards 

antiapoptotic factors necessary for the induction of monocyte survival beyond their canonical 48 

h lifespan.  Elucidating the molecular mechanisms behind HCMV’s control over protein 

translation may allow for the development of novel therapies that specifically target HCMV-

infected monocytes, thus preventing viral dissemination and the establishment of disease.  
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Human Cytomegalovirus, A History 

 Human cytomegalovirus (HCMV) is a human herpesvirus belonging to the 

betaherpesvirus subfamily with a ubiquitous worldwide seroprevalence. HCMV’s name derives 

from the unique morphology it was associated with. In this case, large intracellular inclusions 

were noted among stillborn and young children[1]. Thus, HCMV’s name is coined from the 

Greek words “cyto”, meaning cell, and “megalo” meaning large. Dr. Hugo Ribbert, a German 

pathologist, first documented these “giant cells” in the kidney tissue of a still born child in 

1881[2]. Dr. Ribbert’s 1881 case reports highlighted the inclusion of giant cells with enlarged 

nuclei which mimicked the appearance of an “owl’s eye”. Over the next several decades similar 

cytopathic observations were described as “protozoan like” and the etiology was not thought to 

be viral in nature[1, 3]. Decades later, it was observed that many children who died from a rare, 

congenital infection characterized by petechiae, intracerebral calcification, and 

hepatosplenomegaly had characteristic giant cells with enlarged nuclei present in their salivary 

glands and other organs. Today, hallmarks of this disease are recognized as a congenital HCMV 

infection, however in 1950, this catalog of symptoms was given the name of “generalized 

cytomegalic inclusion disease” or CID by Wyatt and colleagues[4, 5]. Just three years later in 

1953, Minder et al. utilized electron microscopy and observed 199 nm particles present in 

pancreatic cells from a patient with CID, these findings were suggestive of a viral infection[4]. 

The causative agent of CID would remain elusive for several more years, largely due to the 

limitations of viral culture models of the time.  

 With advances in tissue culture, the ability to isolate viruses from tissue was developed in 

the mid-1950s[6]. Margaret Smith of Washington University in St. Louis isolated a virus from 

the salivary gland of a patient which had died from CID in 1955. In her studies she found that 
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this recently identified virus was able to grow in human cell culture, but not mouse cells[7]. 

Smith’s first attempt to publish her findings was rejected by editorial reviewers who believed her 

findings were due to murine cell “contamination” from her other projects. Today however, we 

appreciate the exacting species specificity of HCMV, and that Smith’s findings were indeed 

correct. Upon resubmission in 1956, Smith’s manuscript was accepted and would lay the 

groundwork for all later HCMV studies by giving scientists the tools required to investigate the 

virus in culture. Margaret Smith’s works unfortunately were largely overshadowed by studies 

from others including Dr. Thomas Weller of Harvard University. Weller, a Nobel Laurette for 

his work in culturing the poliomyelitis virus in culture, coined the name “cytomegalovirus” and 

took the glory of its discovery[8, 9]. The name which Dr. Weller birthed has since been used to 

describe species-specific betaherpesvruses including in murine, simian, chimpanzee, and human. 

 

Epidemiology and Disease 

 HCMV infections are highly seroprevalent worldwide, with seropositivity rates ranging 

between 50-80% among North American countries and upwards of 90-100% in developing 

nations[10, 11]. This observed high seroprevalence is due to HCMV establishing a life-long 

persistent infection within the host[12]. Among healthy, immunocompetent individuals, HCMV 

is often asymptomatic. Infected patients may present with mild to moderate mononucleosis like 

symptoms, general malaise, gastrointestinal compilations, and in severe cases viral 

encephalitis[13-19]. HCMV has also been associated with several pro-inflammatory disorders 

including atherosclerosis and restenosis, uncovering a mechanism behind this association 

remains as significant area of study[13, 20-23]. Despite the association of HCMV with several 

chronic inflammatory diseases among immunocompetent hosts, HCMV infection in those in a 
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comprised immune status represent a significant risk in the establishment of fulminant HCMV 

disease [24, 25]. 

 Transmission of HCMV from host to host can occur though a host of mechanisms. 

Perinatal transmission from mother to child often occurs through viral transfer by breast milk and 

has a significant impact on epidemiology of HCMV[26-28]. Children which do not acquire the 

virus from their mothers directly are likely exposed to the virus from other children. Studies have 

shown that children who attend daycare have an elevated risk of seroconversion, with 

prospective studies showing a 60% seropositivity rate within 12 months of daycare enrollment 

compared to children not enrolled in daycare[29, 30]. However, post-birth transmission to infants 

has been reported to be largely inconsequential from a disease standpoint. HCMV-infections 

among congenitally infected neonates however are not benign and represent a significant risk to 

the neurological development of the infant[31].  

 

Congenital HCMV Infection 

 In hindsight, significant manifestations in neonates were the first observed complications 

of HCMV infections[5]. HCMV can infect the developing fetus if the virus reactivates during 

gestation or if the mother actively seroconverted during her pregnancy[27, 28, 31]. Of the 

mothers who seroconverted or had a viral reactivation event during pregnancy, it is estimated 

that 33% of them will vertically transmit the virus to the fetus in utero[32]. Clinical 

manifestations of congenital HCMV include optic atrophy, petechia (referred to as “blueberry 

muffin rash” due to its characteristic appearance), thrombocytopenia, seizures, sensorineural 

hearing loss, and microcephaly[33, 34]. Such clinical manifestations are immediately present in 

roughly 5-10% of infected newborns with an additional 10-15% of initially asymptomatic 
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newborns developing long-term sequalae by the age of 5. Accordingly, HCMV is the leading 

infectious cause of neurological deficit, blindness, and deafness as well as the leading non-

genetic cause of congenital malformations[35-38]. The exact mechanism of maternal to fetal 

transmission remains unclear, however, HCMV-infected monocytes appear to play a role in both 

viral dissemination as well as systemic inflammation[39-41]. HCMV positive macrophages have 

been isolated from the villous cores, further suggesting that infected monocytes from the 

maternal blood supply are the causative agent in spreading the infection[40].  

 

Transplantation and HCMV Disease 

 Transplant recipients are a major group at risk for developing a fulminant HCMV 

infection due to the immunosuppression required pre- and post-transplantation[42]. HCMV is 

highly opportunistic and following immunosuppression the virus often reactivates and 

establishes disease, thus HCMV is the leading viral cause of transplantation failure, post-

transplantation illness, and death[43]. Following solid organ transplantation, HCMV disease is 

established between 7-31% of patients, depending on the type of organ tissue engrafted[42]. The 

highest risk for the susceptibly of HCMV disease is among HCMV seronegative (R-) recipients 

which are receiving a donation from a seropositive donor (D+)[44]. The combination of the 

naivete their immune system has to the virus in conjunction with medically induced 

immunocompromisation, these individuals are not able to mount an effective immune response 

against HCMV and thus R-/D+ transplants are avoided at all costs[42]. Immunosuppressive 

regiments for D+/R+ and D-/R+ transplantations are often less severe however, even these 

transplantation scenarios are still deemed to be high risk.  
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 Hematopoietic stem cell transplant (HSCT) engraftment and HCMV data are often 

reported separate from solid organ transplants as their incidence of HCMV are so 

incongruent[45]. Following HSCT of allogenic (non-self), or autologous (self), 30% or 5%, 

respectively, go on to develop HCMV disease. Unlike what is observed in solid organ 

transplants, seropositive recipients are at the highest risk when receiving cells from a 

seronegative donor. Under this extreme risk scenario, 70% develop HCMV disease, with a 

mortality rate of 90% for those who develop fulminant disseminated HCMV disease[46, 47]. 

This phenomenon is likely due to the virus utilizing CD34+ progenitor cells in the bone marrow 

as its major reservoir for latency. Following immune suppression and the addition of donor cells, 

HCMV rapidly enters into lytic replication to establish system disease within the host[48].  

HCMV disease represents a major threat not only to the successful engraftment of the 

organ/tissue itself, but also to the patient.  

 

Current Therapies 

 There is currently no vaccine which targets HCMV, despite the United States National 

Academy of Medicine making a declaration that the development of an HCMV vaccine should 

be a major public health priority[49, 50]. Currently, for patients in vulnerable situations where 

they are exceedingly suspectable to HCMV disease, providers rely on five major antiviral drugs: 

ganciclovir/valganciclovir, cidofovir, foscarnet, letermovir, and maribavir.  Ganciclovir and 

valganciclovir remain as gold standard, first-line defenses against symptomatic HCMV disease 

as well as prophylactic treatment[51-54]. Valganciclovir is an orally bioavailable prodrug that is 

quickly converted to ganciclovir within the patient. Ganciclovir is a 2’-deoxyguanosine analogue 

which is administered and delivered with the patient in an inactive state. Ganciclovir must first 
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be “activated” by an HCMV kinase, uL97, which phosphorylates ganciclovir thus rendering it 

active[54]. Once active, ganciclovir inhibits the activity of the viral DNA polymerase (uL54) 

which leads to a premature termination of DNA chain elongation. However, since ganciclovir 

began being administered in 1989, several viral strains have developed mutations in uL54 and 

uL97 which renders the front-line prodrug ineffective in combatting HCMV disease 

progression[55]. Furthermore, long-term administration of ganciclovir or valganciclovir is 

associated with a poor side-effect profile including nephrotoxicity, hepatoxicity, and 

hematopoietic suppression which ultimately leads to the discontinuation of therapy[56, 57]. 

Cidofovir is also a nucleoside analog, however it does not require an initial viral mediated 

activation event and accordingly can be utilized in the treatment of ganciclovir resistant 

HCMV[58]. Due to cidofovir’s associated renal toxicity, it is only administered in limited cases 

where ganciclovir treatment proves ineffective. Foscarnet is a pyrophosphate analog that does 

not require any viral mediated activation to become bioactive[59]. Foscarnet’s mechanism of 

action relies on its ability to bind at pyrophosphate binding sites on the viral DNA polymerase 

itself to hinder HCMV’s DNA replication machinery. Similar to the aforementioned antivirals, 

foscarnet therapy also falls victim to a severe side-effect profile including renal insufficiency, 

severe anemia, and electrolyte imbalances. Similar to cidofovir, foscarnet is not a first-line 

defense drug and is typically only administered when ganciclovir resistant HCMV strains are 

encountered (reviewed in [55]).  In 2017 the FDA approved letermovir for prophylactic use in 

transplant patients at high risk for establishing HCMV disease. Letermovir is unique in that it 

does not target the viral DNA polymerase, instead it targets the viral terminase complex[60-62]. 

Finally, maribavir, which received FDA approval in 2021, is a benzimidazole riboside which 

competitively inhibits the viral kinase, uL97[63]. The concern remains that maribavir would 
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prove ineffective in treatment of ganciclovir resistant strains as both drugs target uL97 as a 

central focus of their mechanisms of action[52, 64-66].   

 

Structure and Genome 

HCMV’s linear double stranded DNA genome is roughly 236 kbp in length, thus 

awarding HCMV one of the largest viral genomes known to infect humans[67-70]. HCMV’s 

genome is classified as an E-class genome structure in which two unique regions, termed UL 

(unique long) and Us (unique short), are flanked by a pair of inversely repeated sequences[71]. 

HCMV’s genome is often represented as ab- UL-b’a’c’- Us-ca where ba/b’a’ and ca/c’a’ 

represent the inverted repeats which flank the UL and Us genomic regions (Figure 1A). During 

DNA replication, the UL and Us undergo segment inversion relative to one another through 

recombination[72-74]. As a result of these genome inversions, HCMV virions contain 4 DNA 

isomers in equimolar concentrations[68, 75]. The biological significance of this capability 

remains elusive, however it helps to explain the variation of HCMV genotypes so far described 

from different hosts, as well as within the same host. Subsequent studies into HCMV’s genome 

have revealed significant deviations between wild-type clinical HCMV isolates and lab HCMV 

strains[69, 73]. One extensively studied example is that of AD169, an HCMV strain which 

remains heavily utilized in HCMV research to this day. AD169 was originally isolated from the 

adenoids of an HCMV-infected child and then repeatably subcultured in human fibroblast cell 

lines[76]. After sequencing the AD169 genome it was revealed that recurrent viral passaging in 

fibroblasts led to a significant portion of the 3’ end of the UL region (also known as UL/b’) being 

deleted and then replaced with an inverted copy of the 5’ end of the UL region[76, 77]. Later 

studies would highlight the UL/b’ region encoded genes necessary to maintain wild-type 
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virulence but were not required for replication in fibroblasts as selected for during serial 

passaging in the laboratory[76, 78-81]. Furthermore, many lab-adapted strains possess mutations 

which disrupt the expression of several open reading frames (ORFs). HCMV’s 236 kbp gene was 

previously estimated to encode roughly 230 different ORFs. However, more recent studies 

suggest an excess of 750 or more distinct ORFs exist which awards HCMV the largest coding 

capacity of all human herpesviruses and underscores how much remains to be understood in the 

context of HCMV’s genetic biology[82, 83]. 

Following standard herpesvirus biology, HCMV’s genome is housed within an 

icosahedral nucleocapsid which is roughly 100-125 nm in diameter[84-86].  HCMV’s capsid is 

similar to herpes simplex 1’s (HSV1), with a hexamer-pentamer clustered icosahedral shell 

which has 20 triangular faces, 30 edges, and 12 vertices. The viral nucleocapsid is comprised of 

5 core viral proteins, organized into 162 capsomers (150 hexamers, five situated in the 20 

triangular faces of the shell, and 12 pentamers located at its 12 vertices) and 320 triplexes 

distributed between the capsomeres[87].  

The hexamers and pentamers are composed of the major capsid protein (MCP, pUL86), 

while the triplexes, which play a critical role in capsid morphology and stability, consist of two 

subunits of the minor capsid protein (mCP, pUL85) and one copy of the mCP-binding protein 

(mCP-BP, pUL46). The smallest HCMV capsid protein (SCP, pUL48.5) is located at the tips of 

hexamers and is essential for production of infectious HCMV virions [88-90]. On the vertex of 

the icosahedral shell, there is a specialized portal complex composed of 12 copies of the portal 

protein (PORT, pUL104) which functions to allow viral dsDNA to enter or exit the nucleocapsid 

during viral packaging or nuclear deposition, respectively (reviewed in [91]).  
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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 HCMV virion structure showing viral genome, 
capsid, tegument and envelop consisting of viral glycoproteins. 
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The viral nucleocapsid is surrounded by a dense matrix of proteins termed the tegument. 

The tegument is situated in the space between the viral capsid and outer envelope, thus 

analogous to a eukaryotic cytoplasm. While the tegument was originally thought to be 

unorganized, recent studies have shown a multitude of tegument proteins which interact with 

specific regions of the nucleocapsid [92, 93]. HCMV’s tegument is tightly packed with more 

than 50 viral proteins, at least 70 different host proteins, and multitude of viral and host RNA 

species [94, 95]. Once thought to be a random milieu of packaged proteins, recent reports 

suggest the tegument proteins play a pivotal role in viral entry, immediate early gene expression 

and immune evasion[96-98]. Some proteins are packaged in a heavily post translationally 

modified state, thus potentially allowing for specific proteins to be activate at the time of viral 

entry in the absence of viral or cellular kinase activity. Much remains unclear as to the 

significance of many tegument proteins however they must play an important role or else they 

would not be evolutionally maintained. The most abundant viral tegument protein is pp65 which 

plays a significant role in the regulation of both innate, and adaptive immunity. Furthermore, 

studies suggest pp65 phosphorylates viral immediate early proteins in order to prevent their 

degradation and presentation onto major histocompatibility complex class I (MHC1) 

molecules[99-102]. HCMV’s pp71 is another ubiquitous tegument protein which promotes viral 

immediate early (IE) gene expression through the degradation of host transcription factors which 

silence the major immediate early promoter (MIEP) as well as inhibits host antiviral signaling 

events in the cGAS-STING pathway[103, 104].  

Surrounding and encapsulating the tegument is the viral envelope, the 10 nm thick 

outermost layer of an the HCMV virion. The viral envelope is derived from the host cell 

endoplasmic reticulum-golgi intermediate compartment[105]. This outer lipid envelop is studded 
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with at least 20 different viral glycoproteins which are critical for binding and entering into host 

target cells[106, 107]. HCMV’s entry process begins with a multitude of interactions between 

viral glycoproteins and host cell entry receptors. Key viral glycoproteins include gB, gH, gM, 

gN, gL, gO, and uL128-131[78, 80, 85, 108]. Glycoprotein gM and gN are the most prevalent 

glycoproteins and are pivotal in initial viral/cellular tethering events with cellular heparin sulfate 

proteoglycans (HSPGs) [109]. This binding event is low affinity and reversable, however the 

subsequent binding events between HCMV glycoproteins and host receptors are high affinity and 

irreversible. Glycoprotein gB is critical in HCMV’s attachment to target cells and is highly 

conserved across herpesviruses. gB forms a homotrimeric complex linked together by disulfide 

bonds which allows for high affinity binding events to drive viral entry, fusion, and cell to cell 

transmission [110-113]. Another key glycoprotein for HCMV is gH which forms a trans-

enveloped base for several other glycoprotein complexes including a gH/gL dimer, gH/gL/gO 

trimeric complex, and gH/gL/uL128-131 pentameric complex [114-117]. These gH based 

glycoprotein complexes serve to establish high affinity, custom tailored, binding events unique to 

select subsets of entry receptors on different cell types. For example, the trimeric gH/gL/gO 

complex is critical for HCMV’s entry into fibroblasts, whereas the pentameric gH/gL/uL128-131 

complex is necessary for viral entry into epithelial, endothelial, and myeloid cells [78, 80, 81, 

116, 118, 119].  

The highly intricate and complicated nature of an HCMV virion lends itself to 

incredulous packaging and assembly, indeed aberrantly packaged or prepared particles are 

separated into two categories, dense bodies, and noninfectious enveloped particles (NIEPS) [88]. 

Dense bodies are enveloped packages of tegument proteins which lack the viral nucleocapsid and 

genome [95, 120]. Whereas NEIPS are complete virions with envelope, tegument, and capsid 
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proteins but are lacking the dsDNA genome, thus making them truly a noninfectious viral 

particle[121]. Studies show that dense bodies and NEIPS may outnumber true infectious HCMV 

particles by a ratio of 2:1[122]. Understanding the biological significance of these two defective 

viral products are currently underway. Indeed, both dense bodies and NEIPS generate cellular 

and humoral immune responses and are currently being evaluated as potential vaccine 

candidates[123, 124].  

HCMV Cellular Tropism 

 Despite HCMV’s tight species restriction, it has an extremely broad cellular tropism in 

human cells. As highlighted by Dr. Christian Sinzger “it is easier to list the cell types that do not 

support HCMV replication”(Reviewed in [78, 80]). Indeed, HCMV readily replicates in a 

significant number of different cell types including epithelial cells, endothelial cells, connective 

tissues, neuronal cells, tissue macrophages, hepatocytes, and trophoblasts, however the 

efficiency of viral replication within these cell types is low and likely contributes to a chronic 

smoldering infection. Whereas infection of HCMV in fibroblasts and smooth muscle cells are 

able to efficiently replicate and rapidly contribute to the production of new infectious progeny.  

Further, HCMV readily enters into lymphoid cells and polymorphonuclear leukocytes, however 

the virus is unable to initiate a full cycle of viral replication as it is blocked post IE gene 

expression[46, 125, 126]. The precise role of these, dead end, abortive infections remain a 

mystery. HCMV is also able to infect and utilize specific cells with myeloid compartment 

including dendritic cells, monocytes, and CD34+ hematopoietic progenitor cells, to facilitate 

lifelong latency and systemic dissemination. Peripheral blood monocytes are believed to serve as 

the major cell type involved in the hematogenous dissemination of HCMV, as they are the first 

infected cells to enter into organ tissues [127, 128]. Finally, many groups have shown CD34+ 
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progenitor cells serve as the main latent reservoir of HCMV within the bone marrow and can re-

seed infections with the release of infected monocytes derived from infected stem-cells [129-

133].  

 Great works have gone into developing in vitro culture propagation systems which mimic 

and maintain HCMV’s broad spectrum in vivo cellular tropism. HCMV culture in lung or skin 

fibroblasts remains the gold standard for virion production, albeit this culture model is not 

without its disadvantages. As discussed above, HCMV which is repeatedly subcultured in 

fibroblasts, quickly mutates, and loses virulence factors and tissue tropism required to infect 

myeloid and endothelial cells[78, 116, 119]. This reduction of tissue tropism is ascribed to the 

loss/deletion of specific regions of the viral genome with a concomitant loss in viral glycoprotein 

gene expression necessary for entry into target cells[81, 119, 134, 135].  

 With the broad array of viral glycoproteins and the extensive tissue tropism of HCMV, it 

is likely that the virus evolved to maintain these receptors as a means to mediate entry in a 

multitude of host target cells. HCMV entry is believed to be mediated through two distinctive 

mechanisms: pH-independent membrane fusion, or endocytosis [107, 111, 128, 135-138]. The 

mechanism of entry is thought to be a cell type specific event mediated by the interaction of 

HCMV glycoproteins with specific host entry receptors. Glycoproteins gM and gN are the first 

viral proteins that come into contact with the target cells through interaction with host  HSPGs 

[109]. Glycoprotein gB, the second most abundant glycoprotein is by all accounts required, 

independent of cell type, for viral attachment and entry [110, 139]. gH glycoprotein complexes 

are thought to provide cell type specific binding events to enhance entry. In support, the 

gH/gL/gO trimeric complex is required for viral entry via membrane fusion into fibroblasts and 

smooth muscle cells[119, 140, 141]. The trimeric complex alone is insufficient in allowing entry 
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of HCMV into endothelial, epithelial, monocytic, and dendritic cells, as these cells require the 

binding events of the gH/gL/uL128-131 pentameric complex to trigger viral entry [119, 142]. 

The role of viral glycoproteins does not end at the physical interaction with host receptors, these 

binding events also lead to a highly regulated cascade of signaling events which are critical for 

successful entry and nuclear deposition of viral DNA into the host nucleus [139, 143, 144]. 

 

Overview of HCMV Lifecycle Stages 

 Like all herpesviruses, HCMV is able to exist in different stages of its viral lifecycle 

which are largely defined by the presence or absence of viral gene expression and genomic 

replication [12, 145-148]. In a cell type dependent fashion, HCMV is able to establish three 

different stages of infection. Each lifecycle stage serves a major role in supporting the success of 

the infection be it supporting viral progeny production, immune evasion, or the establishment of 

latency which allows for lifelong persistence of HCMV within the host.  

Lytic Infection 

 The lytic stage of HCMV infection is the only time in which progeny viruses are 

produced. Following HCMV entry in majority of the cells within the body the virus would enter 

into a lytic lifecycle, characterized by the expression of a full repertoire of viral gene products, 

viral genomic replication, and production of infectious viral progeny[149]. The attachment of the 

virion’s glycoproteins to cognate host cell entry receptors, orchestrates a string of singling events 

which begins to deliver the virus inside the cell [137]. In a cell type dependent fashion, the virus 

enters either by pH-independent fusion, or directly via membrane fusion events [150]. Direct 

membrane fusion has been reported in the lytic infection of fibroblasts with the dual 

requirements of glycoprotein gH and gB. Independent of which mechanism is utilized for entry, 
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a series of post-entry yet before the transcription and expression of viral immediate early genes. 

Notably, the virus highjacks the cellular microtubule network to efficiently deliver the viral 

nucleocapsid to the target cell nucleus [143, 151]. While studies are ongoing to understand the 

precise mechanism of capsid delivery to the nucleus, the tegument proteins, pp150, uL47, and 

uL48 have been shown to be tightly associated with the capsid post viral entry [152, 153]. Recent 

studies have shown the uL48 gene to contain a nuclear localization signaling domain and 

uL47/48 null viral mutants show delayed kinetics of viral gene expression [154].  

 Through mechanisms which remain poorly understood, HCMV’s linear dsDNA is 

transmitted through nuclear pores where it rapidly circularizes within the host nucleus and begins 

the transcription of a highly systematic cascade of viral gene products [155]. HCMV gene 

products are ordered into three main groups based on the order in which they are expressed, 

immediate early (IE), early (E), and late (L) genes [149, 151]. Transcription from the major 

immediate early promoter (MIEP) initially occurs in the absence of de novo viral gene products 

and encodes two critical IE gene products, IE72 (IE1) and IE86 (IE2). The functions of IE1 and 

IE2 are multifaceted however at these early timepoints they drive viral transcription of early and 

late viral gene products, control cell cycle progression, regulate host transcriptional promoters, 

and repress host antiviral gene expression[156, 157]. The following wave of viral gene products 

are the early genes, which are largely responsible for the replication of HCMV’s genome. The 

final wave of HCMV genes expressed are the late genes, which encode for structural proteins 

and begins to trigger the events required for capsid assembly in the nucleus[85, 86]. Once the 

freshly minted viral genome is added to the capsid it egresses from the nucleus with the aid of 

the aptly named nuclear egress complex (NEC)[121, 138, 158]. The NEC targets specific 

laminins within the nuclear membrane to be phosphorylated which destabilizes them thus, 
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allowing for the capsid to egress from the host nucleus. Following nuclear export, the capsids are 

then accompanied by tegument proteins to the virion assembly complex (VAC) which is formed 

at the endoplasmic reticulum-golgi intermediate compartment[159, 160]. Within the VAC, more 

tegument proteins of, viral and host in origin, are added to the nascent virions and then promotes 

the capsid and tegument proteins into intracellular vesicles in order to obtain the final lipid 

envelope. At the plasma membrane, mature virions are released from the cell via exocytosis[121, 

161]. 

Latent Infection 

 Latency is one of the hallmark characteristics of herpesvirus infections and accounts for 

their ability to establish lifelong persistence within the host[12, 146, 147, 162]. The prototypical 

cell associated with HCMV latency is CD34+ hemopoietic progenitor cells residing in the bone 

marrow[130, 163]. These extremely long-lived blood stem cells harbor viral genomes in the 

absence of active viral replication, thus allowing for highly stable, persistent reservoirs of 

infected cells that can be reactivated at any time following the appropriate signal. During latency 

in CD34+ cells HCMV does not activate the same cascade of IE, E, and L gene expression thus, 

aiding the avoidance of immune detection[130, 164, 165]. Studies are actively investigating if 

HCMV has a characteristic “latency associated” gene expression profile as observed in other 

herpesviruses. Recent deep sequencing data of CD34+ progenitor cells suggests that the gene 

expression profile during latency is very similar to that of lytic infections however at 

considerably lower levels of gene expression[166, 167]. However, there is a consensus that select 

genes are enriched in expression during times of latency, including HCMV uL138 and latency-

associated nuclear antigen (LUNA)[168]. The expression of uL138 in models of latency has been 

shown to regulate cellular signaling events that maintain the virus in a latent state. In support, 
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mutant HCMV strains which lack the uL138 locus are unable to establish or maintain latency in 

monocytes or CD34+ progenitor cells[169-172]. Furthermore, the expression of LUNA is 

thought to prevent viral proteins from activating HCMV’s MIEP and thus maintaining the virus 

in a latent state. Additionally, HCMV has been shown to encode several long noncoding RNAs 

(lncRNA) and micro RNAs (miRNAs) which can lead to the suppression of lytic gene 

expression[169, 170, 173]. Notably HCMV’s MiR-UL112-1 has been reported to bind directly to 

the 3’ UTR of the MIEP responsible for the expression of IE1 [173, 174]. Thus, preventing gene 

expression of IE1 and subsequently blocking downstream expression of early and late viral gene 

products. More recent studies have suggested that the viral GPCR, US28, plays a pivotal role in 

the establishment and maintenance of viral latency[129, 175-179]. US28 has been found to be 

present on the surface of mature virions and expressed in infected cells of myeloid origin 

including CD34+ progenitors, Kasumi-3 cells, and blood monocytes[163, 175, 179-181]. Similar 

to the aforementioned viral genes, US28 mediates the inhibition of the MIEP to allow for the 

establishment and maintenance of HCMV latency. Like other herpesviruses, HCMV is able to 

reactivate from latency following receiving a reactivation signal which could include anything 

from cellular stress, other infections, growth factor stimulation, or a compromised immune 

status[12, 145, 182]. Unfortunately, the precise mechanisms involved in the initial establishment, 

subsequent maintenance, eventual reactivation events of HCMV latency remains poorly 

understood largely due to the complexity and limitations of many of the latency models systems 

in use today. The development of an in vitro culture system which mimics what is observed in 

vivo, would make for a major advancement to the field[183].  

Quiescent Infection 
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 The third and final viral lifecycle that HCMV exists in is quiescence, which has more 

recently described in peripheral blood monocytes and is believed to be unique to HCMV [127, 

128]. Here, similar to a latent infection, HCMV does not lead to the expression of lytic virial 

gene products, the replication of viral genomes, or the production of new infectious 

progeny[184]. However, unlike a true latent infection where an external reactivation signal is 

required for activation, during a quiescent infection, there is no known reactivation signal 

required and the virus spontaneously reactivates after two-three weeks of infection[127]. This 

phenomenon of spontaneous reactivation has been well documented in models of quiescently 

infected blood monocytes which begin to express lytic viral gene products around 14-21 days 

post infection[185, 186]. This lifecycle is critical for the success of HCMV infection as 

monocytes are the primary vessel in which HCMV systemically disseminates through the host. 

