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Abstract 

Together with animal cytomegalovirus, human cytomegalovirus (HCMV), also referred to in recent 

literature as human herpes virus 5 (HHV-5), belongs to the Herpesviridae family, subfamily 

Betaherpesviridae, genus Cytomegalovirus. Like all herpesviruses, HCMV is sensitive to low pH, lipid-

dissolving agents, and heat. HCMV has a half-life of approximately 60 min at 37 °C and is relatively 

unstable at −20 °C. It needs to be stored at at least −70 °C in order to maintain its infectivity. Human 

cytomegalovirus (HCMV) is the leading infectious cause of vision loss among congenitally infected 

children. Retinal pericytes play an essential role in maintaining retinal vascular and endothelial cell 

proliferation. Retinal pericytes expressed the biomarker neuron-glial antigen 2. Antigenic expression 

profiles for several cytoskeletal, cell adhesion and inflammatory proteins were shared by both retinal 

and brain pericytes. Infected pericytes showed cytomegalic cytopathology and expressed mRNAs for 

the major immediate protein (MIE) and HCMV phosphorylated envelop protein 65. qRT-PCR analysis 

showed full lytic replication of HCMV in retinal pericytes. Pericytes exposed to SBCMV for 9 days 

expressed higher levels of vascular endothelial cell growth factor mRNA compared to controls. 

Luminex analysis of supernatants from SBCMV-infected retinal pericytes had increased levels of 

macrophage inflammatory protein-1α, beta-2 microglobulin (B2-m), matrix metalloproteinase-3 and -9 

(MMP3/9), and lower levels of IL-6 and IL-8 compared to controls. At 24 hours post infection, 

pericytes expressed higher levels of IL-8, TIMP-1 (tissue inhibitor of metalloproteinase-1), and 

RANTES (regulated upon activation normal T cell-expressed and presumably secreted) but lower 

levels of MMP9. Time course analysis showed that both brain and retinal pericytes were more 

permissive for HCMV infection than other cellular components of the BBB (blood-brain barrier) and 

IBRB. It is important to note that, 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. 

 
Keywords: Cytomegalovirus, pericytes, retina, blood-brain barrier, cytokines, inflammation, 

angiogenesis 

 

Introduction 

Human cytomegalovirus (HCMV) is an opportunistic pathogen that is known to cause life-

threatening disease in immunocompromised individuals such as neonates, transplant patients 

and sufferers of HIV/AIDS [1]. Congenital HCMV infection is the major cause of birth 

defects, affecting approximately 40,000 children (0.2 to 2% of all live births) in the United 

States each year [2-6], and is the leading infectious cause of mental retardation and deafness in 

children [7, 8]. Central nervous system (CNS) abnormalities in newborn babies can include 

vision loss, mental retardation, motor deficits, seizures and sensorineural hearing loss [9-11]. 

With only 10 to 15% of children presenting with symptomatic disease at birth, HCMV can 

cause long-term progressive neuropathology in children who are asymptomatic at birth. It is 

estimated that approximately 8,000 children are affected each year with some form of 

neuropathology associated with congenital HCMV infections in the United States [12]. 

Ophthalmic presentations associated with HCMV-induced retinitis have been reported [13, 14]; 

however, HCMV dissemination in the inner blood-retinal barrier (IBRB) remains unclear. 

Retinitis due to HCMV infection, which can also result in blindness, is the most prevalent 

ocular disease in individuals with HIV/AIDS [15-18]. The retina and brain have the highest 

density of vascular pericytes in the body [19].  
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Alcendor et al. recently reported that primary human brain 

vascular pericytes were fully permissive for HCMV 

infection, were more permissive for HCMV lytic replication 

compared to brain microvascular endothelial cells 

(BMVEC) or astrocytes, and could serve as amplification 

reservoirs for HCMV infection and dissemination in the 

CNS [20]. In addition, pericyte exposure to HCMV induced a 

proinflammatory cascade that likely contributes to 

neuroinflammation [20]. The eye is the outermost extension 

of the CNS, and the IBRB [21, 22] shares topological 

similarities to the blood-brain barrier (BBB), namely that 

the neurovascular unit includes retinal pericytes, retinal 

microvascular endothelial cells and Müller cells. Retinal 

pericytes play an essential role in maintaining retinal 

vascular and endothelial cell proliferation [23]. The role of 

retinal pericytes in HCMV-induced ocular disease is 

currently unknown. It is important to identify the role of 

retinal pericytes and their contribution to HCMV infection 

and dissemination. To our knowledge, this is the first report 

till date that investigates the infectivity of human retinal 

pericytes for HCMV and their potential role in viral 

dissemination in the IBRB and the concomitant implications 

for HCMV-associated ocular disease. Our hypothesis is that 

in vascular beds normally trafficked by HCMV during 

primary infection that includes the brain and retinal barriers, 

pericytes are the most permissive cell type within these 

vascular beds for HCMV infection and represent the cell 

type responsible for virus amplification and dissemination 

and greatly contribute to altering these microenvironments 

via the induction of pro-inflammatory and angiogenic 

cytokines. 

