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Summary
Human cytomegalovirus (HCMV) infection has been associated with the acceleration of vascular
disease including atherosclerosis and transplant associated vasculopathy in solid organ transplants.
HCMV promotes vascular disease at many of the different stages of the disease development.
These include the initial injury phase, enhancing the response to injury and inflammation, as well
as by increasing SMC hyperplasia and foamy macrophage cell formation. Angiogenesis is a
critical process involved in the development of vascular diseases. Recently, HCMV has been
shown to induce angiogenesis and this process is thought to contribute to HCMV-accelerated
vascular disease and may also be important for HCMV-enhanced tumor formation. This review
will highlight the role of HCMV in promoting angiogenesis.

1. Angiogenesis
New blood vessels are formed in response to normal physiological stimuli during fetal
development, wound healing, and growth/development. However, neovascularization is also
a consequence of numerous pathological conditions such as tumor growth, arthritis and is a
prominent feature of vascular diseases like atherosclerosis and transplant associated
vasculopathy and chronic allograft rejection. New blood vessels are formed in one of two
processes deemed angiogenesis or vasculogenesis. While angiogenesis is the formation of
new blood vessel sprouts from existing vessels, vasculogenesis is the term used to describe
the formation of new fetal blood vessels in tissues lacking any pre-existing vessels, and this
occurs through recruitment of endothelial cell (EC) progenitors. During vasculogenesis the
newly formed blood vessels are subsequently extended and trimmed in a process that closely
resembles angiogenesis. The formation of new vessels is a delicate process involving both
pro- and anti-angiogenic factors that are integrated into the process occurs in discrete stages.
Angiogenesis is initiated by the release of angiogenic factors including vascular endothelial
growth factor (VEGF), as a reaction to tissue hypoxia or nutrient deprivation. This initial
stage of angiogenesis is followed by the second stage, which removes pericytes surrounding
the vessel resulting in breakdown of the basement membrane of the existing blood vessel
wall. This process requires the activation of a number of different proteases including the
matrix metalloproteinases (MMPs). The third stage of angiogenesis involves the breakdown
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of the basement membrane and extracellular matrix (ECM) with the release of latent growth
factors that promote EC proliferation and migration towards the source of growth factor
stimulation. The new vessel sprout forms by utilizing both specialized adhesion molecules
as well as the breakdown of the extracellular matrix, as endothelial tip cells guide the
developing tubule towards the source of angiogenic stimuli (VEGF). The EC sprout is then
modified to become an unstable microvessel. Recently, it has been shown that M2-
macrophages act as bridging cells by localizing at the ends of two proximal tubules and
promoting their fusion into one linked vessel (Fantin et al., 2010). During this last stage of
angiogenesis mesenchymal cells are also recruited to the new vessel where they differentiate
into mature pericytes that stabilize the neovessel. The resulting new vessels are capable of
blood flow, aimed at relieving the hypoxic/nutrient-deprived state that was their stimulus for
their formation. When the local development of neovessels is not sufficients to relieve
hypoxic burden or when other factors such as CMV or tumor formation are driving this
process, then additional vessels will be created by angiogenesis.

2. Cytomegalovirus in Chronic Diseases That Involve Angiogenesis
Human cytomegalovirus (HCMV) is a ubiquitous beta-herpesvirus that persists for the life
of the human host following primary infection. Typically, HCMV infection of healthy,
immunocompetent hosts results in subclinical disease. However, infection of
immunocompromised individuals may cause serious life-threatening disease, which is still a
significant problem in congenital disease and in bone marrow transplant recipients. HCMV
has been associated with long-term diseases including the vascular diseases atherosclerosis,
restenosis following angioplasty, and transplant vascular sclerosis (TVS) associated with
chronic allograft rejection of solid organ grafts (Almond et al., 1993; Melnick et al., 1998;
Speir et al., 1994). Recently, HCMV has been detected in human glioblastoma (GBM), and
it has been suggested that HCMV exacerbates the progression of this disease (Cobbs et al.,
2002; Scheurer et al., 2008). A common feature of both vascular disease and GBM
formation is angiogenesis and CMV may enhance these diseases by accentuating pathologic
angiogenesis.

