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Abstract: The wide range of disease pathologies seen in multiple organ sites associated 

with human cytomegalovirus (HCMV) infection results from the systemic hematogenous 

dissemination of the virus, which is mediated predominately by infected monocytes. In 

addition to their role in viral spread, infected monocytes are also known to play a key role 

in viral latency and life-long persistence. However, in order to utilize infected monocytes 

for viral spread and persistence, HCMV must overcome a number of monocyte biological 

hurdles, including their naturally short lifespan and their inability to support viral gene 

expression and replication. Our laboratory has shown that HCMV is able to manipulate the 

biology of infected monocytes in order to overcome these biological hurdles by inducing 

the survival and differentiation of infected monocytes into long-lived macrophages capable 

of supporting viral gene expression and replication. In this current review, we describe the 

unique aspects of how HCMV promotes monocyte survival and differentiation by inducing 
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a ―finely-tuned‖ macrophage cell type following infection. Specifically, we describe the 

induction of a uniquely polarized macrophage subset from infected monocytes, which we 

argue is the ideal cellular environment for the initiation of viral gene expression and 

replication and, ultimately, viral spread and persistence within the infected host. 

Keywords: HCMV; monocyte; macrophage; polarization; survival; signaling; receptor-ligand; 

viral persistence; viral dissemination 

 

1. Introduction 

Human cytomegalovirus (HCMV), a ubiquitous betaherpesvirus that infects 60%–90% of the 

population worldwide, establishes a lifelong infection of the host [1]. The disease manifestations 

associated with HCMV infection are dependent upon the immune status of the host. In healthy 

individuals, primary infection with HCMV is typically asymptomatic, although mononucleosis-like 

symptoms have been reported [2,3]. Long-term infection with HCMV, however, is associated with 

chronic inflammation, which links HCMV infection to the development of cardiovascular diseases and 

some types of cancers in otherwise immunocompetent individuals [3–5]. In contrast, HCMV infection 

causes severe morbidity and mortality in immunocompromised individuals, including AIDS patients, 

transplant recipients, and developing fetuses [3,6]. In these susceptible populations lacking normal 

immune control of the virus, HCMV infection can lead to a severe disease state that is characterized by 

multi-organ system involvement [7].  

The ability of HCMV to establish persistent infection within the host and the wide range of 

associated disease pathologies in multiple organ sites are a result of the systemic dissemination of the 

virus following primary infection. The dissemination strategy of HCMV involves a hematogenous step 

that is mediated predominately by infected peripheral blood monocytes. There are multiple lines of 

evidence supporting a specific role for monocytes in the hematogenous dissemination of HCMV. An 

HCMV cell-associated viremia is known to occur early after infection [8,9] and HCMV viral DNA is 

found predominately in peripheral blood monocytes and polymorphonuclear leukocytes (PMNs), 

rather than in lymphocytes [10–12]. Both monocytes and PMNs have been shown to play a role in the 

transfer of HCMV to blood vessel endothelial cells, suggesting a role for both cell types in the spread 

of HCMV [11]. Neither cell type is able to support viral replication [11]; however, viral gene 

expression and replication have been identified in monocyte-derived macrophages [13–16]. 

Furthermore, monocytes are the most prevalent infiltrating cell type found within HCMV-infected 

tissues [11,17], and a critical role for monocytes in the dissemination strategy of HCMV has been 

clearly defined in an animal model using the related murine CMV [18]. Based on these studies and 

others (reviewed in [19,20]), our laboratory focused on primary HCMV infection and the specific role 

monocytes play in viral dissemination [20,21]. We argue that monocytes serve as ―Trojan Horses‖ to 

carry HCMV to multiple organ sites in the absence of de novo viral gene expression, as monocytes are 

initially non-permissive for viral gene expression and replication and only become permissive upon 

their differentiation into macrophages [20–27].  
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Monocytes/myeloid cells are not only key to viral spread following primary infection, but are 

central to the entire viral persistence strategy, as myeloid progenitors have been shown to be critical 

for the establishment of viral latency within the bone marrow [8,10,28–30]. Furthermore, reactivation 

of the virus occurs in these latently infected myeloid precursor cells that then leave the bone marrow as 

differentiated monocytes—thus also serving as a source of life-long periodic viral shedding [31–33]. 

Therefore, cells of the monocytic lineage play a defined and crucial role in the overall success of the 

virus in establishing a productive and persistent infection within the host and also in the transfer of 

HCMV to new hosts. Our recent studies have focused on determining how HCMV is able to 

manipulate the biology of newly infected monocytes during primary infection in order to promote the 

viral dissemination required for productive and persistent infection. 

2. HCMV Rapidly Changes the Monocyte Cellular Environment Following Primary Infection to 

Establish a Pro-Viral Inflammatory Phenotype that Mediates Viral Dissemination 

Due to the immune surveillance function of peripheral blood monocytes, this cell type can readily 

migrate through the blood vessel endothelium and infiltrate into peripheral organs, making infected 

monocytes ideal candidates for widespread delivery of the virus to nearly all organ tissues. Monocytes 

possess, however, a short lifespan of approximately 1–3 days within the bloodstream [34,35]. As 

previously mentioned, newly infected monocytes do not support de novo viral lytic gene expression or 

replication [36], thus new viral gene products are not synthesized that can alter the cellular 

environment to favor the success of the virus within the cell, as seen in other cell types infected by 

HCMV [37–41]. Despite this lack of new viral gene expression, our laboratory has observed rapid 

signaling and activation-induced changes in infected monocytes following viral binding that result in 

the production of a pro-inflammatory monocyte phenotype that favors viral spread [21–23,27,42–44]. 

Furthermore, we have shown that these phenotypic changes are mediated by the signaling that results 

from viral engagement of the epidermal growth factor receptor (EGFR) and the 1 and 3 integrins on 

the surface of monocytes [20,24–26,45,46]. Based on our recent studies [20,25,26,45,46] and the work 

of others [47–49], we have gained a better understanding of the early binding events that occur during 

HCMV infection of monocytes and how these events translate into the activation of cellular signaling 

pathways and functional changes in infected monocytes that promote the viral dissemination and 

persistence strategy [20,21]. 

During primary infection of monocytes, initial viral tethering likely occurs through engagement of 

glycoprotein M (gM)/gN to heparin sulfate proteoglycans [50]. This initial viral tethering event is then 

followed by the binding of the gH/gL/UL128-131 complex to specific proteinaceous receptors, the 1 

and 3 integrins [26,46] and the binding of other viral glycoprotein(s), such as gB to EGFR on the 

surface of monocytes [45]. These receptor-binding events then trigger the activation of signaling 

cascades downstream of EGFR and integrins. Our data suggest that there are both distinct and 

overlapping signaling events that mediate viral entry into monocytes and that initiate specific 

monocyte biological changes [20,25,26,45,46]. For instance, the binding to and activation of both 

EGFR and integrins are required for viral entry into monocytes [26,45,46]. Moreover, the activation of 

both EGFR and integrins by HCMV is required for increased monocyte cellular motility, which is 

essential for the overall dissemination strategy of HCMV [26,45]. However, although both EGFR and 
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integrin signaling are required for HCMV-induced enhanced monocyte motility, our data indicate that 

HCMV activation of EGFR alone promotes the upregulation of an actin cytoskeletal regulator, 

N-WASP, which we showed to be required for enhanced monocyte motility [45]; while activation of 

integrins alone promotes the activation and upregulation of the actin cytoskeletal regulator, paxillin, 

which we show also induces monocyte motility and plays a key role in the viral entry process [26]. 

These data suggest that EGFR and integrin signaling events overlap to promote HCMV-induced 

monocyte motility through actin cytoskeletal rearrangement, although the specific signaling cascades 

downstream of these receptors regulate distinct cellular molecules. We also note that the requirement 

of both EGFR and integrin signaling for actin cytoskeletal rearrangement in the process of viral entry 

into monocytes links the receptor-mediated activation of cellular motility to the viral entry process, as 

the cytoskeletal events regulating enhanced motility also regulate viral entry [26,45,46]. The EGFR- 

and integrin-mediated enhanced motility of infected monocytes, when paired with a virus-induced 

increase in monocyte adhesion molecules and in monocyte transendothelial migration, likely allows 

the infected monocyte to exit the bloodstream and to enter peripheral organ tissues [22,23]. 

Furthermore, HCMV-induced activation of EGFR alone results in the prolonged survival of infected 

monocytes by altering the normal cellular apoptotic machinery through the prolonged expression of 

Mcl-1, providing the virus with a longer-lived cellular host [22,25]. The enhanced survival of infected 

monocytes is also potentiated by HCMV-induced differentiation of infected monocytes to naturally 

long-lived tissue macrophages within the organ tissues [21,24]. Following the differentiation of 

infected monocytes to macrophages, viral replication can then commence [21,51,52], resulting in 

progeny virions capable of infecting the necessary surrounding cell types required to promote viral 

shedding to other hosts [13,21] or capable of infecting myeloid progenitor cells within the bone 

marrow to establish the latent infection required for lifelong viral persistence within the host 

[19,28,29,32].  

These earlier studies highlight the ability of HCMV to alter the biological function of infected 

monocytes to promote changes that are critical for the outcome of the viral life cycle and for the viral 

persistence strategy. Furthermore, our studies demonstrate that the HCMV-induced changes in infected 

monocytes are initiated by cellular surface receptor binding-induced signaling in the cell, in the 

absence of de novo viral gene expression. In fact, newer studies have uncovered that a high degree of 

regulatory control is utilized by HCMV during infection of monocytes through the utilization of these 

two separate cellular receptors, EGFR and integrins, to promote a ―finely-tuned‖ monocyte/macrophage 

cell type that is required for viral spread, replication, and persistence.  

