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Abstract 

Title: A Matter of Life and Death: Human Cytomegalovirus Induction of Monocyte 

Survival and Differentiation into Macrophages Through Manipulation of the PI3K/Akt 

Pathway 

Author: Olesea Cojohari 

Sponsor: Dr. Gary Chan 

Human cytomegalovirus (HCMV) is a ubiquitous β-herpesvirus infecting up to 

80% of the US population and reaching 100% seroprevalence in many parts of the world. 

In most individuals HCMV infection is usually asymptomatic. In contrast, in 

immunodeficient or immunonaive people, such as transplant recipients and the 

developing fetus, the virus is a major cause of morbidity and mortality. During a primary 

infection, HCMV can spread very effectively in the body infecting many organ types and 

monocytes are believed to be the principal cell type responsible for HCMV dissemination 

throughout the body. Monocytes, however, are naturally programmed to undergo 

apoptosis after 48h in the circulation and are not permissive for viral replication. Our lab 

has shown that in order to combat these biological hurdles, HCMV promotes survival of 

these short-lived cells past their 48h “viability gate”. Besides inducing survival, the virus 

also mediates the differentiation of monocytes into macrophages skewed towards an M1 

pro-inflammatory phenotype with select M2 anti-inflammatory features, which are long-

lived cells, permissive for viral replication. However, the mechanisms used by HCMV to 

concomitantly induce survival and macrophage differentiation - two linked but separate 

processes, are not fully understood. The studies in this thesis reveal that upon binding and 

entry, HCMV initiates a survival program in monocytes by inducing a rapid and 
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sustained activation of the PI3K/Akt pathway, which is different from that induced by 

myeloid growth factors. Moreover, after inducing cellular survival across the 48-h 

viability gate, the virus also employs the PI3K/Akt pathway to regulate caspase 3 

activation which mediates the atypical M1/M2 polarization. Our work suggests that virus 

not only makes use of the PI3K/Akt pathway, but manipulates it at multiple levels to 

allow for viral-specific downstream functional changes. Deciphering how the virus 

uniquely maneuvers signaling pathways in monocytes to drive their survival and 

differentiation might allow us to develop new treatments targeting HCMV-infected 

monocytes and preventing viral spread and disease. 
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Brief History of Cytomegalovirus Discovery	  

Human cytomegalovirus (HCMV) or Human Herpesvirus 5 (HHV-5) is a 

ubiquitous human virus which belongs to the Herpesviridae family, Betaherpesvirinae 

subfamily, Cytomegalovirus genus (1). The name cytomegalovirus derives from the 

Greek words “cyto-”, meaning “cell”, and	  “megalo-” meaning “large” due to the giant 

appearance of infected cells with large intranuclear inclusion bodies resembling an owl’s 

eye, found in patients with HCMV disease (2). This cytopathology was first described by 

a German pathologist, Dr. Hugo Ribbert, in a case report in 1881 where he noted giant 

cells with enlarged nuclei present in the sections of the kidney of a stillborn (3), though 

initially cytomegalic cells were confused for protozoa. Later, observations by Von Glahn 

and Pappenheimer (2) and Lipschuetz (1) hinted that the cells with intranuclear inclusions 

might be infected with a virus related to herpesviruses. In 1950, Wyatt and colleagues 

first proposed the name “cytomegalic inclusion disease (CID)” to describe the clinical 

signs of neonates with congenital infection, though the causative agent remained 

unknown (1, 3, 4). In 1953, Minder observed by electron microscopy particles 199-nm in 

diameter indicative of a virus present in the clear corona around the intranuclear inclusion 

of cytomegalic pancreatic cells from a patient with CID (1).  

The merit of gaining access to the virus, which paved the way for the 

development of the field of cytomegalovirus research, belongs to Dr. Margaret Gladys 

Smith, who was a Professor of Pathology at the Washington University in St. Louis 

School of Medicine. Dr. Smith was the first to successfully isolate mouse 

cytomegalovirus from salivary glands of mice in 1954, which she propagated in murine 

cell culture (5). She called this virus mouse salivary gland virus, the prototype of which 
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was later named after her as the “Smith strain” and is still in use today (1, 3). Soon after, 

in 1955, Dr. Smith isolated human cytomegalovirus from a human submaxillary salivary 

gland and propagated it in human cell culture, but the reviewers rejected her manuscript 

claiming that she must have accidentally contaminated and grown the murine virus on the 

human cells (3). Nevertheless, she reproduced her results using virus isolated from the 

kidney of a one-month-old infant, who died of cytomegalic inclusion disease, and 

eventually she published her findings of isolating and propagating human 

cytomegalovirus in human cell culture in 1956 (1, 3, 6). Dr. Margaret Smith was also the 

first one to notice the species specificity among cytomegaloviruses, describing that 

attempts to infect cells of one species with virus from another fail. Later in 1956, two 

other groups led by Dr. Wallace P. Rowe in Bethesda and Dr. Thomas H. Weller (co-

recipient of the Nobel Prize for developing a method of growing poliomyelitis viruses in 

cell culture) at Harvard University, serendipitously and independently isolated HCMV 

again and reported their results back-to-back (7, 8). Weller named the virus 

“cytomegalovirus” (1). 

 

Structure of the HCMV Virion 

The cytomegalovirus virion has a relatively similar structure to that of other of 

herpesviruses, though the virion particle is slightly larger than that of other herpesviruses 

– about 230-300nm in diameter, and with a more irregular envelope (1). The virion 

contains the linear double-stranded DNA genome, encapsulated in the nucleocapsid, 

which in turn is surrounded by a matrix of proteins called the tegument, enclosed by a 

lipid bilayer envelope.  
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The HCMV genome consists of a linear double-stranded DNA molecule which 

circularizes soon after infection. The HCMV genome is ~236 kbp in length and is 

thought to encode an estimated 165-252 open reading frames (ORFs), which makes it the 

largest and most complex of all human herpesviruses genomes (4, 5). A more recent 

study reported 751 translated ORFs, including novel as well as previously reported ORFs, 

suggesting that much is still unknown about the HCMV encoding capacity (6). The 

HCMV DNA molecule has the class E genome structure, meaning that it has two unique 

regions, unique long (UL) and unique short (US), each bordered by terminal (TRL and 

TRS) and internal (IRL and IRS) repeats (7). The terminal and internal repeat sequences 

allow the UL and US regions to invert relative to each other via recombination during 

HCMV DNA replication. The inversions of the two regions occur either individually or 

simultaneously, giving rise to four genomic isomers, which differ in the relative 

orientations of UL and US, and are present in equimolar amounts (1, 7, 8). The biological 

reason for this capability remains a mystery. Complete genome sequences have been 

published for multiple clinical and lab adapted strains of HCMV and while they are more 

than 95% identical (1), it has been documented that genome-wide variability of HCMV 

genomes within the same host and between hosts is highly prevalent (9). Unlike other 

DNA viruses that are usually genetically much more stable than RNA viruses, evidence 

suggests that HCMV exists as a complex assortment of genome populations and can be as 

variable as quasispecies RNA viruses (9). 

The nucleocapsid is 100-125nm in diameter and has the shape of an icosahedron – 

a polyhedron with 20 triangular faces, 30 edges, and 12 vertices. The nucleocapsid is 

composed of five core protein species, organized into 162 capsomers (150 hexamers, 
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situated in the 20 triangular faces of the shell, and 12 pentamers located at its 12 vertices) 

and 320 triplexes distributed between the capsomeres. The hexamers and pentamers are 

composed of the major capsid protein (MCP, pUL86), while the triplexes consist of two 

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

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

tips of hexamers and is essential for production of infectious HCMV virions. On vertex 

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

protein (PORT, pUL104) which functions as an entry and exit gate for the viral DNA (1, 

7, 10).  

The tegument layer is approximately 50nm in thickness and makes up 40% of 

total virion mass (1, 7, 10). The tegument contains at least 27 relatively copious proteins 

(e.g. pp65 or pUL83 – the most abundant tegument protein, pp71 or pUL82, pp150 or 

pUL32, etc.) other proteins present in smaller amounts (e.g. the viral protein kinase 

(VPK) or pUL97), as well as host proteins and host and viral RNAs and microRNAs, but 

their roles are much less defined (11). The tegument proteins tend to be phosphorylated, 

are highly immunogenic (e.g. pp65) and have a variety of functions during infection, 

which can be broadly grouped into two categories: structural and host cell modulatory 

roles. The first category of proteins play a role in the assembly and disassembly of the 

virion during entry of the virion, uncoating and release of the viral genome, as well as 

during encapsulation of the progeny viral DNA, envelopment, and egress from the cell. 

The second category of proteins initiates viral gene expression and modulates the host 

cell environment by inhibiting intrinsic host defenses and blocking host cell 
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transcriptional repression mechanisms in order to create a favorable milieu for replication 

(1, 7, 10).  

 The virion envelope is a lipid bilayer about 10nm in thickness and is derived from 

the host cell endoplasmic reticulum-Golgi intermediate compartment (ERGIC). The 

envelope contains at least 20 virally encoded glycoproteins, including glycoproteins 

central to entry, G-protein coupled receptor homologs, and immunogenic glycoprotein 

complexes (1, 7). The most functionally important HCMV envelope proteins, which are 

indispensable for HCMV replication, are the three glycoprotein complexes – gcI, gcII, 

and gcIII, better known as glycoprotein B (g) B, gH/gL, and gM/gN, respectively (1, 12-

14). The glycoprotein gB, normally expressed in homodimeric form of two gB molecules 

linked by disulfide bonds, is one of the most highly conserved herpesviral proteins and is 

crucial for the initial attachment of the virion to heparan sulfate proteoglycans on the cell 

surface, as well as in subsequent binding and entry, cell-to-cell transmission, fusion of 

infected cells, and potentially direction of the nascent progeny virions to apical 

membranes (1). The gH/gL complex is also encoded by all herpesviruses and plays a role 

in fusion of the virion particle with the host cell and cell-to-cell spread. In addition to the 

dimer, two more types of gH/gL complexes exist: a trimeric gH/gL/gO complex, which is 

thought to mediate entry into fibroblasts; a less described tetrameric 

gH/gL/UL128/UL130 complex which may play a role in entry of clinical isolates into 

epithelial, endothelial, and dendritic cells; and a pentameric 

gH/gL/UL128/UL130/UL131 complex contributing to the tropism of clinical isolates to 

epithelial, endothelial, and dendritic cells as well (1). Finally, the gM/gN complex is the 

most abundant protein complex in the HCMV virion and plays a role in binding to 
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heparan sulfate proteoglycans (1, 15). In addition to virally encoded glycoproteins, over 

70 cellular proteins have been identified in the HCMV virion envelope, which include 

cellular structural proteins, enzymes, and chaperones, but their roles in the structure of 

the virion and life-cycle of the virus are less defined (7, 15) 

In addition to functional virions, HCMV infected cells also produce various 

defective forms of viral particles, which include non-enveloped capsid containing 

particles, non-infectious enveloped particles (NIEPs), and dense bodies (DBs). The non-

enveloped capsid containing particles, mainly the A-, B-, and C-capsids, have been 

observed exclusively inside cells, do not contain an envelope, and are mostly made of 

capsid protein species, and in the case of the C-capsid – the DNA genome. The NIEPs are 

enveloped B-capsids, but do not contain any DNA and are found in supernatants of 

HCMV-infected cells. Finally, DBs are large (~250-600nm) spheroidal aggregates, which 

have an envelope and usually a single predominant tegument protein species, but lack a 

capsid or DNA (1, 7, 10). The role of these defective forms of viral particles is not clearly 

understood. 

 

Cytomegalovirus Cell Tropism 

Though HCMV is stringently limited to infecting humans, during an acute 

systemic infection HCMV can infect and cause disease in virtually all organ types within 

the human body. The extensive organ tropism is facilitated by the broad range of cell 

types which can be infected by the virus. The main target cells in vivo that sustain highly 

productive HCMV infection are epithelial cells, fibroblasts, endothelial cells, and smooth 

muscle cells. Hepatocytes, neuronal cells, macrophages, dendritic cells, and trophoblasts 
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also support complete virus replication but are less productive. HCMV also infects 

peripheral blood monocytes, which are considered the primary cell type responsible for 

the hematogenous dissemination of the virus, and CD34+ hematopoietic stem cells in the 

bone marrow that are the main sites of HCMV latency (1, 7, 10). Finally, HCMV can also 

enter polymorphonuclear leukocytes and initiate immediate early gene expression, but 

after this event the viral life-cycle is blocked, regardless of the virus strain; therefore, the 

role of these cells in HCMV infection in the body remains unknown, though they have 

been suggested as a potential additional mediator of hematogenous spread (16).  

In vitro cell culture models simulate relatively closely the in vivo broad cell 

tropism of the virus, with most primary cell types capable of sustaining HCMV infection 

and replication. Primary lung or skin fibroblasts are the prevailing cell types used for 

growing the virus in the laboratory due to their ability to produce high amounts of virus. 

In addition, cell culture of epithelial cells, endothelial cells, hepatocytes, trophoblasts, 

neurons, macrophages, and dendritic cells have also been reported to sustain lytic and 

productive HCMV infection, albeit at a lower titer than fibroblast cell cultures. 

Furthermore, some limited viral replication has been reported with a modest number of 

immortalized cell lines, such as monocytic cell lines, glioblastoma, and teratocarcinoma 

cell lines, and they usually require some type of differentiation in order to support viral 

replication (7, 17).  

The role of glycoproteins and glycoprotein complexes in tropism has been 

extensively studied. gB-negative virions are capable of binding, but not capable of entry 

and spread in most cells, suggesting that gB plays a critical role in the fusion of the virion 

with most target cells (18). Similarly, anti-gH antibodies can reduce the ability of 
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particles to enter multiple cell types and the block occurs at a postattachment step, 

suggesting that gH is for the fusion step (19, 20). The presence of solely the gH/gL/gO 

complex on the virion renders the virus infective in fibroblasts and smooth muscle cells, 

but non-infective in endothelial cells, epithelial cells, and leukocytes. On the other hand, 

the presence of the pentameric gH/gL/UL128/UL130/UL131 complex seems to be 

particularly critical for viral tropism in endothelial, epithelial, dendritic, and 

monocyte/macrophage cells (21), but not in fibroblasts. Fibroblast-passaged strains have 

a 100-1000-fold reduction in tropism in endothelial cells, dendritic cells, and 

macrophages (7, 22) and the reduction in tropism occurs due to accumulated deletions in 

genes encoding for UL128/UL130/UL131 (23). In contrast, propagation of the virus in 

endothelial cells maintains a relatively broad cell tropism (24).  

Finally, cell tropism is also controlled by the availability of cellular surface 

molecules that allow for viral particle binding and entry. The cleavage of heparan sulfate 

proteoglycans (HSPGs) from the cell surface greatly reduces infectivity in virtually all 

cell types, suggesting their critical role in HCMV’s initial attachment to most target cells. 

Epidermal growth factor receptor (EGFR) has been shown to be necessary for entry into 

fibroblasts, breast cancer cells, CD34+ progenitor cells, and monocytes (25-27). 

However, there is some debate as to whether EGFR is required for HCMV entry into all 

cell types. One group examining a set of fibroblast, endothelial, and epithelial cell lines 

reported that EGFR did not mediate entry into their cell lines (28), indicating that HCMV 

may be using distinctive receptors on different cell types. There is some evidence that 

activation of platelet-derived growth factor receptor (PDGFR) signaling is important for 

HCMV entry and early stages of viral replication in fibroblasts, and entry into endothelial 
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cells (29-31). In support, a recent study showed that the gH/gL/gO trimer binds with high 

affinity through the gO subunit to PDGFRα, which was expressed on fibroblasts but not 

epithelial cells (32), suggesting that PDGFRα might play an important role in tropism in 

fibroblasts. However, while PDGFRα is expressed on fibroblasts, it is not expressed on 

all cell types permissive for HCMV, such as monocytes and some epithelial cells (32, 

33), indicating again that various receptors likely facilitate entry and tropism in different 

cell types. Lastly, integrins have also been implicated in HCMV entry: gH has been 

shown to bind to αVβ3 integrin, allowing for entry into fibroblasts (34); β1 integrins have 

been reported to play a role in entry in endothelial and epithelial cells (7, 35, 36); and the 

presence of the pentameric complex gH/gL/UL128-UL131 on the virion has been shown 

to activate the integrin/src/paxillin pathway allowing for the internalization of viral 

particles into monocytes (21). The ability of the virus to use multiple of its glycoproteins 

and glycoprotein complexes to bind to various cell surface receptors and initiate signaling 

and entry highlights the complexity of the entry process within different cell types and 

might explain, at least in part, the relatively broad spectrum of cell types the virus has 

evolved to infect and use for its propagation and dissemination.  

 

Overview of the HCMV Lifecycle 

In cells permissive of viral replication, the HCMV lifecycle can be broadly 

divided into three stages: viral entry, replication inside the cell, and egress. HCMV entry 

into cells is orchestrated by a series of events at the cell surface that differ slightly 

depending on the target cell type (30, 37-39). The virus first binds with low affinity to 

HSPGs on the cell surface through glycoproteins gM/gN and/or gB (37). Soon after, gB 
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stably attaches to cell surface receptors, such as EGFR (25, 26) or PDGFRα (30) while 

gH interacts with integrins (21, 34, 40). These viral ligand cellular receptor interactions 

result in receptor clustering, triggering of downstream signaling events and entry into 

cells, either through fusion of the viral envelope with the cell membrane, as in the case of 

fibroblasts, or through endocytosis of the viral particle as in the case of monocytes, 

epithelial, and endothelial cells. In the latter, acidification of endosomes allows for the 

viral particle envelope to fuse with the endosome, allowing for the release of the capsid 

into the cytoplasm. The capsid is delivered via microtubules to nuclear pore complexes, 

where the genome is released into the nucleus (38, 39). Depending on the cell type, the 

virus then establishes a quiescent infection, with no lytic gene expression and no viral 

replication such as is the case with monocytes (41, 42); latent infection, such as in the 

case of CD34+ bone marrow stem cells, where the virus transiently expresses a select 

subset of viral latent genes without productive virus replication (38, 43, 44), or lytic 

replication, as in the case of fibroblasts, epithelial, and endothelial cells.  

Once the viral genome reaches the nucleus of cells permissive for viral 

replication, viral lytic gene expression ensues in three overlapping stages. The proteins 

expressed in each stage are named depending on the time of synthesis after viral entry, 

specifically immediate early (IE) (0-2h), delayed-early (DE) (<24h), and finally late (L) 

proteins (>24h) (38). IE proteins regulate host immune and stress responses as well as 

subsequent viral gene expression (39). DE proteins coordinate genome replication, while 

L proteins drive capsid assembly, DNA encapsulation, and formation of the nuclear 

egress complex (NEC) where the capsids disrupt the nuclear lamina and egress through 

the nuclear membrane into the cytosol (45-47). Once in the cytosol, capsids couple with 
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tegument proteins and are transported through the cellular secretory and endosomal 

pathways to the virion assembly complex (VAC), which is formed at the endoplasmic 

reticulum (ER)-Golgi intermediate compartment (38, 39). Here, the virus acquires more 

tegument proteins and finally enters intracellular vesicles to attain a lipid bilayer 

envelope containing the glycoproteins. Enveloped virions are then released via exocytosis 

at the plasma membrane (38, 39). 

 

HCMV Epidemiology and Disease 

The ability of the virus to cause in utero infections leading to congenital brain 

abnormalities, sensorineural hearing loss, and vision deficits was observed in early 1970s, 

while its involvement in causing disease in acquired immune deficiency syndrome 

(AIDS) patients and solid organ and bone marrow transplant recipients emerged in the 

1980s and early 1990s. These observations led to an increased interest in CMV as a 

human pathogen in the scientific and medical community and over the last few decades 

drove a massive expansion of the field of CMV research. 

It is now established that HCMV is a widely prevalent pathogen in the human 

population. In developed countries, such as the United States, Australia, and countries in 

Western Europe HCMV is prevalent in 36-77% of the population (48). In the developing 

world, seropositivity prevalence reaches even higher numbers – up to 100% of certain 

populations (48). HCMV is transmitted between people through bodily fluids such as 

saliva, tears, and urine. The virus can also be passed on vertically from mother to child 

through the placenta during pregnancy, through the birth canal during delivery, or via 

breast milk in the postnatal period (52). Seronegative pregnant women often acquire the 
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virus from young children (52). Seronegative transplant recipients can acquire the virus 

through the transplanted organ or bone marrow from a seropositive donor (1). In most 

individuals who have a competent immune system, the virus is carried asymptomatically 

in a latent state with only periodic reactivation, without causing disease, though the virus 

has been associated with multiple chronic inflammatory diseases such as atherosclerosis, 

restenosis, and inflammatory bowel disease, as well as some aggressive cancers such as 

glioblastoma and inflammatory breast cancer (10). In contrast, in immunonaïve or 

immunodeficient hosts, such as the developing fetus, transplant recipients, HIV/AIDS 

patients, or patients undergoing immunosuppressive chemotherapies, the virus is a major 

cause of morbidity and mortality (10). The Institute of Medicine has assigned the highest 

priority to a CMV vaccine in 1999 and despite major efforts in the field to develop one, a 

vaccine is still not available (49). In both newborns, as well as immunosuppressed adults, 

the virus can infect and cause inflammation in many different organ types, which can 

lead to multiorgan failure and death (1). This vast spectrum of disease correlates with the 

ability of the virus to disseminate effectively throughout the body and to cause wide-

spread inflammation, which appears to play an important role in the pathogenesis of 

HCMV (50, 51).  

 

Congenital HCMV Infection 

HCMV is the most common intrauterine infection in the United States making it 

the number one viral cause of neurologic and developmental deficits and sensorineural 

hearing loss in newborns, yet awareness of this virus remains remarkably inadequate. 

Congenital HCMV affects 1-2% of all live births in the United States and 1-5% in 
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developing nations (52). Primary infection of a pregnant woman is associated with a high 

risk of vertical transmission and development of disease in the fetus and newborn. 

However, the virus can also be transmitted from mother to fetus in women that were 

seropositive preconceptually. Emerging population data are suggesting that the majority 

of congenital infections – about two-thirds in the United States and the majority in the 

developing nations (52-54), rather occur in children born to preconceptually seropositive 

mothers and that the prevalence of congenital infections is in direct association with 

seroprevalence among mothers (52, 55, 56). However, it is unclear whether mother-to-

fetus transmission in preconceptually positive women is due to reactivation of existent 

virus or acquisition of a secondary infection with a new HCMV strain during pregnancy. 

Various risk factors for congenital HCMV infection have been reported, including young 

age of the mother, non-white race, and single marital status (56-58).  

It is estimated that approximately 20,000-40,000 infants are annually born with 

HCMV in the US, resulting in about 400 fatal cases every year (52, 59, 60). Of all 

congenitally infected live-born children, the majority (~85-90%) are asymptomatic at 

birth, while the remaining 10-15% will present with symptoms involving multiple organ 

systems, such as petechiae, jaundice, hepatospleenomegaly, prematurity, and 

neurological abnormalities, such as microcephaly, lethargy, optic atrophy, chorioretinitis, 

and seizures (56, 61). Approximately 7-10% of the asymptomatic children, and half of 

the symptomatic children, accounting to 8,000-9,000 children annually, or about one 

child every hour, will develop permanent neurological and motor disabilities due to 

HCMV, such as intellectual disability, sensorineural hearing loss, vision loss, motor 

disabilities, and seizures (56, 61, 62).  
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Unfortunately, awareness about the virus among women and in the general 

population is extremely low; specifically, only 7% of US adults (5% of men and 9% of 

women) from a recent survey were aware about the virus (63). However, with counseling, 

prevention is possible in seronegative women. Multiple studies have shown that 

education and counseling of expectant parents can prevent acquisition of primary 

infection (63). Similarly, screening for CMV in babies that fail the hearing test at birth 

could lead to early diagnosis of infection and interventions such as antiviral treatment, 

hearing aids, speech and physical therapy, which may result in better outcomes as 

compared to children with delayed or no treatment.  

The mechanisms of transmission of the virus from the mother to the developing 

fetus, as well as how the virus disseminates within the fetus to reach and cause disease in 

the brain are still poorly understood, but monocytes appear to play a role in both viral 

dissemination and inflammatory pathogenesis. In human placentas infected in utero, 

macrophages expressing CMV proteins have been detected within the villous cores (64), 

suggesting that infected monocytes in the maternal blood may be involved in delivering 

the virus to the placenta where the virus can replicate and be passed on to the fetus. 

Infected cells in the placenta may experience further damage by monocytes, which 

exhibit enhanced adherence to HCMV-infected syncytiotrophoblasts, the cell layer that 

forms the barrier between maternal blood and fetal tissue in the villous placenta (65). 

Bound monocytes secrete tumor necrosis factor alpha, thereby inducing increased 

apoptosis of syncytiotrophoblasts, which can result in placental villitis, a pathological 

change associated with congenital HCMV infection (65). Once in the fetus, CMV may 

reach the brain again via intracellular transport in infected monocytes (66, 67). In 
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support, in a mouse model of perinatal mouse CMV infection in the central nervous 

system (CNS) which recapitulates to some extent the CNS disease observed in 

congenitally infected human newborns, dissemination to the brain occurs soon after viral 

titers peak in the blood, where the virus is predominantly cell-associated. Furthermore, 

macrophages often stain positive for viral antigens in inflamed areas of infected brains 

(66) and a subset of peripheral blood myeloid mononuclear cells have been shown to be 

central effector cells in mediating the inflammatory pathogenesis (68), including the 

expression of a large amount of pro-inflammatory cytokines observed in infected brains 

(66).  

 

HCMV Disease in Transplant Recipients 

HCMV is the number one infectious cause of post-transplant illness and death in 

transplant recipients. CMV infection in transplant recipients considerably increases 

healthcare costs. CMV disease after a liver transplant result on average in a $35,000 

increase in cost and 18-day lengthier hospital stays per patient during the first year post 

transplant (1, 69) while CMV disease in renal and heart transplants increases hospital 

stays by 10-11 days and elevates costs by $22,598 and $42,111, respectively (1, 70).  

