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Abstract 

Title: A Dual to the Death: Using Novel Host-Directed Antivirals to Promote Death of 

HCMV-Infected Myeloid Cells Through Apoptosis and Necroptosis 

 

Author: Jennifer Cheung 

Sponsor: Gary Chan, PhD 

 

Human cytomegalovirus (HCMV) is a ubiquitous member of the betaherpesvirus 

family, with seroprevalence rates ranging from 40-100% worldwide. Although primary 

infection is asymptomatic in most immunocompetent patients, HCMV is a significant 

cause of morbidity and mortality in the immunosuppressed and immunonaїve, including 

transplant recipients, patients with AIDS, and developing fetuses in utero. The diverse 

clinical presentations of HCMV are attributable to the pervasive systemic dissemination 

and extensive cellular tropism of the virus. Peripheral blood monocytes are believed to be 

the key cells responsible for HCMV dissemination from the initial site of infection to 

distant organ systems. Monocytes are normally short-lived, surviving for only 48 h in 

circulation before undergoing apoptosis. Previous work from our lab has shown that 

HCMV circumvents the short lifespan of monocytes by inducing a noncanonical 

activation of Akt to upregulate the expression of antiapoptotic proteins, thereby 

prolonging survival of infected monocytes. HCMV promotes survival in the absence of 

viral replication and lytic gene expression, rendering current direct-acting antivirals 

ineffective against quiescently infected monocytes. There are currently no antivirals that 

target quiescent or latent HCMV infection. We hypothesize that targeting host proteins 



 xv 

that are essential for HCMV’s induction of monocyte survival mechanisms will reduce 

viability of infected monocytes, ultimately reducing systemic viral dissemination. The 

studies in this thesis investigate novel host-directed antivirals targeted at two different 

cellular factors and their efficacy against quiescent HCMV infection in monocytes. The 

first host protein under scrutiny as an antiviral target is Sirtuin 2 (Sirt2), an NAD+-

dependent deacetylase. Treatment with novel Sirt2 inhibitors promoted death of HCMV-

infected monocytes as a cellular antiviral defense response through two concurrent 

regulated death pathways: apoptosis and necroptosis. HCMV has developed mechanisms 

to impede both death pathways, but inhibition of Sirt2 relieves the viral obstructions on 

both pathways by disrupting HCMV’s unique phosphorylation on Akt. The second host 

protein targeted as a potential antiviral strategy is Mcl-1, an antiapoptotic member of the 

Bcl-2 family of proteins. HCMV-infected monocytes are dependent on Akt-dependent 

upregulation of Mcl-1 for survival during early infection. Treatment with Mcl-1 

inhibitors blocked interaction between Mcl-1 and proapoptotic protein Bak, reducing 

viability of infected monocytes. Subsequent testing of Mcl-1 inhibitors in an ex vivo skin 

organ culture system resulted in a decrease in HCMV-infected cells that crawled out of 

the skin tissue, suggesting that Mcl-1 inhibition may reduce viral dissemination. Our 

studies lay down the groundwork for the investigation of novel host-directed antivirals, 

an approach that successfully targets quiescent HCMV infection in peripheral blood 

monocytes for the first time. Expanding the study of host-directed antivirals may bring 

the field one step closer to the possibility of a comprehensive antiviral regimen that is 

effective against all stages of viral infection. 
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Chapter I: Introduction 
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Discovery of Human Cytomegalovirus 

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

betaherpesvirus subfamily of Herpesviridae, a family of enveloped, double-stranded 

DNA viruses. First discovered in the kidney of a stillborn child by German pathologist 

Dr. Hugo Ribbert in 1881, the large cells observed were initially thought to be 

“protozoan-like” rather than due to a viral etiology [1]. It wasn’t until 1925 that two 

pathologists in New York, Dr. William C. Von Glahn and Dr. Alwin M. Pappenheimer, 

noted the similarities between the large cells that Ribbert observed and the intranuclear 

inclusions observed in lesions infected with herpes zoster and herpes genitalis and 

proposed that the large cells were the result of a viral infection [2]. In 1932, 25 cases of a 

lethal congenital infection characterized by petechiae, hepatosplenomegaly, and 

intracranial calcifications were documented, all of them also displaying cells with 

intranuclear inclusions [1]. This constellation of symptoms came to be called 

“generalized cytomegalic inclusion disease,” or CID [3].  

The causative virus of CID was finally isolated and cultured by three independent 

scientists in rapid succession in the 1950s. In 1955, Dr. Margaret Smith isolated a virus 

from the salivary gland of a diseased patient and found that the virus only grew in human 

cell culture, not in mouse cells [4]. However, her findings were initially rejected for 

publication because the editor believed that her infectious agent was instead 

contamination from a murine virus that she was also studying [5]. Her paper was 

eventually accepted the next year when she showed that she was able to re-isolate the 

virus from another CID patient, and we now also understand that her original findings 

were correct because of the extreme species specificity of HCMV [4]. In 1956, Dr. 
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Wallace P. Rowe isolated what he believed to be varicella virus from adenoid tissue 

containing cells with intranuclear inclusions [6]. He took his findings to Dr. Thomas 

Weller at Harvard, who determined that the virus Rowe isolated was not varicella, but 

instead looked similar to a virus he had isolated from a patient with suspected 

toxoplasmosis, a protozoan congenital infection with clinical symptoms similar to those 

of HCMV [7]. In 1957, Weller himself finally isolated and identified the causative agent 

of CID. After exchanging correspondences in the spirit of collaborative science, Smith, 

Rowe, and Weller dubbed their novel virus that causes CID as cytomegalovirus, its name 

derived from the Greek words “cyto” meaning cell and “megalo” meaning big [5].  

 

Epidemiology and Disease 

Like its other herpesvirus counterparts, HCMV infection is ubiquitous with 

seroprevalence rates ranging from 40-100% in adults worldwide, with the greatest viral 

burden falling on developing nations [8, 9]. In immunocompetent individuals, HCMV is 

usually asymptomatic, though it can sometimes cause mononucleosis-like symptoms. 

HCMV persists for the lifetime of infected individuals and has also been associated with 

the development of some inflammatory conditions, including atherosclerosis, and with 

certain cancers, including glioblastoma and breast cancer [10-13]. There are two main 

categories of patients in which HCMV can cause severe disease: neonates and the 

immunocompromised.  

HCMV is one of the classic “TORCH” congenital infections, a group which also 

includes Toxoplasma gondii, rubella, HSV-2, parvovirus B19, syphilis, varicella zoster 

virus, and Listeria [14]. Congenital HCMV is the most common intrauterine infection in 
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the United States and causes birth defects and developmental disabilities in more children 

than other more well-known conditions such as Down syndrome, spina bifida, and fetal 

alcohol syndrome [8, 15]. The virus is transmitted from mother to fetus in utero, with the 

greatest risk of long-term sequelae occurring the earlier the virus is transmitted during the 

pregnancy. Congenital HCMV affects approximately 40,000 live births in each year in 

the United States alone. Of those 40,000 cases each year, HCMV causes death in about 

400 and permanent disabilities including hearing or vision loss and mental retardation in 

approximately 8,000 of the infected children [15]. Common signs of congenital HCMV 

include jaundice, petechiae, hepatosplenomegaly, and microcephaly, with one of the 

hallmark sequelae being sensorineural hearing loss that can either present at birth or 

develop later in life [16].  

The second population vulnerable to severe HCMV disease is the 

immunocompromised, a category that includes patients with AIDS, patients receiving 

chemotherapy, and transplant recipients. Clinical manifestations of HCMV disease in 

these patients include inflammation in a diverse range of organ systems, including the 

retina, liver, lungs, colon, stomach, esophagus, and brain [17]. At its most severe, HCMV 

disease can even cause multi-organ failure and death. In patients with HIV/AIDS, the 

incidence of HCMV disease has dramatically decreased with the onset of effective 

antiretroviral therapies [18]. Known as an AIDS-defining illness, HCMV is now mainly a 

concern in patients with CD4+ T cell counts of less than 50-100 cells/μL [19, 20]. 

HCMV disease in patients undergoing chemotherapy is currently an understudied subject. 

In one small-scale pilot study of HCMV reactivation induced by chemotherapy, all but 

one of the 15 patients enrolled experienced HCMV reactivation during the course of the 
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study, with the appearance of clinical symptoms appearing in parallel with rising viral 

loads but eventually self-resolving as serum cytokine and antibody levels rose [21]. A 

retrospective analysis of HCMV viremic cancer patients showed that approximately half 

of the solid organ cancer patients with a positive HCMV-PCR test also showed clinical 

signs of HCMV disease and required antiviral therapy [22]. HCMV testing is not 

routinely performed in patients receiving chemotherapy, suggesting that HCMV 

reactivation and disease may be highly underreported in this patient population. 

One of the immunocompromised populations in which HCMV disease is 

currently the most concerning is transplant recipients. Patients receiving transplants must 

remain on immunosuppressive therapies for the rest of their lives in order to prevent graft 

rejection. HCMV is the most common opportunistic viral infection post-transplantation 

[23, 24]. HCMV disease can arise from three different sources in transplant recipients: 

transmission from a seropositive donor to a seronegative recipient, reactivation of latent 

virus in a seropositive recipient, and primary infection in a seronegative recipient [25]. 

Lung and kidney transplants have among the highest rates of HCMV incidence, with 

rates reaching 50-75% and 50%, respectively [26]. There are two treatment strategies for 

HCMV in transplant recipients. Prophylaxis involves administration of antivirals to all 

patients during the time period that they are at highest risk for HCMV, usually the first 

90-100 days post-transplantation [26]. Preemptive treatment involves testing patients for 

early viral replication and administering a shorter treatment regimen to prevent 

progression from asymptomatic to symptomatic or tissue-invasive HCMV disease [26]. 

Prophylactic or preemptive antiviral treatment have greatly reduced HCMV incidence in 

the most vulnerable period in the first few months post-transplant. However, it has also 
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led to an emergence of late-onset HCMV disease due to later reactivation once the 

antiviral therapy has been discontinued [27]. The advent of later viral reactivation 

emphasizes the need to develop antiviral strategies that target the quiescent and latent 

phases of HCMV infection. 

 

HCMV Genome and Virion Structure 

The HCMV virion is comprised of multiple layers including a lipid envelope 

embedded with glycoproteins, an unstructured tegument, and a DNA genome enclosed in 

a capsid (Fig. 1). The genome of HCMV, like the other members of the herpesvirus 

family, is composed of linear, double-stranded DNA. HCMV possesses the largest 

genome of the herpesviruses and one of the largest genomes among human viruses in 

general, with a genome size of approximately 236 kb and a potential coding capacity of 

upwards of 750 ORFs [28]. HCMV is classified as having an E-type herpesvirus genome 

architecture, meaning that it consists of two unique sequences called UL (unique long) 

and US (unique short) that are flanked by inverted repeats. The genome can thus be 

represented as ab-UL-b’a’c’-US-ca, with ab/b’a’ and a’c’/ca signifying the inverted 

repeats that flank the unique regions [29]. The presence of these segment inversions 

enables recombination and inversion of UL and US during DNA replication, such that the 

HCMV genome is comprised of four genomic isomers of UL, US, and their inverted 

counterparts in equimolar ratios [30]. Although the biological significance of this is not 

yet fully understood, it may account for the diversity of HCMV genotypes documented, 

both lab-adapted and clinically isolated. AD169 and Towne, for example, are two lab-

adapted HCMV strains that have been extensively passaged through human fibroblast   
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Figure 1. Structure of the HCMV virion. HCMV is an enveloped, double-stranded DNA virus. 
The linear viral genome is enclosed in an icosahedral capsid. The capsid is surrounded by an 
unstructured matrix of proteins called the tegument. The final exterior layer of the virus is a lipid 
envelope derived from the host endoplasmic reticulum-Golgi intermediate compartment. Viral 
glycoprotein complexes, including gB, gM/gN, gH/gL/gO trimer, and gH/gL/UL128-131 
pentamer, are embedded in the envelope. 
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cell cultures and now exhibit little to no virulence in seronegative individuals [31-33]. On 

the other hand, Toledo, a strain that has gone through significantly less passaging in 

fibroblasts, was able to infect and induce mononucleosis-like symptoms in individuals 

[33]. When sequenced and directly compared to Toledo, AD169 and Towne were found 

to have lost genome segments amounting to 19 kb and 13 kb, respectively, missing from 

the 3’ end of UL and replaced with an inverted copy of the 5’ end of UL [34]. The 

genomic segments missing from AD169 and Towne are present in five other low-passage 

clinical isolates, suggesting that these segments may encode virulence factors that are 

unnecessary for fibroblast infection but are required for successful infection in vivo. 

Much remains unknown about the HCMV genome and what it encodes. It was previously 

believed to contain an estimated 230 ORFs, but recent studies have predicted the 

existence of as many as 751 ORFs, highlighting how much there is still to learn about 

HCMV [28]. 

    The HCMV genome is enclosed in a capsid composed of 162 capsomers, 

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

protein, that are arranged in a T=16 iscosahedral lattice architectural structure [35]. The 

pentamers and hexamers are linked by triplexes composed of the major capsid protein 

and minor capsid protein binding proteins. The capsid of HCMV is structurally similar to 

that of HSV-1, even spanning a similar diameter of approximately 110 nm despite the 

need to facilitate the packaging of a genome that is over 50% larger than the HSV-1 

genome [35].  

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

the tegument. The structure within the tegument is unknown, the processes of tegument 
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assembly and disassembly are poorly understood, and attempts to identify a tegument-

localization signal on proteins and RNA have been unsuccessful. The tegument has been 

found to include as many as 59 viral proteins, although only 35 proteins are found at 

significant levels, as well as a sampling of approximately 70 host cellular proteins and 

viral and cellular RNA species [36, 37]. The functions of over half of the proteins 

identified within the tegument are yet to be determined, but some of the known functions 

include roles in activation of IE viral gene expression, apoptosis inhibition, release of the 

viral genome from the capsid, immune evasion, and virion assembly [37]. The most 

abundant tegument protein is pp65, which was found to be dispensable for viral 

replication in fibroblast cultures but is important for counteracting both innate and 

adaptive host immune responses [38-41]. The only tegument protein definitively known 

to play a key role in IE gene activation at the start of lytic infection is pp71. pp71 acts as 

a viral transactivator by inducing degradation of the cellular transcriptional repressor 

protein Daxx, relieving the silencing of the MIEP [42]. 

The final layer enclosing the capsid and tegument is a lipid bilayer envelope [43]. 

The viral envelope is derived from the host endoplasmic reticulum-Golgi intermediate 

compartment. Embedded in the envelope are viral glycoproteins that interact with various 

cellular receptors to facilitate HCMV entry. The key glycoproteins for HCMV binding 

and entry include gM, gN, gB, gH, gL, gO, and UL128-131 [44-47]. gM and gN are the 

most abundant glycoproteins in the viral envelope and form a heterodimeric complex that 

is important for mediating reversible attachment to cellular surfaces through binding to 

heparan sulfate proteoglycans (HSPGs) [48]. gB is a highly conserved glycoprotein 

across the herpesvirus family and is critical for viral entry, fusion, and cell-to-cell 
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transmission [47, 49]. Glycoprotein gB functions as a homodimer linked by disulfide 

bonds and has been shown to interact with several cellular receptors, including PDGFR, 

integrins, and EGFR [44, 50-52]. Glycoproteins gH and gL together form a heterodimer 

complex that can then themselves be integrated into two distinct complexes: the 

gH/gL/gO trimer and the gH/gL/UL128-131 pentamer [46, 53, 54]. The trimeric 

gH/gL/gO complex mediates viral entry in fibroblasts, while the gH/gL/UL128-131 

pentameric complex mediates entry into epithelial, endothelial, and myeloid cells [55-

58]. 

During virion production, incomplete or atypical HCMV progeny particles are 

also generated. These include noninfectious enveloped particles (NIEPs) and dense 

bodies. NIEPs contain all of the structural elements of a complete HCMV virion 

including the envelope, tegument, and capsid, but lack the viral genome, rendering them 

noninfectious [59]. Dense bodies contain the envelope and tegument but lack both the 

viral capsid and genome [60]. It is unknown whether these particles have any biological 

significance or whether they are simply incomplete byproducts of progeny production, 

but they are of great interest in the exploration of HCMV vaccine development because 

they are noninfectious but still present the typical exterior antigens of the live virus and 

stimulate humoral and cellular immune responses [61-63]. 

 

Cellular Tropism 

 While HCMV has evolved to be highly specific on a species level, it has the 

ability to infect across a broad cellular tropism within the human body. When asked 

which cells HCMV can infect, it would be easier to instead list the cell types that it 
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cannot [64]. The list of cell types that HCMV can permissively infect and replicate in 

includes fibroblasts, epithelial cells, endothelial cells, muscle cells, neuronal cells, 

connective tissue cells, macrophages, and hepatocytes [64-66]. HCMV can also enter 

lymphoid cells and polymorphonuclear leukocytes, but does not undergo immediate 

replication in these cell types [67]. Infection of polymorphonuclear cells is abortive, with 

replication halting post-IE expression [68]. HCMV can also infect cells along the 

myeloid lineage, including monocytes, dendritic cells, and CD34+ hematopoietic stem 

cells. Monocytes serve as a vehicle for viral dissemination throughout the body and 

CD34+ stem cells act as a reservoir of latent virus that can be reactivated at a later time 

[69-74].  

 In order to understand how HCMV is able to infect such a broad diversity of cell 

types, a significant amount of effort has been dedicated to the identification and study of 

viral glycoproteins and cellular receptors that they bind. Over 20 glycoproteins have been 

discovered for HCMV [36]. The complexes formed by the glycoproteins, paired with the 

expression or absence of certain receptors on cellular surfaces, dictates viral entry and 

fusion. The trimeric complex gH/gL/gO is required for viral entry into fibroblasts and 

smooth muscle cells but is insufficient for productive infection of endothelial cells, 

epithelial cells, and leukocytes [48, 57]. In contrast, the pentameric complex 

gH/gL/UL128-131 is required for entry into endothelial cells, epithelial cells, dendritic 

cells, and monocytes, but is dispensable for fibroblast infection [55-58]. Serial passaging 

of HCMV in fibroblast cell lines often results in loss of the pentameric complex, reducing 

their range of cellular tropism and thus their virulence relative to clinical isolates [75]. 
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The trimeric and pentameric glycoprotein complexes bind to integrins β1 and β3 to 

mediate viral entry [45, 51, 76].  

Glycoprotein gB is known to be important for viral entry, but there has been some 

controversy regarding its cellular receptor binding partners. Wang et al. identified 

epidermal growth factor receptor (EGFR) as a binding partner for gB during viral entry, 

but a conflicting report by Isaacson et al claimed that EGFR was not the receptor for gB 

and was not required for viral entry [52, 77]. Interaction between gB and EGFR has since 

been found to be required for entry in monocytes [44]. The relationship between gB and 

EGFR in other cell types remains unresolved. Another source of controversy is the 

binding of gB to platelet-derived growth factor receptor a (PDGFR-a) as a receptor for 

HCMV entry. Multiple groups have reported on the interaction between gB and PDGFR-

a with indications that activation of PDGFR-a is required for infection, but others have 

cast doubt on the ability of PDGFR-a to bind gB as well as its status as a bona fide entry 

receptor for the virus [50, 78-81]. Raising additional doubt is the ability of HCMV to 

infect cells that do not express PDGFR-a on their surface [44, 82]. 

To add an additional layer of complexity to glycoprotein-receptor interactions, 

spatial proximity and crosstalk between activated receptors may be important for viral 

entry. In fibroblasts, independent binding of gB to EGFR and gH to integrin avb3 brings 

the receptors in close proximity within lipid rafts and leads to signaling crosstalk between 

the receptors [76]. Infection in monocytes has also been found to require crosstalk, with a 

need for gB/EGFR and gH/integrin signaling to happen within minutes of each other for 

successful viral entry [73, 83]. 
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 A broad range of in vitro systems has been developed to mirror the diversity of 

cells and tissues that HCMV can infect in vivo. The gold standard system for virion 

production is human fibroblast cell cultures, with vascular endothelial cells also 

approaching similar viral yields [84]. Culture in epithelial cells, trophoblasts, and primary 

hepatocytes also yields productive infection, albeit at lower levels [64, 85]. When HCMV 

is passaged in fibroblasts, over time they lose their tropism for other cell types, such as 

endothelial or myeloid cells, while still maintaining the ability to proliferate in fibroblasts 

[75]. This restriction in tropism is due to the mutation or loss of sections of the HCMV 

genome, including those that encode glycoproteins necessary for viral entry into certain 

cell types [55, 86, 87]. New potential receptors for HCMV entry are still being proposed, 

including Nrp1, CD147, CD90, CD151, and BST2 [88-94]. However, a common 

property of these newly discovered receptors is that very few are essential for entry 

across all cell types, suggesting that HCMV may utilize unique glycoprotein/receptor 

partnerships for different cell types and that a true “universal” HCMV entry receptor may 

not exist.  