3. Precise Regulation of the Monocyte/Macrophage Apoptotic Program Is Required for  

HCMV-Induced Monocyte-to-Macrophage Differentiation 

We have shown that HCMV effectively initiates molecular changes that reprogram infected 

monocytes to establish a pro-viral phenotype that mediates viral dissemination. We suggest that for the 

virus to successfully have evolved to infect monocytes and utilize them as ―Trojan Horses‖ for the 

spread of HCMV to target organs, the virus had to overcome at least two significant biological 

obstacles. First, HCMV had to adapt to the naturally short lifespan of monocytes of around 48 to 72 hours 

in circulation [34,35], a scenario that is particularly problematic for HCMV, with its slow DNA 
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replication cycle of several days to weeks in vivo [53]. Second, the virus had to adapt to the 

differentiation barrier, because as stated previously, monocytes are not initially permissive for de novo 

viral gene expression and replication [14,52,53], while their differentiated counterparts, macrophages, 

are permissive [21]. We have evidence that HCMV navigates these biological hurdles by extending the 

lifespan of infected monocytes and directing their differentiation into long-lived macrophages, which 

are capable of supporting viral replication and the production of progeny virions [21,24,25,44].  

In this manner, it appears that HCMV has evolved a mechanism to molecularly bridge the 

survival-differentiation hurdle in order to generate a long-lived cell type that serves as a reservoir for 

viral persistence in host organ tissue.  

In order to promote the extended survival of HCMV-infected monocytes, HCMV must escape both 

the intrinsic programming that causes monocytes to die within 48–72 hours of entering circulation [34,35] 

and the cellular antiviral pro-apoptotic response [54]. Because monocytes are not productive for viral 

gene expression and replication, viral immediate early proteins do not participate in the rescue of 

infected monocytes from various apoptotic mechanisms. Accordingly, the virus appears to have 

evolved a mechanism whereby it relies on cellular Bcl-2 family anti-apoptotic proteins in order to 

navigate critical cellular checkpoints and to escape apoptosis. The Bcl-2 family of proteins consists of 

multiple mitochondrial membrane permeabilization regulators that function to either promote or inhibit 

apoptosis [55]. Anti-apoptotic Bcl-2 members (Mcl-1, Bcl-2, and Bcl-xL) have been reported to 

mediate survival of myeloid cells under some conditions [56–61]. Our laboratory recently reported that 

Mcl-1 functions to mediate the early survival of infected monocytes [25]. Monocytes have a 

biologically limited lifespan of about 48–72 hours in the circulation, during which they must make a 

cell fate decision to either undergo monocyte-to-macrophage differentiation [24,25] or to fulfill their 

natural ―default‖ biological programming and undergo apoptosis. Under homeostatic conditions, 

monocytes exhibit high levels of Mcl-1 upon entry into circulation and upon isolation in our system, 

followed by a significant reduction in Mcl-1 protein levels over their 48–72 hour lifespan [25]. The 

decline of pro-survival Mcl-1 between 48 and 72 hours post infection is consistent with the in vivo 

lifespan of these cells and appears to constitute a potential molecular viability gate, which monocytes 

must negotiate in order to escape their intrinsic apoptotic fate [25]. Furthermore, this expression 

pattern suggests that, under homeostatic conditions, Mcl-1 may function as a molecular clock to ensure 

a controlled population of unstimulated short-lived monocytes [25]. These data are consistent with 

what is known about Mcl-1 and its anti-apoptotic function in myeloid leukemia cells [62–64]. The 

Mcl-1 gene was originally identified as being over-expressed in a human myeloid leukemia cell line 

during monocyte-to-macrophage differentiation [62]. Mcl-1 has since been identified as a member of 

the Bcl-2 gene family that, under homeostatic conditions, serves to regulate two important myeloid  

cell processes: survival and differentiation [63,65]. Because of its pro-survival function in cells,  

over-expression of Mcl-1 enhances the survival of cancerous cells and contributes to drug resistance in a 

variety of cancers [66–69]. Our data suggest that HCMV usurps the pro-survival function of Mcl-1 to 

promote the enhanced survival of infected monocytes. In contrast to uninfected monocytes, Mcl-1 

levels remain stable through the first 24 hours following HCMV infection; after 24 hours, Mcl-1 levels 

in infected monocytes decline until expression finally reaches the same levels as those observed in 

mock-infected cells at 72 hours post infection [25]. By extending the expression of Mcl-1 in  

HCMV-infected monocytes when compared to their mock-infected counterparts, HCMV infection 
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allows these cells to navigate the cell viability checkpoint at 48 hours post infection. Thus, HCMV 

appears to upregulate Mcl-1 expression in infected monocytes to overcome the intrinsic apoptotic 

clock that controls the monocyte population under homeostatic conditions, in order to extend the 

lifespan of the infected cell [25]. In support, siRNA-mediated knock down of Mcl-1 levels leads to a 

reversal of the apoptotic resistance observed in HCMV-infected monocytes, confirming that Mcl-1 is 

responsible for the enhanced survival of monocytes during the initial 24–48 hours following infection [25].  

Molecularly, survival and differentiation are distinct processes in monocytes that are, nonetheless, 

intimately linked. Prolonged survival of monocytes is necessary to afford the time required for 

differentiation to occur; however, an excess of pro-survival signals can block differentiation [70]. 

Thus, the survival and differentiation programs in monocytes appear to represent a ―Goldilocks‖ 

phenomenon whereby only precise expression levels of the cellular products involved in both survival 

and differentiation will result in effective monocyte-to-macrophage differentiation. In fact, myeloid 

cell differentiation has been shown to require low level expression of multiple ―pro-apoptotic‖ players, 

particularly the caspases [70]. For example, caspase-3 and caspase-8 play a significant role in 

monocyte-to-macrophage differentiation induced by stimulation with macrophage colony-stimulating 

factor (M-CSF): both caspases are required for differentiation to occur [70]. However, the expression 

of caspase-3 and caspase-8 is lower during differentiation than during apoptosis [70], suggesting a 

threshold level of caspase expression exists that is necessary for differentiation, while remaining low 

enough to avoid triggering apoptosis. These studies implicate that the process of monocyte-to-macrophage 

differentiation may represent, molecularly, an incomplete apoptosis-like program.  

In support, recent work from our laboratory has shown that HCMV controls monocyte-to-macrophage 

differentiation through the partial activation of caspase-3 [24]. Furthermore, we demonstrated that, 

prior to the 48-hour cell fate checkpoint, Mcl-1 acts to inhibit the cleavage and activation of caspase-3, 

which in turn promotes monocyte survival [24]. However, once infected monocytes survive to and through 

the 48-hour viability gate, the loss of Mcl-1 allows a basal activation of caspase-3 that is required for 

monocyte-to-macrophage differentiation [24]. Thus, by differentially regulating Mcl-1 expression levels, 

HCMV walks a fine line between survival and death; between differentiation and non-differentiation, to 

create the long-lived macrophage that is central to its viral survival/persistence strategy.  

Our more recent studies investigating the prolonged survival of HCMV-infected monocytes have 

further illustrated the involvement of a possible incomplete apoptosis-like program in HCMV-induced 

monocyte-to-macrophage differentiation. During our analysis of a panel of assays to identify apoptotic 

cell death, we identified that despite the well-characterized enhanced survival of HCMV-infected 

monocytes [24,25], HCMV-infected cells did not exhibit a decrease in the expression of several 

apoptosis-associated markers as would be expected, but rather showed an increase in some quantifiable 

phenomena associated with apoptosis (Figure 1). Flow cytometric analysis of Annexin V and 

propidium iodide (PI) staining in HCMV-infected versus mock-infected monocytes at 72 hours post 

infection revealed a greater than two fold increase in the percentage of Annexin V positive, PI negative 

cells in HCMV-infected monocytes (Figure 1A). Cells staining as Annexin V positive, PI negative are 

prototypically considered to be in the early stages of apoptosis, because Annexin V binds to 

phosphatidyl serine (PS), an inner membrane component that flips to the outer membrane of cells 

during apoptosis [71]. However, the presence of PS on the outer membrane of cells is also a natural 

occurrence during monocyte-to-macrophage differentiation, and PS on the outer membrane is required 
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for the phagocytic function of macrophages [72]. With an already documented increase in cell viability 

during HCMV infection of monocytes [45] and in the absence of an increase in PI staining, which 

would represent true cell death; the increase in the number of cells expressing PS (by Annexin V 

staining) in HCMV-infected monocytes likely represents the larger number of cells undergoing 

monocyte-to-macrophage differentiation that we have previously documented [21,24]. Furthermore, 

quantification of fluorescent cells in images captured by an IncuCyte ZOOM
™

 analyzer of HCMV-infected 

versus mock-infected monocytes that were treated with CellPlayer™ 96-well Caspase-3/7 reagent 

(which fluorescently labels cells containing activated or cleaved caspase-3/7) over a timecourse  

of 72 hours indicated an increase in the number of cells containing cleaved caspase-3/7 in 

HCMV-infected cells compared to mock-infected cells (Figure 1B). We previously showed that 

HCMV-infected monocytes had increased levels of the full-length 32 kDa and partially cleaved 20-kDa 

forms of caspase-3, while showing similar levels of the fully-cleaved 17 kDa form of caspase-3, when 

compared to mock-infected monocytes by three days post infection [24]. Additionally, we have 

observed an increase in caspase-7 expression and cleavage in infected monocytes 3–5 days post 

infection [73]. Although the activation of caspase-3/7 is typically indicative of an apoptotic process in 

cells, our previous data showed that caspase-3 activity was required for HCMV-induced monocyte-to-

macrophage differentiation [24]; however, we have not yet addressed a potential role for caspase-7 in 

the differentiation of infected monocytes to macrophages. With a defined role for caspase-3 activation 

in myeloid cell differentiation [24,64] and the recently documented role for caspase-7 in the 

differentiation of dental hard tissue producing cells, such as odontoblasts and ameloblasts [74], we 

suggest that the increase in the number of cells expressing activated caspase-3 and -7 in HCMV-infected 

monocytes, again reflects a greater number of cells undergoing monocyte-to-macrophage differentiation, 

rather than apoptosis. To verify that HCMV-infected monocytes exhibited lower amounts of apoptosis 

than their uninfected counterparts despite the measurable increase in PS expression and caspase-3/-7 

activation, we performed a DNA laddering assay to detect the presence of fragmented DNA  

(a hallmark of complete apoptosis) at 72 hours (data not shown) and 120 hours post infection (a time 

that we could identify any cellular apoptosis that may potentially be initiated at 72 hours) (Figure 1C). 