In solid organ transplant patients, HCMV disease severity ranges from mild 

febrile illness to severe inflammatory-driven multiorgan failure and death. Clinical 

manifestations can appear in virtually all organ types and include fever, malaise, 

arthralgia, rash, pneumonitis, gastrointestinal lesions, hepatitis, colitis, retinitis, 

pancreatitis, myocarditis, hematological dysfunction, and encephalitis or peripheral 

neuropathy. CMV can also have indirect effects on the graft, which include graft 

rejection, accelerated coronary artery atherosclerosis, coronary stenosis or rejection in 
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heart transplant recipients, renal impairment in kidney recipients, hepatitis after liver 

transplantation, pneumonitis after lung or heart-lung transplant, and overall enhanced risk 

of fungal and bacterial infections. In hematopoietic stem cell transplant recipients, the 

most severe disease is manifested as pneumonitis or gastrointestinal disease, but like in 

solid organ transplant recipients, CMV can exert indirect effects such as increased risk of 

graft versus host disease and opportunistic infections.  

The disease onsets approximately 4 to 8 weeks after transplantation and disease 

severity roughly corresponds to the degree of immunosuppression (1). The source of the 

infection is either reactivation of recipient’s latent virus, or virus carried in the 

transplanted organ or stem cells. Primary infection in seronegative patients receiving an 

organ or hematopoietic stem cells from a seropositive donor is usually more severe than 

reactivation or reinfection. Though antiviral prophylactic treatment has been shown to be 

effective in controlling disease short-term (while the patient is receiving the antiviral 

treatment), antiviral drugs often solely delay the onset of disease. In other words, once 

antiviral treatment is discontinued, CMV disease ensues (71). Moreover, even if the 

infection is controlled in the early period after the transplant, HCMV infection has been 

associated with enhanced chronic allograft dysfunction resulting in the loss of the graft, a 

condition which affects 30-50% of all cardiac transplants in the first 10 years after 

transplantation and is responsible for 32% of deaths in the first 5 years post cardiac 

transplant (56, 72, 73).  

The mechanisms by which HCMV infection causes disease in transplant patients 

are unclear. One proposed mechanism is uncontrolled viral replication due to 

immunosuppression and lytic damage to the organs. However, radiographic findings, 
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which have identified limited focal areas of virus infection in the lungs of hematopoietic 

marrow allograft recipients with HCMV pneumonitis, suggested that HCMV might also 

cause damage in this patient population by a mechanism other than direct lytic infection, 

specifically by inducing an unregulated host inflammatory response (10, 74, 75). Studies 

with mice have shown a pathogenic involvement of the inflammatory response in 

hepatocellular damage (10, 76, 77). In hepatic allografts, where 10% of transplanted 

organs are lost due to chronic rejection, the hepatic endothelium is damaged and 

mononuclear infiltrates are often found in the intima (10). Likewise, the most common 

reason for cardiac allograft loss is a progressive development of cardiac allograft 

vasculopathy and unique histological alterations have been found in the coronary arteries 

of patients with cardiac allograft rejection and HCMV infection. It is proposed that some 

viral replication occurs at these sites resulting in a variety of unregulated autocrine and 

paracrine inflammatory responses which can recruit mononuclear and other immune cells 

leading to endotheliitis and eventually vascular sclerosis (10). Tissue biopsies from 

transplanted organs of patients with HCMV disease revealed that mononuclear 

inflammatory cells are the principal infected cell type, further suggesting that these cells 

may be involved in disseminating the virus to organs and mediating inflammation-driven 

pathogenesis (78, 79). Though currently existing antivirals such as ganciclovir are 

somewhat effective in limiting HCMV infection in transplant recipients, the negative side 

effects of current antivirals on graft function, as well as the delayed onset of disease 

following cessation of antivirals warrant the need for the development of novel treatment 

and prevention strategies (1, 80, 81). 



19	  
	  

HCMV and Cancer 

While HCMV is not currently considered an oncogenic virus, various studies have 

reported associations between HCMV and several cancers. An increasing number of 

clinical reports using highly sensitive approaches have demonstrated the presence of 

HCMV genome and/or antigens in tumor sections but not adjacent tissues in more than 

90% of patients with certain cancers, such as glioblastoma, colon cancer, and prostate 

cancer (82-88) and in a recent study in 100% of breast cancer specimens (88). Because 

until today there is no definitive evidence that HCMV infection in normal cells causes 

transformation, HCMV has been proposed to rather play an oncomodulatory role in the 

development of malignant tumors, whereby HCMV infection of malignant cells increases 

their malignant potential (84). This has been supported by studies showing that HCMV 

can activate or modify signaling pathways responsible for the induction and promotion of 

malignancy, including pathways controlling tumor suppressor genes, cell cycle and 

division, inflammation and immune regulation, angiogenesis and invasion, and epigenetic 

mechanisms (87). Moreover, it has been proposed that HCMV infection of other cells in 

the tumor, such as macrophages, fibroblasts, and endothelial cells, could induce them to 

secrete inflammatory cytokines and growth factors which could promote a tumorigenic 

environment (84, 87).  

Interestingly, though the link between HCMV and cancer remains controversial, 

an Australian clinical trial utilized adoptive T cell therapy where CMV specific CD8+ T 

cells have been expanded ex vivo then administered to patients with glioblastoma, 

resulting in 4 out of 10 patients remaining free of disease during the study period (89). 

Another small trial at Duke Cancer Institute used a vaccine of dendritic cells expressing 
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HCMV pp65 in combination with temozolomide, the current first-line chemotherapy 

drug for glioblastoma (90). Four of 11 patients survived for more than five years after 

treatment – a tremendous achievement in glioblastoma care, as this fatal brain cancer has 

a median survival of only 15 months with the currently available treatments. Though 

immunotherapies targeting CMV antigens are still a relatively new treatment strategy in 

the clinic and the trials would have to be validated with larger cohorts of patients, the 

initial results suggest that HCMV may be at least in part involved in the development of 

these cancers, and may be a novel target for treatments of malignancies where HCMV 

may be a contributing agent.  

In addition to glioblastoma, a growing body of evidence has linked breast cancer 

as well as inflammatory breast cancer (IBC), a highly metastatic and fatal form of breast 

cancer, with HCMV. The breast is a known site of HCMV infection as virus can be 

detected and shed in breast milk soon after delivery. HCMV genome and proteins have 

been identified in tissue biopsies of breast cancers and enhanced serum HCMV IgG 

antibody levels have been documented to foreshadow the development of breast cancer in 

some cases (91). Interestingly, infiltrating macrophages, especially tumor-associated 

macrophages, are associated with a poor prognosis in breast cancer (92). Given the 

primary role of monocytes in HCMV dissemination, HCMV-infected 

monocytes/macrophages have been proposed to migrate into breast tissue where they 

differentiate into macrophages, which sustain viral replication, and can thus transmit the 

virus to mammary epithelial cells thereby favoring their transformation (91, 92). 

Additionally, HCMV infected monocytes are reprogrammed to differentiate into unique 

M1/M2 macrophages which secrete pro-inflammatory and select immune-suppressive 
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factors (42, 93-95), which can thus promote a pro-tumoral microenvironment aiding in 

breast tumor formation and/or progression (91, 92).  

 

HCMV and Chronic Inflammatory Diseases and Immunosenescence  

Over the last few decades, there has been an increasing body of literature 

examining the link between HCMV and various chronic inflammatory diseases such as 

atherosclerosis, restenosis, inflammatory bowel disease, and diseases associated with 

ageing, such as Alzheimer’s disease, frailty, cognitive decline, and immunosenescence – 

the gradual decline of the immune system associated with ageing, which is thought to 

contribute to morbidity and mortality due to infections. In ageing adults, 10% of 

circulating T cells are HCMV specific, suggesting that the virus imposes a major burden 

on the immune system which may negatively affect its ability to mount appropriate 

responses against other infections (10, 96).  

The biology of HCMV certainly supports a link between the virus and various 

chronic inflammatory diseases as the virus thrives in an inflammatory environment and 

further promotes it (97). HCMV entry into cells drives inflammatory responses through 

cytokine production and recruitment of inflammatory cells. Similarly, HCMV 

reactivation from latency and replication is driven by an inflammatory environment and 

further exacerbates inflammation through stimulation of an enormous T cell and antibody 

response, suggesting HCMV may be involved in the pathogenesis of some inflammatory 

disorders (56).  

The link between HCMV seropositivity and inflammatory diseases has been 

particularly examined in the case of atherosclerosis and other cardiovascular diseases. 
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The Atherosclerosis Risk in Communities (ARIC) study in the USA established that the 

risk of developing coronary artery disease was significantly higher in individuals with the 

highest CMV antibody titers (56, 98). In another study it was established that HCMV 

seropositive patients have a three-fold increase in coronary artery disease (56, 99). 

Finally, a group examining susceptibility of atherosclerotic plaques to HCMV replication 

reported that 8 out of 8 atherosclerotic plaque tissues sustained infection with HCMV 

strain Towne, in contrast to only 2 out of 14 non-atherosclerotic tissue explants which 

became infected (7, 100). Thus, there is a growing body of evidence supporting a link 

between HCMV and atherosclerosis and other cardiovascular diseases, but supplementary 

investigation is necessary. 

HCMV’s association with inflammatory diseases is further illustrated in the 

context of chronic ulcerative colitis. HCMV antigens have been identified at a rate of 

about 30% in actively inflamed colonic tissue samples of patients with steroid refractory 

ulcerative colitis (7, 101). Furthermore, in patients with severe ulcerative colitis, the 

density of HCMV-infected cells in colon biopsies was significantly higher than in those 

from patients with moderate ulcerative colitis, and the infected cells were spotted 

primarily around ulcer bases (7, 102). The association of HCMV with areas of 

inflammation in the context of multiple inflammatory disorders suggests that HCMV may 

be at least in part implicated in driving pathogenesis of various inflammatory diseases.  

 

Current Treatments 

There are four currently approved pharmacologic drugs for treating HCMV 

infections: ganciclovir (viral DNA polymerase inhibitor), valganciclovir (an oral prodrug 
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of ganciclovir), foscarnet (viral DNA polymerase inhibitor used in ganciclovir-resistant 

CMV cases), and cidofovir (viral DNA polymerase inhibitor, mainly used to treat CMV 

retinitis in AIDS patients). All four are somewhat effective at dampening viral 

replication, but none of them can fully eliminate the virus from the body, and all of them 

are associated with major side effects, such as fever, rashes, diarrhea, anemia, toxicity to 

the kidneys, and low white blood cell and platelet counts. Moreover, antiviral resistance 

has been reported for all currently in-use drugs against HCMV (103, 104) pinpointing the 

dire need for new therapeutics. In extreme cases, clinicians resort to unconventional 

medications, which have shown some efficacy against HCMV, such as leflunomide (a 

medication used as a disease-modifying agent in rheumatoid arthritis) (105), or 

investigational drugs such as maribavir (UL97 kinase inhibitor) or letermovir (viral 

terminase complex inhibitor) used on a compassionate basis in cases of multi-drug-

resistant CMV infections. In addition to the antiviral drugs, CMV intravenous immune 

globulin (CMV-IVIG) is also approved by the Food and Drug Administration to treat 

CMV pneumonia in combination with ganciclovir, and as prophylaxis for CMV disease 

in high-risk lung transplant recipients used also in conjunction with ganciclovir, though 

the efficacy of CMV-IVIG is still under debate. Treatment with CMV-IVIG is also being 

investigated in trials for congenital CMV, as some observational studies have shown 

promising results (106-108), yet a subsequent trial did not reveal a significant benefit 

(109). Finally, since all currently approved pharmacological agents against HCMV target 

viral replication, they are ineffective in monocytes where the virus does not replicate, 

thus there is a need for novel treatments to target HCMV-infected monocytes in order to 

prevent or diminish viral dissemination.  
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HCMV Dissemination in the Host and the Role of Monocytes 

The ability of HCMV to cause a plethora of diseases is directly linked to its 

capacity to disseminate to many different organ types and establish a persistent infection. 

During a primary infection, HCMV first enters the host through bodily fluids, such as 

saliva and tears, infecting mucosal epithelial cells (Fig. 1). The virus then replicates and 

through an unknown mechanism spreads to monocytes in the peripheral blood. Infected 

monocytes are believed to then disseminate the virus throughout the body by migrating 

into tissues and differentiating into macrophages, which are permissive for viral 

replication. Alternatively, infected monocytes can also travel to the bone marrow where 

they differentiate into macrophages and can infect CD34+ progenitor cells, which are 

believed to be sites of HCMV latency. Several in vivo and in vitro studies have supported 

a major role for monocytes in HCMV infection and dissemination in the host. During 

viremia, HCMV is primarily cell-associated (110) and monocytes are the predominant 

cell type in the blood infected with the virus (7, 111). Leukocyte depletion eliminates 

CMV transmission through blood donations (112, 113). In infected organs, monocyte-

derived macrophages are the primary cell type positive for viral DNA and antigens, 

suggesting monocytes are critical in viral dissemination in the organism (7, 114-116). 

Based on these studies, we have focused on examining HCMV infection in monocytes as 

a way to delineate the mechanisms of viral dissemination.  
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Fig 1.1. Our model of HCMV dissemination in the host adapted from Smith et al. 2004 and revised 

in our lab. HCMV first enters the organism through bodily fluids, such as saliva and tears, infecting 

mucosal epithelial cells.  The virus then replicates and spreads to monocytes the peripheral blood, where 

HCMV appears to establish a quiescent infection with no lytic gene expression and no viral replication. 

Infected monocytes migrate into tissues and differentiate into macrophages which are permissive of viral 

replication, and thus can become sites of chronic infection in the host. Alternatively, infected monocytes 

can travel to the bone marrow where they differentiate into macrophages and can infect CD34+ bone 

marrow progenitor cells, which are believed to be sites of HCMV latency. 

Lytic 
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Figure 1. Our model of HCMV dissemination in the host adapted from Smith et al. 2004 
and revised in our lab. HCMV first enters the organism through bodily fluids, such as saliva 
and tears, infecting mucosal epithelial cells.  The virus then replicates and spreads to 
monocytes the peripheral blood, where HCMV appears to establish a quiescent infection 
with no lytic gene expression and no viral replication. Infected monocytes migrate into 
tissues and differentiate into macrophages which are permissive of viral replication, and thus 
can become sites of chronic infection in the host. Alternatively, infected monocytes can 
travel to the bone marrow where they differentiate into macrophages and can infect CD34+ 
bone marrow progenitor cells, which are believed to be sites of HCMV latency. 
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The strict species specificity of cytomegaloviruses precludes the ability to study 

human CMV in the mouse or in other animals. The mouse counterpart, mouse CMV 

(MCMV) causes infections in mice, which bear some similarities to the HCMV infection 

in humans, and hence offers a valuable model to study certain aspects of CMV infection 

and disease. However, there are also notable differences between the two viral species 

and the diseases caused by them. MCMV contains limited nucleotide sequence homology 

with HMCV across the viral genome and the two viruses encode many unique virus gene 

products (7, 117). MCMV does not cross the placenta during pregnancy and is thus not 

transmitted to the developing pup, failing to replicate the congenital infection observed in 

humans. Furthermore, contrary to HCMV infection in humans, MCMV is cleared from 

the hematopoietic system in mice and does not establish latency in that compartment (7). 

MCMV rather establishes latency at other sites such as stromal or parenchymal cells in 

the lungs, liver, spleen, and salivary glands, and whether these cells are also sites for 

HCMV latency in humans is still unclear.  

Moreover, there are differences in the way MCMV and HCMV manipulate 

monocytes. In mice, inflammatory or CCR2+ monocytes are non-permissive for MCMV, 

while patrolling or CX3CR1hi monocytes are permissive for the virus (118). In contrast, 

at least in in vitro models, human CMV infects the majority of human blood monocytes, 

which are dominated by CD14hiCD16- monocytes (119), defined as classical monocytes 

which are the counterparts of mouse CCR2+ inflammatory monocytes. Furthermore, 

MCMV appears to use viral proteins m38.5 and m41.1 to counteract the actions of pro-

apoptotic Bax and Bak in leukocytes and maintain their survival, which promotes 

dissemination of MCMV in the mouse (120, 121). In contrast, HCMV does not express 
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any viral antiapoptotic proteins in human monocytes but rather blocks cell death by 

manipulating cellular signaling pathways (41, 42). These differences have led to the 

establishment of humanized mouse models as a way to study HCMV pathogenesis and 

latency in vivo and where myeloid lineage cells have been shown to be central in viral 

latency, reactivation, and persistence (7, 122-124), as well as our in vitro system to study 

primary HCMV infection in human peripheral blood monocytes and the mechanisms by 

which HCMV hijacks these cells to serve in viral spread (21, 25, 41, 42, 51, 93-95, 125-

127).  

However, in direct conflict with monocytes being the primary disseminators of 

HCMV in the organism is the fact that monocytes are naturally short-lived cells. About 

48-72 hours after release of monocytes into the circulation from the bone marrow where 

they are made from hematopoietic stem cells, monocytes are naturally programmed to 

undergo apoptosis (128). Moreover, monocytes are unable to support HCMV lytic 

replication unless they are differentiated into macrophages (78, 129, 130). We have 

shown that in order to bypass these biological barriers, HCMV induces monocytes to 

survive past their short 48-hour life-span, which we call the 48-hour viability gate. 

Moreover, the virus induces monocytes to differentiate into long-lived macrophages, 

which are permissive for viral replication (41, 42, 51, 95) and exhibit enhanced motility, 

adhesion to endothelial cells, and transendothelial migration (25, 131, 132). These 

functional changes likely permit infected monocytes to exit the bloodstream and infect 

the tissues they enter, therefore acting as Trojan horses for the virus. To date, HCMV is 

the only known virus shown to directly drive monocyte survival and the monocyte to 
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macrophage differentiation process. Yet, how the virus is able to induce these changes in 

monocytes is still not fully defined.  

 

The PI3K/Akt Signaling Pathway in HCMV Induced Monocyte Survival 

HCMV infection in monocytes proceeds in the absence of viral lytic gene 

expression and replication until differentiation into macrophages has occurred, 

approximately 3 weeks post-infection (42). We previously showed that no viral 

antiapoptotic proteins are expressed during the early stages of infection in monocytes 

(41) and that both UV-inactivated HCMV (incapable of viral gene expression) and 

soluble viral glycoproteins gB and gH induce similar functional changes as those 

observed in monocytes infected with live virus (42, 126), suggesting that HCMV 

modulates survival and differentiation of monocytes during viral binding and entry. In 

support, we showed that HCMV engages EGFR during binding and entry (25), which 

recruits and activates phosphatidylinositol-3-kinase (PI3K) to induce cellular motility and 

a pro-survival state in monocytes (25, 41). We also found that HCMV activation of PI3K 

results in the rapid phosphorylation and thus activation of the downstream 

serine/threonine kinase, Akt (25, 41, 131), yet the role of Akt in HCMV-mediated 

survival of monocytes and how HCMV regulates Akt activity is unknown.  

In monocytes treated with macrophage colony stimulating factor (M-CSF), Akt 

has been shown to act as a molecular clock, whereby rapid and high activation of Akt 

activity prior to 48h is necessary for monocytes to survive their natural programming 

towards apoptosis and to differentiate into macrophages. Akt is a serine/threonine protein 

kinase which functions by phosphorylating various downstream targets with either 
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activating or inhibitory results, depending on the target, which can in turn result in 

multiple outcomes in a cell, including modulation of cell cycle, metabolism, cell size, 

survival, and differentiation. Akt activity is controlled by an intricate system of positive 

and negative regulators at the cell membrane (Fig. 2). PI3K is a phospholipid kinase that 

becomes recruited to and activated by receptor tyrosine kinases (RTKs) on the cell 

surface upon their engagement by their activating ligands. Upon activation, PI3K 

phosphorylates phosphatidylinositol-4,5-bisphosphate [PI(4,5)P2] – a phospholipid on the 

cell membrane, into phosphatidylinositol-3,4,5-trisphosphate [PI(3,4,5)P3]. The latter 

then acts as an anchor for Akt which docks to PI(3,4,5)P3 through Akt’s N-terminal 

pleckstrin homology (PH) domain and gets phosphorylated at Ser473 and/or Thr308 and 

thus activated. At the same time, phosphatase and tensin homolog deleted in chromosome 

ten (PTEN), a 3’ phosphatase, dephosphorylates PI(3,4,5)P3 back into PI(4,5)P2, acting as 

a negative regulator of Akt. Similarly, SH2 (Src homology 2)-containing inositol 

phosphatase-1 (SHIP-1), an inositol 5’ phosphatase, also acts as a negative regulator of 

Akt by catalyzing the conversion of PI(3,4,5)P3 into PI(3,4)P2, thereby reducing Akt 

recruitment to the cell membrane and activation (133-135).  

Our recent work indicated that HCMV activation of Akt and M-CSF activation of 

Akt result in differential effects on downstream targets (136). Specifically, HCMV 

induced the phosphorylation of mTOR, a known target of Akt, in contrast to M-CSF, 

which did not stimulate mTOR phosphorylation. Furthermore, glycogen synthase kinase 

3β (GSK3β), a target of Akt involved in energy metabolism, often phosphorylated upon 

Akt activation (137, 138), was not phosphorylated in HCMV-infected cells (136).  
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regulators at the cell membrane. PI3K is a phospholipid kinase that becomes activated upon engagement of 

receptor tyrosine kinases (RTKs) by a ligand. Upon activation, PI3K phosphorylates phospholipids on the 

cell membrane, specifically phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2], into phosphatidylinositol 3,4,5-

trisphosphate [PI(3,4,5)P3]. This phospholipid then acts as an anchor for Akt which docks to it and can 

become phosphorylated by its kinases and thus activated. At the same time, PTEN, a lipid phosphatase, 

dephosphorylates PI(3,4,5)P3 back into PI(4,5)P2, acting as a negative regulator of Akt. Similarly, SHIP-1, a 

5’ phosphatase, catalyzes the conversion of PI(3,4,5)P3 into PI(3,4)P2, also acting as a negative regulator of 

Akt. Upon activation, Akt can mediate a variety of cellular processes, such as survival, metabolism, cell size, 

and differentiation. 

Figure 2. Cellular regulation of Akt. In a cell, Akt activity is controlled by a network of 
positive and negative regulators at the cell membrane. PI3K is a phospholipid kinase that 
becomes activated upon engagement of receptor tyrosine kinases (RTKs) by a ligand. Upon 
activation, PI3K phosphorylates phospholipids on the cell membrane, specifically 
phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2], into phosphatidylinositol 3,4,5-trisphosphate 
[PI(3,4,5)P3]. This phospholipid then acts as an anchor for Akt which docks to it and can 
become phosphorylated by its kinases and thus activated. At the same time, PTEN, a lipid 
phosphatase, dephosphorylates PI(3,4,5)P3 back into PI(4,5)P2, acting as a negative regulator 
of Akt. Similarly, SHIP-1, a 5’ phosphatase, catalyzes the conversion of PI(3,4,5)P3 into 
PI(3,4)P2, also acting as a negative regulator of Akt. Upon activation, Akt can mediate a 
variety of cellular processes, such as survival, metabolism, cell size, and differentiation. 
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Finally, HCMV also triggered an Akt-dependent increase in expression of select 

survival factors, Mcl-1 and Hsp27, not observed in M-CSF-treated cells (95, 136). The 

targeting of a distinct subset of Akt substrates suggests that HCMV uniquely regulates 

Akt activity through its positive and negative regulators to modulate Akt activity 

resulting in distinct survival changes observed in infected monocytes, yet the mechanisms 

involved are not fully understood (Fig. 3). 

 

HCMV Induced Monocyte to Macrophage Differentiation and the Role of Caspase 3 

Once HCMV has successfully induced survival of monocytes past their natural 

short 48h life-span, HCMV also induces their differentiation into long-lived 

macrophages. Moreover, HCMV induces differentiation towards a unique M1/M2 

macrophage, skewed towards M1 pro-inflammatory macrophage differentiation with 

select M2 anti-inflammatory characteristics. Specifically, in a transcriptome study of 

HCMV-infected monocytes, we found 65% of genes upregulated by HCMV were strictly 

associated with M1 pro-inflammatory polarization, and 4% of genes upregulated were 

associated with M2 anti-inflammatory differentiation, whereas among chemokines, 44% 

were M1 and 33% were M2 chemokines (93). We further showed that PI3K and NF-kB 

activities were necessary for inducing the unique macrophage polarization (94). This 

distinct M1-skewed differentiation likely benefits HCMV as the virus thrives in a host 

inflammatory environment, which enhances its replication and reactivation (14, 23-26), 

and these M1 pro-inflammatory macrophages are more equipped to migrate into tissues 

and disseminate the virus. At the same time, the upregulation of select M2 features likely 

allows the virus to avoid a massive antiviral response.   
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monocyte-to-macrophage differentiation. We have previously showed that HCMV binding through gB to 

EGFR results in downstream PI3K activation, which confers monocytes resistance to apoptosis; however, 

which PI3K isoform (p110α, p110β, or p110δ) was involved was unclear. We also reported that downstream of 

PI3K, Akt was rapidly phosphorylated and thus activated, though whether it directly mediated monocyte 

survival was unknown. The enhanced phosphorylation and differential temporal regulation of Akt in HCMV-

infected monocytes compared to M-CSF-treated cells hinted that in addition to PI3K, the virus may be 

modulating Akt’s other upstream regulators, PTEN and SHIP-1, though that remained to be tested. After the 

48h viability gate, HCMV allows for controlled levels of caspase 3 activation which mediated monocyte to 

macrophage differentiation, though how HCMV induced caspase 3 activation after mediating survival, and 

whether caspase 3 was also involved in the atypical M1/M2 polarization of monocytes was unexplored. Finally, 

given that HCMV activates the PI3K/Akt pathway, which is a central pathway in normal monocyte-t- 

macrophage differentiation, it remained to be determined whether in addition to mediating survival, the HCMV-

induced PI3K/Akt pathway also played a role in driving the distinct M1/M2 differentiation.  

gB 
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Figure 3. Unanswered questions about HCMV-induced monocyte survival and 
monocyte-to-macrophage differentiation. We have previously shown that HCMV binding 
through gB to EGFR results in downstream PI3K activation, which confers monocytes 
resistance to apoptosis; however, which PI3K isoform (p110α, p110β, or p110δ) was involved 
was unclear. We also reported that downstream of PI3K, Akt was rapidly phosphorylated and 
thus activated, though whether it directly mediated monocyte survival was unknown. The 
enhanced phosphorylation and differential temporal regulation of Akt in HCMV-infected 
monocytes compared to M-CSF-treated cells hinted that in addition to PI3K, the virus may be 
modulating Akt’s other upstream regulators, PTEN and SHIP-1, though that remained to be 
tested. After the 48h viability gate, HCMV allows for controlled levels of caspase 3 activation 
which mediated monocyte to macrophage differentiation, though how HCMV induced caspase 
3 activation after mediating survival, and whether caspase 3 was also involved in the atypical 
M1/M2 polarization of monocytes was unexplored. Finally, given that HCMV activates the 
PI3K/Akt pathway, which is a central pathway in normal monocyte-to-macrophage 
differentiation, it remained to be determined whether in addition to mediating survival, the 
HCMV-induced PI3K/Akt pathway also played a role in driving the distinct M1/M2 
differentiation.  
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Cysteine aspartic acid-specific proteases (caspases) are central mediators of 

apoptosis (139) but they have also been implicated in the process of myeloid growth 

factor mediated monocyte-to-macrophage differentiation (140-143). Caspases 2, 3, 8, and 

9 were found to be activated in monocytes differentiating into macrophages and caspases 

3 and 8 have been shown to be necessary in driving M-CSF induced differentiation. We 

found that unlike M-CSF treatment, HCMV infection requires caspase 3 but not caspase 

8 activity to mediate monocyte to macrophage differentiation (95). Caspase 3 activation 

requires two proteolytic cleavage steps from the 32kDa pro-caspase 3, into an 

intermediary 20kDa form, and finally into the fully active 17kDa form of caspase 3. We 

previously showed that HCMV tightly regulates the activation of caspase 3 in a temporal 

manner, whereby in the first 48 hours the virus blocked caspase 3 activation allowing 

monocytes to survive, and after the 48h viability gate HCMV induced controlled levels of 

caspase 3 activation, which was necessary to mediate monocyte to macrophage 

differentiation. Moreover, HCMV regulation of caspase 3 was different than that 

observed with myeloid survival factors. Specifically, we found an accumulation of the 

32kDa pro-caspase 3 and intermediary 20kDa caspase 3 and a lack of the fully active 

17kDa caspase 3 in HCMV-infected monocytes prior to 72hpi, indicating that HCMV 

initially shuts off caspase 3 activation by blocking both proteolytic cleavage steps of 

caspase 3. In contrast, monocytes treated with M-CSF exhibited an accumulation of only 

the 32kDa pro-caspase 3, suggesting a single complete inhibition in the first proteolytic 

cleavage step of caspase 3 (95). These data suggested that HCMV regulates caspase 3 

activity in a unique manner. We showed that prior to the 48h viability gate HCMV blocks 

caspase 3 activation through the activity of PI3K (41). Yet, how HCMV activates caspase 
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3 after the 48h viability gate to induce monocyte to macrophage differentiation and the 

involvement of caspase 3 in the induction of the unique M1/M2 differentiation is 

unknown (Fig. 3).  

