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Chapter 4
Effects of Cytomegalovirus on Pericytes

Donald J. Alcendor

Abstract
Introduction
Human cytomegalovirus (HCMV) is a member of Betaherpesvirus family and is the 
leading infectious cause of neurosensory hearing loss, vision loss and neurocogni-
tive disability among congenitally infected children. HCMV is a ubiquitous central 
nervous system (CNS) pathogen that causes significant morbidity and mortality in 
individuals that are immune compromised. Even more, HCMV is an important 
opportunistic pathogen that can cause life threatening disease in HIV patients and 
transplant recipients. HCMV has broad tropism for multiple cell types including 
cells of the vascular barrier systems. My aim is to explore HCMV infectivity in 
human vascular pericyte populations with implications for its role in human vascu-
lar diseases.

Methods
Human primary low passaged pericyte populations were examined for HCMV 
infectivity along with controls by means of phase microscopy, immunofluorescence, 
immunohistochemistry, electron microscopy, real-time reverse-transcription poly-
merase chain reaction (RT-PCR), and quantitative RT-PCR (qRT-PCR), the proin-
flammatory cytokines assay, and HCMV-GFP recombinant virus.

Results
I have discovered that human vascular pericytes from multiple barrier systems that 
includes the blood brain barrier (BBB), inner blood retinal barrier (IRRB), glomeru-
lar barrier, and pericytes of vascular systems of the placenta, and adipose tissue are 
fully permissive for HCMV lytic replication. I also observed consistent induction of 
proinflammatory and angiogenic cytokines after HCMV infection in all of these 
pericyte populations. Even more, I have examined murine retinal pericyte and found 
that they are also permissive for mouse cytomegalovirus (MCMV) lytic 
replication.
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Conclusions
The mechanisms associated with HCMV infection and the increased risks for the 
development of vascular diseases requires further investigation. Studies have shown 
that people exposed to HCMV infection had higher risk for vascular disease. There 
are antivirals that can effectively inhibit HCMV replication thus therapeutic modali-
ties designed to specifically protect pericytes populations from HCMV infection 
could impact vascular disease outcomes especially among the elderly and immune 
compromise patients.
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4.1  Introduction

Cytomegalovirus is the most common congenital virus infection in the world. 
HCMV congenital infections in newborn infants ranges from 0.5% to 0.7% in 
developed countries and from 1 to 2% in developing countries (Kenneson and 
Cannon 2007). Approximately 13% of newborns with congenital HCMV are symp-
tomatic at birth and have clinical presentations that includes microcephaly, intra-
uterine growth restriction, seizures, brain calcifications, hepatosplenomegaly, 
thrombocytopenia and chorioretinitis (Dollard et al. 2007). Congenital human cyto-
megalovirus (HCMV) infections can result in abnormalities including intrauterine 
growth restriction (IUGR), vision loss, neurocognitive disability, motor deficits, 
seizures, and hearing loss (Nigro and Adler 2011; Stagno et al. 1986). Forty percent 
of mothers with primary HCMV infection during gestation transmit the infection to 
their babies (Boppana et al. 1992, 2005). Even more, 58% of transplacental trans-
mission of HCMV occur in women who are seropositive with non-primary maternal 
infections (Kylat et al. 2006; Boppana et al. 2005). Annually, about 1 out of 200 
babies in the US are born with congenital HCMV (Pass and Anderson 2014; Pass 
et al. 2006; Enders et al. 2011; Wang et al. 2011). Preventing congenital HCMV is 
a public health priority (Rawlinson et al. 2017). HCMV not only causes life-threat-
ening disease in immunocompromised individuals (Lichtner et al. 2015; Beam et al. 
2014), but also HCMV-associated pathologies that lead to long-term health risks 
represents an important health disparity in underserved communities. Higher infec-
tion rates are observed among non-Hispanic Blacks and Mexican Americans than 
among non- Hispanic Whites (Colugnati et  al. 2007). Higher frequencies of new 
HCMV infections were found among non-Hispanic Blacks and Mexican Americans 
compared to Whites, and primary infections among adolescent girls 12–19 years of 
age were 50× more likely in seronegative non-Hispanic Blacks and 15× more likely 
in seronegative Mexican Americans than in non-Hispanic Whites (Colugnati et al. 
2007). Higher rates of primary maternal infections among ethnic minorities resulted 
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in increased rates of congenital disease, perinatal morbidity and higher health care 
expense.