 

A short glimpse of Cell and Virus 

The SBCMV clinical strain was obtained from Dr. Ravit 

Boger (Johns Hopkins University) [20] and the HCMV-GFP 

recombinant virus was obtained from Dr. Gary Hayward 

(Johns Hopkins University). Acquisition of the “SBCMV” 

clinical isolate was approved by the Internal Review Board 

and Ethics Committee of Johns Hopkins University Medical 

Center in Baltimore, Maryland. Primary human retinal 

capillary endothelial cells, retinal pericytes, human brain 

microvascular endothelial cells, human brain pericytes and 

human astrocytes were obtained from Cell Systems 

Corporation (Kirkland, WA, USA) and were cultivated in 

Pericyte Media (PM) from Scien Cell (Carlsbad, CA, USA). 

The human Müller cell line MIO-M1 [24], derived from an 

adult retina, was kindly provided by Dr. John Penn 

(Vanderbilt University Medical Center Eye Institute). 

Acquisition of the MIO-M1 cell line was approved by the 

Internal Review Board and Ethics Committee of Vanderbilt 

University Medical Center in Nashville, Tennessee. The 

Retinal pericytes were maintained at low passage in PM 

media. Cells were trypsinized and plated in uncoated 100- 

cm2 dishes or uncoated 4.2-cm2/well glass chamber slides at 

a density of 1 × 106 and 2.5 × 105 cells per dish and well, 

respectively. Heat-killed SBCMV was prepared by heating 

the viral inoculum to 65°C for 30 minutes in a water bath 
[25]. Heat-killed virus was used as a replication control in 

place of UV inactivated virus. The heating protocol for 

HCMV that we use is mild and is unlikely to completely 

destroy the viral envelope. 

 

 

 

Detailed Study and review 

Cytomegalovirus infection of retinal pericytes and RNA 

isolation 

Cytomegalovirus infection and RNA isolation procedures 

have been previously described [20]. The SBCMV clinical 

isolate, HCMV Towne strain, and the HCMV-GFP 

recombinant virus were all cultivated in human foreskin 

fibroblast (HFF) cells. Retinal pericytes were infected at a 

multiplicity (moi) of 0.1, virus adsorption was allowed for 2 

to 3 hours and the infectious inoculum was removed and 

replaced with fresh media. 

 

Immunofluorescence 

Chamber slide cultures containing either mock infected or 

infected cells were washed twice with PBS, pH 7.4, air 

dried, and fixed in absolute methanol for 10 minutes. Cells 

were air dried for 15 minutes, hydrated in Tris saline 

(pH 7.4) for 5 minutes, and then incubated for 1 hour with 

monoclonal antibodies diluted 1:50 in PBS, pH 7.4. 

Antibodies to monitor tissue markers in uninfected human 

retinal and brain vascular pericytes included the following 

from Santa Cruz Biotechnology (Santa Cruz, CA, USA): 

fibronectin, vimentin, CD68, NG2 proteoglycan, beta 

catenin, smooth muscle actin, vascular cell adhesion 

molecule-1 (VCAM-1), vascular endothelial cadherin (VE-

cadherin), alpha 4 integrin, TNF-alpha, and NFkB. Those 

antibodies obtained from Millipore (Temecula, CA, USA) 

included: platelet endothelial cell adhesion molecule-1 

(PECAM-1), intercellular adhesion molecule-1 (ICAM-1), 

melanoma cell adhesion molecule-1 (MelCAM-1), 

endothelial-leukocyte adhesion molecule 1 (E-selectin), von 

Willebrand factor (VWF), and Tissue Factor. Finally, 

RANTES was obtained from R&D Systems (Minneapolis, 

MN, USA). All antibodies were diluted 1:50 in PBS, 

pH 7.4. 

 

Real-time qPCR 

Total RNA was extracted from SBCMV-infected retinal 

pericytes, mock infected and heat-killed SBCMV (control) 

using a Qiagen RNAeasy Mini Kit (Qiagen, Valencia, CA, 

USA). RNA was then DNAase treated before elution from 

the column according to the manufacturer’s 

recommendations. Messenger RNA in 0.5 μg of each 

sample was primed using oligo-dT and reverse transcribed 

with a high capacity cDNA reverse transcription kit 

(Applied Biosystems, Foster City, CA, USA). Real-time 

PCR was performed as previously described [20] by using 

gene-specific primers for HCMV MIE: forward 

5′CCAAGCGGGCTCTGATAACCAAGCC3′ and reverse 

5′ CAGCACCATCCTCCTCTTCCTCTGG3′) and HCMV 

pp65: forward 5′GACACAACACCGTAAAGC3′ and 

reverse 5′CAGCGTTCGTGTTTCC3′). For amplification of 

vascular endothelial growth factor (VEGF165) we used the 

following primer pairs: forward 

5′ATCTTCAAGCCATCCTGTGTCC3′ and reverse 

5′CAAGGCCCACAGGGATTTTC3. 