 

Viral Lifecycle 

The HCMV viral lifecycle can be divided into three distinct types of infection, 

which is dependent on the cell type that the virus infects. These types of infection are 

lytic, latent, and quiescent (Fig. 2). Each one plays a unique and important role in the 

replication, dissemination, and persistence of the virus, enabling HCMV to establish and 

maintain a lifelong infection in the host. 
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Figure 2. HCMV viral lifecycle. The lifecycle of HCMV is divided into lytic and 
latent/quiescent types of infection, dependent on the cell type that is infected. In most cell types, 
i.e. fibroblasts, endothelial cells, and epithelial cells, HCMV establishes a lytic infection. During 
a lytic infection, HCMV glycoproteins bind host surface receptors, triggering entry into the cell. 
The capsid and tegument proteins are released into the cytoplasm. The capsid releases the viral 
genome into the nucleus, where the genome circularizes and begins transcription of viral genes in 
3 temporal phases: immediate early (IE), early (E), and late (L). The viral genome is replicated 
and the genome is packaged into the capsid. The nucleocapsid egresses into the cytoplasm, where 
the rest of the virion assembly occurs, including acquisition of tegument proteins and 
envelopment, before final release of the progeny viruses. HCMV establishes a quiescent infection 
in monocytes and a latent infection in hematopoietic stem cells. During a latent or quiescent 
infection, the virus enters the cell and releases the viral genome into the nucleus, but there is no 
expression of lytic genes or genome replication. The virus remains dormant until reactivation 
occurs either spontaneously, in the case of a quiescent infection, or upon external stimulation, in 
the case of a latent infection. 
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Lytic Infection 

Lytic viral infection is the primary type of HCMV infection established in most 

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

infection is characterized by the expression of lytic genes and active replication and 

production of viral progeny. Attachment of the virion to a permissive host cell triggers a 

complex, coordinated process to ultimately deliver the viral genome to the nucleus. 

Virion attachment occurs through an initial transient tethering step mediated by gB and 

gM/gN binding to HSPGs on the cell surface [95, 96]. More stable binding of viral 

glycoproteins to cognate cellular receptors initiates signaling cascades essential for viral 

entry. The virion can enter the cell through two different paths: pH-independent fusion or 

endocytosis. The mechanism through which HCMV enters the host cell is dependent on 

the cell type and on the receptors engaged by the virus. pH-independent fusion has been 

observed in fibroblasts via engagement of gB and gH, whereas endocytosis has been 

reported in endothelial cells with entry being mediated by the pentameric complex [97, 

98]. However, the entry studies in fibroblasts were performed with AD169, a laboratory 

strain of the virus that lacks the pentameric complex [34, 86, 97]. In monocytes, HCMV 

entry has been hypothesized to occur through a micropinocytosis-like mechanism [44, 99, 

100].  

Regardless of the path of entry and fusion the virion takes, the process results in 

the release of tegument proteins that aid in delivery of the viral capsid to the nucleus. 

Although the exact process of capsid transport is unknown, several tegument proteins 

have been shown to have important activity immediately post-fusion but prior to 

expression of immediate early (IE) viral genes, suggesting a possible role in capsid 
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stabilization or transport. Phospho-protein pp150, the second most abundant tegument 

protein, has been reported to interact with preformed capsids and may have a function in 

stabilizing capsids or directing their movement in the cytoplasm [101, 102]. UL47 and 

UL48 are tegument proteins that form a complex together and may play a role in 

transportation of the capsid to the nucleus and injection of the HCMV genome through 

the nuclear pore complex [103]. 

When the linear, double-stranded viral genome enters the nucleus, it circularizes 

and begins a coordinated cascade of viral gene expression. Viral lytic genes are 

categorized into three main groups that are transcribed in a temporally sequential manner: 

immediate early (IE), early (E), and late (L) genes. IE genes are the first genes 

transcribed in the cascade and their expression is regulated under the major immediate 

early promoter (MIEP). Activation of the MIEP can occur in the absence of prior de novo 

viral protein synthesis [104]. Tegument-delivered protein pp71 is known to play a role in 

stimulating IE gene expression [105, 106]. The two major IE gene products, IE72 and 

IE86, stimulate transcription of E genes, activate host cell promotors, modulate cell cycle 

progression, and repress host antiviral responses [104, 107-109]. The E gene products are 

primarily responsible for viral genome replication. The L genes, expressed last in the 

temporal sequence, primarily encode structural proteins for viral progeny. The capsid, 

composed of L gene products, is assembled in the nucleus [110]. The newly replicated 

HCMV genome is then packaged into the capsid through a portal at a single vertex and 

the genome-containing capsid egresses to the cytoplasm in a process mediated by the 

nuclear egress complex (NEC) [111, 112]. Nuclear egress occurs through an 

envelopment/de-envelopment process to enable passage of the capsid through the inner 
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and outer nuclear membranes. Once the capsid reaches the cytoplasm, it is joined by 

tegument proteins [113, 114]. The fully-tegumented capsids then bud into cytoplasmic 

vesicles, where the virions acquire their lipid envelope [115]. The mature viral progeny 

are released by exocytosis [116, 117]. 

The viral replication and virion assembly is extremely efficient and robust in 

fibroblasts. In endothelial and epithelial cells, however, HCMV lytic infection has been 

described as a more chronic or smoldering process with reduced replication and progeny 

production relative to fibroblasts [118, 119]. This type of chronic infection can take 

longer to be cleared by the immune system than a more active infection, potentially 

taking months to years to clear, all the while producing low levels of HCMV [120]. 

Latent Infection 

Latency is essential for herpesviruses to persist in the body for the lifetime of the 

host. HCMV establishes a latent infection in CD34+ hematopoietic stem cells in the bone 

marrow [121-123]. Latency establishes reservoirs of hidden virus that can reactivate later 

upon external stimulation with activators of inflammatory signaling or DNA damage 

responses [124-127]. Latent infection is characterized by the lack of expression of lytic 

genes and the lack of active viral replication and progeny production. During latency, the 

classic transcription cascade of IE, E, and L genes does not occur. Instead, limited 

expression of latency-associated genes is observed, though whether these genes are a 

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

low level remains up for debate [70, 72, 128]. Single cell RNA sequencing studies have 

reported that there is a quantitative, rather than qualitative, difference in the expressed 

transcriptomes of latently infected CD34+ cells from human donors when compared to 
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infected fibroblasts, which supports the idea that latent transcription is merely lytic 

transcription at a lower level [129, 130]. On the other hand, Goodrum et al. have 

identified genes that are important for establishing latency but dispensable for lytic 

infection, suggesting a unique latency-associated transcriptome [128]. US28 is a G 

protein-coupled receptor homolog that represses transcription from the MIEP and may be 

required for both establishment and maintenance of latency [131, 132]. UL138 is a viral 

transcript that has been shown to be expressed during latency in monocytes and CD34+ 

cells. Recombinant viruses that lack UL138 failed to establish or maintain a latent 

infection, instead resulting in a productive infection in CD34+ cells [128]. Latency-

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

suggested to function as an anti-sense RNA that potentially mediates inhibition of pp71, a 

viral transactivator of the MIEP, to maintain latency [133, 134]. 

IE expression has classically been used as a marker for viral reactivation from 

latency. However, IE expression alone may not guarantee lytic reactivation. In 

monocytes, sporadic IE expression during monocyte-to-macrophage differentiation has 

been reported without subsequent activation of E and L genes [135]. While it is known 

that IE expression is inhibited by repression of the MIEP, the roles that viral and cellular 

factors play in regulating this locus remain a major subject of investigation. The current 

models for the study of HCMV latency in vitro include the THP-1 monocytic-like cell 

line, NTERA-2 embryonal carcinoma cells, Kasumi-3 myeloid progenitor cell line, and 

primary CD34+ cells in a co-culture system with a stromal cell line [136-138]. Although 

these models have been critical to expanding our understanding of HCMV latency, each 

model has its own limitations, such as an inability to maintain the viral genome for long 
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periods of time, low infectivity rates, population heterogeneity, or dysregulated signaling 

[139]. 

Quiescent Infection 

The final type of infection that HCMV can establish is a quiescent infection, 

which thus far has only been described in peripheral blood monocytes [135, 140-142]. 

Monocytes are the key cells implicated in HCMV dissemination [73, 135, 143]. HCMV 

infection in monocytes was initially thought to be latent, but subtle differences were 

noted over time [144, 145]. Similar to latent infection, quiescent infection is 

characterized by the lack of lytic gene expression and lack of viral replication and 

progeny production [146, 147]. However, unlike a latent infection, during a quiescent 

infection the virus will spontaneously reactivate approximately 3 weeks post-infection in 

the absence of an external stimulus [148-150]. Prior to reactivation, the HCMV-infected 

monocyte exhibits no lytic gene expression or viral replication. Spontaneous reactivation 

occurs as the nonpermissive infected monocyte differentiates into a long-lived, 

permissive macrophage [151]. Following monocyte-to-macrophage differentiation, lytic 

gene expression and viral replication are observed [152]. The absence of an external 

reactivation signal is the key distinguishing difference between a latent and a quiescent 

infection. The major characteristics of a quiescent infection make it well-suited for viral 

dissemination, including minimal viral epitopes for immune detection due to the absence 

of lytic gene expression, ineffectiveness of direct-acting antivirals due to the lack of viral 

replication, and delayed reactivation seeding new sites of infection once the cells 

harboring the virus have spread and extravasated into distant permissive organs. 

Currently, the only suitable model for studying HCMV quiescence is primary peripheral 
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blood monocytes obtained from human donors. Monocytic cell lines, such as THP-1 

cells, are sufficiently biologically different from primary monocytes such that they would 

not be an appropriate model for quiescent infection [153, 154]. There is controversy over 

the suitability of THP-1 cells as a model for reactivation because although they model 

signaling perturbations following reactivation stimuli, they produce limited to no 

infectious viral progeny [139, 155, 156].  

 

Current Therapies 

There is currently no vaccine for HCMV. Due to its prevalence and severity in 

certain vulnerable populations, the United States National Academy of Medicine has 

declared the development of an HCMV vaccine a top public health priority [157]. There 

are currently five distinct antiviral therapies approved for the treatment of HCMV 

disease: ganciclovir/valganciclovir, cidofovir, foscarnet, letermovir, and maribavir. The 

first-line antivirals for symptomatic HCMV disease and for prophylaxis are ganciclovir 

and valganciclovir [158, 159]. Approved for medical use in 1989, ganciclovir is a 

guanosine nucleotide analog that is incorporated into actively replicating viral DNA, 

leading to the termination of DNA chain elongation [160-162]. Ganciclovir requires an 

initial phosphorylation step by the viral kinase encoded by UL97, followed by two 

subsequent phosphorylation steps performed by cellular kinases [162]. Valganciclovir is 

an orally bioavailable prodrug that is rapidly converted to ganciclovir [163]. Systemic use 

of ganciclovir and valganciclovir in patients is limited by their poor side effect profile 

including nephrotoxicity, hepatotoxicity, suppression of multiple hematopoietic lineages, 

leading to discontinuation of treatment [164]. Additionally, resistance has rapidly 
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emerged against both ganciclovir and valganciclovir, primarily through mutations of 

UL97 and UL54, the genes that encode the viral kinase and viral polymerase, 

respectively [165, 166].  

Cidofovir is a monophosphate nucleotide analog that actively competes with 

deoxycytidine triphosphate (dCTP) for incorporation into elongating viral DNA by the 

viral polymerase, disrupting viral DNA chain elongation by a mechanism similar to that 

of ganciclovir [167]. Cidofovir must be administered with normal saline and probenecid 

with each infusion to reduce the possibility of nephrotoxicity and renal failure caused by 

the drug [168]. Unlike ganciclovir, cidofovir does not require initial phosphorylation by a 

viral kinase, enabling its clinical use in some cases of ganciclovir resistance. Foscarnet is 

a pyrophosphate analog that, unlike ganciclovir and cidofovir, does not require any 

phosphorylation step [169]. Foscarnet selectively binds near the pyrophosphate-binding 

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

include renal insufficiency, anemia, and electrolyte abnormalities [170]. Like cidofovir, 

foscarnet can be used in cases of ganciclovir resistance. However, resistance can develop 

against both cidofovir and foscarnet through mutations in the viral DNA polymerase 

[171].  

Two additional antivirals have been added to the HCMV arsenal in recent years: 

letermovir and maribavir. Letermovir was approved by the FDA in 2017 for use in 

prophylaxis of HCMV disease in transplant recipients [172]. It is considered a first-in-

class medication for HCMV due to its unique mechanism of action as an inhibitor of the 

viral terminase complex [173]. During clinical trials, patients administered letermovir had 

a slightly greater rate of cardiac adverse events relative to the placebo group, but 
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letermovir does not appear to have the hematological toxicity and nephrotoxicity of the 

earlier HCMV antiviral therapies [174]. Thanks to its relatively favorable safety profile, 

letermovir has been used as a secondary prophylaxis in vulnerable patients or as an 

alternative to ganciclovir, foscarnet, and cidofovir when resistance develops or when 

therapy is discontinued due to high toxicity. However, resistance to letermovir therapy 

has already been observed during clinical use, and in vitro studies suggest that the 

HCMV gene that encodes the viral terminase, UL56, may possess a relatively low barrier 

to resistance mutations [175-178]. Maribavir, which was approved by the FDA in 2021, 

is a benzimidazole riboside that competitively inhibits the activity of the viral kinase 

UL97, blocking egress of viral capsids from the nucleus [179, 180]. Maribavir appears to 

avoid the myelosuppressive side effects observed with ganciclovir. The most common 

side effects of maribavir were dysgeusia (altered perception of taste) and gastrointestinal 

events such as diarrhea and nausea, which were not severe enough to cause 

discontinuation of treatment [181]. However, due to its targeting of UL97 there is a 

possibility of cross-resistance with ganciclovir and valganciclovir [182, 183].  

All of the currently approved antivirals for HCMV target a small cluster of viral 

proteins essential for viral replication. This strategy leaves them vulnerable for the rapid 

development of drug resistant viral strains, often accompanied by multi-drug resistance 

stemming from mutations in the same genes. One possible solution to this rampant 

antiviral resistance is to target host proteins that play critical roles in promoting viral 

infection. Host-targeted antivirals are not only much less susceptible to development of 

resistance, but because they can target host pathways that are commonly commandeered 

by viruses during infection, they could potentially exhibit efficacy as broad-spectrum 



 23 

antivirals [184]. Additionally, all of the antiviral therapies for HCMV currently available 

only target the actively replicating lytic phase of HCMV infection. They have no efficacy 

against HCMV in the quiescent or latent phase of the viral lifecycle, leaving patients 

vulnerable to later reactivation of the virus once therapy is discontinued. The 

development of antivirals that target quiescently or latently infected cells is critical to 

stopping the persistent cycle of virus reactivation and dissemination.  

 

Monocytes as a Vehicle for Viral Dissemination 

 Monocytes are blood mononuclear leukocytes with the ability to phagocytose, 

present antigens, and produce cytokines [185]. Monocytes are derived in the bone 

marrow and circulate as part of the immune response against pathogens. They also play a 

role in inflammation control and wound repair [186]. Monocytes are classified into three 

subsets that are traditionally defined by expression levels of cell surface markers CD14 

and CD16: classical (CD14++CD16-), intermediate (CD14++CD16+), and non-classical 

(CD14+CD16++) [187-189]. About 80-90% of monocytes fall under the classical 

category, with another 5-10% being non-classical and the remaining monocyte 

population being intermediate [190]. Once a classical monocyte leaves the bone marrow 

and enters circulation, it has an intrinsically limited lifespan of approximately 48h before 

it undergoes pre-programmed apoptosis unless it encounters stimulation by antigens or 

myeloid differentiation factors such as M-CSF or GM-CSF [191-193]. Intermediate and 

non-classical monocytes have slightly longer lifespans, surviving up to 4 and 7 days in 

circulation, respectively [190, 194]. When stimulated by inflammatory conditions, 
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monocytes can migrate into tissues and differentiate into macrophages, which are long-

lived and have a distinct morphology [190].  

 The dissemination strategy utilized by HCMV enables the virus to establish 

multiple sites of both lytic and latent infection in the host (Fig. 3). When HCMV is 

initially transmitted to a new host via bodily fluids, it establishes a lytic infection in 

mucosal epithelial cells [195]. Monocytes migrate to the site of infection and 

inflammation, causing the surveilling monocytes to themselves become infected [196]. 

Despite not being permissive for viral replication, monocytes are the primary cell type in 

the blood that harbors the HCMV genome [197, 198]. Monocytes are proposed to be the 

key cell type for HCMV dissemination [73, 74, 135, 143, 198]. In support of this theory, 

depleting leukocytes from blood products eliminates transmission of the virus via blood 

transfusions [146, 199-202]. It has additionally been found that monocytes are carriers of 

HCMV during organ transplantation and that monocyte-derived macrophages are the first 

cells that express viral antigens within infected organ transplants [203, 204]. In vivo 

studies of murine CMV (MCMV) in mice have similarly found monocytes to be the 

predominant cell type responsible for viral spread to peripheral organs [205-207]. 

Humanized mouse models have been designed to circumvent the species specificity of 

HCMV to permit study of the virus in vivo [208, 209]. Studies done in these humanized 

mice have corroborated the MCMV studies, finding that monocytes acted as the vehicles 

of HCMV spread to peripheral organs [209]. Peripheral end-organs are not the only 

targets of dissemination by HCMV-infected monocytes. Monocytes also carry the virus 

to the bone marrow, where HCMV establishes latency in CD34+ hematopoietic stem 

cells [210]. HCMV that is latent in CD34+ stem cells can later reactivate with the  
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Figure 3. A model of HCMV dissemination in the host (adapted from Smith et al, 2004 and 
revised in our lab). HCMV enters the body through infected body fluids, i.e. saliva, blood, breast 
milk, or urine. HCMV initially infects mucosal epithelial cells, undergoing lytic replication and 
resulting in inflammation at the site of infection. Peripheral blood monocytes migrate to the site 
of inflammation and become quiescently infected with no expression of lytic genes or viral 
replication. HCMV induces cellular survival in monocytes, allowing them to travel to and 
infiltrate other distant sites where the virus then stimulates differentiation into macrophages that 
are permissive to lytic HCMV infection. HCMV reactivates in macrophages, allowing the virus to 
seed infection in permissive organs or in the bone marrow where HCMV can establish latency. 
Latent HCMV in CD34+ hematopoietic stem cells can later reactivate upon external stimulation 
and differentiate into monocytes that can continue the cycle of viral dissemination. 
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infected CD34+ cells preferentially differentiating into cells along the myeloid lineage, 

including monocytes, that can then re-seed a chronic infection in peripheral organs [211-

213]. Establishment of viral latency is critical for HCMV’s ability to persist in the body 

for the entire life of the host. Monocytes thus act as the key link between the acute and 

persistent phases of HCMV infection in different tissues of the host by mediating viral 

dissemination between sites of lytic and latent infection.  

HCMV enters a quiescent state in infected monocytes, characterized by an 

absence of lytic gene expression and viral replication. This quiescent state allows the 

infected monocyte to act as a “Trojan horse” for HCMV, spreading the virus throughout 

the body while also evading immune detection. However, monocytes are self-limiting for 

viral dissemination due to their short-lived lifespan once they leave the bone marrow and 

enter circulation. Monocytes are pre-programmed to undergo apoptosis approximately 

48h after they enter the bloodstream unless they receive stimulation by myeloid growth 

factors to initiate differentiation [192, 194]. This short lifespan makes monocytes ill-

suited for HCMV dissemination, as HCMV has a slow replication cycle of days to weeks 

[214, 215]. Upon stimulation with myeloid growth factors, monocytes differentiate into 

HCMV-permissive macrophages [151]. HCMV differentiates monocytes into an atypical 

macrophage that exhibits primarily M1-like inflammatory characteristics, but also has 

markers of M2-like anti-inflammatory macrophages [216-218]. This mixed macrophage 

polarization phenotype may allow HCMV to reap benefits from both M1-associated 

proinflammatory chemokines and cytokines that promote viral replication and M2-

associated anti-inflammatory chemoattractants that promote monocyte migration [216]. 

Macrophages, however, are also ill-suited for viral hematogenous dissemination as they 
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are tissue-resident. To circumvent these obstacles, HCMV initially induces cellular 

survival in monocytes, extending their lifespan past the classical 48h “viability gate” 

without the aid of viral lytic proteins, then subsequently induces monocyte-to-

macrophage differentiation after 3 weeks [73, 74]. This sequence allows the infected 

monocyte to survive long enough to migrate to distant sites throughout the host and then 

differentiate into a permissive macrophage that can initiate viral replication in the tissue, 

all the while evading immune detection.  

 

HCMV-Induced Survival of Monocytes 

 For any virus to successfully replicate, it must be able to evade cellular defense 

responses. One of the most drastic measures that a cell can take to defend against 

infection is to enact programmed death pathways. Death of the infected cell ensures that a 

virus, which is wholly dependent on host cell machinery for replication and progeny 

production, cannot proliferate and spread to neighboring cells. Monocytes, with their 

intrinsically short-lived lifespans, are no strangers to cell death. Here we will discuss two 

regulated cell death pathways executed by monocytes in their attempts to combat HCMV 

infection: apoptosis and necroptosis.  