The human blood-brain barrier (BBB) consists of brain microvascular endothe-
lial cells, brain vascular pericytes, and astrocytes; together they are known as the 
neurovascular unit (NVU). Pericytes of the BBB play an essential role in a range of 
microvascular functions, including angiogenesis, vascular remodeling, regression, 
and stabilization, as well as generation and maintenance of the BBB (Bergers and 
Song 2005; Armulik et  al. 2010, 2011; Hamilton et  al. 2010). My studies have 
revealed that primary human pericytes from vascular compartments of the brain, 
retina, glomerulus, placenta, and adipose tissue are all permissive for HCMV lytic 
replication. Even more, I have observed that the pericyte component in vascular 
compartments of the brain, retina, glomerulus (mesangial cells/pericyte of the 
glomerulus) and placental vascular pericytes are the most permissive cell type for 
HCMV infection when compared to other related cells types (Alcendor et al. 2012; 
Wilkerson et al. 2015; Popik et al. 2019; Aronoff et al. 2017). I also find consistent 
upregulation of proinflammatory cytokines in these pericyte populations post 
HCMV infection when compared control cells (Alcendor et  al. 2012; Wilkerson 
et al. 2015; Popik et al. 2019; Aronoff et al. 2017). This permissiveness for HCMV 
infection occurs across species as demonstrated when I used murine retinal peri-
cytes and mouse cytomegalovirus (MCMV). The connection between HCMV and 
vascular disease has been well documented. The molecular mechanisms that gov-
erns HCMV universal tropism for human pericytes populations had not been appre-
ciated. Therefore the impact of HCMV infection on pericyte populations and its role 
in the development and progression of vascular disease requires further investiga-
tion. Insights obtained from these studies could provide new information for devel-
oping novel therapeutic approaches for stroke and other disorders with a 
neurovascular vascular component, including Alzheimer’s disease and Parkinson 
Disease.

4.2  Cytomegalovirus Biology

It was Hugo Ribbert who in 1881 discovered the first evidence of “cytomegalia” as 
inclusions in human kidney and parathyroid gland cells (Ribbert 1904). Many years 
later it was collaborations between Smith, Rowe, and Weller in 1956 and 1957 that 
the virus was first isolated and referred as cytomegalovirus (Smith 1956; Rowe et al. 
1956; Weller et  al. 1957). Human cytomegalovirus or human herpesvirus type-5 
(HHV-5) is a member of the human Herpesvirus family in the order Herpesvirales, 
in the family Herpesviridae, and in the subfamily Betaherpesvirinae (Brito and 
Pinney 2020). HCMV, has a lipid bilayer enveloped and a protective viral tegument 
protein layer with an icosahedral capsid (Fig. 4.1a) and an electron dense viral core 
(Fig. 4.1b) (Yu et al. 2017). HCMV has a double-linear stranded DNA genome of 
about 235 kb (Martí-Carreras and Maes 2019).
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The seroprevalence of HCMV world-wide is between 45% and 100% in adult 
populations (Cannon et al. 2010). HCMV can cause primary infections in immuno-
competent individuals in the form of a mononucleosis-like syndrome (Alberola 
et al. 2000). Most often these infections are asymptomatic but the virus can estab-
lish life-long latency and can reactivate in immunosuppressed individuals (Heald- 
Sargent et al. 2020). Even more immunocompetent individuals will often shed virus 
intermittently throughout the life time without clinical disease (Vancíková and 
Dvorák 2001). The primary target cells of HCMV are monocytes, lymphocytes, and 
epithelial cells, and the virus establishes latency as circularized episomes inside the 
nuclei of bone marrow progenitor cells that are CD33+ and CD34+ as well as 
peripheral blood mononuclear cells (Schottstedt et al. 2010; Collins-McMillen et al. 
2018; Sinclair and Sissons 2006). However, HCMV has been shown to infect fibro-
blasts; epithelial, endothelial, stromal cells, and smooth muscle cells (Haspot et al. 
2012); and adipocytes (Bouwman et al. 2008). Our recent studies suggest that vas-
cular pericytes are primary target cells for HCMV and likely serve as amplification 
reservoirs for HCMV replication in multiple vascular bed. HCMV is a ubiquitous 
opportunistic pathogen and most notably HCMV can cause severe life-threatening 
disease in the HIV patient that goes undiagnosed or who is untreated for their HIV 
disease, the transplant patient under iatrogenic immunuosuppression, and a child of 
an infected mother that acquires a primary infection early in pregnancy (Boeckh and 
Geballe 2011). Viral latency and reactivation from latency along genetic strain vari-
ation that occurs among clinical strains of HCMV represents a major obstacle for 
the development of an effective anti-HCMV vaccine (Chen et al. 2019).

Fig. 4.1 HCMV virion structure. (a) Features of the HCMV virion structure showing viral cap-
sid, glycoprotein spikes, viral tegument protein, DNA genome, and viral membrane (b) Scanning 
electron micrograph showing the HCMV virion structure with black arrows pointing to the lipid 
bilayer membrane
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HCMV has been implicated in the development of atherosclerosis leading to 
coronary heart disease, malignant gliomas, systemic autoimmune diseases, type 1 
diabetes, type 2 diabetes, Alzheimer’s disease, rheumatoid arthritis, systemic lupus 
erythematosus, and contributing to frailty via chronic inflammation (Blankenberg 
et al. 2001; Farias et al. 2019; Pawlik et al. 2003; Pak et al. 1988; Chen et al. 2012; 
Nell et al. 2013; Rothe et al. 2016; Berman and Belmont 2017; Wang et al. 2010). 
The role of HCMV in these chronic diseases have not been fully determined and 
need further study (Janahi et al. 2018).