 

IBRB Tricell culture infection model 

A Tricell culture infection model of the IBRB, composed of 

primary human retinal microvascular endothelial cells, 

retinal pericytes and Müller cells, was established in 

chamber slides at a ratio of 3:1:1, respectively. The starting 

cell population ratios change during growth in culture; 

therefore, we consistently use these primary cells at the 
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same passage level and the initial cultivations are performed 

with media recommended by the manufacturer. Retinal 

microvascular endothelial cells were initially cultivated in 

complete EBM-2 media (Lonza, Walkersville, MD, USA) 

and allowed to become confluent at a cell density 2.5 x 105. 

Retinal pericytes were then added and the dual mixture was 

then cultivated in PM. After 48 hours, Müller cells were 

added to complete the Tricell mixture growing in PM. The 

Tricell mixture was then infected for 96 hours with the 

SBCMV clinical isolate at a moi of 0.1. Cell supernatants 

were analyzed by Luminex assay [26]. The Tricell mixture 

was then stained for viability using a live/dead cell viability 

assay kit (Life Technologies, Grand Island, NY, USA). 

 

Immunohistochemistry 

Dual labeled immunohistochemistry (IHC) was performed 

as previously described [27]. 

A monoclonal antibody to the human retinal endothelial cell 

antigenic biomarker VWF was used to stain retinal 

endothelial cells. Endothelial cells were visualized in the 

mixture using Vector VIP (Vector Laboratories, 

Burlingame, CA, USA) as a peroxidase substrate. Antigen 

blocking between the use of different substrates was 

performed using an Avidin/Biotin blocking kit (Vector 

Laboratories, Burlingame, CA, USA). A rabbit polyclonal 

antibody to the pericyte antigenic biomarker NG2 

proteogylcan (Abcam, Cambridge, MA, USA) was used to 

stain retinal pericytes. Retinal pericytes were visualized in 

the Tricell mixture using Vector SG (Vector Laboratories, 

Burlingame, CA, USA). A rabbit polyclonal antibody to the 

Müller cell antigenic biomarker glial fibrillary acidic protein 

(GFAP, Abcam, Cambridge, MA, USA) was used to stain 

Müller cells. Müller cells were visualized in the mixture 

using diaminobenzidine (DAB) as a peroxidase substrate 

(Vector Laboratories, Burlingame, MA, USA). All labeling 

and substrate preparations were performed in accordance 

with the manufacturers’ recommendations. 

 

Luminex analysis 

The inflammatory cytokine analysis was performed with 

200 μl of cell supernatants from mock infected, SBCMV-

infected and SBCMV (heat-killed) retinal pericytes 9 days 

post exposure using a Luminex instrument (Luminex 

Corporation, Austin, TX, USA) and a 100- plate viewer 

software. The inflammatory cytokine panel (Inflammation 

MAP v1.0.) was designed to measure 47 proinflammatory 

and angiogenic cytokines. All specimens, standards and 

controls were run in triplicate according to the 

manufacturer’s protocol. The instrument is configured to 

collect a minimum of 100 beads per region [28]. 

 

Statistical analysis 

Experiments presented in this study were performed in 

triplicate. Mock infected, SBCMV-infected and heat-killed 

SBCMV-exposed retinal pericyte cell pellets obtained 

9 days post infection were used for qRT-PCR. qRT-PCR 

experiments were replicated three times and normalized to 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). A P-

value of < 0.05 was considered statistically significant. 

 

 

 

 

 

Results and discussion 

Expression profiles of human retinal and brain pericytes 

are shared 

Immunoflorescent staining confirms that normal primary 

human retinal pericytes express pericyte biomarkers. Retinal 

pericytes were shown to stain positive for fibronectin, 

vimentin, CD68and NG2 proteoglycan. This expression 

pattern was consistent with the profile we observed with 

primary human brain pericytes. We then compared the 

expression profiles of normal primary human retinal 

pericytes versus brain pericytes by immunofluorescent 

staining for specific cytoskeletal, cellular adhesion and 

inflammatory biomarkers. Pericytes were examined for 

expression of cytosketal antigenic biomarkers (fibronectin, 

vimentin, beta catenin, smooth muscle actin, NG2 

proteoglycan), cellular adhesion antigenic biomarkers 

(CD68, PECAM-1, VCAM-1, ICAM-1, MelCAM-1, E-

selectin, VWF, alpha 4 integrin) and inflammatory 

biomarkers (TNF-alpha, NFkB, RANTES and Tissue 

Factor). We found a high degree of similarity in the 

antigenic expression profiles in human brain and retinal 

pericytes for those cytoskeletal, cell adhesion and 

inflammatory biomarkers we tested. However, we observed 

a lower expression level of alpha smooth muscle actin and a 

higher level of VCAM-1 in retinal pericytes compared to 

brain pericytes. The staining profile of human retinal 

pericytes for key antigenic biomarkers (fibronectin, 

vimentin, CD68, and NG2 proteoglycan) was similar to 

levels previously shown to be expressed in human brain 

pericytes [20]. 