Determining the mechanisms of HCMV's involvement in the acceleration of vascular
disease and GBM formation has been difficult because the etiologies of these chronic
diseases are multifactorial. In addition, HCMV is ubiquitous throughout the human
population making negative controls uncommon. Furthermore, HCMV infects many
different cell types involved in angiogenesis including endothelial cells (EC), smooth
muscle cells (SMC), macrophages and fibroblasts, making it difficult to determine a
temporal relationship between virus infection and disease process. Animal and human
studies have shown that CMV is involved in accelerating both acute and chronic graft failure
in all types of solid organ transplants by promoting the vascular disease associated with
rejection. HCMV DNA has been detected in the vasculature of transplanted organs from
CMV positive donors demonstrating that the allograft may be an important source of virus
(Wu et al., 1992). HCMV infection in cardiac allograft recipients, doubles the 5-year rate of
graft failure due to accelerated TVS and chronic rejection (Grattan et al., 1989). Additional
proof of HCMV's role in graft vasculopathy comes from the finding of a higher incidence of
viral DNA detected in the explant vascular intima of patients with cardiac allograft TVS
than in those explants without vasculopathy (Wu et al., 1992). Importantly, treatment of
heart transplant recipients with ganciclovir, a potent inhibitor of viral replication and HCMV
disease, delayed the time to the development of allograft rejection, demonstrating that viral
replication is important for acceleration of disease (Merigan et al., 1992; Valantine et al.,
1999). Furthermore, kidney transplant allograft survival was decreased in asymptomatic
HCMV-infected recipients during the first 100 days post transplantation compared to
patients with no HCMV infection suggesting that the presence of HCMV alone, whether
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asymptomatic or with overt infection, has a negative impact on graft survival (Hodson et al.,
2005). Similarly, using rat heart, kidney, lung and small bowel transplantation models of
chronic rejection, it has been shown that acute infection with ratCMV (RCMV) dramatically
decreases the mean time to graft failure, and also increases the degree of vasculopathy in the
allograft vessels (Orloff et al., 2002; Orloff et al., 2000; Streblow et al., 2003). Antiviral
therapy can prevent or at least reduce the acceleration of rejection in the rat transplant
models demonstrating that, similar to the human scenario, active CMV replication is very
important for these disease processes (Tikkanen et al., 2001; Zeng et al., 2005).

Studies on human atherectomy specimens, with and without angioplasty, have shown that
HCMV sero-positivity correlated with the presence of inactivated tumor suppressor gene
p53, which has been proposed to induce the excessive accumulation of SMC in the
developing neointima contributing to restenosis (Speir et al., 1995; Speir et al., 1994). Rat
models of carotid artery balloon angioplasty have been used to study the effects of CMV on
acceleration of restenosis and it has been found that CMV-infected animals have a 40%
greater neointimal formation when compared to controls (Zhou et al., 1995). While the
strongest association of CMV in vascular disease is with the development of restenosis and
TVS, an association exists with atherosclerosis as well. CMV seropositive individuals are
2-3 fold more likely to develop coronary artery disease compared to HCMV seronegative
patients (Muhlestein et al., 2000). In support of this association, HCMV antigens and nucleic
acids have been detected in early lesions of diseased vessels (Hendrix et al., 1989; Hendrix
et al., 1990; Melnick et al., 1983; Speir et al., 1994; Zhou et al., 1996). For example, studies
have detected HCMV DNA in the vascular tissues from 76% of patients with ischemic heart
disease (Horvath et al., 2000) and up to 53% of carotid artery atherosclerotic lesions (Qavi et
al., 2000). In addition, in thoracic aorta sections, HCMV was frequently detected in fatty
streaks and normal-appearing areas of diseased vessels near intercostal artery openings
(Melnick et al., 1983; Pampou et al., 2000). Animal models, especially genetically altered
mice, have provided definitive evidence that CMV plays an important role in
atherosclerosis. A few groups have shown that murine-CMV (MCMV) infection of apoE−/−
mice increases the severity of atherosclerosis (Hsich et al., 2001; Streblow et al., 2001;
Vliegen et al., 2004a; Vliegen et al., 2004b; Vliegen et al., 2002).