4.3  Pericytes

Pericytes, were first describes by Eberth and Rouget and were also known as Roget 
cells or mural cells in the 1870s. However the name “pericyte” was introduced by 
Zimmermann in 1923 (Eberth 1871; Rouget 1873; Zimmermann 1923; Attwell 
et al. 2016). Pericytes were described as cells that were abluminal to endothelial 
cells that were later shown to have contractile properties due to their cytoplasmic 
extensions that wrap around the endothelial cells lining the capillaries (Fig. 4.2a-1, 
a-2) and venules throughout the body (Sims 1986; Bergers and Song 2005; Armulik 
et al. 2010, 2011; Hamilton et al. 2010; Rustenhoven et al. 2017). Primary pericytes 
can be cultivated to confluency and stained to confirm biomarker characterization 
(Fig. 4.2b-1, b-2, b-3). There are no unique antigenic biomarker for pericytes how-
ever they can be identified by their expression of the platelet-derived growth factor 
receptor-beta (PDGFRb) and of the neural/glial antigen 2 (NG2 proteoglycan) a 
co-receptor for PDGF (Fig. 4.2b-4) (Smyth et al. 2018; Stallcup 2018). The highest 
density of vascular pericytes in humans have been observed in the brain and retina 
(Sims 1986). There are functional differences among pericytes depending on their 
origin, morphology and their organ-derived vascular bed. Pericytes and microvascu-
lar endothelial cells share a common membrane (Birbrair 2018; Abbott et al. 2010) 
(Fig. 4.3a). The human blood-brain barrier (BBB) consists of brain microvascular 
endothelial cells, brain vascular pericytes, and astrocytes; together they are known 
as the neurovascular unit (NVU) (Brown et al. 2019) (Fig. 4.3b). Perciytes are plu-
ripotent cells that are an essential component of the blood-brain-barrier and play 
major role in the BBB development, stability, angiogenesis, immunoregulation, 
function, and maintenance of the BBB (Fig. 4.3c). The physical contact and para-
crine signaling between pericytes and endothelial cells are essential for new blood 
vessel formation, maturation, and maintenance. During cellular invasion after trau-
matic brain injury pericytes are among the first cell to invade the primary lesion in 
models of brain and spinal injury (Göritz et al. 2011; Birbrair et al. 2018; Dias et al. 
2018; Hesp et al. 2018) in support of vascular remodeling.

Recent studies have revealed that pericyte deficiency in the CNS can cause a 
breakdown of the BBB and lead to other degenerative changes in the brain. Most 
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Fig. 4.2 Brain vascular pericytes. (a) Pericytes as they appear on rat brain capillaries (2a-1) Rat 
brain capillaries undergoing constriction by vascular pericytes (2a-2). (b) Primary human brain 
pericytes subconfluent (2b-1); Primary human pericytes moderately confluent (2b-2); Confluent 
primary human brain pericytes (2b-3); Primary human brain pericytes stained with a monoclonal 
antibody for NG-2 proteoglycan. Total magnification is 200×
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recently, pericytes dysfunction has been observed in Alzheimer’s disease (AD) 
pathology (Salmina et  al. 2019; Yamazaki and Kanekiyo 2017; Liesz 2019; Cai 
et al. 2018). Studies reveal that Amyloid-β (Aβ) induces neurovascular dysfunction 
that leads to functional changes in the brain microvascular resulting in the impair-
ment of capillaries to respond to neuronal activity (Nortley et al. 2019). Studies by 
Nortley et al., suggest that brain vascular pericytes link Aβ to vascular dysfunction 
in AD (Nortley et al. 2019). Using human brain slices and in a mouse model they 
reported that oxidative stress caused by toxicity of Aβ causes constriction of capil-
laries via the generation of reactive species (ROS) by the induction of NOX4 
(reduced nicotinamide adenine dinucleotide phosphate oxidase 4). ROS then trig-
gers the release of endothelin-1, which interacts with ETA receptors on pericytes to 
cause pericyte contraction and subsequent capillary constriction (Nortley et  al. 
2019). It is clear that AD is a multifactorial disease and the implication HCMV in 
AD pathogenesis is controversial. Infection due to reactivation of latent neurotropic 