Furthermore, the initial establishment of a quiescent infection in monocytes is key in their ability 

to block lytic viral gene expression as a mechanism to avoid innate and humoral immune 

detection[146, 187]. HCMV infection in monocytes has been shown to promote monocytic 

motility, accelerate diapedesis, and drive the differentiation of short-lived monocytes into long-

lived tissue resident macrophages[110, 117, 127, 128, 143, 188]. Alternatively, these infected 

blood sentinels travel to the bone marrow where they can infect CD34+ progenitor cells, leading 

to the establishment of a persistent, latent HCMV infection within the host[127, 128]. The 

spontaneous lytic reaction events observed in quiescently infected monocytes appears to coincide 

with the expression markers characteristic of M1&M2 macrophages, suggesting that autocrine 

signaling during the monocyte to macrophage differentiation process may be sufficient to drive 

viral reaction[127, 188]. Again, due to the complexity and limitations of quiescent model 
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systems, the “smoking gun” required to execute viral reactivation in quiescently infected 

monocytes remains elusive. 

 

Monocytes and Viral Dissemination 

 Peripheral blood monocytes are bone marrow-derived leukocytes which are characterized 

by their ability to produce cytokines, phagocytose, and present antigen. Monocytes are 

classically defined based on the CD expression profile of CD14Hi and CD16Low  [189]. Classical 

monocytes released from the bone marrow undergo apoptosis around 48 h post release if they do 

not encounter a survival stimulus from normal myeloid growth factors such as GMCSF or MCSF 

[190]. However, under normal or inflammatory conditions monocytes which encounter a 

survival stimulus will enter into organ tissues and begin differentiating into long-lived tissue 

resident macrophages with an average lifespan from several months to years [191, 192]. Blood 

monocytes have long been suspected to be the cell responsible for systemic HCMV 

dissemination as the virus is not known to efficiently spread in a cell-free manor. In support, 

leukocyte depletion eliminates HCMV transmission through blood donations and transfusions 

[80, 193-195].  

 Furthermore, monocytes are found to be the predominant infiltrating cell type at sites of 

active HCMV replication. Moreover, in vivo models of murine cytomegalovirus (mCMV) found 

that monocytes are the predominant cell type for the systemic spread of the virus [196, 197]. In 

addition to spreading HCMV to organ tissues where infected macrophages likely establish a 

chronic, smoldering infection, infected monocytes also travel to the bone marrow and transmit 

the virus to CD34+ progenitor cells which serve as the major latent reservoir for HCMV. Once 

latency is established in the bone marrow, myeloid cells derived from infected stem cells are then 
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able to re-seed HCMV to the peripheral organs to establish chronic lytic infections[130, 131, 

146]. Taken together, blood monocytes represent a major lynchpin in HCMV’s connection 

between acute and chronic infections, as an initial lytic infection cannot disseminate to distant 

organs or establish a latent infection within the bone marrow without monocyte-mediated 

dissemination.   
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Figure 2.  Model of HCMV dissemination in the host (adapted from Smith et al. 2004 and 
revised in our lab).  Primary HCMV infection of a naïve host following contact with infected 
bodily fluids can either be symptomatic or asymptomatic.  Following primary infection, HCMV 
infects peripheral blood monocytes and use them as a vehicle (“Trojan Horses”)  for systemic 
dissemination of the virus to distant end organ sites [80, 198].   In support, HCMV-infected 
monocytes exhibit increased motility [199] and are the predominant infiltrating cell type found in 
infected organs [200].  Ultimately, infected monocytes can travel to the bone marrow where 
HCMV can establish life-long viral latency within CD34+ progenitor cells [146].  Furthermore, 
life-long periodic viral shedding occurs when infected myeloid precursor cells differentiate into 
monocyte and leave bone marrow [168, 181]. 
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 During an HCMV infection in monocytes, the virus enters a quiescent state, defined by 

the lack of genome replication and lytic gene expression[127, 163, 185, 186, 188]. This virally 

driven state of quiescence allows HCMV to systemically disseminate within monocytes all while 

evading immune detection, thus infected monocytes act as “Trojan horses” through the unwitting 

systemic delivery of the virus (Figure 2). However, monocytes are indeed ill-suited for this task 

as their average life span following bone marrow release is a mere 48 h, hardly enough time for 

even one HCMV replicative cycle[193, 194]. To circumvent these shortcomings, HCMV 

radically reshapes the signalsome within infected monocytes to promote the cellular survival and 

differentiation of short-lived monocytes into long-lived replication permissive macrophages[111, 

127, 128, 185, 186, 188, 201-203]. Upon viral binding and entry, HCMV aberrantly regulates 

signaling pathways which extend monocytes well beyond their canonical lifespan. Furthermore, 

monocytes stimulated with UV inactivated viral particles also promote enhanced monocyte 

survival suggesting that viral binding and entry events are pivotal in the trajectory of HCMV-

mediated monocyte viability.  

HCMV, PI3K, Akt, & mTORC1 

 One key host pathway which HCMV tightly regulates during a quiescent infection in 

monocytes is the PI3K/Akt/mTORC1 signaling axis [185, 204-207]. In uninfected monocyte 

biology, growth factor stimulation of monocytes also stimulates this axis to promote the survival 

of these short-lived blood sentinels[208]. Following receptor tyrosine kinase activation, PI3K too 

becomes activated which facilitates the conversion of PI(3,4)P2 into PI(3,4,5)P3 (PIP3). The 

presence of PIP3 recruits Akt to the plasma membrane where it is classically activated at two 

different phosphorylation sites, threonine 308 (T308) and serine 473 (S473) by PDK1 and 

mTORC2, respectively[209, 210]. This activation of Akt is canonically hindered by two separate 
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negative regulators, PTEN & SHIP1, which function to back convert PIP3 into PI(3,4)P2 and 

PI(4,5)P2, respectively[211-213].  

 During an HCMV infection in monocytes, viral glycoprotein gB & gH bind to EGFR and 

integrin b1, respectively, inducing a noncanonical activation of the PI3K/Akt signaling axis[110, 

111]. Furthermore, in contrast to the canonical activation of PI3K driven by growth factors, 

HCMV recruits the p110b isoform of PI3K, as opposed to the more prevalent isoform p110𝛿 

[214]. Additionally, HCMV manipulates the two negative regulators of this process, PTEN & 

SHIP1. With the aid of a yet to be identified kinase, HCMV rapidly phosphorylates PTEN, thus 

inhibiting its activity. Furthermore, HCMV rapidly activates SHIP1, which is in direct contrast to 

growth factor stimulation which canonically stifles SHIP1 activity. This hyperactivation of 

SHIP1 has been reported in tumor microenvironments to also lead to a unique activation of Akt 

downstream of PI(4,5)P2  [207, 214, 215]. Critically, recent reports have highlighted differential 

activation ratios of T308:S473 of Akt dictates downstream substrate specificity of this ubiquitous 

kinase [216, 217]. The coordinated dual binding events driven downstream of gB and gH, leads 

to a finely orchestrated array of signaling events which aberrantly activates Akt and culminates 

with the unique expression of a select subset of Akt-dependent prosurvival factors including 

Mcl-1 and HSP27[185, 205, 214].  Other than the induction of prosurvival mediators, the 

uniquely activated Akt observed in HCMV-infected monocytes also appears to play a 

considerable role in the regulation of downstream signaling events, notably events downstream 

of mTORC1[204-206], which plays a central role in the regulation of protein synthesis. In 

support we have found the expression of Mcl-1 and HSP27 are upregulated in a translationally 

dependent mechanism, as transcription of their mRNAs or stability of the peptides was not 

increased[205]. Taken together these data begin to suggest that HCMV drives gene expression of 
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a select subset of proteins critical for the survival of infected monocytes through the 

manipulation of translation. 

Translation Regulation Overview 

Translation initiation Complex Requirements 

 The translation of mRNA into proteins occurs in three basic steps, initiation, elongation, 

and termination (reviewed in [218-220]). Prior to the translation initiation, several 

macromolecular protein complexes are required to assemble on the transcript. The first complex 

is known as the 43S preinitiation complex (43S PIC) (Figure 3). The 43S PIC is comprised of the 

small 40S ribosomal subunit, eukaryotic initiation factor 1 (eIF1), eIF1A, the multi-subunit eIF3 

complex, and finally the ternary complex consisting of eIF2-GTP-tRNAMet[221]. The second 

complex which needs to form at the 5’ end of a transcript is the eIF4F complex. The eIF4F 

complex is comprised of the m7GTP cap-binding subunit eIF4E with a bound mRNA, the RNA 

helicase eIF4A, both of which are bound to a large scaffolding protein eIF4G which recognizes 

and binds eIF3 of the 43S PIC. The poly-A-binding protein (PABP) binds to the poly-A tail at 

the 3’ end of the transcript. PABP is a binding partner of eIF4G. Thus, with eIF4E binding the 5’ 

cap and PABP binding the 3’ poly-A tail, the mRNA is circularized when bound to eIF4F 

complex which prevents degradation of the message (Figure 3)[222-224]. The steps involved in 

the initiation of translation complex formation are tightly regulated by a milieu of host signaling 

events and serve as the rate-limiting step of protein synthesis[209, 225-228]. 

 

Signaling Requirements and Initiation 

 Many of the preliminary steps in translation initiation depend heavily on host signal 

transduction pathways. These pathways function to monitor cell stress, energy stores, amino acid 
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availability and tune downstream translation responses accordingly[225, 227, 229-231]. The 

main signaling factor responsible for the regulation of translation initiation is mTORC1. 

mTORC1 is a protein complex containing mTOR kinase, RAPTOR, MLST8, PRAS40, and 

DEPTOR which is maintained in an inactive state by the inhibitory tuberous sclerosis complex 

(TSC1/2). Upstream regulatory serine/threonine kinases including, Akt and ERK, are activated 

following the cell encountering an external stimulus such as growth factors, hormones, or 

cytokines. Following the activation of Akt or ERK, these kinases inhibit the TSC1/2 complex by 

phosphorylation thus, allowing for the activation of mTORC1[229, 230, 232-234]. Once 

mTORC1 is active it is then free to phosphorylate a repressor of translation, 4E-BP1. In its hypo-

phosphorylated state, 4E-BP1 is bound tightly to eIF4E. mTORC1 phosphorylates 4E-BP1 at 

several residues, resulting in a dramatic reduction in 4E-BP1’s binding affinity for eIF4E. Thus, 

allowing for the binding of eIF4E and eIF4G. The interaction of eIF4E:eIF4G is a critical step in 

the formation of the eIF4F complex [235].  
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Figure 3: Model of Translation Initiation and Required Complexes: Overview of required 
components of eIF4F, 43S PIC, 80S initiation complex, and ternary complex.  
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Translation Elongation and Termination 

 Following the assembly of the eIF4F complex and the 43S PIC, they too bind together to 

create the 48S complex [236]. The completed 48S complex then scans along the 5’ untranslated 

region (UTR) until an AUG codon (start) is reached. The starter AUG is recognized with the 

help of eIF3, eIF1, and eIF1A [237]. At this stage, the 60S subunit is recruited by eIF5B and the 

binding of the 40S and 60S subunits create a complete 80S ribosome which results in the release 

of several eIFs. This fully assembled 80S ribosome contains three distinct internal active sites, 

known as the A (aminoacyl), P (peptidyl), and E (exit) sites (Figure 3) [237]. Charged tRNAs are 

delivered to the A site of the 80S ribosome by eIF1A coupled to GTP. Following peptide bond 

formation of the delivered amino acid at the P site, eukaryotic elongation factor 2 (eEF2) 

facilitates 80S translocation, transferring the deacetylated tRNA to the E site and positioning the 

peptidyl-tRNA and the P site to create an empty A site [238-240]. Termination begins when 

eukaryotic release factor 1 (eRF1) recognizes a stop codon in the A site, prompting the 80S 

ribosome to stall, and release of the freshly synthesized polypeptide. eRF3 works in concert with 

several initiation factors to facilitate the hydrolysis of the 80S ribosome, triggering its 

disassembly and recycling to repeat all of these steps over again (Figure 2) [218].  

 

Ribosome Mediated Mechanisms of Non-Canonical Translation: 

Leaky Scanning 

 Canonically the 40S ribosome binds a capped transcript in close proximity to the 5’ end 

and then begins to linearly scan the transcript in a 5’ to 3’ direction until the first AUG codon is 

encountered [241]. However, a significant proportion of ribosomes fail to initiate translation 

upon the interaction with the first AUG codon which is encountered. Many RNA viruses take 
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advantage of this in order to expand their coding capacity due to their limited genome size [242]. 

Leaky scanning allows for different isoforms of the same protein to exist simultaneously 

depending on which start site is utilized. Alternatively, an entirely different protein may result 

following a leaky scanning event by utilizing overlapping open reading frames and regulated 

frameshifting events [219, 221, 243]. 

Non-AUG Starts 

 Protein synthesis in eukaryotes begins almost exclusively with methionine (AUG), which 

is presented to the ribosome by Met-tRNAi. However, near cognate codons can also initiate 

translation due to recognition by Met-tRNAi [244]. These cognate codons include UUG, AUC, 

AUA, AUU, ACG, GUG, and CUG. Of the aforementioned codons, CUG represents the most 

efficient non-AUG start codon with efficiencies approaching 30%. The utilization of non-AUG 

starts in RNA viruses typically works in tandem with leaky scanning as a mechanism to translate 

multiple distinct protein isoforms or to also generate several different proteins from overlapping 

ORFs or from altering the reading frame by ribosomal frameshifting[245, 246]. 

Reinitiation  

 After translation is terminated at a stop codon, the 40S and 60S ribosome subunits 

typically disassociate and leave the message. However, following the translation of short ORFs 

of less than 30 codons, the 40S subunit may remain bound to the message and reinitiate 

translation at a downstream AUG[244, 245, 247]. Although even if the 40S subunit does remain 

bound following the translation of the short ORF, the 40S subunit is not immediately competent 

to initiate translation. Several translation factors are believed to be re-assembled and the 40S 

must scan for some distance prior to becoming translation-competent once again.  
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Cap-Independent Translation Due to Irregular 5’ Ends 

 The translation of select mRNAs does not require the 40S subunit scanning along the 5’ 

UTR. Instead, highly specialized structured regions with the 5’ UTR can directly recruit 

ribosomes to sites of translation initiation [218, 248]. These sites are called internal ribosomal 

entry sites (IRES). Furthermore, in the case of IRES mediated translation, the structure of the 

IRES itself precludes the requirement for a number of translation initiation factors. For example, 

the poliovirus IRES, which was the first one ever discovered in 1988, does not require the 

involvement of the cap binding protein eIF4E, but still required the involvement of all other 

translation initiation factors [219, 233, 236, 249]. Alternatively, the Cricket paralysis virus 

(CrPV) IRES requires no cellular translation factors in order to initiate translation. The CrPV 

IRES binds ribosomes in an elongation-competent state by mimicking select anticodons and 

initiating translation with an alanine-tRNA as opposed to Met-tRNA [250]. 

 In addition to complex 5’ UTR structures which mediate initiation, the presence of an 

uORF (upstream open reading frame) may inhibit the translation of a downstream protein coding 

sequence. The utilization of uORFs to generate small peptides which inhibit downstream protein 

synthesis is a conserved mechanism utilized by viruses which is likely stolen from various host 

stress response mechanisms. In support, nearly 50% of cellular mRNAs contain uORFs, which 

highlights the potential for complex regulation of protein synthesis in response to changes within 

the cellular microenvironment [251, 252]. 

 Host genes which contain IRESs in their 5’ UTR are mainly genes responsible for the 

stress response, which is logical considering that host cells still require translation to occur for a 

select set of genes even during time of cell stress and self-imposed shutoff [253]. However, 
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translation is the most energy intensive process our cells undertake so our cells have developed 

several mechanisms to tightly regulate protein synthesis to protect cells during times of cellular 

stress [254].  

 

Translation and Stress 

 Translation is the most energy intensive process our cells undertake so our cells have 

developed several mechanisms to positively, or negatively, regulate translation depending on the 

local environmental cues the cell receives [209, 235]. A considerable regulatory junction in the 

regulation of signaling events that mediate translation initiation converges on the tuberous 

sclerosis (TSC) complex, which negatively regulates mTORC1 activity. The TSC1/2 complex is 

a heterodimeric complex of the tuberous sclerosis 1 (TSC1) and tuberous sclerosis 2 (TSC2) 

proteins which function as a GTPase activating protein (GAP) for Rheb, which serves as 

mTORC1’s cofactor [229, 230]. Rheb-GTP stimulates mTORC1 activity, whereas Rheb-GDP 

inhibits the activity of mTORC1. Therefore, promoting TSC1/2 GAP activity ensures the 

accumulation of Rheb-GDP, thus inhibiting mTORC1 and its pro-translation downstream 

signaling events. Furthermore, decreased nutrient availability and cellular stress leads to the 

activation of AMPK which promotes TSC1/2 activity to inhibit mTORC1 activation [255]. 

Therefore, canonically mTORC1 and AMPK function to hinder each other through the sensing 

and integration of cellular cues of cellular wellbeing.  

 Another central regulator of translation during cellular stress is eukaryotic translation 

initiation factor 2, subunit a (eIF2a) [256]. eIF2a is a component of the trimeric eIF2 complex 

which along with GTP and tRNAMet form the major ternary complex that associates with the 43S 

PIC. During translation initiation, AUG codon recognition of tRNAMet leads to the hydrolysis of 
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GTP-associated eIF2 which allows the newly released phosphate to trigger eIF2-GDP release 

from the ribosome. Eukaryotic initiation factor 2B (eIF2B) then exchanges GDP to GTP on eIF2 

which allows for the formation of new ternary complexes and subsequent rounds of translation 

initiation [239]. However, phosphorylation of eIF2a dramatically increases the binding affinity 

of eIF2B to eIF2, thus preventing GTP exchange and ternary complex formation. The regulation 

of eIF2a phosphorylation has dramatic effects on protein synthesis as the eIF2B mediated GTP 

exchange is a major regulatory step in the translation initiation process. EIF2a is phosphorylated 

by four different kinases which are activated following specific cell stress events [257]. The 

heme-regulated inhibitor (HRI) kinase phosphorylates eIF2a in times of high abundancy of 

reactive oxygen species thus directly linking translation initiation to the metabolic capacity of the 

cell [258]. Furthermore, during amino acid deprivation, when uncharged tRNAs begin to 

accumulate, the general control nonderepressible 2 (GCN2) kinase phosphorylates eIF2a which 

rapidly links translation to amino acid availability [259]. The accumulation of unfolded proteins 

leads to ER-associated stress and the activation of PKR-like endoplasmic reticulum kinase 

(PERK). PERK phosphorylates eIF2a to hinder protein synthesis and allow for protein 

chaperones to “catch up” and fold the excess of misfolded proteins within the cell [256, 257]. 

Finally, and most importantly in the context of a viral infection is protein kinase R, or PKR. PKR 

detects dsRNA or viral replication intermediates and upon activation, PKR promotes the 

accumulation of phosphorylated eIF2a and subsequent inhibition of translation. PKR mediated 

inhibition of translation is often attributed as a potent innate immune defense mechanism to 

prevent pathogens from synthesizing peptides of their own [257, 260, 261]. These kinases play a 

central role in interrupting environmental stimuli and determining if translation should, or should 
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not, occur. HCMV has been well reported to modulate many of the signaling and stress response 

pathways listed above to regulate protein synthesis [262-264].    

 HCMV, along with several cancer models have been well established to usurp host stress 

responses to ensure the success of infection or tumor progression, respectively. One of the most 

intensively studied stress responses which is manipulated in cancer or HCMV is the regulation of 

proteotoxic stress, or the unfolded protein response [265, 266]. One central regulator of this 

stress pathway is the master transcription factor, heat shock factor 1 (HSF1), which is critical in 

the regulation of multiple forms of cellular stress, not just heat induced stress. HSF1 is a 

ubiquitous transcription factor in mammalian cells and exists in an inactive monomer bound to 

heat shock protein chaperones during times of cellular homeostasis [267-269]. However, after 

the cell encounters a stress, the heat shock protein (HSP) chaperone (most often HSP70 or 

HSP90) and HSF1 release from one another. The free HSP responded to facilitate protein 

folding, chaperoning, and degradation of errant proteins when appropriate [270]. Free HSF1 

however forms a homotrimeric complex and enters into the nucleus where it binds to specific 

elements of the genome called heat shock elements (HSE) which consists of three GAA inverted 

repeats (nnGAAnnTTCnnGAAnn) [271]. Once the HSF1 trimer is bound to the nucleus, it can 

facilitate the initiation or transcription by aiding in the recruitment of RNA polymerase II, p-

TEFb, and DSIF. This master transcription factor has been reported to regulate the gene 

expression of hundreds, or even thousands of different host genes [268, 272]. However, it 

remains largely unknown how exactly HSF1 is able to regulate the gene expression of such a 

wide array of host factors. The most widely accepted hypothesis relies upon the fact that HSF1 

can be post translationally modified (PTM) at over 30 different known sites [273]. These PTMs 

likely function to dictate the binding specificity of HSF1 to various HSEs on the genome 
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depending on the environmental cues acting on HSF1 [274, 275]. The activity of HSF1 does not 

end at the ability to regulate transcription however, indeed several cytoplasmic effects of HSF1 

have been reported in the literature. HSF1 has been observed to interact with p53 and modify its 

activity in several cancer models which modulates the cell cycle and promotes oncogenesis [269, 

276-278]. In fact, HSF1 regulation and cancer are so interconnected, a term of HSF1-dependent 

gene expression has recently been coined, the HSF1-CaSIG (Cancer SIGnature) [279]. HSF1 has 

also been reported to sequester proteins which are detrimental to various cellular processes. 

Indeed, HSF1 has been reported to sequester JNK during times of cellular stress to maintain 

protein translation through the maintenance of mTORC1 integrity [280, 281]. Taken together, 

HSF1 serves as a prime example of a host factor that is heavily manipulated during cellular stress 

and has the potential to concurrently regulate gene expression at both the transcriptional, and 

translational level.  

 

HCMV and Translation 

 Unlike many other viruses, HCMV makes no attempt to block protein synthesis within 

infected cells. In support, several HCMV lytic gene products are dedicated to driving protein 

synthesis despite the activation of host stress and antiviral response pathways [122, 264, 282-

284]. Furthermore, recent ribosomal foot printing analysis highlighted that at late time points of 

infection, HCMV mRNAs were able to outcompete host mRNAs for access to translational 

machinery and ribosomes, thus ensuring the preferential translation of viral peptides [82, 249]. 

Translation in HCMV-infected cells has largely been studied in the context of lytic infection, 

however recent reports from our lab have begun to describe mechanisms whereby HCMV 

promotes protein synthesis in quiescently infected monocytes, devoid of de novo synthesized 
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viral gene products. These recent findings highlight that much remains to be learned regarding 

HCMV’s manipulation of translation across all stages of the viral lifecycle.  

 HCMV infection leads to a multifaceted upregulation of translation through a multitude 

of different mechanisms. As described above, the assembly of several translation initiation 

complexes are required for the initiation of translation. Arguably the most important complex, 

eIF4F, is tightly regulated during a lytic HCMV infection. Work from the Walsh group of the 

Feinberg School of Medicine found that during HCMV infection the required translation 

initiation factors, eIF4E, 4G, and 4A increase globally within infected cells [284]. These 

initiation factors are necessary components of the eIF4F translation initiation complex and 

accordingly, Dr. Walsh’s group observed an abundance of completed eIF4F complexes in 

infected cells. Furthermore, there was a significant increase in the abundance of poly a binding 

protein (PABP) in these infected cells too. Taken together, with eIF4F able to bind and secure 

the mRNA cap and PABP able to bind the poly-A tail of the transcript, HCMV fosters an 

environment that protects the integrity of transcripts to ensure they are able to be translated. In 

support, Dr. Walsh’s group should that by inhibiting the assembly of the eIF4F complex or by 

inhibiting the eIF4A helicase, viral replication is severally abrogated suggesting that enhanced 

translation is paramount in the success of an infection. HCMV represents the first viral infection 

which has been shown to directly increase the abundance of total eIF4F accumulation via 

synthesis of excess translation factors. 

 In addition to signaling events which stimulate translation initiation and complex 

formation, HCMV also tightly regulates mTORC1 signaling events. The activation of mTORC1 

in lytically infected fibroblasts is largely mediated through the viral protein pUL38 [262, 285]. 

HCMV’s pUL38 serves to inhibit the AMPK mediated activation of the TSC1/2 complex, thus 
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rendering it ineffective in the suppression of mTORC1 activity. In support, during infection 

HCMV is refractive to AMPK activation which canonically should hinder the activity of 

mTORC1. Taken together pUL38 serves to uncouple mTROC1 activity from the negative 

regulation of cellular stress responses. HCMV takes this a step further by altering the subcellular 

localization and substrate specificity of mTORC1 in order to secure its role in the translation of 

viral transcripts. Furthermore, the viral protein pUL69 ensures that viral transcripts are 

preferentially trafficked out of the nucleus and into the cytoplasm within the dense milieu of 

viral and host mRNAs within the cytoplasm [286]. Taken together, HCMV employs a 

multifaceted approach by assembling an abundance of eIF4F complexes, constitutive mTORC1 

activity via pUL38, and preferential transcript presentation for translation by pUL69, the virus 

ensures that translation is able to progress unimpeded.  

 A separated tightly regulated aspect of translation in HCMV-infected cells is mediated 

through the control of the host antiviral/stress responses and inhibition eIF2a phosphorylation. 

Several groups have shown minimal levels of phosphorylated eIF2a in HCMV-infected cells, 

suggesting the virus has means to manipulate the posttranslational modifications of eIF2a [264, 

282, 283, 287]. Indeed, elegant work from Dr. Adam Geballe’s group has shown two viral 

proteins, pTRS1 and pIRS1 function to block the activity of PKR which is the main eIF2a kinase 

activated in the context of a viral infection. In support, the expression of either pTRS1 or pIRS1 

is necessary for viral replication as dual ΔpTRS1/ΔpIRS1 viral mutants were unable to replicate 

[287]. Herpesvirus mediated inhibition of PKR is not without precedent. EBV’s EBER RNAs 

bind to PKR and prevent it from recognizing its cognate dsRNA ligand, thus preventing 

activation [288]. Furthermore, HSV-1’s US11 prevents PKR activation and viral protein ICP34.5 

recruits the cellular phosphates PP1 to dephosphorylate eIF2a in infected cells [289]. 
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Interestingly, at late stages of HCMV infection eIF2a becomes heavily phosphorylated, yet host 

and viral transcripts are still efficiently translated [290]. At present, the observed accumulation 

of phosphatases PP1 and PP2A are believed to be the reason that translation occurs in the face of 

eIF2a phosphorylation. Regardless, the maintenance of heightened levels of transaction within 

infected cells despite the activation of host antiviral and stress pathways highlight HCMV’s 

capacity to modulate protein synthesis within infected cells.  

Alternate Modes of translation in HCMV infection. 

 Internal ribosome entry site (IRES) mediated translation is utilized by a significant 

number of viruses to maintain translation under stress conditions. A recent in-silico analysis 

suggested that HCMV may contain IRES elements in as many as 100 different 5’ UTR within 

the viral genome [264, 283, 291]. However, it remains unclear if these structured 5’ IRES 

elements could support non-canonical translation initiation events. However, one HCMV IRES 

element has been well studied is located within the UL138 ORF [292]. The UL138 coding ORF 

is situated at the most 3’ end of a 4 ORF encoding polycistronic mRNA. Thus, suggesting that 

cap-mediated translation of pUL138 would be extremely inefficient. The 5’ structured IRES 

element of pUL138 allows for ribosomal recruitment and increased translation in times of 

cellular stress. As mentioned above, pUL138 plays a central role in the establishment and 

maintenance of viral latency within the host. Considering the stressful environment of a recently 

infected cell [172], the utilization of IRES elements within pUL138’s UTR could represent a 

highly effective mechanism to establish latency.  

 Critically, all of the aforementioned studies involving HCMV’s regulation of translation 

have taken place in models of lytic infection. Therefore, HCMV’s capacity to modulate protein 

synthesis in the absence of lytic genes products has remained largely unstudied. However, there 
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are some strong suggestions that viral gene involvement may not be necessary to regulate protein 

synthesis during latent and quiescent stages of infection. In quiescently infected monocytes, our 

lab has extensively studied the aberrant signaling elicited by HCMV during viral binding and 

entry events. Notably, the activation of Akt in HCMV-infected monocytes led to the activation of 

mTORC1 [205, 206, 214]. This activation of mTORC1 is most likely due to Akt-mediated 

inhibition of the TSC1/2 complex through direct phosphorylation of TSC2. Furthermore, the 

expression of a select subset of potent prosurvival mediators are upregulated in HCMV-infected 

monocytes in a translationally dependent mechanism. Our lab has shown that Mcl-1 and HSP27 

does not increase in transcript abundance over growth factor stimulated monocytes as well as 

protein stability does not increase. However, HCMV-infected monocytes have a significantly 

greater expression of Mcl-1 and HSP27 in comparison to that of growth factor stimulated 

monocytes. Our studies revealed a greater abundance of Mcl-1 and HSP27 transcripts in HCMV-

infected monocytes were bound to polyribosomes, suggesting that HCMV promotes the selective 

ribosomal access for genes which support HCMV infection. Taken together these data begin to  

suggest a robust potential for the viral regulation of protein synthesis in quiescently infected 

monocytes, however more studies are required to determine precise mechanisms [205]. 
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Figure 4: The Aberrant activation of Akt in HCMV-infected monocytes and the unknown 
downstream signaling consequences. The unique activation of Akt, downstream of PiP2 leads to 
a distinct activation of Akt. This uniquely activated Akt, likely carries with it a distinct biological 
significance as the activation ratio of S473:T308 dictates downstream substrate specificity. Our 
data suggests that HCMV positively regulates protein synthesis in HCMV-infected monocytes as 
we observe an increase in gene expression of prosurvival factors. However, it remains unclear how 
HCMV drives translation despite the activation of host stress pathways which canonically hinder 
protein syntheses. Our current data suggests that HCMV aberrantly manipulates the Akt/mTORC1 
signaling axis to drive the gene expression of prosurvival factors necessary to extend the survival 
of HCMV-infected monocytes beyond their canonical lifespan.  
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Unanswered question  

 Custom tailoring of cellular microenvironments to ensure the success of infections is a 

common tactic utilized by a panoply of viruses. We have previously demonstrated that during 

HCMV binding and entry, Akt is uniquely activated in comparison to canonical activation driven 

by myeloid growth factors. When considering that the ratio of S473/T308 dictates downstream 

substrate specificity of Akt, it helps to explain the unique expression of Mcl-1 and HSP27 in 

HCMV-infected monocytes. However, a majority of the signaling cues downstream of Akt 

remain unclear.  These data suggest that HCMV may regulate translation through the 

manipulation of mTORC1 as mTOR is phosphorylated by HCMV and Mcl-1 and HSP27 

expression is driven via a translationally dependent mechanism.   