 

Retinal pericytes are fully permissive for HCMV 

infection 

Primary retinal pericytes showed similar morphological 

characteristics to those shown by brain vascular pericytes, 

namely a long extension of the cytoplasm that was clearly 

visible in sub-confluent cultures [20]. However, when 

confluent they appeared fibroblastic in appearance. Using a 

low moi with the SBCMV clinical isolate, we observed 

characteristic HCMV cytomegalic cytopathology 10 days 

post infection. We also demonstrated that retinal pericytes 

were fully lytic for HCMV replication by expression of 

HCMV MIE 1 and 2 and the late viral tegument protein 

pp65/UL83. Infection of retinal pericytes with an HCMV-

US28 recombinant virus expressing GFP showed that retinal 

pericytes support HCMV lytic replication with more than 

90% of cells with cytomegalic cytopathology 6 days post 

infection. We also examined viral replication kinetics by 

monitoring the expression of HCMV mRNA transcription 

by qRT-PCR in human retinal pericytes exposed to 

SBCMV-infected (clinical strain) and heat-killed virus. Ten 

days post infection using the SBCMV clinical isolate we 

observed a > 40,000 fold and 837-fold increase in HCMV 

MIE and pp65 mRNA, respectively, compared to mock 

infected and heat-killed virus controls. Using the Towne 

strain of HCMV we examined the temporal expression of 

the pp65 virion tegument protein mRNA in infected retinal 

pericytes. We observed a 1-fold, a 5.1-fold, a 122-fold and a 

563-fold increase in pp65 mRNA post infection in retinal 

pericytes at 24, 48, 72 hours and 5 days, respectively. The 

highest level of HCMV transcription was observed in 

SBCMV-infected cells following transcriptional 

amplification of the major immediate genes MIE (IE1, IE2) 
[29] and the viral pp65 late tegument protein [30]. Higher 
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levels of MIE transcription were observed compared to pp65 

expression levels. No significant virus transcripts were 

observed in mock or heat-killed-exposed retinal pericytes. 

Time course analysis of HCMV infection using the Towne 

strain of HCMV revealed a time-dependent increase in pp65 

transcription consistent with permissive replication for 

cytomegalovirus 

 

Cellular dysregulation of angiogenic and 

proinflammatory cytokines in SBCMV-infected retinal 

pericytes 

The majority of retinal vasculopathies are associated with 

dysregulation of angiogenesis and inflammation [28]. We 

examined SBCMV-infected human retinal pericytes along 

with mock infected cells and cells exposed to heat-killed 

virus for changes in vascular endothelial cell growth factor 

(VEGF) expression. We observed a 2.8-fold increase in 

VEGF165 mRNA expression by qRT-PCR in SBCMV-

infected cells when compared to mock infected and heat-

killed virus-exposed human retinal pericytes. We also 

observed a marginal but insignificant increase in VEGF165 in 

pericytes exposed to heat-killed virus. Transcription analysis 

using VEGF primers that recognized all of the major three 

splice variants were observed to be upregulated in SBCMV-

infected pericytes compared to uninfected control cells (data 

not shown). We then made a comparative analysis using 

Luminex assays of 9-day supernatants from the above 

mentioned cells that exhibited evidence of cytopathology. 

We observed a high level of MIP-1α secretion by retinal 

pericytes exposed to both SBCMV and to heat-killed virus 

compared to mock infected cells. The highest level of MIP-

1α secretion was observed in pericytes exposed to 

replication competent virus. High levels of B2-m were 

observed in supernatants from pericytes exposed to SBCMV 

and heat-killed virus compared to uninfected cells 

(Figure 5B), although the highest level of B2-m was 

observed in SBCMV-infected pericytes. Increased levels of 

MMP3 and MMP9 were observed in both 9-day SBCMV-

infected and SBCMV heat-killed-exposed pericytes 

compared to uninfected controls, although levels in 

SBCMV-treated cells were higher than cells exposed to 

heat-killed virus. However, we observed reduced levels of 

the proinflammatory cytokines IL-6 and IL-8 in both 

SBCMV-infected and SBCMV heat-killed-exposed 

pericytes compared to uninfected controls, with the greatest 

reduction occurring in heat-killed virus exposed cultures. 