 

Thesis Outline 

Current antiviral compounds inhibit viral replication and hence are not effective 

in targeting the virus in infected monocytes where the virus does not replicate. Hence, 

identifying how HCMV uniquely modifies the biology of infected monocytes would aide 

in the development of novel therapeutics targeting these differences and thus helping 

prevent monocyte-mediated viral dissemination in the body and establishment of 

persistence.  

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

understanding the mechanisms by which HCMV induces the survival of short-lived 

monocytes and their differentiation into macrophages. The studies also use molecular 

findings in the lab to develop ways to induce selective killing of HCMV-infected 

monocytes. Chapter 2 examines the role of Akt in HCMV-induced monocyte survival, 

the mechanisms by which HCMV regulates Akt activity via its positive and negative 

regulators (PI3K, PTEN, and SHIP-1), as well as their contribution in virally-induced 

monocyte survival. Chapter 3 analyzes the role of the PI3K/Akt pathway in regulating 

caspase 3 activity and mediating atypical monocyte-to-macrophage differentiation. 

Chapter 4 investigates the possibility of using molecular studies in the lab to identify and 

target select Akt-dependent downstream targets, such as Mcl-1, with small molecule 

inhibitors to induce killing of HCMV-infected monocytes, which might be translatable 
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into novel treatments in the future. Finally, Chapter 5 discusses the overall findings of our 

studies, proposes a model of the mechanisms by which HCMV induces monocyte 

survival and differentiation, outlines remaining questions, and proposes future directions.  
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Chapter II: 

Human Cytomegalovirus Induces an Atypical 

Activation of Akt to Stimulate the Survival of Short-

Lived Monocytes 1 
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Abstract 
	  

Human cytomegalovirus (HCMV) is a pervasive herpesvirus responsible for 

significant morbidity and mortality among immunodeficient/naive hosts. Following a 

primary HCMV infection, circulating blood monocytes mediate the systemic spread of 

the virus. Extending the short 48-hour lifespan of monocytes is critical to the viral 

dissemination process as these blood-borne cells are non-permissive for virus replication 

until fully differentiated into macrophages. Here, we show that HCMV glycoprotein gB 

binding to cellular epidermal growth factor receptor (EGFR) during HCMV entry 

initiated a rapid activation of the apoptosis suppressor Akt within 30 minutes, which was 

maintained through 72 hours. The virus-induced activation of Akt was more robust than 

with the normal myeloid growth factor M-CSF and was essential for infected monocytes 

to bypass the 48-hour viability checkpoint. Activation of PI3K following EGFR 

engagement by HCMV mediated the phosphorylation of Akt. Moreover, HCMV entry 

drove a switch away from the PI3K p110δ isoform, which was required for the viability 

of uninfected monocytes, to the p110β isoform in order to facilitate the Akt-dependent 

prosurvival state within infected cells. Simultaneously, in contrast to M-CSF, HCMV 

promoted a rapid increase in SHIP1 expression leading to signaling through a 

noncanonical Akt activation pathway. To ensure maximum Akt activity, HCMV also 

induced an early phosphorylation-dependent inactivation of the negative regulator PTEN. 

Overall, our data indicate that HCMV hijacks the upstream Akt signaling network to 

induce a non-traditional activation of Akt and subsequently a prosurvival decision at the 

48-hour cell fate checkpoint, a vital step for HCMV’s dissemination and persistence 

strategy. 
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Importance 
	  

HCMV is found throughout the world with a prevalence of 55-100% within the 

human population. HCMV infection is generally asymptomatic in immunocompetent or 

naive individuals, but is a significant cause of morbidity and mortality among the 

immunocompromised. Widespread organ inflammation is associated with symptomatic 

infections, which is a direct consequence of the viral dissemination strategy. 

Inflammatory peripheral blood monocytes facilitate spread of HCMV. However, HCMV 

must subvert the naturally short lifespan of monocytes. In this work, we demonstrate that 

HCMV induces the activation of Akt, an antiapoptotic protein, in distinct manner from 

that of normal myeloid growth factors. Moreover, we decipher how HCMV dysregulates 

the upstream Akt signaling network during viral entry to promote an Akt-dependent 

prosurvival state following infection. Delineating the virus-specific mechanisms that 

regulate cellular prosurvival pathways in order to drive the survival of HCMV-infected 

monocytes is important to identifying new anti-HCMV therapeutic targets. 
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Introduction 
	  

Human cytomegalovirus (HCMV) is a ubiquitous β-herpesvirus reaching 60-90% 

seropositivity among adults in the United States (1). HCMV is generally asymptomatic in 

immunocompetent individuals but has been associated with several chronic inflammatory 

diseases, such as atherosclerosis and inflammatory bowel disease (2, 3), and cancers, 

such as glioblastoma and colon cancer (4, 5). In immunodeficient hosts, including 

neonates, AIDS patients, transplant recipients, and patients undergoing chemotherapy, 

HCMV is a significant cause of morbidity and mortality (6-8). HCMV disease is 

characterized by systemic multiorgan inflammation, which can lead to end-organ 

dysfunction (9, 10). HCMV pathogenesis is a direct result of the virus’ ability to 

disseminate throughout the body and establish a persistent infection.  

Monocytes are the primary cell type in the blood infected by HCMV during an 

acute infection and the main cell type found in the infected organs of transplant 

recipients, indicating a central role for these blood sentinels in disseminating the virus 

(11-14). However, in the absence of myeloid growth factors, monocytes are naturally 

short-lived with a lifespan of ~48 hours (h) after release from the bone marrow into 

circulation (15). Further complicating matters, monocytes do not support viral replication 

unless differentiated into macrophages (16-19). We have previously shown that HCMV 

circumvents these biological “hurdles” by driving monocytes to survive past the 48-h 

“viability gate” and to differentiate into replication permissive macrophages (19-22). 

Thus, HCMV-induced monocyte survival bridges the process of viral dissemination with 

the establishment of viral persistence.  
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In quiescently infected monocytes no viral antiapoptotic proteins are expressed to 

inhibit cell death (20) and challenge with UV-inactivated HCMV or purified 

glycoproteins results in rapid cellular survival changes similar to those induced by “live” 

virus (19, 23), suggesting that HCMV stimulates monocyte survival through the entry 

process. Indeed, we found that virus engagement to cellular epidermal growth factor 

receptor (EGFR) upon viral binding to the monocyte cell surface induced an antiapoptotic 

state dependent on the activation of phosphoinositide 3-kinase (PI3K) (20, 24). Directly 

downstream of PI3K, Akt is known to act as a central hub responsible for interpreting and 

converting upstream signals into the appropriate biological output; i.e. Akt activation has 

multiple outcomes depending on the input signal (25). Although we have shown the virus 

to rapidly activate Akt (20, 26, 27), its role in directly mediating HCMV-induced 

monocyte survival is unknown. 

Akt mediates the survival of short-lived monocytes after stimulation with myeloid 

growth factors such as macrophage-colony stimulating factor (M-CSF) (28-30). 

Upstream signaling controls the activation status of Akt in order to allow for the selective 

targeting of the plethora of downstream Akt substrates (25). Specifically, Akt activation 

signals modulate the phosphorylation ratio between two sites on Akt, Serine 473 (S473) 

and Threonine 308 (T308), which regulate Akt substrate specificity (31, 32). Our recent 

data showed that HCMV- and M-CSF-activated Akt target different substrates within 

monocytes (33). Specifically, HCMV rapidly stimulated mTOR phosphorylation, while 

M-CSF did not. In addition, GSK3β, another known target of Akt, was not 

phosphorylated in HCMV-infected cells, further demonstrating a unique substrate 

specificity exhibited by HCMV-activated Akt. Consequently, we also found an Akt-
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dependent increase in the expression of select survival factors only in HCMV-infected 

but not growth factor-treated cells. The targeting of a distinct subset of Akt substrates 

within HCMV-infected monocytes suggests that a virus-specific regulation of upstream 

signals controlling Akt activity is responsible for the unique survival changes occurring 

within infected monocytes.  

A complex network of cellular positive and negative regulators control Akt 

activity. Activation of receptor tyrosine kinases such as EGFR initiate the PI3K/Akt 

signaling pathway through recruitment of class 1A PI3Ks, which are comprised of a 

regulatory subunit and a catalytic subunit; there are three different isoforms of the  

catalytic subunit of class 1A PI3Ks, namely p110α, p110β, and p110δ (34). Activated 

PI3K phosphorylates the 3’ position of the inositol ring of phosphatidylinositol 4,5-

bisphosphate (PI[4,5]P2), a signaling lipid on the internal leaflet of the plasma membrane, 

to form phosphatidylinositol 3,4,5-trisphosphate (PI[3,4,5]P3), which allows for Akt 

recruitment and phosphorylation at the cell membrane (34). However, although highly 

homologous, the different PI3K isoforms have divergent, non-redundant biological 

functions and differential effects on Akt activity (35). PI3K activity is directly reversed 

by phosphatase and tensin homolog (PTEN) that dephosphorylates PI(3,4,5)P3 back into 

PI(4,5)P2  (34). Several cancers have been shown to harbor inactivation mutations of 

PTEN (36), which lead to an aberrant activation of Akt and an enhanced phosphorylation 

of select downstream targets (37). Alternatively, PI3K activity is also opposed by SH2 

domain-containing inositol 5-phosphatase 1 (SHIP1), which hydrolyzes PI(3,4,5)P3 into 

phosphatidylinositol 3,4-bisphosphate (PI[3,4]P2) (34). SHIP1-deficient macrophages 

exhibit enhanced Akt phosphorylation and increased cell viability under homeostatic 
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conditions following M-CSF treatment (38). However, SHIP1 has also been shown to act 

as a proto-oncogene (39-41). Under conditions reflective of a tumor microenvironment, 

PI(3,4)P2 appears to more efficiently recruit and activate Akt than PI(3,4,5)P3, leading to 

different functional outcomes following Akt activation (42). Overall, the mechanisms 

modulating Akt phosphorylation are highly context-specific and critical to the biological 

output of Akt activation. How HCMV controls the regulators of Akt to “fine tune” its 

activity within infected monocytes and stimulate survival is unclear.  

In this study, we report that HCMV infection rapidly activates Akt similarly to M-

CSF to allow infected monocytes to bypass the 48-h viability gate. However, HCMV 

induced a more robust early activation and a distinct temporal phosphorylation profile of 

Akt when compared to M-CSF; therefore, we hypothesized HCMV uniquely regulates 

Akt activity by modulating its positive (PI3K) and negative (PTEN and SHIP1) 

regulators to induce monocyte survival. Although PI3K p110δ is the primary isoform 

responsible for monocyte viability under normal conditions, we found that HCMV 

induces a switch to the PI3K p110β isoform to mediate the Akt-dependent survival of 

infected monocytes. Concomitant to the activation of PI3K p110β, HCMV entry triggers 

a phosphorylation-mediated inactivation of PTEN allowing for enhanced Akt signaling. 

Finally, similar to the reversed activity of SHIP1 observed within cancer cells, we found 

this normally negative regulator of Akt to have a positive effect during HCMV infection 

and to contribute to the survival of infected monocytes. Taken together, these data 

indicate that HCMV usurps the upstream Akt signaling network in order to rapidly 

stimulate Akt activity and allow infected monocytes to successfully navigate the 48-h 

viability checkpoint and disseminate the virus.  
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Materials and Methods 

Human peripheral blood monocyte isolation and culture. Isolation of human 

peripheral blood monocytes was performed as previously described (19, 20, 23). Briefly, 

blood was drawn from random donors by venipuncture, diluted in 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 95% of isolated 

peripheral blood mononuclear cells were monocytes as determined by CD14-positive 

staining (22). 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: MK-2206 2HCL (MK; 

an Akt inhibitor), BYL-719 (BYL; a p110α inhibitor), TGX-221 (TGX; a p110β 

inhibitor), and CAL-101 (CAL; a p110δ inhibitor) from Selleckchem (Houston, TX); 

AG-1478 (AG; an EGFR inhibitor) and LY-294002 (LY; a pan-PI3K inhibitor) from 

Calbiochem (Billerica, MA); SF-1670 (SF; a PTEN inhibitor), 3-α-aminocholestane 

(3AC; a SHIP1 inhibitor), and PI(3,4)P2 from Echelon Biosciences (Salt Lake City, UT).  

Virus preparation and infection. Human embryonic lung (HEL) 299 fibroblasts 

(CCL-137, American Type Culture Collection, Manassas, VA) of low passage (P7-15) 
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were subcultured in DMEM (Lonza) with 2.5ug/ml plasmocin (Invivogen, San Diego, 

CA) and 10% fetal bovine serum (FBS) (Sigma). When culture reached confluency, cells 

were infected with HCMV (strain Towne/E; passages 35 to 39) 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 Towne/E 

(26). Mock infection was performed by adding an equivalent volume of RPMI 1640 

medium to monocytes, while M-CSF treatment was performed by adding an equivalent 

volume of RPMI 1640 medium with recombinant human M-CSF at 100 ng/ml (R&D 

Systems, Minneapolis, MI). In some experiments, HCMV was pretreated for 1 h with 

blocking antibodies to glycoprotein B (gB) (Clone 10B2664, United States Biological, 

Salem, MA) or isotype control (Abcam, Cambridge, MA) both at 5 µg/ml. UV-

inactivated virus was prepared by incubating virus under a 30 W germicidal (UVC 

wavelength of 254 nm) ultraviolet lamp (G30 T8, GE Lighting, East Cleveland, OH) for 

20 minutes on ice and was used in the same manner as “live” virus. The UV-inactivated 

virus did not replicate or produce any detectable levels of immediate early (IE) gene 

products (23).  

Western blot analysis. Monocytes were harvested in modified RIPA buffer 

(50mM Tris-HCl [pH 7.5], 5mM EDTA, 100mM 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 15 minutes on ice. The lysates were cleared from 

cell debris by centrifugation at 4°C (5 minutes, 21130 g) and stored at -20°C until further 

analysis. Protein samples were solubilized in Laemmli SDS-Sample Non-reducing 6X 
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Buffer (Boston Bioproducts, Boston, MA) supplemented with β-mercaptoethanol 

(Amresco, Solon, OH) by incubating at 100°C for 10 minutes. 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. Antibodies were purchased from the following 

companies: anti-Akt, anti-phospho (p)-Akt (Ser473), anti-SHIP1, and anti-p-PTEN 

(Ser380) antibodies from Cell Signaling (Danvers, MA), and anti-PTEN and anti-actin 

antibodies from Santa Cruz Biotechnology (Santa Cruz, CA). Blots were then incubated 

with horseradish peroxidase (HRP)-conjugated secondary antibodies (Santa Cruz) and 

chemiluminescence was detected using the Amersham ECL Prime Western Blotting 

Detection Reagent (GE Healthcare).  

Flow cytometry. Monocytes were washed in PBS and incubated in blocking 

solution consisting of FACS buffer, 5% BSA, and human FcR binding inhibitor 

(eBioscience, San Diego, CA), followed by staining with an APC-anti-CD14 or APC-

anti-mouse IgG1 isotype control antibody (BioLegend, San Diego, CA) on ice. Cells 

were then washed and stained with PE-Annexin V (BD Pharmingen, Franklin Lakes, NJ) 

and Sytox Blue Dead Cell Stain (Life Technologies, Carlsbad, CA) 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, Franklin Lakes, 

NJ). Our gating strategy on forward scatter (FSC)/side scatter (SSC) was set to include 

cells both in the early stages of apoptosis (decreased FSC and increased SSC compared to 
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viable cells) and late stages of apoptosis (decreased FSC and SSC compared to viable 

cells). 

 

Results 

HCMV rapidly activates Akt to promote monocyte survival. M-CSF activates 

Akt to stop the “molecular clock” of monocytes and allow for survival past the 48-h 

viability gate (28-30). In accord with our previous findings (26), HCMV infection also 

rapidly stimulated Akt phosphorylation at 30 minutes post infection (mpi) (Fig. 1A). 

However, we found the early activation of Akt (i.e. p-Akt levels) induced by HCMV 

infection was more robust than with M-CSF treatment (Fig. 1A). Elevated p-Akt levels 

were maintained through 72 hours post infection (hpi) relative to mock-infected cells, 

although p-Akt began to diminish to levels below that of M-CSF-treated cells at 48 hpi 

(Fig. 1B). Nonetheless, the robust early activation of Akt suggests a pivotal role for Akt 

in allowing infected monocytes to successfully bypass the 48-h viability gate. In support, 

HCMV triggers an antiapoptotic state during viral entry into monocytes dependent on the 

activation of PI3K, which is directly upstream of Akt (20). To test if the rapid activation 

of Akt during the viral entry process is required for the HCMV-induced prosurvival state, 

monocytes were pretreated prior to infection with MK2206 (MK), a highly selective Akt 

inhibitor with no activities against 256 other protein kinases (43). Pretreatment with 0.25, 

2.5, and 10 µM of MK resulted in a 1.2-, 1.4-, and 2.5-fold decrease in cell viability, 

respectively, indicating that the rapid triggering of Akt activity during viral entry is 

necessary for monocyte survival (Fig. 1C). Next, we addressed if a continued increase of 

Akt activity following entry is necessary to maintain survival of infected monocytes or if 
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an initial burst alone is sufficient to induce the long-term survival changes within infected 

cells. We found treatment of HCMV-infected monocytes with MK at 24 hpi led to 

apoptosis of infected cells (Fig. 1D), suggesting that the chronically elevated levels of 

Akt activity is required to maintain monocyte survival through 48 h. Moreover, at 0.25 

µM, the cytotoxic effect of MK was limited in HCMV-infected versus mock-infected 

cells (1.9% versus 16.6% decreased cell viability, respectively), indicating a shift in the 

inhibitor LD50 following HCMV infection (Fig. 1D). Indeed, the LD50 of MK was 

~0.25 µM in mock-infected monocytes and ~5 µM for HCMV-infected monocytes. At 

concentrations above the LD50, HCMV-infected cells were completely sensitive to the 

loss of Akt, as the cell viability of HCMV-infected monocytes was reduced to mock-

infected levels (Fig. 1D). Overall, these data demonstrate that HCMV rapidly activates 

Akt to induce and maintain survival of short-lived monocytes through the 48-h viability 

checkpoint. In addition, the distinct temporal phosphorylation kinetics of Akt activation 

by HCMV infection when compared to M-CSF treatment suggests a unique virus-specific 

mechanism for regulating Akt activity.  
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Figure 1. HCMV rapidly activates Akt in order to promote monocyte survival.  (A and B) 
Human peripheral blood monocytes were mock or HCMV infected, or treated with M-CSF for (A) 30 
minutes (min) or (B) 24, 48, or 72 h.  Levels of p-Akt (S473), total Akt, and actin were detected by 
immunoblotting from whole cell lysates.  (C) Monocytes were pretreated with MK (Akt inhibitor) at 
0.25, 2.5, or 10 µM or with vehicle control for 1 h, then mock or HCMV infected for 24 h.  (D) 
Monocytes were mock or HCMV infected for 24 h, then treated with MK at 0.25, 2.5, or 10 µM or 
with vehicle control for 24 h.  (C and D) Viability was measured by flow cytometry using Sytox (Syt) 
and Annexin V (Ann) staining.  (A to D) Results are representative of 3-8 independent experiments 
using monocytes from different donors. 

Figure 1. HCMV rapidly activates Akt in order to promote monocyte survival. (A 
and B) Human peripheral blood monocytes were mock or HCMV infected, or treated 
with M-CSF for (A) 30 minutes (min) or (B) 24, 48, or 72 h. Levels of p-Akt (S473), 
total Akt, and actin were detected by immunoblotting from whole cell lysates. (C) 
Monocytes were pretreated with MK (Akt inhibitor) at 0.25, 2.5, or 10 µM or with 
vehicle control for 1 h, then mock or HCMV infected for 24 h. (D) Monocytes were 
mock or HCMV infected for 24 h, then treated with MK at 0.25, 2.5, or 10 µM or with 
vehicle control for 24 h. (C and D) Viability was measured by flow cytometry using 
Sytox (Syt) and Annexin V (Ann) staining. (A to D) Results are representative of 3-8 
independent experiments using monocytes from different donors. 
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HCMV entry stimulates an Akt prosurvival state by inducing a switch in the 

utilized PI3K isoform. UV-inactivated HCMV (UV-HCMV) and purified glycoproteins 

induce functional survival changes in monocytes similarly to replication competent virus 

(19, 23). Accordingly, UV-HCMV phosphorylated Akt comparably to HCMV (Fig. 2A). 

Internalization of HCMV into monocytes occurs via virus engagement of EGFR on the 

monocyte cell surface and the subsequent triggering of the PI3K/Akt signaling pathway 

(26). Consistent with our previous findings (20, 26, 27), treatment with either an EGFR 

inhibitor (AG1478; AG) or a pan-PI3K inhibitor (LY-294002; LY) prevented Akt 

phosphorylation by HCMV (Fig. 2B and C). However, to date the viral glycoprotein 

responsible for initiating the EGFR/PI3K/Akt cascade following infection of monocytes 

is unknown. HCMV glycoprotein B (gB) has been shown to bind EGFR to allow entry 

into fibroblasts (44, 45). Indeed, we found infection of monocytes with HCMV particles 

coated with anti-gB neutralizing antibodies reduced Akt phosphorylation (Fig. 2D), 

demonstrating that gB-initiated signaling from EGFR contributes to Akt activation during 

HCMV entry into monocytes.  

Receptor tyrosine kinases (RTKs) such as EGFR regulate Akt activity through the 

activation of PI3K. We found inhibition of PI3K with a pan-PI3K inhibitor (LY) prior to 

infection or at 24 hpi completely abolished the ability of HCMV to facilitate a monocyte 

prosurvival state (Fig. 3A and B). However, RTKs are able to recruit different isoforms 

of PI3K, including p110α, p110β, and p110δ, that exhibit non-redundant activity (34). 

The p110α and p110β isoforms are ubiquitously expressed, while p110δ is enriched in the 

hematopoietic system and selectively controls Akt activity in primary macrophages (34, 

46). In accord with p110δ being the primary PI3K isoform found in leukocytes, 
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uninfected monocytes were sensitive to only CAL-101 (CAL), a p110δ-specific inhibitor, 

which induced a 2.1-fold reduction in cellular survival (Fig. 3C). Surprisingly, loss of 

p110δ activity had little effect on the viability of HCMV-infected monocytes, suggesting 

a potential switch in the PI3K isoform driving the survival of infected versus uninfected 

monocytes. Indeed, HCMV-infected cells were most sensitive to pretreatment with TGX-

221 (TGX), a p110β inhibitor, which resulted in a 2.1-fold reduction in cell viability. 

Similarly, inhibition of p110β activity at 24 hpi resulted in apoptosis of infected cells, 

while inhibition of the other PI3K isoforms had no effect on cell viability, indicating that 

persistent signaling from p110β was needed to maintain survival of HCMV-infected 

monocytes (Fig. 3D). In contrast, loss of p110δ activity did not induce cell death of 

infected monocytes while inducing death of mock-infected cells. Consistent with p110β 

being responsible for mediating Akt-dependent survival of infected monocytes, we found 

inhibition of p110β prior to infection prevented Akt activation at 1 and 24 hpi (Fig. 3E). 

These data indicate that HCMV entry triggers a switch in the PI3K isoform from p110δ 

to p110β in order to stimulate Akt activity and allow for the survival of infected 

monocytes past the 48-h cell fate decision checkpoint.  
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Figure 2. HCMV gB binding to EGFR during viral entry activates downstream PI3K to 
phosphorylate Akt.  (A) Monocytes were mock, HCMV, or UV-HCMV infected for 24 h.  (B) 
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pretreated with an anti-gB antibody or an isotype control antibody at 5 µg/mL for 30 min.  (A to D) 
Levels of p-Akt and actin were measured from whole cell lysates using immunoblotting.  Results are 
representative of at least 3 independent experiments using monocytes from different donors. 