We observed a small amount of DNA laddering in HCMV-infected monocytes (Figure 1C, Lane 3), 

indicating that some HCMV-infected cells had undergone apoptosis. However, we identified that 

uninfected monocytes (Figure 1C, Lane 2) had an increased amount of DNA laddering when compared 

to HCMV-infected monocytes (Figure 1C, Lane 3), indicating the presence of increased apoptosis in 

uninfected monocytes. Therefore, it appears that although multiple biological changes occur during 

HCMV infection of monocytes that have been linked to the initiation of an apoptotic cascade, full 

apoptosis does not occur in the majority of HCMV-infected monocytes. We argue that the process of 

macrophage differentiation likely requires the specific regulation of a partial apoptotic-like cascade 

(involving multiple steps including the activation of caspases and the surface expression of PS) that 

drives the myeloid differentiation process to a ―point of no return‖ for the macrophage, but that does 

not result in a full apoptotic response that would result in cell death. 
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Figure 1. Human cytomegalovirus (HCMV) induces the upregulation of apoptosis-associated 

markers in the absence of increased apoptosis. Primary human peripheral blood monocytes 

were isolated as previously described [22,44]. Monocytes were mock- or HCMV-infected 

(Towne/E p.41 MOI 5) for 72 hours at 37 C in 5% CO2, and kept either in suspension  

(A and C) or adherent in a 96 well plate (B) in 1% human serum RPMI 1640 (Cellgro). 

(A) At 72 hours post infection, monocytes were harvested, stained with Annexin V-FITC 

and PI, and analyzed by flow cytometry. The average percentage of Annexin V positive, PI 

negative cells in each sample from three separate donors is represented. Student’s paired  

t-test was used to determine statistical significance (* p < 0.05). (B) At the time of 

infection, triplicate samples were treated with 5 μM CellPlayer
™

 96-Well Caspase-3/-7 

reagent. Samples were placed in an IncuCyte
™

 Zoom live imaging system at 37 C and 5% 

CO2. Phase contrast and green fluorescence images of each sample at identical areas were 

acquired every six hours for 72 hours. The number of green objects detected per image was 

normalized to the number of cells detected by phase contrast per respective image. The 

resulting green object count for each sample is represented. (C) At 120 hours post 

infection, fragmented DNA was harvested from samples using a Calbiochem
®

 Suicide 

Track
™

 DNA Ladder Isolation kit. Isolated DNA was run on a 1.5% agarose/TAE gel 

at 50 constant volts. The gel was then stained with ethidium bromide and apoptotic DNA 

was visualized by UV illumination. All samples were run on the same gel under the same 

conditions; however, a lane containing an irrelevant treatment option was removed for the 

final figure. Lane 1 contains the 1 kb DNA standard ladder, Lane 2 contains DNA from 

mock-infected monocytes, and Lane 3 contains DNA from HCMV-infected monocytes. 
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4. HCMV-Induced Monocyte-to-Macrophage Differentiation Is Required for Viral Replication 

and for Long-Term Persistent Infection 

Infection of monocytes by HCMV was initially thought to represent a non-productive and abortive 

infection for the virus because monocytes do not support viral replication [8,12,36]. However, as 

previously discussed, HCMV-infected monocytes are clearly implicated in the overall dissemination of 

HCMV within the infected host [8–12,17,18]. The circulating surveillance function of monocytes 

within the bloodstream makes this highly motile cell type ideal for delivery of the virus to multiple 

organ tissues, but in the absence of viral replication, infection of monocytes by HCMV would appear 

to serve no productive function for the overall viral persistence strategy. On the other hand, viral 

replication has been shown to occur in monocyte-derived macrophages [13–16,75] and in macrophages 

from infected individuals [13,76]. However, differentiated macrophages are not found within the 

bloodstream and can, therefore, not play a predominant role in the hematogenous dissemination 

strategy of HCMV during primary infection. Our laboratory demonstrated that HCMV is able to 

promote the transendothelial migration of infected monocytes to facilitate their exit out of the 

bloodstream and entry into the surrounding tissues [21,22]. Studies of a mouse model of CMV 

infection support the extravasation of infected monocytes out of the bloodstream and their movement 

into organ tissues [77]. In this model, a primarily mononuclear cell-associated CMV viremia was 

identified in the infected mice; that was then followed by a dissemination of the virus to the liver and 

spleen [77]. Furthermore, we showed that primary infection of monocytes by HCMV drives the 

differentiation of infected monocytes into macrophages that can then support viral replication and the 

release of infectious virions [21,24,78,79]. Although infected monocytes appear to be driven towards 

differentiation into macrophages within hours following infection [78,79], the complete productive 

monocyte-to-macrophage differentiation process appears to take up to two weeks post infection [21]. 

HCMV-infected monocytes exhibit gene expression changes that are associated with macrophage 

differentiation as early as four hours post infection [78,79] and have an upregulation of macrophage 

markers, such as CD68, as early as 24 hours post infection [21]. HCMV-infected monocytes gain an 

increase in macrophage-associated phagocytosis function by three days post infection [21]. The 

infected monocyte/macrophage begins to express the macrophage differentiation marker, HLA-DR, in 

low levels by four days post infection, with increasing expression levels that peak around two weeks 

post infection [21]. The HCMV immediate early (IE) gene products, IE1 and IE2, and the late gene 

product, gH, can then be detected within these fully differentiated macrophages between 2–3 weeks 

post infection, which coincides with the release of infectious virus into the macrophage supernatant 

[21,46]. Together, these data demonstrate that primary infected peripheral blood monocytes not only 

serve as viral carriers for hematogenous dissemination, but that they also serve as sources of viral 

persistence through their production of progeny virions. 

The release of newly produced infectious virions by HCMV-infected monocytes that have 

undergone differentiation into tissue macrophages would allow the virus to establish a long-term 

infection within peripheral organ tissue. It is likely that this viral persistence in macrophages links 

HCMV infection to the overt organ pathology observed in immunocompromised hosts. Newly released 

infectious virions within various host organs would then be able to infect additional recruited myeloid 

cells and nearby epithelial cells at sites of bodily fluid excretion in order to facilitate chronic viral 
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shedding and passage to new hosts [20,22]. In support, following the initiation of viral gene expression 

around two weeks post infection, we detect the release of infectious HCMV into the cellular 

supernatant at around three weeks post infection, which we showed continues through five weeks post 

infection [21]. Furthermore, we now have data indicating that HCMV-induced differentiation of 

infected monocytes results in a long-lived macrophage phenotype that becomes a long-term persistent 

source for the production of infectious HCMV (Table 1). In fact, HCMV-infected monocyte-derived 

macrophages secreted infectious virus into the cellular supernatant for at least 16 weeks post infection, 

albeit at very low levels (Table 1). Therefore, when paired with our previous data indicating that 

HCMV drives the motility and transendothelial migration [21,26,45] and the prolonged survival [25] 

and differentiation of infected monocytes [21,22,24], these data suggest that primary infected 

peripheral blood monocytes serve a critical role in the overall long-term persistence strategy of 

HCMV. Through the induction of these highly specific biological changes in infected monocytes, 

HCMV promotes the establishment of a long-lived macrophage phenotype that supports the chronic 

production of infectious virus, likely contributing to continuous shedding of the virus for months after 

initial infection. Clinical data support that chronic shedding of the virus following primary infection is 

a common occurrence, particularly among children in daycare settings, who have been shown to shed 

the virus for up to 23 months [80]. Furthermore, because monocytes/macrophages are the primary cell 

type involved in carrying reactivated HCMV, the replication of reactivated HCMV within these cells 

may contribute to the observed chronic shedding of HCMV in the breast milk of postpartum 

mothers [81]. Therefore, the replication of HCMV within differentiated monocytes/macrophages likely 

serves as a critical component for the long-term production and shedding of HCMV in both primary 

and reactivated infections. 

Table 1. Long-term release of HCMV from infected monocytes/macrophages. Monocytes 

were mock- or HCMV-infected (Towne/E MOI 5) and then cultured for 16 weeks.  

At the indicated times post infection, cell supernatants were collected and added to  

fibroblasts. The presence or absence of detectable IE1 expression was determined by 

immunohistochemistry staining using an anti-IE1 antibody (Millipore MAB810), 

Histostain-Plus Kit (Invitrogen cat. 859043), and AEC Substrate Kit (Invitrogen cat. 00-2007) 

at 24 hours post infection, as an indication for productive virus release by the long-term 

infected cells. ―-‖ represents the absence of released virus and the numbers represent the 

calculated plaque forming units per 500 macrophages (averaged from two donors).  

Treatment 2 weeks 4 weeks 8 weeks 12 weeks 16 weeks 

Mock - - - - - 

HCMV - 20 26 30 10 

5. HCMV Reprograms the Polarization of Infected Monocytes towards a Unique Macrophage 

Phenotype in Order to Promote Viral Replication and Persistence 

Recent advances in macrophage biology research have uncovered that the differentiation of 

monocytes into macrophages can result in a wide spectrum of resulting phenotypes that have a variety 

of biological functions [82–85]. These macrophage phenotypes have been categorized broadly into 
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―M1‖, or classically-activated, pro-inflammatory macrophages, and ―M2‖, or alternatively-activated, 

anti-inflammatory macrophages, although the phenotypes classified within these categories are broadly 

pleotropic [82–85]. Differentiation towards an M1 macrophage phenotype typically occurs following 

activation by interferon-γ (IFN-γ), granulocyte-macrophage colony-stimulating factor (GM-CSF), 

tumor necrosis factor (TNF), or lipopolysaccharide (LPS), resulting in a host defense or tumor 

resistance phenotype [83–85]. M1 macrophages are characterized by their secretion of large amounts 

of proinflammatory cytokines, including interleukin (IL)-6, IL-12, IL-23, and TNF [84,86,87]. On the 

other hand, differentiation towards an M2 macrophage phenotype typically occurs following activation 

by IL-4, IL-10, IL-13, or M-CSF, resulting in a regulatory, anti-parasitic, wound healing, or tumor 

promotion phenotype [83–85]. M2 macrophages are characterized by the secretion of very low levels 

of inflammatory cytokines and the production of high amounts of IL-10 [84,86,87]. Moreover, M2 

macrophages have been further classified into three subcategories (M2a, M2b, and M2c), which differ 

by stimulating cytokines, upregulated macrophage markers, cytokine production, and distinct 

biological function [84]. For example, M2a macrophages are stimulated by IL-4 and IL-13, express 

scavenger receptors on their surfaces, and function primarily in anti-parasitic activity or allergic 

inflammation; M2b macrophages are stimulated by Toll-like receptors or IL-1 receptors, express 

CD86, secrete TNF, IL-1, and IL-6, and are involved in the regulation of immune responses; and M2c 

macrophages are stimulated by IL-10, secrete TGF-, and are involved in tissue remodeling [84]. 