 

Pericytes from human brain and retina are more 

permissive for HCMV than other cellular components of 

the BBB and the IBRB 

Cellular components of the human IBRB (includes retinal 

microvascular endothelial cells, retinal pericytes and Müller 

cells) as well as the cellular components of the human BBB 

(includes brain microvascular endothelial cells, vascular 

pericytes and astrocytes) were compared to determine their 

infectivity when exposed to a recombinant HCMV isolate 

encoding GFP. Individual cell types of both the IBRB and 

the BBB were infected with a moi of 0.1 to model in vivo 

clinical conditions; uninfected cells served as controls. 

Infections were performed in triplicate in chamber slides for 

12, 24, 48 and 96 hours post infection. The average total 

number of GFP-positive cells was counted by fluorescence 

microscopy. No GFP-positive cells were observed after 

12 hours for the individual IBRB cell types but after 

24 hours, pericyte cultures had a 74-fold, 160-fold, more 

than 300-fold and nearly a 400-fold increase in GFP-

positive cells compared to Müller cells and retinal 

endothelial cells. We observed no significant difference in 

this pattern of infectivity for the IBRB cell types at 10 days 

post infection (data not shown). Similar results were 

observed with cellular components of BBB showing brain 

pericytes as being more permissive for HCMV infection 

when compared to human brain microvascular endothelial 

cells or astrocytes. No GFP-positive cells were observed 

after 12 hours for BBB cells, but at 24, 48, 72 and 96 hours, 

pericyte cultures had a roughly 90-fold, 140-fold, 325-fold 

and nearly 400-fold increase in GFP-positive cells, 

respectively, compared to brain microvascular endothelial 

cells or astrocytes. Brain microvascular endothelial cells 

were consistently more permissive for HCMV than 

astrocytes or endothelial cells in this assay. We observed no 

significant difference in this pattern of infectivity for the 

IBRB cell types at 10 days post infection. 

 

Permissive for SBCMV infection than retinal 

microvascular endothelial cells and Müller cells 

Over time we have observed that PM from ScienCell can 

support the growth of human brain vascular pericytes, 

astrocytes, and brain microvascular endothelial cells, 

making it an ideal starting point for a universal medium to 

cultivate the Tricell mixture of human retinal pericytes, 

retinal capillary endothelial cells (Cell Systems, Kirkland, 

WA, USA), and primary human Müller cells. We showed 

that retinal capillary endothelial cells can be cultivated in 

PM along with retinal pericytes and that the Müller cell line 

can also be cultivated in PM media. We found that the 

Tricell mixed retinal culture had a > 95% viability after 

10 days in culture with PM media. Validation of the Tricell 

IBRB model was achieved by co-cultivation of the cell 

mixture, with triple stained IHC for VWF for retinal 

capillary endothelial cells, NG2 proteoglycan (neuron-glial 

antigen2) for retinal pericytes, and GFAP glial fibrillary 

acidic protein for Müller cells. Supernatants from the Tricell 

mixed culture exposed to SBCMV, heat-killed virus and 

media only (mock infected) were also examined by 

Luminex analysis at 96 hours post infection. We observed a 

higher level of MIP-1α, MMP9, IL-6 and stem cell factor 

(SCF-1), no change in MMP3 levels and a lower levels of 

IL-8, GMCSF and TNF-alpha in SBCMV-infected Tricell 

cultures compared to mock infected controls. In Tricell 

cultures exposed to heat-killed virus we observe increased 

levels of MIP-1α, IL-6, SCF-1, and TNF-alpha, no change 

in MMP9, and a lower level of IL-8 when compared to 

mock infected control cultures. In addition, Tricell cultures 

exposed to heat-killed virus showed higher levels of IL-8, 

GMCSF and TNF-alpha compared to Tricell cultures 

exposed to SBCMV. 

 

Discussion 

The expression profiles of normal human brain and retinal 

pericytes are shared with respect to several cytoskeletal, 

cellular adhesion and proinflammatory biomarkers. This 

suggests that pericytes from different vascular beds within 

the CNS are similar and that their physiology may be 

governed by their respective microenvironments. We found 

that brain and retinal pericytes were equally permissive for 

HCMV lytic replication by both laboratory adapted and 

clinical strains of virus. In IBRB, retinal pericytes were 

https://jneuroinflammation.biomedcentral.com/articles/10.1186/s12974-014-0219-y#Fig5
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most permissive for HCMV infection when compared to 

retinal microvascular endothelial cells and Müller cells. 

HCMV infection elicited an angiogenic and 

proinflammatory cytokine response in pericytes after 

infection. From these studies we proposed a disease model 

for HCMV dissemination across the IBRB into the retina 

that is similar to the model we proposed for HCMV 

dissemination across the BBB into the brain [20]. Our 

working model is that as HCMV traffics the IBRB initially, 

there is marginal infection of retinal microvascular 

endothelial cells that poorly supports dissemination of the 

virus into the barrier. However, HCMV-infected 

mononuclear cells in the retinal vasculature may gain access 

through the IBRB via chemotactic signaling by the 

expression of monocyte chemotactic protein-1 (MCP-1). 