Apoptosis 

 Apoptosis, the most famous form of programmed cell death, is characterized by 

distinct morphological phenomena including nuclear fragmentation, condensation of the 

cytoplasm, blebbing of the plasma membrane, and formation of apoptotic bodies, 

ultimately followed by phagocytosis of the cellular remnants [219]. Apoptosis is 

primarily mediated by the cleavage of caspases (cysteine proteases) in an activation 
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cascade. Apoptosis can be characterized as either intrinsic or extrinsic, depending on the 

initiating trigger for cell death (Fig. 4). Intrinsic apoptosis can be triggered by a wide 

variety of perturbations in the cellular microenvironment, including DNA damage, 

replication stress, endoplasmic reticulum stress, and stress from reactive oxygen species 

[220]. Once initiated, the critical step of intrinsic apoptosis, also known as the 

mitochondrial pathway, is widespread mitochondrial outer membrane permeabilization 

(MOMP) controlled by the interaction between proapoptotic and antiapoptotic members 

of the Bcl-2 family of proteins [221-223]. MOMP is mediated by oligomerization of the 

proapoptotic Bcl-2 proteins, Bak or Bax, in response to apoptotic stimuli, resulting in the 

formation of pores in the mitochondrial outer membrane [223, 224]. These perforations 

allow cytochrome c and other mitochondrial proteins to spill out into the cytoplasm, 

leading to formation of the apoptosome and activation of caspase 9 [225-227]. Activated 

caspase 9 then catalyzes the activation of procaspase 3 through two sequential cleavage 

steps, ultimately leading the cell down the path to its death [228]. Extrinsic apoptosis is 

initiated by activation of transmembrane death receptors belonging to the TNF receptor 

gene superfamily, the best-characterized of which are FasR, TNFR1, DR4, and DR5 

[219, 229]. Upon ligand binding, adaptor proteins are recruited to the death receptor and 

the death-inducing signaling complex (DISC) is assembled, leading to self-cleavage and 

activation of caspase 8 [230-233]. The active caspase 8 can then cleave caspase 3 to 

trigger the execution phase of apoptosis, which is shared between the intrinsic and 

extrinsic apoptosis pathways, resulting in the characteristic morphological changes 

observed during apoptosis [219, 220].  
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Figure 4. Brief overview of the extrinsic and intrinsic pathways of apoptosis. Extrinsic 
apoptosis is initiated by stimulation of a death receptor, triggering recruitment of adaptor proteins 
to the receptor, assembly of a death signaling complex, and cleavage of caspase 8. Cleaved 
caspase 8 then activates caspase 3, the “executioner” caspase, through two sequential cleavage 
steps. The final active caspase 3 cleavage product cleaves other downstream caspases in the 
cascade, ultimately resulting in the characteristic morphological changes associated with 
apoptosis, including nuclear fragmentation and membrane blebbing. Intrinsic apoptosis is 
triggered by intracellular stress, activating proapoptotic BH3-only activator and sensitizer 
proteins, such as Puma and Noxa. The BH3-only proteins block binding of antiapoptotic Bcl-2 
family proteins to proapoptotic effector proteins, such as Bak and Bax, at the mitochondrial 
membrane. This allows Bax and Bak to oligomerize to form pores in the mitochondrial outer 
membrane, releasing cytochrome c and other proapoptotic factors into the cytoplasm. 
Cytochrome c mediates activation of the intrinsic caspase cascade, beginning with caspase 9 and 
ending with caspase 3, where the intrinsic pathway converges with the extrinsic pathway. 
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HCMV and Apoptosis in Monocytes 

 In order to make the monocyte a more suitable vehicle for the purpose of viral 

dissemination, HCMV must hijack host antiapoptotic pathways to extend cellular 

survival. One of the key cellular pathways that HCMV manipulates during a quiescent 

infection in monocytes is the PI3K/Akt pathway. Canonical activation of the PI3K/Akt 

signaling axis after stimulation with growth factors mediates survival of monocytes [234-

236]. Binding of the growth factor to surface receptor tyrosine kinases leads to 

recruitment of PI3K subunits p85 and p110, specifically p110d, the predominant isoform 

in monocytes, and their activation [237]. PI3K mediates the phosphorylation of PI(4,5)P2 

to PI(3,4,5)P3, promoting the recruitment of Akt to PI(3,4,5)P3 via binding at the 

pleckstrin homology (PH) domain [238]. Akt is subsequently phosphorylated at threonine 

residue 308 (T308) and serine residue 473 (S473) by PDK1 and mTORC2, respectively 

[239-242]. The activated Akt can then transduce the signal to lead to the expression of 

downstream Akt-dependent proteins. Akt is negatively regulated by dephosphorylation of 

PI(3,4,5)P3 back to PI(4,5)P2 by PTEN and by dephosphorylation of PI(3,4,5)P3 to 

PI(3,4)P2 by SHIP1 [238].  

During HCMV infection of peripheral blood monocytes, however, binding of the 

viral glycoproteins gB and gH to cellular receptors EGFR and integrin b induces 

noncanonical regulation of the PI3K/Akt pathway, leading to upregulation of anti-

apoptotic proteins that promote monocyte survival past their natural short 48h lifespan 

(Fig. 5) [150, 243]. During viral entry, gB binding to EGFR and gH binding to integrins 

tranduce signals into the monocyte, with crosstalk occurring between the EGFR and 

integrin signal cascades [73, 83]. The crosstalk between the receptors enables full 
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activation of Akt. In contrast to canonical PI3K/Akt signaling, HCMV binding recruits 

the p110b isoform of PI3K to the plasma membrane instead of p110d, which may be 

advantageous to the virus due to the p110b isoform’s lack of negative self-regulation and 

its decreased antiviral activity [237]. HCMV additionally modifies the activity of both 

PTEN and SHIP1, the two major negative regulators of Akt. HCMV entry rapidly shuts 

down PTEN activity, preventing PI(3,4,5)P3 from being converted back to PI(4,5)P2 

[237]. SHIP1, on the other hand, is upregulated upon HCMV entry in direct contrast to 

treatment with normal myeloid growth factors, and inhibition of SHIP1 reduces Akt 

activation and prevents infected monocytes from entering a prosurvival state [237]. 

Altogether, these viral entry-induced signaling modifications result in a preferential 

phosphorylation of Akt at S473 relative to T308 [237]. The ratio of S473/T308 

phosphorylation has been shown to dictate Akt substrate specificity [244, 245]. The 

unique virus-induced Akt phosphorylation profile mediates an HCMV-specific 

transcriptional and translational profile, including upregulation of downstream 

prosurvival proteins Mcl-1 and HSP27 to levels surpassing those observed under growth 

factor treatment [243]. The unique HCMV-induced activation of Akt serves as a possible 

therapeutic target for quiescently infected monocytes. The binding of HCMV 

glycoproteins to monocyte surface receptors is sufficient for induction of cellular survival 

pathways in the absence of de novo transcription of viral genes and of delivery of viral 

tegument proteins, as demonstrated when monocytes are infected with HCMV that has 

been inactivated by UV radiation such that the virus is replication defective or when 

monocytes are stimulated with purified soluble HCMV glycoproteins [74, 83]. The lack  



 32 

 
Figure 5. Model of unique PI3K/Akt pathway activation induced by HCMV infection in 
monocytes (adapted from Cojohari et al, 2016). Binding of HCMV glycoproteins to receptors 
on the monocyte cell surface induces noncanonical activation of the PI3K/Akt signaling axis. 
Viral binding recruits and preferentially utilizes the p110b isoform of PI3K to the plasma 
membrane, where PI3K mediates phosphorylation of PI(4,5)P2 to PI(3,4,5)P3. HCMV 
additionally modulates activity of PTEN and SHIP1, two traditional negative regulators of PI3K 
activity. These viral-induced alterations in signaling lead to preferential phosphorylation of Akt at 
residue S473, resulting in an HCMV-specific transcriptional and translational landscape that 
promotes survival of the infected monocyte. 
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of requirement for viral transcription or translation for induction of monocyte survival 

emphasizes the need for antivirals that target host proteins.  

Myeloid cell leukemia-1 (Mcl-1), an antiapoptotic member of the Bcl-2 family of 

proteins, is one of the Akt-dependent proteins rapidly and robustly upregulated by 

HCMV [150, 243, 246]. Mcl-1 inhibits apoptosis by binding to effector proapoptotic Bcl-

2 family proteins, such as Bak and Bax, through its Bcl-2 homology (BH) domains, 

sequestering the proapoptotic proteins and preventing them from oligomerizing to form 

pores in the mitochondrial membrane [247, 248]. The apoptotic activity of Bak and Bax 

is also attenuated by proapoptotic BH3-only proteins [249]. The BH3-only proteins, 

which as the name suggests possess only the BH3 domain shared by Bcl-2 family 

proteins, are categorized into activators and sensitizers depending on whether they are 

able to directly induce Bak/Bax oligomerization (activators) or whether they synergize 

with the activators to induce oligomerization but are unable to induce it alone 

(sensitizers) [250, 251]. Two models have been proposed for Bak/Bax activation by BH3-

only proteins (Fig. 6) [249]. In the direct activation model, prosurvival proteins such as 

Mcl-1 sequester the BH3-only activator proteins until displaced by competing sensitizer 

proteins, freeing the activators to bind and activate Bak/Bax [251, 252]. In the indirect 

activation model, the prosurvival proteins sequester Bak/Bax themselves until the 

prosurvival proteins are neutralized by the binding of BH3-only proteins, releasing 

Bak/Bax to oligomerize [253]. Profiling of BH3 proteins in HCMV-infected monocytes 

suggests that activators Bim and Bid bind directly to and activate Bak and Bax, resulting 

in release of cytochrome c [254]. Cytochrome c release was also reported with binding of 

BH3-only sensitizers Noxa and Bad to antiapoptotic proteins Mcl-1 and Bcl-2,  
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Figure 6. Direct and indirect models of activation by BH3-only proteins during apoptosis 
(adapted from Giam et al, 2009). Two competing models of BH3-only protein regulation of 
Bak/Bax-mediated apoptosis. In the direct activation model, antiapoptotic proteins, such as Bcl-2, 
sequester activator BH3 proteins (aBH3), preventing them from activating the proapoptotic 
effector proteins (Bak and Bax). Binding of sensitizer BH3 proteins (sBH3) to the antiapoptotic 
proteins frees the activators to activate the effectors, leading them to oligomerize and form pores 
in the mitochondrial outer membrane to execute apoptosis. In the indirect activation model, 
antiapoptotic proteins neutralize the effectors themselves. The activator BH3 proteins then bind 
the antiapoptotic proteins, thus releasing the effectors to oligomerize. 
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respectively, reiterating their importance for survival of HCMV-infected monocytes 

[254]. Mcl-1 has been shown to be critical for promoting survival in the first 48 hours 

post-infection, with Mcl-1 protein levels decreasing by 72 hours post-infection as Bcl-2 

levels rise to take over mediating survival later in infection in response to cellular 

upregulation of Bax [246]. Inhibition of Mcl-1 by siRNA or small molecule inhibitors 

results in decreased survival of infected monocytes, suggesting that it may be a viable 

therapeutic target for HCMV infection [150, 254, 255]. 

Caspase 3, the common convergence point of the intrinsic and extrinsic apoptosis 

pathways, is a critical target for HCMV-mediated inhibition of apoptosis in monocytes. 

Activation of caspase 3 requires two consecutive cleavage steps [256]. Mcl-1 has been 

shown to inhibit the first cleavage step, preventing formation of an intermediate caspase 3 

cleavage product. Hsp27, a member of the heat shock family of proteins, has been shown 

to inhibit the second cleavage step [257]. Hsp27 is an Akt-dependent antiapoptotic 

protein that, like Mcl-1, is translationally upregulated in monocytes during HCMV 

infection [243, 258]. X-linked inhibitor of apoptosis (XIAP), another protein known to 

directly bind procaspase 3 and block its proteolytic cleavage, is also upregulated in 

monocytes during HCMV infection in an Akt-dependent manner [258-260]. Inhibition of 

XIAP has been shown to significantly decrease viability of HCMV-infected monocytes 

[258]. The robust upregulation of multiple antiapoptotic proteins, including Mcl-1, 

Hsp27, XIAP, and later Bcl-2, during HCMV infection beyond the levels induced upon 

stimulation with myeloid growth factors suggests that their expression is the result of 

viral modulation of signaling pathways. The induction of several antiapoptotic proteins 
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by the virus generates redundancy that ensures prolonged survival of the naturally short-

lived monocytes. 

Necroptosis 

 Necroptosis is an inflammatory form of regulated cell death that has also been 

referred to as the “trapdoor” death pathway because it opens up when inhibition of 

caspase 8 cleavage blocks the progression of apoptosis [261]. Necroptosis is so named 

because it possesses characteristics of both apoptosis and necrosis [262]. Like apoptosis, 

necroptosis is a regulated cellular process, but it shares morphological features of 

necrosis such as organelle dysfunction, cellular swelling, rupture of the plasma 

membrane, and release of cytokines and damage-associated molecular patterns (DAMPs) 

resulting in inflammation [262, 263]. Necroptosis is mediated by receptor-interacting 

serine/threonine protein kinases (RIPKs) [264, 265]. Necroptosis requires two conditions: 

inactivation of caspases and an initiating signal from a death receptor. The same stimulus 

can act as a trigger for both apoptosis and necroptosis, but only when the caspase-

dependent apoptosis pathway is blocked can a cell alternatively pursue necroptosis [266]. 

Like extrinsic apoptosis, necroptosis is triggered by ligand interaction with certain death 

receptors, including but not limited to FasR, TNFR, and TRAIL-R [267, 268].  

Using TNFR as the prototypical death receptor, activation of the receptor recruits 

the adaptor protein TNFR-1-associated death domain (TRADD) and RIPK1, forming the 

membrane-associated complex I (Fig. 7) [269-271]. Downstream activity of RIPK1 is 

regulated by its ubiquitination status [272]. When ubiquitinated by cellular inhibitor of 

apoptosis proteins (cIAPs), the RIPK1/cIAP/TNFR1 complex drives NF-B signaling to 

promote cellular survival and inflammation [272-275]. When RIPK1 is deubiquitinated 
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and caspase 8 is active, RIPK1 forms the ripoptosome (complex IIa) containing Fas-

associated death domain (FADD), cellular FLICE-like inhibitory protein (cFLIP), and 

caspase 8 to activate the caspase cascade and execute RIPK1-dependent apoptosis [271, 

276]. When RIPK1 is deubiquitinated and caspase 8 is inhibited, on the other hand, 

RIPK1 recruits RIPK3 via a homotypic RIP homology interaction motif (RHIM) domain 

to form the necrosome (complex IIb), leading the cell down the necroptosis death 

pathway [220, 271, 277]. RIPK1/RIPK3 oligomerization into an amyloid-like structure 

results in autophosphorylation and activation of RIPK3 [264, 265]. Active RIPK3 

phosphorylates mixed lineage kinase domain-like pseudokinase (MLKL), the executioner 

kinase of necroptosis, resulting in MLKL oligomerization and translocation to the plasma 

membrane, where it triggers membrane permeabilization and ultimately causes 

inflammatory cell death [220, 278-281].  

The mechanism of necroptosis does not always follow the linear sequence of 

RIPK1, RIPK3, and MLKL activation. The most significant challenge to the canonical 

view of necroptosis is the discovery that RIPK1 may be dispensable for necroptosis. Toll-

like receptors (TLRs) and TIR domain-containing adaptor-inducing interferon-b (TRIF) 

have been reported to directly activate RIPK3 independent of RIPK1 [282, 283]. DNA-

dependent activator of IRFs (DAI/ZBP1), an intracellular nucleotide sensor, has also 

been shown to directly bind to RIPK3 through a RHIM interaction, bypassing both 

RIPK1 and the initial death receptor signal [284]. Further complicating the role of RIPK1 

is the finding that although chemical inhibition of RIPK1 inhibits TNF-induced 

necroptosis, genetic knockout of RIPK1 contrarily promotes necroptosis [285-287]. 

RIPK3 and MLKL, however, do both appear to be essential for necroptosis [220, 287].  
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Figure 7. Necroptosis pathway. Necroptosis is canonically initiated by activation of a death 
receptor, usually a member of the TNF receptor family. Receptor activation leads to assembly of 
a signaling complex at the plasma membrane. This complex includes TRADD, RIPK1, TRAF, 
and cIAPs and it acts as a nexus that can direct the cell towards multiple different outcomes. 
When RIPK1 is ubiquitinated by cIAPs, RIPK1 is degraded and the complex activates NF-kB, 
leading to cellular survival. When RIPK1 is deubiquinated, a complex called the ripoptosome is 
formed. If caspase 8 is active, the ripoptosome is degraded and the cell follows the extrinsic 
apoptotic pathway to cell death. If caspase 8 cleavage is inhibited, by cFLIP for example, the 
complex recruits RIPK3 to become the necrosome. RIPK1 and RIPK3 subsequently oligomerize 
to form an amyloid-like structure that results in autophosphorylation of RIPK3, leading to 
recruitment, phosphorylation, and oligomerization of MLKL, the so-called executioner kinase of 
necroptosis. Active MLKL translocates to the plasma membrane where it creates perforations, 
causing necroptotic cell death. Necroptosis can alternatively occur via a RIPK1-independent 
mechanism through direct activation of RIPK3 by the cytoplasmic nucleotide sensor DAI/ZBP1 
or by TLRs. 
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Necroptosis opens up a “trapdoor” pathway through which cells that have 

received a death signal but have a restriction on apoptosis, whether through a cellular 

deficiency or through pathogen interference, can still execute regulated cell death. 

However, not all cell lines are capable of undergoing necroptosis. Out of the large 

collection of cancer cell lines in existence, only a small selection of cell lines spanning 

multiple common cancer types have been shown to be sensitive to necroptotic stimuli 

[288]. Fibroblasts are unable to undergo necroptosis unless transduced to express RIPK3 

[289]. Interestingly, colorectal carcinoma cell lines, hematopoietic cancer cell lines, and 

primary peripheral blood monocytes appear to be the most responsive to necroptotic 

stimuli [288, 290].  

HCMV and Necroptosis  

 Necroptosis is one of the many death pathways that a cell can activate as a 

defense response to viral infection, including during infection with CMV. In mice, 

MCMV has been shown to activate the nucleotide sensor protein DAI/ZBP1 during 

infection [284]. Active DAI/ZBP1 can directly interact with RIPK3 to induce necroptosis 

[284]. Although this finding has not been recapitulated with HCMV, it does suggest that 

HCMV may be able to activate a similar pathway, albeit through a different mechanism. 

HCMV glycoproteins gB and gH are known to bind TLR2 on the cell surface during viral 

entry [291, 292]. Ligand binding to TLRs is one of the death signals that can initiate 

necroptosis in a RIPK1-independent, RIPK3-dependent manner [282, 283].  

 During the extensive history of co-evolution between HCMV and the human host, 

however, HCMV has developed its own mechanisms to block necroptosis. Expression of 

the death receptors that trigger necroptosis are among the targets of viral modulation. 
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HCMV has been shown to downregulate cell surface expression of TRAIL death 

receptors in infected fibroblasts and epithelial cells via glycoprotein UL141-mediated 

intracellular retention of TRAIL-R [293]. Another death receptor implicated in 

necroptosis, TNFR1, has also been reported to be downregulated on the cell surface 

during HCMV infection in monocytic THP-1 cells [294]. However, some of the virus’s 

efforts to block cell death through apoptosis may actually sensitize the cell to undergo 

necroptosis. Viral inhibitor of caspase-8 activation (vICA), a virally encoded 

antiapoptotic protein, inhibits cleavage and activation of caspase 8, a prerequisite step for 

necroptosis. The virus has accordingly evolved mechanisms to block necroptosis. Viral 

inhibitor of RIP activation (vIRA), encoded by MCMV gene M45, contains a RHIM 

domain and prevents activation of RIPK3. M45 has not only been found to be protective 

against TNF- or Fas-mediated necroptosis, but is also essential for MCMV replication. 

Other members of the herpesvirus family, including HSV-1, HSV-2, and VZV, also 

encode RHIM-dependent inhibitors of necroptosis [295, 296]. When RIPK3-expressing 

human fibroblasts are infected with MCMV, necroptosis is inhibited in M45-dependent 

fashion despite the cells being nonpermissive to the virus due to species specificity [289]. 

HCMV encodes an M45 homolog, UL45, but it lacks a RHIM domain, suggesting that it 

may be defunct at blocking necroptosis [297]. Interestingly, HCMV has been found to 

block TNF-induced necroptosis after RIPK3 and MLKL activation via UL36-mediated 

degradation of MLKL, a mechanism distinct from the competitive RHIM-signaling 

strategy used by MCMV and HSV [289, 298]. UL36 is an immediate early gene that 

encodes vICA, suggesting a dual role for the protein in inhibiting apoptosis and 

necroptosis [298]. 
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 In monocytes, HCMV has been demonstrated to block apoptosis through 

inactivation of caspase 8 in the absence of expression of viral lytic genes, i.e. vICA. 