Recently, HCMV infection has been associated with several human malignancies including
prostate and colon cancers as well as glioblastoma multiforme (GBM) (Soderberg-Naucler,
2006). GBM is the most common type of highly malignant brain cancer and currently has no
effective treatment (Louis et al., 2007). HCMV DNA has been reported to be present in over
90% of human malignant gliomas (Cobbs et al., 2002; Mitchell et al., 2008b), suggesting a
role for HCMV in glioma oncogenesis. A recent report has strengthened the connection
between HCMV and GBM by demonstrating that vaccination against the HCMV tegument
protein pp65 can improve survival in GBM patients (Mitchell et al., 2008a). While the
molecular mechanisms of HCMV's participation in glioblastoma development remain
unclear, a role of angiogenesis in tumor formation is certain. HCMV infection may enhance
GBM formation by increasing angiogenesis in the tumor, which would result in increased
tumor vascularity and survival.

3. Role of Endothelial Cells in Normal Physiology and During CMV Infection
Endothelial cells (ECs) are a key cellular component of several physiological processes,
such as angiogenesis, regulation of coagulation, tissue homeostasis, inflammation, vessel
growth, and are an important site of CMV persistence in the host. ECs differentiate from
angioblasts in the embryo (Mikkola and Orkin, 2002) and from endothelial progenitor cell
(EPCs), mesoangioblasts, multipotent adults progenitor cells, or side-population cells in the
adult bone marrow (Luttun et al., 2002; Reyes et al., 2002). ECs form the inner lining of
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blood and lymphatic vessels throughout the body and share a number of phenotypic
characteristics. However, additional requirements of EC to perform highly specialized,
tissue-specific functions result in a wide diversification of EC phenotypes according to
anatomic location and tissue source. The high level of EC diversity was initially suggested
by morphological differences between individual cell types (Conway and Carmeliet, 2004).
Analysis of antigen expression by ECs from different vascular sources broaden our
understanding of the repertoire of ECs throughout the systemic vasculature and revealed that
ECs are extremely heterogenous and express unique cell surface antigens that together
comprise an EC “vascular address” system (Ruoslahti and Rajotte, 2000).

Analysis of tissues from healthy individuals in the absence of acute disease identifies a
number of cells types that may serve as sites of CMV persistent or latent infection in the
normal individuals. Early studies identified HCMV DNA, mRNA, and antigen within the
vessel walls of the major arteries throughout the body (Gyorkey et al., 1984; Hendrix et al.,
1989; Hendrix et al., 1990; Melnick et al., 1983; Yamashiroya et al., 1988). To function as a
site of HCMV persistence, virus infection would be expected to cause minimal
cytopathology. Consistent with this requirement, HCMV infection in these healthy
individuals was frequently observed in healthy, histologically normal arteries. More
recently, ECs were definitively shown to be one of the cell types infected by HCMV within
the arterial wall on the basis of viral DNA and antigen positivity in cells stained for an EC
marker (Pampou et al., 2000). However, only a subset of HCMV DNA positive ECs were
observed to contain detectable levels of viral antigen, identifying ECs as a potential site of
latency as well as a reservoir for persistent viral replication in healthy individuals. The effect
of EC diversity in CMV replication and pathogenesis remains largely unaddressed. For
example, DNA array analyses show that micro- and macrovascular EC differ considerably in
expression levels of various molecules involved in CMV entry, such as integrins and
epidermal growth factor receptor (Chi et al., 2003; Kallmann et al., 2002). Indeed, levels of
HCMV infection in macrovascular umbilical vein ECs (HUVECs) compared to intestinal
microvasculare ECs have been shown to be significantly decreased (Sindre et al., 2000), and
virus in HUVECs compared to other macrovasculature (aortic) and microvasculature
(uterine) is similarly reduced by 10- to 100-fold (Maidji et al., 2002). ECs also differ in
other characteristics associated with HCMV infection. For example, a comparison of HCMV
infection in brain microvasculature (BMVECs) and aortic macrovascular ECs (AECs) show
that, although both EC types express viral proteins and support HCMV replication, virus
failed to accumulate intracellularly in AECs, resulting in reduced levels of cell-associated
virus compared to supernatant virus. This difference in the distribution of virus corresponds
to a lytic infection in BMVECs, but not in AECs, and suggests that efficient release of
mature intracellular virions may prolong cell survival. Furthermore, the ability of the virus
to infect the vascular endothelium is critical in the pathogenesis of all HCMV diseases
(Bissinger et al., 2002; Jarvis and Nelson, 2002; Kahl et al., 2000). Importantly, HCMV has
the ability to increase the adhesion properties of endothelium (Caposio et al., 2007),
endothelium permeability (Bentz et al., 2006) and to create a pro-inflammatory environment
(Caposio et al., 2007; Dengler et al., 2000; Streblow et al., 2008a) that can promote the first
step in the angiogenesis process.