Fig. 4.3 Pericytes and the neurovascular unit (NVU). Brain capillaries featuring pericytes. (a) 
Cross-section of a brain capillary illustrating the capillary basement membrane, as well as the 
endothelial cells and brain pericytes abluminal to endothelial cells sharing a contiguous basement 
membrane. (b) Neurovascular unit (NVU) of the blood-brain barrier (BBB) featuring capillary 
endothelial cells with tight junction, pericytes and astrocytes. (c) The NVU and other brain paren-
chymal cells, including neurons and microglia. Important functions of pericytes are also shown 
listed 1–5
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viruses such as HCMV, Human herpesvirus 1 (HHV-1), Human herpesvirus 2 
(HHV-2), and Varicella zoster virus, have been linked to AD neuropathology for 
decades but whether viral infections could be considered causative in AD or a factor 
that promotes the progression of AD continues to be investigated (Sochocka et al. 
2017). There have been several recent reports that link HCMV as an infectious 
cause of AD. Laurain et al., reported virological and immunological characteristic 
of HCMV infection that were associated with AD (Lurain et al. 2013). They dem-
onstrated HCMV serum antibody levels that were associated with the development 
of neurofibrillary tangles in AD patients (Lurain et al. 2013). In this same study, 
authors showed amyloid-β induction in human foreskin fibroblasts (HFF cells) 
infected clinical strains of HCMV. Even more they demonstrated that there was no 
induction of amyloid-β after herpes simplex virus type 1 (HSV-1) infection of HFF 
cells and no association of HSV-1 serum antibody titers and AD (Lurain et al. 2013). 
Studies by Barnes et al., using solid-phase enzyme-linked immunosorbent assay to 
detect type-specific immunoglobulin G antibody responses to HCMV and herpes 
simplex virus type 1 (HSV-1) in 849 archived serum samples showed that HCMV 
infection is associated with an increased risk of AD and a faster rate of cognitive 
decline in older diverse populations (Barnes et al. 2015). Other studies have sug-
gested that HCMV and HSV-1 interactions play a role in AD (Lövheim et al. 2018). 
In a study by Loveheim et al., using plasma samples from 360 AD cases examined 
both HCMV and HSV IgG and IgM antibodies by ELISA assay and found interac-
tion between HCMV and HSV1 to be associated significantly with AD development 
(Lövheim et al. 2018). However, the role of HCMV, HSV-1/2, and other neurotropic 
viruses in AD pathobiology is controversial and the mechanisms to support these 
associations as causative or supportive of progressive disease will require further 
investigations. The permissiveness of brain pericytes for HCMV infection and the 
role pericyte loss and dysfunction in AD associated vascular pathology could be 
linked and deserves further study. As pericyte death reliably indicates very mild 
cognitive impairments (Nation et al. 2019), it is likely that pericyte death is not only 
a symptom of AD but may also be a potential cause of AD. Hypoxia influences 
amyloid precursor protein (APP) mechanisms that lead to an increased production 
of b- and g-secretase and therefore increased Aβ production (Zlokovic 2011). This 
suggests that pericyte loss may be an early event in the progression of AD, as peri-
cyte loss reduces cerebral blood flow, thus creating potential hypoxic areas through-
out the brain.

4.4  Cytomegalovirus and Vascular Disease

Several serological and molecular-biological studies have shown an association 
between HCMV infection of endothelial cells and in the development of atheroscle-
rosis (AS) (Gkrania-Klotsas et  al. 2012; Muhlestein et  al. 2000; Simanek et  al. 
2011; Spyridopoulos et al. 2016). A meta-analysis of data retrieved from electronic 
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databases that involved 30 studies, 3328 cases and 2090 controls showed that 
HCMV infection is significantly associated with an increased risk for atherosclero-
sis. A meta-analysis conducted by Lv et al., involving 68 studies, from 24 countries 
(12,027 cases and 15,386 controls) suggests that HCMV infection is associated with 
an increased risk for vascular diseases (Lv et al. 2017). The study found that people 
exposed to HCMV infection had higher risk for vascular diseases (OR 1.70 [95% CI 
1.43–2.03]) (Lv et al. 2017). HCMV infection has been shown to be a risk factor for 
the development of renal vascular disease. Most recently, Lee et al., have shown the 
high burden of HCMV results in poor vascular health in renal transplant patients 
compared to healthy controls (Lee et  al. 2019). After Examining carotid intima- 
media thickness, FMD, eGFR and plasma levels of HCMV antibodies and the 
expression of ICAM-1, VCAM-1, P-selectin, sIFNαR2, sTNFR1, sCD14 and CRP 
they predicted that high viral burden was associated with poor endothelial health 
and vascular damage in renal transplant patients when compared to controls (Lee 
et al. 2019). In addition, a study by Huang et al., involving 200 patients diagnosed 
with stroke and 200 controls found a correlation between HCMV and stroke (Huang 
et al. 2012). HCMV seropositivity was higher in the stroke patients than in controls 
(55.0% vs. 23.5%; P < 0.0001). Huang et al., also observed that the presence of 
HCMV DNA increased the risk of stroke (Huang et  al. 2012). The mechanisms 
associated with HCMV infection and the increased risks for the development of 
vascular diseases requires further investigation. Even more HCMV infection upreg-
ulates the endothelin receptor type B protein (ETBR) expression and mRNA expres-
sion in both endothelial cells and smooth muscle cells (Yaiw et al. 2015). ETBR, a 
G protein-coupled receptor that mediates the vascular effects of ET-1 a potent vaso-
constrictor (Yaiw et al. 2015). HCMV may have a role in cardiovascular disease via 
upregulation of ETBR. ET-1 is also known to cause capillary constriction via ETA 
receptor interactions on pericytes.