Figure 2. HCMV gB binding to EGFR during viral entry activates downstream 
PI3K to phosphorylate Akt. (A) Monocytes were mock, HCMV, or UV-HCMV 
infected for 24 h. (B) Monocytes were pretreated for 1 h with DMSO or increasing 
concentrations (10, 20, or 40 µM) of AG (EGFR inhibitor) or (C) 50 µM of LY (pan-
PI3K inhibitor) for 1 h, then mock or HCMV infected for (B) 30 min or (C) 1 h. (D) 
Monocytes were mock or HCMV infected, or infected with HCMV pretreated with an 
anti-gB antibody or an isotype control antibody at 5 µg/mL for 30 min. (A to D) Levels 
of p-Akt and actin were measured from whole cell lysates using immunoblotting. 
Results are representative of at least 3 independent experiments using monocytes 
from different donors. 
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measured by Sytox and Annexin V staining using flow cytometry.  (E) TGX was added to mock- or 
HCMV-infected monocytes at 50 µM for 1 h prior to a 1 h or 24 h infection.  Levels of p-Akt (S473) 
and actin were detected by immunoblotting.   (A to E) Results are representative of 3-5 independent 
experiments using monocytes from different donors. 

Figure 3. HCMV preferentially uses the PI3K p110β isoform to mediate survival of infected 
monocytes. (A) Monocytes were treated for 1 h with DMSO or 50 µM of LY and then mock or 
HCMV infected for 24 h. (B) Monocytes were mock or HCMV infected for 24 h and then treated 
with DMSO or 50 µM of LY for 24 h. (C and D) PI3K isoform specific inhibitors BYL (p110α 
inhibitor), TGX (p110β inhibitor), or CAL (p110δ inhibitor) were added to mock- or HCMV-infected 
monocytes at 50 µM (C) for 1 h prior to a 24 h infection or (D) at 24 hpi for 24 h. (A to D) Monocyte 
viability was measured by Sytox and Annexin V staining using flow cytometry. (E) TGX was added 
to mock- or HCMV-infected monocytes at 50 µM for 1 h prior to a 1 h or 24 h infection. Levels of p-
Akt (S473) and actin were detected by immunoblotting. (A to E) Results are representative of 3-5 
independent experiments using monocytes from different donors. 
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HCMV inactivates PTEN in monocytes. The enhanced and sustained activation 

status of Akt in HCMV-infected cells through 48 hours suggests that HCMV may also 

restrict the activity of Akt negative regulators in addition to inducing PI3K (Fig. 1A and 

B). PTEN is a critical negative regulator of cell survival by directly reversing the activity 

of PI3K (34). Upon reexamination of our previous microarray analyses (20, 47), we 

unexpectedly found that HCMV-infected monocytes had increased PTEN transcript 

levels. We confirmed elevated levels of PTEN protein within infected cells, which was 

maintained through 72 h (Fig. 4A). Furthermore, based on the protein expression levels 

over the 72 h time course, HCMV appears to decrease the rate of PTEN loss within 

infected versus uninfected monocytes rather than directly simulating an upregulation of 

protein expression. However, PTEN phosphorylation at Serine 380 (S380) is known to 

inactivate PTEN (48, 49) and is associated with increased p-Akt levels (50). We found 

that both HCMV infection and M-CSF treatment increased p-PTEN levels to a greater 

extent than total PTEN protein levels at 24 hours post treatment (Fig. 4B and C), 

suggesting HCMV is acting similarly to M-CSF by negatively regulating PTEN. Indeed, 

pretreatment with SF1670 (SF), a highly selective small-molecule compound that inhibits 

PTEN’s cellular enzymatic activity (51), for 1 h prior to infection did not further increase 

Akt phosphorylation at 24 hpi confirming the absence of PTEN activity (Fig. 4D). In 

contrast, infected cells pretreated with SF for 1 h exhibited elevated levels of p-Akt 

compared to uninfected cells at 1 hpi (Fig. 4E), indicating PTEN inactivation likely 

occurs through a post entry event. Regardless of the mechanism of inhibition, the 

inactivation of PTEN by 24 hpi allows for increased levels of Akt to be maintained 

through the 48-h viability gate. 
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Figure 4. HCMV inactivates PTEN through phosphorylation at S380.  (A) Monocytes were mock 
or HCMV infected, or treated with M-CSF for 24, 48, or 72 h and PTEN levels measured by 
immunoblotting.  (B) Monocytes were mock or HCMV infected, or treated with M-CSF for 24 h and 
p-PTEN (S380) detected by immunoblotting.  (C) Representative ratios of increased p-PTEN levels 
relative to mock over increased total PTEN levels relative to mock were determined by densitometry 
at 24 h.  (D and E) Monocytes were pretreated for 1 h with DMSO or SF (PTEN inhibitor) at 250 nM, 
then mock or HCMV infected for (D) 24 h or (E) 1 h.  Levels of p-Akt and actin were determined by 
immunoblotting.  (A to E) Results are representative at least 3 independent experiments using 
monocytes from different donors. 

Figure 4. HCMV inactivates PTEN through phosphorylation at S380. (A) 
Monocytes were mock or HCMV infected, or treated with M-CSF for 24, 48, or 72 h 
and PTEN levels measured by immunoblotting. (B) Monocytes were mock or HCMV 
infected, or treated with M-CSF for 24 h and p-PTEN (S380) detected by 
immunoblotting. (C) Representative ratios of increased p-PTEN levels relative to mock 
over increased total PTEN levels relative to mock were determined by densitometry at 
24 h. (D and E) Monocytes were pretreated for 1 h with DMSO or SF (PTEN inhibitor) 
at 250 nM, then mock or HCMV infected for (D) 24 h or (E) 1 h. Levels of p-Akt and 
actin were determined by immunoblotting. (A to E) Results are representative at least 
3 independent experiments using monocytes from different donors. 
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HCMV uses SHIP1 as a positive regulator of Akt to promote survival of 

monocytes. SHIP1 functions as a second negative regulator of the PI3K/Akt pathway by 

hydrolyzing PI(3,4,5)P3 into PI(3,4)P2 (52). Similarly to PTEN, SHIP1 is upregulated by 

HCMV at 24 hpi and is sustained through 72 hpi (Fig. 5A). Unlike with PTEN, the early 

increase of SHIP1 occurred only with HCMV infection, while M-CSF treatment induced 

a less robust upregulation of SHIP1 with delayed kinetics (Fig. 5A). This early-targeted 

stimulation of SHIP1 activity by HCMV appears in conflict with the need of HCMV-

infected monocytes to exhibit high levels of activated Akt prior to the 48-h viability 

checkpoint. However, despite downregulating PI3K/Akt activity under homeostatic 

conditions, recent reports have demonstrated SHIP1 to have positive effects on Akt 

activation under pathological conditions such as a tumor microenvironment (39-41). 

Therefore, we assessed SHIP1 activity in HCMV-infected cells. Pretreatment with a 

SHIP1-selective inhibitor, 3-α-aminocholestane (3AC) (39), resulted in decreased p-Akt 

levels in HCMV-infected cells at both 15 mpi (Fig. 5B) and 24 hpi (Fig. 5C), indicating 

SHIP1 to have a positive effect on Akt activity. Accordingly, add-back of PI(3,4)P2 to 

HCMV-infected cells treated with 3AC rescued the loss of p-Akt in a dose-dependent 

manner (Fig. 5D), suggesting that SHIP1 may play a positive role during HCMV-induced 

monocyte survival. Indeed, pretreatment of cells with 3AC prior to infection blocked the 

ability of HCMV to stimulate a prosurvival state within infected monocytes (Fig. 6A). 

Next we tested if continued SHIP1 activity was required for the maintenance of 

monocyte viability following the initial infection, since elevated levels of SHIP1 

persisted for 72 hpi. Loss of SHIP1 activity at 24 hpi resulted in a 4-fold reduction in the 

viability of infected cells to levels similar to uninfected cells (Fig. 6B). Together, these 
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data suggest that HCMV utilizes SHIP1 as an additional positive regulator of Akt to drive 

monocytes survival, a necessary step in the viral dissemination process.  
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Figure 5. HCMV activates Akt through a non-canonical SHIP1-dependent 
pathway. (A) Monocytes were mock or HCMV infected or treated with M-CSF for 24, 
48, or 72 h. SHIP1 and actin levels were detected by immunoblotting. (B) Monocytes 
were pretreated with 3AC (SHIP1 inhibitor) at 20 µM for 1 h, then mock or HCMV 
infected for 15 min. (C) Monocytes were pretreated with 3AC at 15 µM for 1h, then 
mock or HCMV infected for 24 h. (D) Monocytes were pretreated for 1 h with 5, 10, or 
20 µM of PI(3,4)P2, then treated for 1 h with 15 µM of 3AC or vehicle control, and 
followed by a 24 h infection. (B to D) Levels of p-Akt and actin were measured from 
whole cell lysates by immunoblotting. (A to D) Results are representative at least 3 
independent experiments using monocytes from different donors. 
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Figure 6. HCMV-activated SHIP1 is required for the survival of infected 
monocytes. (A) Monocytes were pretreated for 1 h with vehicle control or 3AC at 20 
µM, then mock or HCMV infected for 24 h. (B) Monocytes were mock or HCMV 
infected for 24 h, then treated with 3AC at 20 µM or vehicle control for 24 h. (A and B) 
Monocyte viability was measured by Sytox and Annexin V staining using flow 
cytometry. Results are representative of 3-5 independent experiments using 
monocytes from different donors. 
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Discussion 
	  

Peripheral blood monocytes are a primary target of HCMV in vivo and are 

believed to be responsible for the hematogenous dissemination of the virus to organ sites 

and bone marrow (11-14). Monocyte differentiation into macrophages is an essential step 

in the process of HCMV dissemination in the body, as virus replication and progeny 

production cannot occur in monocytes until differentiation into tissue macrophages is 

complete (16-19). A key step to the monocyte-to-macrophage differentiation process is 

the survival of monocytes through 48 h, a critical cell-fate checkpoint where monocytes 

are programmed to undergo apoptosis in the absence of survival stimuli (15). Previously, 

we have shown that HCMV infection allows short-lived monocytes to successfully 

navigate the 48-h viability gate and differentiate into long-lived macrophages (19, 20, 

22). Despite the repertoire of antiapoptotic proteins encoded within the HCMV genome, 

these viral proteins are known not to be expressed within the first 48 hours of infection of 

monocytes (20) indicating a mechanism whereby HCMV exploits the cellular 

antiapoptotic machinery to promote monocyte survival. We, and others, have shown that 

triggering of prosurvival signaling pathways during viral entry is critical for the survival 

of cells that support quiescent HCMV infection (20-22, 53, 54). In the current study, we 

present the mechanisms by which HCMV stimulates Akt activity in a virus specific 

manner in order to promote the long-term survival of infected monocytes. A proposed 

model for HCMV regulation of Akt-dependent survival of infected monocytes is shown 

in Fig. 7.   

Elevated Akt activity is essential to the survival of monocytes through the 48-h 

cell fate checkpoint (28-30). We found that HCMV entry rapidly activates Akt and that 
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the activation is more robust than treatment with normal myeloid growth factors. The 

reasons for the enhanced Akt activation are unclear. Transcriptome studies have shown 

the increased expression of several antiviral proapoptotic genes following HCMV 

infection but not M-CSF treatment (24, 47, 55), leading us to speculate that the higher 

levels of Akt may be necessary to overcome both the intrinsic biological programming of 

monocytes to undergo cell death and the proapoptotic antiviral host response triggered by 

HCMV. The phosphorylation signature of Akt regulates substrate specificity and higher 

levels of phosphorylated S473 correspond with increases in the expression specific Akt-

dependent antiapoptotic proteins (31, 32). Thus, the enhanced phosphorylation of Akt at 

S473 induced during HCMV entry may allow for the increased expression of specific 

prosurvival factors necessary to abrogate the heightened death signals found within 

infected monocytes. In support, we previously found that HCMV-activated Akt induces a 

distinct subset of antiapoptotic proteins within infected monocytes not upregulated by 

myeloid growth factor-activated Akt (33). Although we are currently investigating how 

the phosphorylation profile of Akt regulates substrate specificity within infected 

monocytes, our data indicate that a virus-specific mechanism leads to a unique activation 

of Akt and the expression of select antiapoptotic proteins required for the survival of 

infected monocytes.  

Several herpesviruses have convergently evolved mechanisms to regulate Akt 

activity in order to promote survival of carrier cells. During latent infection, Kaposi’s 

sarcoma-associated herpesvirus (KSHV) and Epstein Barr virus (EBV) express viral 

proteins that activate Akt resulting in cell survival (56, 57). In contrast to the direct 

modulation of Akt activity by viral proteins, HCMV appears to have evolved a different 



74	  
	  

Akt regulatory strategy in cells supportive of a quiescent infection, involving the 

modification of Akt activity through the viral entry process (20, 26, 27, 58). Initiation of 

the upstream Akt signaling cascade is triggered by gB activation of the EGFR/PI3K 

signaling axis upon engagement of the virion to the monocyte cell surface (26). Targeting 

of EGFR by HCMV appears to induce a switch from p110δ, the predominant regulator of 

Akt and the main PI3K isoform recruited to activated M-CSF receptor in leukocytes (34, 

46), to p110β as the primary PI3K isoform responsible for the survival of HCMV-

infected monocytes. Biologically, we speculate that the preferential usage for the p110β 

isoform is due to the lack of negative self-regulatory activity by p110β. 

Autophosphorylation of p110δ in a time-dependent-manner completely abrogates kinase 

activity (59), and hence the targeted use of a PI3K isoform that lacks autoinhibitory 

activity would allow for longer transmission of survival signals within infected 

monocytes. Moreover, p110δ exhibits strong antiviral activity upon activation unlike 

p110β (60), thus a switch away from p110δ may represent a viral strategy to limit 

antiviral responses following HCMV infection. Regardless, to the best of our knowledge, 

our study provides the first documentation of a virus inducing a specific switch in the 

PI3K isoform needed for the survival of carrier cells. 

Concomitantly with inducing PI3K, HCMV must also inhibit the counteracting 

activity of PTEN and SHIP1 to ensure maximum Akt activity during the first 48 hours of 

infection. Surprisingly, HCMV promotes elevated levels of PTEN protein within infected 

monocytes; however, HCMV concurrently abrogates PTEN activity through 

phosphorylation of PTEN at S380. Our data further suggest that inhibition of PTEN may 

be not a virus-specific event, but a general monocyte response to survival stimuli, as M-
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CSF treatment also induces S380 phosphorylation. In contrast, SHIP1 expression is 

rapidly upregulated following HCMV infection but not following treatment with myeloid 

growth factors. The targeting of SHIP1 activity by HCMV suggests an important role for 

the biological function of SHIP1 during the infection of monocytes. Although typically 

viewed as a negative regulator of the PI3K signaling cascade by reducing PI(3,4,5)P3 

levels, SHIP1 removes the phosphate from the D5 phosphate position of the inositol ring, 

while PTEN removes the D3 phosphate, enabling SHIP1 and PTEN to have very 

different effects on Akt signaling (40, 41, 61). Indeed, SHIP1 levels are increased in 

acute myeloid leukemia cells and positively regulate Akt activity (39, 42, 62). The SHIP1 

product, PI(3,4)P2, binds with greater affinity to Akt resulting in a greater 

phosphorylation of Akt when compared to PI(3,4,5)P3 (42). Thus, the overexpression of 

SHIP1 likely leads to the aberrant accumulation of PI(3,4)P2 within cells, promoting a 

malignant state due to a more potent activation of Akt (41). Similarly, HCMV infection 

increases SHIP1 expression through 72 hpi and the loss of SHIP1 activity prevents Akt 

phosphorylation following infection, which is rescued by add-back of PI(3,4)P2. How 

SHIP1 acts as a positive regulator in HCMV-infected monocytes is unclear. We speculate 

that HCMV may dysregulate downstream players responsible for the dephosphorylation 

of PI(3,4)P2, leading to accumulation of PI(3,4)P2 within infected monocytes compared to 

uninfected cells. Regardless, our data indicate HCMV utilizes a two-pronged approach to 

stimulate a more robust activation of Akt via the actions of both PIP2 and PIP3, which to 

date has not been observed in non-cancerous cells. Furthermore, the double activation of 

Akt through both PI3K-generated PI(3,4,5)P3 and SHIP1-generated PI(3,4)P2 may in part 

account for the substrate specificity difference between Akt activated by HCMV versus 
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M-CSF. The non-canonical activation of Akt with PI(3,4)P2 preferentially phosphorylates 

Akt at S473 (63), while PIP3 mediated activation leads to S473 and T308 phosphorylation 

(34). Recent studies showing that the ratio of phosphorylated S473 to T308 modulates 

Akt target specificity hint at the possibility that the unique biological output of HCMV-

activated Akt is the result of a specific virus-induced phosphorylation pattern (31-33).  

In summary, we demonstrate that HCMV infection of monocytes rapidly induces 

a unique temporal phosphorylation profile of Akt with a more robust early activation 

when compared to normal myeloid growth factors. The enhanced activation of Akt is 

essential to the survival of infected monocytes through the 48-h viability checkpoint, as 

loss of Akt activity completely abrogated the ability of HCMV to subvert cell death. We 

found that the rapid peak of Akt activity was mediated by gB triggering of EGFR and the 

subsequent recruitment of the PI3K p110β isoform to facilitate the Akt-dependent 

prosurvival state. Concomitantly, a rapid phosphorylation-mediated inactivation of PTEN 

by HCMV likely ensures maximum p-Akt levels are maintained during the crucial 48-

hour cell fate decision period. Finally, we show that SHIP1 activity positively regulates 

Akt within infected monocytes as it does in tumor cells and that targeting of SHIP1 

appears to be specific to HCMV-induced monocyte survival, since M-CSF does not 

upregulate SHIP1. Elucidating the unique molecular mechanisms leading to the survival 

of HCMV-infected monocytes may provide new therapeutic targets to specifically 

eliminate infected monocytes, thereby preventing viral dissemination in transplant 

patients at high risk for acquiring an acute infection.  
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Figure 7.  Proposed model for HCMV regulation of Akt-dependent survival of infected 
monocytes.  HCMV entry into monocytes induces a robust activation of Akt via the direct 
modulation of upstream regulators PI3K, PTEN, and SHIP1 in order to drive the survival of infected 
monocytes.  Initiation of the Akt signaling cascade is triggered by gB binding to EGFR, which 
preferentially utilizes the PI3K p110β isoform to promote cell survival.  Concurrently, in contrast to 
normal myeloid growth factors, HCMV stimulates a rapid increase in SHIP1 expression leading to a 
non-canonical activation of Akt.  To ensure maximum Akt activity, HCMV also induces an early 
phosphorylation-dependent inactivation of the negative regulator PTEN.  This non-traditional 
activation of Akt by HCMV allows for the increased expression of a select subset of Akt-dependent 
antiapoptotic proteins specifically required for the survival of infected monocytes past the critical 48-
h cell-fate checkpoint (20, 22, 23).  

Figure 7. Proposed model for HCMV regulation of Akt-dependent survival of 
infected monocytes. HCMV entry into monocytes induces a robust activation of Akt 
via the direct modulation of upstream regulators PI3K, PTEN, and SHIP1 in order to 
drive the survival of infected monocytes. Initiation of the Akt signaling cascade is 
triggered by gB binding to EGFR, which preferentially utilizes the PI3K p110β isoform 
to promote cell survival. Concurrently, in contrast to normal myeloid growth factors, 
HCMV stimulates a rapid increase in SHIP1 expression leading to a non-canonical 
activation of Akt. To ensure maximum Akt activity, HCMV also induces an early 
phosphorylation-dependent inactivation of the negative regulator PTEN. This non-
traditional activation of Akt by HCMV allows for the increased expression of a select 
subset of Akt-dependent antiapoptotic proteins specifically required for the survival of 
infected monocytes past the critical 48-h cell-fate checkpoint (20, 22, 23).  
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Abstract 

Human cytomegalovirus (HCMV) is a ubiquitous betaherpesvirus and a major 

cause of morbidity and mortality among the immunocompromised. During a primary 

HCMV infection, blood monocytes mediate the hematogenous dissemination of the virus 

throughout the host. However, monocytes are naturally short-lived cells with an 

approximate 48-hour (h) life span in the circulation and they do not support viral 

replication. We previously established that HCMV infection drives the differentiation of 

short-lived monocytes into long-lived macrophages, which express a combination of M1 

pro-inflammatory and M2 anti-inflammatory macrophage genes. We also showed that 

HCMV initially blocks caspase 3 activation to allow for monocyte survival, but 

subsequently induces caspase 3 activity after the 48-hour viability gate, which mediates 

monocyte-to-macrophage differentiation. How the virus activates caspase 3 after 48h and 

the role of caspase 3 in the atypical M1/M2 differentiation was unclear. Here, we show 

that HCMV infection in monocytes promoted their polarization into distinct macrophages 

by inducing select M1 and M2 differentiation markers and that caspase 3 activity 

mediated the distinct M1/M2 polarization, with a predominant role in driving M2 

differentiation. We determined that caspase 3 activity is both positively and negatively 

regulated by Akt activity. Prior to 24 hours (h) post infection, Akt activity was necessary 

to inhibit caspase 3 activation and allow monocytes to bypass their natural programming 

towards apoptosis. After the 48h viability gate, Akt activity was also necessary to allow 

for caspase 3 activation and to mediate the distinct M1/M2 differentiation. Akt’s 

upstream positive regulator, PI3K, facilitated the expression of the M1/M2 differentiation 

markers with p110δ being the predominant PI3K isoform inducing differentiation and 
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regulating caspase 3 activity. Finally, our findings also imply that in addition to its role in 

HCMV-induced survival SHIP-1, another regulator of Akt, also controlled M1/M2 

differentiation. Overall, this study highlights that HCMV employs the PI3K/Akt/SHIP-1 

pathway to regulate caspase 3 activity and drive differentiation of monocytes into unique 

macrophages which is critical for viral dissemination.  
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Introduction 

Human cytomegalovirus (HCMV) is a widespread pathogen infecting 50-65% of 

the US population and reaching 100% seroprevalence in many parts of the world (1, 2). 

While HCMV infection is generally asymptomatic in immunocompetent individuals, the 

virus has been implicated as a causative or contributing agent in various inflammatory 

disorders, such as atherosclerosis and inflammatory bowel disease (3, 4), and multiple 

cancers, such as glioblastoma, breast cancer, and colon cancer (5-12). In contrast, in 

immunocompromised or immunodeficient hosts, such as the developing fetus, AIDS 

patients, and transplant recipients, HCMV is a major cause of morbidity and mortality 

(13-17). In these patients, the virus can infect multiple organs and drive inflammation and 

pathogenesis, including encephalitis, retinitis, pneumonitis, and gastroenteritis, which can 

lead to multiorgan failure and death (18-21). HCMV is capable of driving widespread 

multiorgan disease due to its intrinsic ability to disseminate effectively throughout the 

body and establish a persistent infection (22, 23).  

Peripheral blood monocytes are the primary cell type thought to be responsible for 

disseminating HCMV in the organism. During viremia, monocytes are the main cell type 

in the blood found to carry the virus and the main infiltrating cell type positive for viral 

DNA and antigens in biopsies from infected organs of patients with HCMV disease. 

These data indicate that the virus uses monocytes to spread from the bloodstream to 

distant organ sites (24-31).  However, monocytes are naturally short-lived cells. Upon 

release into the circulation from the bone marrow, monocytes circulate in the blood for 

~48h, after which they are destined to undergo programmed cell death, unless stimulated 

with myeloid growth factors to migrate into tissues and differentiate into long-lived 
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macrophages (32-34). Moreover, monocytes are not permissive for productive HCMV 

replication until they differentiate into macrophages (35-38). We showed that in order to 

overcome these biological obstacles, HCMV infection in monocytes drives their survival 

past their natural 48h “viability gate” by inducing an antiapoptotic state (38-42). In 

addition, HCMV induces monocyte differentiation into long-lived macrophages, which 

unlike monocytes, support viral replication and can thus pass on the virus to the tissues 

they enter (38, 40, 43-45). Moreover, the virus induces monocyte differentiation into 

atypical M1 pro-inflammatory-skewed macrophages with select M2 anti-inflammatory 

macrophage features (43, 46, 47). The pro-inflammatory macrophage characteristics, 

such as enhanced expression of adhesion molecules, cell motility, and transendothelial 

migration likely facilitate the spread of the virus from the bloodstream into tissues, while 

the anti-inflammatory characteristics potentially allows the virus to maintain minimal 

antiviral responses in the cell (38, 43-50). Stimulation of monocyte to macrophage 

differentiation follows viral induction of monocyte survival and though linked, the two 

are separate processes and the mechanisms involved in driving each are not completely 

understood (40).  

We previously showed that HCMV infection in monocytes induced a rapid and 

sustained activation of Akt, a major anti-apoptotic protein, which occurred upon viral 

glycoprotein gB interaction with EGFR during viral entry, and was necessary to mediate 

survival of infected cells (39, 42, 48, 49). HCMV drove a non-canonical activation of Akt 

resulting from the rapid activation of Akt’s main positive regulator, PI3K, together with 

SHIP-1, which is normally considered a negative Akt regulator, but is used by HCMV as 

a positive Akt regulator (42). We also showed that Akt activation results in the 
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upregulation of select Akt-dependent targets, Mcl-1 and Hsp27, observed in HCMV-

infected but not myeloid growth factor treated cells (39, 51). We found Mcl-1 and Hsp27 

to mediate survival by synergistically blocking activation of cysteine aspartic acid-

specific protease (caspase) 3, a central executioner of apoptosis (40). Specifically, 

caspase 3 activation requires two proteolytic cleavage steps of the immature, full-length 

pro-caspase 3 (32kDa) into an intermediary form of caspase 3 (20kDa), and finally into 

the short, fully activated caspase 3 (17kDa) (52). In non-infected monocytes, caspase 3 

activity is induced by 24h which mediates the natural programmed cell death by 48h (34, 

40, 53). We showed that HCMV infection blocked caspase 3 activation by inhibiting both 

proteolytic cleavage steps via the combined actions of Mcl-1 and Hsp27, resulting in the 

survival of infected cells. In contrast M-CSF, only blocked the first cleavage step of 

caspase 3 activation (39, 40), indicating that HCMV uniquely regulates caspase 3 activity 

and the induction of survival. 