4. How Does CMV Promote Angiogenesis?
CMV typically infects all of the cell types involved in angiogenesis and vascular disease
including ECs, smooth muscle cells, pericytes, fibroblasts, and macrophages and promotes
angiogenesis by both direct and indirect mechanisms. In addition, infection at sites proximal
to the vessel may promote angiogenesis by releasing angiogeneic factors or by increasing
local inflammation (angiogenic factors induced by CMV infection are listed in Table 1). To
this end, CMV infection of fibroblasts and EC promotes the synthesis and release of a
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number of angiogeneic factors that stimulate many of the stages of angiogenesis (Dumortier
et al., 2008). Similarly, the production of angiogenic factors occurs during solid organ graft
rejection and this process is exacerbated during CMV infection (Streblow et al.,
2008a;Streblow et al., 2008b). For the purposes of this review, we characterize angiogenesis
in four stages, as shown in Figure 1; we will focus on elucidating HCMV's role during these
stages of pathological angiogenesis.

4.1. Stage 1. Promotion of Angiogenesis: Release of Angiogenic Factors and EC Activation
Angiogenesis is rapidly initiated in response to hypoxia, inflammation, and injury. Vascular
relaxation, for example, mediated by nitric oxide (NO) is a prerequisite for EC to enter the
angiogenic cascade (Marinos et al., 2001). Although low concentrations of NO induce an
angiogenic response, high concentrations are inhibitory (Isenberg et al., 2005). Indeed,
reduced endothelial nitric oxide synthase (eNOS) expression and activity is a common
feature in various cardiovascular diseases including that seen in HCMV-seropositive
individuals (Grahame-Clarke et al., 2003). Shen et al. have shown that HCMV infection
prevents eNOS activation by inhibiting Akt pathway in EC (Shen et al., 2006). HCMV
infection of ECs induces the expression of the adhesion molecules ICAM-1 and VCAM-1
(Table 1), which enhance transendothelial cell migration of inflammatory cells including
monocytes (Steinhoff et al., 1995). These tissue resident macrophages are known to promote
angiogenesis by secreting VEGF. In addition, Maussang et al. have shown that the HCMV-
encoded chemokine receptor US28 induces cyclooxygenase-2 (COX-2) expression via
activation of nuclear factor-kB, driving the production of VEGF, which promotes
angiogenesis (Maussang et al., 2009). We have shown that US28 promotes the migration of
macrophages in response to Fractalkine (Vomaske et al., 2009), which may enhance
angiogenesis by steering the CMV-infected cells to areas of inflammation.