Therefore, the specific activating ligand involved in the stimulation of monocytes can greatly influence 

the overall differentiation and polarization of monocytes to macrophages.  

Regardless of stimuli, the process of monocyte-to-macrophage differentiation results in a series of 

cellular phenotypes that have some degree of shared functional and/or cytokine expression traits along 

with distinct characteristics. Thus, due to the wide range of potential differentiation-inducing ligands, 

the overall resulting macrophage cell type under various stimuli represents a diversity of potential cell 

types. Our laboratory was among the first to demonstrate that a virally-induced monocyte-to-macrophage 

differentiation process occurs and that it is likely required for viral replication and long-term viral 

persistence [21,24,78,79]. Because macrophages can be polarized to function generally as either  

pro-inflammatory/anti-microbial or anti-inflammatory/pro-tumorigenic, the specific type of macrophage 

polarization that results during HCMV infection of monocytes would have significant implications for 

viral dissemination and persistence. Our laboratory’s data indicate that HCMV induces the  

pro-inflammatory activation of infected monocytes, which we argue is critical for viral spread within 

the host [21,23,45]. However, the induction of a pro-inflammatory or M1 phenotype typically results in an 

anti-microbial functional that is characteristic of a host immune response [83,84,88], which would likely 

be detrimental to the viral life cycle. Nonetheless, because of the plasticity of macrophage 

differentiation along with our data that the stimulation of macrophage differentiation by LPS results in 

a macrophage phenotype that is distinct from HCMV-induced macrophage differentiation [21], we 

suggest that HCMV utilizes this plasticity to regulate the polarization of infected monocytes/macrophages 

towards a distinct phenotype that ensures successful viral survival and persistence. One mechanism to 

test this notion of a distinct cell type is global transcriptome microarray analyses. We used this global 

transcriptome approach paired with an analysis of secreted chemokine analysis to decipher the distinct 

polarization of HCMV-infected monocytes/macrophages [78,79]. These studies identified that  

HCMV-infected monocytes exhibit a unique reprogramming of their differentiation and polarization in 
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which both M1- and M2-associated genes are expressed and chemokines are secreted [78,79]. 

Specifically, we identified that subsets of M1-associated gene transcripts (65%) and M2-associated 

gene transcripts (4%) were upregulated during HCMV infection of monocytes, and subsets of  

M1-associated chemokines (44%) and M2-associated chemokines (33%) were more abundant in 

infected monocytes. These data implicate that HCMV-infected monocytes/macrophages fall somewhere 

along the macrophage polarization continuum to resemble a more ―M1-like‖ pro-inflammatory 

phenotype [78,79]. We propose that HCMV specifically modulates the polarization of infected 

monocytes/macrophages to induce an activated, mostly M1-like phenotype in order to promote the 

pro-inflammatory changes (such as adhesion, motility, and survival) that are required for effective viral 

dissemination while dampening a potential anti-viral immune response by promoting the upregulation 

of key M2-associated genes (such as IL-10 and CCL18).  

To expand our microarray analyses, we have focused on the identification of specific gene 

expression changes that occur during monocyte-to-macrophage differentiation and polarization under 

various stimuli. These studies were designed to allow us to determine specific genes that are key to the 

overall differentiation of monocytes to macrophages, regardless of stimuli, and moreover, to identify 

the specific subsets of gene expression changes that are shared among HCMV-infected and M1 or M2 

polarized macrophages. We hoped from these studies to gain a better understanding of the similarities 

and differences of HCMV-induced macrophage polarization versus traditional M1 or M2 polarization. 

To address this question, monocytes were mock- or HCMV-infected, or treated with LPS (to induce 

M1 polarization) or M-CSF (to induce M2 polarization), for two weeks. At two weeks, RNA was 

harvested for microarray analysis. These new microarray analyses have uncovered the differences  

in the overall gene expression profile and the changes that occur during the differentiation of  

HCMV-infected versus LPS-treated (M1) versus M-CSF-treated (M2) macrophages, when compared 

to mock-infected monocytes/macrophages (Figure 2A,B). Our data indicate that the general  

ligand-induced monocyte-to-macrophage differentiation process includes a subset of gene expression 

changes that is present regardless of stimulating ligand or polarization (upregulation of 2,455 genes; 

downregulation of 450 genes) (Figure 2A,B). That is, there is a core set of likely ―pan‖ macrophage 

genes induced and/or reduced. However, the differentiation of monocytes towards an M1 or M2 

macrophage phenotype also resulted in a large pool of distinct gene expression profiles. That is, we 

observed a large number of gene expression changes that appear unique to the specific macrophage 

polarization phenotype (upregulation of 739 M-CSF-specific genes and 588 LPS-specific genes; 

downregulation of 961 M-CSF-specific genes and 685 LPS-specific genes) (Figure 2A,B). 

Furthermore, these analyses revealed that HCMV-induced monocyte-to-macrophage differentiation 

results in subsets of gene expression changes that are shared with either M1 or M2 macrophages, with 

more genes shared with the M1 macrophage polarization phenotype (upregulation of 936 LPS-shared 

genes; downregulation of 634 LPS-shared genes) than the M2 macrophage phenotype (upregulation  

of 422 M-CSF-shared genes; downregulation of 305 M-CSF-shared genes) (Figure 2A,B). We also 

observed a distinct subset of gene expression changes in infected monocytes/macrophages that were 

not observed in either M1 or M2 polarized macrophages (upregulation of 1,371 HCMV-specific genes; 

downregulation of 1,263 HCMV-specific genes) (Figure 2A,B), suggesting that the HCMV-induced 

differentiation program of infected monocytes truly represents a unique differentiation phenotype.  
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Figure 2. HCMV infection of monocytes induces a unique subset of gene expression 

changes when compared to monocytes polarized towards an M1 or M2 phenotype. 

Monocytes were mock- or HCMV-infected (Towne/E p.41 MOI 5), or treated with LPS 

(100 ng/mL) or M-CSF (100 ng/mL) for two weeks at 37 C and 5% CO2 under adherent 

conditions. At two weeks, RNA was harvested from each sample. Harvested RNA was 

used to perform microarray analysis on Affymetrix U133 Plus 2.0 genechips. Probe sets to 

represent individual genes were selected by using JetSet [89]. The genes that were 

upregulated (A) or downregulated (B) (≥2 fold change when compared to mock-infected 

monocytes) were compared between treatments and the number of unique or shared genes 

among samples is represented. 

 

A. B. 

 

In support of our gene array analyses, flow cytometric analysis revealed an increase in the 

expression of both M1- and M2-associated macrophage markers in HCMV-infected monocytes when 

compared to mock-infected monocytes at five days post infection (Figure 3). Of note—although 

uninfected monocytes are programmed to die between 48–72 hours in circulation, a certain percentage 

of cells (~40%) receive enough stimuli in our in vitro culture system to survive and undergo a small 

degree of differentiation. However, when compared to the percentage of cells found in HCMV-infected 

monocytes (>80% survival), it is clear that infection serves as both a survival and a differentiation 

stimuli. Analysis of co-staining with CD71 (a general macrophage marker), CD86 (a cell surface 

marker that is typically expressed on M1 macrophages), and CD163 (a cell surface marker that is 

typically expressed on M2 macrophages) revealed that HCMV infection of monocytes induces the 

upregulation of specific macrophage markers, resulting in a larger number of cells within the doublet 

staining macrophage subsets. In addition, the macrophage marker expression profile of HCMV-infected 

monocytes was distinct from that seen with M-CSF- or GM-CSF-treated monocytes, suggesting that 

various stimulating ligands induce distinct macrophage phenotype populations (data not shown). 

Furthermore, analyses of the expression of select M1- and M2-associated genes in monocytes/macrophages 

at 24 and 72 hours following treatment with M-CSF, GM-CSF or LPS or infection with HCMV 

supported the finding that HCMV infection of monocytes/macrophages results in a distinct polarization 
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profile that shares some characteristics with M1 and/or M2 macrophages (data not shown). However, 

further studies involving additional donors are required to effectively decipher gene profile changes 

that occur during macrophage polarization between 24 and 72 hours. Taken together, these data 

demonstrate that HCMV-infection of monocytes/macrophages drives their differentiation/polarization 

towards a macrophage phenotype that shares some characteristics with M1-polarized macrophages and 

M2-polarized macrophages, but that, overall, represents a distinct polarization phenotype; that is, the 

specific HCMV-induced polarization phenotype does not fall into the category of strictly ―M1‖ or 

―M2‖, but exists somewhere along the M1/M2 continuum, skewed towards a more M1-like phenotype. 

Figure 3. HCMV infection of monocytes induces a macrophage polarization phenotype 

that is distinct from M1 or M2 polarization. Monocytes were mock- or HCMV-infected 

(Towne/E p.41 MOI 5) at 37 C and 5% CO2 for five days. Monocytes/macrophages were 

washed with PBS, blocked in 5% fetal bovine serum and stained with Alexa  

fluor-conjugated antibodies specific for CD14 (a myeloid specific marker), CD71  

(a macrophage specific marker), CD86 (an M1 macrophage associated marker), or CD163 

(an M2 macrophage associated marker). Cells were then analyzed by flow cytometry and 

gated by forward and side scatter and for CD14 positive cells. Scatter quadrant plots were 

generated indicating the number of cells expressing the various staining profiles.  
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Overall, we propose that this unique macrophage polarization phenotype uncovered by our studies 

reflects the manipulation of the differentiation and polarization program of infected monocytes by 

HCMV to promote a macrophage phenotype that is required for the overall persistence strategy of the 

virus. We predict that the early pro-inflammatory phenotype of HCMV-infected monocytes/macrophages 

regulates the motility and migration of the infected cells in order to promote their exit out of the 

bloodstream, and it helps to trigger the pro-survival signals necessary to overcome the cell’s intrinsic 

apoptotic program (inflammatory activation is known to induce prolonged monocyte survival [90]). 