Instead, HCMV must inactivate caspase 8 activity through modulation of host proteins, 

such as cFLIP. cFLIP is upregulated in monocytes during HCMV infection and is known 

to inhibit caspase 8 cleavage [218]. This HCMV-induced inhibition of caspase 8 

activation results in the infected monocyte getting shunted to the trapdoor necroptosis 

pathway as a cellular defense response. Indeed, RIPK3 becomes phosphorylated in the 

HCMV-infected monocytes, but necroptosis encounters a block that prevents the final 

executioner kinase MLKL from becoming activated [299]. This last-minute inhibition of 

necroptosis is dependent on a rapid induction of AMPK and cellular autophagy 

stimulated by the virus [299]. In accord, inhibition of autophagy allows MLKL to 

become activated, allowing the infected monocyte to move forward with necroptosis 

[299]. Thus, even in the absence of viral protein expression, HCMV has developed 

mechanisms to counteract the cell’s defensive death responses at each step in the closely 

intertwined evolutionary dance between virus and host. 

 

Unanswered Questions 

Viral stimulation of cellular survival factors in peripheral blood monocytes is a crucial 

element of HCMV’s dissemination strategy. Previous studies from our group have shown 

that HCMV infection inhibits programmed cell death by both apoptosis and necroptosis 

in monocytes. One of the key proteins that HCMV infection upregulates to counteract 

apoptosis is Mcl-1. Although Mcl-1 is known to act as an antiapoptotic factor with high 

binding affinities for certain proapoptotic BH3-only proteins of the Bcl-2 family, the 
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specific protein-protein interactions at play in monocytes during HCMV infection are 

unknown. HCMV neutralizes the infected monocyte’s pursuit of necroptosis, a trapdoor 

death pathway, by enhancing cellular autophagy. Binding of HCMV induces a 

noncanonical activation of Akt, a serine/threonine kinase that traditionally acts as a 

negative regulator of autophagy. The unique HCMV-induced activation of Akt has been 

shown to engender a virus-specific, antiapoptotic transcriptional profile, but the effects 

that the unique Akt activation may have on other downstream cellular functions, such as 

autophagy, have not yet been examined. Overall, gaining a greater understanding of the 

antiapoptotic and antinecroptotic mechanisms employed by HCMV during quiescent 

infection will provide insight into how the virus manipulates host survival pathways and 

how we, in turn, can develop novel antivirals to combat it.  
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Thesis Outline 

Current antiviral therapies for HCMV only target active viral replication, 

rendering them ineffective against cells in which the virus remains quiescent, such as 

peripheral blood monocytes. Cellular survival factors induced by infection present as 

promising targets for host-directed antivirals because they may possess efficacy against 

dormant stages of the viral life cycle, with the additional advantages of broad-spectrum 

antiviral activity and a low risk of drug resistance.  

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

the mechanisms by which HCMV subverts programmed death pathways in infected 

monocytes by inducing host survival factors. Our central hypothesis is that by targeting 

host proteins that are critical for HCMV’s induction of monocyte survival pathways, we 

will reduce the viability of quiescently infected monocytes and ultimately reduce 

systemic viral dissemination. Chapter 2 examines the role of the cellular deacetylase Sirt2 

in the regulation of apoptosis and necroptosis, and tests inhibitors of Sirt2 for antiviral 

activity against infected monocytes. Chapter 3 tests the efficacy of inhibitors for the 

antiapoptotic Bcl-2 family member Mcl-1 in HCMV-infected monocytes and in an 

HCMV-infected skin organ culture model as a potential host-directed antiviral strategy to 

restrict viral dissemination. Finally, Chapter 4 discusses the overall findings of our 

studies, considers remaining questions in the field, and proposes future directions. 
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Chapter II: Inhibition of Sirt2 promotes death of HCMV-infected 

peripheral blood monocytes via both the apoptotic and necroptotic 

pathways   



 74 

Abstract 

Peripheral blood monocytes are the cells predominantly responsible for systemic 

dissemination of human cytomegalovirus (HCMV) and a significant cause of morbidity 

and mortality in immunocompromised patients. HCMV establishes silent/quiescent 

infections in monocytes, which is defined by the lack of viral replication and lytic gene 

expression. The absence of replication shields the virus within infected monocytes from 

the current available antiviral drugs that are designed to suppress active replication. Our 

previous work has shown that HCMV stimulates a noncanonical phosphorylation of Akt 

and the subsequent upregulation of a distinct subset of prosurvival proteins in normally 

short-lived monocytes. In this study, we found that Sirt2 activity is required for the 

unique activation profile of Akt induced within HCMV-infected monocytes. Importantly, 

both therapeutic and prophylactic treatment with Sirt2 inhibitors promoted death of 

infected monocytes via both the apoptotic and necroptotic cell death pathways. 

Mechanistically, Sirt2 inhibition reduced expression of Mcl-1, an Akt-dependent 

antiapoptotic Bcl-2 family member, and enhanced activation of MLKL, the executioner 

kinase of necroptosis. We have previously reported HCMV to block necroptosis by 

stimulating cellular autophagy. Here, we additionally demonstrate that inhibition of Sirt2 

suppressed Akt-dependent HCMV-induced autophagy leading to necroptosis of infected 

monocytes. Overall, our data show that Sirt2 inhibitors have the capacity to 

simultaneously promote death of quiescently infected monocytes by two distinct death 

pathways, apoptosis and necroptosis, which may be vital for limiting viral dissemination 

to peripheral organs in immunosuppressed patients.           
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Introduction 

Human cytomegalovirus (HCMV) is a member of the Herpesviridae family of 

viruses with seropositivity rates ranging from 40-100% in adults worldwide [1, 2]. 

HCMV infection is typically asymptomatic in immunocompetent individuals but can 

cause mononucleosis-like symptoms in some cases [3]. HCMV is also linked to various 

inflammatory conditions, such as atherosclerosis, and certain cancers, including breast 

cancer and glioblastomas [4-7]. In immunocompromised patients, however, HCMV is a 

significant cause of morbidity and mortality [8]. Due to the immunosuppression 

necessary to prevent organ rejection, patients receiving bone marrow or solid organ 

transplants are among the most vulnerable to severe HCMV disease. HCMV is the most 

common viral opportunistic infection following hematopoietic stem cell and solid organ 

transplants, with disease incidence reaching 50-75% of lung transplant and 50% of 

kidney transplant recipients [9, 10]. In these vulnerable patient populations, HCMV can 

spread to and trigger inflammation in many diverse organ systems, including the lungs, 

brain, esophagus, intestines, and eyes, potentially leading to multi-organ failure, organ 

rejection, or even death [10]. Preventing systemic dissemination of the virus is an integral 

component to relieving the disease burden caused by HCMV.  

During acute HCMV infection, monocytes are the key cells that mediate systemic 

dissemination [11-14]. HCMV establishes a quiescent infection in monocytes, during 

which no viral lytic genes are expressed and productive viral replication is stalled [15-

20]. Subsequently, the virus uses monocytes as “Trojan horses” to disseminate 

throughout the body while evading the immune system [21]. Upon extravasation into 

tissues, infected monocytes differentiation into long-lived, replication-permissive 
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macrophages allowing for infection of organs [14, 22-26]. This viral dissemination 

strategy limits the effectiveness of current HCMV antivirals. At present, the limited 

repertoire of antiviral therapeutics approved for HCMV—ganciclovir, valganciclovir, 

cidofovir, foscarnet, letermovir, and maribavir—all exclusively block the lytic phase of 

HCMV’s lifecycle and are unable to target quiescently infected monocytes to prevent 

spread [27-32]. Consequently, while prophylactic and pre-emptive use of HCMV 

antivirals has dramatically reduced the incidence of early HCMV disease, rebound 

infection and late-onset disease remains a significant issue once antiviral therapy has 

been discontinued in organ transplant recipients [33]. In addition, severe drug-associated 

toxicities from long-term use of HCMV antivirals and the rise of drug-resistant HCMV 

strains have further increased the need for novel antiviral therapies to reduce the disease 

burden of HCMV [29, 34, 35]. One promising avenue of drug development is the 

targeting of host proteins modulated by HCMV infection and vital to the survival of 

infected cells.  

A key biological hurdle that HCMV must overcome is extending the normally 

short-lived 48-72 h lifespan of monocytes without the support of lytic viral antiapoptotic 

proteins [36, 37]. Apoptosis is the major pathway through which surveilling monocytes 

are programmed to die after entering circulation from the bone marrow in the absence of 

differentiation stimuli [38]. HCMV rapidly blocks the intrinsic biological programming 

of monocytes to undergo apoptosis [39-45]. HCMV-induced antiapoptotic mechanisms 

triggered within infected monocytes occur through binding of viral glycoproteins to host 

cellular receptors [39, 42, 46-48]. The distinct receptor combination and subsequent 

kinetics of activation following engagement of the virion to the cell surface initiates a 
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noncanonical PI3K/Akt signaling cascade, which leads to the preferential 

phosphorylation of Akt at residue S473 [40, 46]. This unique Akt phosphorylation 

signature mediates an HCMV-specific transcriptional and translational profile, leading to 

the upregulation of a distinct subset of antiapoptotic proteins necessary for the survival of 

HCMV-infected monocytes [39-43]. However, once apoptosis is inhibited, infected 

monocytes initiate necroptosis, a “trapdoor” cell death pathway as an antiviral 

countermeasure [49], which can be rapidly suppressed by HCMV in monocytes [50], and 

in other cell types [51]. Akt is a known regulator of necroptosis and in certain cases is 

required for its suppression [52, 53]. Together, these studies suggest that targeting the 

Akt pathway could prevent HCMV from impeding both apoptosis and necroptosis, thus 

destining infected monocytes for cell death. 

Sirtuins (Sirt) are a family of seven evolutionarily conserved NAD+-dependent 

deacylases and have been implicated to play roles in both apoptosis and necroptosis [54-

58]. Sirtuins modulate Akt activity by deacetylating the pleckstrin homology (PH) 

domain of Akt, permitting its binding to PI(3,4,5)P3 at the cell membrane and its 

subsequent phosphorylation [59-61]. Sirt2, the predominantly cytoplasmic member of the 

sirtuin family, has previously been found to bind to and is required for full activation of 

Akt [62, 63]. Deacetylation of Akt by Sirt2 may be a prerequisite before HCMV can 

impart its unique phosphorylation pattern on Akt. Here we show that inhibition of Sirt2 

using novel small-molecule inhibitors leads to the death of HCMV-infected monocytes 

via both the apoptotic and necroptotic pathways. The novel Sirt2 inhibitors exerted their 

proapoptotic effect through the Akt pathway by blocking HCMV-induced S473 Akt 

phosphorylation and preventing the downstream upregulation of Mcl-1. Concurrently, 
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Sirt2 inhibition led to increased activation of MLKL, the executioner kinase of 

necroptosis, following HCMV infection. Taken together, these data support Sirt2 

inhibition as a new strategy through which HCMV-infected monocytes can be eliminated 

by simultaneously counteracting virus-induced antiapoptotic and antinecroptotic 

mechanisms.  

 

Materials and Methods 

Human peripheral blood monocyte isolation and culture 

Isolation of human peripheral blood monocytes was performed as previously 

described [14, 39, 64]. Blood was drawn from voluntary random donors by venipuncture, 

diluted in RPMI-1640 media (ATCC, Manassas, VA), and centrifuged through Ficoll-

Paque cell separation medium (Cytiva, Uppsala, Sweden) 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% and 48.6%). More than 95% of isolated peripheral blood 

mononuclear cells were monocytes, as determined by CD14+ or CD16+ staining. The 

cells were washed with saline, resuspended in RPMI-1640 medium, and counted. All 

experiments were performed in 0% to 0.5% human serum at 37°C in a 5% CO2 

incubator, unless otherwise stated. SUNY Upstate Medical 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: FLS-359 and FLSX-008 (Sirt2 
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inhibitors from Evrys Bio) and UM-116 (an Mcl-1 inhibitor from the Nikolovska-

Coleska lab). 

Virus preparation and infection  

Human embryonic lung (HEL) 299 fibroblasts (CCL-137; American Type Culture 

Collection, Manassas, VA) were cultured in Dulbecco modified Eagle medium (DMEM) 

(Corning, Manassas, VA) with 100 U/mL Penicillin and 100 μg/mL Streptomycin (Life 

Technologies, Carlsbad, CA), 2.5 μg/mL Plasmocin (Invivogen, San Diego, CA), and 

10% fetal bovine serum (FBS) (Sigma). Upon reaching confluence, the fibroblasts were 

infected with HCMV (strain TB40/E) in DMEM supplemented with 4% FBS. Virus was 

purified from the 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. Mock infection was 

performed by adding an equivalent volume of RPMI-1640 medium to monocytes.  

Flow cytometry 

Monocytes were washed in phosphate-buffered saline (PBS) and stained with 

fluorescein isothiocyanate (FITC)-annexin V (Life Technologies) and propidium iodide 

(PI) stain (Life Technologies) 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 both cells in the early stages of apoptosis 

(decreased FSC and increased SSC compared to those for viable cells) and cells in the 

late stages of apoptosis (decreased FSC and decreased SSC compared to those of viable 

cells). 
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Sulforhodamine B (SRB) cytotoxicity assay 

Monocytes were plated in 96-well plates and cultured in RPMI-1640 media 

supplemented with 0.1% human serum. Cytotoxicity was measured using a 

Sulforhodamine B assay (Abcam, Cambridge, UK). Briefly, the monocytes were fixed 

for 1 h at 4°C, the wells were gently washed 3 times with dH2O, and the adherent cells 

were stained with SRB staining solution for 15 min protected from light. The stain was 

removed and the wells were washed 4 times with washing solution. The protein-bound 

dye was solubilized with solubilization solution and the absorbance was measured at 565 

nm.  

Western blot analysis 

Monocytes were harvested in a modified radioimmunoprecipitation assay (RIPA) 

buffer (50 mM Tris-HCl [pH 7.5], 5 mM EDTA, 100 mM NaCl, 1% Triton X-100, 0.1% 

SDS, 10% glycerol) supplemented with protease inhibitor cocktail (Sigma) and 

phosphatase inhibitor cocktails 2 and 3 (Sigma) for 30 min on ice. The lysates were 

cleared from the cell debris by centrifugation at 4°C (5 min, 21130 × g) and stored at –

20°C until further analysis. Protein samples were solubilized in Laemmli SDS-sample 

nonreducing (6×) buffer (Boston Bioproducts, Boston, MA) supplemented with β-

mercaptoethanol (Amresco, Solon, OH) by incubating at 95°C for 10 min. Equal amounts 

of total protein from each sample were loaded in each well, separated by SDS-

polyacrylamide gel electrophoresis, and transferred to polyvinylidene difluoride 

membranes (Bio-Rad, Hercules, CA). Blots were blocked in 5% bovine serum albumin 

(BSA) (Fisher Scientific, Waltham, MA) for 1 h at room temperature (RT) and then 

incubated with primary antibodies overnight at 4°C. The following antibodies were used: 
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anti-Akt, anti-phospho (p)-Akt (S473), anti-p-Akt (T308), anti-Mcl-1, anti-RIP3, anti-p-

RIP3, anti-MLKL, anti-p-MLKL, and anti-LC3 antibodies (Cell Signaling, Danvers, 

MA). The blots were then incubated with horseradish peroxidase (HRP)-conjugated 

secondary antibodies (Cell Signaling), and chemiluminescence was detected using the 

Amersham ECL Prime Western Blotting Detection reagent (GE Healthcare). 

Immunoprecipitation 

Monocytes were pretreated with Mcl-1 inhibitor or DMSO vehicle for 1 h, and 

then infected with HCMV for 24 h. Monocyte lysates were harvested in NP-40 lysis 

buffer (1 mM DTT, 50 mM Tris-HCl [pH 7.4], 1 mM EDTA, 150 mM NaCl, 0.5% (v/v) 

NP-40) supplemented with protease inhibitor cocktail (Sigma-Aldrich) and phosphatase 

inhibitor cocktails 2 and 3 (Sigma-Aldrich) for 30 min on ice. The lysates were cleared 

from the cell debris by centrifugation at 4°C (5 min, 21130 × g). Input controls were 

collected and stored at –20°C until further analysis. Lysates equivalent to 160 μg of total 

protein were incubated with 2 μg of antibody recognizing Mcl-1 (Invitrogen, Waltham, 

MA) or IgG isotype controls (Santa Cruz, Dallas, TX) overnight at 4°C. Dynabeads 

protein G (Invitrogen) were added to the lysates and incubated at 4°C for 4 h. The protein 

G beads with bound protein complexes were magnetically separated and washed with 

lysis buffer, followed by elution of the protein complexes. The samples were then 

prepared for SDS-polyacrylamide gel electrophoresis and analyzed by Western blot 

analysis. 

Immunofluorescence  

Cell monolayers plated in glass-bottom plates were fixed for 15 min in 4% 

paraformaldehyde (PFA) (Sigma) in PBS, and then washed three times with PBS. Cell 
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permeabilization and blocking of nonspecific binding were performed by incubating the 

cells with 0.1% Triton X-100, 5% BSA, and 1:10 FcR blocking reagent (Miltenyi, 

Bergisch Gladbach, Germany) in PBS for 30 min at room temperature. The cells were 

then incubated overnight at 4°C in a humidified chamber with an anti-LC3 antibody (Cell 

Signaling). Cells were washed in PBS and then incubated with an anti-rabbit secondary 

antibody conjugated to Alexa Fluor 488 for 1 h, protected from light. Cells were washed 

in PBS and then incubated with Hoechst 33342 nuclear stain (Thermo Fisher) for 10 min 

before being analyzed on a Nikon Eclipse Ti80 epifluorescence microscope (Nikon, 

Melville, NY). Digitized images were resized, organized, thresholded, and labeled using 

ImageJ software, an open Java-based image processing program developed at the 

National Institutes of Health. Puncta per cell were counted from at least 30 unique cells 

per donor per treatment. The mean puncta per cell was then calculated. 

Statistical analysis  

All experiments were performed independently a minimum of 3 times using 

primary monocytes isolated from different blood donors. Survival data sets obtained from 

primary monocytes inherently have substantial variation due to donor variability. 

Consequently, data are displayed as matched experimental data points from individual 

donors in a side-by-side comparison. Data were analyzed using a two-way Student’s t test 

comparison or two-way ANOVA with GraphPad Prism software. Data were expressed as 

the mean ± the standard error of the mean (SEM) and were analyzed with Prism software 

(GraphPad) by using a two-way Student’s t test comparison. P values of less than 0.05 

were considered statistically significant. 
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Results 

Inhibition of Sirt2 results in enhanced death of HCMV-infected monocytes 

HCMV induces the survival of infected monocytes in the absence of viral protein 

expression via viral glycoproteins binding to cellular surface receptors [39-44, 46, 65]. 

This interaction triggers a noncanonical activation of the Akt signaling pathway, 

stimulating a preferential phosphorylation of Akt at S473 that is distinct from the 

T308/S473 phosphorylation ratio induced by normal myeloid growth factors and 

eventually leading to the upregulation of a unique subset of cellular antiapoptotic proteins 

[39-42, 46, 66]. Sirt2 has been previously shown to bind to and enhance the activation of 

Akt [62]. HCMV infection increases expression of Sirt2 protein relative to mock 

infection at 24 hpi, suggesting Sirt2 may play a role in Akt activation with HCMV-

infected monocytes (Fig. 1A, B). FLS-359 and FLSX-008 are two novel, selective small-

molecule inhibitors of Sirt2 [67]. FLS-359 is a selective allosteric inhibitor of Sirt2 with a 

half maximal inhibitory concentration (IC50) of 3.3 µM, compared to IC50 values greater 

than 100 µM for Sirt1 and Sirt3 [67]. FLSX-008 is another Sirt2 inhibitor tool compound 

from the same compound library as FLS-359. We sought to investigate the role of Sirt2 in 

attenuating the unique Akt activity induced by HCMV following infection of peripheral 

blood monocytes. We found that prophylactic treatment with the Sirt2 inhibitors 

attenuated the HCMV-induced Akt phosphorylation at S473 (Fig. 1C, D). HCMV 

infection did not stimulate T308 Akt phosphorylation, consistent with our previous 

findings, and the Sirt2 inhibitors had no effect on basal levels. To examine whether Sirt2-

mediated Akt activation is necessary for the survival of infected cells, an SRB assay for 

screening cytotoxicity was performed. Monocytes were infected with HCMV 
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immediately post-isolation from peripheral blood and were treated with either one of the 

novel Sirt2 inhibitors (FLS-359 and FLSX-008) or with a vehicle control at 1 dpi (day 

post-infection), when infected monocytes exhibit maximum viability. At 3 dpi, we 

observed a significant increase in cytotoxicity in the HCMV-infected cells treated with 

the Sirt2 inhibitors accompanied by minimal death of uninfected cells (Fig. 1E). Our SRB 

screen suggests that inhibiting Sirt2 may potentially be a viable antiviral approach in the 

selective targeting of quiescently infected monocytes. 