In response to an angiogenic stimulus, EC's become activated and they attract and bind
leukocytes and platelets that subsequently release a multitude of pro-and anti-agiogenic
factors (Bouis et al., 2006). We have shown that HCMV infection alters the types and
quantities of bioactive proteins released from infected cells. We have designated these
released proteins the ‘HCMV secretome’ (Dumortier et al., 2008). The HCMV secretome
from infected fibroblasts and ECs, but not mock-infected cells, promotes angiogenesis in a
standard matrigel assay. The RCMV secretome had paralleled activity in promoting
angiogenesis. However, the HSV-1 secretome, derived from fibroblasts, failed to induce
angiogenesis (Dumortier et al., 2008; Streblow et al., 2008b). These findings indicate that
CMV infection uniquely promote the release of soluble factors that drive angiogenesis as
this effect is not a common feature of all herpesvirus infections. Mass spectrometry (MS)
analysis of the HCMV-infected and mock-infected secretomes identified more than 1,200
proteins, more than 1,000 of which were specific or highly enriched in the HCMV
secretome. Pathway analysis indicates that a large number of angiogenic proteins were
present in the HCMV secretome, i.e., proteins involved in transforming growth factor β
(TGF-β) and other growth factor signaling pathways, cytokines, and chemokines, as well as
factors involved in ECM remodeling. A human cytokine antibody array was used to validate
the MS studies and to provide relative quantification of the signature proteins present in the
secretome. The most highly abundant cellular factors identified in the HCMV secretome that
are known to contribute to angiogenesis include the cytokines/chemokines (IL-6,
osteoprotegerin, GRO, CCL3, CCL5, CCL7, CCL20, CXCL-5, and CXCL-16), receptors
(TNF-RI and II and ICAM-1), growth factors (TGF-β1, HGF and GM-CSF), ECM
modifiers (MMP-1, TIMP-1, TIMP-2, TIMP-4), and the angiogenic RNase angiogenin.
HCMV also encodes CC and CXC chemokines homologues (Beisser et al., 2008), known to
possess proliferative, chemotactic and angiogenic properties. Importantly, in support of
these findings, a rat heart transplantation model used to study the role of CMV in the
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development of transplant vascular sclerosis (TVS), a pathological process associated with
chronic allograft rejection, characterized by chronic perivascular inflammation, EC
dysfunction, and SMC migration, RCMV infection induces the upregulation of
approximately 134 genes that are known mediators of angiogenesis and wound healing.
These mediators include angiopoietin, cathepsins, chemokines, the CNN family, endothelin,
ECM/BM components (laminin, fibronectin, osteopontin, tenascin); the EGF family;
hematopoietic growth factors, the insulin growth factor binding protein (IGFBP) family,
MMPs, platelet derived growth factor (PDGF); TGF-β; tumor necrosis factor receptor
(TNFR) superfamily; urokinase-type plasminogenon activator and receptor (uPA/uPAR),
and vascular endothelial growth factor (VEGF) (Streblow et al., 2003; Streblow et al.,
2008b). Thus, on aggregate, CMV infection has been shown to directly and indirectly
influence the initiation of angiogenesis on multiple levels including the induction of the
release of the angiogenic factors VEGF and IL-6.