 Furthermore, previous data from the lab has shown the activation of AMPK to upregulate 

cellular autophagy to prevent necroptotic cell death. However, mTORC1 and AMPK should 

limit the activation of each other, yet we observe a robust actuation of both. In lytic models of 

infection this task is facilitated through pUL38, as discussed above. These data suggest that 

HCMV must usurp a cellular factor to facilitate an analogous role as pUL38 to uncouple 

canonical host cell stress events from the regulation of mTORC1 signaling. Overall, examining 

the precise mechanisms utilized to increase the protein expression of prosurvival mediators may 

provide novel insight into the specific targeting of HCMV-infected monocytes as a means to 

prevent systemic HCMV dissemination and disease.  
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Thesis outline 

 The studies in this thesis represent an extension of the works conducted in the lab by 

moving into understanding what the observed differential Akt activation means for downstream 

signaling events at a mechanistic level. Chapter 2 examines a broad panel of downstream Akt 

substrates with the aid of chip-based protein antibody microarray.  This phosphoprotein array-

based technology allows for the investigation of the unique signaling signature downstream of 

Akt in HCMV-infected monocytes in comparison to myeloid growth factor stimulation. Chapter 

3 investigates how HCMV promotes protein translation through the manipulation of the 

mTORC1 signaling axis. Furthermore, polyribosomal profiling and RNA-sequencing analysis 

allowed for the global interrogation of mRNAs which are preferentially translated within 

infected monocytes to promote the viability of infected monocytes. Chapter 4 investigates how 

HCMV uncouples the host stress and antiviral responses to facilitate sustained levels of protein 

syntheses. Thus, hereby describing a novel mechanism where a host transcription factor regulates 

translation by directly binding to mTORC1 in order to reshape the cellular translational profile. 

Finally, Chapter 5 discusses the significance of our findings, considers question which remain 

unanswered, and proposes future directions of study.    
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Abstract 

Primary peripheral blood monocytes are responsible for the hematogenous dissemination 

of human cytomegalovirus (HCMV) following a primary infection.  In order to facilitate viral 

spread, HCMV extends the naturally short 48-hour lifespan of monocytes by stimulating a non-

canonical activation of Akt during viral entry, which leads to the increased expression of a 

specific subset of antiapoptotic proteins.  In this study, global analysis of the Akt signaling 

network showed HCMV induced a more robust activation of the entire network when compared 

to normal myeloid growth factors.  Furthermore, we found a unique interplay between HCMV-

activated Akt and the stress response transcription heat shock factor 1 (HSF1) that allowed for 

the synthesis of both cap- and internal ribosome entry site (IRES)-containing antiapoptotic 

mRNAs such as myeloid cell leukemia-1 (Mcl-1) and X-linked inhibitor of apoptosis (XIAP), 

respectively.  As generally a switch from cap-dependent to IRES-mediated translation occurs 

during cellular stress, the ability of HCMV to concurrently drive both types of translation 

produces a distinct milieu of prosurvival proteins needed for the viability of infected monocytes.  

Indeed, we found inhibition of XIAP led to death of ~99% of HCMV-infected monocytes while 

having minimal effect on the viability of uninfected cells.  Taken together, these data indicate 

that the aberrant activation of the Akt network by HCMV induces the upregulation of a unique 

subset of antiapoptotic proteins specifically required for the survival of infected monocytes.  

Consequently, our study highlights the possibility of exploiting these virus-induced changes to 

prevent viral spread in immunocompromised patients at high-risk for HCMV exposure.  
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1. Introduction  

Human cytomegalovirus (HCMV) is a ubiquitous betaherpesvirus with a seroprevalence 

of 50-90% among adults in the United States [10].  In immunocompetent individuals, HCMV 

infection is generally asymptomatic, although HCMV can manifest as mononucleosis syndrome 

and is linked to chronic inflammatory diseases, including atherosclerosis and inflammatory 

bowel disease [13, 14].  In contrast, HCMV infection is a significant health burden for 

immunocompromised and immunonaive patients such as transplant recipients and congenitally 

infected neonates, respectively [293-295].  Symptomatic HCMV disease in patients with ablated 

immunity can affect almost every organ in the body leading to end-organ damage and significant 

morbidity and mortality [296, 297].  The widespread inflammatory-based organ disease 

associated with an active HCMV infection is a direct consequence of the systemic spread that 

occurs during either asymptotic and symptomatic infections; a process crucial for the 

establishment of viral persistence within the host.   

HCMV is predominantly cell-associated in the circulation with monocytes serving as the 

major cell type harboring quiescent (non-replicating) viral genomes during both asymptomatic 

and symptomatic infections, indicating blood monocytes function to deliver the virus into 

peripheral tissues [193-195, 298-300].  Although the non-replicative state of HCMV would 

appear counterintuitive to monocytes being disseminators of the virus, we have found that the 

viral entry process directly stimulates differentiation of monocytes into macrophages, which are 

permissive for viral replication, and thus allow for the seeding of the virus in organs [127, 128, 

202].  In support, monocyte-derived macrophages appear to be the first cells to express viral 

antigens in infected organs of transplant recipients exhibiting an acute HCMV infection [301, 
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302].  Additionally, a humanized mouse model of HCMV infection found the source of HCMV 

within peripheral organs to be from human macrophages derived from peripheral blood 

monocytes [303].  Yet, a conundrum to monocytes being responsible for viral dissemination is 

their limited 48-hour (h) lifespan following release from the bone marrow, when these cells are 

programmed to undergo apoptosis in the absence of a survival stimuli [304, 305].  Despite 

HCMV encoding a vast array of viral antiapoptotic proteins, the lack of expression during the 

first 48 hours of infection precludes a viral gene product as the driver of infected monocyte 

survival through the 48-h “viability gate” [306].  In order to overcome the intrinsic biological 

programming of monocytes to undergo apoptosis, HCMV stimulates a distinct prosurvival 

signalsome via the simultaneous engagement of epidermal growth factor receptor (EGFR) by 

viral glycoprotein gB and alpha v beta 3 (avb3) or b1 integrin receptor by gH during viral entry 

[111, 116, 117, 128].  Receptor co-signaling converges to mediate a unique activation of Akt 

whereby HCMV binding stimulates a chronic phosphorylation of Akt, while EGF (cognate 

EGFR ligand) induces a transient activation [111].   Moreover, HCMV stimulates a more robust 

activation of Akt when compared to normal myeloid growth factors and crosstalk between the 

gB/EGFR and gH/avb3 or b1 signaling axes is required for full HCMV-induced Akt signal 

strength [128, 307].  These data suggest a coordinated signaling by gB and gH stimulates a non-

traditional activation of Akt specifically required for the survival of HCMV-infected monocytes.   

Akt is regulated by an intricate network of enzymes and phospholipid messengers, which 

are rapidly modified by HCMV infection to stimulate a non-canonical Akt activation pathway 

[307].  Engagement of EGFR activates class 1A PI3Ks to recruit and phosphorylate Akt at the 

plasma membrane [111, 112].  Although PI3K p110δ is the major isoform found in uninfected 

immature or growth factor treated monocytes to mediate survival [307, 308], HCMV entry 
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induces a switch from p110δ to p110β as the central PI3K isoform regulating the survival of 

infected monocytes [307].  Concurrently, HCMV entry rapidly inhibits phosphatase and tensin 

homolog (PTEN), a negative PI3K regulator, to allow for maximum Akt activity [307].  Most 

surprising, in contrast to myeloid growth factors, HCMV upregulates the expression of a 

negative regulator SH-2 containing inositol 5’polyphosphatase 1 (SHIP1) [307].  However, 

rescue studies indicated SHIP1 functioned as a positive regulator of Akt during HCMV entry and 

was necessary for the HCMV-induced prosurvival state.  Leukemia cells are also known to 

exhibit this unusual phenotype where overexpression of SHIP1 is required to promote an Akt-

dependent cell survival [309-311]; however, our study was the first to show the positive effects 

of SHIP1 on Akt activity in a non-cancer cell type [307].  This non-canonical activation pathway 

required for the survival of infected monocytes indicates HCMV-activated Akt exerts unique 

biological functions when compared to Akt activated by myeloid growth factors. 

The aberrant activation of Akt by HCMV leads to the upregulation of a select subset of 

Akt-dependent antiapoptotic proteins, including myeloid cell leukemia-1 (Mcl-1) and heat shock 

protein 27 (HSP27), that are not or weakly upregulated by granulocyte-macrophage colony-

stimulating factor (GM-CSF) or macrophage colony-stimulating factor (M-CSF) despite also 

stimulating Akt activity [312].  The phosphorylation profile of Akt is known to direct substrate 

specificity [217], suggesting that HCMV-activated Akt has distinct target substrates when 

compared to myeloid growth factors.  Accordingly, HCMV infection leads to the 

phosphorylation of downstream Akt-dependent proteins not phosphorylated by either GM-CSF 

and M-CSF [312].  Regulators of protein translation appear to be the most differentially 

phosphorylated by HCMV- versus growth factor-activated Akt [312].  In particular, mammalian 

target of rapamycin (mTOR) is rapidly activated by HCMV infection [312-315], indicating that a 
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selective activation of the PI3K/Akt/mTOR pathway is required for the synthesis of a subset of 

prosurvival proteins critical to the survival of infected monocytes.  Indeed, while both HCMV 

infection or growth factor treatments increases the transcription of both Mcl-1 and HSP27, only 

HCMV infection stimulates the translation of these antiapoptotic proteins in a mTOR-dependent 

manner [312].  The full extent to which the Akt signaling network is aberrantly regulated is 

unclear but these data hint at the possibility of exploiting the unique changes as an antiviral 

strategy to eliminate HCMV-infected monocytes prior to dissemination and the initiation of viral 

replication. 

In this study, we take a global approach using an antibody array consisting of >100 

components of the Akt signaling network to define the distinct changes made to the Akt 

signalsome by HCMV infection.  In comparative analyses with normal myeloid growth factors, 

we found that HCMV triggered a more robust activation of the entire network, although HCMV 

did not stimulate the phosphorylation of certain downstream substrates while growth factors 

were able to induce a similar or higher phosphorylation of other targets.  Nonetheless, consistent 

with our previous findings, HCMV led to a significant increase in mTOR activation whereas 

GM-CSF and M-CSF had lesser effect [312].  The increased mTOR activity resulted in elevated 

S6 kinase (S) activity, a downstream regulator of translation.  However, loss S6K showed no 

effect on the HCMV-induced synthesis of Mcl-1 and HSP27.  Instead, the expression of Mcl-1 

was dependent on another downstream mTOR translation effector protein, eukaryotic initiation 

factor 4E-binding protein 1 (4E-BP1), while HSP27 expression was regulated by a stress 

response transcription factor, HSF1, which was downstream of Akt.  In addition to stimulating 

monocyte survival through the increased translation of select antiapoptotic proteins, our 

microarray analysis also identified a new direct Akt antiapoptotic target, X-linked inhibitor of 
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apoptosis (XIAP), that was activated by HCMV infection significantly beyond GM-CSF or M-

CSF treatment.  Importantly, we found inhibition of XIAP led to death of ~99% of HCMV-

infected monocytes while having minimal effect on the viability of uninfected cells.  Taken 

together, our data indicates that the non-canonical activation of the Akt network during HCMV 

infection induces the upregulation and/or activity of a select subset of antiapoptotic proteins 

specifically required for the survival of infected monocytes, thus raising the possibility of using 

these virus-induced changes as the basis of novel antiviral therapies to prevent viral spread. 
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Materials and Methods  

 
Human peripheral blood monocyte Isolation 

Isolation of human peripheral blood monocytes was performed as previously described [127, 

201, 306].  Briefly, blood was drawn 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 [202].  Cells were washed with saline, resuspended in RPMI 1640 (Lonza, 

Walkersville, MD) supplemented with 1% human AB serum (Lonza), and counted.  All 

experiments were performed in 1-2% human serum at 37°C in a 5% CO2 incubator, unless 

otherwise stated.  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 used: MK2206 2HCL (MK; an Akt 

inhibitor), LY2584702 (a S6K inhibitor), and embelin (a XIAP inhibitor) from Selleckchem 

(Houston, TX); KRIBB11 (a HSF1 inhibitor) and LY294002 (a pan-PI3K inhibitor) from 

Calbiochem (Billerica, MA); 4EGI-1 (an eIF4E inhibitor) from Tocris (Bristol, UK).  

 

 

Virus production and infection 
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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 

TB40E) in DMEM + 4% FBS.  Virus was purified from supernatant on a 20% sorbitol cushion 

to 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 

TB40E [111].  Mock infection was performed by adding an equivalent volume of RPMI 1640 

medium to monocytes, while GM-CSF or M-CSF treatment was performed by adding an 

equivalent volume of RPMI 1640 medium with recombinant human GM-CSF or M-CSF at 100 

ng/ml (R&D Systems, Minneapolis, MI).   

 

Protein Microarray Analysis 

Peripheral blood monocytes (7 × 106 / treatment) were mock or HCMV infected, or GM-CSF or 

M-CSF treated for 24 h.  Additionally, monocytes were pretreated with MK2206 inhibitor for 1 h 

prior to mock or HCMV infection.  Akt/PKB phospho-protein array was performed as described 

by the manufacturer (Full Moon Biosystems, Sunnyvale, CA).  Briefly, cells were lysed and 

protein biotin labelled in 10 µg/µl DMF (N,N-Dimethyformamide).  To prepare slides for 

microarray analyses, slides were first blocked for 1 h in blocking solution at room temperature 

(RT), rinsed with Milli-Q grade water for 5 m (minutes), and incubated with biotin-labeled cell 

lysates at 4°C overnight.  Following washing, conjugated labeled proteins were detected using 

cyanine 3 (Cy3)-streptavidin (Invitrogen, Grand Island, NY).  Processed arrays were then sent to 

Full Moon Biosystems for reading.  Protein expression levels for each donor were normalized to 
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S473-Akt in the HCMV-infected treatment group, which was set to 100%.  From a n=3, the 

mean, standard deviation, and subsequent 95% confidence intervals were calculated.  

 

Western Blot Analysis 

Monocytes were harvested in radioimmunoprecipitation assay buffer (RIPA) buffer (1 M Tris-

HCl [pH 7.5], 0.5 M EDTA, 5 M NaCl, 1% Triton X-100, 10% NaDodSO4 [SDS], and 10% 

glycerol) containing one times protease inhibitor mixture (Sigma-Aldrich), one times 

phosphatase inhibitor mixture II (Sigma-Aldrich), and one times phosphatase inhibitor mixture 

III (Sigma-Aldrich) for 15 m on ice.  The lysates were cleared by centrifugation at 4°C (5 m, 

16,000 × g) and stored at −20°C until analyzed.  Sample protein was solubilized in six times 

sample buffer (Sigma-Aldrich) by boiling for 10 m.  Equal amounts of total cellular protein from 

each sample were separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE), followed by immunoblotting.  Blots were blocked in 5% bovine serum albumin 

(BSA) (Fisher Scientific, Waltham, MA) for 1 h at RT and then incubated with primary 

antibodies overnight at 4°C.  Antibodies were purchased from the following companies: anti-

Mcl-1, anti-HSP27, anti-XIAP, and anti-caspase-3 antibodies from Santa Cruz Biotechnology 

(Santa Cruz, CA); anti-phospho (p)-P70S6K (T389), anti-4E-BP1, anti-p-4E-BP1 (T37/46), anti-

eIF4E, anti-p-eIF4E (S209), anti-HSF1, anti-mTOR, anti-p-mTOR (S2448) antibodies from Cell 

Signaling (Danvers, MA); anti-p-HSF1 (S326), anti-S6K1, anti-p-S6K (T421/S424), anti-p-

XIAP (S87), and anti-β-actin antibodies from Abcam (Cambridge, MA).  Blots were then 

incubated with diluted horseradish peroxidase (HRP)-conjugated secondary antibodies for 30 m 

at RT and developed using ECL Plus (Amersham Biosciences, Piscataway, NJ) according to the 

manufacturer’s protocol. 
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Flow Cytometry 

Monocytes were washed in phosphate-buffered saline (PBS) and incubated in blocking solution 

consisting of fluorescence-activated cells sorting buffer, 5% BSA, and human FcR binding 

inhibitor (eBioscience, San Diego, CA), followed by staining with an allophycocyanin (APC)–

anti-CD14 or APC–anti-mouse IgG1 isotype control antibody (BioLegend, San Diego, CA) on 

ice.  The cells were then washed and stained with propidium iodide (PI) and phycoerythrin-

annexin V (BD Pharmingen, Franklin Lakes, NJ) to detect dead and dying cells.  After staining, 

the cells were analyzed by flow cytometry using an LSRFortessa cell analyzer and BD 

FACSDiva software (BD Biosciences).  Our gating strategy on forward scatter (FSC)/side scatter 

(SSC) was set to include both cells in the early stages of apoptosis (decreased FSC and increased 

SSC compared to those for viable cells) and cells in the late stages of apoptosis (decreased FSC 

and decreased SSC compared to those of viable cells). 

 

Transient Transfection and RNA Silencing 

Monocytes (3 × 106 / transfection) were resuspended in 100 μl of RT nucleofection solution 

(Amaxa P3 primary cell solution; Amaxa Biosystems, Cologne, Germany) containing validated 1 

μM S6K-targeting siRNA  (Ambion-Thermo Fisher Scientific, Carlsbad, CA) or 1 μM control 

siRNA (Ambion-Thermo Fisher Scientific), and transfected with a 4D-Nucleofector system 

using program EI-100.  Following transfection, cells were incubated in RPMI 1640 (Cellgro) 

supplemented with 5% human AB serum in RPMI at 37°C (Lonza) for 24 h.  Monocytes were 

then mock or HCMV infected for 24 h and subjected to western blot analysis.  



 67 

Results  
Convergence of receptor signaling onto the Akt hub triggers a robust activation of the 

downstream network.   

In the absence of viral antiapoptotic proteins, HCMV’s triggering of EGFR and avb3 

signaling leads to an enhanced activation of Akt in order to support a virus-specific antiapoptotic 

microenvironment within infected monocytes [116, 117, 128, 202, 306, 312].  Unlike Akt 

activated by GM-CSF- and M-CSF treatment, HCMV-activated Akt stimulates the translation of 

Mcl-1 and HSP27 in a mTOR-dependent manner [312], suggesting a distinct regulation of the 

Akt signaling system is needed to promote the survival of infected monocytes.  Biologically, this 

difference highlights the possibility of selectively targeting HCMV-infected monocytes, while 

allowing uninfected monocytes to maintain normal immunosurveillance function and respond to 

myeloid growth factors.  To examine the extent to which HCMV infection aberrantly modifies 

the Akt network, a protein microarray was used to monitor the phosphorylation status of known 

components within the Akt signaling circuitry following 24 hpi, when Mcl-1 and HSP27 are 

maximally expressed [202, 306, 312].  In general, we found that HCMV induced a more robust 

activation of the Akt signaling network when compared normal myeloid growth factors, albeit 

certain elements were phosphorylated equally by all treatments, such as p53 T81, or upregulated 

exclusively by growth factors, such as 14-3-3- theta/tau (supplemental Fig. 1).  The increased 

phosphorylation of Akt substrates following infection was confirmed to be dependent on Akt as 

phosphorylation events were abrogated by MK2206 (an Akt inhibitor).  Consistent with our 

previous findings, HCMV increased the phosphorylation of Akt S473 and mTOR S2448 at 24 

hpi (Fig. 1) [312].  In addition, we found mTOR S2481 and mTOR T2446 phosphorylation to be 

more prominent in HCMV-infected monocytes compared to GM-CSF- or M-CSF-treated cells, 

which displayed negligible to nominal increases relative to mock-infected cells (Fig. 1).   
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Fig. 1.  HCMV infection stimulates a robust activation of the Akt signaling network.  Primary 
monocytes were mock infected, HCMV infected , GM-CSF treated, or M-CSF treated for 24 hours.  
Monocytes were also pretreated with MK (an AKT inhibitor) for one hour prior to a 24 h 
infection.  Cells were then lysed and subjected to protein microarray analysis from Fullmoon 
Biosystems.  Data are the mean from 3 independent blood donors. 
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The hyperphosphorylation of mTOR at S2448, S2481, and T2446 indicate an increase in 

mTOR-dependent protein translation within infected monocytes; however, HCMV-activated Akt 

also appears to regulate mTOR-independent translation events.   Inactivation of glycogen 

synthase kinase (GSK3) causes a dephosphorylation and subsequent activation of eukaryotic 

translation initiation factor 2B (eIF2B), which globally enhances translation initiation [316].  

HCMV stimulated an enhanced inhibitory phosphorylation of GSK-3b S9 and GSK-3ba S21 

(Supplemental Fig. 1), suggesting an overall requirement of infected monocytes to acquire a 

cellular environment geared towards accelerated protein translation.  Additionally, our Akt 

network analysis also suggests HCMV-activated Akt processes a distinct activity from Akt 

activated by normal myeloid growth factors aimed at driving the translation of specific cellular 

antiapoptotic proteins critical to the survival of infected monocytes; thus, potentially allowing for 

the selective targeting of infected monocytes.  

 

HCMV stimulates the translation of select antiapoptotic mRNAs via the mTOR-dependent 

activation of eIF4E.   

Based on the network analysis, HCMV-induced Akt appears to regulate protein 

translation through multiple mechanisms.  However, the upregulation of the select Akt-

dependent antiapoptotic proteins during HCMV infection requires mTOR [312].  S6K (also 

known as p70S6 kinase), is a direct target of mTOR that regulates protein synthesis by 

phosphorylation of S6 ribosomal protein.  Phosphorylation of T229 in the catalytic domain and 

T389 by mTOR are important for kinase function, although T389 appears to be the predominant 

site responsible of kinase activity [317-319].   Phosphorylation of S371 within the turn motif 
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allows for efficient T389 phosphorylation.  In addition, phosphorylation of S411, S418, S424, 

and T421  
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Fig. 2.  HCMV upregulates S6K activity via the PI3K/Akt/mTOR signaling pathway.  (A-
B) Peripheral blood monocytes were mock or HCMV infected, or treated with GM-CSF or M-
CSF for (A) 24 h or (B) 30 m.  (C-D) Monocytes were pretreated with LY294002 (a PI3K 
inhibitor), MK, or rapamycin (a mTOR inhibitor) for 1 h. Following treatment with inhibitors, 
cells were mock or HCMV infected for (C) 24 h or (D) 30 min.  (A-D) Levels of p-S6K (T389), 
and S6K were detected by immunoblotting from whole cell lysates.  Membranes were then 
reprobed for β-actin as a loading control.  Data are representative of 3-6 independent blood 
donors. 
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residing in the autoinhibitory domain relieves suppression of S6K [320].  HCMV induced a more 

robust phosphorylation of all regulatory sites on S6K when compared to M-CSF (Fig. 1).  GM-

CSF induced a S6K phosphorylation pattern similar to HCMV with the exception of S371 and 

T421, which were not phosphorylated by GM-CSF treatment.  These data suggest HCMV to be 

the most potent activator of S6K despite similar T389 phosphorylation induced by HCMV and 

GM-CSF.  Indeed, S6 ribosomal protein phosphorylation was highest in HCMV-infected 

monocytes when compared to growth factors (Fig. 1).   Western blot confirmed S6K was 

efficiently phosphorylated at T389 in both HCMV-infected and GM-CSF-treated monocytes at 

24 hours (Fig. 2A), although M-CSF rapidly induced phosphorylation comparable to HCMV and 

GM-CSF at 15 min post treatment (Fig. 2B).  The maintaining of elevated levels of activated 

S6K in HCMV-infected and GM-CSF-treated monocytes may in part be due to the increased 

total protein levels (Fig. 2A).  As expected, inhibition of the PI3K/Akt/mTOR signaling cascade 

with small-molecule antagonist abrogated the activation S6K following HCMV infection (Fig. 

2C and D).  Next, monocytes were treated with LY2584702 (a S6K inhibitor) prior to infection 

to address the possible involvement of S6K on the upregulation of Mcl-1 and HSP27.  Despite 

the dependency of HCMV-induced Mcl-1 and HSP27 on mTOR-mediated translation, the loss of 

S6K activity had no effect on protein expression (Fig. 3A).  However, LY2584702 pretreatment 

selectively blocked phosphorylation of S6K at T421/424 without effecting the major kinase 

regulatory site T389 (Fig. 3B).  To circumvent the incomplete inhibition of S6K by LY2584702, 

siRNAs were used to lower total protein levels (Fig. 3C).  Consistent with LY2584702 treatment, 

a reduction in S6K expression did not block the upregulation of Mcl-1 and HSP27 following 
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infection (Fig. 3D), indicating S6K is not involved in the regulation of critical Akt-dependent 

antiapoptotic proteins needed for the survival of HCMV-infected monocytes. 
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Fig. 3. Activation of S6K is not responsible for the increased expression of Mcl-1 and HSP27 
following HCMV infection.  (A-B) Monocytes were pretreated with LY2584702 (a S6K 
inhibitor) for 1 h, then mock or HCMV infected for 24 h.  (A) Mcl-1 and HSP27 or (B) pS6K 
(T389) and pS6K (T421/S424) were detected by immunoblotting.  (C-D) Monocytes were 
transfected with a scrambled control siRNA or S6K siRNA and incubated for 24 h.  Following 
incubation, cells were mock infected or HCMV infected for an additional 24 h.  (C) S6K or (D) 
Mcl-1, HSP27 and XIAP expression were determined by immunoblotting.  (A-D) Membranes 
were reprobed for β-actin as a loading control.  Data are representative of 3-6 independent blood 
donors. 
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 4E-BP1 is a second well-characterized mTOR target that acts as an inhibitor of 

translation initiation by binding and inactivating eukaryotic translation initiation factor 4E 

(eIF4E) [321, 322].  mTOR phosphorylation of 4E-BP1 promotes the dissociation of the 

eIF4E/4E-BP1 complex, consequently mitigating the inhibitory effects of 4E-BP1 on eIF4E-

dependent translation [323].  HCMV and growth factors rapidly stimulated 4E-BP1 

phosphorylation with 15 minutes post treatment (Fig. 4A).  However, HCMV infection sustained 

higher levels of p-4E-BP1 relative to GM-CSF and M-CSF treatment at 24 hpi, which led to the 

activation of eIF4E (Fig. 4C).  PI3K/Akt/mTOR signaling was required for the inhibition of 4E-

BP1, as blockade of the pathway prevented 4E-BP1 phosphorylation (Fig. D and E).  To assess 

the role of eIF4E on the acquisition of the antiapoptotic state, monocytes were treated with 

4EGI-1 (an eIF4E inhibitor) prior to infection.  We found the loss of eIF4E abrogated Mcl-1 

expression while having minimal effect on HSP27 expression in HCMV-infected monocytes 

(Fig. 4C), indicating eIF4E is required for the production of specific HCMV-induced Akt-

dependent antiapoptotic proteins.  Moreover, these results suggest a branching of Akt signaling 

is responsible for the upregulation of different survival proteins within HCMV-infected 

monocytes.   

HCMV activates the stress-responsive transcription factor HSF1 in a Akt-dependent manner to 

increase the expression of prosurvival proteins.   