4.4.1  Cytomegalovirus Infection of Pericytes 
in the Neurovascular Unit

The blood-brain barrier (BBB) interfaces the peripheral circulation and the central 
nervous system (CNS) allowing nutrients into the CNS and preventing blood-borne 
pathogens from harming the brain. This barrier is an elaborate network of tight junc-
tions (TJ) between capillary endothelial cells that lack fenestrae and have a reduced 
capacity for pinocytosis (Ballabh et al. 2004; Engelhardt 2003). The TJ of the capil-
lary endothelium is supported by astrocytic endfeet and pericytes. Cerebral vascular 
pericytes (CNS pericytes) have been shown to enhance TJ barrier function, stimu-
late expression of TJ proteins and reduce the paracellular permeability of the capil-
lary endothelium (Garberg et  al. 2005; Ramsauer et  al. 2002; Shepro and Morel 
1993; Tsukita et al. 2001). Pericytes are adult multipotent, contractile and migratory 
stem cells (Balabanov and Dore-Duffy 1998; Dore-Duffy 2008) that surround 
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capillaries and actively communicate with other cells of the neurovasculature, 
including endothelial cells, astrocytes and neurons. Completely surrounded by a 
basal lamina, they also contribute to the deposition of the basal lamina during vas-
cular development and angiogenesis (Dore-Duffy and Cleary 2011). Although a 
critical cellular component for the development and function of the BBB, the role of 
pericytes in HCMV infection and dissemination has largely been ignored (Lai and 
Kuo 2005). Rather, to date, astrocytes and brain microvascular endothelial cells 
(BMVEC) cells have been implicated as cell types that support HCMV dissemina-
tion at the blood- brain barrier level (Cheeran et  al. 2009). Recent studies have 
revealed that pericyte deficiency in the CNS can cause a breakdown of the BBB and 
lead to other degenerative changes in the brain (Cai et al. 2017). Ribbert (1904) 
demonstrated murine CMV (MCMV) infection of pericytes in brown and white 
adipose tissue of young adult infected mice. These mice later developed viral-
induced inflammatory lesions in peripancreatic and salivary gland adipose tissues. 
However it was Alcendor et al., that was the first demonstrate HCMV infection of 
primary human brain pericytes (Alcendor et al. 2012). Using a clinical isolate of 
HCMV (SBCMV), microscopy of infected pericytes showed virion production and 
typical cytomegalic cytopathology (Fig. 4.4a1, a-2, a-3). This finding was confirmed 
by the expression of major immediate early and late virion proteins and by the pres-
ence of HCMV mRNA (Fig.  4.4a4, a5) and finally by electron microscopy 
(Fig. 4.4a-6). Brain pericytes were fully permissive for CMV lytic replication after 
96 h in culture compared to human astrocytes or human brain microvascular endo-
thelial cells (BMVEC) (Fig.  4.4b-1, b-2, b-3, b-4, b-5, b-6). However, temporal 
transcriptional expression of pp65 virion protein after SBCMV infection was lower 
than that seen with the HCMV Towne laboratory strain (Alcendor et  al. 2012). 
Using RT-PCR and dual-labeled immunofluorescence, proinflammatory cytokines 
CXCL8/IL-8, CXCL11/ITAC, and CCL5/Rantes were upregulated in SBCMV-
infected cells, as were tumor necrosis factor-alpha (TNF-alpha), interleukin-1 beta 
(IL-1beta), and interleukin-6 (IL-6) (Alcendor et  al. 2012). Pericytes exposed to 
SBCMV elicited higher levels of IL-6 compared to both mock-infected as well as 
heat-killed virus controls (Alcendor et al. 2012). A 6.6-fold induction of IL-6 and no 
induction TNF-alpha was observed in SBCMV-infected cell supernatants at 24 h 

Fig. 4.4 (continued)  pericytes, and (3) pericytes 72  h after infection with 
SBCMV. Immunofluorescence staining of SBCMV-infected pericytes for (4) HCMV MIE protein 
and (5) pp65 late protein. (6) TEM of SBCMV-infected pericytes showing HCMV virions in the 
cytoplasm (see arrow). With the exception of the TEM, images were taken on a Nikon TE2000S 
microscope (200× magnification). HCMV human cytomegalovirus, MIE major immediate early 
protein, SBCMV primary HCMV isolate from a patient, TEM transmission electron microscopy. 
(b) Time course analysis of human cytomegalovius-GFP (HCMV-GFP) infection of BBB (blood-
brain barrier) cells. For comparison purposes, (a) the top panel includes phase contrast images of 
human mock and infected brain microvascular endothelial cells, brain vascular pericytes and astro-
cytes. The bottom panel shows phase contrast images of infected brain microvascular endothelial 
cells, brain pericytes and astrocytes with a fluorescent overlay showing HCMV-GFP-positive cells. 
Total magnification is 200×
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Fig. 4.4 (a) Primary brain vascular pericytes. Phase contrast images of: (1) an uninfected subcon-
fluent monolayer of primary brain vascular pericytes, (2) a confluent monolayer of brain vascular 