 

Sirt2 inhibition leads to monocyte cell death via both the apoptotic and necroptotic 

pathways   

For peripheral blood monocytes, apoptosis is the primary death pathway that the 

cells are programmed to follow after 48 h in circulation in the absence of differentiation 

stimuli [36, 38]. When apoptosis is blocked, the monocyte can pursue necroptosis as a 

“trapdoor” death pathway [50, 68-70]. However, HCMV is able to block both of these 

pathways to ensure survival of the infected cells needed for systemic dissemination of the 

virus [39-45, 68]. Thus, we asked which pathway the Sirt2 inhibitors were acting through 

to promote death of infected monocytes. Using AV as a marker of apoptosis and PI as a 

marker for cell death, flow cytometry was used to determine overall monocyte viability, 

as well as to differentiate between apoptotic and necroptotic cells. The inhibitors were 

first tested as a therapeutic treatment administered in infected monocytes at 24 hpi (hours 

post-infection). Sirt2 inhibitor treatment given after infection shifted cells from the live 

cell population (AV negative, PI negative) to both the “apoptotic” (AV positive, PI 

negative) and “necroptotic” (AV negative, PI positive) gates (Fig. 2A-D). With treatment 
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post-infection, there was a reduction of ~30% of live infected cells in the presence of 

FLS-359 and FLSX-008 relative to the vehicle-treated control, indicating Sirt2 is 

necessary for the survival of HCMV-infected monocytes (Fig. 2B). Although uninfected 

cells appear to have some sensitivity to death induced by Sirt2 inhibition, the decrease in 

viability was highly variable and not statistically significant, which is likely due to the 

uninfected monocytes already undergoing apoptosis in the absence of infection or 

activation stimuli (Fig. 2A). Consistent with the decrease in viability of infected 

monocytes, FLS-359 and FLSX-008 induced a ~ 1.4-fold increase of apoptotic cells and 

a ~2.3-fold increase of necroptotic cells (Fig. 2D). There was no significant effect on the 

levels of apoptosis or necroptosis of the mock-infected cells with Sirt2 inhibition (Fig. 

2B-D). These data indicate that infected monocytes are susceptible to both apoptosis and 

necroptosis following therapeutic treatment with Sirt2 inhibitors. To validate that both 

apoptotic and necroptotic pathways are being activated in HCMV-infected monocytes 

treated with Sirt2 inhibitors, we treated infected monocytes with UM-116 (an inhibitor of 

Mcl-1) as a control for stimulation of only the apoptotic pathway. Mcl-1 binds and 

sequesters proapoptotic members of the Bcl-2 family of proteins, preventing the 

proapoptotic effector proteins from oligomerizing and forming pores in the mitochondrial 

outer membrane [71, 72]. UM-116 inhibits Mcl-1 by binding to Mcl-1, blocking it from 

interacting with the proapoptotic protein Bak (Fig 3). A viability study after treatment 

with UM-116 confirmed that inhibiting an antiapoptotic protein stimulated loss of 

viability strictly though the apoptosis pathway without a significant increase in 

necroptosis (Fig. 4). Next, we examined the effects of prophylactic treatment of the Sirt2 

inhibitors on the viability of infected monocytes. Prophylactic Sirt2 inhibitor treatment 
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reduced the frequency of live infected cells by ~40% (Fig. 5A). Concomitantly, FLS-359 

and FLSX-008 increased the levels apoptotic infected cells by ~1.5-fold and necroptotic 

cells by ~2.2-fold (Fig. 5B, C). Prophylactic treatment with the Sirt2 inhibitors did not 

increase apoptosis but did increase necroptosis in the mock-infected cells. The 

differential enhancement of necroptosis but not apoptosis with Sirt2 inhibition in the 

mock-infected monocytes may be due to the monocytes already undergoing apoptosis as 

part of their intrinsic programming, whereas the inhibitors may provide a signal to trigger 

necroptosis given longer treatment periods. Taken together, our data indicate that Sirt2 

inhibition may be a way to uniquely target HCMV-infected monocytes for cell death by 

stimulating both the apoptotic and necroptotic pathways simultaneously, an important 

feature that may make targeting Sirt2 a more effective antiviral approach than targeting 

individual players in either death pathway, such as Mcl-1. 

 

Sirt2 is involved in the regulation of both apoptotic and necroptotic proteins 

Engagement of HCMV glycoproteins to cellular receptors modulates the 

phosphorylation ratio between Akt residues S473 and T308, which is known to regulate 

Akt substrate specificity to increase select prosurvival proteins and the subsequent 

survival of infected monocytes [39, 40, 42, 43, 46-48, 66]. Mcl-1 is a critical Akt-

dependent antiapoptotic protein that is upregulated following HCMV infection to a much 

greater extent than with treatment with myeloid growth factors [39, 41, 42, 45]. 

Consequently, we examined whether Sirt2 inhibitors might be exerting their proapoptotic 

effect on infected monocytes by preventing the Akt-dependent upregulation of Mcl-1. As 

expected, HCMV infection increased Mcl-1 expression. However, treatment with FLS-
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359 and FLSX-008 dramatically reduced the expression of Mcl-1 in HCMV-infected 

monocytes to levels observed in mock-infected cells (Fig. 6A, B). This abrogation of 

Mcl-1 expression suggests that Sirt2 inhibition may relieve the block on apoptosis in 

infected monocytes by preventing HCMV’s Akt-dependent upregulation of Mcl-1.  

HCMV’s circumvention of apoptosis results in inactivation of caspase 8, which 

then prompts infected monocytes to initiate necroptosis [50, 68]. Necroptosis is 

dependent on the sequential activation of RIPK1, RIPK3, and ultimately MLKL. MLKL 

acts as the final executioner kinase of the necroptosis pathway by undergoing 

phosphorylation, oligomerizing, and translocating to form pores in the plasma membrane 

[50, 73]. We have previously shown HCMV to stimulate cellular autophagy to block 

necroptosis between RIPK3 activation and the final MLKL activation steps, ensuring 

survival of the infected monocytes [68]. Since our data suggests Sirt2 inhibition leads to 

necroptosis, we examined if Sirt2 inhibition circumvents the blockage between RIPK3 

and MLKL within infected monocytes. We confirmed that HCMV infection alone 

induced activation of RIPK3 relative to mock infection, indicating that infected 

monocytes have initiated the early steps of necroptosis (Fig. 6C, D). However, Sirt2 

inhibition has no effect on RIPK3 activation in the context of infection, suggesting that 

the pro-necroptotic effect observed with the Sirt2 inhibitors occurs downstream of 

RIPK3. Indeed, treatment with the Sirt2 inhibitors FLS-359 and FLSX-008 enhanced the 

phosphorylation of MLKL in HCMV-infected monocytes at 24 hpi without significantly 

affecting phosphorylation levels in mock-infected cells (Fig. 6E, F). Our data here 

supports a role for Sirt2 in the regulation of apoptosis, via Akt-dependent expression of 

Mcl-1, and of necroptosis, via regulation of MLKL activation, during HCMV infection.  
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Stimulation of cellular autophagy during HCMV infection is mediated by activation 

of Akt 

In the process of blocking apoptosis by inhibiting procaspase 8 cleavage, HCMV 

triggers the initiation of necroptosis as a secondary cellular defense response in 

monocytes. Our group has previously reported that HCMV infection stimulates the 

necroptotic pathway through RIPK3 phosphorylation, but concomitant induction of 

cellular autophagy prevents activation of MLKL and the subsequent execution of 

necroptosis [68]. We observed that Sirt2 inhibition promotes MLKL activation without 

affecting RIPK3 activity, thus we sought to determine whether reducing autophagy is the 

mechanism through which the Sirt2 inhibitors relieve the block on necroptosis. After 

treating monocytes with Sirt2 inhibitors for 1 h and then infecting with HCMV for 2 h, 

we performed immunofluorescence analysis of LC3-II, a cytoplasmic protein that is 

lipidated and localized to autophagosomes during their maturation [74]. HCMV infection 

increased the mean number of puncta per cell by 85% relative to mock infection. Sirt2 

inhibition with FLS-359 and FLSX-008 resulted in a 37.5% and 40.5% reduction of LC3-

II puncta per cell, respectively, compared to the infected vehicle control, suggesting 

suppression of autophagy (Fig. 7A, B). Due to the central role that HCMV’s unique 

activation of Akt plays in survival and many other cellular functions, we examined 

whether Sirt2’s regulatory role in autophagy could be mediated by Akt. Treatment with 

MK2206, an inhibitor of Akt, reduced the average number of LC3-II puncta per cell by 

41.1%, mirroring treatment with the Sirt2 inhibitors (Fig. 7A, D). Taken together, our 

data suggest that the unique activation of Akt by HCMV enhances cellular autophagy and 
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by preventing Akt activation, Sirt2 inhibition diminishes autophagy resulting in 

necroptotic death of infected monocytes. 

 

Discussion 

Monocytes are a key cell population responsible for hematogenous dissemination 

of HCMV, despite not being permissive to viral replication and having a normally short 

48 h lifespan [11-13, 37]. HCMV has evolved several mechanisms to prolong the 

survival of infected monocytes allowing for the differentiation of infected cells into 

replication permissive macrophages [14, 42]. The primary route through which 

monocytes are programmed to die is apoptosis, which can be accelerated as part of an 

intrinsic antiviral defense response against the virus [38, 75]. Monocytes also possess the 

molecular machinery necessary to shift course to an alternative antiviral cell death 

response pathway called necroptosis if apoptosis is impeded during a virus infection [68, 

69]. Through long co-evolution with humans, HCMV has developed mechanisms 

independent of de novo synthesized viral proteins in order to counteract cell death 

pathways during infection of monocytes. In this study, we demonstrate that HCMV 

utilizes the cellular deacetylase Sirt2 to simultaneously block both the apoptotic and 

necroptotic death pathways during a quiescent infection of monocytes.  

In our proposed model, Sirt2 acts as a central regulator of both apoptosis and 

necroptosis through modulation of Akt activity following HCMV infection of monocytes 

(Fig. 8). HCMV infection aberrantly modifies cellular signaling pathways in a manner 

reminiscent of cancer, with the PI3K/Akt pathway being a central pathway altered by the 

virus [18, 24, 39, 40, 43, 46, 76-79]. Under canonical stimulation by normal myeloid 
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growth factors, Akt is dually phosphorylated at residues S463 and T308 [80]. In contrast, 

binding of HCMV glycoproteins to cellular receptors initiates a signaling cascade in 

monocytes that leads to a noncanonical Akt phosphorylation profile wherein S473 is 

preferentially phosphorylated [40, 43, 46], which also occurs in some cancers [81, 82]. 

SHIP1 normally acts as a negative regulator of Akt by opposing the action of PI3K, but 

in some transformed cells, SHIP1 amplifies Akt activity through the specific 

phosphorylation of S473 [77, 83]. We have previously shown a similar dysregulation of 

SHIP1 during HCMV infection of monocytes where HCMV upregulates SHIP1 

expression and upregulated SHIP1 acts as a positive regulator of Akt mediating the S473 

site-specific phosphorylation [40]. The distinct activation profile of Akt leads to a 

HCMV-specific transcriptomic landscape that includes the increased expression of a 

distinct subset of antiapoptotic proteins not upregulated during growth factor-induced 

signaling [40, 43, 46]. Here, we show HCMV-induced Sirt2 mediates deacetylation of 

Akt that permits HCMV’s unique glycoprotein-initiated signaling to reach Akt and 

impart a distinctive Akt activation profile. 

A primary function of HCMV-activated Akt is to prevent the intrinsic biological 

programming of monocytes to undergo apoptosis and the acceleration of apoptosis due to 

the initiation of antiviral defenses. The phosphorylation profile of Akt dictates its 

downstream substate specificity [66, 84] and we have found that the preferential 

phosphorylation of S473 leads to the upregulation of a unique milieu of antiapoptotic 

proteins, including Mcl-1, HSP27, and XIAP [23, 39, 41-43]. However, upon inhibition 

of apoptosis via blockage of procaspase 8 cleavage, the trapdoor cellular defensive death 

pathway necroptosis is opened [85]. We have shown infected monocytes initiate the early 
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steps of necroptosis involving the phosphorylation of RIPK3 [68]. However, HCMV 

rapidly blocks the progression of necroptosis preventing the activation of the final 

executioner protein MLKL [68]. Inhibition of MLKL, and therefore necroptosis, is 

dependent on the HCMV-induced stimulation of cellular autophagy [68]. Our current 

study now demonstrates that the HCMV-specific activation of Akt promotes autophagy 

and that preventing activation of Akt reduces HCMV-induced autophagy, leading to 

necroptosis. Based on Sirt2 acting as a gateway allowing HCMV glycoproteins to 

uniquely regulate Akt activity, our study supports the targeting of Sirt2 as a means of 

eliminating quiescently HCMV-infected monocytes via apoptosis and/or necroptosis. 

Our study also identifies an unusual relationship between HCMV-activated Akt 

and autophagy. Traditionally, Akt has an inhibitory role in the regulation of cellular 

autophagy. Akt is directly implicated as a negative regulator of autophagy via 

phosphorylation of Beclin 1, a component of the Beclin 1-Vsp34-Vsp15 autophagy 

nucleation core complex [86, 87]. Additionally, Akt is thought to negatively regulate 

autophagy through activation of mTOR [88-92], which we have shown to be rapidly 

activated in HCMV-infected monocytes following viral entry [42, 76]. Yet, we found a 

positive relationship between Akt and autophagy, as abrogating Akt activity via direct or 

Sirt2-mediated inhibition attenuated autophagy. Why HCMV-activated Akt has the 

opposite effect on autophagy remains unknown. It is clear that aberrant 

microenvironments, such as those during cancer or viral infections, can have profound 

effect on the cellular signaling network leading to atypical biological outcomes. For 

example, AMPK traditionally negatively regulates mTOR activity, however HCMV 

infection uncouples the AMPK-mTOR signaling axis allowing both AMPK and mTOR 
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to be activated simultaneously [42, 68, 76, 93-95]. Another instance is the conversion of 

SHIP1 from a negative to positive regulator of AKT during HCMV infection [40]. How 

HCMV modulates signaling and protein activities to allow Akt to promote autophagy 

during viral infection of monocytes is an important avenue of future studies. 

Overall, our study demonstrates the potential utility of targeting Sirt2 as an 

antiviral strategy. Targeting host proteins as an antiviral strategy offers several 

advantages over targeting viral proteins, including limiting drug resistance and the 

potential for broad-spectrum antiviral activity [96, 97]. The Sirt2 inhibitor FLS-359 

exhibits antiviral activity against a wide range of both DNA and RNA viruses [67]. 

Unlike knockout mouse models of the other members of the Sirtuin family, Sirt2 

knockout mice are viable without significant phenotypic abnormalities, suggesting its 

possible tolerability as a drug target [98, 99]. Accordingly, FLS-359 has been 

demonstrated to be well-tolerated in animal studies with no weight loss or adverse 

clinical signs [67]. Sirt2 inhibition has previously been shown to inhibit growth of 

HCMV during lytic infection in fibroblast cells [100, 101]. This study demonstrates that 

Sirt2 inhibition does not only inhibit HCMV lytic replication, but it also promotes death 

of quiescently infected monocytes. The lack of lytic viral protein expression in 

quiescently infected monocytes is an obstacle that has prevented all of the current direct-

targeted antivirals from being fully effective against HCMV. In the case of transplant 

recipients, although the current HCMV antivirals have been highly efficacious at 

reducing HCMV disease in the most vulnerable first few months immediately post-

transplantation, antiviral therapies must eventually be discontinued due to drug toxicities, 

leading to later rebound HCMV reactivation of virus from quiescently infected 



 93 

monocytes that have extravasated into peripheral organ tissue [33]. An ideal antiviral 

regimen would target the virus in both cells with active viral replication and cells that are 

silently harboring the virus during dissemination. Thus, the ability of a single Sirt2 

inhibitor to target both lytic and quiescent stages of the HCMV lifecycle could have 

major implications to prognosis of high-risk transplant recipients. 
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Figure 1. Inhibition of Sirt2 promotes death of HCMV-infected monocytes at 3 days post-
infection. 
(A&B) Primary monocytes were harvested from peripheral blood and mock-infected or 
HCMV-infected for 24 h. Expression levels of Sirt2 were determined by immunoblotting. 
Membranes were probed for β-actin as a loading control. (C&D) Monocytes treated with 5 μM 
FLS-359 or FLSX-008 (Sirt2 inhibitors) or DMSO (vehicle control) starting 1 h prior to 
infection, then were mock-infected or HCMV-infected for 24 h. Expression levels of Akt and 
p-Akt were determined by immunoblotting. (E) Primary monocytes were mock-infected or 
HCMV-infected for 72 h. Monocytes were treated with 5 uM FLS-359 or FLSX-008 or with 
DMSO at 1 dpi. Cells were fixed and stained at 3 dpi and the OD was measured at 565 nm for 
the SRB assay in duplicate or triplicate. The fold change in OD was normalized to the mock-
infected DMSO-treated control. Data are representative of 3-5 independent blood donors. *, p ≤ 
0.05. 
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Figure 2. Therapeutic treatment with Sirt2 inhibitors in infected monocytes increases 
both the percentages of cells dying by apoptosis and by necroptosis. 
(A-D) Monocytes were mock-infected or HCMV-infected for 48 h and subsequently treated 
with 5 μM FLS-359 or FLSX-008 (Sirt2 inhibitors) or DMSO (vehicle control) at 24 hpi. 
Monocytes were stained with Annexin V-FITC (AV) and propidium iodide (PI) and viability 
was analyzed by flow cytometry. Gates represent live (B), apoptotic (C), necroptotic (D), and 
late dead cell populations. (B-D) Red horizontal lines indicate the mean result of the 
independent experiments. Data are representative of 6 independent blood donors. **, p ≤ 0.01; 
*, p ≤ 0.05. 
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Figure 3. Mcl-1 inhibitor UM-116 blocks the interaction between Mcl-1 and Bak. 
Monocytes were treated with increasing concentrations of UM-116 (Mcl-1 inhibitor) or 
DMSO (vehicle control) for 1 h, followed by mock-infection or HCMV-infection for 24 h. 
Mcl-1 was immunoprecipitated using an anti-Mcl-1 antibody and the level of Bak bound to 
Mcl-1 was determined by immunoblotting. Membranes were probed for β-actin as a loading 
control for the input. Data are representative of at least 3 independent blood donors. 
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Figure 4. Mcl-1 inhibition only causes cell death by apoptosis in infected monocytes. 
(A-D) Monocytes were mock-infected or HCMV-infected for 48 h, followed by treatment 
with 5 μM UM-116 (Mcl-1 inhibitor) or DMSO (vehicle control) for 24 h. Monocytes were 
stained with Annexin V-FITC and propidium iodide (PI) and viability was analyzed by flow 
cytometry. Gates represent live (B), apoptotic (C), necroptotic (D), and late dead cell 
populations. (B-D) Red horizontal lines indicate the mean result of the independent 
experiments. Data are representative of 5 independent blood donors. **, p ≤ 0.01; *, p ≤ 0.05. 
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Figure 5. Prophylactic treatment with Sirt2 inhibitors in infected monocytes increases 
both the percentages of cells dying by apoptosis and by necroptosis. 
(A-C) Monocytes were pre-treated with 5 μM FLS-359 or FLSX-008 (Sirt2 inhibitors) or 
DMSO (vehicle control) starting 1 h prior to infection and were mock- or HCMV-infected for 
48 h. Monocytes were stained with Annexin V-FITC (AV) and propidium iodide (PI) and 
viability was analyzed by flow cytometry. Red horizontal lines indicate the mean result of the 
independent experiments. Data are representative of 4 independent blood donors. **, p ≤ 0.01; 
*, p ≤ 0.05. 
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Figure 6. Sirt2 regulates activation and expression of proteins involved in apoptosis and 
necroptosis. 
(A-F) Monocytes were treated with 5 μM FLS-359 or FLSX-008 (Sirt2 inhibitors) or DMSO 
(vehicle control) starting 1 h prior to infection, then were mock-infected or HCMV-infected 
for 24 h. Expression levels of Mcl-1, RIPK3, p-RIPK3, MLKL, and p-MLKL were 
determined by immunoblotting. Membranes were probed for β-actin as a loading control. Data 
are representative of at least 4 independent blood donors. ***, p ≤ 0.001; **, p ≤ 0.01; *, p ≤ 
0.05. 
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Figure 7. HCMV stimulates induction of cellular autophagy in monocytes via activation 
of Akt. 
(A&B) Monocytes were treated with 5 μM FLS-359 or FLSX-008 (Sirt2 inhibitors), 10 μM 
MK2206 (Akt inhibitor) or DMSO (vehicle control) starting 1 h prior to infection and then 
mock-infected or HCMV-infected for 2 h, followed by immunofluorescent analysis with anti-
LC3 antibody (green) and Hoechst stain (blue). (B) LC3 puncta per cell were counted using 
FIJI and plotted with the mean (red line).  Data are representative of at least 3 independent 
blood donors. ****, p ≤ 0.0001; ***, p ≤ 0.001; **, p ≤ 0.01; *, p ≤ 0.05. 
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Figure 8. Proposed model for Sirt2 regulation of apoptosis and necroptosis in 
infected monocytes. 
In the absence of myeloid differentiation factors, monocytes undergo programmed 
cell death within 48 h after entering peripheral circulation. Upon HCMV binding to 
cellular receptors, Akt is preferentially phosphorylated at S473 to trigger pro-survival 
pathways that circumvent apoptosis and necroptosis. The unique phosphorylation of 
Akt during HCMV infection upregulates expression of antiapoptotic proteins such as 
Mcl-1. HCMV-induced activation of Akt also enhances cellular autophagy, which 
blocks phosphorylation of MLKL during necroptosis. Sirt2-mediated deacetylation of 
Akt is required for HCMV’s unique activation of Akt in monocytes. Inhibition of Sirt2 
relieves the viral-induced blocks on both the apoptotic and necroptotic death 
pathways by reducing expression of Mcl-1 and by reducing autophagy to allow the 
activation of MLKL, thus promoting death of HCMV-infected monocytes through dual 
concurrent mechanisms. 
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Abstract 