Cell free virus may breach the inner retinal barrier via 

pinocytosis or paracellular transport. Initial infection of 

retinal pericytes in a short time period results in a more 

robust infection compared to retinal endothelial cells and 

Müller cells, which results in viral dissemination within the 

barrier. Pericytes then serve as an amplification reservoir for 

viral dissemination into ocular tissue. Upon infection, retinal 

pericytes elicit the angiogenic cytokine VEGF that would 

likely contribute to retinal angiogenesis and support retinal 

neovascularization [31-34]. Macrophage inflammatory protein-

1 (MIP-1α/CCL3), which was highly expressed in our 

retinal pericytes after infection, would serve to heighten the 

inflammatory microenvironment to establish a persistent 

inflammatory state. MIP-1α secretion would be chemotactic 

for monocytes, lymphocytes, and natural killer (NK) cells 
[35]. MIP-1α has been shown to be induced after HCMV 

infection and is essential for NK cell migration and IFN-

gamma production to mediate antiviral responses in infected 

cells [36]. High levels of MIP-1α have been observed in 

gingival fibroblasts infected with HCMV and are thought to 

play a role in viral pathogenesis linking HCMV infection to 

periodontal disease [37]. Increased levels of MIP-1α have 

also been observed in HCMV pulmonary disease in lung 

transplant patients and have been associated with decreased 

survival in lung transplant recipients [38]. In addition, an 

increased level of MIP-1α was observed in blood from 

HCMV-infected renal transplant patients, a finding that 

positively correlated with pp65 antigenemia, which was 

shown to be abrogated by ganciclovir therapy [35]. We 

observed high levels of beta-2microglobulin (B2m) 