4 Effects of Cytomegalovirus on Pericytes



110

post infection (Alcendor et  al. 2012). Using archival brain tissue from a patient 
coinfected with HCMV and HIV, we also found evidence of HCMV infection of 
pericytes using dual-label immunohistochemistry, as monitored by NG2 proteogly-
can staining (Alcendor et al. 2012). These studies suggests that HCMV lytic infec-
tion of primary human brain pericytes contribute to both virus dissemination in the 
CNS as well as neuroinflammation. A hypothetical model of HCMV infection of the 
NVU shows viral replication preference for brain pericytes when compared astro-
cytes and BMVEC (Fig. 4.5).

4.4.2  Cytomegalovirus Infection of Pericytes in Retinal 
Vascular Unit

The inner blood-retinal barrier (IBRB) consists of retinal microvascular endothe-
lial cells covered with tightly associated pericytes and Müller cells; together, they 
make up the retinal vascular unit (RVU) (Wilkerson et al. 2015). My study showed 
that normal primary human retinal pericytes expressed the biomarker neuron-
glial antigen 2 and that retinal pericytes are highly permissive for HCMV infec-
tion as demonstrated by cytomegalic cytopathology and expressed of the major 
immediate protein (MIE) and the late phosphorylated envelop protein 65 

Fig. 4.5 Model of HCMV infection and viral dissemination in the NVU. HCMV infection of 
cellular components of the NVU and the effects of HCMV infection in pericytes
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(Fig. 4.6a-1, a-2, a-3, a-4, a-5) and shown to support lytic replication of a recom-
binant GFP virus (Fig. 4.6a-6) (Wilkerson et al. 2015). qRT-PCR analysis showed 
full lytic replication of HCMV in retinal pericytes. Pericytes were the most per-
missive cell type for HCMV replication when compared to retinal endothelial 
cells and Mϋller cells (Fig. 4.6b1, b-2, b-3, b-4, b-5, b-6) Pericytes exposed to 
SBCMV expressed higher levels of vascular endothelial cell growth factor mRNA 
compared to controls (Wilkerson et al. 2015). Luminex analysis of supernatants 
from SBCMV-infected retinal pericytes had increased levels of macrophage 
inflammatory protein-1α, beta-2 microglobulin (B2-m), matrix metalloprotein-
ase-3 and -9 (MMP3/9), and lower levels of IL-6 and IL-8 compared to controls. 
At 24 h post infection, pericytes expressed higher levels of IL-8, TIMP-1 (tissue 
inhibitor of metalloproteinase-1), and RANTES (regulated upon activation nor-
mal T cell-expressed and presumably secreted) but lower levels of MMP9 
(Wilkerson et al. 2015). Time course analysis showed that both brain and retinal 
pericytes were more permissive for HCMV infection than other cellular compo-
nents of the BBB (blood-brain barrier) and IBRB. Using a Tricell culture model 
of the IBRB (retinal endothelial, pericytes, Müller cells), retinal pericytes were 
most permissive for SBCMV infection (Wilkerson et al. 2015). SBCMV infection 
of this IBRB Tricell mixture for 96 h that resulted in increased levels of IL-6, 
MMP9, and stem cell factor with a concomitant decrease in granulocyte-macro-
phage colony-stimulating factor and TNF-alpha (Wilkerson et al. 2015). In retinal 
pericytes, HCMV induces proinflammatory and angiogenic cytokines. In the 
IBRB, pericytes likely serve as an amplification reservoir which contributes to 
retinal inflammation and angiogenesis. Even more, I examined the permissive-
ness of normal murine retinal pericytes expressing alpha actin smooth muscle 
(Fig. 4.7a–c) for mouse cytomegalovirus (MCMV) infection. At 72 h post infec-
tion I observed pericytes being fully permissive for MCMV lytic replication as 
demonstrated by expression of the late MCMV M55 late protein (Fig. 4.7d) and 
lytic replication of a recombinant MCMV expressing green fluorescent protein 
(GFP) (Fig. 4.7e).

4.4.3  Cytomegalovirus Infection of Mesangial Cells: Pericytes 
of the Glomerular Vascular Unit

Mesangial cells are considered specialized pericytes of the renal glomerulus 
(Yamanaka 1988; Diaz-Flores et al. 2009; Lindahl et al. 1998; Smith et al. 2012). 
The glomerular vascular unit (GVU) consists of glomerular endothelial cells, podo-
cytes, and mesangial cells (Popik et  al. 2019). The molecular crosstalk between 
mesangial cells, podocytes, and glomerular endothelial cells is essential for glomeru-
lar filtration. Mesangial cells form a supporting framework that maintains the struc-
tural integrity of the glomerular tuft that includes the glomerular capillaries 
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Fig. 4.6 Human cytomegalovirus (HCMV) infectivity of primary human retinal pericytes. 
(a) Phase contrast and fluorescent images of retinal pericytes (1) uninfected subconfluent  
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(Wilkerson et al. 2015). Mesangial cells affect glomerular hemodynamics by altering 
glomerular vascular resistance (Wilkerson et al. 2015). To date, mesangial cells, and 
their contribution to HCMV infection in the glomerulus is poorly understood. I 
showed that mesangial cells and glomerular endothelial cells but not podocytes were 
permissive for both lab adapted and clinical strains of HCMV (Fig. 4.8a) (Popik 
et  al. 2019). A hypothetical model is shown to support this finding (Fig.  4.8b). 