HCMV induces host stress responses during infection due to nutrient and energy 

depletion [263, 324, 325].  Heat shock factor 1 (HSF1), a heat (stress)-activated transcription 

factor, is a critical player in the stress response required for the expression of heat shock proteins 

(HSPs) [326, 327].   We found HCMV and GM-CSF phosphorylated HSF1 within 15 minutes 
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post treatment while M-CSF had no effect on activity (Fig. 5A).  Total HSF1 levels were 

exclusively  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. HCMV stimulates a sustained inactivation of 4E-BP1 in a PI3K/Akt/mTOR 
dependent manner.  (A-B) Peripheral blood monocytes were mock or HCMV infected, or treated 
with GM-CSF or M-CSF for (A) 30 m or (B) 24 h.  (C) Monocytes were pretreated with 4EGI-1 
(an eIF4E inhibitor) for 1 h, then mock or HCMV infected for 24 h.  Levels of Mcl-1, HSP27, and 
XIAP expression were determined by immunoblotting.  (D-E) Monocytes were pretreated with 
LY294002, MK, or rapamycin for 1 h.  Following pretreatment, cells were mock or HCMV 
infected for (D) 30 m or (E) 24 h.  4E-BP1 and p-4E-BP1 expression were determined by 
immunoblotting.  Electrophoresis of 4E-BP1 separates into three different forms [328].  The g band 
corresponds to the most highly phosphorylated form of 4E-BP1, whereas the b and a bands 
represent the intermediate and least phosphorylated form, respectively.  (A-E) Membranes were 
reprobed for β-actin as a loading control.  Data are representative of 4-6 independent blood donors. 
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increased within HCMV-infected monocytes leading to the sustained elevated levels of activated 

protein through 24 hpi (Fig. 5B), suggesting that maintaining activated HSF1 is crucial to the 

long-term survival of infected monocytes.  Consistent with other studies, inhibition of the 

PI3K/Akt/mTOR cascade prevented both the rapid phosphorylation and upregulation of protein 

levels following HCMV infection (Fig. 5C and D).  However, inhibition of mTOR had a 

significantly reduced effect on the rapid activation of HSF1 relative to PI3K and Akt inhibition 

(Fig. 5C).  Since mTOR, PI3K and Akt are all essential to S6K and 4E-BP1 phosphorylation, 

these data indicate a diverging pathway from Akt is responsible for regulating HSF1.  Moreover, 

the loss of HSF1 activity also blocked HCMV-induced mTOR activation, suggesting the 

presence of a positive feedback loop between HSF1 and mTOR signaling (Fig. 5E).  Although 

we cannot exclude the possibility that decreased mTOR activation is due to the off-target effects 

of KRIBB1, our data is consistent with other studies showing increased HSF1 can sustain mTOR 

activity [329].  Regardless, the initial triggering of the Akt-to-HSF1 pathway was responsible for 

the modulation of HSP27 following HCMV infection as HSF1 activation was essential for the 

increase of HSP27 protein (Fig. 5F).  In addition, we found inhibition of HSF1 abrogated the 

ability of HCMV to upregulate Mcl-1 (Fig. 5F), demonstrating that, although Mcl-1 transcription 

is not directly modulated by HSF1, the positive feedback loop existing between HSF1 and the 

PI3K/Akt/mTOR pathway allows for the HSF1 regulation of Mcl-1 expression.  Overall, these 

data provide evidence that HCMV infection drives a chronic stress response mediated by the 

interplay between the mTOR and HSF1, which is necessary for long-term survival of infected 

monocytes.  
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Fig. 5.  A HSF1 positive feedback loop amplifies PI3K/Akt/mTOR signaling within HCMV-
infected monocytes.  (A-B) Monocytes were mock or HCMV infected, or treated with GM-CSF 
or M-CSF for (A) 30 m or (B) 24 h.  (C-D) Monocytes were pretreated with LY294002, MK, or 
rapamycin for 1 h, after which cells were either mock or HCMV infected for (C) 30 m or (D) 24 
h.  (A-D) HSF1 and p-HSF1 expression were determined by immunoblotting.  (E-F) Prior to 24 h 
mock or HCMV infection, monocytes were pretreated with KRIBB11 (a HSF1 inhibitor) for 1 h.  
(E) mTOR and p-mTOR or (F) HSF1, p-HSF1, Mcl-1, HSP-27, and XIAP expression were 
assessed by immunoblot.  (A-F) Membranes were then reprobed for β-actin as a loading 
control.  Data are representative of 3-5 independent blood donors. 
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XIAP is critical to the survival of HCMV-infected monocytes. 

Our previous studies demonstrated the aberrant activation of Akt led to the increased 

synthesis of select antiapoptotic proteins such as Mcl-1 and HSP27 in order to stimulate a 

prosurvival state within infected monocytes [202, 306, 312].  Global analysis of the Akt 

signaling pathway now indicates an additional mechanism whereby HCMV-activated Akt can 

directly activate specific prosurvival effectors.  X-linked inhibitor of apoptosis (XIAP) was 

identified as a direct downstream Akt target differentially regulated during HCMV infection and 

growth factor treatment (Fig. 1).  XIAP inhibits caspase 3 through direct binding and blocking 

the proteolytic cleavage required for activation [330].  As inhibition of caspase 3 is critical for 

HCMV-infected monocytes to successfully navigate the 48-h viability checkpoint [202, 306], we 

sought to determine the role of XIAP in promoting the antiapoptotic state of infected monocytes.  

Despite total protein being upregulated by HCMV and normal myeloid growth factors, XIAP 

was exclusively activated by HCMV (Fig. 6A).  Multiple HCMV strains induced a similar 

increase in expression and activation of XIAP demonstrating a critical function of this caspase 

inhibitor to the survival of infected monocytes across multiple strains (Fig. 6B).  The induction 

of XIAP was dependent on PI3K/Akt/mTOR signaling, since pathway inhibition completely 

abrogated the ability of HCMV to upregulate XIAP (Fig. 6C and D).  However, loss of XIAP 

activity with the use of a small-molecule inhibitor (embelin) led to the proteolytic cleavage of 

procaspase 3 and the accumulation of active caspase within infected monocytes (Fig. 7A and B).  

To determine the contribution of XIAP to the survival of HCMV-infected monocytes, cells were 

treated with embelin at 24 hpi, a time when maximum resistance to apoptosis is reached, and 
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viability examined.  HCMV infection induced the survival of monocytes from 56.7% to 80.5% 

and the inhibition of XIAP led to death of ~99% of viable infected monocytes (Fig. 7C).   

 

 

 

 

 

 

 

 

 

 

 



 81 

 
Fig. 6.  HCMV induces XIAP activity in a PI3K/Akt/mTOR dependent manner.  (A) 
Monocytes were mock or HCMV infected, or treated with GM-CSF or M-CSF for 24 h.  (B) 
Monocytes were infected with HCMV strain TB40E or Towne/E for 24 h.  (C-D) Monocytes 
were pretreated with LY, MK, or rapamycin for 1 h.  Cells were then mock or HCMV infected 
for 24 h.  (A-D) Levels of p-XIAP and XIAP were determined by immunoblotting.  Membranes 
were then reprobed for β-actin as a loading control.  Data are representative of 3-6 independent 
blood donors. 
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In contrast, XIAP inhibition had a significantly less effect on the viability of “live” uninfected 

monocytes decreasing viability from 56.4% to 35.6%, suggesting a specific requirement of 

HCMV-infected monocytes for the increased activity of XIAP.  Taken together, these data 

indicate the aberrant activation of the Akt network by HCMV selectively stimulates the 

increased activity of select antiapoptotic proteins required for the survival and differentiation of 

newly infected monocytes, a crucial step in the viral dissemination strategy. 
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Fig. 7.  HCMV utilizes XIAP to prevent apoptosis in newly infected monocytes by blocking 
the activation of caspase 3.  (A-B) Monocytes were mock or HCMV infected for 24 h, after which 
infected cells were treated with embelin (a XIAP inhibitor) for an additional 24 h.  (A) p-XIAP 
and (B) caspase 3 cleavage was assessed by immunoblotting.  Membranes were then reprobed for 
β-actin as a loading control.  (C) Viability was measured by flow cytometry using propidium 
iodide (PI) and Annexin V staining.  Gates represent live cells (PI and Annexin V negative), 
apoptotic cells (PI low and Annexin V high), and late apoptotic or dead cells (PI and Annexin V 
positive).  (A to D) Results are representative of 3-8 independent experiments using monocytes 
from different donors. 
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Fig. 8.  Proposed model for HCMV regulation of Akt-dependent survival proteins during 
infection of monocytes.  Canonical Akt signaling initiated by normal myeloid growth factors 
induces PI3K activation through a receptor tyrosine kinase receptor.  Similarly, HCMV initiation 
of Akt is triggered by gB binding to EGFR and the subsequent activation of PI3K.  To ensure 
maximum Akt activity, HCMV and growth factors induce an early phosphorylation-dependent 
inactivation of the negative regulator PTEN by an unknown mechanism.  However, unlike myeloid 
growth factors, HCMV concurrently stimulates a rapid upregulation of SHIP1 activity leading to 
the non-canonical activation of Akt.  This non-traditional activation of Akt by HCMV allows for 
the increased translation of cap-dependent prosurvival mRNAs while also activating the stress 
response transcription factor HSF1.  In addition to mediating an increase in stress response survival 
factors, HSF1 positively regulates mTOR activity resulting in the continued expression of cap-
dependent antiapoptotic proteins along with stressed-induced IRES-dependent survival factors.  
The interplay between Akt and the stress response during HCMV infection leads to the 
upregulation of a unique subset of Akt-dependent antiapoptotic proteins required for the survival 
of infected monocytes past the critical 48-h cell-fate checkpoint. 
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Discussion  
  

 The prevention and treatment of HCMV-associated diseases has been hampered by the 

unusual viral dissemination strategy employed by HCMV.  In circumventing the short lifespan of 

monocytes without the use of de novo synthesized viral gene products [127, 128, 202, 306, 331, 

332], HCMV is able to utilize monocytes as “Trojan horses” to penetrate into peripheral tissue 

while being sheltered from the effects of replication inhibitors.  Consequently, prophylactic 

treatment has simply delayed the kinetics of HCMV-disease in high risk transplant patients as 

viral replication is initiated upon termination of the antiviral therapy [333, 334].  Thus, 

identifying new targets aimed at eliminating persistently infected myeloid cells is critical for the 

long-term resolution of disease.  We have previously shown that HCMV binding stimulates a 

distinct signalsome through the simultaneous activation of cellular receptors EGFR and avb3 or 

b1 [111, 116, 117, 128].  The convergence of receptor signaling onto Akt leads to a different 

phosphorylation signature when compared to Akt activated by myeloid growth factors and 

subsequently the upregulation of a subset of Akt-dependent antiapoptotic proteins [307, 312].  

We now demonstrate in this study that HCMV infection induces a unique interplay between the 

Akt signaling network and the stress response, which mediates the activation and upregulation of 

select survival proteins within HCMV-infected monocytes. 

 The canonical activation of Akt by normal growth factor receptor signaling requires a 

PI3K mediated conformational change to unmask T308 and S473, which are phosphorylated by 

phosphoinositide kinase-1 (PDK1) and mTOR complex 2 (mTORC2), respectively.  However, 

simultaneous to PI3K activation, HCMV entry into monocytes modifies the activities of two 

major Akt negative regulators, PTEN and SHIP1 [307].  PTEN, which directly reverses PI3K 

activity, is rapidly shutdown by HCMV [307].  SHIP1, which antagonizes Akt activation under 
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homeostatic conditions [335], is rapidly upregulated and converted into a positive regulator of 

Akt further contributing to the HCMV-induced prosurvival state [307].  The activation of Akt via 

SHIP1 results in a more robust phosphorylation of Akt at S473 [309-311], suggesting the 

initiation of the non-canonical Akt activation pathway may contribute to the 

hyperphosphorylation of Akt following HCMV infection that allows for distinct functional 

outcomes when compared to Akt activated by normal myeloid growth factors.  Indeed, our 

global analysis indicated the totality of converging signaling pathways onto Akt during viral 

entry stimulates a more robust activation of the entire signaling network compared to growth 

factors.  The enhanced activity of the Akt network appears to be aimed at driving protein 

translation through the increased activity of mTOR and decreased activity of GSK3s, which is 

consistent with our previous studies demonstrating HCMV-activated Akt drives the synthesis of 

select antiapoptotic proteins [202, 306, 312].   

HCMV stimulates the synthesis of Mcl-1 and HSP27 in an mTOR-dependent manner 

[312].  mTOR controls translation via the regulation of translation factors S6K and eIF4E [321].  

S6K targets a number of proteins that control protein translation including eIF4B [336], 

programmed cell death protein-4 (PDCD4) [337], eukaryotic translation initiation factor 2K 

(eIF2K) [338], and S6 ribosomal protein [339].  The activation of S6K has been shown to induce 

the translation of survival factors such as XIAP and antiapoptotic B-cell lymphoma (Bcl-2) 

family members [340, 341].  However, S6K was not involved in the upregulation of select 

antiapoptotic proteins required for the survival of infected monocytes despite being rapidly 

activated following HCMV infection.  Although these studies demonstrate S6K as being 

dispensable for virus-induced upregulation of Mcl-1, HSP27, and XIAP, further work is needed 

to determine if S6K regulates the expression of other survival proteins required of the survival of 
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infected monocytes.  Alternatively, S6K1 also directly phosphorylates apoptosis regulators such 

as Mdm2 and BAD, which may allow for direct regulation on the activities of apoptotic 

regulators rather than through the increased expression.  

In addition to S6K, mTOR signaling activates eIF4E to promote translation by 

phosphorylating and inactivating 4E-BP1, an inhibitor of translation initiation [323].  EIF4E 

activation typically does not have global effects on translation rates, but has been found to 

selectively favor cap-dependent translation over internal ribosome entry site (IRES)-mediated 

translation [342, 343].  HCMV and growth factors rapidly phosphorylated 4E-BP1, although 

HCMV maintained the highest level of inactivation through 24 hours followed sequentially by 

GM-CSF and M-CSF.  The amount of inactivated 4E-BP1 correlated with Mcl-1 expression 

levels induced by HCMV and myeloid growth factors [312], suggesting a central role for eIF4E 

in regulating Mcl-1.  Indeed, Mcl-1 expression in HCMV-infected monocytes was dependent on 

eIF4E, which was consistent with other studies demonstrating eIF4E cap-dependent regulation of 

Mcl-1 expression via the PI3K/Akt/eIF4E pathway [344].  Interestingly, during times of cellular 

stress 4E-BP1 typically undergoes dephosphorylation leading from a switch from cap-dependent 

translation to cap-independent mechanisms such as IRES-mediated translation [321].  Yet, cap-

dependent translation is maintained in monocytes during the HCMV-induced stress response, 

which is consistent with infected fibroblasts [324].   We also now demonstrate that HCMV 

concurrently initiates translation of IRES-containing XIAP and HSP27 mRNAs, indicating 

HCMV modulates the stress response in a highly specific manner to allow for the upregulation of 

an unusual mixture of antiapoptotic factors critical for survival of infected monocytes.  The 

ability of HCMV to concurrently drive cap- and IRES-dependent translation highlights a 

fundamental biological difference between HCMV- and growth factor-mediated monocyte 
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survival, whereby targeting cellular factors only induced during HCMV infection may allow for 

the selective in vivo elimination of infected monocytes. 

Normal cellular stress responses alter the intracellular environment to promote cell 

survival through stresses such as nutrient depletion, energy depletion, and hypoxia.  The 

shutdown of PI3K/Akt/mTOR signaling is a common consequence of stress responses that 

reduces translation, and thus energy consumption, which allows the cell to recover from a stress 

insult [345-348].   However, the continuation of translation is essential for the monocyte-to-

macrophage differentiation process to occur and ultimately HCMV replication.  To date, the 

mechanism by which HCMV sustains mTOR driven cap-dependent translation is unclear.  Akt 

activation is necessary but not sufficient alone for cap-dependent translation to occur as stress 

responses often interrupt the Akt-to-mTOR pathway at several points downstream of Akt.  Our 

data here suggests that HSF1 may play an integral role in ensuring continued mTOR signaling 

during times of stress.  Although mTOR can directly phosphorylate HSF1 [349], HSF1 has also 

been shown to be upregulated in hepatocarcinoma cells where it sustains the activity of mTOR 

[329].  Loss of mTOR completely ablated HCMV-induced 4E-BP1 and S6K phosphorylation 

while having marginal effects on HSF1 activity, indicating minimal involvement of mTOR in 

regulating the activity of HSF1.  In contrast, inhibition of HSF1 completely abrogated HCMV-

induced mTOR phosphorylation, suggesting the presence of a feedback loop between HSF1 and 

the PI3K/Akt/mTOR cascade.  Signal analysis following HCMV infection revealed bifurcation 

of signal at Akt towards either mTOR or HSF1.  The distinct signaling branch from HCMV-

activated Akt towards stress response factors that are able to positively feedback onto the 

PI3K/Akt/mTOR pathway provides a mechanism by which HCMV, but not normal myeloid 

growth factors, is able to activate mTOR.  The positive feedback loop also allows for HCMV to 
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regulate cap-dependent survival factors that are not normally associated with the stress response.  

Whether the relationship between the PI3K/Akt/mTOR pathway and HSF1 occurs during 

infection of other cell types remains to be determined.  Moreover, the molecular mechanism 

whereby HSF1, a transcription factor, can rapidly modulate the phosphorylation levels of 

signaling components within the PI3K/Akt/mTOR pathway is unclear.  Regardless, although 

generally a switch from cap-dependent to IRES-mediated translation occurs during cellular 

stress, HCMV appears to simultaneously drive the translation of both cap- and IRES-dependent 

survival proteins within infected monocytes via the unique interaction between Akt and stress 

response elements. 

The requirement for different survival factors likely reflects a complex interplay between 

pro- and anti-death components, where the cell seeks to maintain antiapoptotic signaling until a 

proapoptotic threshold is exceeded and cells become committed to executing the apoptotic 

program.  Both HCMV and growth factors must subvert the proapoptotic programming of 

monocytes [304, 305]; however, HCMV must concurrently abrogate the surge in the intracellular 

proapoptotic protein expression that occurs during the antiviral response [331, 332].  Here, we 

demonstrate that HCMV increases the proapoptotic threshold of infected monocytes by 

stimulating the synthesis of a unique milieu of cap- and IRES-dependent intracellular 

antiapoptotic proteins, which is in contrast to the predominantly cap-dependent translation that 

occurs in monocytes induced to survive via growth factor stimulation.  Current therapies against 

HCMV block specific steps along the virus replication cycle, rendering these antiviral drugs 

ineffective at preventing viral spread in transplant patients at high risk for HCMV exposure and 

often simply shift the disease to late onset due to the absence of initial HCMV replication in 

monocytes and the long-lifespan of infected macrophages [333, 334].  Thus, deciphering the 
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distinct mechanisms by which HCMV induces monocyte-to-macrophage survival when 

compared to normal myeloid growth factors is critical to identifying novel cellular antiviral 

targets that directly eliminate HCMV-infected monocytes with minimal effect on uninfected 

cells.  Indeed, the selective cytotoxicity of the XIAP inhibitor embelin against HCMV-infected 

monocytes may allow for the targeting of HCMV-infected while permitting uninfected 

monocytes to maintain their immune surveillance function. 

  



 91 

Conflicts of interest 

All authors declare that they have no conflicts of interest with the contents of this article. 

  



 92 

Acknowledgments 

This work was supported by grants from the Sinsheimer Scholar Award to G.C. Chan, 

American Heart Association to G.C. Chan, National Institute of Allergy and Infectious Disease 

(R56AI110803) to G.C. Chan, National Institute of Allergy and Infectious Disease 

(R56AI125693) to G.C. Chan, and National Heart, Lung, and Blood Institute (R01HL139824). 

 

  



 93 

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

1988-1994. Clin Infect Dis, 2006. 43(9): p. 1143-51. 
2. Lawlor, G. and A.C. Moss, Cytomegalovirus in inflammatory bowel disease: pathogen or 

innocent bystander? Inflamm Bowel Dis, 2010. 16(9): p. 1620-7. 
3. Nerheim, P.L., et al., Enhanced cytomegalovirus infection in atherosclerotic human 

blood vessels. Am J Pathol, 2004. 164(2): p. 589-600. 
4. Ho, M., Virus infections after transplantation in man. Brief review. Arch Virol, 1977. 

55(1-2): p. 1-24. 
5. Masur, H., et al., Advances in the management of AIDS-related cytomegalovirus retinitis. 

Ann Intern Med, 1996. 125(2): p. 126-36. 
6. Stagno, S., et al., Congenital cytomegalovirus infection: The relative importance of 

primary and recurrent maternal infection. N Engl J Med, 1982. 306(16): p. 945-9. 
7. Emery, V.C., Investigation of CMV disease in immunocompromised patients. J Clin 

Pathol, 2001. 54(2): p. 84-8. 
8. Ljungman, P., et al., Treatment of interstitial pneumonitis due to cytomegalovirus with 

ganciclovir and intravenous immune globulin: experience of European Bone Marrow 
Transplant Group. Clin Infect Dis, 1992. 14(4): p. 831-5. 

9. Sinclair, J. and P. Sissons, Latent and persistent infections of monocytes and 
macrophages. Intervirology, 1996. 39(5-6): p. 293-301. 

10. Sinzger, C. and G. Jahn, Human cytomegalovirus cell tropism and pathogenesis. 
Intervirology, 1996. 39(5-6): p. 302-19. 

11. Soderberg-Naucler, C., K.N. Fish, and J.A. Nelson, Reactivation of latent human 
cytomegalovirus by allogeneic stimulation of blood cells from healthy donors. Cell, 1997. 
91(1): p. 119-26. 

12. Manez, R., et al., Time to detection of cytomegalovirus (CMV) DNA in blood leukocytes 
is a predictor for the development of CMV disease in CMV-seronegative recipients of 
allografts from CMV-seropositive donors following liver transplantation. J Infect Dis, 
1996. 173(5): p. 1072-6. 

13. Taylor-Wiedeman, J., et al., Monocytes are a major site of persistence of human 
cytomegalovirus in peripheral blood mononuclear cells. J Gen Virol, 1991. 72 ( Pt 9): p. 
2059-64. 

14. Taylor-Wiedeman, J., P. Sissons, and J. Sinclair, Induction of endogenous human 
cytomegalovirus gene expression after differentiation of monocytes from healthy carriers. 
J Virol, 1994. 68(3): p. 1597-604. 

15. Chan, G., et al., Human cytomegalovirus induction of a unique signalsome during viral 
entry into monocytes mediates distinct functional changes: a strategy for viral 
dissemination. J Leukoc Biol, 2012. 92(4): p. 743-52. 

16. Chan, G., M.T. Nogalski, and A.D. Yurochko, Human cytomegalovirus stimulates 
monocyte-to-macrophage differentiation via the temporal regulation of caspase 3. J 
Virol, 2012. 86(19): p. 10714-23. 

17. Smith, M.S., et al., Human cytomegalovirus induces monocyte differentiation and 
migration as a strategy for dissemination and persistence. J Virol, 2004. 78(9): p. 4444-
53. 

18. Gnann, J.W., Jr., et al., Inflammatory cells in transplanted kidneys are infected by human 
cytomegalovirus. Am J Pathol, 1988. 132(2): p. 239-48. 



 94 

19. Sinzger, C., et al., Tissue macrophages are infected by human cytomegalovirus in vivo. J 
Infect Dis, 1996. 173(1): p. 240-5. 

20. Smith, M.S., et al., Granulocyte-colony stimulating factor reactivates human 
cytomegalovirus in a latently infected humanized mouse model. Cell Host Microbe, 2010. 
8(3): p. 284-91. 

21. Gonzalez-Mejia, M.E. and A.I. Doseff, Regulation of monocytes and macrophages cell 
fate. Front Biosci (Landmark Ed), 2009. 14: p. 2413-31. 

22. Whitelaw, D.M., Observations on human monocyte kinetics after pulse labeling. Cell 
Tissue Kinet, 1972. 5(4): p. 311-7. 

23. Chan, G., et al., PI(3)K-dependent upregulation of Mcl-1 by human cytomegalovirus is 
mediated by epidermal growth factor receptor and inhibits apoptosis in short-lived 
monocytes. J Immunol, 2010. 184(6): p. 3213-22. 

24. Chan, G., M.T. Nogalski, and 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, 2009. 106(52): p. 22369-74. 

25. Nogalski, M.T., et al., Human cytomegalovirus-regulated paxillin in monocytes links 
cellular pathogenic motility to the process of viral entry. J Virol, 2011. 85(3): p. 1360-9. 

26. Nogalski, M.T., et al., The HCMV gH/gL/UL128-131 complex triggers the specific 
cellular activation required for efficient viral internalization into target monocytes. PLoS 
Pathog, 2013. 9(7): p. e1003463. 

27. Cojohari, O., M.A. Peppenelli, and G.C. Chan, Human cytomegalovirus induces an 
atypical activation of Akt to stimulate the survival of short-lived monocytes. J Virol, 
2016. 90(14): p. 6443-52. 

28. Wang, X., et al., Epidermal growth factor receptor is a cellular receptor for human 
cytomegalovirus. Nature, 2003. 424(6947): p. 456-61. 

29. Voss, O.H., et al., Regulation of monocyte apoptosis by the protein kinase Cdelta-
dependent phosphorylation of caspase-3. J Biol Chem, 2005. 280(17): p. 17371-9. 

30. Ma, K., et al., PI(3,4,5)P3 and PI(3,4)P2 levels correlate with PKB/akt phosphorylation 
at Thr308 and Ser473, respectively; PI(3,4)P2 levels determine PKB activity. Cell Signal, 
2008. 20(4): p. 684-94. 

31. Franke, T.F., et al., Direct regulation of the Akt proto-oncogene product by 
phosphatidylinositol-3,4-bisphosphate. Science, 1997. 275(5300): p. 665-8. 

32. Li, H. and A.J. Marshall, Phosphatidylinositol (3,4) bisphosphate-specific phosphatases 
and effector proteins: A distinct branch of PI3K signaling. Cell Signal, 2015. 27(9): p. 
1789-98. 

33. Peppenelli, M.A., et al., Human cytomegalovirus stimulates the synthesis of select Akt-
dependent antiapoptotic proteins during viral entry to promote survival of infected 
monocytes. J Virol, 2016. 

34. Yung, H.W., D.S. Charnock-Jones, and G.J. Burton, Regulation of AKT phosphorylation 
at Ser473 and Thr308 by endoplasmic reticulum stress modulates substrate specificity in 
a severity dependent manner. PLoS One, 2011. 6(3): p. e17894. 

35. Poglitsch, M., et al., CMV late phase-induced mTOR activation is essential for efficient 
virus replication in polarized human macrophages. Am J Transplant, 2012. 12(6): p. 
1458-68. 

36. Moorman, N.J. and T. Shenk, Rapamycin-resistant mTORC1 kinase activity is required 
for herpesvirus replication. J Virol, 2010. 84(10): p. 5260-9. 



 95 

37. Kudchodkar, S.B., et al., Human cytomegalovirus infection induces rapamycin-
insensitive phosphorylation of downstream effectors of mTOR kinase. J Virol, 2004. 
78(20): p. 11030-9. 

38. Yurochko, A.D. and E.S. Huang, Human cytomegalovirus binding to human monocytes 
induces immunoregulatory gene expression. J Immunol, 1999. 162(8): p. 4806-16. 

39. Proud, C.G., Signalling to translation: how signal transduction pathways control the 
protein synthetic machinery. Biochem J, 2007. 403(2): p. 217-34. 

40. Alessi, D.R., et al., 3-Phosphoinositide-dependent protein kinase 1 (PDK1) 
phosphorylates and activates the p70 S6 kinase in vivo and in vitro. Curr Biol, 1998. 
8(2): p. 69-81. 

41. Avruch, J., et al., The p70 S6 kinase integrates nutrient and growth signals to control 
translational capacity. Prog Mol Subcell Biol, 2001. 26: p. 115-54. 

42. Pullen, N., et al., Phosphorylation and activation of p70s6k by PDK1. Science, 1998. 
279(5351): p. 707-10. 

43. Dufner, A. and G. Thomas, Ribosomal S6 kinase signaling and the control of translation. 
Exp Cell Res, 1999. 253(1): p. 100-9. 

44. Nandagopal, N. and P.P. Roux, Regulation of global and specific mRNA translation by 
the mTOR signaling pathway. Translation (Austin), 2015. 3(1): p. e983402. 

45. Shahbazian, D., et al., The mTOR/PI3K and MAPK pathways converge on eIF4B to 
control its phosphorylation and activity. EMBO J, 2006. 25(12): p. 2781-91. 

46. Pause, A., et al., Insulin-dependent stimulation of protein synthesis by phosphorylation of 
a regulator of 5'-cap function. Nature, 1994. 371(6500): p. 762-7. 

47. Alwine, J.C., Modulation of host cell stress responses by human cytomegalovirus. Curr 
Top Microbiol Immunol, 2008. 325: p. 263-79. 

48. McArdle, J., N.J. Moorman, and J. Munger, HCMV targets the metabolic stress response 
through activation of AMPK whose activity is important for viral replication. PLoS 
Pathog, 2012. 8(1): p. e1002502. 

49. Shenk, T. and J.C. Alwine, Human Cytomegalovirus: Coordinating Cellular Stress, 
Signaling, and Metabolic Pathways. Annu Rev Virol, 2014. 1(1): p. 355-74. 

50. Calderwood, S.K., et al., Signal Transduction Pathways Leading to Heat Shock 
Transcription. Sign Transduct Insights, 2010. 2: p. 13-24. 

51. Wu, C., Heat shock transcription factors: structure and regulation. Annu Rev Cell Dev 
Biol, 1995. 11: p. 441-69. 

52. Constantinou, C. and M.J. Clemens, Regulation of the phosphorylation and integrity of 
protein synthesis initiation factor eIF4GI and the translational repressor 4E-BP1 by p53. 
Oncogene, 2005. 24(30): p. 4839-50. 

53. Cigliano, A., et al., Inhibition of HSF1 suppresses the growth of hepatocarcinoma cell 
lines in vitro and AKT-driven hepatocarcinogenesis in mice. Oncotarget, 2017. 8(33): p. 
54149-54159. 

54. Riedl, S.J. and Y. Shi, Molecular mechanisms of caspase regulation during apoptosis. 
Nat Rev Mol Cell Biol, 2004. 5(11): p. 897-907. 

55. Chan, G., et al., Transcriptome analysis reveals human cytomegalovirus reprograms 
monocyte differentiation toward an M1 macrophage. J Immunol, 2008. 181(1): p. 698-
711. 



 96 

56. Chan, G., et al., NF-kB and phosphatidylinositol 3-kinase activity mediates the HCMV-
induced atypical M1/M2 polarization of monocytes. Virus Res, 2009. 144(1-2): p. 329-
33. 

57. Fishman, J.A., et al., Cytomegalovirus in transplantation - challenging the status quo. 
Clin Transplant, 2007. 21(2): p. 149-58. 

58. Sagedal, S., et al., Impact of early cytomegalovirus infection and disease on long-term 
recipient and kidney graft survival. Kidney Int, 2004. 66(1): p. 329-37. 

59. Kerr, W.G., Inhibitor and activator: dual functions for SHIP in immunity and cancer. 
Ann N Y Acad Sci, 2011. 1217: p. 1-17. 

60. Raught, B., et al., Phosphorylation of eucaryotic translation initiation factor 4B Ser422 is 
modulated by S6 kinases. EMBO J, 2004. 23(8): p. 1761-9. 