expression in 9-day HCMV-infected retinal pericytes. In a 

number of studies, B2-m levels have been shown to have a 

predictive value for HCMV congenital disease and have 

been used as a biomarker for fetal distress [39]. Levels of B2-

m in cerebrospinal fluid along with neuroimaging have been 

shown to be of prognostic value for neurodevelopmental 

outcomes in newborns with HCMV-induced congenital 

disease [40]. High levels of B2-m in fetal blood were also 

found to be an important prognostic marker of symptomatic 

HCMV-induced congenital disease [41]. We also found an 

increase in the secretion of MMP3 and MMP9 at 9 days post 

HCMV infection that we propose would aid the virus in 

tissue dissemination from infected pericytes as it traffics 

through the inner retinal barrier. HCMV has been shown to 

induce MMP1 and MMP3 in human aortic smooth muscle 

cells, which has implications for HCMV-induced plaque 

inflammation in atherosclerotic disease [42]. Tear MMP9 

levels have been shown to be a marker for diagnosing dry 

eye and ocular surface disease due to inflammation; thus, 

tear analysis may serve as a gauge to monitor therapy after 

eye surgery [43, 44]. Surprisingly, we observed a lower level 

of IL-6 and IL-8 in supernatants of 9-day SBCMV-infected 

pericytes compared to uninfected controls. This is likely due 

to viral-specific suppression during late-stage infection that 

would be consistent with chronic HCMV disease. It has 

been reported that IL-6 levels are suppressed during active 

infection in human fibroblasts via transcriptional activation 

in part by HCMV IE2 protein and posttranscriptional 

destabilization of IL-6 mRNA [45]. Suppressive effects 

outweighed transcriptional activation that resulted in less 

IL-6 production in cells undergoing productive infection 

compared to controls [45]. In contrast, Luminex analysis of 

retinal pericytes exposed to SBCMV at the earlier 24 hour 

time point, revealed increases in IL-8, TIMP-1 and 

RANTES compared to media only. A significant decrease in 

MMP9 was observed compared to media controls; however, 

this is likely due to the increased levels of TIMP-1. We also 

observed a greater increase in IL-8 in supernatants from 

retinal pericytes exposed to heat-killed virus at 24 hours 

compared to SBCMV and media-only-exposed cells. This 

may be due to virus-specific gene effects on IL-8 

expression. Finally, exposure of the Tricell mixed culture to 

virus for 96 hours, a time of heightened virus replication, 

revealed a significant increase in the secretion of IL-6 and 

SCF-1, lower levels of granulocyte-macrophage colony-

stimulating factor (GMCSF) and TNF-alpha and a marked 

increase in MMP9 (Figure. Studies show that a productive 

HCMV infection reduced MMP9 activity in human 

macrophages, a finding that was associated with immediate 

early or early gene expression of HCMV [46]. It has been 

demonstrated that cmvIL10 inhibited NFkB activation via a 

reduced degradation of Ikappa B-alpha resulting in a 

decrease in transcription of NFkB responsive genes TNF-

alpha and IL-1beta [47]. The decrease in TNF-alpha levels 

was observed in supernatants from SBCMV-infected 

pericytes but higher levels of TNF-alpha are observed in 

pericytes exposed to heat-killed virus that would not express 

vcmvIL-10. Matlaf et al. [48]., have shown that the HCMV 

pp71/UL82 protein expressed in human glioblastoma 

promotes proangiogenic signaling by induction of SCF-1 

and that overexpression of pp71 in glial cells also results in 

an increased expression of SCF-1 [48]. Carleir et al., 

observed both an increase in IL-6 and a concomitant 

decrease in the expression of GMCSF in dendritic cells 

derived from HCMV-infected monocytes [49]. They showed 

that GMCSF signaling was impaired along with a decrease 

in the phosphorylation of signal transducer and activator of 

transcription 5 (STAT-5). These cells were unable to 

stimulate TH1 differentiation and proliferation due to the 

increased levels of IL-6 that were required for suppressor of 

cytokine signalling 3 and (SOCS3) signaling [49]. 

 

Acknowledgement 

Authors express a heartfelt gratitude and deepest 

appreciation to all those who provided us, a father- daughter 

combination team, attempt the inspiring effort for the 

possibility to complete this review paper at God’s grace. 

 

References 

1. Razonable RR, Paya CV. Herpesvirus infections in 

transplant recipients: current challenges in the clinical 

management of cytomegalovirus and Epstein-Barr virus 

infections. Herpes. 2003; 10:60-5. 



 

~96~ 

International Journal of Applied Research 
 

2. Boppana SB, Ross SA, Fowler KB. Congenital 

cytomegalovirus infection: clinical outcome. Clin Infect 

Dis. 2013; 4:S178-81. 

3. Colugnati FA, Staras SA, Dollard SC, Cannon MJ. 

Incidence of cytomegalovirus infection among the 

general population and pregnant women in the United 

States. BMC Infect Dis. 2007; 7:71 

4. Sessions CF, Taeusch HW. Viral infections of the 

newborn. In: Taeusch HW, Ballard RA, Avery ME, 

editors. Diseases of the Newborn. Philadelphia: W. B. 

Saunders; 1991, 331-49. 

5. Stagno S, Pass RF, Dworsky ME, Henderson RE, 

Moore EG, Walton PD, et al. Congenital 

cytomegalovirus infection: the relative importance of 

primary and recurrent maternal infection. N Engl J 

Med. 1982; 306:945-9. 

6. Demmler GJ. Congenital cytomegalovirus infection and 

disease. Adv Pediatr Infect Dis. 1996; 11:135-62. 

7. Stagno S, Reynolds DW, Amos CS, Dahle AJ, 

McCollister FP, Mohindra I, et al. Auditory and visual 

defects resulting from symptomatic and subclinical 

congenital cytomegaloviral and toxoplasma infections. 

Pediatrics. 1977; 59:669-78. 

8. Fowler K, McCollister FP, Dahle AJ, Boppana S, Britt 

WJ, Pass RF. Progressive and fluctuating sensorineural 

hearing loss in children with asymptomatic congenital 

cytomegalovirus infection. J Pediatr. 1997; 130:624-30. 

9. Boppana SB, Fowler KB, Pass RF, Rivera LB, Bradford 

RD, Lakeman FD, et al. Congenital cytomegalovirus 

infection: association between virus burden in infancy 

and hearing loss. J Pediatr. 2005; 146:817-23. 

10. Kong L, Fry M, Al-Samarraie M, Gilbert C, Steinkuller 

PG. An update on progress and the changing 

epidemiology of causes of childhood blindness 

worldwide. J AAPOS. 2012; 16:501-7. 

11. Boppana SB, Fowler KB, Vaid Y, Hedlund G, Stagno 

S, Britt WJ, et al. Neuroradiographic findings in the 

newborn period and long-term outcome in children with 

symptomatic congenital cytomegalovirus infection. 

Pediatrics. 1997; 99:409-14. 

12. Cheeran MCJ, Lokensgard JR, Schleiss MR. 

Neuropathogenesis of congenital cytomegalovirus 

infection: disease mechanisms and prospects for 

intervention. Clin Microbiol Rev. 2009; 22:99-126. 

13. Butler NJ, Thorne JE. Current status of HIV infection 

and ocular disease. Curr Opin Opthalmol. 2012; 

23:517-22. 

14. Culbertson WW. Infections of the retina in AIDS. Int 

Ophthalmol Clin. 1989; 29:108-18. 

15. Jacobson MA, Mills J. Serious cytomegalovirus disease 

in the acquired immunodeficiency syndrome (AIDS). 

Ann Intern Med. 1988; 108:585-94. 