Fig. 4.7 MCMV infection of mouse retinal pericytes. Cultivated mouse pericytes infected with 
mouse cytomegalovirus. (a) Pericytes subconfluent; (b) Pericytes confluent; (c) Pericytes staining 
positive for alpha actin smooth muscle (green FITC/blue DAPI); (d) Phase image of pericytes 
infected with MCMV; (e) Pericytes staining positive for the MCMV M55 late protein; (f) Pericytes 
infected with a GFP-positive MCMV (virus infected appear green)

Fig. 4.6 (continued) monolayer of retinal pericytes, (2) confluent monolayer of retinal pericytes 
and (3) pericytes 96 h after infection with the clinical strain SBCMV. Immunofluorescence stain-
ing of SBCMV-infected retinal pericytes for (4) major immediate protein (MIE) protein and (5) 
pp65 late stage protein. (6) Phase fluorescent overlay image of human retinal pericytes infected 
with a recombinant HCMV virus expressing GFP. All images were taken on a Nikon TE2000S 
microscope (200× magnification); (b) Time course analysis of human cytomegalovirus-GFP 
(HCMV-GFP) infection of IBRB (inner blood-retinal barrier) cells. (a) Top panel: phase contrast 
images of human mock and infected retinal microvascular endothelial cells, retinal pericytes and 
Müller cells. Bottom panel: phase contrast images of infected retinal microvascular endothelial 
cells, retinal pericytes and Müller cells with a fluorescent overlay showing HCMV-GFP-positive 
cells. Magnification 200×
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Fig. 4.8 Infection with the clinical strain (SBCMV) of GVU (Glomerular Vascular Unit) cells 
96 h after infection. (a) A graph showing the number of infected SBCMV positive podocytes (open 
bars), glomerular endothelial cells (gray bars), and mesangial (black bars) per 4 × 106 total cells 
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Luminex analysis revealed dysregulation proinflammatory cytokines expressed by 
mesangial cells exposed to the SBCMV clinical strain (Popik et al. 2019). HCMV 
upregulation of angiogenic and proinflammatory cytokines could contribute to glo-
merular inflammation (Popik et  al. 2019). Briefly, mesangial cells exposed to 
SBCMV for 96 h revealed an increase in the expression of B2-m (beta-2 microglobu-
lin) ferritin, complement C3, IL-6, IL-7, IL-8, RANTES, VEGF, and MMP-3 com-
pared to mock infected controls (Popik et al. 2019). Taken together upregulation of 
these factor are known to greatly impact the development of kidney disease. However, 
because these data represent in vitro studies in primary cells infected at low multi-
plicities of infection this will require further investigation. Although I was able to 
demonstrate HCMV infection in pericytes in renal tissue from a transplant patient 
supporting in vivo for HCMV infection of pericytes in renal tissue (Popik et al. 2019).

4.4.4  Cytomegalovirus Infection of Pericytes in at the 
Placental Vascular Barrier

Placental pericytes are essential for endothelial cell proliferation as well as for pla-
cental microvasculature stability and integrity but have largely been ignored in pla-
centa biology (Price et al. 1990). Pericytes are also critical for placental vascular 
development and angiogenesis. A blood-placental barrier model consisting of tro-
phoblasts and placental pericytes has been established. HCMV placental pathogen-
esis models that include placental pericytes have not been reported. The signaling 
mechanisms between placental pericytes, cytotrophoblast, and villous fibroblasts 
are largely unknown (Alcendor et al. 2012).

I was among the first (to my knowledge) to report the infectivity of human placen-
tal pericytes for HCMV, their potential role in viral dissemination in placental tissue, 
and the implications for HCMV-associated congenital disease (Aronoff et al. 2017). 
I first tracked HCMV in placental tissue obtained from a child with HCMV inclusion 
disease by dual labeled immunohistochemistry and showed overtime that the virus 
infects cytotrophoblasts and spreads into villous during dissemination (Fig. 4.9a). My 
findings show that placental pericytes strongly support HCMV replication, inducing 
proinflammatory and angiogenic cytokines that could contribute to viral dissemina-
tion, placenta inflammation, and dysregulation of placental angiogenesis. I showed 
that primary human placenta pericytes were more permissive for HCMV infectivity 
than either primary human cytotrophoblasts or villous fibroblasts (Fig. 4.9b, c). I also 