4.2. Stage 2. Degradation of the Basal Lamina
After proper EC activation, endothelial penetration into new areas of the body, and hence
angiogenesis, is achieved by degradation of the basal membrane (BM) by matrix
metalloproteinases (MMPs). These extracellular endopeptidases are secreted as zymogens
that become activated in the ECM compartment and subsequently selectively degrade
components of the ECM (Stetler-Stevenson, 1999). They are produced by a variety of cells,
including epithelial cells, fibroblasts, inflammatory cells, and ECs. MMP activity and,
consequently, angiogenesis is counteracted by the family of tissue inhibitors of
metalloproteinase (TIMPs) (Gomez et al., 1997; Valente et al., 1998). The HCMV
secretome from infected fibroblasts and EC contain a number of proteins involved in ECM
remodeling including a number of matrix metalloproteinases (MMP-1, -2, -3, -10, -12, and
-19), cathepsins (B, D, F, K, L, and S), and tissue inhibitors of matrix metalloproteinases
(TIMP-1, -2, and -3) (Dumortier et al., 2008). Many of these same factors are upregulated
during RCMV-accelerated TVS formation in rat cardiac allografts (Streblow et al., 2008a;
Streblow et al., 2008b). In addition, RCMV infection results in a cell-type specific increase
in gene expression of MMPs. For example, MMP-2 and MMP-14 were up-regulated only in
fibroblasts whereas MMP-9 and MMP-12 were upregulated in EC, SMC and fibroblasts.
Moreover, increased MMP-2 activity is observed in HCMV-infected cells in conjunction
with a reduction in extracellular matrix gene expression (Reinhardt et al., 2006;
Schaarschmidt et al., 1999). Thus, CMV infection can promote degradation of the basement
membrane lining the outer vessel wall through the release of a number of proteases
including the MMPs.

4.3. Stage 3. Cellular Migration
Cellular migration is an extremely important part of angiogenesis. First, EC must migrate
out of the vessel wall to form the initial sprout. Then they must migrate towards the sites of
growth factor stimulation in order to form the tubule and eventual vessel. In addition, during
the last stage of angiogenesis, pericytes (SMCs or fibroblasts) migrate to the newly formed
tubules in order to stabilize the vessel during the final stage of angiogenesis. However,
during pathologic angiogenesis migration of other cells is key to enhancing vascular disease,
which concomitantly induces angiogenesis. These migratory cell types that participate in
this process include inflammatory cells (macrophages, T cells, B cells and NK cells),
platelets, and SMC. HCMV plays a multifaceted role in cellular migration by direct and
indirect mechanisms.

HCMV indirectly promotes migration through the infection process itself. Infected
monocyte/macrophages are known to disseminate HCMV throughout the body including the
vasculature. HCMV binding and entry of monocytes has been shown to signal through the
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epidermal growth factor receptor (EGFR) and activate N-WASP which promotes monocyte
motility and diapedesis (Chan et al., 2009). The infected monocytes enter the vasculature
and mature there, and during this process, the initiation of the viral infection program
occurs, which in turn stimulates virus replication. The resident infected macrophages
disseminate the virus to other cells of the vasculature including SMCs. We have observed
that the HCMV-encoded chemokine receptor US28 can stimulate the migration of vascular
SMC and macrophages in a ligand-dependent manner. However, US28-mediated migration
does not occur through the same pathways in both cell types (Vomaske et al., 2009). SMC
migration is mediated by binding to CC-chemokines and is blocked by the CX3C-
chemokine Fractalkine (Streblow et al., 1999; Vomaske et al., 2009). In contrast,
macrophage migration induced by US28 occurs after ligation with Fractalkine but not CC-
chemokines. This suggests a dual role for US28 in migration that is both cell type and ligand
specific. In addition to its role in directly promoting cellular migration, US28 signaling has
recently been reported to produce a transformed phenotype in transfected NIH-3T3 cells,
which is characterized by an increased expression of the pro-angiogenic marker VEGF
(Maussang et al., 2006). As mentioned above VEGF is a key mediator of angiogenesis and
mediates EC migration; thus US28 appears to have multiple roles in promoting
angiogenesis.

Chemokines play a major role in the development of vascular disease and angiogenesis.
HCMV infection has been shown to up-regulate the expression of a number of cellular
chemokines including MIP1-α & β, RANTES and IL-8 (Cheeran et al., 2001; Randolph-
Habecker et al., 2002; Streblow et al., 1999). The overall effect of the CMV-induced
chemokine up-regulation is an increase in cellular migration of both infected and uninfected
cells such as peripheral blood cells. The CMV family also encodes chemokine homologues.
HCMV encodes one CC-chemokine (UL128) and two CXC-chemokines (UL146 and
UL147) (Cha et al., 1996). UL146 or vCXCL1 was shown to induce the migration of
neutrophils by binding to the cellular CXCR2 receptor (Penfold et al., 1999; Sparer et al.,
2004). The most well characterized CMV encoded CC-chemokine is the MCMV m129/131
chemokine or MCK-2, which recruits immature myelomoncytic leukocytes from the bone
marrow to sites of MCMV infection and promotes viral dissemination (Noda et al., 2006).