61. Yang, H.S., et al., The transformation suppressor Pdcd4 is a novel eukaryotic translation 
initiation factor 4A binding protein that inhibits translation. Mol Cell Biol, 2003. 23(1): 
p. 26-37. 

62. Wang, X., et al., Regulation of elongation factor 2 kinase by p90(RSK1) and p70 S6 
kinase. EMBO J, 2001. 20(16): p. 4370-9. 

63. Ferrari, S., et al., Mitogen-activated 70K S6 kinase. Identification of in vitro 40 S 
ribosomal S6 phosphorylation sites. J Biol Chem, 1991. 266(33): p. 22770-5. 

64. Basu, A. and S. Sridharan, Regulation of anti-apoptotic Bcl-2 family protein Mcl-1 by S6 
kinase 2. PLoS One, 2017. 12(3): p. e0173854. 

65. Liwak, U., et al., Tumor suppressor PDCD4 represses internal ribosome entry site-
mediated translation of antiapoptotic proteins and is regulated by S6 kinase 2. Mol Cell 
Biol, 2012. 32(10): p. 1818-29. 

66. Mamane, Y., et al., mTOR, translation initiation and cancer. Oncogene, 2006. 25(48): p. 
6416-22. 

67. Mamane, Y., et al., eIF4E--from translation to transformation. Oncogene, 2004. 23(18): 
p. 3172-9. 

68. Wendel, H.G., et al., Dissecting eIF4E action in tumorigenesis. Genes Dev, 2007. 21(24): 
p. 3232-7. 

69. Holcik, M. and N. Sonenberg, Translational control in stress and apoptosis. Nat Rev Mol 
Cell Biol, 2005. 6(4): p. 318-27. 

70. Kaufman, R.J., et al., The unfolded protein response in nutrient sensing and 
differentiation. Nat Rev Mol Cell Biol, 2002. 3(6): p. 411-21. 

71. Wek, R.C., H.Y. Jiang, and T.G. Anthony, Coping with stress: eIF2 kinases and 
translational control. Biochem Soc Trans, 2006. 34(Pt 1): p. 7-11. 

72. Wouters, B.G., et al., Control of the hypoxic response through regulation of mRNA 
translation. Semin Cell Dev Biol, 2005. 16(4-5): p. 487-501. 

73. Chou, S.D., et al., mTOR is essential for the proteotoxic stress response, HSF1 activation 
and heat shock protein synthesis. PLoS One, 2012. 7(6): p. e39679. 

  
 
 
 
 
 
 



 97 

 
 

 

 

 

 

 

Chapter III: 

HCMV-Induced mTORC1 Promotes Protein Translation in HCMV-

Infected Monocytes 

 

 

 

 

 

 

 

 

 

 

This chapter has been prepared for submission to mBio. Michael J Miller, Jamil Mahmud, Gary C. Chan. HCMV-
Induced mTORC1 Promotes Protein Translation in HCMV-Infected Monocytes. MJM performed the experiments, 
JM assisted with flow cytometry, MJM designed the experiments, MJM wrote the manuscript, GCC finalized the 
manuscript, GCC is the corresponding author. 
 



 98 

Abstract 

HCMV utilizes peripheral blood monocytes as a means to systemically disseminate throughout 

the host. To promote efficient viral dissemination, HCMV drives a non-canonical activation of 

the PI3K/Akt/mTORC1 signaling axis during viral entry. This unique signaling elicited by 

HCMV leads to an increase in translation of a select subset of antiapoptotic proteins, thus 

promoting the survival of infected monocytes beyond their typical 48-h lifespan. Our data 

indicated that HCMV-mediated signaling events downstream of mTORC1 promoted translation 

through S6K1 by inactivating eEF2K. Furthermore, HCMV phosphorylated 4E-BP1 to free 

sequestered eIF4E, ultimately promoting the formation of eIF4F initiation complexes. To 

highlight the significance of mTORC1 mediated signaling in HCMV-infected monocytes, we 

showed that mTOR inhibition dramatically reduced the rate of protein synthesis. In contrast, we 

saw no reduction in growth factor induced translation following mTOR inhibition of GMCSF- or 

MCSF-treated monocytes. Polyribosomal profiling and bulk RNA-seq was then utilized to 

globally investigate the translational landscape specifically induced by HCMV. We found that 

HCMV-infected monocytes had greater than twice the number of uniquely upregulated genes, 

which were preferentially translated in comparison to monocytes treated with GMCSF or MCSF. 

We found several pro-survival genes to be enriched in our polyribosome associated RNA 

isolated from HCMV-infected monocytes, including SIRT1. Indeed, we determined that the 

inhibition of SIRT1 led to the death of HCMV-infected monocytes while having minimal effect 

on uninfected cells. We also report here a mechanism by which SIRT1 promotes a feed forward 

loop of Akt/mTORC1 signaling by facilitating a chronic activation of Akt. Taken together, 

HCMV drives protein synthesis of select genes to promote the survival of infected monocytes. 
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These global analyses highlight genes uniquely upregulated by HCMV, which we can exploit in 

order to target infected monocytes to prevent viral dissemination. 
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Introduction 

 Human cytomegalovirus (HCMV) is an endemic betaherpesvirus with seroprevalence 

rates ranging between 40 and 90% globally [10]. HCMV infection of healthy immunocompetent 

individuals are generally self-limiting but may present as acute mononucleosis-like 

symptoms[13, 14]. However, for patients with a compromised immune status, including 

HIV/AIDS, chemotherapy, or organ transplant patients, HCMV remains as a significant cause of 

morbidity and mortality[296, 350, 351]. Furthermore, HCMV is the most common congenital 

infection often leading to deafness, blindness, and long-term neurologic sequalae in infected 

neonates[32, 352, 353]. Acute HCMV disease is hallmarked by systemic viral dissemination and 

widespread inflammation leading to severe end-organ damage[354-356].  

 Peripheral blood monocytes are believed to be a critical cell type involved in the HCMV 

dissemination strategy[78, 80, 193, 194, 302]. However, blood monocytes are inherently short-

lived cells with an average lifespan of 48 hours (h) in the absence of differentiation stimuli 

following release from the bone marrow. Furthermore, monocytes are not fully permissive for 

HCMV replication (quiescent infection) unless differentiated into long-lived macrophages[80, 

357]. To overcome these obstacles, we have shown that HCMV binding, and entry radically 

reshapes the monocyte signalsome to promote the survival and differentiation of short-lived 

monocytes into long-lived replication permissive macrophages[111, 128, 186, 188, 202]. A 

major outcome of the HCMV-specific signalsome is the translation of select antiapoptotic 

proteins not upregulated during monocyte-to-macrophage differentiation initiated by normal 

myeloid growth factors[205, 207, 214]. 

  During HCMV entry, viral glycoproteins gB and gH simultaneously engage EGFR and 

integrin b1, respectively, to generate a unique signaling network necessary for the survival and 
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differentiation of HCMV-infected monocytes[109, 137, 139, 215]. Specifically, HCMV 

stimulated a persistent Akt activation following infection of monocytes, which was in contrast 

the transient activation of Akt induced by EGF[156, 205]. Furthermore, the synchronized 

activation of EGFR and integrin b1 stimulates a non-canonical activation of the PI3K/AKT 

signaling pathway leading to AKT site specific phosphorylation at residue serine 473 (S473) 

rather than the canonical threonine 308 (T308) and S473 activation profile observed with normal 

myeloid growth factors[214]. As the substrate specificity is dependent on the phosphorylation 

ratio between T308 and S473, the site-specific phosphorylation at S473 suggests a distinct 

biological activity exhibited by HCMV-activated Akt [216, 217]. In support, the unique 

activation of Akt elicited during HCMV infection of monocytes triggered the mTORC1 signaling 

cascade, which did not occur following treatment with normal myeloid growth factors. The 

exclusive activation of mTORC1 by HCMV-activated Akt suggest a critical role in promoting 

the survival of infected monocytes. Indeed, Akt dependent survival proteins, such as Mcl-1 or 

HSP27, required mTORC1 activity and were translated at higher rates in HCMV-infected 

monocytes when compared to growth factor-treated cells[204, 205].  

 mTORC1 serves as a critical regulatory signaling hub mediating cap-dependent 

translation. HCMV-mediated signaling through mTORC1 leads to the phosphorylation of key 

translation initiation factors including eIF4E, eIF4G, 4E-BP1, and S6K1 [225, 358, 359]. These 

initiation factors work in concert to assemble the eIF4F translation initiation complex and 

facilitate recruitment of mRNAs. During times of cellular stress, such as viral infections, AMP-

regulated kinase (AMPK) hinders mTORC1 through the Tuberous sclerosis complex (TSC) to 

hinder rates of cap-dependent translation [230, 255, 360]. Simultaneously, AMPK upregulates 

the expression of protective cap-independent and IRES mediated translation, which are designed 
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to be cytoprotective during stress events[233]. However, HCMV drives the simultaneous activity 

of AMPK and mTORC1 allowing for both cap-independent and dependent protein translation 

within infected monocytes[263, 361]. During HCMV lytic of fibroblasts, the viral protein pUL38 

maintains cap-dependent translation by blocking the AMPK-mediated inhibition of 

mTORC1[262, 285]. In quiescently infected monocytes, HCMV usurps heat shock actor 1 

(HSF1), a stress response factor, to uncouple AMPK and mTORC1 activities to allow for the 

simultaneous expression of both stress and non-stress survival factors, such as HSP27 and Mcl-1, 

respectively[206]. Taken together, these studies suggest HCMV manipulates the 

PI3K/AKT/mTORC1 signaling axis to drive a highly unique translational footprint by 

simultaneously increasing both cap-dependent and cap-independent translation to promote the 

viability and differentiation of infected monocytes. However, the extent to which HCMV 

regulates the cellular translatome of quiescently infected monocytes and the role that the 

PI3K/AKT/mTORC1 pathway in shaping the global translatome remains unclear. 

 In this study, we report that HCMV rapidly stimulates largescale protein translation in 

quiescently infected monocytes that was sustained for at least 3 days, when monocytes must 

make a cell fate decision to undergo cell death or survival and differentiate into macrophages. 

The viral entry process was sufficient to stimulate cellular protein synthesis as UV-inactivated 

HCMV phenocopied “live” virus. Importantly, the majority of protein synthesis induced during 

HCMV infection was dependent on mTORC1 signaling, while growth factor-induced protein 

synthesis was independent, demonstrating the vital role of mTORC1 in maintaining cellular 

translation within quiescently infected monocytes. Polyribosomal profiling identified several 

pro-survival factors to be specifically translated in HCMV-infected, but not myeloid growth 

factor-treated, monocytes. We confirmed the elevated expression of SIRT1, a NAD+ dependent 
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deacetylase that promotes Akt activity, within infected monocytes. Importantly, SIRT1 was 

found to establish a feed forward loop to sustain AKT/mTORC1 signaling and the long-term 

expression of HSP27 and Mcl-1.  Our study suggests that HCMV entry triggers largescale 

protein translation dependent on mTORC1 to allow for the robust synthesis of pro-survival 

factors necessary for the differentiation of HCMV-infected monocytes into long-lived replication 

permissive macrophages. 
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MATERIALS AND METHODS:  
 
Human peripheral blood monocyte isolation. 
 
Isolation of peripheral blood monocytes was preformed as previously described [111, 127, 185, 
186, 188, 201]. Briefly, blood was drawn by venipuncture from random donors, diluted in RPMI 
1640 medium, and centrifuged through Histopaque-1077 (Sigma-Aldrich, St. Louis, MO) to 
remove red blood cells and neutrophils. Mononuclear cells we collected and washed with saline to 
remove the platelets and then separated by centrifugation though and Percoll (GE Healthcare, 
Willkes-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. Cells were washed 
with saline, resuspended in RPMI 1640 (Lonza, Walkersville, MD) supplemented with 1% human 
AB serum (Lonza), and counted. All experiments were performed in 0–2% human serum at 37 °C 
in a 5% CO2 incubator, unless otherwise stated. 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. All small molecule inhibitors including 
cycloheximide, Rapamycin, & EX 527 were purchased 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 100% confluency, cells were infected with HCMV 
(strain TB40E) in DMEM + 4% FBS. Virus was purified from supernatant on a 20% sorbitol 
cushion to 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 
TB40E (Reference). Mock infection was performed by adding an equivalent volume of RPMI 
1640 medium to monocytes, while GM-CSF or M-CSF treatment was performed by adding an 
equivalent volume of RPMI 1640 medium with recombinant human GM-CSF or M-CSF at 100 
ng/ml (R&D Systems, Minneapolis, MI).  

Statistical Analysis 

All experiments were conducted a minimal of 3 times using primary monocytes from independent 

blood donors. Data garnered from primary monocytes have innate differences due to donor 

variability. consequently, data is displayed either as donor matched experiments with side-by-side 

comparisons, or the data is normalized relative to an appropriate background. Displaying data in 

such a fashion allows for the investigation of data trench which may normally be lost if mean 

values across experiments are only considered. Data we analyzed in GraphPad prism using 
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Student’s t-test or One-way ANOVAs depending on the experimental parameters and conditions. 

P-values less than 0.05, were considered to be statistically significant.   

 Western Blotting 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, 21,000 × g) and stored at −20°C until further analysis. Protein samples were solubilized in 
Laemmli SDS sample nonreducing (6×) buffer (Boston Bioproducts, Boston, MA) supplemented 
with β-mercaptoethanol (Amresco, Solon, OH) by incubation at 95°C for 10 min unless otherwise 
stated. 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 purchased from the indicated 
companies: a-puromycin (EMD Milipore, Burlington, MA), a-Beta actin (Bio-Rad, Hercules, 
CA), a-p-mTOR (Santa Cruz Biotechnology, Dallas, TX), a-p-eif2a, a-eIF2a, a-mTOR, a-
eEf2K, a-p-eEf2k, a-eEf2, a-p-eEf2, a-SIRT1, a-4EBP-1, a-Akt, a-p-Akt, (Cell Signaling 
Technology, Danvers, MA).  The blots were then incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies (Cell Signaling Technology) for 30 min at room temperature, and 
chemiluminescence was detected using the Clarity Western ECL substrate (Bio-Rad). 
Densitometry analysis was performed using Image Lab software (Bio-Rad). 

SUnSET Assay peptide labelling 

In vitro SUnSET assays were performed in accordance with previously described protocols. 
Briefly, 3x106 monocytes, or 5x105 confluent HEL299 fibroblasts were held in culture under 
various experimental conditions. After the indication treatments, nascently synthesized peptides 
were labelled via the addition of low dose (1uM) puromycin being incorporated into the culture 
media for 30 min prior to lysis. The cell lysates were then subject to SDS-Page analysis with an 
anti-puromycin specific antibody. Total lane density was assessed relative to loading controls to 
ascertain rates of protein synthesis relative to control samples.  

Analysis of polysome-associated RNAs.  
 
Monocytes (10x107 cells) were treated with 0.1 mg/ml cycloheximide (CHX) (inhibitor of 
translation) at 37°C for 10 min prior to harvest. The cells were then washed with PBS containing 
CHX at 4°C and pelleted by centrifugation at 4°C. Pellets were resuspended in polysome lysis 
buffer (20 mM Tris-HCl [pH 7.4], 140 mM KCl, 5 mM MgCl2, Triton X-100, 10 mM dithiothreitol 
[DTT], and 0.1 mg/ml CHX) and passed through a 27-gauge needle five times. Residual insoluble 
debris and mitochondria were pelleted by centrifugation for 10 min at 15,000  X g in a 
microcentrifuge. The clarified lysate was then layered onto a non-linear sucrose as described here 
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(refs). Briefly, the non-linear sucrose gradient is comprised of three increasingly dense 
concentrations of sucrose (5%, 34%, & 55%). Polyribosome bound RNA cannot enter the hyper-
dense 55% sucrose, resulting in the efficient collection of all polysome associated RNA into one 
fraction. The locations of ribosomal subunits, monosomes, and polysomes in the gradient were 
determined by continuous monitoring of the absorbance at an optical density of 254 nm (OD254) 
during gradient fractionation using a Brandel gradient fractionator system coupled to a 
spectrophotometer (ISCO). Total RNA was extracted from an equal volume of each gradient 
fraction using TRIzol, and contaminating DNA was removed with DNase (Ambion, Austin, TX).   

RNA-Seq Analysis 

RNAs were isolated out of TRIzol prior to library prep.  RNA sequencing library preparation was 
preformed according to the illumina dual stranded mRNA prep kit. Library quality and QC metrics 
were assessed and conformed to adhere to Illumina’s standard using a bioanalyzer (Agilent 
Technologies, Santa Clara, CA). Completed RNA-Seq libraries were then sequences using the 
NextSeq system, and a 400 million read sequencing chip (Illumina, San Diego, CA). Sequences 
bases were then trimmed, aligned, and quantified to the HG38 human reference genome within the 
Partek flow Analysis suite. Following quantile normalization, differential gene expression analysis 
was conducted using Partek’s GSA (gene specific analysis) computational algorithm. Gene 
ontology and pathway analysis was conducted in the EnrichR analysis package. All graphs and 
figures were generated using Partek flow or various R-coding packages.  

Flow Cytometry  
 
Monocytes were washed in PBS and incubated in blocking solution consisting of fluorescence-
activated cell-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 and then washed and stained with 
fluorescein isothiocyanate (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 FlowJo software (BD Biosciences, Franklin Lakes, 
NJ). 

Transient transfection and RNA silencing 

Monocytes (2-3 × 106/transfection) were resuspended in 100 μl of RT nucleofection solution 
(Amaxa P3 primary cell solution; Amaxa Biosystems, Cologne, Germany) containing 250 nM 
Silencer Select SIRT1 targeting siRNA (Ambion-Thermo Fisher Scientific, Carlsbad, CA) or 250 
nM Silencer Select scramble control siRNA (Ambion-Thermo Fisher Scientific), and transfected 
with a 4D-Nucleofector system using pulse code EI-100. Following transfection, cells were 
incubated in RPMI 1640 (Cellgro) supplemented with 2% human AB serum in RPMI at 37 °C 
(Lonza) for 24 h. Monocytes were then mock or HCMV-infected for 24 h and subjected to 
immunoblot or flow cytometry analysis. 
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Results 

HCMV stimulates robust protein translational within infected monocytes. During lytic 

replication, HCMV stimulates protein synthesis through a multitude of viral gene products, 

including TSC1, IRS1, and pUL38 [262, 264, 282, 283, 285, 287]. Accordingly, HCMV-infected 

fibroblasts pulsed with puromycin, which is incorporated into the elongating peptide chain 

(SUnSET labelling) [362, 363], exhibited a global increase in protein levels at 48 hpi that was 

abrogated by the presence of CHX (a translation inhibitor) (Fig. 1A & B). Elevated levels of 

translation were maintained through 72 hpi. UV-inactivated HCMV had no effect on total protein 

expression levels over the 72 h infection period, confirming the involvement of viral gene 

products in stimulating protein translation during a lytic infection. Our previous work 

demonstrated that HCMV induces the translation of a unique subset of antiapoptotic proteins 

within quiescently infected monocytes[205]. Yet, little is known about how HCMV governs 

global protein synthesis during non-lytic infections given the absence of lytic viral gene 

products. To begin to address the effects of HCMV on protein translation during a quiescent 

infection, we performed SUnSET labelling on primary peripheral blood monocytes infected over 

a 72 h time course. Similar to fibroblasts, HCMV stimulated largescale protein synthesis in 

quiescently infected monocytes  
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Figure 1: HCMV stimulates robust protein translational within infected monocytes. 
Confluent HEL299 Fibroblasts (A) or peripheral blood monocytes (C) were mock or HCMV-
infected with live or UV-inactivated viral particles for 24, 48, or 72h prior to SUnSET peptide 
labelling. Cycloheximide (CHX, a translation inhibitor) was added to the culture media at 16hpi. 
Densitometry analysis across multiple independent experiments (B) or blood donors (D) was 
conducted for total lane protein and normalized to beta-can loading control. (E) Peripheral blood 
monocytes were Mock or HCMV-infected or treated with inactivated HCMV particles or Infected 
with HSV-1 for 24h. CHX was added to the culture media after 16h in the designated samples 
prior to SUnSET labelling. (F) Total lane protein densitometry analysis was conducted for multiple 
(3-5) independent blood donors; *, P<0.05;  **, P<0.005; ***, P<0.0005; ****,P<0.00005 
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(Fig. 1C & D). In contrast to fibroblasts, infection of monocytes with UV-inactivated HCMV 

particles led to a comparable increase in protein synthesis across the 72 h time course, indicating 

that protein translation is driven by the viral entry process and is maintained independently of de 

novo synthesized viral gene products. Importantly, the increase in protein synthesis following 

HCMV infection of monocytes does not appear to be due to a general antiviral response, as 

HSV1 infection of monocytes did not increase global protein translation (Fig. 1E & F). Taken 

together, these data indicate that HCMV entry into monocytes induces a virus-specific signaling 

cascade that stimulates and maintains increased rates of protein translation despite the absence of 

lytic gene products.   

 

HCMV utilizes mTORC1 mediated signaling to promote protein synthesis.  

We have previously shown HCMV infection stimulates mTOR to drive the translation of 

a unique subset of antiapoptotic proteins to promote the survival of infected monocytes[205, 

206]. In agreement, we found HCMV and normal myeloid growth factors were able to 

phosphorylate mTOR at S2448, a marker mTORC1 activation [232, 364, 365] (Fig. 2A). 

Activated mTORC1 phosphorylates 4E-BP1, which promotes assembly of the eIF4F complex at 

the 5’ end of mRNA [222, 226], and thus translation initiation. We observed a substantial shift 

from hypo- to hyper-phosphorylated 4E-BP1 following infection with HCMV (Fig. 2A). 

Surprising, the shift from hypo- to hyper-phosphorylated 4E-BP1 following treatment with 

GMSCF or MCSF was significantly attenuated relative to HCMV infection despite a similar 

induction of mTOR phosphorylation, suggesting the mTOR/4E-BP1/eIF4F pathway is 

interrupted during growth factor-mediated signaling.  
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Figure 2: HCMV utilizes mTORC1 mediated signaling to promote protein synthesis.  
Peripheral blood monocytes were mock or HCMV-infected (A) or GMCSF or MCSF treated (B) 
for 24h. After 24h of infection or growth factor stimulation monocytes were lysed and subjected 
to immunoblot analysis for key signaling regulators of translation. Peripheral blood monocytes 
were mock or HCMV-infected or treated with GMCSF or MCSF (100 ng/mL) for 24h prior to 
SUnSET peptide labelling. Cycloheximide or Rapamycin (an mTOR inhibitor) were added to the 
culture media at 16hpi. (D) Total lane protein densitometry analysis was conducted for multiple 
(>3) independent blood donors; *, P<0.05. 
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mTORC1 also promotes translation by phosphorylation of S6K[209, 227]. Activated S6K 

mediates an inhibitory phosphorylation of eEF2K, which results in the dephosphorylation and 

activation of eEF2, a critical factor for translation elongation[238]. We found HCMV-activated 

mTORC1 phosphorylated eEF2K leading to the subsequent reduction in eEF2 phosphorylation.  

Consistent with a defect in mTORC1 signaling following growth factor treatment, GMSCF and 

MCSF had minimal effect on the levels of phosphorylated eEF2K and eEF2. These results argue 

HCMV infection stimulates protein translation by activating mTORC1 to promote translation 

initiation and elongation. Indeed, the presence of rapamycin (a mTOR inhibitor) abrogated the 

ability of HCMV to stimulate protein synthesis (Fig. 2B & C). Importantly, the inhibition of 

mTOR had little effect on growth factor-stimulated protein translation, suggesting myeloid 

growth factors drive protein translation independent of mTOR activation. These data provide 

evidence that HCMV-activated mTOR exhibits a distinct biological activity when compared to 

growth factor-activated mTOR in order to stimulate largescale synthesis.  

 

HCMV infection drives a distinct transcriptional and translational footprint during the 

establishment of a quiescent infection. We have previously identified individual prosurvival 

transcripts tightly associated with polyribosomes during HCMV infection of monocytes [205]. 

Given the extensive mTOR-mediated translational reprogramming following HCMV infection, 

we performed polyribosomal profiling to assess mRNAs with actively bound ribosomes on 

mock-infected, HCMV-infected, GMCSF-treated, or MCSF-treated monocytes to obtain an in-

depth view on the HCMV-specific changes in the translatome of infected monocytes. 

Cytoplasmic lysates were fractionated over a non-linear sucrose gradient to isolate 

polyribosome-associated RNA [366, 367](Fig 3A). Whole cell mRNA and polysome-associated  
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Figure 3. HCMV infection drives a distinct transcription and translation footprint during the 
establishment of a quiescent infection.  (A) Polyribosome-associated mRNAs were isolated from mock 
or HCMV-infected (MOI 5) or GMCSF or MCSF treated monocytes at 24h post infection. Briefly, cell 
lysates were layered on top of a non-linear sucrose gradient prior to undergoing ultracentrifugation and 
fractionation with continuous monitoring of the UV absorbance at the OD254. RNA from the whole cell 
lysate or from the polysome associated fraction were then isolated using TRIZOL. In preparation for RNA-
sequencing, a cDNA library was generated and then PCR amplified prior to illumina RNA sequencing. 
Sequenced mRNAs were trimmed, aligned and quantified using the Partek genomics suite of software. 
Annotated reads then underwent a quantile normalization step prior to Partek’s “gene specific analysis” for 
differential genes expression. (B) Differential expression was then plotted as a heatmap to efficiently 
illustrate key differences across treatments. Genes which failed to align to the human genome were then 
aligned to a reference HCMV genome. (C-E) Genes uniquely expressed and shared between treatments and 
RNA pools were plotted as Venn diagrams to determine patterns of similar or divergent gene expression.  
(F) the percentage of successfully aligned reads were plotted for Total and Polysome-associated mRNA 
from HCMV-infected monocytes. All plots were generated within GraphPad Prism, Partek flow, or the 
VennDetail R package.  
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mRNA for each treatment group was then analyzed by RNA-Seq to provide both a 

transcriptional and translational profile. A genome wide heatmap was generated to identify 

clusters of genes upregulated at the transcriptional and/or translational level following infection 

or growth factor treatment (Fig 3B). We found 287 genes increased 2.5-fold in both the total 

mRNA and polysome-associated mRNA pools from HCMV-infected monocytes, suggesting that 

the expression of these genes are regulated, at least in part, at the transcriptional level (Fig. 3C). 

143 genes were upregulated but not found to be associated with increased amounts of 

polyribosomes, suggesting that ribosome access to these transcripts was attenuated during 

HCMV infection in monocytes (Fig. 3D). 198 genes were uniquely enriched in the HCMV-

infected monocyte polyribosome-associated mRNA fraction, indicating HCMV infection 

stimulates the expression of select cellular genes specifically through enhanced translation (Fig. 

3E). Our previously published polysomal profiling identified the antiapoptotic protein Mcl-1 as 

being upregulated in a translationally dependent mechanism in HCMV-infected monocytes but 

not in myeloid growth factor-treated cells. Accordingly, we detected enhanced association of 

Mcl-1 transcripts with polyribosomes in monocytes infected with HCMV but not in cells treated 

with growth factors. Next, the presence of HCMV transcripts was assessed by aligning non-

human mRNAs to HCMV’s genome. As expected, we only found HCMV transcripts within 

infected monocytes (Fig. 3F). Less than 0.5% of the total mRNA reads and less than 0.001% of 

the polysome-associated mRNA reads aligned to the HCMV genome (Fig 3F). The detected 

HCMV transcripts appeared to be an incidental mixture of late and early genes. Importantly, 

immediate early transcripts were not detected. The results suggest the presence of HCMV 

mRNA transcripts was likely delivered from the viral tegument during viral entry, not due from 

de novo viral gene expression. Overall, these data demonstrate HCMV infection stimulates 
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extensive yet highly specific transcriptional and translational changes within infected monocytes 

in the absence of viral gene expression.  

 

Genes preferentially translated during HCMV infection are involved in the negative 

regulation of programmed cell death. To interrogate gene ontology and pathway enrichments 

in both the non-polysome and polysome bound mRNA fractions isolated from HCMV-infected 

monocytes, we utilized the EnrichR analysis package. The non-polysomal mRNAs were largely 

associated with anti-viral responses, antigen presentation, and pro-inflammatory NOTCH and IL-

2 signaling pathways (Fig 4A), suggesting that HCMV may prevent ribosome assess to these 

upregulated messenger RNAs to suppress antiviral responses. Alternatively, polysomal mRNAs 

uniquely associated with HCMV-infected monocytes were involved in pro-viral ontologies and 

pathways, including negative regulation of leukocyte mediated immunity and negative regulation 

leukocyte degranulation (Fig 4B). Additionally, HCMV infection stimulated loading of 

ribosomes onto transcripts associated with the PI3K/Akt signaling, which is consistent with our 

previous published findings that HCMV usurps the PI3K/Akt pathway to promote biological 

changes necessary for viral dissemination[185, 204-207, 214]. A critical function of HCMV-

stimulated PI3K/Akt signaling is the negative regulation of death pathways, such as apoptosis 

and necroptosis, within infected monocytes. Indeed, KEGG pathway analysis identified 

apoptosis and necroptosis as being highly regulated within the polysomal mRNA fraction. To 

further elucidate how HCMV regulates programmed cell death pathways, we filtered upregulated 

genes against known negative regulators of programmed cell death as stimulating the increased 

expression of prosurvival factors is a primary mechanism by which HCMV circumvents 

monocyte cell death (ref). Only 3 and 2 upregulated common genes were found within the  
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Figure 4. Genes preferentially translated during HCMV infection are involved in the 
negative regulation of programmed cell death. (A & B)Gene ontology analysis was conducted 
with the EnrichR analysis package, statistical significance of gene set enrichment are presented 
on a normalized –Log10 scale. (C) Filtered gene lists of only proteins involved in the negative 
regulation of programmed cell death during an HCMV infection in monocytes were ordered into 
Venn Diagrams (C). All plots were generated in GraphPad Prism or by using the VennDetail R 
package  
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Table 1: Negative Regulators of Programmed Cell Death. List of genes involved in the 
negative regulation of programmed cell death which were uniquely upregulated across several 
different RNA pools and samples  
 
 

 

 

 

 

 

 

 

 

 

 



 117 

polysomal mRNA fraction between HCMV-infected and GMCSF-treated or MCSF-treated 

monocytes, respectively, suggesting limited overlap in the protein translation-dependent survival 

mechanism induced by HCMV and growth factors. Importantly, we identified 11 distinct 

prosurvival genes which were upregulated within the polysome-associated mRNA isolated from 

HCMV-infected monocytes (Fig. 4C & Table 1). These uniquely upregulated prosurvival factors 

included transcriptional regulators (SMAD3), inhibitors of apoptosis (NAIP & BIRC6), kinases 

(RIPK1, PTK2B, & HCK), and deacetylases (SIRT1).  These data suggest that HCMV infection 

stimulates the survival of short-lived peripheral blood monocytes by promoting translation of 

select anti-apoptotic factors.  