Peripheral blood monocytes are key cells for the systemic dissemination of human 

cytomegalovirus (HCMV), a member of the betaherpesvirus family that can cause 

multiorgan failure and death in the immunocompromised.  HCMV remains in a quiescent 

state in monocytes, rendering the current antiviral drugs—which target active viral 

replication—ineffective in infected monocytes.  Previous work has shown that HCMV 

entry induces upregulation of cellular anti-apoptotic protein Mcl-1 to allow for the 

survival of normally short-lived monocytes.  Accordingly, we found that treatment with 

both a commercially available Mcl-1 inhibitor (S63845) or novel Mcl-1 inhibitors (UM-

122 and UM-128) significantly killed HCMV-infected monocytes via induction of the 

apoptotic pathway.  The Mcl-1 inhibitors function as competitive inhibitors for the BH3 

binding groove of Mcl-1, preventing Mcl-1 from sequestering the pro-apoptotic protein 

Bak.  We confirmed through co-immunoprecipitation that treatment with the Mcl-1 

inhibitors reduced the interaction between Mcl-1 and Bak in a dose-dependent manner 

within HCMV-infected monocytes.  However, we further found that S63845 not only 

inhibited binding between Mcl-1 and Bak, but it also caused the degradation of total Mcl-

1 protein, contrary to previous studies performed in cancer cell lines.  Mcl-1 inhibitors 

were further tested in an infected adult human skin explant model, in which infected 

myeloid cells are the primary cells to migrate out of the tissue consistent with monocytes 

being responsible for dissemination.  We demonstrate that infected migrating cells have 

increased levels of Mcl-1 relative to uninfected cells.  In support of Mcl-1 mediating 

survival of these cells, treatment with the inhibitors resulted in a decrease in the infected 

cells that migrated out of the tissue.  Overall, the data show that Mcl-1 inhibitors have 
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great potential for use as new way of combating HCMV in quiescently infected 

peripheral blood monocytes by means of targeting a cellular protein. 
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Introduction 

 Human cytomegalovirus (HCMV) is a member of the betaherpesvirus subfamily 

of enveloped, dsDNA herpesviruses. HCMV is highly ubiquitous worldwide, with 

seroprevalence rates ranging from 40-100% in the adult human population [1, 2]. In 

immunocompetent individuals, HCMV infection is typically asymptomatic or causes 

mononucleosis-like symptoms. In immunocompromised patients, however, HCMV is a 

significant cause of morbidity and mortality [3]. Due to the lifelong immunosuppressive 

regimen necessary to prevent organ rejection, patients receiving bone marrow or solid 

organ transplants are among the most vulnerable to severe HCMV disease. HCMV is the 

most common viral opportunistic infection following hematopoietic stem cell and solid 

organ transplants, with 30-75% of transplant patients exhibiting an active infection during 

the first 100 days post-transplant in the absence of preventative HCMV therapy [4]. In 

these vulnerable patient populations, HCMV can spread to and trigger inflammation in 

many diverse organ systems, including the lungs, brain, esophagus, intestines, and eyes 

[5]. At its most severe, HCMV can even cause multi-organ failure, organ rejection, and 

death. Preventing systemic dissemination of the virus is critical to relieving the disease 

burden caused by HCMV.  

Monocytes are the key cells that mediate systemic dissemination during acute 

HCMV infection [6-9]. The virus uses monocytes as “Trojan horses” to disseminate 

throughout the body while evading the immune system via establishment of a quiescent 

infection, during which there is no viral lytic gene expression or productive viral 

replication [8, 9]. Infected monocytes circulate throughout the bloodstream and 

extravasate into peripheral organs, where they differentiate into long-lived, replication-
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permissive macrophages and seed new sites of lytic infection [10]. This viral 

dissemination strategy limits the effectiveness of current HCMV antivirals. The current 

antiviral therapeutics approved for HCMV—ganciclovir, valganciclovir, cidofovir, 

foscarnet, letermovir, and maribavir—all exclusively block the lytic phase of HCMV’s 

life cycle and are thus unable to target quiescently infected monocytes to prevent spread 

[11-15]. Consequently, while prophylactic and pre-emptive use of HCMV antivirals has 

dramatically reduced the incidence of early HCMV disease, rebound reactivation and 

late-onset disease remains a significant issue once antiviral therapy has been discontinued 

in organ transplantation patients [16]. In addition, severe drug-associated toxicities from 

long-term use of HCMV antivirals and the rise of drug-resistant HCMV strains have 

further increased the need for novel antiviral therapies to reduce the disease burden of 

HCMV [12, 17-23]. One promising avenue of drug development is the targeting of host 

proteins modulated by HCMV infection and vital to survival in infected cells.  

A key biological hurdle that HCMV must overcome is extending the normally 

short-lived 48-72 h lifespan of monocytes without the support of lytic viral antiapoptotic 

proteins [24]. Circulating monocytes are programmed to undergo apoptosis 48 h after 

exiting the bone marrow in the absence of differentiation stimuli. Quiescent HCMV 

infection rapidly blocks the intrinsic biological apoptotic programming of monocytes. 

HCMV initiates antiapoptotic mechanisms in infected monocytes through the binding of 

viral glycoproteins to host cellular receptors [25, 26]. The specific receptor combination 

and unique activation kinetics following engagement of the virion to the cell surface 

initiates a noncanonical PI3K/Akt signaling cascade, which leads to the preferential 

phosphorylation of Akt at residue S473 [27, 28]. This unique Akt phosphorylation 
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signature mediates an HCMV-specific transcriptional and translational profile, leading to 

the upregulation of a distinct subset of antiapoptotic proteins essential for the survival of 

HCMV-infected monocytes [26, 29].  

One of the key Akt-dependent cellular proteins upregulated in monocytes by 

HCMV is Mcl-1, an antiapoptotic member of the Bcl-2 family of proteins [25, 26, 29, 

30]. One of the key steps of apoptosis is activation and oligomerization of the Bcl-2 

family proapoptotic effector proteins Bak and Bax, resulting in the formation of pores in 

the mitochondrial outer membrane and the leakage of proapoptotic factors, i.e. 

cytochrome c, into the cytoplasm [31-33]. Antiapoptotic Bcl-2 family proteins, such as 

Mcl-1, sequester the proapoptotic proteins, preventing oligomerization of Bak and Bax 

[33]. Mcl-1 is a uniquely labile and responsive Bcl-2 protein, with expression rapidly 

induced upon stimulation and a correspondingly short half-life of 30-90 minutes [30, 34]. 

Expression of Mcl-1 in HCMV-infected monocytes is robustly upregulated to levels 

greater than those observed during treatment with traditional myeloid growth factors, 

such as M-CSF and GM-CSF, and its upregulation is critical to mediating survival of 

infected monocytes past the 48 h “viability gate” [25, 26, 29, 35]. Despite the high degree 

of structural similarity in the BH3 binding grooves between the many members of the 

Bcl-2 family of antiapoptotic proteins, many groups have been able to synthesize 

selective small molecule inhibitors against Mcl-1 in the interest of cancer treatment [36-

44]. This places Mcl-1 in the position of a prime potential target for a host-directed 

therapy for preventing HCMV dissemination.  

While monocytes are a useful cellular model system for antiviral screening during 

a quiescent HCMV infection, it does not provide the full picture for viral dissemination. 
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HCMV is exclusively restricted to humans, limiting the in vivo models available for 

antiviral research [45]. Most humanized mouse models are designed for the study of viral 

latency and reactivation [46, 47]. Dissemination of human-restricted viruses and antiviral 

therapies have been previously studied in a mouse model xenografted with fetal human 

tissue, but ethical controversy has depopularized use of the model [48-51]. A new model 

has recently been developed using adult human skin tissue [52]. The human skin as a 

transplant model harbors a cellular diversity that is more biologically relevant than a 

monoclonal cell population, including immune cells that have been shown to migrate out 

of the skin tissue and throughout the mouse [52, 53]. In the adult human skin model, 

human skin xenografts are implanted into two opposing flanks of a mouse. One of the 

grafts is subsequently infected with HCMV, mimicking transplantation of an HCMV-

infected organ into a seronegative recipient [52]. By infecting only one of the grafts, viral 

dissemination to the contralateral graft can be monitored. The skin xenograft model 

enables in vivo testing of antivirals that target viral dissemination.  

Here, we show that both novel and commercially available small molecule Mcl-1 

inhibitors reduce the viability of HCMV-infected peripheral blood monocytes. The Mcl-1 

inhibitors exert their effect by blocking Mcl-1 from binding to the proapoptotic protein 

Bak. S63845, a commercially available Mcl-1 inhibitor, may also enhance apoptosis 

through a secondary mechanism by promoting caspase 3-mediated degradation of Mcl-1. 

We also demonstrate that HCMV-infected tissue-resident myeloid cells that crawl out of 

an ex vivo adult human skin organ culture system have elevated Mcl-1 relative to 

uninfected cells. Treatment with S63845 and a novel Mcl-1 inhibitor, UM-128, reduces 

the proportion of HCMV-infected cells that crawl out of the skin tissue, suggesting a 
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reduction in disseminating cells. Overall, our study validates the use of Mcl-1 inhibitors 

as a novel host-directed antiviral strategy to limit HCMV dissemination via quiescently 

infected monocytes.  

  

Materials and Methods 

Human peripheral blood monocyte isolation and culture 

Isolation of human peripheral blood monocytes was performed as previously described 

[10, 25, 54]. Blood was drawn from voluntary random donors by venipuncture, diluted in 

RPMI-1640 media (ATCC, Manassas, VA), and centrifuged through Ficoll-Paque cell 

separation medium (Cytiva, Uppsala, Sweden) 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% and 48.6%). More than 95% of isolated peripheral blood mononuclear 

cells were monocytes, as determined by CD14+ or CD16+ staining. The cells were 

washed with saline, resuspended in RPMI-1640 medium, and counted. All experiments 

were performed in 0% to 0.5% human serum at 37°C in a 5% CO2 incubator, unless 

otherwise stated. SUNY Upstate Medical 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: S63845 (Mcl-1 inhibitor, SelleckChem) and 

UM-120-128 (Mcl-1 inhibitors from the Nikolovska-Coleska lab, University of 

Michigan). 

Virus preparation and infection 
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Human embryonic lung (HEL) 299 fibroblasts (CCL-137; American Type Culture 

Collection, Manassas, VA) were cultured in Dulbecco modified Eagle medium (DMEM) 

(Corning, Manassas, VA) with 100 U/mL Penicillin and 100 μg/mL Streptomycin (Life 

Technologies, Carlsbad, CA), 2.5 μg/mL Plasmocin (Invivogen, San Diego, CA), and 

10% fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis, MO). Upon reaching 

confluence, the fibroblasts were infected with HCMV (strain TB40/E) in DMEM 

supplemented with 4% FBS. Virus was purified from the 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. Mock infection was performed by adding an equivalent volume 

of RPMI-1640 medium to monocytes.  

Flow cytometry 

Monocytes were washed in phosphate-buffered saline (PBS) and stained with fluorescein 

isothiocyanate (FITC)-annexin V (Life Technologies) and propidium iodide (PI) stain 

(Life Technologies) 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 both cells in the early stages of apoptosis (decreased FSC 

and increased SSC compared to those for viable cells) and cells in the late stages of 

apoptosis (decreased FSC and decreased SSC compared to those of viable cells). 

Immunoprecipitation 

Monocytes were pre-treated with Mcl-1 inhibitor or DMSO vehicle for 1 h, and then 

infected with HCMV for 24 h. Monocyte lysates were harvested in NP-40 lysis buffer (1 
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mM DTT, 50 mM Tris-HCl [pH 7.4], 1 mM EDTA, 150 mM NaCl, 0.5% (v/v) NP-40) 

supplemented with protease inhibitor cocktail (Sigma-Aldrich) and phosphatase inhibitor 

cocktails 2 and 3 (Sigma-Aldrich) for 30 min on ice. The lysates were cleared from the 

cell debris by centrifugation at 4°C (5 min, 21130 × g). Input controls were collected and 

stored at –20°C until further analysis. Lysates equivalent to 160 μg of total protein were 

incubated with 2 μg of antibody recognizing Mcl-1 (Invitrogen, Waltham, MA) or IgG 

isotype controls (Santa Cruz, Dallas, TX) overnight at 4°C. Dynabeads protein G 

(Invitrogen) were added to the lysates and incubated at 4°C for 4 h. The protein G beads 

with bound protein complexes were magnetically separated and washed with lysis buffer, 

followed by elution of the protein complexes. The samples were then prepared for SDS-

polyacrylamide gel electrophoresis and analyzed by Western blot analysis. 

Western blot analysis 

Monocytes were harvested in a modified radioimmunoprecipitation assay (RIPA) buffer 

(50 mM Tris-HCl [pH 7.5], 5 mM EDTA, 100 mM NaCl, 1% Triton X-100, 0.1% SDS, 

10% glycerol) supplemented with protease inhibitor cocktail (Sigma-Aldrich) and 

phosphatase inhibitor cocktails 2 and 3 (Sigma-Aldrich) for 30 min on ice. The lysates 

were cleared from the cell debris by centrifugation at 4°C (5 min, 21130 × g) and stored 

at –20°C until further analysis. Protein samples were solubilized in Laemmli SDS-sample 

nonreducing (6×) buffer (Boston Bioproducts, Boston, MA) supplemented with β-

mercaptoethanol (Amresco, Solon, OH) by incubating at 95°C for 10 min. 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 
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(BSA) (Fisher Scientific, Waltham, MA) for 1 h at room temperature (RT) and then 

incubated with primary antibodies overnight at 4°C. The following antibodies were used: 

anti-Mcl-1, anti-Bak, and anti-Bax antibodies (Cell Signaling, Danvers, MA). The blots 

were then incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies 

(Cell Signaling), and chemiluminescence was detected using the Amersham ECL Prime 

Western Blotting Detection reagent (GE Healthcare). 

Preparation of skin 

Adult human skin was prepared as previously described [52]. Adult human breast skin 

was obtained from reduction mammoplasty surgeries in accordance with approved and 

established Institutional Review Board protocols and procedures at SUNY Upstate 

Medical University in Syracuse, NY. All individuals donating tissue were healthy adults 

over 18 years old and gave consent per approved protocol (SUNY Upstate, Institutional 

Review Board number 1140572). For each experiment, 1 or 2 skin specimens were 

collected in saline, obtained within 2 h of surgery, and immediately processed for use 

[55]. Whole-thickness skin tissue was cleaned with povidone-iodine and 70% ethanol to 

remove excess debris and washed with tissue culture media. Skin was stretched tight 

across a Teflon-covered foam cylinder, secured with pins, and thinned using a Weck skin 

grafting knife and a Goulian guard to cut skin to 0.028 inches thick (approximately 700 

μm). The process of thinning the skin removes much of the underlying adipose and 

subdermal layer while leaving the epidermis and dermis intact. Thinned skin was cut into 

approximately 1 cm2 pieces and cultured in 6-well plates for crawl-out assays. 

Crawl-out assay 
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Skin was cultured in RPMI-1640 supplemented with 4% heat-inactivated fetal bovine 

serum, penicillin-streptomycin, and amphotericin B. Skin was inoculated with HCMV 

TB40E SV40-GFP (5 × 106 PFU/piece) or an equivalent volume of RPMI-1640 medium 

by intradermal injection with a 27-gauge needle. Skin was cut into approximately 2-3 

mm2 pieces 24 h post-inoculation. Supernatant was collected 3 days post-inoculation [52, 

53]. Crawled-out cells were analyzed by flow cytometry using an LSRFortessa cell 

analyzer and BD FACSDiva software (BD Biosciences). Antibodies used in the flow 

panel include CD14-APC (clone M5E2) (BioLegend, San Diego, CA), CD16-Brilliant 

Violet 421 (clone 3G8) (BioLegend), and Mcl-1-PE (clone D2W9E) (Cell Signaling). 

Infected cells were detected by GFP expression.  

Statistical analysis 

All experiments were performed independently a minimum of 3 times using primary 

monocytes or skin specimens isolated from different donors. Survival data sets obtained 

from primary monocytes or tissue inherently have substantial variation due to donor 

variability. Consequently, data are displayed as matched experimental data points from 

individual donors in a side-by-side comparison. Data were analyzed using a two-way 

Student’s t test comparison with GraphPad Prism software. P values of less than 0.05 

were considered statistically significant. 

 

Results 

Inhibition of Mcl-1 promotes death of HCMV-infected monocytes 

Binding of HCMV glycoproteins to monocyte cell surface receptors stimulates the 

rapid upregulation of antiapoptotic proteins in the absence of viral gene expression [26]. 
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One of the critical antiapoptotic proteins induced by HCMV infection is Mcl-1 [25, 26, 

29, 35]. Due to the vital role Mcl-1 plays in promoting early survival of HCMV-infected 

peripheral blood monocytes, we screened a compound library of novel Mcl-1 small 

molecule inhibitors to determine whether the inhibitors would be able to promote 

apoptosis of infected monocytes. Using Annexin V (AV) as a marker for apoptosis and 

propidium iodide (PI) as a marker for cell death, flow cytometry was used to determine 

cell viability. Monocytes were infected with HCMV, treated with Mcl-1 inhibitors, and 

analyzed for viability at a timepoint approaching the 48 h “viability gate” of primary 

monocytes. During the compound library screen, we observed a decrease in the viable 

cell population (AV negative, PI negative) of the HCMV-infected monocytes after 

treatment with the Mcl-1 inhibitors. Based on inhibitor efficacy in reducing viability of 

HCMV-infected monocytes, the compound library was narrowed down to two 

candidates, UM-122 and UM-128. UM-122 and UM-128 induced mean 27.5% and 

48.6% reductions in the live infected monocyte populations, respectively (Fig. 1A, B). 

We additionally tested a commercially available Mcl-1 inhibitor representing a different 

class of compounds, S63845, and found that it reduced the viability of infected 

monocytes by an average of 36.1% (Fig. 1C) [42]. Although all of the Mcl-1 inhibitors 

tested also appear to decrease viability of mock-infected monocytes relative by 48 hpi, 

this may be attributed to an acceleration of the intrinsic apoptotic programming of 

primary monocytes. These data suggest that UM-122, UM-128, and S63845 have an 

antiviral effect against quiescent HCMV infection in monocytes, promoting death of 

infected monocytes despite the antiapoptotic cellular milieu induced by HCMV. 
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UM-122, UM-128, and S63845 inhibit the interaction between Mcl-1 and Bak  

Interactions between the antiapoptotic and proapoptotic members of the Bcl-2 

family of proteins are central to their function [56, 57]. As an antiapoptotic Bcl-2 family 

protein, Mcl-1 binds to the proapoptotic proteins Bak and Bax in its BH3 binding groove 

and sequesters them, thus preventing oligomerization [56, 58]. To confirm whether the 

candidate Mcl-1 inhibitors from our screen exert their effect by blocking Mcl-1 from 

binding to the proapoptotic effectors, we treated monocytes with the Mcl-1 inhibitors, 

infected with HCMV, and immunoprecipitated Mcl-1. In peripheral blood monocytes, 

Bak co-immunoprecipitated with Mcl-1 (Fig. 2A). Bax did not co-immunoprecipitate 

with Mcl-1 in monocytes, despite demonstrating an interaction in fibroblast cells. 

Infection with HCMV increased the total expression of Mcl-1 in the cells and increased 

the amount of Bak bound to Mcl-1 relative to mock infection. Treatment with UM-122, 

UM-128, and S63845 all decreased the interaction between Mcl-1 and Bak in HCMV-

infected monocytes in a dose-dependent manner (Fig. 2B, C). Interestingly, as the 

treatment concentrations increased, UM-128 and S63845 both appeared to cause 

degradation of total Mcl-1 protein. S63845 has previously been reported to extend the 

half-life of Mcl-1 in a cancer cell line, but the decreased levels of total Mcl-1 that we 

observe in the input samples with S63845 treatment indicate that it has the opposite effect 

in HCMV-infected monocytes (Fig. 2B) [42]. UM-122 likely acts via inhibition of Mcl-

1/Bak binding, but our data suggest two possible mechanisms of action for UM-128 and 

S63845: blocking interaction between Mcl-1 and Bak and inducing degradation of Mcl-1. 