However, because some inflammatory cytokines have also been linked to apoptosis in Mycobacterium-

infected monocytes [90], the expression of some M2-associated anti-inflammatory genes in 

HCMV-infected monocytes likely helps to dampen the cell’s intrinsic apoptotic host response to 

infection. Through the specific regulation of the differentiation and polarization of infected 

monocytes/macrophages, we argue that HCMV promotes the specific cellular environment that is 

required for viral replication and overall persistence. This notion is supported by studies involving the 

infection of already differentiated M1 or M2 macrophages by HCMV, which indicate that although 

both macrophage phenotypes are susceptible to HCMV infection, HCMV is able to infect a higher 

percentage of M2 macrophages than M1 macrophages, indicating that M2 macrophages are more 

susceptible to HCMV infection [91,92]. These studies also indicated that HCMV induced the secretion 

of pro-inflammatory cytokines and chemokines in both M1 and M2 macrophages following infection, 

but that infected M2 macrophages released a higher amount of infectious virus [93]. These data 

suggest that HCMV not only induces the polarization of differentiating monocytes, but also  

alters the polarization profile of already differentiated macrophages by inducing the expression of 

pro-inflammatory molecules. Furthermore, these data suggest that the expression of specific 

M2-associated molecules confers some type of advantage for the virus during infection, indicating that 

the specific macrophage polarization phenotype in infected cells may determine the overall outcome of 

HCMV replication and gene expression. In support, it was shown that the specific phenotype of 

differentiated macrophages resulting from infected monocytes strictly affected HCMV replication and 

the production of infectious virus from infected monocytes/macrophages, as the absence of IFN-γ and 

IL-2 nearly abolished viral replication [52]. Moreover, IFN-γ and TNF- were shown to be required 

for the differentiation of HCMV-permissive monocyte-derived macrophages, and the presence of these 

cytokines during the differentiation process conferred HCMV resistance to these antiviral 

cytokines [93]. Taken together, these studies illustrate the requirement of a very distinct macrophage 

phenotype, expressing specific proinflammatory (M1-associated) cytokines and/or cellular factors 

(such as IFN-γ and TNF-) and certain anti-inflammatory (M2-associated) cytokines and/or cellular 

factors (such as IL-10), for the establishment of the ideal tissue environment for effective HCMV 

replication within monocyte-derived macrophages. Therefore, we propose that the ―fine-tuning‖ of the 

infected macrophage polarization phenotype likely produces a cellular environment that expresses all 

of the cytokines and cellular factors that are required for the hematogenous spread of HCMV and for 

the initiation of HCMV replication in macrophages, while avoiding certain detrimental outcomes like a 

robust antiviral immune response. Specifically, we predict that the expression of M1-associated 

cytokines likely promotes the required biological changes for enhanced motility, transendothelial 

migration, and survival to promote viral spread and replication and to help provide resistance to any 

later production of these pro-inflammatory cytokines, while the expression of M2-associated cytokines 
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promotes an environment that is better-suited for viral replication and that helps to dampen immune 

detection of the virus. 

6. Discussion 

The hematogenous dissemination strategy of HCMV allows the virus to spread throughout the 

entire body of the host and to gain access to nearly every organ tissue. This systemic spread is critical 

for the establishment of viral latency within the bone marrow and the life-long persistent infection that 

is associated with HCMV infection [19,28,29]. Because peripheral blood monocytes play an immune 

surveillance role within the host and can, therefore, easily transition out of the bloodstream to enter 

into peripheral organ tissues, monocytes represent ideal candidates to serve as viral carriers for the 

spread of HCMV during infection. Furthermore, the clinical disease manifestations associated with 

HCMV infection are thought to result from the infiltration of infected monocytes during the 

hematogenous spread of the virus [94]. However, because peripheral blood monocytes have a short 

lifespan [34,35] and do not support de novo viral gene expression or replication until differentiation 

into macrophages [36], HCMV must first overcome these biological hurdles in order to utilize 

monocytes for viral spread. 

Our laboratory has demonstrated that the binding of HCMV glycoproteins to EGFR and the 1 and 

3 integrins on the surface of monocytes triggers the activation of multiple signaling cascades that 

mediate the pro-inflammatory activation of infected monocytes [26,45]. We propose that this 

pro-inflammatory monocyte activation is required for the induction of multiple monocyte biological 

changes that are critical for viral spread and persistence, including an enhanced motility and 

transendothelial migration, which help to facilitate the extravasation of infected monocytes out of the 

bloodstream and into the surrounding tissues [21–23,45]. However, due to the natural short lifespan of 

these cells, in the absence of a viral-induced pro-survival signal, infected monocytes would likely 

represent an ―end-point-cellular-host‖ for the virus. Our data have shown that HCMV promotes the 

extended survival of infected monocytes through the prolonged expression of the cellular 

anti-apoptotic molecule, Mcl-1 early after infection, which promotes the survival of infected 

monocytes through a 48-hour viability checkpoint, a time at which uninfected monocytes appear to be 

programmed to die by apoptosis [25] (Figure 4). Although the prolonged survival of infected 

monocytes is critical for providing a longer-lived cellular host for the virus, in order for HCMV 

replication to occur, differentiation of infected monocytes into long-lived macrophages is also 

required [8,13–15,95] (Table 1). Further complicating this scenario, cellular differentiation can by 

blocked by an abundance of pro-survival signaling [70], suggesting that the survival and differentiation 

programs in infected monocytes must be intimately linked and tightly co-regulated during HCMV 

infection in order for viral replication to occur. That is, the virus must regulate the precise expression 

of pro-survival signals in order to navigate through critical cell fate decision checkpoints to promote 

survival, while simultaneously ensuring that differentiation also appropriately commences in the 

presence of these pro-survival signals. Based on our studies, we have developed a model describing 

this link between HCMV-induced monocyte survival and differentiation. Early after infection, 

following the extravasation of infected monocytes into the surrounding tissues, the primary hurdle for 

HCMV is the ―ticking clock‖ of monocyte pre-programmed cellular death around a 48-hour viability 
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gate (Figure 4). Therefore, HCMV regulates the prolonged expression of Mcl-1 to drive the survival of 

the infected cell through this 48-hour viability gate (Figure 4). Following the successful navigation 

through this cell survival ―crisis point‖, the primary hurdle for HCMV becomes the inability to initiate 

viral gene expression and replication, thereby necessitating a switch from a primarily cell survival 

program to a primarily cellular differentiation program (Figure 4). During the cellular differentiation 

phase of infection, Mcl-1 expression levels are depleted to allow for differentiation, while a low level 

increase in other pro-survival signals (including Bcl-2 expression) is observed, which we believe 

allows the infected cell to maintain survival throughout the differentiation process without directly 

interfering with the differentiation process (Figure 4). 

In an effort to identify the molecular mechanisms for how HCMV effectively regulates the distinct 

processes of survival and differentiation during infection, we initiated studies to molecularly define the 

players involved in driving the monocyte-to-macrophage differentiation process that may also be 

linked to alterations in the cell survival program. We have shown that Mcl-1 expression early after 

infection serves to inhibit the apoptosis of infected cells through the inhibition of caspase-3 

cleavage/activation, prior to the 48-hour viability gate (Figure 4) [24]. Furthermore, we showed that 

once Mcl-1 levels are depleted after the 48-hour viability checkpoint, HCMV utilizes the partial 

activation of caspase-3, a typically pro-apoptotic molecule that has also been shown to regulate 

macrophage differentiation [64], in order to drive differentiation of infected monocytes (Figure 4) [24]. 

Our new studies confirm an increase in the activation of caspases during HCMV infection of 

monocytes (Figure 1B) and indicate that HCMV infection also induces the expression of PS on the 

surface of infected monocytes (Figure 1A). Although these findings are typically associated with 

enhanced cellular apoptosis, we nonetheless observe a prolonged survival [25] and a lower amount of 

DNA laddering in infected monocytes (Figure 1C), indicating that HCMV promotes resistance to 

apoptosis in infected monocytes. Moreover, both the activation of caspases [24,64,70,74] and the 

expression of PS [96] have been shown to occur during the differentiation of monocytes to 

macrophages. Therefore, we argue that following the successful navigation of infected monocytes 

through the critical 48-hour cell fate decision checkpoint (which is mediated by the increased 

expression of cell survival signals, including Mcl-1 [25]), HCMV then initiates the expression of a 

series of ―pro-apoptotic‖ signals in precise quantities that help to drive the differentiation of infected 

monocytes to macrophages, but that does not fully activate the apoptotic response (Figure 4). 

Furthermore, the expression of PS has recently been found to have an anti-inflammatory effect by 

inducing the expression of anti-inflammatory cytokines that can counteract the effects of 

pro-inflammatory cytokines within inflamed tissues [97–100]. These data suggest that the surface 

expression of PS in infected monocytes may not only indicate the differentiation of infected monocytes 

into macrophages, but may also aid in the distinct polarization of infected monocytes/macrophages by 

enhancing the expression of anti-inflammatory, or M2-associated cytokines to counteract any potential 

negative or anti-viral effects of pro-inflammatory, or M1-associated cytokines that are expressed 

during infection.  
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Figure 4. HCMV regulates the distinct processes of survival and differentiation during 

infection through the precise expression of specific pro- and anti-apoptotic molecules. Our 

data have shown that HCMV infection induces the enhanced expression of Mcl-1 in 

infected monocytes in order to mediate their prolonged survival through a 48-hour viability 

checkpoint, a time in which uninfected monocytes are programmed to die [24,25]. Mcl-1 

levels gradually decrease through 48 hours after infection, before becoming undetectable. 