 

Sirtuin 1 contributes to HCMV-infected monocyte survival. SIRT1 is a NAD+ dependent 

deacetylase with cytoprotective effects during times of cellular stress [368-372]. Although there 

was no significant change in total SIRT1 mRNA levels in HCMV-infected monocytes, a 3-fold 

induction in polysome associated SIRT1 transcripts suggests that SIRT1 transcripts are 

preferentially loaded onto polyribosomes. Both GMCSF- and MCSF- treated monocytes had 

reduced levels of total SIRT1 mRNA and similar levels of polysome associated mRNA when 

compared to uninfected monocytes, indicating SIRT1 may have vital activity in quiescently 

infected monocytes (Fig 5A). We validated SIRT1 protein expression was robustly increased in 

HCMV-infected monocytes, while growth factor treatments had nominal effects on SIRT1 

expression (Fig 5B & 5C). To determine if SIRT1 is necessary for the survival of HCMV-

infected monocytes, we treated infected cells with a SIRT1 selective small-molecule inhibitor, 

EX527 [373]. Flow cytometric analysis following annexin V and PI staining showed SIRT1 

inhibition led to a loss of “live” HCMV-infected monocytes in a dose-dependent manner while  
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Figure 5. Sirtuin 1 Contributes to HCMV-infected monocyte survival.  RNA-Seq Fold 
change analysis of Sirtuin 1 mRNA abundance in HCMV, GMCSF or MCSF treated monocytes 
relative to mock (A). Peripheral blood monocytes were mock or HCMV-infected or GMCSF or 
MCSF treated for 24h. After 24h of infection or growth factor stimulation monocytes were lysed 
and subjected to immunoblot analysis for total Sirt1 expression and beta actin served as a loading 
control. (C) Sirt1 protein expression was quantified over multiple independent experiments and 
plotted relative to mock. (D) Blood monocytes were pretreated for 30 minutes with increasing 
concentrations of Ex527 (a Sirt1 inhibitor) or vehicle control prior to being mock or HCMV-
infected or treated with GMCSF or MCSF for 24h. After 24h, cell viability was determined 
FACS analysis with Annexin V and PI staining.  Blood monocytes were transfected with SIRT1 
specific siRNA or scramble control oligos. After 24h of infection cells were then HCMV-
infected for a subsequent 24. After 24 h of infection cells were either lysed for immunoblot 
analysis (E) or stained with annexin and PI to assess cellular viability by flow cytometry (F). 
Data representative of >3 independent blood donors. *, P<0.05;  **, P<0.005; ***, P<0.0005; 
****,P<0.00005 
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having minimal effect on the viability of uninfected and growth factor-treated monocytes (Fig. 

5D). As a complimentary genetic approach, we knocked down SIRT1 using siRNA, which 

reduced SIRT1 protein expression by ~90% in HCMV-infected monocytes (Fig. 5E). Relative to 

scramble siRNA, SIRT1 siRNA knockdown led to significant cell death of HCMV-infected 

monocytes but not mock-infected cells, confirming the effects of EX527 were not due to off-

target effects (Fig. 5F). These results indicate that HCMV selectively promotes the translation of 

SIRT1 in order to drive the long-term survival of infected monocytes. 

 

SIRT1 Promotes Translation of Prosurvival factors within HCMV-Infected Monocytes 

Through the AKT/mTORC1 Signaling Axis. SIRT1 directly deacetylates Akt to allow binding 

to phosphoinositol lipids and the subsequent Akt activating phosphorylation events [374, 375]. 

HCMV modifies AKT activity to promote the upregulation of prosurvival factors necessary for 

the survival of infected monocytes[205-207, 214, 215, 360]. Thus, we examined the role of 

SIRT1 in regulating Akt activity. We found key HCMV-induced Akt/mTORC1 activation 

markers, including AKT (p-S473), mTOR (p-S2448), S6K (p-T389), and 4E-BP1(p-T37/46), 

were all reduced to basal levels in the presence EX527 at concentrations below cell death 

inducing levels (Fig. 6A). HCMV promotes monocyte survival via increased translation of select 

AKT-dependent anti-apoptotic proteins, such as Mcl-1 and HSP27. Accordingly, treatment with 

EX527 prevented the increased expression of Mcl-1 and HSP27 in monocytes following HCMV 

infection (Fig. 6B). SiRNA knockdown of SIRT1 also reduced AKT (p-S473), mTOR (p-

S2448), S6K (p-T389), Mcl-1 and HSP27 levels (Fig. 6C, D), validating SIRT1’s role in 

regulating the AKT/mTORC1 signaling axis. These data also suggest that SIRT1 may play a 

critical role in HCMV-induced protein translation within infected monocytes. Indeed, the  
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Figure 6. SIRT1 Promotes Translation of Prosurvival factors within HCMV-Infected 
Monocytes Through the AKT/mTORC1 Signaling Axis. Peripheral blood monocytes were 
mock or HCMV-infected in the presence or absence of a EX527 (SIRT1 Inhibitor) for 24h (A & 
B). After 24h of infection with or without EX527 monocytes were lysed and subjected to 
immunoblot analysis for key signaling regulators of translation (A & B). Primary monocytes were 
transfected with SIRT1 siRNA or scramble controls for 24h, then subjected to 24h of infection 
prior to immunoblot analysis for pro-translation and prosurvival factors (B & D). Monocytes were 
pretreated at increasing, sub-cytotoxic concentrations of EX527 for 1h prior to HCMV infection 
for 24h, followed by terminal puromycin staining to tag nascently synthesized peptides (E&F) 
Total lane protein densitometry analysis was conducted for multiple (>3) independent blood 
donors; *, P<0.05;  **, P<0.005; ***, P<0.0005; ****,P<0.00005 
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presence of sub-cytotoxic concentrations of EX527 lead to a dose dependent decrease in the rate 

of protein synthesis in monocytes following HCMV infection (Fig. 6E & F). Based on these data, 

we propose as feed forward mechanism whereby HCMV infection stimulates 

PI3K/Akt/mTORC1 signaling pathway to increase SIRT1 expression, which then further 

promotes Akt & mTORC1 activity to sustain the enhanced translation of antiapoptotic factors 

necessary for the viability of HCMV-infected monocytes.  
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Figure 7. Proposed Mechanism for mTORC1 Mediated Protein Synthesis. Peripheral blood 
monocytes infected with HCMV undergo a dramatic shift in the host signalsome. gB and gH 
binding with EGFR and integrin b1, respectively, lead to a milieu of unique downstream signing 
events. Indeed, Akt activation signaling downstream to mTORC1 where HCMV has distinct 
biological effects over stimulation with growth factors. Critically, downstream of mTORC1 only 
HCMV was able to consistently lead to the hyperphosphorylation of 4E-BP1, and the 
hypophosphorylation of eEF2, ultimately leading to enhances rates of protein synthesis. SIRT1 
was also uniquely upregulated y HCMV and acts in a feed forward loop to maintain chronic Akt 
activity. This HCMV-mediated regulation of mTORC1 and the induction of protein synthesis 
ensures the survival of HCMV-infected by redirecting protein synthesis towards mTORC1 
prosurvival factors, while limiting translational access to antiviral response factors.   
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Discussion 
 

Peripheral blood monocytes are essential to HCMV’s lifecycle as these blood sentinels 

are involved in the systemic dissemination of the virus, a prerequisite for the establishment of 

latency within the bone marrow[130, 194, 195, 301]. However, monocytes are inherently short-

lived cells with a lifespan of ~48 h and are not fully permissive for HCMV replication[80, 193, 

376]. To overcome these obstacles, HCMV rapidly reshapes the cellular signalsome during viral 

entry to promote the functional changes necessary for the survival and differentiation of infected 

monocytes into long-lived replication permissive macrophages[111, 116, 128, 185, 202, 205-

207, 214, 215]. We demonstrate a major outcome of the HCMV-specific signalsome is the 

largescale induction of protein translation. Polyribosomal profiling of the translatome revealed 

highly targeted increases in the translation of mRNAs with potentially proviral effects, including 

transcripts linked with the negative regulation of cell death. We identified several ribosome-

associated transcripts that were uniquely elevated during HCMV infection and not myeloid 

growth factor treatment. Specifically, we determined the increased translation of SIRT1 

functions as a positive feedback loop to maintain elevated Akt/mTORC1 signaling and the 

translation of pro-survival proteins required for the survival of infected monocytes. This study 

establishes the critical importance of inducing cellular protein translation in the absence of early 

de novo synthesized viral gene products to allow for sufficient time for the spread and 

differentiation of quiescently infected monocytes. 

Many viruses have evolved to regulate protein synthesis as a means to avoid immune 

detection through preventing the synthesis of host antiviral factors while simultaneously 
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promoting the synthesis of viral genes[82, 247, 249, 284, 377]. HCMV is unique in its ability to 

globally enhance rates of protein synthesis for host and viral proteins, alike[82, 283, 284, 377]. 

This global induction of translation is facilitated through viral gene products such as pUL38 

which serves to relinquish the inhibitory effects of the TSC complex on mTORC1[262, 285, 361, 

378]. HCMV utilizes its gene products to uncouple canonical antiviral and stress responses 

which normally function to limit protein synthesis. In this study, we recapitulated the central 

significance of viral gene products in driving protein translation as fibroblasts stimulated with 

UV-inactivated HCMV particles were unable to upregulate proteins synthesis. Furthermore, the 

large-scale induction of translation during lytic infection corresponded with the time frame 

appropriate for early and late viral gene expression and accumulation. The requirement of viral 

gene products to regulate cell signaling events and initiate translation during lytic infection is 

likely the reason which we do not observe a significant induction of translation in lytically 

infected fibroblast until 48hpi. Whereas, in quiescently infected monocytes, viral binding and 

entry is sufficient to rapidly manipulate the PI3K/Akt/mTORC1 signaling axis to drive protein 

synthesis in the absence of de novo viral gene expression.   

During HCMV’s entry into monocytes viral glycoproteins gB and gH bind to EGFR and 

integrin b1, respectively, ultimately leading to the activation of PI3K and the unique downstream 

activation of Akt[110, 111, 116, 128, 215, 379]. Recent reports have highlighted the importance 

of the post translational modifications of Akt and how they dictate downstream substrate 

specificity[217]. In support, we observe that HCMV-infected monocytes and growth factor 

treatment monocytes differentially activate Akt which leads to a milieu of HCMV-specific 

downstream signaling events. Notably, HCMV along with normal myeloid growth factors, are 

able to induce mTOR phosphorylation. HCMV however was unique in its ability to regulate 
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signaling events downstream of mTORC1 including 4EBP-1 hyperphosphorylation, which 

enhances rates of translation initiation [380]. HCMV infection also enhanced S6K1 

hyperphosphorylation, which has been shown to drive ribosomal biogenesis and enhance the rate 

of translation elongation within ribosomes[227, 228]. HCMV was able to consistently 

hyperphosphorylate 4EBP-1 and S6K1 in comparison to myeloid growth factor stimulation, 

which suggests that viral mediated translation is highly dependent on unique signaling events 

driven though the Akt/mTORC1 signaling axis. In support, translation in HCMV-infected 

monocytes were highly sensitive to mTOR inhibition whereas growth factor mediated translation 

was not.  

 Critically, protein synthesis is the most energy intensive process monocytes undertake 

and is one of the first biological processes shut down during times of cellular stress[219, 243, 

381]. Canonically during cellular stress events, AMPK functions to inhibit mTORC1’s activity 

and prevent cap-dependent translation in favor of cap-independent IRES mediated cytoprotective 

gene expression[255, 360, 382]. However, HCMV uniquely promotes the simultaneous activity 

of AMPK and mTORC1 to allow for the concurrent expression of both cap-dependent and cap-

independent gene expression[206, 249, 283]. During lytic HCMV infections, this translational 

profile is sustained by pUL38 as it serves to block AMPK mediated inhibition of mTORC1[262, 

285]. In quiescently infected monocytes, absent of de novo viral gene expression, the virus is 

forced to utilized host factors to fulfill the same role as pUL38. We’ve found that HCMV 

aberrantly regulates a master regulator of the heat shock stress response, HSF1, to drive 

mTORC1 activation despite the activation of AMPK and other cell stress responsive factors. The 

dual activation of AMPK and mTORC1 observed in HCMV-infected monocytes does not take 
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place in growth factor stimulated monocytes and likely explains the mechanisms by which stress 

and non-stress survival factors, such as Mcl-1 & HSP27, are expressed concurrently. 

The capacity of HCMV to efficiently regulate gene expression through the direct 

regulation of protein synthesis led us to explore this phenomenon on a global scale. Through the 

interrogation of total cellular transcripts and transcripts which were enriched on polyribosomes 

we could infer which genes were being selectively translated in HCMV-infected monocytes by 

RNA-sequencing analysis. Utilizing the EnrichR analysis suite we determined that non-

polysome bound mRNAs were enriched with antiviral associated ontologies such as 

proinflammatory signaling, innate immunity, and antigen presentation. Whereas polyribosome 

bound mRNAs in HCMV-infected monocytes enriched for ontologies and pathways with 

implied proviral effects including the negative regulation of leukocyte immunity and 

degranulation as well as the regulation of programmed cell death pathways. These data imply 

that HCMV blocks ribosomal access to genes which would be detrimental to the success of an 

HCMV infection while concomitantly promoting ribosomal access to select transcripts to foster a 

more hospitable environment for the virus within infected monocytes. These findings advocate 

that HCMV’s capacity to control host gene expression through the regulation of translation is 

paramount in the success of the virus’s dissemination strategy which promotes the survival and 

differentiation of short-lived monocytes into long-lived replication permissive macrophages. In 

support, we identified 11 negative regulators of programmed cell death that were uniquely 

expressed in a translationally dependent mechanism in HCMV-infected monocytes. A significant 

gene of interest which arose from our analysis was SIRT1. SIRT1 is a well-studied NAD-

dependent host deacetylase which has long been implicated in the regulation of longevity and 

cell stress. Furthermore, SIRT1 has been reported to deacetylate Akt, which allows Akt to bind 
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to PiP lipids at the plasma membrane and ultimately enhance its activation[369, 370, 372, 374, 

375]. Indeed, sustained signaling by Akt to mTORC1 is indispensable in the induction in 

translation observed in HMCV infected monocytes across a 72h time course of infection. 

Accordingly, after the initial gB/EGFR mediated burst of Akt activation, HCMV likely employs 

several mechanisms to sustain Akt activity beyond early timepoints of infection.  In support, we 

determined that pharmacologic or genetic inhibition of SIRT1 abrogated the activation of Akt as 

shown by decreased phosphorylation at S473. Ultimately, since the mTORC1 mediated 

induction of translation driven by HCMV in monocytes is an Akt dependent event, we show here 

that SIRT1 inhibition reduced the rate of translation in HCMV-infected monocytes.  

To the best of our knowledge, this is the first study to demonstrate the global reshaping of 

the cellular translational profile in HCMV-infected monocytes. This HCMV-mediated induction 

of protein synthesis is enhanced by a feed-forward mechanism between Akt, mTORC1, and 

SIRT1 to a establish benevolent microenvironment to HCMV as it promotes the survival, 

differentiation, and systemic dissemination of infected monocytes. Current HCMV therapeutics 

are limited to blocking various steps of the lytic replication process, none however are able to 

target quiescently infected monocytes[51, 58, 62-64, 66, 383]. Thus, understanding the precise 

cell signaling mechanisms utilized by HCMV to bypass protective cell stress events offers a 

unique opportunity to selectively target host proteins which are uniquely regulated in HCMV-

infected monocytes. The selective targeting of uniquely regulated host factors could lead to the 

elimination of infected circulating monocytes thus preventing establishment of systemic HCMV 

disease immunocompromised patients.   
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Abstract:  
Human cytomegalovirus (HCMV) is a major cause of morbidity and mortality among 

immunonaive and immune compromised individuals. HCMV utilizes peripheral blood 

monocytes to disseminate from initial points of infection to distant end organs. HCMV infection 

drives a non-canonical activation of the Akt/mTORC1 signaling axis during viral entry in order 

to promote the synthesis of a select subset of antiapoptotic proteins and the survival of infected 

monocytes. We found HCMV-induced Akt/mTORC1 signaling promoted a global induction of 

protein synthesis despite the activation of host stress responses, which canonically hinder 

translation. We previously showed Akt activation following HCMV infection induced the 

activity of the stress response transcription factor Heat Shock Factor 1 (HSF1), which 

subsequently regulated mTORC1 activity. As mTORC1 regulates cellular translation, we sought 

to determine if HCMV-induced translation was dependent on HSF1. Following the inhibition of 

HSF1 with small molecules or by siRNA, the enhanced rates of translation observed in HCMV-

infected monocytes are rapidly and dramatically attenuated. The involvement of HSF1 in the 

regulation of protein translation was unique to quiescently HCMV-infected monocytes as 

inhibition of HSF1 had no effect on rates of translation driven by growth factor stimulation. We 

further show here that HSF1 directly binds to and regulates the activity of mTORC1 and its 

downstream targets, suggesting that HSF1 may be critical to the survival of HCMV-infected 

monocytes. Accordingly, pharmacologic inhibition of HSF1 or complementary genetic knock 

down of HSF1 led to the preferential killing of HCMV-infected monocytes, while having 

minimal effect on the viability of mock-infected cells. Moreover, global sequencing analysis 

revealed that loss of HSF1 signaling led to a dramatic reduction in the expression of 
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antiapoptotic gene expression. Taken together, these data suggest that HCMV usurps HSF1 in 

quiescently infected monocytes to redirect protein translation towards mTORC1-dependent 

antiapoptotic factors, ultimately ensuring the survival and dissemination of HCMV-infected 

monocytes. 
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Introduction:  
 Human Cytomegalovirus is a ubiquitous betaherpesvirus with an estimated 

seroprevalence between 50-100% globally [10, 11]. HCMV infections in healthy 

immunocompetent individuals are often self-limiting, although infected patients may present 

mild mononucleosis-like symptoms [355]. HCMV infections are also associated with several 

inflammatory disorders, including atherosclerosis and restenosis, as well as cancers, including 

glioblastoma, breast, and colon cancer [16, 20, 351, 384, 385]. In contrast, HCMV remains as a 

significant cause of morbidity and mortality for immunocompromised patients including those 

undergoing chemotherapy, immunosuppression in preparation for transplantation, HIV/AIDS 

patients, and congenitally infected neonates [33, 44, 301, 386]. Fulminant HCMV disease is 

characterized by widespread viral dissemination and severe end-organ damage. 

 Peripheral blood monocytes are thought to mediate systemic dissemination of HCMV as 

these infected blood sentinels are the predominant infiltrating cell type observed in the organs 

from patients suffering from HCMV disease [193-195, 200, 302]. However, monocytes are 

inherently short-lived cells with an average lifespan of 48 hours (h) following release from the 

bone marrow in the absence of survival stimuli [376]. Furthermore, monocytes are not 

permissive for HCMV replication making them ill-suited to facilitate production of infectious 

progeny. To circumvent these shortcomings, HCMV binding and entry into target monocytes 

initiates host signaling events to radically reshape the signalsome within infected monocytes 

[128, 185, 205-207, 215]. Specifically, viral glycoproteins gB and gH bind to EGFR and integrin 

b1, respectively, which induces a non-canonical activation of Akt necessary for the survival of 

HCMV-infected monocytes. The synchronized action of EGFR and integrins leads to a site-
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specific activation of Akt characterized by a hyperphosphorylation event at serine 473 (S473), 

which is in contrast to the canonical activation of Akt at S473 & T308[214, 215]. The 

downstream Akt substrate specificity is dictated by the ratio of S473 and T308 activation, 

suggesting HCMV-activated Akt exhibits a unique functional output [216, 217, 387]. Indeed, 

mTORC1 is activated within HCMV-infected monocytes but not in normal myeloid growth 

factor stimulated cells. The activation of mTORC1 induces a global increase in the rate of 

protein synthesis within HCMV-infected monocytes, although prosurvival factors are 

preferentially translated while synthesis of antiviral and cell stress response factors are reduced. 

Taken together, these studies demonstrate that HCMV-activated Akt stimulation of mTORC1- 

mediated translation is critical to promoting the survival of HCMV-infected monocytes through 

the inhibition of programmed cell death pathways.  

 mTORC1 serves as a major regulatory signaling hub in the control of cap-dependent 

protein synthesis [225, 229, 231, 234, 380]. However, during times of cellular stress, such as 

viral infections, mTORC1 is inhibited in an AMPK dependent fashion. Following cell stress, 

AMPK ensures the integrity of the TSC1/2 complex and the subsequent inhibition of mTORC1 

[230, 255]. Furthermore, AMPK is necessary for the gene expression of many cytoprotective 

cap-independent genes, which are upregulated as a defense mechanism following cellular insult 

[224, 251, 253]. However, both AMPK and mTORC1 are simultaneously active during HCMV 

lytic infection of fibroblasts through the activity of the viral protein pUL38, which uncouples the 

activities of AMPK and mTORC1 [262, 285]. In quiescently infected monocytes, HCMV also 

sustains mTORC1 activity despite AMPK activation via the induction of cellular heat shock 

factor 1 (HSF1) [388]. In turn, HCMV maintains the translation of both cap-dependent and 

independent pro-survival mRNAs, thus ensuring the survival of infected monocytes [206].  
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 HSF1 is a ubiquitous transcription factor and regulates the activity of several stress 

responses. Under homeostatic conditions, HSF1 exists in an inactive monomeric state bound to 

an obligatory heat shock protein chaperone, most often HSP70 or HSP90 [271, 280, 389]. 

Following cell stress, HSF1 and its chaperone are quickly separated to allow for the HSPs to 

facilitate protein folding, chaperoning, and degradation to limit proteotoxic stress within cells 

[267, 275]. Unbound HSF1 then trimerizes and enters into the nucleus where it binds to specific 

regions of the DNA, called heat shock elements (HSE) upstream of target gene promoters. Once 

bound to the genomic HSEs, HSF1 aids in the recruitment of RNA polymerase II, p-TEFb, and 

DSIF to initiate transcription of its target gene [390]. Many of the works in regard to HSF1 focus 

on this nuclear function of HSF1 to enhance transcription of target genes, however this fastidious 

transcription factor has been reported to have roles elsewhere within the cell also. Several studies 

have documented that HSF1 in the cytoplasm modulated p53 signaling events to regulate cell 

cycle and tumor progression in cancer models [269, 276, 277]. Moreover, HSF1 has been 

reported to sequester proteins which have adverse effects on cellular processes. Notably, HSF1 

sequesters JNK during times of cell stress to prevent errant JNK signaling and the dissolution of 

mTORC1 [349]. Our data suggests that HSF1 may play a similar role in support of mTROC1 

activity and translation within HCMV-infected monocytes 

 In this study, we report that HCMV rapidly stimulates and maintains HSF1 activity in 

infected monocytes, which was in contrast to the transient activation driven by canonical heat 

stress, in order to promote the survival of infected monocytes. Consistent with our previous 

study, HCMV-induced HSF1 activity modulates mTORC1 to promote the expression of several 

antiapoptotic proteins [206]. We now show HSF1 binds directly to mTOR, suggesting a distinct 

cytoplasmic translation regulatory activity exhibited by this stress response transcription factor. 
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In support, the rates of protein translation within HCMV-infected monocytes were significantly 

reduced following HSF1 inhibition, which was not observed during lytic infection. 

Polyribosomal profiling analysis identified several gene ontologies dependent on HSF1-mediated 

translation such as genes involved in cellular stress and apoptosis. Specifically, several of the 

inhibitor of apoptosis family members were uniquely expressed by HCMV, including cIAP2, 

which inhibits caspase-mediated apoptosis as well as necroptosis. Inhibition of cIAP2 led to the 

cell death of HCMV-infected monocytes while having minimal effect on the viability of 

uninfected cells.  Our study suggests that HCMV rapidly usurps HSF1 to maintain translation of 

prosurvival factors, via its interaction with mTORC1, leading to the survival of short-lived 

monocytes, a critical step in HCMV’s dissemination strategy.  

 

MATERIALS AND METHODS:  

 

Human peripheral blood monocyte isolation 
 
Isolation of peripheral blood monocytes was performed as previously described Briefly, blood was 

drawn by venipuncture from random donors, diluted in RPMI 1640 medium, and centrifuged 

through Histopaque-1077 (Sigma-Aldrich, St. Louis, MO) to remove red blood cells and 

neutrophils. Mononuclear cells we collected and washed with saline to remove the platelets and 

then separated by centrifugation though and Percoll (GE Healthcare, Willkes-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. Cells were washed with saline, resuspended 

in RPMI 1640 (Lonza, Walkersville, MD) supplemented with 1% human AB serum (Lonza), and 

counted. All experiments were performed in 0–2% human serum at 37 °C in a 5% CO2 incubator, 
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unless otherwise stated. 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. All small molecule inhibitors including cycloheximide, Rapamycin, EX 

527 were purchased 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 100% confluency, cells were infected with HCMV 

(strain TB40E) in DMEM + 4% FBS. Virus was purified from supernatant on a 20% sorbitol 

cushion to 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 

TB40E (Reference). Mock infection was performed by adding an equivalent volume of RPMI 

1640 medium to monocytes, while GM-CSF or M-CSF treatment was performed by adding an 

equivalent volume of RPMI 1640 medium with recombinant human GM-CSF or M-CSF at 100 

ng/ml (R&D Systems, Minneapolis, MI).  

Western Blotting 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, 21,000 × g) and stored at −20°C until further analysis. Protein samples were solubilized in 
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Laemmli SDS sample nonreducing (6×) buffer (Boston Bioproducts, Boston, MA) supplemented 

with β-mercaptoethanol (Amresco, Solon, OH) by incubation at 95°C for 10 min unless otherwise 

stated. 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 purchased from the indicated 

companies: a-puromycin (EMD Milipore, Burlington, MA), a-Beta actin (Bio-Rad, Hercules, 

CA), a-p-HSF1 (Abcam, Cambridge, UK) a-p-mTOR, a-caspase 3 (Santa Cruz Biotechnology, 

Dallas, TX), a-mTOR, a-p-4EBP-1, a-4EBP-1, a-Akt, a-p-Akt, a-S6K1, a-p-S6K1, a-HSF1, a-

cIAP2, a-GAPDH, a-Histone H3, a-HDAC1 (Cell Signaling Technology, Danvers, MA).  The 

blots were then incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies 

(Cell Signaling Technology) for 30 min at room temperature, and chemiluminescence was detected 

using the Clarity Western ECL substrate (Bio-Rad). Densitometry analysis was performed using 

Image Lab software (Bio-Rad). 

SUnSET Assay peptide labelling 

In vitro SUnSET assays were performed in accordance with previously described protocols. 

Briefly, 3x106 monocytes, or 5x105 confluent HEL299 fibroblasts were held in culture under 

various experimental conditions. After the indication treatments, nascently synthesized peptides 

were labelled via the addition of low dose (1uM) puromycin being incorporated into the culture 

media for 30 min prior to lysis. The cell lysates were then subject to SDS-Page analysis with an 

anti-puromycin specific antibody. Total lane density was assessed relative to loading controls to 

ascertain rates of protein synthesis relative to control samples.  
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Cellular Fractionation Lysis Gradient 

Subcellular fractionation analysis was performed in accordance with established protocols. 

Briefly, a lysis gradient was generated with an iso-osmotic discontinuous iodixanol based density 

gradient. Live cells (3x106 monocytes/sample) were loaded on top of the lysis gradient prior to 

low g-force centrifugation. During centrifugation, cells pass through an initial wash buffer to 

remove debris prior to entering a layer of the gradient with a mild detergent present (NP-40). 

There, cell membranes are lysed but intact nuclei continue deeper into the gradient where they are 

eventually captured at the final, highest density, interface. Cytoplasmic and nuclear fractions are 

then collected and prepared for immunoblot analysis under reducing conditions. GAPDH or a-

tubulin serve as cytoplasmic controls whereas histone H3 or HDAC1 serve as nuclear loading 

controls. By following this protocol, we were routinely able to achieve >90% efficiently in our 

fractionation studies  

Statistical Analysis 

All experiments were conducted a minimal of 3 times using primary monocytes from independent 

blood donors. Data garnered from primary monocytes have innate differences due to donor 

variability. consequently, data is displayed either as donor matched experiments with side-by-side 

comparisons, or the data is normalized relative to an appropriate background. Displaying data in 

such a fashion allows for the investigation of data trench which may normally be lost if mean 

values across experiments are only considered. Data we analyzed in GraphPad prism using 

Student’s t-test or One-way ANOVAs depending on the experimental parameters and conditions. 

P-values less than 0.05, were considered to be statistically significant.   