 To further investigate the mechanism through which S63845 inhibits Mcl-1 and 

promotes apoptosis, we first sought to determine the pathway responsible for the S63845-
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induced Mcl-1 degradation. Monocytes were treated with S63845, infected with HCMV, 

and treated with inhibitors for the proteasome (MG132), lysosome (BafA1), and caspase 

3 (Z-DEVD-fmk). Proteasome and lysosome inhibition had no effect on Mcl-1 levels in 

the S63845-treated cells, but caspase 3 inhibition returned Mcl-1 expression to levels 

comparable to HCMV infection (Fig. 3A). We next investigated whether the reduction in 

Bak bound to Mcl-1 with S63845 treatment was entirely attributable to the caspase 3-

mediated cleavage of Mcl-1 or whether S63845 also directly blocked binding to Bak. We 

again treated monocytes with S63845, infected with HCMV, and immunoprecipitated 

Mcl-1, but now with the additional presence of a caspase 3 inhibitor. Despite caspase 3 

inhibition successfully rescuing total Mcl-1 expression, treatment with S63845 still 

resulted in a dose-dependent decrease in the amount of Bak that co-immunoprecipitated 

with Mcl-1 (Fig. 3B). The decrease in Mcl-1/Bak binding despite rescued Mcl-1 

expression, suggesting that S63845 promotes apoptosis through dual mechanisms of Mcl-

1 inhibition by directly inducing Mcl-1 degradation and by blocking Mcl-1 from binding 

to Bak. 

 

Mcl-1 inhibition reduces the proportion of HCMV-infected cells that crawl out of 

skin organ culture 

Organ transplant recipients are one of the patient populations most vulnerable to 

HCMV disease, and one dangerous source of HCMV for a seronegative transplant 

recipient is from a seropositive donor organ [5]. Recently a model has been developed to 

simulate an infected organ transplant using adult human skin, which contains a diverse 

collection of cell types that are susceptible to HCMV including tissue-resident myeloid 
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immune cells that have been demonstrated to disseminate HCMV to other permissive cell 

types [52, 53]. When engrafted into a mouse, adult human skin mimics an infected organ 

transplant and can be used as a model system for HCMV infection and dissemination. To 

examine whether this model would be viable for the future testing of Mcl-1 inhibitor 

antivirals in the human skin mouse xenograft model, we first performed preliminary cell 

crawl out studies in human skin organ culture. Adult human skin harvested from breast 

reduction mammoplasties was processed and cut into 1-cm2 squares. Each square of skin 

tissue was infected with HCMV constitutively expressing GFP and maintained in culture. 

The cells that crawled out after 3 days post-infection (dpi) were analyzed for Mcl-1 

expression by flow cytometry (Fig. 4A). Cells were gated by GFP expression as a marker 

for HCMV infection. It has been previously shown that the GFP+ cells that crawl out are 

predominantly hematopoietic (CD45+) myeloid cells (CD14+ or CD11c+) [52]. 

Although Mcl-1 is critical for the survival of circulating monocytes, it was not known 

whether it would be an effective target in tissue-resident myeloid cells. We observed a 

4.8-fold increase in Mcl-1 expression in the GFP+ cells that crawled out compared to the 

GFP- cells (Fig. 4B, C). The increase in Mcl-1 in HCMV-infected cells from the skin is 

an encouraging sign that Mcl-1 may be a feasible target as an HCMV antiviral for tissue-

resident myeloid cells. 

 We next tested the efficacy of the Mcl-1 inhibitors S63845 and UM-128 in the 

skin organ culture model. The 1-cm2 squares of skin were treated with S63845, UM-128, 

or DMSO and the cells that crawled out were collected and analyzed by flow cytometry 

(Fig. 4D). With S63945 treatment, there was a significant 35.3% reduction in the 

proportion of GFP+ cells that crawled out of the skin relative to the DMSO-treated 
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control (Fig. 4E). We observed a similarly trending decrease in the GFP+ cells that 

crawled out of the skin treated with UM-128, with an average 35.6% reduction (Fig. 4F). 

Further study would be required to distinguish whether the reduction is due to the Mcl-1 

inhibitors enhancing death of the infected cells before they can exit the skin or if it is due 

to the inhibitors affecting cellular migration. Additionally, observing reductions in GFP+ 

cells from two Mcl-1 inhibitors representing different classes of compounds decreases the 

likelihood that the result is cause by an off-target effect. Our data from the ex vivo 

primary monocyte and skin organ culture studies argue favorably for the success of the 

Mcl-1 inhibitors in future in vivo studies, and potentially as a novel host-directed antiviral 

strategy to fill a critical gap in therapeutic care for HCMV. 

 

Discussion 

  Despite the standard usage of prophylactic antiviral therapies, HCMV remains 

one of the most predominant infectious causes of morbidity and mortality in organ 

transplant recipients [59]. Direct-acting antivirals (DAAs), such as ganciclovir, 

valganciclovir, cidofovir, and foscarnet, have shifted the kinetics of HCMV disease after 

transplantation, but have not been able to eliminate it due to HCMV’s ability to establish 

latency in the bone marrow and quiescence in monocytes [8, 16]. The lack of viral 

replication in monocytes renders DAAs ineffective against them, allowing them to act as 

“Trojan horses” that disseminate HCMV to permissive end-organ systems throughout the 

body. The development of host-directed antivirals (HDAs) targeting host pathways that 

are critical to viral function is an alternative antiviral strategy that is perfectly situated to 
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combat latent reservoirs of virus [60]. In this study, we explored the possible efficacy of 

targeting the host antiapoptotic protein Mcl-1 as an HDA for HCMV. 

 Mcl-1 is an antiapoptotic member of the Bcl-2 family of proteins. The Bcl-2 

family is traditionally divided into three classes: proapoptotic effectors, antiapoptotic 

proteins, and BH3-only proteins that can act as activators or sensitizers [56, 61]. Control 

of apoptosis is dictated by the intricate interactions between members of the different 

Bcl-2 classes [57]. Two models have been proposed for how the antiapoptotic Bcl-2 

proteins, including Mcl-1, block the proapoptotic actions of the Bcl-2 family effector 

proteins Bak and Bax [56]. In the direct activation model, antiapoptotic proteins bind to 

activator BH3-only activator proteins, preventing the activators from binding to the 

proapoptotic effectors [62, 63]. Apoptosis occurs when sensitizer BH3-only proteins bind 

the antiapoptotic proteins, displacing the activators and freeing them to activate the 

proapoptotic effectors. In the indirect activation model, the antiapoptotic proteins directly 

bind and sequester the proapoptotic effectors themselves [58]. Apoptosis occurs in the 

indirect model when BH3-only proteins bind to the antiapoptotic proteins, releasing the 

proapoptotic effectors and allowing them to oligomerize. There is evidence supporting 

both models, making it likely that the binding interactions that regulate apoptosis are a 

complex dance that differs between cell types and microenvironmental contexts.     

In this current study we investigated three candidate Mcl-1 inhibitors for potential 

HCMV antiviral efficacy: UM-122, UM-128, and S63845. UM-122 and UM-128 are 

novel Mcl-1 inhibitors from the same compound class and S63845 is a commercially 

available Mcl-1 inhibitor. The Bcl-2 interactions that control apoptosis in monocytes, 

especially during HCMV infection, have not yet been fully elucidated. In this study we 
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observed that Mcl-1 and Bak directly interact in monocytes and treatment with the Mcl-1 

inhibitors from our screen reduced interaction between Mcl-1 and Bak, potentially 

supporting the indirect activation model. However, we did not observe any interaction 

between Mcl-1 and the other proapoptotic effector protein Bax, despite successfully co-

immunoprecipitating the two proteins in fibroblast cells. This suggests that the interaction 

between Mcl-1, Bak, and Bax is specific to cell type.  

The BH3 binding groove of Mcl-1 is a potential common binding site for other 

BH3-only proteins in addition to Bak. BH3 profiling has revealed that Mcl-1 has high-

binding affinity with numerous BH3-only proteins, including Bim, Bid, Noxa, Puma, and 

Bmf [64]. Our group has previously reported that HCMV-infected monocytes are 

sensitive to Noxa, a sensitizer BH3-only protein, with Noxa treatment inducing 

mitochondrial cytochrome c release [65]. Binding of Noxa to Mcl-1 can not only 

modulate Mcl-1’s interactions, but it can also induce proteasomal degradation of Mcl-1 

[66, 67]. Binding of Bim, on the other hand, has been shown to stabilize Mcl-1 [67, 68]. 

The Mcl-1 inhibitors described in our study are BH3-mimetics. The degradation of Mcl-1 

caused by treatment with UM-128 and S63845 may suggest that they behave more 

analogous to Noxa than to Bim in HCMV-infected monocytes. The stabilizing effect that 

S63845 has on Mcl-1 in cancer cell lines hints that BH3-mimetics may exhibit subtly 

different activity in different cellular contexts. 

In our present study, we performed preliminary studies in adult human skin as a 

model emulating an HCMV-infected organ transplant [52]. Our data shows an increase 

Mcl-1 in HCMV-infected cells that crawled out of the skin into the surrounding media 

and a decrease in infected cells that crawled out as a consequence of Mcl-1 inhibitor 
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treatment, both encouraging indications of future Mcl-1 inhibitor studies in a human skin 

mouse xenograft model. Our hope is that by treating two critical phases of the HCMV 

lifecycle, a combination of DAAs that target viral replication and Mcl-1 inhibitors that 

target quiescent infection will prevent dissemination and proliferation of HCMV. 

The original therapeutic intention for Mcl-1 inhibitors has primarily been as a 

form of chemotherapy [69, 70]. Mcl-1 has been found to be overexpressed in many types 

of cancer, including multiple myeloma, leukemia, non-Hodgkin lymphoma, lung cancer, 

breast cancer, colorectal cancer, melanoma, and hepatocellular carcinoma [69]. Mcl-1 has 

also emerged as a significant resistance factor during therapy with mimetics against other 

BH3 proteins and during chemotherapy or radiotherapy [71]. Patients undergoing 

chemotherapy are a population at risk for severe HCMV disease due to their 

immunosuppressed state [72]. The critical role that Mcl-1 plays in promoting survival in 

both cancer and HCMV indicates a potential dual purpose for Mcl-1-targeting therapies, 

a chemotherapy that moonlights as an antiviral. Clinical trials for cancer therapy have 

already begun on several Mcl-1 inhibitors, including S64315 (an inhibitor from the same 

compound series as S63845), AZD5991, ABBV-467, and PRT1419 [69]. The ability to 

serve multiple therapeutic purposes is an advantage that HDAs have over DAAs, in 

addition to the low risk of drug resistance and possible broad-spectrum antiviral activity. 

Overall, our study is a promising beginning to a long journey investigating HCMV 

antivirals targeting host proteins in peripheral blood monocytes and tissue-resident 

myeloid cells to eliminate or limit viral dissemination.  
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Figure 1. Treatment with Mcl-1 inhibitors reduces overall viability of HCMV-infected 
monocytes. 
(A-C) Monocytes were mock-infected or HCMV-infected for 24 h and subsequently treated 
with (A) 5 μM UM-122 or (B) UM-128 (novel Mcl-1 inhibitors), (C) 500 nM S63845 
(commercial Mcl-1 inhibitor), or DMSO (vehicle control) at 24 hpi. Monocytes were stained 
with Annexin V-FITC (AV) and propidium iodide (PI) and viability was analyzed by flow 
cytometry. The AV negative and PI negative population was gated as the live cell population. 
Each symbol within each plot denotes a matched independent donor. Data are representative 
of at least 4 independent blood donors. ****, p ≤ 0.0001; ***, p ≤ 0.001; **, p ≤ 0.01; *, p ≤ 
0.05. 

DMSO UM-128 DMSO UM-128
0

20

40

60

80

100

%
 L

iv
e 

UM-128

101920

110920

Mock HCMV

111720

✱✱✱
✱✱

033021

082421

DMSO S63845 DMSO S63845
0

20

40

60

80

100

%
 L

iv
e 

S63845

Donor 1

Donor 2

✱ ✱✱

Donor 3

Donor 4

Donor 5

Donor 6

Mock HCMV



 134 

   

Figure 2. Mcl-1 inhibitors UM-122, UM-128, and S63845 reduce the interaction between 
Mcl-1 and the proapoptotic protein Bak in a dose-dependent manner. 
(A) Monocytes were mock or HCMV infected for 24 h and HEL 299 fibroblasts were mock or 
HCMV infected for 6 h. Mcl-1 was immunoprecipitated using an anti-Mcl-1 antibody and the 
levels of Bak and Bax bound to Mcl-1 were determined by immunoblotting. Monocytes were 
treated with increasing concentrations of (B) S63845 (commercial Mcl-1 inhibitor), (C) UM-
122 (novel Mcl-1 inhibitor), UM-128 (novel Mcl-1 inhibitor), or DMSO (vehicle control) for 
1 h, followed by mock-infection or HCMV-infection for 24 h. Mcl-1 was immunoprecipitated 
using an anti-Mcl-1 antibody and the level of Bak bound to Mcl-1 were determined by 
immunoblotting. Data are representative of at least 3 independent blood donors. 
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Figure 3. Interaction between Mcl-1 and Bak is further reduced by S63845 treatment 
after rescue of Mcl-1 expression from caspase 3-mediated degradation induced by 
S63845. 
(A) Monocytes were treated with 500 nM S63845 (commercial Mcl-1 inhibitor) and 200 nM 
BafA1 (lysosome inhibitor) or 20 μM Z-DEVD-fmk (caspase 3 inhibitor) for 1 h and then 
were mock-infected or HCMV-infected for 24 h or were treated with 500 nM S63845 for 1 h, 
HCMV-infected for 24 h, and finally treated with 5 μM MG132 (proteasome inhibitor) for 6 h. 
(B) Monocytes were treated with increasing concentrations of S63845 for 1 h and 20 μM Z-
DEVD-fmk, followed by HCMV-infection for 24 h. Mcl-1 was immunoprecipitated with an 
anti-Mcl-1 antibody. Expression levels of Mcl-1 and Bak were determined by 
immunoblotting. Membranes were probed for β-actin as a loading control. Data are 
representative of at least 3 independent blood donors. 
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Figure 4. Treatment with Mcl-1 inhibitors reduces the proportion of HCMV-infected 
cells that migrate out of skin organ culture. 
Skin tissue was infected with HCMV. The cells that crawled out were collected after 72 h and 
stained for flow cytometric analysis. (A-C) Cells were gated for GFP (marker for HCMV 
infection) and analyzed for Mcl-1 expression. An IgG isotype control was used as a negative 
control for Mcl-1 staining. (D-F) Treatment with (E) 1 μM S63845 (commercial Mcl-1 
inhibitor), (F) 10 μM UM-128 (novel Mcl-1 inhibitor), or DMSO (vehicle control) was added 
to the media of the skin organ culture at 24 hpi. Cells that crawled out were analyzed for GFP 
expression. The lines on each plot denote a matched independent donor. Data are 
representative of at least 3 independent tissue donors. ***, p ≤ 0.001; *, p ≤ 0.05. 
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Dissemination Strategy of HCMV 

HCMV is a highly prevalent betaherpesvirus that remains a significant source of 

morbidity and mortality in immunocompromised and immunonaïve populations 

worldwide, despite recent advancements in antiviral therapy. HCMV causes a varied 

clinical presentation due to the virus’s effective systemic dissemination and its ability to 

infect a broad array of cell types encompassing most major organ systems. Peripheral 

blood monocytes are the key cells responsible for hematogenous dissemination of the 

virus [1-3]. HCMV establishes a quiescent infection in monocytes, allowing it to evade 

immune detection while spreading to distant organs. The lack of active viral replication 

during a quiescent infection also renders the current antivirals, which all target stages of 

viral replication, ineffective against HCMV in infected monocytes. However, one trait of 

monocytes that might make them seem ill-adapted as vehicles for dissemination is their 

short-lived lifespan of only 48 h after entering circulation [4]. HCMV, however, has 

evolved mechanisms to prolong monocyte survival in the absence of de novo lytic gene 

synthesis by activating host survival pathways [5-9]. In addition to prolonged survival, 

HCMV also manipulates other monocyte cellular functions to its own benefit for 

dissemination. HCMV infection promotes transendothelial migration, cell motility, and 

expression of adhesion molecules in monocytes, enhancing migration and extravasation 

into distant tissues to establish new sites of infection [10-14]. Infection with HCMV 

regulates monocyte differentiation to permissive, long-lived macrophages, specifically 

toward an M1-like phenotype, turning on viral replication once the infected now-

macrophage has invaded tissue spaces [15-18]. HCMV-infected monocytes also travel to 

the bone marrow, where the virus can infect CD34+ hematopoietic stem cells and 
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establish latency, enabling lifelong persistence of HCMV in the host [19, 20]. The 

monocyte’s critical role in dissemination positions it as an attractive target for the 

development of antiviral therapeutics in order to address a significant gap in the current 

treatment of HCMV.  

 

Dysregulation of Akt During Quiescent HCMV Infection 

 Due to the lack of viral replication and de novo viral protein synthesis, direct-

acting antivirals are ineffective against HCMV infection in monocytes. The main strategy 

of our group is to study viral pathways specifically dysregulated by HCMV infection in 

monocytes in order to identify host factors that may be potential targets for host-directed 

antivirals. One of the key pathways uniquely activated by HCMV is the PI3K/Akt 

pathway. Canonical activation of the PI3K/Akt signaling axis with myeloid growth 

factors, i.e. M-CSF and GM-CSF, mediates survival of monocytes by the recruitment of 

p85 and the p110d PI3K subunit isoform to the stimulated receptor tyrosine kinases, the 

conversion of PI(4,5)P2 to PI(3,4,5)P3, and ultimately the phosphorylation of Akt at two 

sites, S473 and T308 [6, 21-25]. Binding of HCMV glycoproteins to cellular receptors, 

on the other hand, stimulates a noncanonical activation of the PI3K/Akt pathway. Viral 

binding promotes recruitment of the p110b isoform of PI3K, an isoform that is proposed 

to have reduced antiviral activity relative to the predominant p110d isoform [6]. HCMV 

also downregulates PTEN and modifies activity of SHIP1, two proteins that normally act 

as negative regulators of PI3K activity [6]. SHIP1 stimulated by HCMV enhances Akt 

activity, indicating a shift in its regulatory role that is also mirrored in some cancers [6, 

26, 27]. Altogether, these viral-induced alterations to PI3K activity lead to an HCMV-



 147 

specific preferential phosphorylation of Akt at S473 [6]. The distinct virus-induced 

phosphorylation profile of Akt results in the upregulation of a unique subset of Akt-

dependent antiapoptotic proteins, including Mcl-1, Hsp27, and XIAP, and presents a 

tempting target for the development of novel host-directed antiviral therapies [8, 9, 28]. 

The PI3K/Akt signaling cascade is a major regulatory player in many cellular pathways 

aside from transcriptional regulation of antiapoptotic proteins, and the full extent of the 

effects of the noncanonical viral activation of Akt remains unknown. 

Akt and Apoptosis 

Monocytes are intrinsically short-lived surveilling immune cells that are 

programmed to undergo apoptosis at approximately 48 h after entering circulation. 

Stimulation of monocyte survival is an essential element of the HCMV dissemination 

strategy. HCMV encodes a viral inhibitor of apoptosis known as viral mitochondria-

localized inhibitor of apoptosis (vMIA) in the immediate early gene locus UL37 [29]. 

However, the absence of lytic viral gene expression, including vMIA, during quiescent 

HCMV infection in monocytes necessitates that the virus find alternative mechanisms to 

obstruct apoptosis. Previous work in our lab has focused extensively on the antiapoptotic 

factors upregulated as a result of the unique activation of Akt induced by HCMV. Three 

Akt-dependent antiapoptotic proteins that are uniquely upregulated in monocytes during 

HCMV are Mcl-1, Hsp27, and XIAP [8, 9]. Mcl-1 is an antiapoptotic member of the Bcl-

2 family that prevents cytochrome c release from the mitochondria by inhibiting pore 

formation by Bak [30, 31]. Hsp27 is a chaperone protein that facilitates protein folding 

during stress responses [32]. XIAP is a potent inhibitor of apoptosis that directly binds to 

and inhibits proteolytic cleavage of caspases 3, 7, and 9 [33, 34]. Mcl-1, Hsp27, and 
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XIAP have all been demonstrated to inhibit cleavage of caspase 3 in HCMV-1, Hsp27, 

and XIAP synthesis is mediated by Akt-dependent activation of mTOR, the master 

regulator of translation [8, 9]. Inhibition at any step of the PI3K/Akt/mTOR axis blocks 

HCMV-induced synthesis of the mentioned antiapoptotic proteins. In Chapter 2, Sirt2 

was demonstrated to be a regulator of Akt in HCMV-infected monocytes. Inhibition of 

Sirt2 abrogated the preferential phosphorylation of S473 induced during HCMV 

infection. The loss of the unique activation of Akt subsequently prevented upregulation 

of Mcl-1, relieving the viral-induced barrier to apoptosis. In Chapter 3, small molecule 

inhibitors of Mcl-1 promoted death of HCMV-infected monocytes. The studies in 

Chapter 3 also demonstrated that treatment with Mcl-1 inhibitors reduced the number of 

infected cells that crawled out of infected skin tissue, holding promise for potential in 

vivo efficacy of Mcl-1 inhibitors against HCMV dissemination. HCMV’s unique 

activation of Akt and the proteins consequentially synthesized downstream are paramount 

for the suppression of apoptosis during quiescent infection in monocytes. 