After successfully manipulating monocytes to traverse the 48h viability gate, 

HCMV must also drive their differentiation into macrophages, which unlike monocytes 

are permissive for viral replication. We showed that differentiation is linked to the 

process of survival, but that it is an independent process, as inhibition of differentiation 

mediators allowed infected monocytes to survive past the 48h viability gate, but not 

undergo macrophage differentiation (40). Yet, how the virus drives differentiation after 

the induction of survival is unclear. HCMV-induced monocyte to macrophage 

differentiation occurs in the absence of viral replication or viral lytic gene expression, 

suggesting that HCMV regulates differentiation by modulating cellular factors (38, 39). 

Caspases are proteins with documented functions in initiating and executing apoptosis 
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(54). However, an accumulating body of literature indicates that caspases are also 

involved in other non-apoptotic processes, including myeloid differentiation (40, 55-60). 

Caspases 2, 3, 8, and 9 were activated in monocytes undergoing differentiation into 

macrophages (60) and caspase 3 and 8 specifically have been shown to drive macrophage 

differentiation of monocytes treated with macrophage colony stimulating factor (M-CSF) 

(58, 60, 61). We recently showed that although HCMV initially blocks caspase 3 

activation to allow for monocyte survival prior to 48h, after the 48h viability gate, 

HCMV induces controlled levels of caspase 3 activity in infected monocytes which is 

necessary to mediate monocyte to macrophage differentiation (40). Also, in contrast to 

M-CSF which requires both caspase 3 and caspase 8 activity, HCMV used solely caspase 

3 and not caspase 8 to drive monocyte-to-macrophage differentiation changes, such as 

cell size and morphology (40), suggesting that HCMV uniquely regulates the myeloid 

differentiation process. However, how the virus activates caspase 3 after the 48h viability 

gate and whether caspase 3 is directly involved in mediating the unique M1/M2 

differentiation of infected macrophages is unknown.  

Stimulation of monocytes with myeloid growth factors, such as GM-CSF and M-

CSF, results in monocyte differentiation into either M1 pro-inflammatory macrophages 

or M2 anti-inflammatory macrophages, respectively (62, 63). Myeloid growth factors 

bind to their cognate receptors on monocytes, such as GM-CSF- or M-CSF-receptor, 

resulting in activation of several signaling cascades, which drive the process of 

differentiation, with PI3K/Akt emerging as a central pathway in the macrophage 

differentiation process (64). PI3K/Akt activation has been shown to be critical for both 

survival of monocytes differentiating into macrophages, as well as their commitment to 
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the path of macrophage differentiation (65-69). Activation of PI3K/Akt has been 

associated with promoting M2 macrophage differentiation in response to various stimuli, 

such as M-CSF, bone morphogenic protein 7 (BMP-7), surfactant protein A, and IL-4 

(64, 70-74). Moreover, in M-CSF stimulated monocytes, successive rounds of PI3K/Akt 

activation increasing in magnitude and length are necessary for downstream caspase 

activation, which mediates macrophage differentiation (58). However, PI3K and Akt 

signaling have also been shown to contribute to M1 polarization (64) induced by M1 

factors such as GM-CSF and LPS (53, 75, 76). We previously showed that HCMV 

infection in monocytes rapidly activates PI3K together with SHIP-1 resulting in a non-

canonical activation of Akt, which is necessary for the induction and maintenance of 

monocyte survival through the 48h viability gate (42); yet whether HCMV also uses the 

PI3K/SHIP-1/Akt pathway in mediating the atypical M1/M2 monocyte to macrophage 

differentiation or whether other mechanisms are involved is unclear. 

Our prior findings indicated a role for viral ligand cellular receptor interactions in 

inducing functional changes associated with macrophage differentiation (39, 43, 48, 77, 

78). Particularly, we found that UV-inactivated virus and soluble viral glycoproteins 

induced similar functional changes in monocytes as live virus, indicating that activation 

of cellular signaling pathways might be necessary for the induction of monocyte-to-

macrophage differentiation (38, 42, 78). HCMV activation of both epidermal growth 

factor receptor (EGFR) and integrins on the monocyte surface stimulates changes 

associated with differentiation, such as enhanced monocyte motility (48, 77) and EGFR 

activation results in augmented transendothelial migration (48). HCMV engagement of 

EGFR leads to the activation of the downstream PI3K, which mediates increased cell 
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motility (48) and together with NF-kB is responsible for the observed atypical 

upregulation of M1/M2 genes (47). Downstream of PI3K, Akt is rapidly activated in 

HCMV-infected monocytes and is necessary for the induction and maintenance of 

monocyte survival through the 48h viability gate. We also found that Akt activity is 

necessary for the upregulation of Mcl-1 and Hsp27 (39, 51), which regulate caspase 3 

activity in HCMV-infected cells, suggesting that in addition to mediating survival, Akt 

might also play a role in caspase 3 regulation and macrophage differentiation. 

Here, we report that upon infection in monocytes, HCMV drives their acquisition 

of a unique macrophage phenotype by upregulating select M1 pro-inflammatory and M2 

anti-inflammatory differentiation markers, consistent with our previous microarray 

studies showing atypical M1/M2 gene expression, and that the virus uses caspase 3 

activation after the 48h viability gate in order to mediate M1/M2 differentiation. We 

further found that HCMV uses Akt to control caspase 3 activity, whereby Akt initially 

blocked caspase 3 activation at 24hpi, and after the 48h viability gate, Akt activity was 

also necessary to allow for caspase 3 activation and monocyte to macrophage 

differentiation. We show that Akt’s main upstream positive regulator, PI3K, mediates the 

expression of the M1/M2 differentiation markers with the p110δ isoform predominantly 

inducing differentiation, and p110α and p110β isoforms playing a reduced role. Finally, 

our findings also indicate that HCMV uses SHIP-1, the other positive regulator of Akt in 

infected monocytes, to also mediate M1/M2 differentiation, which is a critical process for 

viral dissemination. 
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Materials and Methods 

Human peripheral blood monocyte isolation and culture. Isolation of human 

peripheral blood monocytes was performed as previously described (25-27, 29). Briefly, 

blood was drawn from random donors by venipuncture, diluted in RPMI 1640 (Lonza, 

Walkersville, MD), 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 

95% of isolated peripheral blood mononuclear cells were monocytes as determined by 

CD14-positive staining (2). Cells were washed with saline, resuspended in RPMI 1640 

supplemented with 1% human AB serum (Sigma Aldrich, St. Louis, MO), 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: MK-2206 2HCL (MK; 

an Akt inhibitor), BYL-719 (BYL; a p110α inhibitor), TGX-221 (TGX; a p110β 

inhibitor), and CAL-101 (CAL; a p110δ inhibitor) from Selleckchem (Houston, TX); LY-

294002 (LY; a pan-PI3K inhibitor) from Calbiochem (Billerica, MA); and 3-α-

aminocholestane (3AC; a SHIP-1 inhibitor) from Echelon Biosciences (Salt Lake City, 

UT).  

Virus preparation and infection. Human embryonic lung (HEL) 299 fibroblasts 

(CCL-137, American Type Culture Collection, Manassas, VA) of low passage (P7-15) 
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were subcultured in DMEM (Lonza) with 2.5ug/ml plasmocin (Invivogen, San Diego, 

CA) and 10% fetal bovine serum (FBS) (Atlanta Biologicals, Flowery Branch, GA). 

When culture reached confluency, cells were infected with HCMV (strain Towne/E, 

passages 35 to 39; or strain TB40E-Gfp, passages 1-3; or strain TB40E-Dark, passages 1-

3) in DMEM + 4% FBS. Virus was purified from supernatant on a 20% sorbitol cushion 

to remove cellular contaminants and resuspended in RPMI 1640. A multiplicity of 

infection (MOI) of 5 was used for each experiment as >99% of monocytes were infected 

when this MOI was used (2). Mock infection was performed by adding an equivalent 

volume of RPMI 1640 to monocytes.  

Western blot analysis. Monocytes were harvested in modified RIPA buffer 

(50mM Tris-HCl [pH 7.5], 5mM EDTA, 100mM 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 15 minutes on ice. The lysates were cleared from 

cell debris by centrifugation at 4°C (5 minutes, 21130 g) and stored at -20°C until further 

analysis. Protein samples were solubilized in Laemmli SDS-Sample Non-reducing 6X 

Buffer (Boston Bioproducts, Boston, MA) supplemented with β-mercaptoethanol 

(Amresco, Solon, OH) by incubating at 100°C for 10 minutes. 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. Antibodies were purchased from the following 

companies: anti-phospho (p)-Akt (Ser473) from Cell Signaling (Danvers, MA), anti- 
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p110δ and anti-caspase-3 from Santa Cruz Biotechnology (Santa Cruz, CA), and anti-

beta actin from Abcam (Cambridge, MA). Blots were then incubated with horseradish 

peroxidase (HRP)-conjugated secondary antibodies from Santa Cruz and Abcam and 

chemiluminescence was detected using the Amersham ECL Prime Western Blotting 

Detection Reagent from GE Healthcare (Piscataway, NJ). Images were captured using the 

BioRad ChemiDoc XRS+ Molecular Imager or ChemiDoc MP Imaging System and 

ImageLab software.   

Flow cytometry. Monocytes were washed in PBS and incubated in blocking 

solution consisting of FACS buffer (145 mM NaCl, 8.45 mM Na2HPO4, 1.83 mM 

NaH2PO4, and 0.1% NaN3), 5% BSA, and human FcR binding inhibitor (eBioscience, 

San Diego, CA), followed by staining with APC anti-human CD14, Alexa Fluor 488 anti-

human CD16, PE/Cy7 anti-human CD163, Brilliant Violet 605 anti-human CD86 

(BioLegend, San Diego, CA) and APC-R700 anti-human CD80 (BD Biosciences, San 

Jose, CA) or isotype controls on ice. Cells were then washed and analyzed by flow 

cytometry using an LSRFortessa cell analyzer and BD FACSDiva software (BD 

Biosciences, Franklin Lakes, NJ).  

 

Results 

HCMV infection in monocytes induces select M1/M2 macrophage 

differentiation markers. We previously showed that HCMV infection of monocytes 

induces their differentiation into macrophages, which is vital for viral spread within the 

host, as unlike monocytes, macrophages are long-lived and permissive for viral 

replication (2, 22, 27, 28). HCMV-infected monocytes displayed increased granularity, 
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cell spreading, and cell size, as well as enhanced expression of a pan-macrophage cell 

surface marker, CD71, and M2 macrophage marker, CD163 (2). Additionally, 

transcriptome studies revealed that HCMV induced an atypical M1/M2 polarization of 

monocytes, by upregulating mostly M1 pro-inflammatory as well as select M2 anti-

inflammatory genes (22, 28). We further aimed to define the atypical induction of 

monocyte-to-macrophage differentiation by examining a panel of M1 (CD80, CD86, and 

CD197) and M2 (CD16, CD163, and CD206) macrophage differentiation markers (30-

35). Primary peripheral blood monocytes were mock- or HCMV-infected for 48 hours 

and examined for changes in expression of differentiation markers by flow cytometric 

analysis (Fig. 1). In accord with our previous study (2), HCMV infection increased the 

expression of the M2 marker, CD163 (high affinity scavenger receptor), as well as an 

additional M2 differentiation marker, CD16 (low affinity Fc receptor), and M1 

differentiation markers, CD80 and CD86 (co-stimulatory molecules and CD28 ligands). 

However, HCMV infection did not upregulate the expression of another M1 marker, 

CD197 (also known as CCR7, or CCL19 and CCL21 receptor), or the M2 marker, 

CD206 (mannose receptor) at either 48 hours post infection (hpi) (data not shown) or 

72hpi (Fig. 1), suggesting that HCMV infection in monocytes drives unique macrophage 

differentiation by upregulating select M1 and M2 characteristics.  

  



98	  
	  

 

 

 

  
Figure 1. HCMV infection in monocytes induces select M1/M2 macrophage 
differentiation markers. Human peripheral blood monocytes were mock or HCMV infected 
and the percent of cells positive for (A) M1 pro-inflammatory macrophage markers or (B) M2 
anti-inflammatory macrophage markers were measured by flow cytometry at 48hpi (for 
CD80, CD86, CD16, or CD163) or 72hpi (for CCR7 and CD206). (A and B) Results are 
representative of 3-6 independent experiments using monocytes from different donors.     
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HCMV-induced caspase 3 activation after the 48h-viability gate mediates the 

unique monocyte-to-macrophage differentiation. Our previous studies showed that 

infection of monocytes with the TOWNE/E strain of HCMV induces an early inhibition 

of caspase 3 activation by blocking the two proteolytic cleavage steps required for 

caspase 3 activation, but that after the 48 hours the virus induces caspase 3 activation 

mediating monocyte-to-macrophage differentiation, as inhibition of caspase 3 activity 

abrogated the ability of the virus to induce an increase in cell size and upregulate the pan-

macrophage marker, CD71 (2). In accord with our aforementioned findings, infection of 

monocytes with two additional clinically-derived strains of HCMV (TB40E-Gfp and 

TB40E-Dark) induced an early block in caspase 3 activation compared to mock-infected 

cells, where high levels of fully activated caspase 3 (17kDa) are visible by 24h (Fig. 2A). 

In addition, by 48 hours, all three strains of virus allowed caspase 3 activation, which was 

further upregulated at 72 hours, suggesting that caspase 3 activation after the 48h 

viability gate is universal across multiple viral strains and may play a role in the unique 

M1/M2 macrophage differentiation process.    

We next examined the role of caspase 3 in HCMV-induced upregulation of M1 

and M2 differentiation markers. We pretreated monocytes with a caspase 3 specific 

inhibitor, z-DEVD-fmk, for one hour, then mock- or HCMV-infected for 48 hours, and 

subsequently measured levels of macrophage markers (Fig. 2B). In accord with our 

previous studies showing that caspase 3 mediates the morphological differentiation of 

monocytes into macrophages, inhibition of caspase 3 activity reduced the ability of 

HCMV to induce M1 markers CD80 and CD86 by 10-30%. In addition, inhibition of 

caspase 3 resulted in a decrease in M2 differentiation markers CD16 and CD163 by 60-
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100%, reducing their expression levels to those observed in mock-infected cells (Fig. 

2B). These data indicate that caspase 3 is involved in mediating both M1 and M2 

differentiation, but may play a more predominant role in directing M2 macrophage 

differentiation of infected monocytes. 

In addition to caspase 3, three other caspases, namely caspase 2, caspase 9, and 

caspase 8 have been shown to be activated in U937 pro-monocytic cells undergoing 

TPA-induced differentiation into macrophages (3), and caspase 8 has been established to 

mediate M-CSF-driven monocyte-to-macrophage differentiation (4, 5). Our earlier 

findings showed that caspase 8 activation was not induced in HCMV-infected monocytes 

during the 48h viability gate and caspase 8 inhibition did not affect the morphological 

differentiation of infected macrophages (2). Nevertheless, because we observed only a 

partial reduction of M1 macrophage markers with the caspase 3 inhibitor (Fig. 2B), we 

aimed to investigate if other caspases may be involved in HCMV-induced monocyte-to-

macrophage differentiation. Pretreatment of monocytes with a pan-caspase inhibitor, z-

VAD-fmk, led to a partial decrease in M1 differentiation markers and almost a complete 

reduction in M2 markers (Fig. 2C), similar to the changes induced by caspase 3 inhibitor, 

z-DEVD-fmk, suggesting that caspase 3 is the main caspase involved in regulating 

HCMV-induced monocyte-to-macrophage differentiation, and that other factors 

independent of caspases may also be involved in regulating M1 differentiation. Overall, 

our data indicate that HCMV uniquely regulates caspase 3 activation in a temporal 

manner, and that caspase 3 plays a role in mediating the distinct M1/M2 macrophage 

differentiation of infected monocytes.      

 



101	  
	  

 
  

32-kDa 

20-kDa 

17-kDa 

Actin 

Moc
k  

    
    

    
 

TB40
E-D

ark
 

TB40
E-G

fp 
TO

W
NE/E

 

Moc
k  

    
    

    
 

TB40
E-D

ark
 

TB40
E-G

fp 
TO

W
NE/E

 

Moc
k  

    
    

    
 

TB40
E-D

ark
 

TB40
E-G

fp 
TO

W
NE/E

 

Caspase 3 

24h 48h 72h 

A. 

0 

20 

40 

60 

80 

100 

Moc
k  

HCMV 

HCMV+z
-D

EVD-fm
k 

%
 p

os
iti

ve
 c

el
ls

 
CD86 

B. 

C. 

0 

20 

40 

60 

80 

Moc
k  

HCMV 

HCMV+z
-D

EVD-fm
k 

%
 p

os
iti

ve
 c

el
ls

 
 

CD80 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

Moc
k 

HCMV 

HCMV+z
-VAD-fm

k 

%
 p

os
iti

ve
 c

el
ls

 
 

CD80 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

Moc
k 

HCMV 

HCMV+z
-VAD-fm

k 

%
 p

os
iti

ve
 c

el
ls

 
 

CD86 

0 

5 

10 

15 

20 

25 

Moc
k 

HCMV 

HCMV+z
-VAD-fm

k 

%
 p

os
iti

ve
 c

el
ls

 

CD163 

0 

5 

10 

15 

20 

25 

30 

Moc
k 

HCMV 

HCMV+z
-VAD-fm

k 

%
 p

os
iti

ve
 c

el
ls

 

CD16 

0 

10 

20 

30 

40 

50 

Moc
k  

HCMV 

HCMV+z
-D

EVD-fm
k 

%
 p

os
iti

ve
 c

el
ls

 

CD163 

0 

5 

10 

15 

20 

25 

30 

Moc
k  

HCMV 

HCMV+z
-D

EVD-fm
k 

%
 p

os
iti

ve
 c

el
ls

 

CD16 

Figure 2. HCMV-induced caspase 3 activation after the 48h viability gate mediates the 
unique monocyte to macrophage differentiation. (A) Human peripheral blood monocytes 
were mock or HCMV infected with one of three strains of virus (TB40E-Dark, TB40E-Gfp or 
TOWNE/E) for 24, 48, or 72h. Levels of pro-caspase 3 (32kDa), intermediate caspase 3 
(20kDa), fully active caspase 3 (17kDa), and actin as a loading control were detected by 
immunoblotting from whole cell lysates. (B and C) Human peripheral blood monocytes were 
pre-treated for 1h with (A) caspase 3 inhibitor, z-DEVD-fmk, at 20µM, or (B) pan-caspase 
inhibitor, z-VAD-fmk, at 50µM. Cells were then mock or HCMV infected with TB40E-Dark for 
48h and percent of positive cells for M1 (CD80 and CD86) and M2 macrophage markers 
(CD16 and CD163) were measured by flow cytometry. (A-C) Results are representative of 3-
6 independent experiments using monocytes from different donors.     
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HCMV uses Akt to regulate caspase 3 activation and monocyte to 

macrophage differentiation. We next sought to identify the mechanisms by which 

HCMV regulates caspase 3 activation in infected monocytes. We previously showed that 

HCMV rapidly upregulates the expression of Mcl-1 and Hsp27 upon infection in 

monocytes, which cooperatively block caspase 3 activation during the first 48h of 

infection by inhibiting the first and second proteolytic cleavages of caspase 3, 

respectively (2). We further showed that the enhanced expression of Mcl-1 and Hsp27 in 

HCMV-infected monocytes is Akt-dependent (36) and that Akt is rapidly activated 

during infection and is central for the survival of infected monocytes (26), suggesting that 

Akt may also be involved in caspase 3 regulation. In support of our previous findings 

with the TOWNE/E strain of HCMV (26), two additional strains of the virus, TB40E-Gfp 

and TB40E-Dark, induced the phosphorylation and hence activation of Akt by 24h, 

which was maintained at higher levels than those observed in mock-infected cells at both 

48h and 72h (Fig. 3A). To determine if Akt regulates caspase 3 activation, we pre-treated 

monocytes with an Akt inhibitor, MK2206, then mock- or HCMV-infected for 24h. As 

previously observed, HCMV infection blocked caspase 3 activation which was rapidly 

induced in mock-infected cells (Fig. 3B). Furthermore, Akt inhibition resulted in an 

inability of the virus to block caspase 3 activation, suggesting that HCMV uses Akt to 

negatively control caspase 3 activation prior to the 48h viability gate, consistent with our 

previous findings that Akt activity is rapidly triggered by HCMV and is required for viral 

induction of monocyte survival (26). Surprisingly, pre-treatment with the Akt inhibitor at 

a lower concentration that did not affect survival (data not shown), resulted in an inability 

of the virus to activate caspase 3 at 72hpi (Fig. 3C), suggesting that Akt activity is 
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necessary for allowing caspase 3 activation after the 48h viability gate, and that Akt may 

be involved in monocyte-to-macrophage differentiation independently of cell survival. To 

test that, we pre-treated monocytes with the Akt inhibitor, followed by HCMV-infection 

for 48h and measured changes in expression of macrophage markers. Treatment with the 

Akt inhibitor resulted in a 100% blockage of the virus to induce M1 and M2 markers, 

which were maintained at levels similar to those in mock-infected cells, indicating that 

Akt activity is critical for the induction of monocyte-to-macrophage differentiation.  
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Figure 3. HCMV uses Akt to regulate caspase 3 activation and monocyte to 
macrophage differentiation. (A) Human peripheral blood monocytes were mock or HCMV 
infected with one of three strains of virus (TB40E-Dark, TB40E-Gfp or TOWNE/E) for 24, 48, 
or 72h. Levels of p-Akt (S473) and actin as a loading control were detected by 
immunoblotting from whole cell lysates. (B) Human peripheral blood monocytes were pre-
treated for 1h with Akt inhibitor, MK2206 (MK) at 10µM, then mock or HCMV infected with 
TB40E-Dark for 24h. (C) Human peripheral blood monocytes were pre-treated for 1h with 
Akt inhibitor, MK, at 5µM then mock or HCMV infected with TB40E-Darkfor 72h. (B and C) 
Levels of pro-caspase 3 (32kDa), intermediate caspase 3 (20kDa), fully active caspase 3 
(17kDa), and actin as a loading control were detected by immunoblotting from whole cell 
lysates. (D) Human peripheral blood monocytes were pre-treated for 1h with Akt inhibitor, 
MK at 5µM, then mock or HCMV infected with TB40E-Dark for 48h and the percent of 
positive cells for M1 (CD80 and CD86) and M2 macrophage markers (CD16 and CD163) 
were measured by flow cytometry. (A-D) Results are representative of 3-6 independent 
experiments using monocytes from different donors.     
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HCMV predominately uses the p110δ isoform of PI3K to regulate caspase 3 

and mediate monocyte to macrophage differentiation. Upstream of Akt, a complex 

network of positive and negative regulators control Akt activity at the plasma membrane. 

We previously showed that PI3K, the main positive regulator of Akt, is rapidly activated 

by HCMV infection in monocytes (1, 23, 28, 37, 38) and together with SHIP-1 is 

responsible for a unique Akt activation observed in HCMV-infected monocytes (26). We 

also showed that PI3K mediates the functional changes associated with macrophage 

differentiation, such as enhanced cellular motility and transendothelial migration (37) as 

well as the upregulation of M1 and M2 gene expression in HCMV-infected monocytes 

(28). In accord, treatment with a pan-PI3K inhibitor, LY, abrogated the ability of the 

virus to induce the expression of CD80 (69% to 14%), CD86 (77% to 68%), CD16 (24% 

to 6%), and CD163 (46% to 26%) (Fig. 4A), suggesting an important role in HCMV-

induced M1/M2 monocyte-to-macrophage differentiation. Moreover, there are three 

different isoforms of the active subunit of Class IA PI3K, mainly p110α, p110β, and 

p110δ, which have been previously shown to play differential roles in M1 and M2 

differentiation (8). To dissect the role of the individual PI3K isoforms in HCMV-driven 

differentiation, we used isoform-specific inhibitors and observed that the p110α (BYL) 

and p110β (TGX) inhibitors did not or partially reduced the ability of HCMV to 

upregulate the expression of M1 and M2 markers (Fig. 4A). In contrast, the p110δ-

specific inhibitor, CAL, reduced the expression of all four differentiation markers to 

levels observed in mock-infected cells, similar to the pan-PI3K inhibitor LY: CD80 (69% 

vs. 16%), CD86 (77% vs. 67%), CD16 (24% vs. 10%), and CD163 (46% vs. 31%) (Fig. 

4A), suggesting the p110δ isoform might play a more predominant role in driving the 
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differentiation process. In support, we observed an increase in p110δ expression in 

HCMV-infected cells at 24, 48, and 72hpi (Fig. 4B) and pre-treatment of monocytes with 

the isoform specific inhibitors resulted in a reduced ability of the virus to block caspase 3 

activation by 24hpi, with the p110δ inhibitor inducing the highest activation of caspase 3 

(Fig. 4C), suggesting that HCMV predominately uses p110δ to regulate caspase 3 

activity and mediate monocyte-to-macrophage differentiation.  
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Figure 4. HCMV predominately uses the p110δ  isoform of PI3K to regulate caspase 3 
and mediate monocyte to macrophage differentiation. (A) Human peripheral blood 
monocytes were pre-treated for 1h with a pan-PI3K inhibitor (LY) at 25 µM or isoform 
specific inhibitors, BYL for p110α, TGX for p110β, and CAL for p110δ at 10µM, then were 
mock or HCMV infected with TB40E-Dark for 48h and the percent of positive cells for M1 
(CD80 and CD86) and M2 (CD16 and CD163) macrophage markers was measured by flow 
cytometry. (B) Human peripheral blood monocytes were mock or HCMV infected with 
TOWNE/E for 24, 48, or 72h. Levels of p110δ and actin as a loading control were detected 
by immunoblotting from whole cell lysates. (C) Human peripheral blood monocytes pre-
treated for 1h with PI3K isoform specific inhibitors, BYL for p110α, TGX for p110β, and CAL 
for p110δ at 10µM, then were mock or HCMV infected with TB40E-Dark for 24h. Levels of 
pro-caspase 3 (32kDa), intermediate caspase 3 (20kDa), fully active caspase 3 (17kDa), and 
actin as a loading control were detected by immunoblotting from whole cell lysates. (A-C) 
Results are representative of 3-6 independent experiments using monocytes from different 
donors.     
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HCMV engages SHIP-1 to induce monocyte to macrophage differentiation. 