Analysis of polysome-associated RNAs 
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Monocytes (10x107 cells) were treated with 0.1 mg/ml cycloheximide (CHX) (inhibitor of 

translation) at 37°C for 10 min prior to harvest. The cells were then washed with PBS containing 

CHX at 4°C and pelleted by centrifugation at 4°C. Pellets were resuspended in polysome lysis 

buffer (20 mM Tris-HCl [pH 7.4], 140 mM KCl, 5 mM MgCl2, Triton X-100, 10 mM dithiothreitol 

[DTT], and 0.1 mg/ml CHX) and passed through a 27-gauge needle five times. Residual insoluble 

debris and mitochondria were pelleted by centrifugation for 10 min at 15,000  X g in a 

microcentrifuge. The clarified lysate was then layered onto a non-linear sucrose as described here 

(refs). Briefly, the non-linear sucrose gradient is comprised of three increasingly dense 

concentrations of sucrose (5%, 34%, & 55%). Polyribosome bound RNA cannot enter the hyper-

dense 55% sucrose, resulting in the efficient collection of all polysome associated RNA into one 

fraction. The locations of ribosomal subunits, monosomes, and polysomes in the gradient were 

determined by continuous monitoring of the absorbance at an optical density of 254 nm (OD254) 

during gradient fractionation using a Brandel gradient fractionator system coupled to a 

spectrophotometer (ISCO). Total RNA was extracted from an equal volume of each gradient 

fraction using TRIzol, and contaminating DNA was removed with DNase (Ambion, Austin, TX).   

RNA-Seq Analysis 

RNAs were isolated out of TRIzol prior to library prep.  RNA sequencing library preparation was 

preformed according to the illumina dual stranded mRNA prep kit. Library quality and QC metrics 

were assessed and conformed to adhere to Illumina’s standard using a bioanalyzer (Agilent 

Technologies, Santa Clara, CA). Completed RNA-Seq libraries were then sequences using the 

NextSeq system, and a 400 million read sequencing chip (Illumina, San Diego, CA). Sequences 

bases were then trimmed, aligned, and quantified to the HG38 human reference genome within the 

Partek flow Analysis suite. Following quantile normalization, differential gene expression analysis 
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was conducted using Partek’s GSA (gene specific analysis) computational algorithm. Gene 

ontology and pathway analysis was conducted in the EnrichR analysis package. All graphs and 

figures were generated using Partek flow or various R-coding packages.  

Flow Cytometry  
 
Monocytes were washed in PBS and incubated in blocking solution consisting of fluorescence-

activated cell-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 and then washed and stained with 

fluorescein isothiocyanate (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 FlowJo software (BD Biosciences, Franklin Lakes, 

NJ). 

Transient transfection and RNA silencing 

Monocytes (2-3 × 106/transfection) were resuspended in 100 μl of RT nucleofection solution 

(Amaxa P3 primary cell solution; Amaxa Biosystems, Cologne, Germany) containing 100 nM 

Silencer Select HSF1 targeting siRNA (Ambion-Thermo Fisher Scientific, Carlsbad, CA) or 100 

nM Silencer Select scramble control siRNA (Ambion-Thermo Fisher Scientific), and transfected 

with a 4D-Nucleofector system using pulse code EI-100. Following transfection, cells were 

incubated in RPMI 1640 (Cellgro) supplemented with 2% human AB serum in RPMI at 37 °C 

(Lonza) for 24 h. Monocytes were then mock or HCMV-infected for 24 h and subjected to 

immunoblot or flow cytometry analysis. 
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Results 

HCMV rapidly stimulates a distinct HSF1 activation profile in infected monocytes. 

Heat shock (HS) elicits a rapid stress response that normally resolves in minutes [390]. 

Accordingly, blood monocytes held at 42 C for 30 m (minutes) exhibited a robust 

hyperphosphorylation of HSF1 that was completely resolved at 24 h post HS. HCMV-infection 

of monocytes also stimulated an early activation of HSF1 at 30 m post infection (pi). However, 

in contrast to HS, HCMV sustained HSF1 activation at 24 h (hours) pi (Fig 1A & B). Consistent 

with our previous findings, the rapid induction of HSF1 following HCMV infection was 

dependent on the induction of PI3K and Akt during viral entry, but independent of mTOR. 

Interestingly, HS activation of HSF1 was independent of PI3K and Akt, indicating HCMV 

stimulates a non-canonical activation of HSF1 mediated by distinct kinases (Fig. 1C). Overall, 

these data demonstrate that HCMV triggering of the PI3K/Akt signaling axis into monocytes 

stimulates a unique activation of the HSF1.  

 

HSF1 promotes the survival of HCMV-infected monocytes 

Next, to determine the role of HSF1 during HCMV infection utilizing a novel small 

molecule inhibitor, DTHIB, which has been validated to selectively bind HSF1 to promote 

proteosome-mediated degradation [391]. We found DTHIB robustly reduced total and 

phosphorylated HSF1 in HCMV-infected monocytes to a much greater extent than a 

commercially available HSF1 inhibitor, KRIBB11 (Fig. 2A & B) We have previously shown that 

HCMV-induced HSF1 increases the expression of several prosurvival factors, including Mcl-1, 

HSP27, and XIAP. We confirm that DTHIB prevents the upregulation of these survival factors 

following HCMV infection of monocytes (Fig 2C). Knockdown of HSF1 with siRNA also  
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Figure 1. HCMV rapidly stimulates a distinct HSF1 activation profile in infected monocytes. 
(A & B) Peripheral blood monocytes were mock- or HCMV-infected or heat shocked (HS) at 42°C 
for 30min and then allowed to incubate & recover at 37°C prior to cell lysis at the specified time 
points post-treatment. (C) Peripheral blood monocytes were pretreated for 1 h with LY (a PI3K 
Inhibitor), MK (an Akt inhibitor), or Rapamycin (an mTOR inhibitor) prior to a mock or HCMV-
infection for 30m, or 42C HS for 30m prior to cell lysis immunoblots analysis for markers of HSF1 
activation. Densitometry analysis was quantified and plotted from >4 independent donors. *, 
P<0.05. ; **,P<0.005; ***,P<0.0005; ****,P<0.00005  
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significantly reduced Mcl-1, HSP27, and XIAP expression, further validating the on-target 

effects of DTHIB (Fig. 2D). Next, HCMV-infected monocytes were treated with increasing 

concentrations of DTHIB, and viability examined by flow cytometric analysis of annexin V and 

PI staining. We found a shift in the TC50 from 20 µM in uninfected monocytes to 5.8 µM in 

HCMV-infected cells (Fig. 2E), indicating an increased sensitivity of infected monocytes to 

DTHIB-induced cell death. To control for the potential off-target cytotoxicity of DTHIB, we 

performed HSF1 siRNA knockdowns and also found HCMV-infected cells were hypersensitive 

to cell death due to the loss of HSF1 (Fig. 2F). Taken together, these data indicate that HSF1 and 

the select pool of HSF1-dependent pro-survival proteins play a critical role in ensuring the 

viability of HCMV-infected monocytes.  
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Figure 2. HSF1 promotes the survival of HCMV-infected monocytes (A&B) Monocytes were 
pretreated with HSF1 inhibitors (K11, DTHIB) for 1h. Following treatment with inhibitors, cells 
were mock- or HCMV-infected and allowed to incubate for 24h.  (A&C) Following inhibitor 
treatment, mock- or HCMV-infected monocytes were analyzed by immunoblot for total & p-
HSF1. (C) Monocytes were pretreated with DTHIB for 1h. Following treatment with DTHIB, cells 
were mock- or HCMV-infected and allowed to incubate for 24h. (D) Monocytes were transfected 
with HSF1 specific siRNAs or scramble siRNA controls. Cells were allowed to recover for 24h to 
ensure efficient target knockdown prior to mock or HCMV infection for an additional 24h. Cells 
were then assessed by immunoblot analysis for the expression of key anti-apoptotic regulators. (E) 
Blood monocytes were pretreated with increasing concentrations of DTHIB for 1h prior to being 
mock- or HCMV-infected for 24h. (F) Monocytes were transfected with HSF1 specific siRNAs or 
scramble siRNA controls. Cells were allowed to recover for 24h to ensure efficient target 
knockdown prior to mock or HCMV infection for an additional 24h. (E&F) Cell viability was then 
assessed by Annexin V and propidium iodide staining and FACS Analysis. Data representative of 
>3 independent donors; *, P<0.05. ; **,P<0.005; ***,P<0.0005; ****,P<0.00005  
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HSF1 directly binds and stimulates mTOR activity 

Although HSF1 is stress response transcription factor, several of the HCMV-induced 

prosurvival factors do not have HSF1 binding sites in their promoter region, suggesting HSF1 

exerts additional regulatory activity aside from stimulating transcription.  Others have shown that 

HSF1 regulates mTOR activity and previously published work from our lab demonstrated a feed 

forward mechanism between HSF1 and mTORC1 in HCMV-infected monocytes where HSF1 

inhibition reduced mTOR phosphorylation [206, 281]. Here, we confirm that DTHIB reduces 

HCMV-induced mTOR activation, as well as phosphorylation of key downstream substrates of 

mTORC1, including 4EBP-1 and S6K1 (Fig. 3A). Complimentary genetic inhibition of HSF1 

with siRNA yielded similar results (Fig 3B). Previous reports suggest a possible physical 

interaction between HSF1 and mTOR. Indeed, we were able to co-immunoprecipitate HSF1 with 

mTOR, and vice versa, in HCMV-infected monocytes, which was completely ablated by the 

presence of DTHIB (Fig 3C & D). These data suggest HSF1 has critical function in the 

cytoplasm of HCMV-infected monocytes by controlling protein expression via the modulation of 

mTOR activity. To confirm that HSF1 is maintained in the cytoplasm of HCMV-infected 

monocytes, cytoplasmic and nuclear fractionation was performed. Control HS treatment of 

monocytes drove cytoplasmic HSF1 into the nucleus as expected. Surprisingly, despite activating 

HSF1, HCMV completely blocked shuttling of cytoplasmic HSF1 into the nucleus of infected 

cells (Fig 3E). These data argue that HCMV infection actively maintains HSF1 within the 

cytoplasm in order to modulate mTOR activity and promote the expression of a unique milieu of 

prosurvival factors.  
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Figure 3. HSF1 directly binds and stimulates mTOR activity. (A) Peripheral blood monocytes 
were pretreated for 1h with DTHIB followed by a 24h mock or HCMV infection. Following 24h 
of infection cells or (B) Monocytes were transfected with HSF1 specific siRNAs or scramble 
siRNA controls. Cells were allowed to recover for 24h to ensure efficient target knockdown prior. 
(A&B) Cells were then analyzed for mTORC1 activation and signaling activity by western blot. 
(C&D) HSF1 and mTOR physical interaction was assessed by Co-immunoprecipitation.  
Monocytes were mock or HCMV-infected for 16h, followed by DTHIB treatment for 8h prior to 
immunoprecipitation with (C) anti-mTOR, (D) anti-HSF1,  (C&D) or IgG Isotype controls. The 
detection of mTOR:HSF1 interaction was then detected by immunoblot analysis. Cytosolic and 
nuclear extracts were collected from peripheral blood monocytes which had been mock- or 
HCMV-infected for 24 h. After 24 h live cells were centrifugated over a discontinuous iso-osmolar 
iodixanol based gradient. Soluble cytosolic protein and crude nuclei were harvested and prepared 
for immunoblot analysis.  GAPDH and HDAC1 served as cytosolic and nuclear loading controls, 
respectively (E) Data representative of >3 independent experiments.  
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HCMV-induced HSF1 stimulates global protein synthesis.  

The hyperphosphorylation of 4EBP-1 and S6K1 by mTORC1 represents a significant 

regulatory checkpoint in promoting protein translation. Given our findings that cytoplasmic 

HSF1 binds and regulates mTOR activity in HCMV-infected monocytes, we sought to 

investigate the non-traditional role of this stress response transcription factor in regulating the 

translation. We first examined the effect of HSF1 on protein translation in HCMV-infected 

monocytes utilizing pulse-chase studies with puromycin (SUnSET assays), which incorporates 

into elongating peptides allowing for global quantification of protein synthesis [362, 363]. 

HCMV-mediated protein synthesis was highly sensitive to HSF1 inhibition as the robust 

induction of translation driven by HCMV was reduced to mock levels (Fig. 4A & B). Growth 

factor stimulation of protein synthesis with GMCSF also increased protein synthesis. However, 

GMCSF-induced translation was not dependent of HSF1 (Fig. 4A & B), indicating a unique role 

of HSF1 in the regulation of protein synthesis within HCMV-infected monocytes. HSF1 siRNA 

knockdown confirmed the inhibition of translation was not due to an off-target effect of DTHIB 

(Fig. 4C & D). Alternatively, protein synthesis was not sensitive to the loss of HSF1 activity in 

HCMV-infected fibroblasts, consistent with other studies demonstrating lytic viral proteins such 

as pUL38, TRS1, or IRS1 maintain protein synthesis despite the activation of cellular stress 

responses (Fig. 4E &F) [262, 285, 287]. We also confirmed here the lack of lytic pUL38 gene 

expression in quiescently infected monocytes to confirm it does not play a role in the induction 

of translation in quiescently infected monocytes. As a positive control, HCMV lacking US28 

was used to initiate a lytic replication program within HCMV-infected monocytes (Fig. 4G). 
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These data indicate that HCMV utilizes HSF1 in stressed infected monocytes to stimulate and 

maintain protein translation in analogous fashion to pUL38 in lytically infected cells. 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. HCMV-induced HSF1 stimulates global protein synthesis.  (A&B) Monocytes were 
mock- or HCMV-infected or treated with GMCSF for 24h. DTHIB was added to the culture media 
of appropriate samples at 23h post infection or treatment (C&D) Monocytes were transfected with 
HSF1 specific siRNAs or scramble siRNA controls. Cells were allowed to recover for 24h prior 
to mock or HCMV infection for an additional 24h. (E&F) Confluent HEL299 Fibroblasts were 
serum starved and mock or HCMV-infected for 23h and then treated with DTHIB, cycloheximide 
(translation inhibitor) or Actinomycin D (transcription inhibitor) for 1h prior to puromycin 
labelling. (A,C&E) Cells were cultured in the presence of low-dose puromycin for 30m prior to 
cell lysis to tag nascently synthesized peptides. Following cell lysis, immunoblot analysis utilizing 
an anti-puromycin antibody was utilized to monitor the translational status of cells. (G) Primary 
monocytes were infected with wild-type TB40E HCMV to initiative a quiescent infection for 24, 
or monocytes were infected with ΔUS28 HCMV, a virus which fails to establish quiescence and 
enters into lytic replication. After 24h, cells were then lysed and assessed for pUL38 protein 
expression. (B,D&F) Densitometry analysis relative to vehicle treated HCMV-infected cells were 
quantified and plotted from >4 independent experiments. *, P<0.05. ; **,P<0.005; ***,P<0.0005  
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HCMV-activated HSF1 & mTOR generates a prosurvival translational landscape.  

 HCMV has profound effect on the translatome of infected monocytes distinct from 

normal myeloid growth factors. Our data here indicates HCMV-induced HSF1 regulation mTOR 

is involved in the reshaping the global translational profile within infected monocytes. To define 

the translatome dependent on HSF1 modulation of mTOR, polyribosomal profiling to identify 

mRNAs bound to ribosomes and actively undergoing translation in HCMV-infected monocytes 

in the presence or absence of DTHIB or rapamycin (a mTOR inhibitor) was performed. A 

genome wide heatmap was generated to identify clusters of uniquely regulated genes following 

HCMV infection with or without inhibitor treatment (Fig 5A). We found HCMV upregulated 

1782 mRNAs at least 2.5-fold over mock within the polyribosome-associated mRNA pool. 1110 

transcripts exhibiting increased ribosome loading were unaffected by the presence of DT or 

rapamycin, and thus independent of mTOR or HSF1 activity. Ribosomal-associated mRNAs 

upregulated following HCMV infection but reduced by >1.5 fold in the presence of inhibitor 

were classified as dependent of HSF1 and/or mTOR.  44 and 3 transcripts were found to be 

preferentially loaded with ribosomes in a mTOR and HSF1 dependent fashion, respectively. 

Consistent with our findings that HSF1 directly binds and regulates mTOR activity, we found 

625 ribosome-associated transcripts dependent on both HSF1 and mTOR (Fig. 5B). Gene 

ontology analysis of the 1110 transcript highly loaded with ribosomes that were independent of 

HSF1 or mTOR activity in HCMV-infected monocytes enriched for several proinflammatory 

pathways involved with the innate sensing of pathogens, including interferon signaling and 

STING activation (Fig. 5C). Our previous studies demonstrated the critical role of HSF1 and 
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mTOR in mediated a PI3K/Akt-dependent antiapoptotic state within infected monocytes [206]. 

Accordingly, among the 625 ribosome-loaded mRNAs dependent on both mTOR and HSF1, 

many were associated with PI3K signaling, IRES initiation pathways, Bcl-2 family regulation, 

and apoptosis evasion (Fig. 5D). These data indicate that HSF1 regulation of mTOR globally 

reshapes the translatome of HCMV-infected monocytes towards a prosurvival state. 
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Figure 5. HCMV-activated HSF1 & mTOR generates a prosurvival translational landscape.  
(A) Polyribosome-associated mRNAs were isolated from mock or HCMV-infected in the presence 
or absence of HSF1 or mTOR inhibition at 24h post infection. Briefly, cell lysates were layered 
on top of a non-linear sucrose gradient prior to undergoing ultracentrifugation and fractionation 
with continuous monitoring of the UV absorbance at the OD254. RNA from the whole cell lysate 
or from the polysome associated fraction were then isolated using TRIZOL. In preparation for 
RNA-sequencing, a cDNA library was generated and then PCR amplified prior to illumina RNA 
sequencing. Sequenced mRNAs were trimmed, aligned, and quantified using the Partek genomics 
suite of software. Annotated reads then underwent a quantile normalization step prior to Partek’s 
“gene specific analysis” for differential genes expression. (A) Differential expression was then 
plotted as a heatmap to efficiently illustrate key differences across treatments. (B) a list of genes 
upregulated by HCMV at least 2.5 over mock was complied. Then genes whose expression 
decrease at least 1.5 fold in comparison to uninhibited HCMV-infected were compared to generate 
a profile of genes which are independent of HSF1 or mTOR, dependent on mTOR alone, 
dependent on HSF1 alone, or dependent on HSF1 & mTOR. (C&D) Gene ontology analysis from 
HSF1/mTOR independent vs HSF1/mTOR gene expression was conducted utilizing the EnrichR 
analysis package. All plots were generated in Partek Flow, or GraphPad Prism  
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HCMV increases cIAP2 in a mTOR and HSF1-dependent manner to promote the survival 

of infected monocytes 

 Translatome analysis suggests HCMV-induced HSF1 and mTOR are necessary for the 

antiapoptotic state of monocytes following HCMV infection. In support, inhibition of HSF1 and 

mTOR in infected monocytes led to enhanced cleavage of caspase 3, a key effector enzyme in 

inducing apoptosis (Fig. 6A).  We found cIAP2’s (cellular inhibitor of apoptosis 2) ribosome-

associated mRNA increased 4.1-fold in HCMV-infected monocytes, which was attenuated in the 

presence of HSF1 or mTOR inhibitors (Fig. 6B). Upregulation of cIAP2 protein expression was 

validated in HCMV-infected monocytes and found to be dependent of HSF1 or mTOR activity 

(Fig 6C & D). cIAP2 contains 3 baculovirus inhibitor of apoptosis (BIR) domains that block 

cleavage and activation of caspase 3. Accordingly, treatment of HCMV-infected monocytes with 

two different cIAP2 inhibitors, which exhibit selectivity for cIAP2 over other cIAP family 

members, led to an increase in procaspase 3 cleavage (Fig. 6E). Inhibition of cIAP2 with cIAP2 

selective inhibitors also led to a dose dependent decrease in viability of HCMV-infected 

monocytes, while having minimal effect on the viability of mock-infected cells (Fig. 6F). These 

data demonstrate role for HSF1 and mTOR in rewiring the host cell translational machinery to 

redirect protein synthesis towards prosurvival factors, such as cIAP2, which are necessary for the 

survival of HCMV-infected monocytes. 
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Figure 6.  HCMV increases cIAP2 in a mTOR and HSF1-dependent manner to promote the 
survival of infected monocytes. Peripheral blood monocytes were pretreated for 30m with 
rapamycin (an mTOR inhibitor) or DTHIB (a novel HSF1 inhibitor) prior to a 24h infection and 
subsequent immunoblot analysis for the cleavage of caspase 3 (A), or cIAP2 (C & D).  (B) 
Polysome-associated RNA-Seq data for cIAP2 expression, represented as fold change in transcript 
abundance over mock. (E & F) Peripheral blood monocytes were pretreated for 30m with two 
different cIAP2 small molecule inhibitors, Birinapant (Bir) or Xevinapant (Xev), prior to 
undergoing a 24h mock or HCMV infection. Following 24 h, cells were either lysed for 
immunoblot analysis of caspase 3 cleavage (E),or stained with annexin V and PI to assess viability 
by flow cytometry (F).  
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Discussion 

 Peripheral blood monocytes are a primary in vivo target of HCMV believed to be 

responsible for the systemic dissemination of the virus [194, 195]. However, monocytes have a 

short 48 h lifespan and are not permissive for HCMV replication [376]. To circumvent the short 

lifespan of monocytes, HCMV radically reshapes the host cell signalsome to rapidly generate an 

antiapoptotic state following HCMV infection [128, 205, 214, 215, 388]. We have previously 

shown that a major outcome of HCMV infection of monocytes is a global increase in protein 

translation via the activation of mTORC1 and its downstream substrates. Here, we now show 

HCMV activates HSF1, a critical stress response factor, to induce and sustain mTOR activity 

within infected monocytes. Canonically, HSF1 rapidly shuttles to the nucleus upon exposure to 

stress in order to mediate transcription of stress response genes [270]. Surprisingly, HCMV-

activated HSF1 remains in the cytoplasm, where it directly binds mTOR, suggesting HSF1 

activation is not simply a stress response to HCMV infection but an intentional act by HCMV to 

usurp the unique biological properties of HSF1. We show HCMV-induced cytoplasmic HSF1 

functions to maintain protein translation of prosurvival factors necessary for the survival of 

infected monocytes through the regulation of mTORC1.  

 HS rapidly phosphorylates HSF1 resulting in trimerization and transport to the nucleus 

where it mediates transcription of stress response genes [274, 275]. Our study suggests that 

HCMV activation of HSF1 is a highly specific and regulated event unique from canonical stress-

induced activation. In support, although both HCMV and HS stimulate S326 phosphorylation, 

HS also induces a shift in the molecular weight of HSF1, suggesting HCMV and HS mediate 

distinct post-translation modifications (Fig. 1A). Furthermore, HSF1 is activated for an extended 

period following HCMV infection relative to the short transient activation induced by HS (Fig. 
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1A). HCMV also induces phosphorylation of HSF1 in a PI3K/Akt-dependent manner, while HS 

stimulates HSF1 phosphorylation independent of PI3K/Akt (Fig. 1C), indicating HCMV and HS 

utilize different kinases activate HSF1. How the different post-translational modifications effect 

HSF1 activity during HCMV infection remain unknown and an active avenue of research [267, 

274, 275]. However, the activation status of HSF1 has profound effects its activity. Indeed, 

several cancers have been associated with an aberrant activation profile of HSF1 leading to a 

unique “oncogenic” transcriptome required for the antiapoptotic state following transformation 

[276, 277, 279]. Our study demonstrates that HCMV uniquely regulates post-translational 

modifications inducing non-traditional HSF1-dependent functional outcomes needed for the 

survival of infected monocytes.  

Post-translational modifications of HSF1 have considerable effect on HSF1 binding 

partners, which leads to changes in HSF1 activity and/or its binding partner[267, 275, 278]. For 

example, cytoplasmic HSF1 has been reported to stabilize mTORC1 by sequestering the stress 

associated kinase, JNK, which phosphorylates components of mTORC1 leading to the disillusion 

of the complex [281, 349]. The effect of the unique HCMV-induced post-translational changes 

on HSF1 protein-protein interactions is unclear. However, our data demonstrates that HCMV-

activated HSF1 directly binds and regulates mTOR activity, albeit how HSF1 binding modulates 

mTOR activity remains unknown. A possibility is that HSF1 stabilizes mTORC1 by preventing 

JNK binding. Alternatively, HSF1 could simply regulate kinase assess to phosphorylation sites 

important to mTORC1 activity. Regardless, HCMV modulation of HSF1 protein-protein 

interactions plays a critical role to maintaining protein translation within infected monocytes. 

Our data also shows DTHIB blocks binding between HCMV and mTOR to prevent virus-

induced translation of several pro-survival proteins. Although DTHIB was shown to bind 
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monomeric HSF1, which is found in the cytoplasm, its reported mode of action is through 

triggering of proteasomal degradation of nuclear trimeric HSF1 [391]. Here, our study not only 

identifies a novel binding partner and activity of cytoplasmic HSF1, but also demonstrates the 

ability of DTHIB to block the activities of both cytoplasmic and nuclear HSF1.  

The maintenance of mTORC1 signaling is necessary in supporting protein translation in 

HCMV-infected monocytes, a critical step in ensuring the survival of HCMV-infected 

monocytes. We have previously reported that the reshaping of host cell translatome during 

HCMV infections to redirect protein synthesis towards prosurvival factors. Here, we show the 

interconnected nature of HSF1/mTORC1 within HCMV-infected monocytes through a genome-

wide assessment of polyribosome-bound mRNA. The vast majority of ribosome-associated 

transcripts dependent of HSF1 are also dependent on mTOR activity, supporting direct 

regulation of mTOR by HCMV-induced HSF1 within infected monocytes. Many of the 

identified HSF1- and mTOR1-dependent translating mRNAs have known prosurvival activity, 

including cIAP2. Our study demonstrates HSF1 regulation of mTOR-mediated protein 

translation is a crucial mechanism by which HCMV ensures the survival of quiescently infected 

monocytes.  

HS rapidly activates and drives HSF1 into the nucleus to promote transcription of stress 

response genes [272]. Yet, our study, as well as others, provide evidence of important 

prosurvival activity of cytoplasmic HSF1 [277, 349, 389]. However, HSF1 also mediates 

transcription of several antiapoptotic factors, suggesting that nuclear HSF1 is detrimental to 

HCMV replication and is purposefully excluded from the nucleus of infected monocytes. 

Nuclear accumulation of HSF1 leads to viral reactivation or enhanced replication of HIV or 

Dengue virus infections, respectively [392-394]. Perhaps, nuclear HSF1 similarly promotes 
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replication of HCMV. In support, several viral promoters within the HCMV genome contain 

HSF1 binding sites (data not shown). Thus, activation of HSF1 in the absence of nuclear 

translocation may allow for the generation of a prosurvival state without initiation of the HCMV 

lytic replication cycle.  

HCMV’s capacity to tightly modulate the cellular stress response is critical to the 

different stages of the viral replication cycle. Here, we report a mechanism by which HCMV 

usurps the host stress response factor, HSF1, to facilitate translation of prosurvival factors and 

subsequent survival of HCMV-infected monocytes. To the best of our knowledge, this study is 

also the first to demonstrate a virus to directly activate while simultaneously prevent nuclear 

relocalization of HSF1 allowing for cytoplasmic HSF1 binding to mTOR. All current FDA-

approved therapeutics target various steps of the viral replication process, thus rending these 

drugs ineffective in targeting quiescently infected monocytes. The development of drugs such as 

DTHIB targeting the unique molecular mechanisms behind HCMV’s ability to successfully 

promote the survival and differentiation of monocytes offers a unique opportunity to selectively 

eliminate infected cells, which could have profound impact on the prognosis of high-risk 

immunocompromised patients.  
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Figure 7: Proposed model for maintenance of mTORC1 signaling in HCMV-infected 
monocytes.  
HCMV’s unique activation of Akt, downstream of SHIP1’s product, PI(3,4)P2 leads to selective 
regulation of Heat shock factor 1. Indeed, HCMV elicited a chronic and unique activation of HSF1 
in comparison to canonical heat shock stress. Moreover, the activation of HSF1 was PI3K/Akt 
dependent while remaining independent of mTOR activation. Critically, loss of HSF1 function led 
to an ablation in mTORC1 signaling and the regulation of downstream pro-translational signing 
events. In support, HSF1 inhibition led to a complete loss in the HCMV-induced protein translation 
our group has previously observed. Inhibition of either HSF1 or mTOR led to similar results and 
the loss of prosurvival factors necessary to ensure the survival of HCMV-infected monocytes 
beyond their canonical 48h lifespan. Notably, cIAP2 was upregulated in an HSF1 and mTOR 
dependent fashion and treatment of monocytes with cIAP2 small molecule inhibitors led to an 
increase in caspase 3 cleave and subsequent loss of cell viability. Taken together, HCMV usurps 
HSF1 to bypass canonical cell stress control mechanisms to maintain protein translation along the 
Akt/mTORC1 signaling axis.   
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Discussion 

 HCMV is a ubiquitous betaherpesvirus which remains as a significant cause of morbidity 

and mortality worldwide, with seroprevalence rates ranging from 60-100% [1, 2]. Despite 

primary HCMV infection often presenting as a mild, self-limiting illness, infections in 

immunocompromised hosts represent a significant risk for the establishment of HCMV disease 

[2]. In immunocompromised patients such as AIDS patients, chemotherapy patients, or 

transplant patients, HCMV infection is associated with high morbidity and mortality [3]. HCMV 

is the leading infectious cause of long-term neurologic sequalae and deafness among 

congenitally infected newborns [4-6]. HCMV’s systemic pathogenic effects are directly related 

to its ability to infect nearly every organ tissue within its host, including the gastrointestinal, 

pulmonary, circulatory, hepatic, and hematopoietic tissues [7-9]. Indeed, the systemic spread of 

HCMV within the body is attributed to HCMV-infected blood monocytes [10-12].  