Following 48 hours, HCMV induces the enhanced expression of Bcl-2 and phosphatidyl 

serine (PS) membrane expression and an increase in the partial activation of caspase-3 in 

infected monocytes. The expression of low levels of Bcl-2 helps to support the survival of 

infected monocytes after the 48-hour viability gate, while precise regulation of the 

membrane expression of PS and the partial activation of caspase-3 help to drive the 

differentiation of infected monocytes towards replication-permissive macrophages. 

Overall, through the tight regulation of pro- and anti-apoptotic molecules, HCMV is able to 

overcome critical biological hurdles, such as the short lifespan of monocytes and the limit 

of de novo viral gene expression and/or replication in monocytes. 

 

7. Conclusions 

Although the precise mechanisms for how HCMV directs the polarization of infected 

monocytes/macrophages remain undetermined, our data clearly indicate that HCMV serves as a  

unique ligand that induces the differentiation and polarization of infected monocytes/macrophages  

towards a distinct phenotype that shares common characteristics with both M1 and M2 polarized 

macrophages [78,79] (Figures 2 and 3). In this manner, HCMV appears to specifically regulate the 

polarization of infected monocytes/macrophages in order to achieve an effective balance between 

pro-inflammatory and anti-inflammatory signals, which may establish the cellular environment that is 

conducive for dissemination and persistence of HCMV (Figure 5). Furthermore, we suggest that the 

specific polarization of HCMV-infected monocytes into distinct macrophages allows the virus to 

reprogram its cellular environment to achieve effective viral replication within a now naturally 

long-lived tissue macrophage (Figure 5). Combined with our polarization data, our identification of the 

ability of infected monocytes/macrophages to serve as long-term sources of productive viral release 

(Table 1) suggests that HCMV specifically manipulates monocyte cell biology to utilize this cell type 

not only as a vessel for successful dissemination, but to also promote long-term persistence within 

infected tissues. Furthermore, these studies strengthen previous studies indicating that infected 

macrophages do, in fact, serve as a critical cellular component in the production of HCMV within 
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tissues, tying infected monocytes/macrophages to viral spread, persistence, and pathogenesis within 

organs [13,101]. Overall, it seems that in order to successfully reach the point of viral replication, 

HCMV must orchestrate the precise expression of multiple pro-survival and pro-apoptosis signals, as 

well as pro-inflammatory and anti-inflammatory mediators, to achieve optimal ―Goldilocks‖ 

expression levels of these critical cellular signals in infected monocytes/macrophages. Furthermore, as 

evidenced by the partial activation of caspase-3 and the extracellular membrane-associated expression 

of PS on infected monocytes/macrophages, HCMV has likely evolved to utilize multiple molecular 

mechanisms that link the survival and differentiation/polarization programs of infected cells. 

Figure 5. HCMV polarizes infected monocytes/macrophages towards a distinct phenotype 

possessing aspects of both M1 and M2 macrophages in order to promote viral spread and 

replication. Our current data indicate that HCMV induces the simultaneous expression of 

M1-associated molecules (IL-6, TNF-, CD86) and M2-associated molecules (IL-10 and 

CD163), suggesting that HCMV-infected macrophages fall somewhere along the 

macrophage polarization continuum between an M1 and M2 phenotype (with a skewing 

towards a more M1-like phenotype) with an expression of more M1-associated genes and 

chemokines than M2-associated genes and chemokines [78,79]. We propose that  

through tight regulation of the expression of specific M1 (pro-inflammatory) and M2 

(anti-inflammatory) macrophage markers and chemokines, HCMV is able to utilize key 

pro-viral aspects of both polarization phenotypes, while simultaneously avoiding potential 

detrimental anti-viral effects. Specifically, HCMV likely utilizes M1-associated 

macrophage markers and chemokines to promote the pro-inflammatory activation of 

infected monocytes/macrophages to ensure proper cellular motility, migration, and 

monocyte recruitment, while utilizing M2-associated macrophage markers and chemokines 

to dampen the tissue-damaging effects of the pro-inflammatory response and any potential 

anti-viral responses. Overall, through the precise regulation of macrophage polarization, 

HCMV likely induces an ideal cellular environment that can support effective long-term 

viral replication, which ensures the overall success of the viral spread and persistence strategy.  

 



Viruses 2014, 6  

 

 

801 

Acknowledgments 

This work was supported by a Malcolm Feist Cardiovascular Research Pre-Doctoral Fellowship and 

American Heart Association Pre-Doctoral Fellowship (12PRE11840019) and U.S. National Institutes 

of Health grants (A156077, HD051998, and P20-RR018724). 

Author Contributions 

E.V.S., D.C.-M., S.J.C., G.L.B., and A.D.Y. designed experimental research; E.V.S., D.C.-M., 

S.J.C., and G.L.B. performed experimental research; E.V.S., D.C.-M., J.H.K., and A.D.Y. wrote 

the paper. 

Conflicts of Interest 

The authors declare no conflict of interest.  

References and Notes 

1. Mocarski, E.S.; Courcelle, C.T. Cytomegaloviruses and their replication. In Fields Virology, 

4th ed.; Knipe, D.M., Howley, P.M., Eds.; Lippincott Williams & Wilkins: Philadelphia, PA, 

USA, 2001; Volume 2, pp. 2629–2673. 

2. Horwitz, C.A.; Henle, W.; Henle, G. Diagnostic aspects of the cytomegalovirus mononucleosis 

syndrome in previously healthy persons. Postgrad. Med. 1979, 66, 153–158. 

3. Nogalski, M.T.; Collins-McMillen, D.K.; Yurochko, A.D. Overview of human cytomegalovirus 

pathogenesis. In Human Cytomegoloviruses; Yurochko, A.D., Miller, W.E., Eds.; Methods in 

Molecular Biology; Human Press: New York, NY, USA, 2014; in press. 

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

Virol. 2008, 41, 218–223. 

5. Soderberg-Naucler, C. Does cytomegalovirus play a causative role in the development of various 

inflammatory diseases and cancer? J. Intern. Med. 2006, 259, 219–246. 

6. Crough, T.; Khanna, R. Immunobiology of human cytomegalovirus: From bench to bedside. 

Clin. Microbiol. Rev. 2009, 22, 76–98. 

7. Drew, W.L. Nonpulmonary manifestations of cytomegalovirus infection in immunocompromised 

patients. Clin. Microbiol. Rev. 1992, 5, 204–210. 

8. Sinclair, J.; Sissons, P. Latent and persistent infections of monocytes and macrophages. 

Intervirology 1996, 39, 293–301. 

9. Sinzger, C.; Jahn, G. Human cytomegalovirus cell tropism and pathogenesis. Intervirology 1996, 

39, 302–319. 

10. Taylor-Wiedeman, J.; Sissons, J.G.; Borysiewicz, L.K.; Sinclair, J.H. Monocytes are a major site 

of persistence of human cytomegalovirus in peripheral blood mononuclear cells. J. Gen. Virol. 

1991, 72, 2059–2064. 

11. Gerna, G.; Baldanti, F.; Revello, M.G. Pathogenesis of human cytomegalovirus infection and 

cellular targets. Hum. Immunol. 2004, 65, 381–386. 



Viruses 2014, 6  

 

 

802 

12. Gerna, G.; Zipeto, D.; Percivalle, E.; Parea, M.; Revello, M.G.; Maccario, R.; Peri, G.; Milanesi, 

G. Human cytomegalovirus infection of the major leukocyte subpopulations and evidence for 

initial viral replication in polymorphonuclear leukocytes from viremic patients. J. Infect. Dis. 

1992, 166, 1236–1244. 

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

human cytomegalovirus in vivo. J. Infect. Dis. 1996, 173, 240–245. 

14. Ibanez, C.E.; Schrier, R.; Ghazal, P.; Wiley, C.; Nelson, J.A. Human cytomegalovirus 

productively infects primary differentiated macrophages. J. Virol. 1991, 65, 6581–6588. 

15. Taylor-Wiedeman, J.; Sissons, P.; Sinclair, J. Induction of endogenous human cytomegalovirus 

gene expression after differentiation of monocytes from healthy carriers. J. Virol. 1994, 68, 

1597–1604. 

16. Sinclair, J.H.; Baillie, J.; Bryant, L.A.; Taylor-Wiedeman, J.A.; Sissons, J.G. Repression of 

human cytomegalovirus major immediate early gene expression in a monocytic cell line. J. Gen. 

Virol. 1992, 73, 433–435. 

17. Booss, J.; Dann, P.R.; Griffith, B.P.; Kim, J.H. Host defense response to cytomegalovirus in the 

central nervous system. Predominance of the monocyte. Am. J. Pathol. 1989, 134, 71–78. 

18. Stoddart, C.A.; Cardin, R.D.; Boname, J.M.; Manning, W.C.; Abenes, G.B.; Mocarski, E.S. 

Peripheral blood mononuclear phagocytes mediate dissemination of murine cytomegalovirus. 

J. Virol. 1994, 68, 6243–6253. 

19. Jarvis, M.A.; Nelson, J.A. Mechanisms of human cytomegalovirus persistence and latency. 

Front. Biosci. 2002, 7, d1575–1582. 

20. Chan, G.; Nogalski, M.T.; Stevenson, E.V.; Yurochko, A.D. Human cytomegalovirus induction 

of a unique signalsome during viral entry into monocytes mediates distinct functional changes: A 

strategy for viral dissemination. J. Leukoc. Biol. 2012, 92, 743–752. 

21. Smith, M.S.; Bentz, G.L.; Alexander, J.S.; Yurochko, A.D. Human cytomegalovirus induces 

monocyte differentiation and migration as a strategy for dissemination and persistence. J. Virol. 

2004, 78, 4444–4453. 

22. Smith, M.S.; Bentz, G.L.; Smith, P.M.; Bivins, E.R.; Yurochko, A.D. HCMV activates PI(3)K in 

monocytes and promotes monocyte motility and transendothelial migration in a PI(3)K-

dependent manner. J. Leukoc. Biol. 2004, 76, 65–76. 

23. Smith, M.S.; Bivins-Smith, E.R.; Tilley, A.M.; Bentz, G.L.; Chan, G.; Minard, J.; Yurochko, 

A.D. Roles of phosphatidylinositol 3-kinase and NF-B in human cytomegalovirus-mediated 

monocyte diapedesis and adhesion: Strategy for viral persistence. J. Virol. 2007, 81, 7683–7694. 