Akt, Autophagy, and Necroptosis 

During HCMV infection in monocytes, caspase 8 cleavage is inhibited as a viral-

induced measure to hamper apoptosis. The inactive caspase 8 allows the infected 

monocyte to open the door to an alternative death pathway, necroptosis, as a cellular 

antiviral defense response [35]. Necroptosis has been reported to be positively regulated 

by Akt. Necroptosis is traditionally characterized by sequential activation of RIPK1, 

RIPK3, and MLKL, leading to pore formation in the plasma membrane and inflammatory 

cell death [36]. Akt phosphorylated at S473 has been found to interact in complex with 

RIPK1 and RIPK3, suggesting involvement of Akt in necroptosis [37]. Inhibition of Akt, 
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through both pharmacologic and genetic means, reduces TNFα -induced necroptosis [37, 

38]. Akt has also been found to facilitate autocrine TNFα synthesis during necroptosis 

[39]. In our studies in Chapter 2, we demonstrated a positive relationship between Akt 

and necroptosis, wherein Sirt2-mediated inhibition of HCMV-induced Akt 

phosphorylation led to an increase in monocyte death by necroptosis due to suppression 

of autophagy. Although the process of necroptosis is initiated in infected monocytes, it is 

blocked at the final steps by viral induction of cellular autophagy [40]. Autophagy is 

canonically tightly controlled by the balance between two antagonistic pathways: AMPK 

and mTOR [41]. AMPK is an energy sensor that promotes autophagy during cellular 

stress to maintain energy homeostasis [42]. mTOR complex 1 (mTORC1) is a regulator 

of translation and cell growth that inhibits autophagy [41, 43]. During HCMV infection 

in monocytes, however, the traditionally strict relationship between AMPK and mTOR 

becomes uncoupled, allowing both AMPK and mTOR to become simultaneously 

activated [8, 28, 40]. How HCMV circumvents the oppositional regulation between 

AMPK and mTOR is unknown. In the midst of this uncoupling, autophagy becomes 

augmented. The rapid activation of AMPK corresponds with a rapid increase in 

autophagy, in agreement with canonical regulation of autophagy [40]. 

mTORC1, normally an inhibitor of autophagy, becomes activated during 

quiescent HCMV infection in monocytes [8, 28]. Under normal conditions, mTORC1 

blocks the activity of many proteins involved in the early steps of autophagy, including 

unc-51 like autophagy activating kinase 1 (ULK1), autophagy related 13 (ATG13), and 

autophagy/Beclin regulator 1 (AMBRA1), suppressing autophagosome formation [41, 

44]. Whether mTORC1 still exerts its canonical regulatory effects on the activity of these 
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autophagy-related proteins during HCMV infection in monocytes is unknown. Activation 

of mTOR during HCMV infection is mediated by Akt, which can itself directly regulate 

autophagy through inhibitory phosphorylation of Beclin 1, a central regulator of 

autophagy [8, 45]. Akt is uniquely phosphorylated during HCMV binding and entry, 

leading to differential downstream effects that are distinct from normal Akt activation 

during growth factor stimulation, and these downstream effects may potentially include 

altered regulation Beclin 1 and mTORC1 activity. In Chapter 2, we showed that 

abrogation of HCMV’s unique activation of Akt, by both direct inhibition of Akt and by 

Sirt2-mediated inhibition of Akt phosphorylation, diminished induction of autophagy by 

HCMV, subsequently allowing necroptosis to proceed where it had previously been 

halted. Further investigation is required to parse out whether Akt regulation of autophagy 

is direct, mediated by mTOR, or mediated by a different pathway altogether. The full 

magnitude of HCMV’s remodeling of the cellular signaling framework as a consequence 

of the altered PI3K/Akt axis is unknown and ripe for further study.  

 

Host-Directed Antivirals 

 HCMV is a cause of significant morbidity and mortality in immunocompromised 

and immunonaïve populations. In immunocompromised patients, including patients with 

uncontrolled AIDS, patients receiving chemotherapy, and transplant recipients, HCMV 

disease can manifest clinically as inflammation in a diverse array of organ systems, organ 

failure, transplant rejection, and even death [46, 47]. In immunonaïve fetuses, HCMV 

transmitted in utero can cause congenital abnormalities including microcephaly, 

sensorineural hearing loss, seizures, and intellectual disability [48, 49]. There are 
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currently no vaccines for HCMV. Direct-acting antivirals (DAAs), including ganciclovir, 

valganciclovir, foscarnet, cidofovir, letermovir, and maribavir, are the current mainstays 

of therapy for HCMV [50]. The DAAs currently approved for HCMV all target steps of 

viral replication. Prophylactic use of HCMV DAAs in transplant recipients has 

dramatically reduced HCMV disease during the most vulnerable few months immediately 

post-transplant, but has also led to a rise in late reactivation of HCMV when therapy is 

discontinued after the treatment period [51]. This later viral reactivation is due to a major 

weakness of DAAs, the inability of the DAAs to target dormant HCMV harbored inside 

monocytes and CD34+ hematopoietic stem cells acting as reservoirs of infection. The 

current antivirals for HCMV can also cause severe drug toxicities and run the risk of drug 

resistance as the virus mutates.  

The development of host-directed antivirals (HDAs) is an alternative antiviral 

therapeutic strategy that targets host cellular factors that are critical to viral function but 

are dispensable to the host [52]. The approach of targeting a host factor rather than a viral 

one decreases the risk of drug resistance. Targeting of host factors that are common to the 

function of several viruses also raises the possibility of broad-spectrum antiviral efficacy, 

a feature that has gained interest since the COVID-19 pandemic exposed the scientific 

and healthcare communities’ weakness when facing a novel viral pandemic [53, 54].  

In Chapters 2 and 3, we investigated the use of Sirt2 and Mcl-1 inhibitors against 

HCMV-infected monocytes, showing the viability of the HDA strategy for a quiescent 

infection. The Sirt2 and Mcl-1 inhibitors featured in our studies were effective at 

counteracting the prosurvival strategies induced in monocytes by HCMV infection. Sirt2 

inhibitors, including FLS-359 used in Chapter 2, have been shown to be efficacious at 
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inhibiting the growth of a broad spectrum of viruses, including both DNA and RNA 

viruses [55]. In particular, FLS-359 demonstrates antiviral activity against lytic HCMV 

infection, suggesting that it could serve as a single drug to target HCMV during both the 

lytic and quiescent phases of infection. Mcl-1 inhibitors, on the other hand, may have 

potential therapeutic efficacy against not only quiescently infected monocytes, but also 

against latently infected CD34+ hematopoietic stem cells, as HCMV-infected CD34+ 

cells are dependent on Mcl-1 for viability [56]. 

Additionally, both Sirt2 and Mcl-1 have been proposed as possible therapeutic 

targets for cancer. Abnormal Sirt2 expression has been associated with a variety of 

malignancies and can be involved in tumorigenesis, though the role it plays remains 

unclear and may differ between types of cancer [57-60]. Mcl-1 is frequently 

overexpressed in cancer and has emerged as a factor for treatment resistance during 

therapy with other BH3 protein mimetics and during chemotherapy or radiotherapy [61, 

62]. The immunosuppression caused by chemotherapy can put patients with cancer at risk 

for HCMV disease [63]. If the appropriate host factor is targeted, a single therapy could 

hypothetically serve a dual role as a chemotherapeutic and as a broad-spectrum antiviral 

to protect an immunosuppressed patient.  

HDAs, like all approaches to drug development, have their disadvantages. One 

complicating factor of using HDAs is that individual variation may not make the 

therapies “one-size-fits-all” and there may be a degree of personalized medicine required 

for optimal efficacy [52, 64]. Although the risk is far lower than DAAs, the risk for 

development of drug resistance against HDAs is non-zero. When one host factor is 

targeted, viruses could switch to utilize alternative host factors or could develop greater 
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viral efficiency under the selective pressure of therapy [52, 65-67]. Additionally, the 

targeting of host functions runs the risk sacrificing specificity for broad-spectrum utility. 

A natural consequence of targeting host proteins is that the same protein in a distant 

uninfected cell may also be affected. Selecting a suitable host factor target that is 

essential for viral function but is dispensable or redundant for the host is crucial. Despite 

the challenges, the discovery and testing of novel host-directed antivirals is an essential 

tool in the eternal battle waged between virus and host.  
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Future directions 

 Despite the progress made by the work in these studies, there are still many 

questions left unanswered. Akt acts as a nexus of signaling for many cellular functions. 

Activated Akt traditionally acts as a negative regulator of autophagy, primarily via 

activation of mTOR [44]. In Chapter 2, we show that inhibition of Akt activity reduces 

cellular autophagy, which in turn promotes necroptosis. The positive association between 

Akt and autophagy that we observe in HCMV-infected monocytes runs counter to the 

canonical relationship. However, the specific mechanism of this change in regulation 

remains unknown (Fig. 1). Activity of mTORC1, the master regulatory complex 

controlling cell growth and translation, is enhanced with HCMV infection alongside 

activation of Akt [8]. There are many autophagic pathway proteins regulated by 

mTORC1 activity, including ULK1, ATG13, and AMBRA1 [41, 44]. Investigating the 

activity of these proteins during HCMV infection in the presence and absence of 

rapamycin treatment to inhibit mTORC1 activity could help determine whether Akt 

regulation of autophagy is mediated by mTORC1. Alternatively, Akt could be directly 

influencing autophagy during infection by regulation of Beclin 1, an important 

component of the autophagosome initiation complex. Under normal conditions, Akt 

regulates Beclin 1 through phosphorylation of an inhibitory phosphosite [45]. However, it 

may be possible that once it has been uniquely phosphorylated by HCMV, the activity of 

Akt may be altered to then preferentially phosphorylate Beclin 1 at an activating 

phosphosite instead [68]. Further study of the unexpected relationship between Akt and 

autophagy will elucidate the mechanisms behind how HCMV manipulates autophagy to  
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Figure 1. Unanswered questions in Akt-mediated regulation of autophagy. Akt and mTOR 
traditionally act as negative regulators of autophagy. However, HCMV infection in monocytes 
dysregulates cellular pathways, including noncanonical activation of Akt and simultaneous 
stimulation of mTORC1 and AMPK, leading to an induction of cellular autophagy despite 
activation of Akt and mTORC1. In our studies we discovered that inhibition Akt positively 
regulates autophagy in HCMV-infected monocytes, raising questions about the mechanism 
behind this switch in regulatory role. Lines with arrowheads indicate activation, lines with bars 
indicate inhibition, discontinuous lines indicate unknown regulation. 
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inhibit cell death by necroptosis and may reveal new therapeutic targets downstream of 

the major PI3K/Akt/mTOR signaling axis. 

 Another set of questions raised by our studies is the matter of the specific BH3 

protein interactions at play during HCMV infection to block apoptosis in monocytes, 

particularly in relation to Mcl-1. Mcl-1 is a critical prosurvival factor during early HCMV 

infection [7]. There are two models proposed for the interactions between the members of 

the Bcl-2 family, the direct activation model and the indirect activation model [30]. In 

Chapter 3, we demonstrate direct binding between Mcl-1 and the proapoptotic effector 

protein Bak. This interaction suggests evidence for the indirect model of activation, 

which proposes that the antiapoptotic Bcl-2 proteins, including Mcl-1, directly bind and 

sequester the proapoptotic effector proteins until a BH3-only protein binds the 

antiapoptotic protein, thus releasing the effectors and allowing them to oligomerize [69]. 

Interestingly, survival of infected monocytes is dependent on an HCMV-induced shift 

from Mcl-1 to Bcl-2 later in infection, and this shift was found to occur in response to 

cellular upregulation of Bax, another proapoptotic effector protein [7]. In our studies, 

although we were able to detect binding between Mcl-1 and Bak, we did not observe an 

interaction between Mcl-1 and Bax, despite binding between Mcl-1 and Bax being 

detected in other cell types. The lack of interaction between Mcl-1 and Bax may clarify 

why HCMV infected monocytes become dependent on Bcl-2 expression for survival as 

Bax becomes upregulated.  

The direct model of activation, the second model for the interplay between Bcl-2 

family members, proposes that the antiapoptotic proteins bind to activator BH3-only 

activator proteins, preventing the activators from binding to and activating the 
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proapoptotic effectors [70, 71]. In the direct model, apoptosis occurs when sensitizer 

BH3-only proteins displace the antiapoptotic proteins, such as Mcl-1, from the activators, 

freeing them to then activate the proapoptotic effectors. BH3 profiling shows that 

HCMV-infected monocytes are specifically dependent on Mcl-1 for survival, as opposed 

to the other antiapoptotic Bcl-2 proteins, and demonstrates the functional importance of 

binding between Mcl-1 and numerous BH3-only proteins, including Bim, Bid, Noxa, 

Puma, and Bmf [72]. HCMV-infected monocytes are specifically sensitive to stimulation 

with Noxa, a sensitizer BH3-only protein, resulting in release of cytochrome c, hinting 

that the direct activation model may be at play in infected monocytes [73]. Interestingly, 

binding of sensitizer BH3-only proteins to Mcl-1 can not only alter Mcl-1’s binding 

partners, but it can also modulate stability of Mcl-1. Noxa, for instance, causes 

degradation of Mcl-1, whereas Bim stabilizes Mcl-1 [74-76]. One possible avenue of 

future study is to test whether treatment with the Mcl-1 inhibitor S63845 causes 

degradation of Mcl-1 via upregulation of Noxa expression. As the Mcl-1 inhibitors 

pursued in our study act as BH3-mimetics and we observe enhanced degradation of total 

Mcl-1 with treatment of two of the inhibitors, further study is warranted on the 

mechanisms of action of the Mcl-1 inhibitors. Additionally, in preliminary studies we 

observe interaction between Mcl-1 and Bim, an activator BH3-only protein, and the 

interaction appeared to decrease with treatment with the Mcl-1 inhibitors, another finding 

that is suggestive of the direct activation model (data not shown). Much remains 

unknown about the precise interactions between Mcl-1 and other BH3-only proteins, and 

uncovering these interactions will reveal valuable knowledge that will aid in the search 

for increasingly specific BH3 mimetic therapeutics.  
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 The process of investigating potential therapeutics is not complete without in vivo 

studies to test if the results from artificially isolated and cultured cells will translate into a 

complex lifeform. HCMV, however, is highly restricted by species, complicating efforts 

to test antivirals in mice. Future studies will involve testing the Sirt2 and Mcl-1 inhibitors 

described in Chapters 2 and 3 in an adult human skin xenograft mouse model of HCMV 

dissemination. The Mcl-1 inhibitor S63845 has been tested as an anti-tumorigenic 

compound in vivo but it has not been tested for antiviral efficacy against HCMV 

dissemination [77]. The skin organ culture model described in Chapter 3 functioned as a 

preliminary study to ascertain if the results that we observed in monocytes might 

successfully translate to similar results in vivo when the skin is grafted into a mouse (Fig. 

2). The mouse model that will be used was developed by the Moffat lab at SUNY Upstate 

Medical University [78]. Adult human skin obtained from breast reduction 

mammoplasties and mastectomies will be cleaned, thinned, and cut into 1-cm2 squares in 

a process similar to the protocol described for the skin organ culture system in Chapter 3. 

The skin will then be implanted as subdermal grafts onto the two opposite flanks of nude, 

athymic mice and allowed to vascularize with the mouse circulatory system. Once the 

skin xenografts have had sufficient time to successfully vascularize, one of the skin grafts 

will be infected with HCMV. The contralateral graft will be left uninfected and will be 

monitored for the presence of HCMV infection. In this model, the infected skin graft 

simulates the transplantation of an HCMV-infected organ into a seronegative patient. The 

presence of HCMV infection in the contralateral graft is suggestive that there has been 

hematogenous dissemination of infected, tissue resident myeloid cells traveling from the 

infected skin graft to the contralateral graft. With addition of the Sirt2 and Mcl-1  
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Figure 2. Adult human skin xenograft mouse model of HCMV dissemination for testing of 
antivirals. Nude, athymic mice will be implanted on opposing flanks with xenografts of adult 
human skin obtained from mammoplasties. One graft will be infected with HCMV while the 
other will be left uninfected. Over the course of the study, mice will be treated with one of the 
host-directed antivirals (HDA) described in Chapters 2 and 3, a current HCMV direct-acting 
antiviral (DAA) targeting viral replication, a combination of therapies, or a vehicle control. The 
contralateral skin graft will be monitored for dissemination of HCMV originating from the 
infected graft. Monitoring will continue after therapy is discontinued to observe if the skin 
experiences a later rebound reactivation of the virus. 
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inhibitors, we hope to observe a reduction or even complete elimination of viral 

dissemination. Additionally, we plan to test the Sirt2 and Mcl-1 inhibitors in combination 

with a current DAA in order to determine if they will act synergistically to reduce viral 

replication and viral dissemination. In transplant recipients, discontinuation of HCMV 

antiviral therapies has led to the emergence of a delayed viral reactivation [51]. To 

determine whether the addition of a Sirt2 or Mcl-1 inhibitor to the conventional DAA 

regimen will prevent later rebound reactivation of HCMV, a Sirt2 inhibitor or Mcl-1 

inhibitor will again be used in combination with a DAA, but treatment with the DAA will 

be discontinued and the mice will continue to be monitored for viral spread and 

proliferation. Confirmation of the anti-HCMV efficacy of the Sirt2 and Mcl-1 inhibitors 

in an in vivo model will provide significant validation of their potential use as host-

directed antivirals for HCMV. 

 One potential pitfall that must always be kept in mind when investigating HDAs 

is side effects or toxicity due to bystander killing. Although Sirt2 and Mcl-1 are critical 

for HCMV infection in monocytes, monocytes are not the only cells that express those 

proteins. Although Sirt2 is highly expressed in skeletal muscle and the brain, Sirt2 

knockout mouse models appear to have no phenotypic abnormalities [79-82]. 

Additionally, Sirt2 inhibitors appear to be well-tolerated in mice [55]. Clinical studies of 

Bcl-2 family proteins, including Mcl-1, however, have faced challenges due to significant 

dose-limiting toxicities [83]. Clinical trials of the Mcl-1 inhibitors AMG 397 

(NCT03465540) and AZD5991 (NCT03218683) for cancer treatment have been 

terminated or put on hold due to safety concerns about cardiotoxicity [84]. In accord with 

the cardiotoxicity observed in clinical trials, conditional cardiomyocyte-specific Mcl-1 
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deletion causes lethal cardiac failure in mice [85]. One approach to minimize the non-

specific toxic effects of HDAs is to optimize drug delivery to specifically target HCMV-

infected monocytes. Nanoparticle technology is one strategy at the forefront of targeted 

drug delivery. Monocytes are professional phagocytic cells that efficiently engulf 

particles from the extracellular environment [86]. HCMV-infected monocytes have 

previously been shown to readily uptake nanoparticles and encapsulation of the Mcl-1 

inhibitor C10 into lipid nanoparticles enhances efficacy in infected monocytes relative to 

free C10 [87]. HCMV-infected monocytes also have heightened nanoparticle uptake 

relative to mock infection [16, 87]. However, work remains to be done to optimize 

nanoparticle design to infected monocytes. Nanoparticle size and surface charge must 

strike a delicate balance. Large, positively charged particles are better at enhancing 

phagocytic uptake [87]. Smaller, neutrally charged particles are preferred for limiting 

non-specific uptake by mock-infected monocytes and may be better able to extravasate 

from leaky blood vessels into inflamed, infected tissue [87-89]. An additional strategy to 

enhance specific nanoparticle uptake by infected monocytes is to add a moiety that is 

recognized by a surface protein specifically upregulated by monocytes during HCMV 

infection [90-92]. Customization of nanoparticles with specific moieties may reduce non-

specific drug delivery, leading to diminished bystander toxicity. Overall, optimization of 

nanoparticle technology remains a complex challenge that could yield important 

advances in drug delivery of compounds that are promising therapeutics in vitro but 

limited by toxicity due to non-specific uptake in clinical trials.  
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Appendix: Drug Properties of Experimental Compounds 
 
Compound Target IC50 Ki or Kd Source 
FLS-359 
 

Sirt2 3.3 µM [1] -- Evrys Bio 

FLSX-008 
 

Sirt2 3.9 µM [1] -- Evrys Bio 

UM-116 Mcl-1 0.58±0.10 µM [2] 1.7±0.2 µM (Kd) [2] Nikolovska-Coleska 
Lab, University of 
Michigan 

UM-122 Mcl-1 0.61±0.11 µM [2] 0.15±0.03 µM (Ki) 
[2] 

Nikolovska-Coleska 
Lab, University of 
Michigan 

UM-128 Mcl-1 1.00±0.12 µM [2] 0.25±0.03 µM (Ki) 
[2] 

Nikolovska-Coleska 
Lab, University of 
Michigan 

S63845 
 

Mcl-1 -- 0.19 nM (Kd) [3] SelleckChem 

 
Table of drug properties of the experimental compounds studied.  
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