4.4. Stage 4. New Vessel Formation and Stabilization
During the last stage of angiogenesis two newly formed tubules that are closely positioned
will become connected and then stabilized through the addition of pericytes to the outer
wall. Endothelial cell interaction with ECM and mesenchymal cells is a prerequisite to form
stable vasculature. Therefore, after the formation of endothelial tubule structures,
surrounding vessel layers composed of mural cells (pericytes in small vessels and smooth
muscle cells in large vessels), need to be recruited. ECs may accomplish this via the
synthesis and secretion of PDGF, a mitogen and chemoattractant for a variety of
mesenchymal cells, and TGF-β, which may induce changes in myofibroblasts and pericytes
contributing to the formation of a quiescent vessel, ECM production, and maintenance of
growth control. Many components of the HCMV secretome are involved not only in the
formation but also in vessel stabilization. PDGF and TGF-β are secreted from both HCMV-
infected fibroblasts and ECs (Dumortier et al., 2008) and are also present in heart allografts
from RCMV-infected rats (Streblow et al., 2008a; Streblow et al., 2008b). Previously, a few
groups have shown that HCMV infection of EC increases the expression of FGF and PDGF-
BB (Inkinen et al., 2003; Lemstrom and Koskinen, 1997; Reinhardt et al., 2005). FGF-1 is
also implicated in EC differentiation leading to vascular tube formation. Besides inducing
EC proliferation and migration, FGF-1 receptor signaling results in endothelial tube
formation in collagen (Kanda et al., 1996). Indeed, in the RCMV-accelerated TVS rat heart
transplant model, RCMV infection upregulates the FGF-1 receptor, which lends further
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support to the role of cytomegalovirus in every step of angiogenesis. In a recent publication
Fantin and co-workers (Fantin et al., 2010) have shown that macrophages play an important
role during the anastomosis process of new vessels. The tissue macrophages serve as both
“bridge cells” and guidance posts to properly position the budding vessel branches.
Macrophages can regulate the growth and remodeling of blood and lymph vessels through
different mechanisms. Type M1 macrophages inhibit angiogenesis by initiating a cell-death
program in ECs. Type M2 macrophages promote angiogenesis by releasing pro-angiogenic
factors such as VEGF and VEGF-C, and thereby induce endothelial tip cell formation. The
macrophages that Fantin and colleagues describe are polarized towards the M2 type.
Monocytes are also a primary in vivo target for HCMV (Rice et al., 1984), and act as a site
of viral latency and persistence (Sinzger et al., 1996). These cells are also the primary
infiltrating cell types found in HCMV-infected organs, and their aberrant function following
HCMV infection is implicated in atherosclerosis (Degre et al., 2001; Pulliam, 1991). HCMV
infection selectively modulates M1- and M2-associated factors, resulting in an activated
monocyte phenotype, which spans the M1/M2 polarization spectrum in an effort to balance
viral spread with immune evasion (Chan et al., 2008). The mechanisms involved in
macrophage recognition of and assistance in fusing the endothelial tip cells remains a
mystery. However, one explanation could be that macrophages express Notch receptor and
tip cells express Dll4–a ligand that activates Notch (Hellstrom et al., 2007a; Hellstrom et al.,
2007b). Interestingly, in the transcriptome analysis of HCMV-activated monocyte/
macrophages, proposed by Chan and colleagues, Notch 2 receptor is up-regulated at 4 hours
post infection (Chan et al., 2008). Thus HCMV may affect the stability of the neovessel
through the release of cytokines and growth factors. Indeed, we have demonstrated that the
HCMV secretome from both fibroblasts and ECs can stabilize tubules for a substantially
longer period of time compared to cells treated with a mock secretome or those cultures
treated with 10% serum as a positive control, which highlights the significant effect that
HCMV plays in this process.