Fig. 4.8 (continued)  96 h after infection. (b) Right panel: Immunohistochemical stained images 
of SBCMV infected podocytes, glomerular endothelial cells, and mesangial cells showing SBCMV 
positive cells (stained brown). All images were taken on a Nikon TE2000S microscope mounted 
with a charge- coupled device (CCD) camera at 200× magnification. (c) Hypothetical model of 
HCMV dissemination in the glomerulus of the human kidney showing HCMV infection of mesan-
gial cells and glomerular endothelial cells but not podocytes
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Fig. 4.9 HCMV dissemination in the placenta that includes placental pericytes. (a) HCMV 
entry into placenta tissue demonstrated by dual labeled IHC (trophoblasts, brown color, HCMV 
red color); (b) HCMV replication kinetics examined using a GFP recombinant virus in human 
placental fibroblasts, cytotrophoblasts and placental pericytes. Infections were performed in cham-
ber slides in triplicate and the average number GFP positive cells are plotted in the graph; (c) 
HCMV-GFP positives cells after infection (insert for pericytes shows evidence of giant cell 
formation)
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demonstrate the HCMV induction of giant cell formation only occurs infected peri-
cytes (Fig. 4.9c see insert). Using a mixture of placental pericytes, cytotrophoblasts 
and villous fibroblasts, I find dysregulation of cytokines with a unique profile when 
compared with pericytes alone at early and late times post infection (Aronoff et al. 
2017). I hypothesize that human placental pericytes are the most permissive cell type 
in the placenta for HCMV infection and serve as amplification reservoirs for HCMV 
dissemination in placental tissue that is governed by virus host-cell receptor entry.

4.4.5  Cytomegalovirus Infection of Pericytes 
in Adipose Vasculature

The relevance of HCMV infection of pericytes in adipose vasculature is not appar-
ent however I observed both full lytic replication in human adipose pericytes 
(obtained from Paula Dore Duffy from Wayne State University) data unpublished. 
To my knowledge there is only one report of mouse cytomegalovirus (MCMV) 
infection of mouse pericytes in salivary gland adipose vasculature tissue (Price et al. 
1990). After MCMV infection of young adult mice they observed MCMV replica-
tion in adipocytes, fibroblasts, endothelial cells and pericytes in both brown and 
white adipose tissues from salivary glands as demonstrated by immunoperoxidase 
staining and electron microscopy (Price et al. 1990). However I shown human adi-
pose tissue pericytes are fully permissive for HCMV lytic replication as demon-
strated by infecting adipose pericytes with Toledo HCMV (lab strain) when 
compared to the mock infected control (Fig.  4.10). This is the first unpublished 
report of HCMV infection of human adipose vascular pericytes. This finding sup-
ports the notion that all human vascular pericytes are permissive for HCMV. Even 

Fig. 4.10 HCMV infection of human adipose pericytes. (a) Mock infected primary human 
adipose pericytes cultivated in vitro; (b) Human adipose pericytes cultivated in vitro and infected 
with the Toledo strain of HCMV. Cells showing cytopathology are identified with black arrows
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more, it suggest that adipose tissue could serve as a reservoir for HCMV replication 
and dissemination which is a novel concept that will require further investigation.

4.5  Discussion and Conclusions

These studies described published evidence from my laboratory of HCMV lytic 
replication in human pericyte populations of the brain, retinal, placental, glomerular 
(mesangial cells), as well as unpublished evidence of HCMV infection and lytic 
replication in pericytes from human adipose tissue (Fig. 4.11). These studies relied 

Fig. 4.11 Human vascular pericytes currently known to be permissive for HCMV lytic rep-
lication. Human vascular pericytes shown to be permissive for HCMV infection. (a) Brain peri-
cyte; (b) Retinal pericytes; (c) Renal mesangial cells (kidney pericytes); (d) Placental pericytes; (e) 
Adipose pericytes (phase image). All cell types with the exception of adipose pericytes were 
stained with an antibody to the HCMV pp65 protein late protein. All images were taken at 200× 
magnification
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mainly on in vitro data obtained from experiments using primary cells at low pas-
sage and infection at low multiplicity. Pericyte population were largely found to be 
the most permissive cell type for HCMV infection within neurovascular unit, the 
retinal vascular unit, placenta vascular barrier, and the glomerular vascular unit. In 
these vascular barrier systems, HCMV infection resulted in the induction of proin-
flammatory and angiogenic cytokines that likely contributes to vascular inflamma-
tion. Hence, vascular pericytes may represent a global reservoir for HCMV that can 
mobilized during immunosuppression. In addition, results from these studies sup-
port the notion that all pericytes populations, regardless of tissue origin, are permis-
sive for HCMV infection, and that loss of HCMV immune surveillance or 
intermittent viral shedding over time could contribute to pericyte loss or dysfunc-
tion, microvascular instability, and subclinical progressive vascular disease. 
Pericytes have also been implication cerebral vascular diseases like AD However 
the role of HCMV, HSV-1/2, in AD remains highly controversial and requires fur-
ther study.
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