SHIP-1 is a lipid phosphatase that functions by dephosphorylating PI3K’s product, 

PI(3,4,5,P)3, which is necessary to recruit Akt to the cell membrane and activate it, into 

PI(3,4 P)2, thereby limiting Akt activation. However, we recently showed that HCMV 

uses SHIP-1 in a non-canonical manner as an additional positive regulator of Akt and 

monocyte viability (26), similar to what has been observed in some cancer cells (39-41). 

Moreover, because we found that HCMV infection induced high levels of SHIP-1 

expression, which were maintained elevated past the 48h viability gate (26), we 

investigated if SHIP-1 also plays a role in HCMV-driven monocyte-to-macrophage 

differentiation. Pretreatment of cells with a SHIP-1 specific inhibitor, 3AC, resulted in a 

robust reduction of virally induced M1 markers CD80 (61% to 30%) and CD86 (89% to 

58%) and to a somewhat lesser extent M2 differentiation markers, CD16 (19% to 13%) 

and CD163 (42% to 33%) (Fig. 5), suggesting that HCMV uses SHIP-1 together with 

PI3K to promote the atypical differentiation of monocytes into M1/M2 macrophages. 

 

 

 

 

 

 

 

  



109	  
	  

  

Figure 5. HCMV engages SHIP-1 to induce monocyte to macrophage differentiation. 
Human peripheral blood monocytes were pre-treated for 1h with a SHIP-1 inhibitor (3AC) at 
10µM then were mock or HCMV infected with TB40E-Dark for 48h and the percent of cells 
positive for M1 (CD80 and CD86) and M2 (CD16 and CD163) macrophage markers was 
measured by flow cytometry. Results are representative of 2-6 independent experiments 
using monocytes from different donors.     
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Discussion 

HCMV infection drives monocytes to survive past their short 48h life-span and to 

differentiate into long-lived macrophages. This is critical for HCMV dissemination in the 

host as infected monocytes differentiated into macrophages exhibit enhanced motility, 

elevated levels of adhesion molecules facilitating enhanced binding to endothelial cells, 

and increased transendothelial migration. Additionally, macrophages, unlike monocytes, 

are permissive for viral replication, and would thus mediate viral spread upon 

extravasation and migration into organ tissues. In this study, we enhance our 

understanding of the HCMV-induced atypical monocyte-to-macrophage polarization and 

the mechanisms involved in regulating the differentiation machinery in these cells. Our 

proposed model for HCMV mediation of differentiation of infected monocytes is shown 

in Fig. 6.   

We present here that HCMV infection induces select M1 (CD80 and CD86 but 

not CD197) and M2 (CD16 and CD163 but not CD206) macrophage differentiation 

markers consistent with our previous transcriptome and chemokinome studies which 

indicated that HCMV induces polarization of monocytes into macrophages possessing 

dual M1 pro-inflammatory and M2 anti-inflammatory properties (22, 28). This arsenal of 

features likely contributes to viral dissemination as the virally induced M1 macrophage 

characteristics such as cellular activation, secretion of inflammatory cytokines, enhanced 

motility, adhesion to the endothelium, and transendothelial migration would mediate the 

hematogenous spread of the virus from the blood into tissues. Interestingly, while both 

CD80 and CD86 are traditionally considered M1 differentiation markers, they have been 

recently shown to have opposing roles in some inflammatory conditions such as sepsis 
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and graft versus host disease. Specifically, CD80 was upregulated and mediated 

inflammation during sepsis, while CD86 was downregulated (42). In contrast, in graft 

versus host disease, CD80 attenuated acute vascular rejection while CD86 mediated 

rejection (43). Thus, whether CD80 and CD86 play similar (inflammatory) or opposite 

(inflammatory vs. anti-inflammatory) roles in infected monocytes differentiating into 

macrophages remains to be investigated.  

Concomitantly, we found that the virus induces select M2 differentiation features, 

consistent with previous reports (1, 22), most likely to control antiviral responses and 

evade the adaptive immune system, but also potentially to help viral replication. Both 

CD163 (a scavenger receptor) and CD16 (a low affinity IgG receptor) have been shown 

to mediate anti-inflammatory responses (44, 45). Thus, HCMV might be upregulating M2 

differentiation characteristics in order to control an overactive inflammatory response, 

which could activate adaptive immune responses and be deleterious for the virus. In 

parallel, a recent study showed that M2 macrophages expressing higher levels of CD16 

were more susceptible to HCMV infection than M1 macrophages and supported viral 

gene expression earlier and more abundantly than M1 macrophages (35). Therefore, it is 

possible that in addition to controlling antiviral responses, the virus induces M2 

macrophage features to create a cellular environment which would support viral 

replication more efficiently once infected monocytes have migrated into tissues. It is 

important to note that some studies have defined CD16 as an M1 differentiation marker 

(46, 47), while others as an M2 anti-inflammatory marker (34, 35). Thus, it remains to be 

investigated if HCMV upregulates CD16 as a result of pro- or anti-inflammatory 

differentiation. Nevertheless, our findings indicate that HCMV induces monocyte 
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differentiation into macrophages with a distinct M1/M2 differentiation marker repertoire, 

which is consistent with previous studies showing that HCMV infection drives both M1 

and M2 gene expression, but also unique cellular genes not observed in monocytes 

differentiated with either M1 or M2 stimuli (48), most likely in order to create a 

monocyte that is suitable for viral needs such as dissemination from the blood to 

peripheral organs, followed by efficient replication within macrophages, while at the 

same time avoiding induction of massive antiviral responses.  

We previously showed that caspase 3 is the central mediator of HCMV-induced 

macrophage differentiation, in contrast to MCSF-mediated differentiation, which required 

both caspase 3 and caspase 8 activity. We now further show that caspase 3 is the main 

caspase that mediates M1/M2 macrophage differentiation, with a more predominant role 

in M2 polarization. This is consistent with previous reports that caspases were not 

activated in monocytes undergoing GM-CSF-driven M1 differentiation (49). Thus, it is 

possible that HCMV uses other factors, independent of caspases, to drive M1 

differentiation features. Our previous transcriptome analyses showed that a significant 

number of M1 pro-inflammatory genes in infected monocytes were upregulated in a 

PI3K- and NF-κB-dependent manner (28, 50); therefore, in addition to caspase 3, the 

virus likely utilizes PI3K and NF-κB to induce M1 differentiation. 

In monocytes stimulated with M-CSF, PI3K is rapidly activated and functions to 

negatively regulate caspase 3 activation to block monocyte apoptosis (19). We previously 

showed that in HCMV-infected monocytes, caspase 3 activation is also blocked early on 

through PI3K. However, the regulation of caspase 3 differed between HCMV-infected 

cells, where both proteolytic cleavage steps of caspase 3 were blocked, and M-CSF-
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treated cells, where only the first proteolytic cleavage step was inhibited, suggesting that 

HCMV uses a unique mechanism to regulate caspase 3. We now show that Akt is used by 

the virus to temporally regulate caspase 3, whereby Akt activity early on is necessary to 

block caspase 3 activation, and that after the 48h viability gate, Akt is also required to 

allow for controlled levels of caspase 3 activation. One study has shown a positive role, 

while another study - a negative role for Akt in controlling activation of caspases during 

M-CSF-driven macrophage differentiation (4, 51). Our results are in agreement with both 

reports in that Akt activity was necessary to both block caspase 3 activation early on 

during infection to allow for survival, and induce caspase 3 activation after the 48h 

viability gate in order to mediate differentiation. How exactly Akt plays a dual role in the 

temporal regulation of caspase 3 in HCMV-infected monocytes is unclear. In contrast to 

its well-documented role in survival in multiple cell types, some reports indicate that in 

several contexts Akt activity is involved in increasing oxidative stress, thus triggering 

reactive oxygen-species (ROS)-induced damage and apoptosis (52, 53), and that 

hyperactive Akt activity can mediate senescence (54-56). The variety of results 

associated with Akt activation might be dictated by the phosphorylation pattern on Akt. 

Phosphorylation of Akt on Ser473 vs. Thr308 been shown to lead to differential 

phosphorylation of downstream targets (57, 58) and even shift the role of Akt from a pro-

survival to a pro-apoptotic one (59). In addition, other phosphorylation sites have been 

identified on Akt (60), such as Thr450 which may affect Akt folding and function (61, 

62), Ser477 and Thr479 which might be involved in enhancing Akt activity (63), Ser129 

which has been involved in increasing catalytic activity (64), and Thr312 which seems to 

reduce Akt activity (65). Given that HCMV activates p110β isoform of PI3K which we 



114	  
	  

showed was important for mediating survival of infected monocytes (26), and p110δ for 

differentiation (this study), it is possible that p110β induces a type of phosphorylation 

pattern on Akt, which might be necessary to trigger downstream pro-survival factors, 

such as Mcl-1 and Hsp27 (36), which function to negatively control caspase 3 and thus 

induce survival (2), whereas the pool of p110δ activated Akt might allow for the 

triggering of a different set of targets, including those required for caspase 3 activation 

after the 48h viability gate and macrophage differentiation. We recently showed that the 

subset of Akt-dependent targets differs in HCMV-infected compared to M-CSF treated 

cells (36), but whether there is a different subset of Akt dependent targets mobilized 

under the control of p110β vs. p110δ in HCMV-infected monocytes still has to be 

investigated.  

In accord with our results that Akt regulates caspase 3 activation, which in turn 

mediates monocyte-to-macrophage differentiation, we also found here that triggering of 

Akt activity is necessary to drive the M1/M2 macrophage differentiation of infected 

monocytes. Moreover, in contrast to caspase 3 that was responsible for mediating 

primarily M2 polarization, we found that inhibition of Akt resulted in a robust decrease 

of both M1 and M2 markers, indicating that Akt activity might mediate M1 polarization 

independently from caspase 3. It is unclear how Akt activity could drive both M1 and M2 

polarization features in infected monocytes. A role for Akt has been primarily 

documented in M2 differentiation (14, 16, 66). However, Akt has also been shown to be 

activated during monocyte treatment with M1 myeloid factors, such as GM-CSF, and has 

been shown to be critical in GM-CSF induced survival, proliferation, and differentiation 

of macrophages (67). Given that Akt-dependent targets differ in HCMV-infected vs. 
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myeloid growth factor treated monocytes (36), it is possible that the unique targets 

induced downstream of Akt are mediating the distinct M1/M2 macrophage phenotype. It 

is also conceivable that multiple Akt isoforms, namely Akt1, Akt2, and Akt3, are 

involved in driving differentiation. It has been documented that there is a differential role 

for Akt1 and Akt2 isoforms in M1/M2 polarization at least in mice, whereby Akt1 

mediates M2 polarization and Akt2 mediates M1 polarization (68). It is therefore possible 

that HCMV uses both Akt1 and Akt2 to induce the unique M1/M2 phenotype. Though 

we have observed robust Akt1 expression and only very low Akt2 expression in HCMV-

infected monocytes (data not shown), the individual roles of the two isoforms in 

mediating differentiation of the infected cells would have to be further investigated.  

We previously showed that HCMV infection in monocytes rapidly triggers PI3K 

activation downstream of EGFR, which mediates monocytes survival, but also functional 

changes associated with macrophage differentiation, such as cellular motility and 

transendothelial migration. In monocytes stimulated with myeloid factors, PI3K activity, 

similarly to Akt, has been previously shown to play a central role in driving both 

monocyte survival and monocyte to macrophage differentiation, with most reports 

showing a predominant role in M2 polarization (17, 69, 70), but other studies showing a 

function in M1 differentiation (71-74). We provide evidence here that PI3K activity is 

necessary for the induction of both M1 and M2 differentiation features in HCMV-

infected monocytes. However, in contrast to HCMV induction of monocyte survival, 

which we previously showed to be mediated by the p110β isoform of PI3K in HCMV-

infected monocytes (26), we observed that the p110δ isoform predominately mediated 

monocyte to macrophage differentiation in HCMV-infected cells, and p110α and p110β 
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isoforms played a reduced role. It is unclear why the virus utilizes p110β to mediate 

monocyte survival and predominately p110δ to drive differentiation. While both PI3K 

isoforms function to convert PI(4,5)P2 into PI(3,4,5)P3, they have been shown to be 

differentially expressed and play some overlapping but also non-redundant roles in 

monocyte/macrophage biology (75). While p110β is ubiquitously expressed, p110δ is 

selectively expressed in leukocytes, and is the main isoform regulating Akt activity 

downstream of the M-CSF receptor (75, 76). The p110β isoform has been implicated in 

mediating M2 anti-inflammatory responses in macrophages (77) while the activity of 

p110δ isoform has been shown important in both M2 anti-inflammatory (18) and M1 pro-

inflammatory polarization (78, 79). The p110δ isoform has also been found to be the 

main isoform in macrophages to mediate chemotaxis (75). It is possible that in addition to 

activating p110β to mediate survival, HCMV has evolved to utilize an additional PI3K 

isoform that is capable of mediating M1 and M2 polarization, as well as driving 

chemotaxis, which would likely aid in the spread of the virus in the host. In addition, the 

p110δ isoform possesses autoinhibitory activity through autophosphorylation (76), which 

has not been reported for p110β. The virus may have evolved to mediate survival through 

p110β, which lacks autoregulatory ability in order to induce prolonged survival signals, 

and induce differentiation through p110δ which can limit its own activity, which might 

be important in viral regulation of the M1/M2 polarization process. Finally, the p110δ 

isoform, unlike p110β, has been shown to be able to negatively regulate PTEN (80), a 

negative regulator of the PI3K/Akt pathway. Inactivation of PTEN, which we recently 

showed to occur in HCMV-infected monocytes (26), would likely allow for enhanced 

Akt activation, which would enable the mediation of both survival and differentiation. 
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Overall, it is becoming clear that the virus has evolved to utilize multiple PI3K isoforms 

to its advantage to manipulate the infected cell into a suitable vehicle for viral 

dissemination.  

In addition to PI3K, we previously showed that HCMV induces high levels of 

SHIP-1 in contrast to M-CSF, which upregulated SHIP-1 to a much lesser extent and 

with reduced kinetics (26). Moreover, our previous study revealed that HCMV uses 

SHIP-1 as a positive regulator of Akt activity and survival of infected cells. We now 

show that in addition to mediating survival, SHIP-1 plays a role in mediating infected 

monocyte to macrophage differentiation. Importantly, SHIP-1 inhibition prevented the 

upregulation of M1 markers more than M2 markers, suggesting that SHIP-1 is involved 

primarily in driving M1 differentiation of infected monocytes. This finding is consistent 

with previous studies showing that SHIP-1 activity is necessary for M1 differentiation 

(81).  

Overall, the current study contributes to our understanding of the mechanisms by 

which HCMV drives monocyte-to-macrophage differentiation after the induction of 

monocyte survival (Fig. 6). We have shown that HCMV infection in monocytes promotes 

their polarization into distinct macrophages by inducing select M1 pro-inflammatory and 

M2 anti-inflammatory differentiation markers. Consistent with our previous findings that 

the virus uses caspase 3 activity after the 48h viability gate to drive morphological 

changes associated with differentiation, we found that caspase 3 activity also mediates 

M1/M2 polarization with a predominant role in driving M2 differentiation. Our study 

revealed that caspase 3 activity is both positively and negatively regulated by Akt, such 

that Akt activity was necessary to inhibit caspase 3 activation at 24hpi, which allows 
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monocytes to bypass their natural programming towards apoptosis, and after the 48h 

viability gate, Akt activity was also necessary to allow for caspase 3 activation and to 

mediate the distinct M1/M2 differentiation. Upstream of Akt, PI3K facilitated the 

expression of the M1/M2 differentiation markers with the p110δ being the predominant 

PI3K isoform inducing differentiation and regulating caspase 3 activity. Finally, our 

findings also imply that in addition to its role in HCMV-induced survival, SHIP-1, the 

other positive regulator of Akt also mediated M1/M2 differentiation, with a principal role 

in M1 differentiation. Together, the virus utilizes the PI3K/Akt/SHIP-1 pathway to 

regulate caspase 3 activity and drive differentiation of monocytes into a unique 

macrophage which is a critical process for viral dissemination.  
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Figure 6. Model of HCMV-induced monocyte-to-macrophage differentiation. HCMV 
infection in monocytes drives their polarization into distinct macrophages expressing select 
M1 and M2 differentiation markers. The virus initially blocks caspase 3 activation to allow for 
monocyte survival, but after the 48h viability gate, HCMV allows for controlled caspase 3 
activation which mediates the distinct M1/M2 polarization, with a predominant role in driving 
M2 differentiation. The virus uses Akt activity to inhibit caspase 3 activation before 24 hours 
post infection, which allows monocytes to bypass their natural programming towards 
apoptosis. After the 48h viability gate, Akt activity is also necessary to allow for caspase 3 
activation through an unknown mechanism and to mediate the distinct M1/M2 differentiation. 
Akt’s upstream positive regulator, PI3K facilitates the expression of the M1/M2 differentiation 
markers with p110δ being the predominant PI3K isoform inducing differentiation and 
regulating caspase 3 activity. Finally, in addition to its role in HCMV-induced survival, SHIP-
1, the other regulator of Akt, also mediates M1/M2 differentiation, with a primary role in M1 
differentiation. Overall, HCMV employs the PI3K/Akt/SHIP-1 pathway to regulate caspase 3 
activity and drive differentiation of monocytes into unique macrophages which is critical for 
viral dissemination.  
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Abstract 

Herpesviruses, including human cytomegalovirus (HCMV), Epstein-Barr virus 

(EBV), and Kaposi’s sarcoma-associated herpesvirus, establish latency by modulating or 

mimicking antiapoptotic Bcl-2 proteins to promote survival of carrier cells. BH3 

profiling, which assesses the contribution of Bcl-2 proteins towards cellular survival, was 

able to globally determine the level of dependence on individual cellular and viral Bcl-2 

proteins within latently infected cells. Moreover, BH3 profiling accurately predicted the 

sensitivity of infected cells to small-molecule inhibitors of Bcl-2 proteins.   
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Introduction 

Human cytomegalovirus (HCMV), Epstein-Barr virus (EBV), and Kaposi’s 

sarcoma associated herpesvirus (KSHV) belong to the Herpesviridae family of viruses 

that are able to establish life-long latent infections. Within infected hosts, HCMV 

establishes latency within the myeloid compartment (5-8), while EBV and KSHV 

establish latency within B cells (9-13). Although infections by these viruses are generally 

asymptomatic in immunocompetent individuals, a multitude of illnesses can arise from 

the persistent nature of latency. HCMV is a major cause of post-transplantation illness 

and death in hematopoietic-cell and solid-organ transplant recipients (14-16). 

Reactivation from latently infected myeloid cells, which are the predominant infiltrating 

cell type found in the infected organs of these patients (17), can lead to overt 

inflammation-mediated multi-organ failure (18, 19). EBV is the etiologic agent in the 

development of various B-cell cancers, such as Hodgkin’s lymphoma, non-Hodgkin’s 

lymphoma, and Burkitt’s lymphoma (20). KSHV is associated with B-cell 

lymphoproliferative diseases and cancers, including primary effusion lymphoma, 

multicentric Castleman’s disease, and Kaposi’s sarcoma (21). Thus, despite the generally 

benign nature of herpesvirus infections, the ability of these viruses to establish a life-long 

persistent infection is not without disease consequence in a significant proportion of 

infected individuals.  

To initiate and maintain latency, herpesviruses must sustain the survival of carrier 

cells with a minimal complement of viral proteins, which is necessary for immune 

evasion. One strategy utilized by herpesviruses is to stimulate cell survival via the 

modulation of cellular apoptotic machinery (22), specifically through the enhanced 
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expression and/or activation of the antiapoptotic B-cell lymphoma (Bcl)-2 family of 

proteins, including Bcl-2, myeloid cell leukemia (Mcl)-1, and B-cell lymphoma-extra 

large (Bcl-xL). HCMV is known to upregulate the expression of Mcl-1 and Bcl-2 in 

monocytes and CD34+ bone marrow myeloid progenitor cells (23-25), as well as Mcl-1 

in the THP-1 monocytic cell line (24). The upregulation of Bcl-2 family members in 

latently infected myeloid cells was shown to be responsible for establishing a prosurvival 

state in the absence of lytic proteins (23-25). EBV has been reported to induce survival of 

B cells via increased expression of Mcl-1 (26, 27), Bcl-2 (28), and Bcl-xL (29). KSHV 

also upregulates Bcl-2 (30) and Mcl-1 (31) to promote survival of infected B cells. 

Despite studies showing the individual roles that Bcl-2 members play in the survival of 

cells latently infected with herpesviruses, a global picture of how each antiapoptotic Bcl-

2 protein interplays with other Bcl-2 members to maintain survival is still unclear; i.e. 

whether one or multiple Bcl-2 proteins play a predominant role over others to maintain 

the viability of latently infected cells. In addition, both EBV and KSHV encode viral 

homologs of prosurvival Bcl-2 proteins that also potently inhibit mitochondria-mediated 

apoptosis; however, the contribution of these viral Bcl-2 homologs towards cell survival 

during latency is uncertain as their expression during latency appears to be dependent on 

cell type and virus strain (32, 33).  

Similarly to latently infected cells, cancer cells often express multiple prosurvival 

Bcl-2 proteins simultaneously; yet only display dependence on or “addiction” to a 

specific subset of Bcl-2 proteins (1, 34). The Bcl-2 protein(s) that a cancer cell is 

dependent on can be “diagnosed” using a technique called BH3 profiling (1). BH3 

profiling is a functional assay that provides information about cellular dependence on 
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individual antiapoptotic proteins. Consequently, it can be used for personalized medicine 

allowing for the design of effective chemotherapy treatment regimens involving small-

molecule inhibitors of Bcl-2 proteins (35). Given that both cancer cells and latently 

infected cells modulate antiapoptotic Bcl-2 proteins for survival, we asked if BH3 

profiling can be utilized as a comprehensive approach to functionally identify the subset 

of Bcl-2 proteins which latently infected cells predominantly rely on for survival.  

 

Results 

BH3 Profiling Reveals Distinct Patterns of Dependence on Bcl-2 Proteins in 

the Survival of Persistently Infected Cells. Antiapoptotic Bcl-2 proteins, including Bcl-

2, Bcl-xL, and Mcl-1 regulate apoptosis by inhibiting proapoptotic effectors Bax and Bak 

(1), which, upon activation, undergo allosteric modifications leading to oligomerization 

within the outer mitochondrial membrane, allowing for the release of cytochrome c and 

apoptosis (Fig. 1A). Antiapoptotic Bcl-2 proteins bind and sequester activator BH3-only 

proteins (aBH3), such as Bid and Bim, which activate Bax and Bak (36). Repression of 

aBH3 proteins by antiapoptotic Bcl-2 proteins can be relieved by competitive inhibition 

with sensitizer BH3-only proteins (sBH3), such as Bad, Bik, Noxa, Hrk, Puma, and Bmf. 

Alternatively, antiapoptotic Bcl-2 proteins can directly bind and block oligomerization of 

Bax or Bak (36). Similar to aBH3 proteins, Bax and Bak can be freed from antiapoptotic 

Bcl-2 proteins by competitive inhibition with sBH3 proteins. BH3 profiling is based on 

the principle that sBH3 proteins bind to antiapoptotic Bcl-2 proteins with different 

selectivity and affinity  (Fig. 1C). The strength and the selectivity of protein-protein 

interactions among Bcl-2 proteins directly correlate with the ability of sBH3 proteins to 
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antagonize Bcl-2 proteins from blocking cytochrome c release (1-3, 34, 35). To 

determine if BH3 profiling can decipher the level of dependence on individual Bcl-2 

proteins for the survival of persistently infected cells, we performed BH3 profiling on 

HCMV-infected monocytes, Akata cells (a latently EBV-infected B-cell line), and body 

cavity-based lymphoma (Bcbl)-1 cells (a latently KSHV-infected B-cell line). Procedural 

details are similar to those described by Ryan et al. (37). Briefly, infected cells were lysed 

in mitochondria isolation buffer [250 mM sucrose, 10 mM Tris-HCl (pH 7.4), 0.1 mM 

EGTA] and passed once through a 27-gauge needle or a Dounce homogenizer. After 

samples were centrifuged at 600 g for 10 min, the resulting supernatant was centrifuged 

at 10,000 g for 10 min to obtain mitochondria. Mitochondria was then resuspended in 

experimental buffer [125 mM KCl, 10 mM Tris-MOPS (pH 7.4), 5 mM glutamate, 

2.5mM Malate, 1 mM KPO4, and 10 µM EGTA-Tris, (pH 7.4)] to a concentration of 0.3-

0.5 mg/ml protein and exposed to BH3 domain peptides (Fig. 1B) at 100 µM for 40 min 

at room temperature. Following treatment with BH3 peptides, mitochondria was 

separated and cytochrome c concentration measured in the pellet and supernatant 

fractions by ELISA. 

As expected, aBH3 peptides (Bid and Bim) that directly bind and activate 

proapoptotic proteins Bax and Bak, induced cytochrome c release in all three persistently 

infected cell types (Fig. 1D, E, F), indicating that survival was not due to a loss of Bax 

and Bak, but rather due to the increased activities of antiapoptotic Bcl-2 proteins. In 

accord, treatment with sBH3 peptides Puma and Bmf, which bind indiscriminately to all 

Bcl-2 proteins, induced cytochrome c release from mitochondria of latently infected cells. 