5. Conclusions
HCMV has been implicated in the development of chronic diseases that involve
angiogenesis. In this review we highlight the mechanisms by which HCMV can promote
angiogenesis and stabilize neovessel formation leading to pathologic angiogenesis. HCMV
can promote or enhance all of the stages of angiogenesis (Figure 1). For example, HCMV
infected cells directly induce angiogenesis by secreting VEGF and/or other angiogenic
factors (Table 1). HCMV can also activate EC and induce their proliferation; and factors
shed from infected cells (secretome) have the direct effect of promoting tubule formation
and stabilization. HCMV-encoded chemokine receptors can mobilize infected cells to sites
of inflammation, including those undergoing angiogenesis, or attract other cells to these sites
via the virus-encoded chemokine ligands. HCMV infection may also have detrimental
pathologic consequences on this process by either dysregulating the normal angiogenesis
process or by promoting inflammation, which would negatively impact the finishing stages
of angiogenesis.
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Figure 1. Role of HCMV in Angiogenesis
Depicted are the stages of angiogenesis and the role of HCMV in this process: 1) HCMV
infected monocyte/macrophages disseminate virus to EC and SMC of the vasculature. 2)
Infected cells release angiogenic growth factors (VEGF, IL-6, Nitric Oxide, etc.) and matrix
metalloproteinases (MMPs). 3) Infected cells and locally activated cells release additional
extracellular remodeling enzymes (MMPs, cathepsins, TIMPs, etc.) that degrade the vessel
wall. 4) Growth factors released during vessel wall degradation promote EC migration
towards the angiogenic stimulus and mediate EC proliferation, which drives the formation of
the neotubules. Specialized macrophages promote the bridging of EC-tip cells fusing
neighboring tubules into a complete circuit. 5) The newly formed tubules release growth
factors (PDGF and FGF) that recruit Mural cells to stabilize the neovessel.
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Table 1

HCMV-Induced Angiogenic Factors

Category Angiogenic Factor Reference

Growth Factors Angiopoietin
Angiotensinogen
Fibroblast Growth Factor
Glial Derived Growth Factor
Granulocyte/Macrophage Colony Stimulating Factor
Hepatocyte Growth Factor
Insulin Growth Factor-Binding Protein
Osteopontin
Platelet Derived Growth Factor
PIGF
Transforming Growth Factor β
Vascular Endothelial Growth Factor

Dumortier, 2004
Inkinen, 2003
 Noda, 2006
 Streblow, 2008a
 Streblow, 2008b

Cytokines/Chemokines Interleukin 6
Osteoprotegerin
CCL3-MIP1α
CCL5-RANTES
CCL7
CCL20
CXCL5-ENA78
CXCL8-IL8
CXCL10-IP10
CXCL11-ITAC
CXCL16
CX3CL1-Fractalkine

Caposio, 2007
 Cheeran, 2001
Dumortier, 2004
 Penfold, 1999
 Streblow, 2008a
 Streblow, 2003
 Streblow, 2008b

Viral Chemokines UL128
UL146/vCXCL1
UL147/vCXCL2

Beisser, 2008
 Penfold, 1999
 Sparer, 2004

Extracellular Matrix/
Remodeling Enzymes

Cathepsins
Collagen
Fibronectin
Laminin
Matrix Metalloproteinases
Tissue Inhibitors of MMPs
Thrombospondin
uPAR

Dumortier, 2004
Schaarschmidt, 1999
 Streblow, 2008a
 Streblow, 2008b

Adhesion Molecules ICAM-1
PECAM-1
VCAM-1
VE-cadherin

Caposio, 2007
 Dengler, 2000
Dumortier 2004
 Streblow, 2008a
 Streblow, 2008b
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