24. Chan, G.; Nogalski, M.T.; Yurochko, A.D. Human cytomegalovirus stimulates monocyte-to-

macrophage differentiation via the temporal regulation of caspase 3. J. Virol. 2012, 86,  

10714–10723. 

25. Chan, G.; Nogalski, M.T.; Bentz, G.L.; Smith, M.S.; Parmater, A.; Yurochko, A.D.  

PI3K-dependent upregulation of Mcl-1 by human cytomegalovirus is mediated by epidermal 

growth factor receptor and inhibits apoptosis in short-lived monocytes. J. Immunol. 2010, 184,  

3213–3222. 



Viruses 2014, 6  

 

 

803 

26. Nogalski, M.T.; Chan, G.; Stevenson, E.V.; Gray, S.; Yurochko, A.D. Human cytomegalovirus-

regulated paxillin in monocytes links cellular pathogenic motility to the process of viral entry. 

J. Virol. 2011, 85, 1360–1369. 

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

Microbiol. Immunol. 2008, 325, 205–220. 

28. Streblow, D.N.; Nelson, J.A. Models of HCMV latency and reactivation. Trends Microbiol. 

2003, 11, 293–295. 

29. Bego, M.G.; St Jeor, S. Human cytomegalovirus infection of cells of hematopoietic origin: 

HCMV-induced immunosuppression, immune evasion, and latency. Exp. Hematol. 2006, 34, 

555–570. 

30. Goodrum, F.D.; Jordan, C.T.; High, K.; Shenk, T. Human cytomegalovirus gene expression 

during infection of primary hematopoietic progenitor cells: A model for latency. Proc. Natl. 

Acad. Sci. USA 2002, 99, 16255–16260. 

31. Keyes, L.R.; Hargett, D.; Soland, M.; Bego, M.G.; Rossetto, C.C.; Almeida-Porada, G.; St Jeor, 

S. HCMV protein luna is required for viral reactivation from latently infected primary cd14(+) 

cells. PLoS One 2012, 7, e52827. 

32. O'Connor, C.M.; Murphy, E.A. A myeloid progenitor cell line capable of supporting human 

cytomegalovirus latency and reactivation, resulting in infectious progeny. J. Virol. 2012, 86, 

9854–9865. 

33. Huang, M.M.; Kew, V.G.; Jestice, K.; Wills, M.R.; Reeves, M.B. Efficient human 

cytomegalovirus reactivation is maturation dependent in the langerhans dendritic cell lineage and 

can be studied using a CD14+ experimental latency model. J. Virol. 2012, 86, 8507–8515. 

34. Hume, D.A.; Ross, I.L.; Himes, S.R.; Sasmono, R.T.; Wells, C.A.; Ravasi, T. The mononuclear 

phagocyte system revisited. J. Leukoc. Biol. 2002, 72, 621–627. 

35. Whitelaw, D.M. Observations on human monocyte kinetics after pulse labeling. Cell Tissue 

Kinet. 1972, 5, 311–317. 

36. Maciejewski, J.P.; Bruening, E.E.; Donahue, R.E.; Sellers, S.E.; Carter, C.; Young, N.S.; St Jeor, 

S. Infection of mononucleated phagocytes with human cytomegalovirus. Virology 1993, 195, 

327–336. 

37. Terhune, S.; Torigoi, E.; Moorman, N.; Silva, M.; Qian, Z.; Shenk, T.; Yu, D. Human 

cytomegalovirus UL38 protein blocks apoptosis. J. Virol. 2007, 81, 3109–3123. 

38. Chang, W.L.; Baumgarth, N.; Yu, D.; Barry, P.A. Human cytomegalovirus-encoded interleukin-

10 homolog inhibits maturation of dendritic cells and alters their functionality. J. Virol. 2004, 78, 

8720–8731. 

39. Bronzini, M.; Luganini, A.; Dell'Oste, V.; de Andrea, M.; Landolfo, S.; Gribaudo, G. The US16 

gene of human cytomegalovirus is required for efficient viral infection of endothelial and 

epithelial cells. J. Virol. 2012, 86, 6875–6888. 

40. Castillo, J.P.; Kowalik, T.F. Human cytomegalovirus immediate early proteins and cell growth 

control. Gene 2002, 290, 19–34. 

41. Engel, P.; Angulo, A. Viral immunomodulatory proteins: Usurping host genes as a survival 

strategy. Adv. Exp. Med. Biol. 2012, 738, 256–276. 



Viruses 2014, 6  

 

 

804 

42. DeMeritt, I.B.; Milford, L.E.; Yurochko, A.D. Activation of the NF-B pathway in  

human cytomegalovirus-infected cells is necessary for efficient transactivation of the major 

immediate-early promoter. J. Virol. 2004, 78, 4498–4507. 

43. DeMeritt, I.B.; Podduturi, J.P.; Tilley, A.M.; Nogalski, M.T.; Yurochko, A.D. Prolonged 

activation of NF-B by human cytomegalovirus promotes efficient viral replication and late gene 

expression. Virology 2006, 346, 15–31. 

44. Yurochko, A.D.; Huang, E.S. Human cytomegalovirus binding to human monocytes induces 

immunoregulatory gene expression. J. Immunol. 1999, 162, 4806–4816. 

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

human cytomegalovirus entry and mediates cellular motility. Proc. Natl. Acad. Sci. USA 2009, 

106, 22369–22374. 

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

HCMV gH/gL/UL128–131 complex triggers the specific cellular activation required for efficient 

viral internalization into target monocytes. PLoS Pathog. 2013, 9, e1003463. 

47. Straschewski, S.; Patrone, M.; Walther, P.; Gallina, A.; Mertens, T.; Frascaroli, G. Protein 

puUL128 of human cytomegalovirus is necessary for monocyte infection and blocking of 

migration. J. Virol. 2011, 85, 5150–5158. 

48. Viswanathan, K.; Smith, M.S.; Malouli, D.; Mansouri, M.; Nelson, J.A.; Fruh, K. Bst2/tetherin 

enhances entry of human cytomegalovirus. PLoS Pathog. 2011, 7, e1002332. 

49. Zheng, Q.; Tao, R.; Gao, H.; Xu, J.; Shang, S.; Zhao, N. HCMV-encoded UL128 enhances  

TNF-alpha and IL-6 expression and promotes pbmc proliferation through the MAPK/ERK 

pathway in vitro. Viral Immunol. 2012, 25, 98–105. 

50. Compton, T. Receptors and immune sensors: The complex entry path of human cytomegalovirus. 

Trends Cell Biol. 2004, 14, 5–8. 

51. Soderberg-Naucler, C.; Streblow, D.N.; Fish, K.N.; Allan-Yorke, J.; Smith, P.P.; Nelson, J.A. 

Reactivation of latent human cytomegalovirus in CD14(+) monocytes is differentiation 

dependent. J. Virol. 2001, 75, 7543–7554. 

52. Soderberg-Naucler, C.; Fish, K.N.; Nelson, J.A. Growth of human cytomegalovirus in primary 

macrophages. Methods 1998, 16, 126–138. 

53. Mocarski, E.S.; Shenk, T.; Pass, R.F. Cytomegaloviruses; Lippincott Williams & Wilkins: 

Philadelphia, PA, USA, 2007; Volume 2. 

54. Barber, G.N. Host defense, viruses and apoptosis. Cell Death Differ. 2001, 8, 113–126. 

55. Adams, J.M.; Cory, S. The Bcl-2 protein family: Arbiters of cell survival. Science 1998, 281, 

1322–1326. 

56. Zhang, J.; Li, Y.; Yu, M.; Chen, B.; Shen, B. Lineage-dependent NF-B activation contributes to 

the resistance of human macrophages to apoptosis. Hematol. J. 2003, 4, 277–284. 

57. Perlman, H.; Georganas, C.; Pagliari, L.J.; Koch, A.E.; Haines, K., 3rd; Pope, R.M. Bcl-2 

expression in synovial fibroblasts is essential for maintaining mitochondrial homeostasis and cell 

viability. J. Immunol. 2000, 164, 5227–5235. 

58. Lin, E.Y.; Orlofsky, A.; Wang, H.G.; Reed, J.C.; Prystowsky, M.B. A1, a Bcl-2 family member, 

prolongs cell survival and permits myeloid differentiation. Blood 1996, 87, 983–992. 



Viruses 2014, 6  

 

 

805 

59. Lagasse, E.; Weissman, I.L. Enforced expression of Bcl-2 in monocytes rescues macrophages 

and partially reverses osteopetrosis in op/op mice. Cell 1997, 89, 1021–1031. 

60. Liu, H.; Perlman, H.; Pagliari, L.J.; Pope, R.M. Constitutively activated Akt-1 is vital for the 

survival of human monocyte-differentiated macrophages. Role of Mcl-1, independent of nuclear 

factor (NF)-B, Bad, or caspase activation. J. Exp. Med. 2001, 194, 113–126. 

61. Sanz, C.; Benito, A.; Silva, M.; Albella, B.; Richard, C.; Segovia, J.C.; Insunza, A.; Bueren, J.A.; 

Fernandez-Luna, J.L. The expression of Bcl-x is downregulated during differentiation of human 

hematopoietic progenitor cells along the granulocyte but not the monocyte/macrophage lineage. 

Blood 1997, 89, 3199–3204. 

62. Kozopas, K.M.; Yang, T.; Buchan, H.L.; Zhou, P.; Craig, R.W. MCL1, a gene expressed in 

programmed myeloid cell differentiation, has sequence similarity to BCL2. Proc. Natl. Acad. Sci. 

USA 1993, 90, 3516–3520. 

63. Zhou, P.; Qian, L.; Kozopas, K.M.; Craig, R.W. Mcl-1, a Bcl-2 family member, delays the death 

of hematopoietic cells under a variety of apoptosis-inducing conditions. Blood 1997, 89,  

630–643. 