Next, we examined the effects of sBH3 peptides that exhibit different binding specificity 
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towards individual antiapoptotic Bcl-2 proteins. It has been reported that BH3 peptides 

from Bad, Noxa, and Hrk can be used as functional probes for Bcl-2, Mcl-1, and Bcl-xL, 

respectively (1). Mitochondria from HCMV-infected monocytes released cytochrome c 

upon treatment with Noxa A and Noxa B, as well as Bad, suggesting that HCMV-

infected monocytes are dependent on Mcl-1 and Bcl-2 for survival (Fig. 1D). Bik and 

Hrk did not induce cytochrome c release over that of the negative peptide control Bnip3, 

a human BH3-only protein that does not bind antiapoptotic Bcl-2 proteins nor activate 

Bax or Bak, indicating Bcl-xL is not involved in regulating mitochondrial permeability 

within HCMV-infected monocytes. Moreover, of these selective sBH3 peptides, Noxa A 

and Noxa B induced the highest amount of cytochrome c release, indicating Mcl-1 may 

play a more predominant role in blocking death of HCMV-infected cells; a result 

consistent with our previous findings that HCMV-induced Mcl-1 inhibited apoptosis of 

infected monocytes (23). It should also be pointed out that the basal release of 

cytochrome c from mitochondria isolated from uninfected monocytes was ≥90% (data 

not shown), which is in accord with the biological programming of monocytes to rapidly 

undergo apoptosis upon entry into the circulation (38). These data suggest HCMV 

specifically induces the upregulation of antiapoptotic Bcl-2 proteins in order to drive the 

survival of infected monocytes. In EBV-infected (Akata) cells, Bad, Bik, and Hrk 

peptides induced similar levels of cytochrome c release, which is indicative of Bcl-xL-

mediated survival (Fig. 1E). Finally, cells latently infected with KSHV (Bcbl-1) were 

sensitive to Noxa A and Noxa B peptides, indicating Mcl-1 mediates cell survival. In 

addition, Bcbl-1 also showed a distinct BH3 profiling signature of sensitivity towards Bik 

and Hrk, but not Bad - a pattern not associated with any cellular Bcl-2 proteins (Fig. 1F). 
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Flanagan and Letai previously demonstrated that purified mitochondria treated with 

recombinant KsBcl-2 were sensitized to cytochrome c release upon treatment with Bik, 

Noxa A, Hrk, Puma, and Bmf peptides but not Bad (2). Indeed, our results from 

mitochondria isolated from latently infected B cells exhibited a similar BH3 profiling 

indicating a role for viral KsBcl-2, as well as cellular Mcl-1, during latency. Although 

KsBcl-2 is a lytic gene (39, 40), low level expression during latency has been observed 

(22, 41-43), underscoring the necessity of teasing out the specific Bcl-2 proteins 

responsible for the survival of latently infected cells. Taken together, these data 

demonstrate the potential for the use of BH3 profiling to globally assess the levels to 

which individual cellular and viral Bcl-2 proteins exert their activity in the presence of 

other Bcl-2 family members.  
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Figure. 1. BH3 profiling reveals distinct patterns of dependence on Bcl-2 proteins in 
cells latently infected with herpesviruses. (A) A model depicting the control of 
mitochondrial depolarization by the Bcl-2 family of proteins. (B) BH3 peptide sequences used 
for BH3 profiling analysis (1). (C) Interactions between BH3 proteins and antiapoptotic Bcl-2 
proteins (1-3). Red indicates high-affinity binding, yellow indicates intermediate-affinity 
binding, and white indicates low-affinity binding. Adapted from (4). (D, E, F)  BH3 profiling 
results for (D) HCMV-infected monocytes, (E) EBV-infected Akata cells, and (F) KSHV-
infected Bcbl-1 cells. The assays were performed with 100 µM BH3-only peptides. Shown is 
the mean of 3-6 independent experiments; error bars show standard deviation.  
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Antiapoptotic Bcl-2 Protein Expression Levels Weakly Correspond to BH3 

Profiling Analysis. Previous studies demonstrated that herpesviruses upregulate a 

multitude of prosurvival Bcl-2 proteins in latently infected cells to mediate survival. 

Since BH3 profiling of latently infected cells identified specific Bcl-2 proteins which 

played a predominant role in preventing mitochondria depolarization, we asked if there 

was a correlation between Bcl-2 protein levels in virally infected cells and BH3 profiling 

analysis.  

Unlike EBV and KSHV, HCMV does not encode a viral homolog of Bcl-2 (44, 

45). Instead HCMV encodes vMIA, a potent viral mitochondrial inhibitor of apoptosis 

expressed during lytic infection (46-48), which is not synthesized in persistently infected 

monocytes (Fig. 2B) (23), indicating cellular antiapoptotic Bcl-2 proteins play a central 

role in preventing depolarization of mitochondria in HCMV-infected monocytes. 

Consistent with our previous findings and BH3 profiling analysis (Fig. 1D), we showed a 

robust induction of Mcl-1 expression in monocytes following HCMV infection (Fig. 2A), 

which leads to the establishment of an antipoptotic state (49-51). BH3 profiling of 

HCMV-infected cells also predicted Bcl-2 to be required for survival. Accordingly, Bcl-2 

was highly expressed in HCMV-infected cells (Fig. 2A), suggesting a correlation 

between protein expression and BH3 profiling analysis. However, the relatively higher 

expression levels of Bcl-2 when compared to Mcl-1 would hint at Bcl-2 being the 

principal factor mediating the block in mitochondria depolarization. To the contrary, BH3 

profiling indicated Mcl-1 to be the key determinant of cytochrome c release following 

infection. In support, Bcl-2 expression was similar between uninfected and infected 

monocytes (Fig. 2A), suggesting Bcl-2 to be a general survival factor of monocytes and 
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not specifically for infected cells. These data highlight the ability of BH3 profiling to 

more stringently decipher subtle differences between the activities of Bcl-2 proteins 

within a given latently infected cell type.  

We next examined the expression levels of EBV Bcl-2 homologs, BamHI 

fragment H rightward open reading frame (BHRF) 1 and BamH1 A fragment leftward 

reading frame (BALF) 1, since their expression has been observed during latency despite 

both proteins being expressed from lytic genes (52-56). We found that neither BHRF1 

nor BALF1 are expressed in Akata cells as compared to a reactivated EBV-transformed 

autologous B lymphoblastoid cell line (LCL) 10 (R-LCL-10) (Fig. 2C), emphasizing a 

critical role of cellular antiapoptotic Bcl-2 proteins in promoting the survival of latently 

EBV-infected cells. BH3 profiling predicted a reliance on Bcl-xL for survival of EBV-

infected cells, which we found to be highly expressed (Fig. 2A). Surprisingly, Akata cells 

also expressed high levels of Mcl-1, which was not shown by BH3 profiling analysis to 

be involved in mediating survival. A possible explanation is that Mcl-1 may be localized 

to the cytoplasm and thus is unable to inhibit mitochondrial depolarization (57). 

Alternatively, Mcl-1 molecules may be completely saturated by proapoptotic sensitizers, 

thus preventing Mcl-1 from inhibiting proapoptotic effectors or activator BH3-only 

proteins. Nonetheless, our data indicate antiapoptotic protein levels do not necessarily 

correlate with activity and that a global functional approach such as BH3 profiling is 

required to elucidate the individual contribution of each Bcl-2 protein in mediating 

survival of infected cells.  

In contrast to HCMV and EBV, BH3 profiling of KSHV-infected cells predicted a 

requirement of the viral Bcl-2 homolog, KsBcl-2, in preventing mitochondrial 
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depolarization (Fig. 1F). Despite KsBcl-2 being a lytic protein (33, 39), we found that 

latently KSHV-infected cells expressed low levels of KsBcl-2 when compared to Bcbl-1 

cells undergoing viral reactivation (Fig. 2D, E), which is consistent with other studies 

(33). Although other studies have demonstrated that viral Bcl-2 homologs and cellular 

Bcl-2 proteins have similar binding affinities to BH3-only proteins (2, 3), our data 

provide the proof-of-principle that BH3 profiling can concurrently reveal dependence on 

both cellular and viral Bcl-2 proteins from mitochondria directly isolated from latently 

infected cells. BH3 profiling also showed a survival addiction by KSHV-infected cells to 

Mcl-1, which we found to be highly expressed (Fig. 2A). However, we also observed low 

levels of cellular Bcl-2 in KSHV-infected cells, which was not predicted by BH3 

profiling to be involved in maintaining the viability of Bcbl-1 cells. These data again 

illustrate the weak correlation between protein expression levels and activity.  

Overall, we have observed that levels of antiapoptotic Bcl-2 proteins loosely 

correlate with BH3 profiling predictions, thus exemplifying why measuring the levels of 

antiapoptotic proteins alone is insufficient to determine how latently infected cells utilize 

Bcl-2 proteins to overcome apoptosis. A functional global approach such as BH3 

profiling is necessary to gain a comprehensive overview on the activity of individual Bcl-

2 proteins in the context of other family members within latently infected cells, together 

with their expression level. We also show for the first time that BH3 profiling is a viable 

tool to predict addiction to both cellular Bcl-2 proteins and viral Bcl-2 homologs, 

highlighting the potential use of BH3 profiling to prognosticate sensitivity of latently 

infected cells to small-molecule Bcl-2 inhibitors. To validate this prediction, we next 

used small-molecule Bcl-2 inhibitors, which selectively bind and target different Bcl-2 
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proteins, to confirm the mechanism by which herpesviruses inhibit apoptosis in latently 

infected cells, and concurrently assess the validity of BH3 profiling technology in 

predicting sensitivity to potential therapeutics.  
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Figure. 2. Antiapoptotic Bcl-2 protein expression levels do not correspond with BH3 
profiling analyses of latently infected cells. (A) Equal amounts of total protein from lysates 
from HCMV-infected monocytes and EBV- and KSHV-infected B cells were separated by 
SDS-PAGE and transferred to polyvinylidene difluoride membranes. Blots were probed with 
an anti-Bcl-2, an anti-Bcl-xL, or an anti-Mcl-1 antibody. (B, C, D, E) RNA was isolated from (B) 
Lytic HCMV-infected human embryonic lung fibroblasts (HEL), (B) HCMV-infected peripheral 
blood monocytes, (C) LCL-10 (latently EBV-infected B-cells) reactivated with tetradecanoyl 
phorbol acetate (TPA) and sodium butyrate to induce EBV lytic replication (R-LCL-10), (C) 
Akata cells (latent EBV-infected B-cells), (D, E) Bcbl-1 cells (latently KSHV-infected B-cells), 
or (D, E) Bcbl-1 cells reactivated with valproic acid (R-Bcbl-1 cells). (B, C, D) Semi-
quantitative or (E) quantitative PCR analyses were performed. (B, C, D) are representative of 
3 independent experiments. (E) Shown is the mean of 3 independent experiments; error bars 
show standard deviation. Asterisk (*) represents p-value ≤ 0.001. (F) Primer sets used to 
perform PCR anlaysis. F: forward primer; R: reverse primer. 
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BH3 Profiling Predicts Sensitivity of Latently Infected Cells to Small-

Molecule Bcl-2 Inhibitors. Monocytes are programed to rapidly undergo apoptosis upon 

entry into the circulation from the bone marrow, and we find that, in the absence of 

HCMV infection, ~60-90% of monocytes are undergoing apoptosis by 48 post isolation 

(data not shown). BH3 profiling predicted that HCMV induces Mcl-1 within infected 

monocytes to mediate survival, which is in accord with our previous studies showing 

HCMV infection increases Mcl-1 expression to stimulate an antiapoptotic state (49, 50). 

In accord, HCMV-infected cells were sensitive to reported Mcl-1-specific inhibitors, 

including Compound 21 and Compound 10 (58), and MIM1 (59) (Fig. 3A). Compounds 

21 and 10 were two-fold more effective at killing HCMV-infected cells than MIM1 (32% 

versus 16%, at 30 µM) consistent with their stronger binding affinity towards Mcl-1 (Fig. 

3B, Table 1). Similarly, the ability of pan-Bcl-2 inhibitors to stimulate death of HCMV-

infected monocytes (AT101>TW37) correlated with their Ki values towards Mcl-1 [0.18 

µM (AT101) versus 0.26 µM (TW37)] (60, 61). Further indicating a critical role for Mcl-

1 in the block of mitochondria-mediated apoptosis, the level of death induced by pan-Bcl-

2 inhibitors was comparable to Mcl-1 specific inhibitors (Compounds 10 and 21) with 

similar Mcl-1 Ki values, and higher than MIM-1, which has a significantly weaker Mcl-1 

binding affinity (Fig. 3B, Table 1). However, BH3 profiling also predicted a dependence 

on Bcl-2 for survival of HCMV-infected cells, although the comparable Bcl-2 expression 

between uninfected and infected cells suggests Bcl-2 to be a general survival factor for 

monocytes. In support, these cells underwent death upon treatment with high 

concentrations (>10 µM) of a Bcl-2/BclxL inhibitor (ABT737) (62) and a Bcl-2-selective 

inhibitor (ABT199) (63) (Fig. 3A), although the specificity of ABT199 is likely lost at 
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high micromolar concentrations (Table 1). At 0.3 µM Mcl-1 inhibitors were ~4-8 fold 

more effective than ABT199 at inducing death of HCMV-infected monocytes (Fig. 3C). 

Since Mcl-1, but not Bcl-2 was induced following infection (Fig. 2A), these data indicate 

Mcl-1 functions as a viability “switch” responsible for determining the cell fate of 

HCMV-infected monocytes. 

For EBV-infected cells, BH3 profiling showed a dependence on Bcl-xL to block 

cytochrome c release (Fig. 1E). Accordingly, the use of inhibitors with increasing 

binding potency towards Bcl-xL [TW37<AT101<ABT199<ABT737 (Table 1)] induced 

increasing levels of cell death (8%, 13%, 20%, and 45%, respectively, at 10 µM) in Akata 

cells (Fig. 3A, B). Furthermore, although Mcl-1 was highly expressed, EBV-infected 

cells were resistant to Mcl-1 inhibitors MIM1, Compound 10, and Compound 21, 

inducing only 8%, 3%, and 0.83% death, respectively, at 30 µM (Fig. 3A, B), which is in 

agreement with BH3 profiling analysis. Although the Bcl-2-selective inhibitor ABT199 

also induced cell death at >10 µM concentrations (Fig. 3A), its binding affinity to Bcl-xL 

is in fact greater than that of pan-inhibitors AT101 and TW37 (Table 1); thus, ABT199-

induced death is likely through Bcl-xL inhibition. Although these data are highly 

suggestive that EBV-infected cells are dependent on Bcl-xL for the inhibition of cell 

death, confirmation will require Bcl-xL-specific inhibitors, which are not currently 

available. Nonetheless, the development of Bcl-xL selective small-molecule inhibitors 

may hold promise for the treatment of EBV-associated B-cell lymphomas. 

The KSHV-infected cells demonstrate a distinct BH3 profile, with high Noxa and 

Hrk activity, and low Bad activity consistent with Mcl-1 and KsBcl-2 dependence for 

survival. Importantly, the three-dimensional structure of KsBcl-2 showed overall 



149	  
	  

structural similarity to Bcl-xL, Bcl-2, and Mcl-1 (2, 64). In accord, only the treatment 

with pan-Bcl-2 inhibitors TW37 and AT101 induced apoptosis of KSHV-infected cells 

(42% and 65%, respectively, at 30 µM) (Fig. 3A, B). Although ABT199 (a Bcl-2-

selective inhibitor) also stimulated death at 30 µM (Fig. 3A), ABT199 likely functions as 

a pan-Bcl-2 inhibitor at high micromolar concentrations (Table 1). In contrast, KSHV-

infected cells were resistant to the Bcl-xL/Bcl-2 inhibitor (ABT737) and Mcl-1 inhibitors 

(MIM1 and Compound 21) clearly demonstrating that both Mcl-1 and KsBcl-2 are 

simultaneously required for the survival of KSHV-infected cells. However, Compound 

10 induced apoptosis at 30 µM, albeit to a lesser extent than the pan-Bcl-2 inhibitors 

(Fig. 3B). KsBcl-2 is most closely related to Mcl-1 based on function and sequence 

homology (2); thus, Compound 10 may have the unique ability of binding both Mcl-1 

and KsBcl-2 at high concentrations, although further studies are needed to assess this 

possibility. Regardless, Compound 10 likely represents a lead drug from which specific 

derivatives could be developed to target latently KSHV-infected B-cells.  
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Figure. 3. BH3 profiling predicts sensitivity of latently infected cells to small-molecule 
inhibitors of antiapoptotic Bcl-2 family members. (A, B) HCMV-infected monocytes and 
EBV (Akata)- and KSHV (Bcbl-1)-infected B cells were treated with increasing concentrations 
of ABT199 (Bcl-2 inhibitor), ABT737 (Bcl-2/Bcl-xL inhibitor), AT101 (pan-Bcl-2 inhibitor), TW37 
(pan-Bcl-2 inhibitor), MIM1 (Mcl-1 inhibitor), Compound 10 (Mcl-1 inhibitor), and Compound 21 
(Mcl-1 inhibitor). (C) HCMV-infected monocytes were treated with a 0.3 µM of ABT199, MIM1, 
Compound 10, and Compound 21. (A, B, C) After 24 hours of treatment with inhibitor, cell 
viability was measured by Trypan blue exclusion. Shown is the mean of 3-6 independent 
experiments; error bars show standard deviation. Asterisk (*) represents p-value ≤ 0.05.  
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Table 1: Dissociation constant values (Ki) for small-molecule inhibitors of antiapoptotic Bcl-2 
proteins. 

AT101 ABT737 ABT199 TW37 MIM1 Compound 10 Compound 21 

Mcl-1 Ki [µM] 0.18 
 

-- >0.444 
 

0.26 4.8 
 

0.49 
 

0.18 
 

Bcl-2 Ki [µM] 
 

0.32 
 

<0.001 
 

<0.00001 0.29 
 

-- 23.83 
 

7.56 
 

Bcl-xL Ki [µM] 
 

0.48 
 

<0.001 
 

0.048 
 

1.11 
 

-- 32.99 
 

10.58 
 

Sources for Ki values: AT101 (60); ABT737 (61); ABT199 (62); TW37 (59); MIM1 (58); Compound 10 (57); Compound 21 (57). 
-- indicates limited or undetectable binding.    

Table 1: Dissociation constant values (Ki) for small-molecule inhibitors of antiapoptotic Bcl-2 proteins. 
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Conclusion 

To date, BH3 profiling has been used to predict the sensitivity of cancer cells to 

small-molecule antagonists of antiapoptotic Bcl-2 proteins; however, we have now 

performed BH3 profiling on cells latently infected with human herpesviruses. Our data 

demonstrate BH3 profiling analysis to be a viable functional approach to globally 

decipher the magnitude of dependence on individual antiapoptotic Bcl-2 proteins within 

latently infected cells. Moreover, our study provides a proof-of-principle for the use of 

BH3 profiling to predict the efficacy of Bcl-2 family antagonists at eliminating specific 

persistent virus and cell infection combinations, which could have immediate impact in 

the treatment of diseases associated with latent herpesvirus infections. Since KSHV and 

EBV are oncogenic viruses and BH3 profiling is currently being used to predict tumor 

sensitivity to Bcl-2 inhibitors, BH3 profiling could be used to design effective 

chemotherapeutic regimens against the cancers induced by these viruses (65, 66). In 

addition, BH3 profiling can be used to screen the efficacy of different Mcl-1 small-

molecule inhibitors to induce death of HCMV-infected monocytes and CD34+ stem cells. 

Effective Mcl-1 antagonists could then be administered to recipients at high risk for acute 

HCMV infection prior to solid organ transplantation or be utilized to remove/deplete 

HCMV-infected CD34+ stem cells in vitro prior to bone marrow transplantation. Overall, 

our study demonstrates BH3 profiling to be a feasible technique in determining the level 

of dependence on individual Bcl-2 proteins within latently infected cells, and predicting 

the sensitivity to small-molecule Bcl-2 inhibitors.  
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Discussion  
 

HCMV is a ubiquitous pathogen and is prevalent in all geographical areas and 

socioeconomic groups across the world. While HCMV infection is mostly asymptomatic 

in the majority of people with a healthy immune system, the virus is particularly 

problematic in individuals with a compromised or immature immune system, such as the 

developing fetus, transplant recipients on immunosuppressive drugs, and AIDS patients. 

HCMV is also emerging as a clinically significant pathogen in patients undergoing anti-

cancer treatments such as chemotherapy and radiation therapy (1-6). When uncontrolled, 

HCMV can infect many organ types causing inflammation, multiorgan failure, and even 

death. The virus is capable of infecting multiple organ types in part due to its broad 

cellular tropism, but also due to its ability to disseminate effectively in the body.  

The process of viral dissemination throughout the body is still not completely 

understood, but peripheral blood monocytes are believed to be the primary vehicles that 

spread the virus through the bloodstream to distal organs. A few lines of evidence support 

monocytes as the main cell type responsible for spreading the virus. A cell-associated 

viremia precedes the establishment of disease and monocytes are the main cell type 

infected in the blood during an acute infection (7). In biopsies extracted from infected 

organs, cells of myeloid origin are the main cell type found to be positive for the virus (8-

11). In studies with mice infected with murine CMV, which recapitulates some aspects of 

HCMV infection in humans, monocytes have been shown to disseminate the virus 

through the blood to distal organs (12). However, in direct conflict with their role of 

serving as vehicles of viral dissemination throughout the body is that monocytes are 

naturally short-lived cells and are programmed to undergo apoptosis about 48h after their 
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release from the bone marrow into the circulation. Monocytes also do not sustain viral 

replication unless they are differentiated into macrophages. We have previously shown 

that in order to overcome these biological obstacles, HCMV infection in monocytes 

drives them to survive past their 48h viability gate and to differentiate into long-lived 

macrophages, which are permissive for viral replication (13-16). Moreover, HCMV 

infection in monocytes induces functional changes associated with macrophage 

differentiation, such as enhanced cellular motility, expression of inflammatory cytokines 

and adhesion molecules, adhesion to endothelial cells, and transendothelial migration 

(14), which all likely facilitate migration of monocytes from the blood into tissues. Once 

in the tissues, monocytes can finalize differentiation into macrophages, which sustain 

viral replication and can thus pass on the virus to surrounding cells. Yet, how the virus 

drives the process of monocyte survival and differentiation is not completely understood.  

HCMV infection in monocytes proceeds in the absence of viral lytic gene 

expression or viral replication until differentiation into macrophages is complete (13-16). 

Accumulating evidence is showing that HCMV induces survival and differentiation in 

monocytes by modulating cellular signaling pathways during the process of viral entry, 

using viral ligand cellular receptor interactions. We have shown that HCMV glycoprotein 

gB interacts with EGFR while the gH/gL/pUL128-131 pentameric complex interacts with 

integrins which allow for viral particle internalization, but also initiate signaling 

pathways which mediate functional changes in monocytes. Specifically, EGFR activation 

during entry mediated survival (13), monocyte motility through PI3K and N-WASP, and 

transendothelial migration through PI3K (17), while activation of integrins during entry 

promoted the activation and upregulation of paxillin, an actin cytoskeleton regulator, 
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which mediated viral entry and monocyte motility (18). Furthermore, UV-inactivated 

virus induced similar functional changes as live virus, including cellular signaling (such 

as PI3K activation) (19), resistance to apoptosis (13), differentiation changes, such as cell 

spreading, granularity, phagocytosis, cellular motility, and transendothelial migration 

(14), as well as induction of monocyte immunoregulatory genes and transcription factors 

(IL-1β, A20, NF-κB-p105/p50, and IκBα) (20). Likewise, studies using purified 

glycoproteins or blocking antibodies against viral glycoproteins showed that 

glycoproteins gB and gH mediated changes similar to those observed with the virus, such 

as activation of transcription factors, Sp1 and NF-kB, and induction of monocyte 

immunoregulatory genes (20, 21). Together, these data suggested that HCMV mediates 

monocyte survival and differentiation into macrophages during viral binding and 

interaction with cellular receptors initiating key signaling pathways necessary for survival 

and differentiation. 

Downstream of EGFR, we have previously shown that HCMV induced PI3K 

activation (17), which mediated survival of monocytes through upregulation of the anti-

apoptotic Bcl-2 family protein, Mcl-1 (13). Furthermore, PI3K activation resulted in the 

rapid phosphorylation and thus activation of Akt (13, 17, 19), although what viral 

glycoprotein mediated Akt activation was unclear. It was also unknown which of the 

three PI3K isoforms (p110α, p110β, or p110δ) was responsible for Akt activation and 

induction of survival. Another standing question was whether Akt was involved in 

mediating survival or whether PI3K modulated survival through other downstream 

targets. Finally, how the virus regulated Akt activity and whether HCMV modulated 
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Akt’s negative regulators, including SHIP-1 and PTEN, was unknown (Chapter 1, Fig. 

3).  

The work described in Chapter 2 aimed to address some of the remaining 

questions regarding how HCMV manipulates the PI3K/Akt pathway to drive monocyte 

survival. Specifically, we documented that HCMV infection in monocytes rapidly 

induced Akt activity within 30 minutes post infection (mpi), and sustained its activation 

through 72 hours post infection (hpi), similarly to myeloid growth factor, M-CSF. 

HCMV-induced Akt activation was necessary to trigger and sustain infected monocyte 

survival through the 48-h viability gate. However, HCMV infection stimulated an 

enhanced early activation of Akt at 30mpi and a different temporal phosphorylation 

profile of Akt between 24 and 72hpi in comparison to M-CSF treatment, leading us to 

hypothesize that HCMV uniquely regulated Akt activity by manipulating its positive 

(PI3K) and negative (PTEN and SHIP-1) regulators to induce monocyte survival. Indeed, 

we identified that in contrast to non-infected monocytes where the p110δ isoform of 

PI3K sustained basal level viability, HCMV induced a switch to the p110β isoform of 

PI3K to mediate the Akt-dependent survival of infected monocytes. In addition to 

activation of PI3K p110β, we found that HCMV entry triggered a phosphorylation and 

thus inactivation of Akt’s negative regulator PTEN, contributing to heightened Akt 

signaling. Lastly, we determined that SHIP-1, a normally negative regulator of Akt, 

played a positive role on Akt activation in HCMV-infected cells and was necessary for 

the survival of infected monocytes. Overall, the findings described in Chapter 2 indicated 

that HCMV manipulates the upstream Akt signaling network to activate Akt in a unique 

manner and orchestrate infected monocytes to effectively bypass the 48-h viability gate. 
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After the induction of monocyte survival, HCMV drives differentiation of 

monocytes into macrophages, which unlike monocytes, support viral replication (13-16). 