 Peripheral blood monocytes are widely believed to be the cell type responsible for the 

widespread dissemination of HCMV from initial sites of infection to distant end organs. In 

support, infected monocytes are the major infiltrating cell type observed in HCMV-infected 

tissues, and monocyte-derived macrophages are the first cells to express HCMV antigens within 

infected tissues [11, 12]. Moreover, leukocyte depletion eliminates HCMV transmission in blood 

donations and transfusions, further supporting a primary role of monocytes in the systemic 

dissemination of the virus [13, 14]. However, monocytes are inherently short-lived cells, with an 

average lifespan of 48 h in the absence of a survival stimulus, thus making these blood sentinels 

an ill-suited vehicle for HCMV as they are not permissive for HCMV replication [15]. It is likely 

that millennia of co-evolution has allowed HCMV to cultivate an array of mechanisms to extend 

monocyte survival in the absence of de novo viral gene products, which limit cell death during 
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lytic infection. Critically, HCMV infection drives the differentiation of short-lived monocytes 

into long-lived replication permissive tissue macrophages [10, 16-18]. Alternately, HCMV-

infected monocytes enter the bone marrow where they transfer infection to CD34+ hematopoietic 

progenitor cells. Bone marrow resident CD34+ stem cells are the primary reservoir of HCMV 

latency, a critical step in the establishment of a lifelong HCMV infection [19, 20]. Taken 

together, HCMV-infected monocytes represent a lynchpin in the virus’s dissemination strategy 

and their extended survival and differentiation is necessary for the successful establishment of a 

persistent infection. Therefore, HCMV-infected monocytes within the host represent attractive 

targets for novel antiviral therapeutics. Understanding the precise molecular biology behind the 

viral aberrations that extend monocyte viability may be utilized to develop therapeutics which 

would prevent the dissemination and the establishment of fulminant HCMV disease.  

 

HCMV-Mediatized Aberrant Akt Activation 

 During an HCMV infection in monocytes, there are no de novo lytic genes expressed for 

the first several days [11, 16, 18, 21, 22]. To circumvent the lack of lytic viral gene products at 

early time points post infection, HCMV radically reshapes the host cell signalsome to support the 

survival and differentiation of infected monocytes, ultimately ensuring the establishment of a 

persistent infection within the host. One of the main strategies HCMV utilizes to successfully 

ensure monocyte survival and differentiation is through the atypical manipulation of the 

PI3K/Akt signaling axis[10, 16, 17, 22-26]. Canonically, during stimulation of normal myeloid 

growth factors (GMCSF or MCSF), the PI3K/Akt pathway mediates the survival of monocytes 

and begins the process of monocyte to macrophage differentiation down an M1-or M2-like 

phenotypic trajectory [15]. Growth factors stimulate receptor tyrosine kinases (RTKs) at the cell 
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surface which initiates the recruitment of the p85 and p110δ subunits of PI3k to the plasma 

membrane. PI3K activation leads to the conversion of PI(4,5)P2 to PI(3,4,5)P3, which facilitates a 

conformational change of Akt, ultimately allowing for its phosphorylation at two discrete 

phosphorylation sites, S473 and T308 [27, 28]. HCMV infection in monocytes however 

promotes a divergent activation profile of this pathway. 

  The genesis of this atypically regulated signaling begins with viral glycoproteins gB and 

gH binding to EGFR and integrin b1, respectively [24, 29, 30]. This dual binding event recruits a 

different isoform of PI3K, p110b, which is reported to have reduced antiviral activity in 

comparison to the predominant p110δ isoform [25]. Moreover, HCMV inhibits the activity of 

PTEN which is a negative regulator of the PI3K mediated PI(4,5)P2 to PI(3,4,5)P3 conversion 

through a mechanism which remains poorly understood. The activation of integrin b1 leads to a 

unique regulation of SHIP1, which canonically acts as a negative regulator of Akt activation by 

back converting PI(3,4,5)P3 to PI(3,4)P2  [18, 30]. However, similar to models of myelogenous 

leukemias, HCMV promotes SHIP1’s activity leading to the acumination of PI(3,4)P2. The 

accumulation of SHIP1’s product leads to the unique activation signature of Akt, hallmarked by 

the preferential phosphorylation of Akt as S473 [31-33]. The distinct activation of Akt driven by 

HCMV in infected monocytes promotes the upregulation of a select subset of Akt-dependent 

prosurvival factors including Mcl-1, HSP27, and XIAP which are not upregulated by canonical 

Akt activation mediated by growth factors [22, 25, 26]. Akt serves as a major regulatory 

signaling hub for a array of host effector functions. Moreover, the activation ratio of S473:T308 

dictates the downstream substrate specificity of Akt, suggesting that the unique activation of Akt 

in HCMV-infected monocytes would have a distinct biologic impact on downstream Akt 

substrates [34-36]. However, prior to these data, the downstream effects of this uniquely 
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activated Akt in HCMV-infected were poorly characterized. The experiments described in 

Chapter 2 begin to highlight the significance of the uniquely reshaped Akt-dependent signaling 

elicited by HCMV during an infection in primary monocytes.  

Akt/mTORC1 & Translation in HCMV-Infected Cells  

 Akt is a ubiquitous cellular serine/threonine kinase which plays a role in a multitude of 

cellular processes. Akt acts as a cellular rheostat by taking in environment cues and eliciting an 

appropriate downstream response [35]. Elegant studies have been conducted to understand the 

events that lead to the distinct Akt activation during HCMV infection in monocytes, however the 

interrogation of subsequent signaling events downstream of Akt have been lacking [18, 22, 25, 

37].  We show in the studies of Chapter 2 the aberrant activation of Akt by HCMV provoked 

further HCMV-specific signaling events downstream of Akt. A targeted phospho-protein 

microarray directed against known components of the Akt signaling axis depicted a highly 

divergent signaling profile in response to HCMV in comparison to normal myeloid growth 

factors. Indeed, we observed that Akt directly phosphorylated the X-linked inhibitor of apoptosis 

(XIAP) to drive the survival of HCMV-infected monocytes through the inhibition of caspase 3 

cleavage. Moreover, mTOR and 4EBP-1 were hyperphosphorylated in HCMV-infected 

monocytes, suggesting the uniquely activated Akt could drive protein synthesis along the 

Akt/mTORC1 axis.  

 Indeed, one of Akt’s principal target substrate is mTOR, the central regulatory kinase of 

mTOR complex 1 (mTORC1) [38-40]. However, a separate regulatory complex stands between 

Akt and its target substrate. The tuberous sclerosis 1/2 complex (TSC1/2), which in its 

unstimulated state, negatively regulates the activation of mTORC1 to maintain control of 

mTORC1 mediated signaling events that drive protein synthesis [41, 42]. TSC1 is not known to 
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have any enzymatic activity and is largely believed to provide scaffolding for TSC2 and to 

prevent its degradation. TSC2 however contains a GTPase activating protein domain which 

stimulates the GTPase activity of Rheb. Through interactions which remain unclear, Rheb-GTP 

leads to the activation of mTORC1 and promotes posttranslational signaling events. Canonically, 

following growth factor stimulation Akt directly phosphorylates TSC2 which diminishes its 

ability to inhibit mTORC1 [41-44]. However, during a lytic infection of HCMV, viral genes 

simultaneously regulate the activity of Akt through multiple approaches. During early timepoints 

of lytic infections, HCMV’s IE1 and IE2 function to promote Akt activity and to prevent 

apoptotic cell death of the recently infected cell, thus protecting the virus from innate and 

intrinsic immune processing[45, 46]. Moreover, HCMV’s pUL38 bypasses the necessity for Akt 

activation by directly phosphorylating TSC2 at several residues to enhance translation via 

mTORC1 signaling [47, 48].  Quiescent HCMV infection in peripheral blood monocytes do not 

benefit from viral gene expression and must subvert host factors to facilitate the unique 

expression of Akt. Indeed, during viral binding, glycoproteins gB and gH bind to EGFR and 

integrin b1, respectively, to initiate an aberrant activation of Akt characterized by a preferential 

phosphorylation at S473 [18, 22, 24, 25, 30, 37].  

 Our investigations described in Chapter 3 revealed that mTORC1 and its downstream 

signaling targets are also distinctly regulated in HCMV-infected monocytes. Notably, 4EBP-1, 

S6K1, and eEF2 were differently activated in HCMV-infected monocytes when compared to 

growth factor stimulation. These data suggest that translation initiation and elongation are highly 

dependent on mTORC1 signaling in HCMV-infected monocytes. In support, following mTOR 

inhibition, rates of translation returned to basal levels in HCMV-infected monocytes while 

remaining unchanged in growth factor stimulated cells. We also observe a radical rewiring of the 
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host translational landscape as determined by polyribosomal profiling. Prosurvival factors, 

including SIRT1 were preferentially translated by HCMV, not myeloid growth factors. These 

data also demonstrate SIRT1’s capacity to promote Akt activity and function as a feed forward 

mechanism, maintaining Akt activity well beyond the time of RTK engagement during viral 

entry.  

 Previous data from the lab has documented a robust increase in cellular autophagy in 

HCMV-infected monocytes as a mechanism to avoid necroptotic cell death [49]. Autophagy is 

traditionally controlled through the balance of two antagonist pathways, AMPK and mTORC1 

[50-52]. AMPK serves as an energy and metabolomic sensor within cells which promotes 

autophagic recycling during times of cellular stress. Concurrently, AMPK functions to inhibit 

mTORC1 activation and subvert protein synthesis in stressed cells, thus protecting them from 

exerting too much energy in the process of protein translation [53, 54]. AMPK facilitates this 

mTORC1 inhibition by promoting the integrity of the aforementioned TSC1/2 complex. 

However, the canonically disparate relationship between AMPK and mTORC1 is uncoupled in 

HCMV-infected cells. During times of lytic HCMV infection, viral gene products facilitate this 

uncoupling event. Specifically, HCMV’s pUL38 serves to inhibit the TSC1/2 complex, thus 

allowing for the simultaneous activation of mTORC1 and AMPK [47, 48]. Such a phenotype is 

significant as AMPK activation leads to the expression of a multitude of IRES-mediated or cap-

independent gene products which are cytoprotective during times of cellular stress [55-57]. In 

Chapter 2, we showed that Akt uniquely activated a select subset of downstream signaling 

factors. Notably there was an observed induction of the X-lined inhibitor of apoptosis which is a 

cap-independent gene product [58]. The unique phosphorylation of mTOR was also observed in 

Chapter 2, as HCMV-infected monocytes were capable of sustaining mTOR phosphorylation 
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beyond growth factor mediated stimulation. The unique regulation of mTORC1 was further 

exemplified by the studies described in Chapter 3. Here we found that HCMV exerted a highly 

refined array of signaling events downstream of mTORC1, notably, 4EBP-1 was uniquely and 

chronically hyperphosphorylated in comparison to growth factors. Moreover, only HCMV was 

able to lead to the hypophosphorylation of eEF2, a hallmark of efficient translation elongation 

within ribosomes [59]. A significant gap in knowledge remained after these studies as it was still 

unclear how mTORC1 was robustly activated despite the activation of AMPK and other cellular 

stress responses. Therefore, the studies of Chapter 4 were designed to uncover the cellular 

mechanisms behind HCMV’s capacity to uncouple the host stress responses from translation, in 

the absence of de novo viral gene expression 

 Prefatory data presented in Chapter 2 introduced the involvement of the master regulator 

of the heat shock stress response, HSF1. Those studies showed that HSF1 inhibition led to a 

reduction in gene expression of HSF1 gene targets as well as genes lacking a canonical HSF1 

binding element upstream of its promoter [26]. Moreover, these preliminary data of Chapter 2 

showed the inhibition of HSF1 prevented the phosphorylation of mTOR. Taken together these 

findings suggested that this master transcription factor may play a role in the regulation of 

protein synthesis. Indeed, in the studies of Chapter 4, the mechanism of HSF1-mediated 

regulation of translation began to become clear. We found HSF1 to not only promoted mTOR 

phosphorylation, but also led to the hyperphosphorylation of 4EBP-1 and S6K1, suggesting a 

considerable role in the induction of protein synthesis in HCMV-infected monocytes. In support, 

HSF1 inhibition in HCMV-infected monocytes reduced rates of protein synthesis back to basal 

levels of induction. A novel physical interaction between HSF1 and mTOR was also described in 

these studies and likely represents the mechanism by which this master transcription factor 
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regulates mTOR signaling and the induction of protein translation. A global analysis of HSF1 

and mTOR dependent gene expression suggested that both genes are necessary for the survival 

of HCMV-infected monocytes, as loss of either protein led to a lack of antiapoptotic gene 

induction and the initiation of cell death by the cleavage of caspase 3. Overall, the studies 

outlined within these 3 experimental chapters highlight the aberrant activation of Akt leads to the 

selective regulation of mTORC1 and its downstream signaling events. The induction of SIRT1 

helps to sustain heightened Akt activation well beyond the initial RTK binding and activation. 

Unique mTORC1-dependent signaling led to a dramatic reshaping of the host translational 

landscape, with preferential gene expression awarded to antiapoptotic factors critical for the 

induction of monocyte survival. Finally, HCMV utilizes several concurrent mechanisms to 

maintain protein translation. Indeed, the activity of HSF1 is necessary for the induction of 

protein synthesis within HCMV-infected monocytes but not growth factor stimulation or in 

lytically infected fibroblasts. However, several questions remain as to the full magnitude of 

HCMV-mediated mechanisms which facilitate the induction of protein synthesis, and such 

studies are ripe for further analysis.  
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Figure 1: (A) Model for how HCMV regulates protein synthesis in quiescently infected 
monocytes. During HCMV’s entry into target monocytes, glycoproteins gB and gH bind to host 
RTKs and stimulate an aberrant activation of Akt. This uniquely activated Akt, hallmarked by its 
preferential phosphorylation at S473, then leads to a tightly delimited array of downstream signaling 
events which function to tailor a more hospitable cellular microenvironment for HCMV. Thus, the 
hyperphosphorylation of mTORC1 (S2448) led to a similar hyperphosphorylation of 4EBP-1 and 
S6K1, which was unique to HCMV-mediated activation. Moreover, only HCMV led to the reduction 
in p-eEF2, which in its hypophosphorylated state enhances rates of translation elongation. Moreover, 
HCMV infection leads to increased expression of SIRT1 and HSF1 to act as feed forward 
mechanisms to enhance Akt and mTORC1 activity, respectively. If a selectively regulated translation 
initiation factor could be identified, it would offer a unique opportunity to selectively inhibit protein 
synthesis in HCMV-infected monocytes and lead to the death of these infected cells, ultimately 
preventing the systemic dissemination of the virus. (B) Peripheral blood monocytes were Mock or 
HCMV-infected for 24 h, or heat shocked for 30 m, or heat shocked for 30 m then HCMV-infected 
for 24 h. Following 24 h of infection, cells were lysed and analyzed for IE1 expression by 
immunoblot. Lytically infected fibroblasts serve as a positive control for viral gene expression. 
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Remaining Questions and Future Directions 

 Much progress has been made in understanding how HCMV reshapes the cellular 

signalosome to drive protein synthesis. However, some considerable gaps in knowledge remain 

and require further study. The studies of this thesis provide valuable insight as to the significance 

of aberrant activation of Akt and its downstream signaling consequences. In Chapter 2, we show 

that HCMV-infected monocytes stimulate the simultaneous gene expression of cap-dependent 

and cap-independent, IRES containing genes [26]. Such a finding is significant in that many of 

the human genes which contain IRES elements within their 5’ UTR structure, are involved in 

protecting the cell during cytotoxic stress events [57, 58, 60, 61]. Indeed, the Akt/mTORC1 axis 

is canonically shut off during stress by AMPK to prevent further cellular insult and energy 

depletion [51, 54]. During an HCMV infection in monocytes however, a robust phosphorylation 

of mTOR and AMPK has been observed by our group [22, 26, 49]. AMPK activation has been 

reported to enhance the selective translation cytoprotective factors during times of cellular stress 

in a cap-independent manner. In support we observed a robust increase in XIAP expression, 

whose 5’ UTR contains a putative IRES element to facilitate cap-independent translation. 

Indeed, the predicted translational efficiency for XIAP expression is 3-fold greater under stress 

conditions in comparison to homeostatic conditions [58]. The discovery of XIAP in HCMV-

infected monocytes was serendipitous, as phosphorylated XIAP was an included target on our 

Akt signaling phospho-protein antibody array and was not a signaling factor we had considered 

downstream of Akt. These findings however highlight the importance of cap-independent gene 

products which disserves further exploration in HCMV-infected monocytes. To date, there have 

been roughly 750 human genes which are reported to contain IRES element within their 5’ UTR 

[62]. It is likely that HCMV enhances the gene expression of several of these factors as they 
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would extend the survival of infected monocytes while simultaneously minimizing the 

requirements of available translation initiation factors.   

 A separate question which remains unanswered for the studies of Chapter 2 is the global 

significance of S6K1 phosphorylation. HCMV upregulated S6K1 very consistently across 

multiple different experiments, however S6K1 activity was found to be largely inconsequential 

to Mcl-1 and HSP27 expression, with only a modest reduction in protein expression of those 

prosurvival factors despite highly efficient dual-targeted siRNA knockdown of S6K1. We 

theorize however that S6K1 may play a critical role in the stimulation of ribosomal biogenesis 

which would be critical at later timepoints post infection to maintain the rates of translation 

observed for 72 h and beyond in HCMV-infected monocytes [38, 63]. More studies would be 

required to confirm there is an increase in total ribosomal abundance due to S6K1. The data from 

Chapter 3 however also supports a separate role for S6K1 in its downstream signaling, leading to 

the hypophosphorylation of eEF2 which is well established in enhancing rates of translation 

elongation within the ribosome. Taken together the results in Chapter 2 suggest that S6K1 plays 

a role in the regulation of protein synthesis, it remains unclear however if eEF2K inhibition is its 

only role.  

 Our studies in Chapter 2 began to reveal the cast of host factors necessary for the 

induction of translation within HCMV-infected monocytes. However, the significance of these 

downstream signaling factors remained blurred. In Chapter 3, we showed the unique regulation 

of mTOR and the effect on downstream signaling events. Notably, HCMV was unique in its 

ability to chronically hyperphosphorylate 4EBP-1 which led to the release of eIF4E. Canonically, 

eIF4E should then enter into complex with other translation initiation factors to establish a 

completed eIF4F translation initiation complex [64, 65]. Such a phenomena has been shown in 
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models of lytic HCMC infection where a global increase in total eIF4F components drives 

complex assembly to promote translation [66]. Our data supports a similar mechanism is at play 

in quiescently infected monocytes, however further studies would be required for confirmation. 

HCMV also led to a distinct regulation of signaling events downstream of S6K1, in which only 

HCMV infection in monocytes led to the hypophosphorylation of eEF2, which plays a 

considerable role in the elongation step within ribosomes. What remains unclear following the 

works of Chapter 2 was the apparent lack of involvement of mTORC1 in the induction of 

translation in growth factor stimulated cells. GMCSF or MCSF stimulation of peripheral blood 

monocytes did not lead to a similar induction of 4EBP-1, S6K1, or eEF2 regulation despite 

translation being robustly upregulated within these treated monocytes. Moreover, the inhibition 

of mTOR in growth factor stimulated cells results in no difference in protein translation. From 

these results we propose several different mechanisms might be at play. First off, growth factor 

stimulation remains insensitive to mTOR inhibition, or we are not reaching high enough 

concentrations to see an effect [67]. Second, the substrate specificity of mTORC1 in HCMV-

infected monocytes is highly disparate to canonical growth factor induction. Such a result would 

not be without precedent as other groups have shown a radical reshaping of mTOR targets in 

HCMV-infected cells [68-71]. Finally, we hypothesize that HCMV-infected monocytes could 

potentially utilize a separate pool of mTORC1 which is either sequestered away from the host 

machinery or excludes select host factors from mTORC1 access to allow for the selective 

translation of prosurvival factors necessary for the induction of survival in HCMV-infected 

monocytes.  

 Our data in Chapter 3 also indicated the selective upregulation of SIRT1. Indeed, 

canonical stimulation of the Akt/mTORC1 axis did not consistently lead to the upregulation of 
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SIRT1. The significance of SIRT1 expression was evident in HCMV-infected monocytes as 

SIRT1 inhibition led to a reduction in the activation of Akt at S473 and the subsequent loss of 

signaling events downstream of Akt. Indeed, SIRT1 has been implicated to support a chronic 

activation of Akt, by removing acetyl groups and thus allowing for its sustained phosphorylation 

[72-74].  The kinetics of Akt activation in HCMV-infected monocytes is critical to keep in mind 

in the context of these studies. Our lab has extensively documented that viral binding and entry 

events trigger a rapid activation of Akt, however what sustains chronic Akt activation in HCMV-

infected monocytes remains contested [16, 18, 22, 23, 25, 26, 37]. Some groups assert that 

entering viral particles are maintained within endosomes for up to three days post infection and 

that viral glycoproteins maintain their interaction with the host receptors that are internalized 

during entry [21, 29, 75]. However, at three days post infection the reported binding between 

glycoproteins and host receptors is severely abrogated and does not account for the robust and 

sustained induction of Akt/mTORC1 signaling. Future studies interrogating the acetylation status 

of Akt in the presence or absence of SIRT1 inhibition could help to decipher the theorized 

significance of SIRT1 in supporting a chronic activation of Akt. Some key questions remain 

unanswered however after these studies, the largest of which is how HCMV is able to sustain 

such a robust increase in protein synthesis despite the activation of host stress and antiviral 

responses without the benefit of viral gene products designed to bypass inhibition of such 

pathways.  

 Our data in Chapter 4 begins to chip away at the viral mechanisms utilized during times 

of quiescent infection to uncouple the host stress responses from the signaling events driven by 

HCMV. Primary data back from Chapter 2 introduced the master regulator of the heat shock 

stress response, HSF1, and showed that its activity was necessary for the activation of mTOR. 
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The data of Chapter 4 begins to elucidate the mechanism by which this master transcription 

factor leads to the regulation of protein synthesis. Indeed, we observed the physical interaction 

between HSF1 and mTOR in HCMV-infected monocytes and following HSF1 inhibition the 

binding was rapidly lost and mTORC1 activity was significantly abrogated. The precise 

mechanisms for how this could occur remains obscure. These data suggest that HSF1 binding to 

mTOR, maintains the integrity of mTORC1 and that the loss of the HSF1:mTOR interaction 

leads to a rapid disassembly/degradation of the complex. Further co-IP or protein co-localization 

studies would be required to confirm such a proposed mechanism of mTORC1 disruption. 

During non-stress times, HSF1 exists primarily within the cytoplasm in an inactive monomeric 

state bound to a cognate heat shock protein chaperone [76, 77]. Following a cellular insult, HSF1 

releases from its chaperone, so the cellular chaperone can report to the site of insult and facilitate 

protein folding or degradation to help remove the proteotoxic stressors. Free HSF1 canonically is 

then shuttled rapidly into the nucleus and drives its transcriptional program designed to 

upregulate cytoprotective factors to save the cell [78, 79]. However, all of the phenotypic 

observations attributed to HSF1 in HCMV-infected monocytes take place within the cytoplasm. 

To the best of our knowledge, HSF1 binding to mTOR to promote mTORC1 signaling and the 

induction of translation has never been reported and represents a novel finding in the field of 

HSF1 study. While our data is clear that HSF1 and mTOR are physically bound during HCMV-

infection in monocytes, how that binding maintains mTORC1 activity is poorly understood. 

Other models have shown stress kinases, such as JNK, bind to mTORC1 during times of cellular 

stress and leads to the disassociation of the mTORC1 complex to hamper protein synthesis 

within stressed cells [76, 80]. Those same reports suggest a role for HSF1 in sequestering JNK 

away from mTORC1 in order to maintain the integrity of the critical signaling regulation 



 183 

complex. From our data, we hypothesize that HSF1 directly binds to mTORC1 to prevent the 

binding of JNK from ever occurring, thus maintaining a constant activation signature of 

mTORC1 within HCMV-infected monocytes. Clearly, much remains to be learned in the context 

of HSF1 activity in HCMV-infected monocytes. Indeed, a seminal observation from these 

studies was that HSF1 appears to be excluded from the nucleus of HCMV-infected monocytes in 

a mechanism which remains obscure.  

 During cellular stress events, HSF1 canonically enters into the nucleus, trimerizes and 

binds to putative nnTTCnn inverted repeated sequences of the genome called heat shock 

elements upstream of target gene promoter sequences [81]. Following completion of its 

transcriptional program, HSF1 is acetylated which diminishes its DNA binding affinity and is 

then shuttled back out of the nucleus where it rejoins its molecular chaperone partner. Following 

heat shock stress in primary monocytes, HSF1 rapidly enters into the nucleus as it canonically 

should. During an HCMV infection of monocytes however, HSF1 appears to be excluded from 

nuclear import through mechanisms which remain to be determined. HCMV has several viral 

proteins which function to modulate the competitive nuclear import/export of viral components 

over host factors (UL48, UL69, UL84) [82-84]. These data suggest that HCMV could readily 

block nuclear access to select host genes which could be detrimental to the success of infection. 

Moreover, HCMV has been well documented to modulate the activity of several importin family 

members with viral gene products which have been reported to be in the viral tegument and thus 

delivered upon during viral entry [85]. Critically, the importin a/b family of proteins are 

associated with the nuclear import of HSF1 during cellular stress [86]. Thus, it is possible that 

viral gene products delivered within the virion are sufficient to prevent the rapid induction of 

HSF1 into the nucleus. Alternatively, much remains uncertain regarding the significance of the 
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various PTMs found on HSF1 [78, 87]. It is likely that the activation of HSF1 downstream of 

aberrantly activated Akt in HCMV-infected monocytes could lead to a defect in PTMs required 

for HSF1 nuclear localization. The findings of nuclear exclusion of HSF1 in HCMV-infected 

monocytes left us puzzled however, because HSF1’s gene expression profile would likely be 

beneficial for the induction of survival in HCMV-infected monocytes, as the protection of cells 

during stress is one of the main roles for this transcription factor. However, in searching the 

literature we may have uncovered a potential reason in which HCMV aims to exclude HSF1 

from the nucleus. 

  Several viruses have been reported to utilize HSF1 in the regulation of viral replication. 

Human immunodeficiency virus (HIV) has been shown to reactivate from latency following 

HSF1 binding with the viral LTR promoter [88, 89]. Moreover, in dengue virus (DENV) infected 

THP-1 cells, HSF1 was found to induce the expression of Atg7, a critical component in cellular 

autophagy, which acts as a driver of DENV replication. In support, HSF1 inhibition abrogated 

DENV replication in vitro and in vivo [89]. Taken together, we theorize that HSF1 could be 

intentionally excluded from the nucleus of infected monocytes to maintain HCMV in its state of 

viral quiescence. In support, we searched HCMV’s major immediate early promoter (MIEP) for 

binding sites suitable for HSF1’s inverted triplicate repeat heat shock elements 

(nnGAAnnTTCnnGAAnn). Our predictive binding analysis yielded 3 distinct potential HSF1 

binding sites with a strong predictive binding within HCMV’s MIEP (Data not shown). Since the 

activation of the MIEP is a critical first step in the induction of lytic viral gene expression, it is 

reasonable to theorize that HCMV would want to subvert such a response at all costs, as a lytic 

infection in target monocytes would all but certainly lead to the death of these infected blood 

sentinels. To test if the nuclear exclusion of HSF1 in HCMV-infected monocytes is biologically 
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significant to HCMV, we designed a simple experiment to force the nuclear of import of HSF1 

during infection. Peripheral blood monocytes were first heat shocked at 42C for 30 m to induce 

the nuclear accumulation of HSF1 as we have shown occurs in Chapter 4 (Figure 3). We then 

infected these heat shocked monocytes with HCMV and allowed them to recover at 37C for the 

remainder of the 24 h infection. After 24 h, the heat shocked/infected monocytes were lysed and 

assessed for viral gene expression by immunoblot (Fig 1B). Remarkably, the presence of nuclear 

HSF1 at the time of infection led to a robust induction of lytic viral gene expression. Taken 

together, these data suggest that HSF1 serves as a critical host factor involved in the regulatory 

switch between lytic vs quiescent HCMV infection in monocytes. We also hypothesize that the 

exclusion of HSF1 leads to an accumulation of cytoplasmic HSF1 in HCMV-infected monocytes 

which functions to promote protein synthesis in HCMV-infected monocytes along the 

Akt/mTORC1 axis. Taken together the data from Chapter 4 strongly suggests that HCMV usurps 

the canonical functions of HSF1, thus taking a multifaceted approach to establish a quiescent 

infection and to ensure the long-term survival and differentiation of HCMV-infected monocytes. 

More comprehensive studies are warranted however to confirm the mechanisms proposed above.  

 In summary, the work presented in this thesis provides new insight on how HCMV 

modulates the host signalosome to induce protein translation and ultimately ensure the survival 

of infected monocytes well beyond their canonical lifespans. The unique capacity of HCMV to 

aberrantly regulate Akt promotes downstream effects that are finely tuned to support an HCMV 

infection in monocytes. Moreover, HCMV usurps conical host stress response factors to facilitate 

a robust translational program through the manipulation of mTORC1 and its downstream 

signaling factors. This aberrant signaling regulation results in the rewiring of the host 

translational machinery and the redirection of protein translation towards antiapoptic factors 
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necessary for the survival of infected cells. Future studies in search a selective host factor that 

limits translation within HCMV-infected monocyte while having no effect on protein synthesis 

of mock infected monocytes would provide a novel antiviral therapeutic target that could limit 

the survival of HCMV-infected monocytes and thwart the establishment of systemic HCMV 

disease.  
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