64. Sordet, O.; Rebe, C.; Plenchette, S.; Zermati, Y.; Hermine, O.; Vainchenker, W.; Garrido, C.; 

Solary, E.; Dubrez-Daloz, L. Specific involvement of caspases in the differentiation of 

monocytes into macrophages. Blood 2002, 100, 4446–4453. 

65. Yang, T.; Buchan, H.L.; Townsend, K.J.; Craig, R.W. Mcl-1, a member of the Bcl-2 family, is 

induced rapidly in response to signals for cell differentiation or death, but not to signals for cell 

proliferation. J. Cell. Physiol. 1996, 166, 523–536. 

66. Thallinger, C.; Wolschek, M.F.; Wacheck, V.; Maierhofer, H.; Gunsberg, P.; Polterauer, P.; 

Pehamberger, H.; Monia, B.P.; Selzer, E.; Wolff, K.; Jansen, B. Mcl-1 antisense therapy 

chemosensitizes human melanoma in a SCID mouse xenotransplantation model. J. Invest. 

Dermatol. 2003, 120, 1081–1086. 

67. Wirth, T.; Kuhnel, F.; Fleischmann-Mundt, B.; Woller, N.; Djojosubroto, M.; Rudolph, K.L.; 

Manns, M.; Zender, L.; Kubicka, S. Telomerase-dependent virotherapy overcomes resistance of 

hepatocellular carcinomas against chemotherapy and tumor necrosis factor-related apoptosis-

inducing ligand by elimination of Mcl-1. Cancer Res. 2005, 65, 7393–7402. 

68. Kobayashi, S.; Werneburg, N.W.; Bronk, S.F.; Kaufmann, S.H.; Gores, G.J. Interleukin-6 

contributes to Mcl-1 up-regulation and TRAIL resistance via an Akt-signaling pathway in 

cholangiocarcinoma cells. Gastroenterology 2005, 128, 2054–2065. 

69. Song, L.; Coppola, D.; Livingston, S.; Cress, D.; Haura, E.B. Mcl-1 regulates survival and 

sensitivity to diverse apoptotic stimuli in human non-small cell lung cancer cells. Cancer Biol. 

Ther. 2005, 4, 267–276. 

70. Nicholson, D.W.; Thornberry, N.A. Caspases: Killer proteases. Trends Biochem. Sci. 1997, 22, 

299–306. 

71. Hamon, Y.; Broccardo, C.; Chambenoit, O.; Luciani, M.F.; Toti, F.; Chaslin, S.; Freyssinet, J.M.; 

Devaux, P.F.; McNeish, J.; Marguet, D.; Chimini, G. Abc1 promotes engulfment of apoptotic 

cells and transbilayer redistribution of phosphatidylserine. Nat. Cell Biol. 2000, 2, 399–406. 



Viruses 2014, 6  

 

 

806 

72. Callahan, M.K.; Williamson, P.; Schlegel, R.A. Surface expression of phosphatidylserine on 

macrophages is required for phagocytosis of apoptotic thymocytes. Cell Death Differ. 2000, 7, 

645–653. 

73. Collins-McMillen, D.K. Department of Microbiology and Immunology, Louisiana State 

University, Shreveport, LA, USA. Unpublished work, 2014. 

74. Matalova, E.; Lesot, H.; Svandova, E.; Vanden Berghe, T.; Sharpe, P.T.; Healy, C.; 

Vandenabeele, P.; Tucker, A.S. Caspase-7 participates in differentiation of cells forming dental 

hard tissues. Dev. Growth Differ. 2013, 55, 615–621. 

75. Fish, K.N.; Depto, A.S.; Moses, A.V.; Britt, W.; Nelson, J.A. Growth kinetics of human 

cytomegalovirus are altered in monocyte-derived macrophages. J. Virol. 1995, 69, 3737–3743. 

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

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

pathological findings in a case of congenital inclusion disease. J. Med. Virol. 2002, 67, 200–206. 

77. Collins, T.M.; Quirk, M.R.; Jordan, M.C. Biphasic viremia and viral gene expression in 

leukocytes during acute cytomegalovirus infection of mice. J. Virol. 1994, 68, 6305–6311. 

78. Chan, G.; Bivins-Smith, E.R.; Smith, M.S.; Smith, P.M.; Yurochko, A.D. Transcriptome analysis 

reveals human cytomegalovirus reprograms monocyte differentiation toward an M1 macrophage. 

J. Immunol. 2008, 181, 698–711. 

79. Chan, G.; Bivins-Smith, E.R.; Smith, M.S.; Yurochko, A.D. NF-B and phosphatidylinositol  

3-kinase activity mediates the HCMV-induced atypical M1/M2 polarization of monocytes. 

Virus Res. 2009, 144, 329–333. 

80. Adler, S.P. Molecular epidemiology of cytomegalovirus: A study of factors affecting 

transmission among children at three day-care centers. Ped. Infect. Dis. J 1991, 10, 584–590. 

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

infection. N. Engl. J. Med. 1980, 302, 1073–1076. 

82. Tugal, D.; Liao, X.; Jain, M.K. Transcriptional control of macrophage polarization. Arterioscler. 

Thromb. Vasc. Biol. 2013, 33, 1135–1144. 

83. Lawrence, T.; Natoli, G. Transcriptional regulation of macrophage polarization: Enabling 

diversity with identity. Nat. Rev. Immunol. 2011, 11, 750–761. 

84. Mantovani, A.; Sica, A.; Sozzani, S.; Allavena, P.; Vecchi, A.; Locati, M. The chemokine system 

in diverse forms of macrophage activation and polarization. Trends Immunol. 2004, 25, 677–686. 

85. Murray, P.J.; Wynn, T.A. Protective and pathogenic functions of macrophage subsets. Nat. Rev. 

Immunol. 2011, 11, 723–737. 

86. Sica, A.; Mantovani, A. Macrophage plasticity and polarization: In vivo veritas. J. Clin. Invest. 

2012, 122, 787–795. 

87. Mantovani, A.; Biswas, S.K.; Galdiero, M.R.; Sica, A.; Locati, M. Macrophage plasticity and 

polarization in tissue repair and remodelling. J. Pathol. 2013, 229, 176–185. 

88. Sica, A.; Invernizzi, P.; Mantovani, A. Macrophage plasticity and polarization in liver 

homeostasis and pathology. Hepatology 2013, doi:10.1002/hep.26754. 

89. Li, Q.; Birkbak, N.J.; Gyorffy, B.; Szallasi, Z.; Eklund, A.C. Jetset: Selecting the optimal 

microarray probe set to represent a gene. BMC Bioinf. 2011, 12, 474. 



Viruses 2014, 6  

 

 

807 

90. Parihar, A.; Eubank, T.D.; Doseff, A.I. Monocytes and macrophages regulate immunity through 

dynamic networks of survival and cell death. J. Innate Immunol. 2010, 2, 204–215. 

91. Romo, N.; Magri, G.; Muntasell, A.; Heredia, G.; Baia, D.; Angulo, A.; Guma, M.; Lopez-Botet, 

M. Natural killer cell-mediated response to human cytomegalovirus-infected macrophages is 

modulated by their functional polarization. J. Leukoc. Biol. 2011, 90, 717–726. 

92. Bayer, C.; Varani, S.; Wang, L.; Walther, P.; Zhou, S.; Straschewski, S.; Bachem, M.; 

Soderberg-Naucler, C.; Mertens, T.; Frascaroli, G. Human cytomegalovirus infection of M1 and 

M2 macrophages triggers inflammation and autologous T-cell proliferation. J. Virol. 2013, 87, 

67–79. 

93. Soderberg-Naucler, C.; Fish, K.N.; Nelson, J.A. Interferon-gamma and tumor necrosis  

factor-alpha specifically induce formation of cytomegalovirus-permissive monocyte-derived 

macrophages that are refractory to the antiviral activity of these cytokines. J. Clin. Invest. 1997, 

100, 3154–3163. 

94. Britt, W. Manifestations of human cytomegalovirus infection: Proposed mechanisms of acute and 

chronic disease. Curr. Top. Microbiol. Immunol. 2008, 325, 417–470. 

95. Fish, K.N.; Stenglein, S.G.; Ibanez, C.; Nelson, J.A. Cytomegalovirus persistence in 

macrophages and endothelial cells. Scand J. Infect. Dis. Suppl. 1995, 99, 34–40. 

96. Callahan, M.K.; Halleck, M.S.; Krahling, S.; Henderson, A.J.; Williamson, P.; Schlegel, R.A. 

Phosphatidylserine expression and phagocytosis of apoptotic thymocytes during differentiation 

of monocytic cells. J. Leukoc. Biol. 2003, 74, 846–856. 

97. Ma, H.M.; Wu, Z.; Nakanishi, H. Phosphatidylserine-containing liposomes suppress 

inflammatory bone loss by ameliorating the cytokine imbalance provoked by infiltrated 

macrophages. Lab. Invest. 2011, 91, 921–931. 

98. Harel-Adar, T.; Ben Mordechai, T.; Amsalem, Y.; Feinberg, M.S.; Leor, J.; Cohen, S. 

Modulation of cardiac macrophages by phosphatidylserine-presenting liposomes improves 

infarct repair. Proc. Natl. Acad. Sci. USA 2011, 108, 1827–1832. 

99. Wu, Z.; Nakanishi, H. Phosphatidylserine-containing liposomes: Potential pharmacological 

interventions against inflammatory and immune diseases through the production of prostaglandin 

E(2) after uptake by myeloid derived phagocytes. Arch. Immunol. Ther. Exp. 2011, 59, 195–201. 

100. Yeom, M.; Hahm, D.H.; Sur, B.J.; Han, J.J.; Lee, H.J.; Yang, H.I.; Kim, K.S. Phosphatidylserine 

inhibits inflammatory responses in interleukin-1-stimulated fibroblast-like synoviocytes and 

alleviates carrageenan-induced arthritis in rat. Nutr. Res. 2013, 33, 242–250. 

101. Sinzger, C.; Grefte, A.; Plachter, B.; Gouw, A.S.; The, T.H.; Jahn, G. Fibroblasts, epithelial cells, 

endothelial cells and smooth muscle cells are major targets of human cytomegalovirus infection 

in lung and gastrointestinal tissues. J. Gen. Virol. 1995, 76, 741–750. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