Moreover, our previous studies showed that HCMV infection drives an atypical M1/M2 

differentiation which likely facilitates viral spread and replication. Specifically, our 

transcriptome studies indicated that HCMV induced an M1-skewed polarization of 

monocytes, upregulating 65% of M1-associated genes (e.g. IL-1β, IL-6, IL-12p40, IL-15, 

inhibin βA, TNF-α, adhesion molecules) as well as downregulating 5% of M1-associated 

genes (VEGF and TNF ligand superfamily member 8) most likely to limit anti-viral 

responses. HCMV also induced 4% of M2 transcripts (e.g. IL-1Ra, IL-10, CCL18, and 

CCL23) and downregulated 14% of M2-associated genes (e.g. CXCR4 and TGFβ-R2) 

(22). Similar changes were observed in the chemokinome of infected monocytes, where 

44% of M1 and 33% of M2 macrophage chemokines were up-regulated (22), suggesting 

that there is a distinct M1/M2 reprogramming of infected monocytes. The M1 

characteristics, such as enhanced motility, adhesion to endothelium, and secretion of M1 

cytokines, which can activate the endothelium and facilitate transendothelial migration, 

likely benefit the virus by facilitating its hematogenous spread. The M1 features might 

also serve to attract new non-infected monocytes to tissues where they could become 

novel hosts for the virus. Also, unlike other viruses, HCMV thrives in an inflammatory 

environment, which benefits its replication and reactivation (14, 23-26), thus an M1 

phenotype would further aid the virus by offering a replicative advantage. The select M2 

characteristics likely help in limiting antiviral responses and recognition by the immune 

system (22). Previous work showed that PI3K and NF-kB mediated at least in part the 

unique M1/M2 polarization (27). Thus, it was becoming apparent that in addition to 
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modulating the PI3K/Akt pathway to mediate monocyte survival, the virus might be 

using cellular signaling pathways to mediate monocyte to macrophage differentiation, but 

the mechanisms by which the virus modulated signaling pathways to drive M1/M2 

differentiation were not fully understood. 

Our previous studies also showed an important role for caspase 3 in mediating 

monocyte-to-macrophage differentiation. Though HCMV blocked caspase 3 activity by 

24hpi via Mcl-1 and Hsp27 to allow for monocyte survival, we found caspase 3 activity 

to be activated by the virus after the 48h viability gate which was necessary for monocyte 

to macrophage differentiation (28). Therefore, it was clear that caspase 3 activation was 

required for macrophage differentiation, but how the virus regulated caspase 3 activity 

after 48h viability gate and whether caspase 3 was involved in atypical M1/M2 

polarization remained unknown (Chapter 1, Fig. 3).  

The experiments described in Chapter 3 were therefore intended to further 

delineate the mechanisms by which HCMV drives monocyte differentiation into M1/M2 

macrophages after the induction of monocyte survival. Flow cytometric analyses showed 

that HCMV infection drives monocyte polarization into distinct macrophages by inducing 

select M1 pro-inflammatory and M2 anti-inflammatory differentiation markers. 

Corroborating our previous results that the virus uses caspase 3 activity after the 48h 

viability gate to drive differentiation, we found that caspase 3 activity was also required 

to induce the atypical M1/M2 polarization, with a predominant role in driving M2 

differentiation. Our study revealed that HCMV-induced Akt activity was required to 

inhibit caspase 3 activation at 24hpi, but that after the 48h viability gate, Akt activity was 

also involved in caspase 3 activation and mediation of the unique M1/M2 differentiation. 
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How Akt functions to first inhibit caspase 3 and later activate it still remains to be 

investigated. We also identified that in contrast to HCMV-induced survival where PI3K-

p110β played the central role, p110δ was upregulated by the virus over a three-day time 

course and was the predominant PI3K isoform responsible for inducing M1/M2 

differentiation and regulating caspase 3 activity. Finally, our findings also suggest that 

SHIP-1, the other positive regulator of Akt in HCMV-infected monocytes, also mediated 

M1/M2 differentiation, with a principal role in M1 polarization. Together, the findings in 

Chapter 4 establish that in addition to survival, the virus utilizes the PI3K/Akt/SHIP-1 

pathway to regulate caspase 3 activity and drive differentiation of monocytes into unique 

M1/M2 macrophages, which is a critical process for viral dissemination.  

The findings that the virus uses the p110β isoform of PI3K to mediate survival 

(Chapter 2) and predominately p110δ to mediate differentiation (Chapter 3) were 

somewhat surprising, but might explain the dual role of Akt in the positive and negative 

regulation of caspase 3 activity and in mediating both survival and differentiation. The 

virus might be utilizing two PI3K isoforms to create two pools of Akt with differential 

phosphorylation patterns resulting in phosphorylation or upregulation of distinct 

downstream targets, some with a role in blocking cell death, such as Mcl-1 and Hsp27, 

and others functioning as mediators of M1/M2 differentiation. It is also possible that 

HCMV may be utilizing p110β for survival in order to transmit longer survival signals, as 

the p110β isoform, in contrast to p110δ, lacks autoinhibitory capability. Enhanced 

survival signals would be critical in monocytes which are not only naturally programmed 

to die, but also likely sensitized to apoptosis as a defense mechanism against viral 

infection.   
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The distinct regulation of the PI3K/Akt pathway in monocytes by HCMV also 

raised the question if any of these unique aspects could be targeted for therapeutic 

purposes. As of now there is still no vaccine or cure for HCMV. Current treatments focus 

on limiting viral replication and thus are ineffective in monocytes where the virus does 

not replicate and cannot stop monocyte-mediated viral spread in the body. Moreover, all 

currently in use drugs for HCMV have major side effects while some are becoming futile 

due to emergence of antiviral resistance. Thus, new anti-HCMV drugs are desperately 

needed. We previously showed that Mcl-1, an antiapoptotic Bcl-2 family member, 

mediated the survival of infected cells and was one of the proteins that was differentially 

upregulated in HCMV-infected monocytes compared to myeloid growth factor treated 

cells (13). Particularly, we previously reported Mcl-1 expression was increased by 24 hpi 

in HCMV-infected and to a lesser extent in GM-CSF treated cells, and was not increased 

in M-CSF-treated monocytes. Moreover, we found an enhanced loading of Mcl-1 

transcripts on polysomes resulting in higher protein translation of Mcl-1 within infected 

monocytes. In contrast, in GM-CSF and M-CSF treated cells there was no increase in 

association of Mcl-1 transcripts with polysomes (29). The differential regulation of Mcl-1 

by HCMV was consistent with its critical role in mediating the early survival of infected 

monocytes (13). However, Bcl-2 is another Bcl-2 family member which has also been 

shown to be upregulated in HCMV-infected monocytes and CD34+ bone marrow 

progenitor cells; thus, we wanted to examine if other Bcl-2 family proteins were involved 

in mediating survival of HCMV-infected monocytes and whether we can target them with 

small molecule inhibitors against anti-apoptotic Bcl-2 family proteins to sensitize 

HCMV-infected monocytes to apoptosis. In the study described in Chapter 4, we 
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examined the use of BH3 profiling, a technique initially developed with cancer cells, to 

globally assess which Bcl-2 anti-apoptotic proteins infected cells are dependent on for 

survival and to predict sensitivity to small molecule inhibitors. We established that in 

support of our previous studies, Mcl-1 and to a lesser extent Bcl-2, were necessary for the 

survival of HCMV-infected monocytes. We also showed that as predicted by BH3 

profiling, small molecule inhibitors against Mcl-1, including two newly developed Mcl-1 

inhibitors, sensitized HCMV-infected monocytes to apoptosis.  

To conclude, studies in this thesis offer novel insights into the mechanisms by 

which HCMV extends the viability of short-lived monocytes past their natural short 48h 

viability gate and drives monocyte differentiation into unique macrophages (Fig. 1). We 

have determined that the virus rapidly induces the PI3K/Akt pathway during binding and 

entry into monocytes and regulates the pathway in a distinct manner in order to mediate 

both survival and differentiation. Specifically, we found that HCMV utilizes PI3K p110β 

isoform to mediate survival, in contrast to non-infected monocytes, where p110δ 

mediated basal level viability. Furthermore, the virus prompted a phosphorylation-

mediated inactivation of the negative regulator of Akt, PTEN. HCMV also induced 

SHIP-1 expression and utilized it as an additional positive regulator of Akt activation and 

survival. After the 48h viability gate, the virus allowed for caspase 3 activation, which 

mediated the atypical M1/M2 differentiation. Though prior to 48h the virus used Akt 

activity to block caspase 3 activation, which we previously showed was important to 

block apoptosis, it appears that Akt activity was also necessary to mediate caspase 3 

activation through an unknown mechanism and drive M1/M2 differentiation. The virus 

may be inducing a dual function in Akt by activating two pools of Akt, one through PI3K 
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p110β to mediate survival, and another one through p110δ to drive differentiation, as we 

determined that p110δ was the predominant isoform to mediate differentiation. In 

addition, SHIP-1 activity was also important in driving differentiation, with a 

predominant role in M1 polarization. Finally, we showed that we can use small molecule 

inhibitors against Mcl-1, the Bcl-2 family protein mediating survival downstream of Akt, 

to sensitize HCMV-infected monocytes to apoptosis (Fig. 1). Future studies focusing on 

how the virus modulates Akt activity via its upstream regulators and what downstream 

targets mediate survival and differentiation would allow the design of novel therapies to 

selectively target HCMV-infected monocytes and prevent viral spread. 
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Fig 5. Model of HCMV-induced monocyte survival and monocyte-to-macrophage differentiation 

through manipulation of the PI3K/Akt pathway. HCMV binding and entry into monocytes results in a rapid 

and robust activation of Akt which is important in mediating both survival and M1/M2 differentiation. Akt 

activation is initiated through gB binding to EGFR and subsequently modulated through Akt’s upstream 

regulators, PI3K, PTEN, and SHIP-1. HCMV activates the p110β isoform of PI3K to mediate survival, induces 

a phosphorylation mediated inactivation of PTEN, and stimulates SHIP-1 expression leading to a non-

canonical activation of Akt and monocyte survival through upregulation of select Akt-dependent anti-apoptotic 

proteins, including Mcl-1 and Hsp27, which block caspase 3 activation, and thus allow for monocyte survival. 

After the 48h viability gate, HCMV allows for controlled levels of caspase 3 activation which was required to 

mediate the atypical M1/M2 macrophage differentiation. Though prior to 48h, Akt (blue) inhibits caspase 3 

activity to allow for survival, after monocytes bypass the critical 48h viability gate, Akt activity appears to also 

be necessary to allow for caspase 3 activation, potentially through a separate pool of Akt (red) mediated by 

p110δ activation, as the p110δ isoform of PI3K predominately drove caspase 3 activation and M1/M2 

differentiation. Determining how HCMV uniquely modulates Akt activity in monocytes and what downstream 

factors mediate infected monocyte survival and M1/M2 differentiation would allow us to develop small 

molecule inhibitors, such as Mcl-1 antagonists, to selectively eliminate HCMV-infected monocytes and prevent 

viral spread.  

gB 

Caspase 3 "  
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Figure 1. Model of HCMV-induced monocyte survival and monocyte-to-macrophage 
differentiation through manipulation of the PI3K/Akt pathway. HCMV binding and entry 
into monocytes results in a rapid and robust activation of Akt which is important in mediating 
both survival and M1/M2 differentiation. Akt activation is initiated through gB binding to 
EGFR and subsequently modulated through Akt’s upstream regulators, PI3K, PTEN, and 
SHIP-1. HCMV activates the p110β isoform of PI3K to mediate survival, induces a 
phosphorylation mediated inactivation of PTEN, and stimulates SHIP-1 expression leading to 
a non-canonical activation of Akt and monocyte survival through upregulation of select Akt-
dependent anti-apoptotic proteins, including Mcl-1 and Hsp27, which block caspase 3 
activation, and thus allow for monocyte survival. After the 48h viability gate, HCMV allows for 
controlled levels of caspase 3 activation which was required to mediate the atypical M1/M2 
macrophage differentiation. Though prior to 48h, Akt (blue) inhibits caspase 3 activity to 
allow for survival, after monocytes bypass the critical 48h viability gate, Akt activity appears 
to also be necessary to allow for caspase 3 activation, potentially through a separate pool of 
Akt (red) mediated by p110δ activation, as the p110δ isoform of PI3K predominately drove 
M1/M2 differentiation. Determining how HCMV uniquely modulates Akt activity in monocytes 
and what downstream factors mediate infected monocyte survival and M1/M2 differentiation 
would allow us to develop small molecule inhibitors, such as Mcl-1 antagonists, to selectively 
eliminate HCMV-infected monocytes and prevent viral spread.  
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Remaining Questions and Future Directions 
 

The picture of how HCMV manipulates the PI3K/Akt pathway in monocytes to 

drive survival and differentiation is becoming more coherent, although it is still not fully 

unveiled. We are beginning to understand that there is a distinct regulation of the 

PI3K/Akt pathway in HCMV-infected monocytes compared to non-infected or myeloid 

growth factor treated cells which might be responsible in driving unique downstream 

functional changes. It appears that HCMV manipulates Akt activity through its upstream 

network of regulators, including PI3K, PTEN, and SHIP-1, resulting in a non-canonical 

Akt activation. Though we have established that the virus utilizes the p110β of PI3K to 

mediate survival and p110δ to induce differentiation, future studies should determine 

how the virus activates both isoforms. Because both p110β and p110δ are Class IA PI3Ks 

which normally get recruited and activated by receptor tyrosine kinases (RTKs), it is 

possible that HCMV engagement of EGFR during viral binding and entry stimulates both 

p110β to induce survival and p110δ to drive differentiation. This is supported by our 

previous studies documenting the role of EGFR in both viability of infected monocytes 

(13) and in mediating cellular motility (17) - a macrophage differentiation feature, as well 

as by our findings described in Chapter 2 that chemical inhibition of the internal portion 

of EGFR completely abolished HCMV-induced Akt activation (Chapter 2, Fig. 2B), 

which is downstream of both p110β and p110δ, suggesting that EGFR signaling to both 

PI3K isoforms result in Akt activation. However, it is also possible that at least one of the 

PI3K isoforms could also be activated by beta1 and/or beta3 integrins, which have been 

shown to be engaged by the viral gH/gL/UL128-131 complex to mediate viral entry and 

enhanced monocyte motility (18, 30). HCMV engagement of integrins on monocytes 
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resulted in the activation of Src tyrosine kinase (30), which has been linked to the 

activation of the PI3K/Akt pathway in monocytes and other cell types (31, 32). Given the 

role of integrins in HCMV-induced motility (30), a differentiation feature, and the role of 

p110δ in M1/M2 differentiation (Chapter 3), p110δ could be activated downstream of 

integrins/Src. This is supported by a previous study showing that p110δ regulated the 

chemokine induced activation of integrins and mediated binding of monocytes to 

adhesion molecules, spreading, and diapedesis (33). Further analyses, including co-

immunoprecipitation experiments involving the receptors and PI3K isoforms, would help 

elucidate which receptor is utilized by the virus to activate each of the two PI3K isoforms 

to mediate survival and differentiation. Understanding how HCMV differentially 

regulates PI3K isoforms in contrast to myeloid growth factors would allow the 

opportunity to explore them as targets for therapeutic intervention as two PI3K inhibitors 

(idelalisib and copanlisib) are already FDA-approved for cancer treatment and over 30 

other PI3K inhibitors are being evaluated further in clinical trials (34), offering the 

potential for repurposing these drugs to selectively kill HCMV-infected monocyte and 

intervene with viral spread.  

In addition to PI3K, we showed that SHIP-1, a normally negative regulator of 

Akt, functions to positively regulate Akt activity and survival in HCMV-infected 

monocytes (Chapter 2) as well as mediate M1/M2 differentiation (Chapter 3). We also 

showed that HCMV upregulates SHIP-1 expression by 24h and maintains it at high levels 

at least through 72hpi, in contrast to M-CSF which upregulated SHIP-1 to a lesser extent 

and with delayed kinetics (Chapter 2, Fig. 5A). These findings have raised multiple 

questions regarding SHIP-1’s regulation and its role in HCMV-infected monocytes. First, 
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it is unclear which viral ligand/cellular receptor interaction, specifically gB/EGFR vs. 

gH/integrins, mediates SHIP-1 activation. As in the case of PI3K isoforms, co-

immunoprecipitation studies would be useful in answering this question. Second, it is 

also unknown what pathway the virus uses to upregulate SHIP-1 expression by 24hpi and 

maintain its high levels at least through 72hpi. Finally, how SHIP-1 functions as a 

positive regulator of Akt in infected monocytes is still unclear. Our preliminary data 

show that INPP4, the phosphatase responsible for dephosphorylating SHIP-1’s product, 

PI(3,4)P2 into PI(3)P, is not expressed in monocytes (data not shown). This would result 

in the accumulation of high levels of PI(3,4)P2 in infected monocytes where the virus 

induces SHIP-1 activity and upregulated SHIP-1 expression, which would allow for 

enhanced and prolonged Akt activation. However, this hypothesis would have to be 

validated with further studies.   

Upon Akt recruitment to PI(3,4,5)P3 and PI(3,4)P2 on the cell membrane, Akt 

becomes phosphorylated at Ser473 by mTOR2 and Thr308 by PDK1 (35, 36). Our data 

indicate that HCMV induces high levels of phosphorylation at Ser473 (Chapter 2 and 3) 

but we have been unable to detect phosphorylation at Thr308 (data not shown). Thus, a 

pressing question is how HCMV regulates mTOR2 and PDK1 activity. Regulation of 

mTOR2 activity is overall poorly understood. Some studies suggest that mTOR2 is not 

growth factor dependent and rather constitutively active, localized at the cell membrane, 

and only requires Akt recruitment to the cell membrane in order to execute its kinase 

activity on Ser473 on Akt (37, 38), while other studies suggest that mTOR2 kinase 

activity requires activation and is mediated by PI3K’s product PI(3,4,5)P3 (39). Thus, it 

remains to be investigated if HCMV activates mTOR2 upon infection in monocytes via 
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EGFR/PI3K induced PIP3, or whether mTOR2 is constitutively active and the virus only 

needs to ensure Akt localization to PIP3 on cell membrane in order for Akt 

phosphorylation on Ser473 by mTOR2. Furthermore, given that PDK1 activity is known 

to be mediated via its recruitment to PI3K’s product, PIP3, it is unclear why we do not 

observe Thr308 phosphorylation in infected monocytes, and raises the possibility that 

HCMV may be inhibiting PDK1 activity. Ser473 and Thr308 phosphorylation are known 

to be associated with differential downstream Akt targets (37, 40), thus it is possible that 

HCMV requires Ser473 phosphorylation alone in order to induce select Akt-dependent 

downstream targets. Finally, in addition to kinases, Akt phosphorylation is also controlled 

by Akt’s phosphatases: protein phosphatase 2A (PP2A) which can dephosphorylate both 

Ser473 and Thr308 (41, 42), protein phosphatase 1 (PP1) which can dephosphorylate 

Thr450 and Ser473 (43-45), and PH domain leucine-rich repeat protein phosphatase 

(PHLPP) (46), which dephosphorylates Ser473 (40). Under homeostatic conditions, the 

lifetime of phosphorylated, fully active Akt is relatively short (47-49). In HCMV-infected 

monocytes, however, we observed an enhanced and prolonged Akt activation, at least via 

Ser473 phosphorylation (Chapter 2 and 3), leading us to speculate that in addition to 

inducing inactivation of PTEN (Chapter 2), HCMV may also be regulating the activity of 

Akt’s phosphatases, though that would have to be investigated.     

In addition to Ser473 and Thr308, multiple other residues on Akt can become 

phosphorylated resulting in various effects on Akt activity: Thr450 which affects Akt 

folding and function (50, 51), Ser477 and Thr479 which can enhance Akt activity (52), 

Ser129 which has been involved in increasing catalytic activity (53), Thr312 which may 

reduce Akt activity (54), as well as other sites, the functions of which are less understood. 
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While initially it was thought that phosphorylation of both Ser473 and Thr308 was 

necessary for full Akt activation, subsequent reports indicated that phosphorylation at a 

single site also allowed Akt activity and that phosphorylation of Ser473 and Thr308 was 

rather associated with differential phosphorylation of downstream targets (55-57). Our 

recent study showed that HCMV induces the upregulation of select Akt-depended targets 

in monocytes, not upregulated by GM-CSF and M-CSF stimulated Akt (29), suggesting 

that HCMV might be regulating Akt function through differential phosphorylation. Thus, 

in order to understand the full extent of HCMV regulation of Akt, future studies should 

aim to determine the phosphorylation pattern of Akt in HCMV-infected monocytes. 

Furthermore, beyond phosphorylation, HCMV may also be inducing other modifications 

to regulate Akt function after initial induction: acetylation, oxidation, ubiquitylation, 

glycosylation, sumoylation, and modification by peptide conjugation have all been shown 

to fine tune Akt function, inactivation, and substrate specificity (58). For instance, the 

Lys14 residue has been reported to be modified by acetylation, which was implicated in 

modulating Akt binding to PIP3 (47, 59), but also by ubiquitylation and methylation, 

depending on the cellular environment and stimuli, thus Lys14 has been suggested to be 

an important site for regulation of Akt activity (47). Akt ubiquitylation has also been 

reported downstream of EGFR and the mechanism differed from that induced by insulin-

like growth factor (IGF) stimulation (58). Therefore, it is tempting to imagine that the 

dual engagement of EGFR and integrins by HCMV during binding and entry induces a 

distinct set of modifications on Akt which would allow for the downstream activation of 

the select targets that the virus requires to mediate both survival and M1/M2 

differentiation.    
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The possibility of the differential regulation of Akt through modifications raises 

the next set of questions, which is how HCMV-induced Akt mediates both survival and 

the atypical M1/M2 differentiation, and what downstream Akt-dependent targets mediate 

each process. Recent studies in the laboratory have focused on determining the 

phosphoproteome downstream of Akt and we already have evidence that downstream 

targets involved in the translation of pro-survival proteins differ in HCMV-infected 

monocytes (Peppenelli et al., unpublished data), though the Akt effectors mediating M1 

and M2 differentiation remain unknown. Moreover, it would also be important to dissect 

the roles of the individual Akt isoforms (Akt1, Akt2, and Akt3) in HCMV-induced 

M1/M2 differentiation. Given that Akt1 and Akt2 have been involved in driving M2 and 

M1 macrophage differentiation, respectively, and that HCMV induces an atypical M1/M2 

hybrid phenotype, it would be important to investigate if the virus uses the two Akt 

isoforms to mediate differentiation.   

Finally, in addition to Akt, there are other proteins downstream of PI3K/SHIP-1 

which could be involved in mediating M1/M2 differentiation. Though Akt is the most 

extensively examined effector of the PI3K/SHIP-1 pathway and affects the majority of 

responses associated with PI3K and SHIP-1 activation, there are multiple downstream 

effectors of PI3K and SHIP-1 which are activated in tandem with Akt and can contribute 

to the subsequent cellular response (47, 60). Though we found that Akt inhibition 

resulted in a robust decline of all four HCMV-induced differentiation markers we 

examined (Chapter 3), the virus drives many differentiation changes (22) and it is 

possible that other players downstream of PI3K/SHIP-1, as well as other pathways, could 

be involved in M1/M2 differentiation. Our previous transcriptome study showed that 
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PI3K and NF-kB mediated together and independently the upregulation of a significant 

number of inflammatory genes in HCMV-infected monocytes. Thus, the role of NF-kB in 

the atypical M1/M2 differentiation should be further investigated. Moreover, several 

transcripts (e.g. matrix metalloproteinase 1, which is essential for monocyte migration 

through the basement membrane) were not affected by either PI3K or NF-kB inhibition, 

leading us to hypothesize that the virus might be using additional pathways, such as the 

MAPK/Erk pathway, to mediate differentiation (27).   

Our previous work (13) as well as the current study (Chapter 4) showed that 

HCMV-infected monocytes are dependent on Mcl-1 for survival at least in the first 48hpi. 

A broader question arising from this work is how HCMV maintains viability of HCMV-

infected monocytes long-term, beyond 48hpi. A recent study showed that HCMV 

upregulated Bcl-2 after 72hpi, which was critical as a late mediator of monocyte survival 

(61). This work suggests that HCMV might be utilizing multiple Bcl-2 family proteins to 

maintain viability of infected monocytes during the time period when they complete their 

differentiation into macrophages and start producing virus (~2 weeks post infection). 

BH3 profiling could thus be used to test the role of other Bcl-2 proteins in viability of 

infected monocytes during different time points along the differentiation continuum. The 

differences in mechanisms of maintaining monocyte/macrophage viability by the virus 

(via Bcl-2 family proteins and other antiapoptotic proteins) would allow us to design 

inhibitors to effectively target HCMV-infected monocytes at different stages of infection. 

The Bcl-2 proteins could also be explored as potential biomarkers indicating the stage of 

infection of a person during an acute infection or reactivation and predicting which 

inhibitors might be effective in individual patients.  
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Finally, our work also showed that small molecule inhibitors against Mcl-1 

sensitized HCMV-infected monocytes to apoptosis (Chapter 4). In addition, our 

subsequent work in the lab showed that encapsulation of Mcl-1 antagonists into myeloid 

cell-targeting nanoparticles was able to selectively increase by 6-7 fold the delivery of 

inhibitors into HCMV-activated monocytes as compared to non-infected monocytes, and 

enhance cytotoxicity of the inhibitors (62). Nevertheless, despite enhanced delivery to 

HCMV-infected monocytes, non-infected monocytes still showed significant non-specific 

uptake of nanoparticles (62). Given the select M1/M2 differentiation markers that we 

have identified to be induced by HCMV, there is a potential opportunity to combine 

differentiation studies with nanoparticle design targeting select cell surface molecules, 

which would deliver inhibitors to HCMV-infected monocytes based on the unique 

differentiation markers upregulated in HCMV-infected over non-infected or myeloid 

factor treated monocytes. The study of the differentiation markers upregulated by HCMV 

infection could be extended through mass spectrometry investigations of membrane 

proteins which would identify known M1/M2 markers, but also potentially unique 

proteins, as transcriptome studies showed that HCMV infection upregulated genes unique 

to HCMV, not observed in either M1 nor M2 differentiation (63). This work would allow 

for the development of nanoparticles with high affinity to these select markers, which 

would deliver small molecule inhibitors to HCMV-infected monocytes/macrophages and 

avoid non-infected and myeloid factor stimulated monocytes. 

In summary, the work in this thesis provides a new perspective on how HCMV 

regulates cellular signaling pathways in monocytes to drive survival of monocytes past 

their natural short 48h life-span and induce atypical M1/M2 differentiation in the absence 
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of viral gene expression. We have shown that the virus does not simply employ the 

existing cellular signaling pathways, but manipulates them in a distinct manner to 

generate functional changes in monocytes. These alterations would allow the virus to 

transform monocytes from short-lived cells unaccommodating of viral replication into 

long-lived vehicles, sustaining virus production and mediating viral spread from the 

circulation into tissues. Our studies have also raised novel questions about how the virus 

is able to modulate the upstream regulators in the pathway and how that translates into 

unique downstream functional changes. Future studies focusing on further deciphering 

the mechanisms by which HCMV manipulates the PI3K/Akt and other signaling 

pathways would allow for the development of new therapies to eliminate HCMV-infected 

monocytes/macrophages and prevent viral dissemination and disease.     
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