16. Jabs DA. Acquired immunodeficiency syndrome and 

the eye. Arch Ophthalmol. 1996; 114:863-6. 

17. Iyer JV, Connolly J, Agrawal R, Yeo TK, Lee B, Au B, 

et al. Analysis of aqueous humor in HIV patients with 

cytomegalovirus retinitis. Cytokine. 2013; 2:541-7. 

18. Smith IL, Macdonald JC, Freeman WR, Shapiro AM, 

Spector SA. Cytomegalovirus (CMV) retinitis activity 

is accurately reflected by the presence and level of 

CMV DNA in aqueous humor and vitreous. J Infect 

Dis. 1999; 5:1249-53. 

19. Sims DE. The pericyte - a review. Tissue Cell. 1986; 

18:153-74. 

20. Alcendor DJ, Charest AM, Zhu WQ, Vigil HE, Knobel 

SM. Infection and upregulation of proinflammatory 

cytokines in human brain vascular pericytes by human 

cytomegalovirus. J Neuroinflammation. 2012; 9:95. 

21. Hosoya K, Tachikawa M. The inner blood-retinal 

barrier: molecular structure and transport biology. Adv 

Exp Med Biol. 2012; 763:85-104. 

22. Alcendor DJ, Block 3rd FE, Cliffel DE, Daniels JS, 

Ellacott KL, Goodwin CR, et al. Neurovascular unit on 

a chip: implications for translational applications. Stem 

Cell Res Ther. 2013; 4(1):S18. 

23. Hammes HP, Lin J, Renner O, Shani M, Lundqvist A, 

Betsholtz C, et al. Pericytes and the pathogenesis of 

diabetic retinopathy. Diabetes. 2002; 51:3107-12. 

24. Limb GA, Salt TE, Munro PM, Moss SE, Khaw PT. In 

vitro characterization of a spontaneously immortalized 

human Müller cell line (MIO-M1). Invest Ophthalmol 

Vis Sci. 2002; 43:864-9. 

25. Bryant P, Morley C, Garland S, Curtis N. 

Cytomegalovirus transmission from breast milk in 

premature babies: does it matter? Arch Dis Child Fetal 

Neonatal Ed. 2002; 87:F75-7. 

26. Djoba Siawaya JF, Roberts T, Babb C, Black G, 

Golakai HJ, Stanley K, et al. An evaluation of 

commercial fluorescent bead-based luminex cytokine 

assays. PLoS One. 2008; 7:e2535. 

27. Alcendor DJ, Knobel S. Identifying dysregulated genes 

induced by Kaposi’s sarcoma-associated herpesvirus 

(KSHV). J Vis Exp. 2010; 14:43. 

28. Barnett JM, McCollum GW, Penn JS. Role of cytosolic 

phospholipase A2 in retinal neovascularization. Invest 

Ophthalmol Vis Sci. 2010; 2:1136-42. 

29. Colberg-Poley AM. Functional roles of immediate early 

proteins encoded by the human cytomegalovirus UL36-

38, UL115-119, TRS1/IRS1 and US3 loci. 

Intervirology. 1996; 39:350-60. 

30. Reyda S, Tenzer S, Navarro P, Gebauer W, Saur M, 

Krauter S, et al. The tegument protein pp 65 of human 

cytomegalovirus acts as an optional scaffold protein 

that optimizes protein uploading into viral particles. J 

Virol. 2014; 88:9633-46. 

31. Gariano RF, Gardner TW. Retinal angiogenesis in 

development and disease. Nature. 2005; 7070:960-6. 

32. Banumathi E, O'Connor A, Gurunathan S, Simpson DA, 

McGeown JG, Curtis TM. VEGF-induced retinal 

angiogenic signaling is critically dependent on Ca2+ 

signaling by Ca2+/calmodulin-dependent protein kinase 

II. Invest Ophthalmol Vis Sci. 2011; 6:3103-11. 

33. Hamdollah Zadeh MA, Glass CA, Magnussen A, 

Hancox JC, Bates DO. VEGF-mediated elevated 

intracellular calcium and angiogenesis in human 

microvascular endothelial cells in vitro are inhibited by 

dominant negative TRPC6. Microcirculation. 2008; 

7:605-14. 

34. Adamis AP, Miller JW, Bernal MT, D'Amico DJ, 

Folkman J, Yeo TK, et al. Increased vascular 

endothelial growth factor levels in the vitreous of eyes 

with proliferative diabetic retinopathy. Am J 

Ophthalmol. 1994; 118:445-50. 

35. Nordøy I, Müller F, Nordal KP, Rollag H, Aukrust P, 

Frøland SS. Chemokines and soluble adhesion 

molecules in renal transplant recipients with 

cytomegalovirus infection. Clin Exp Immunol. 2000; 

2:333-7. 



 

~97~ 

International Journal of Applied Research 
 

36. Salazar-Mather TP, Hamilton TA, Biron CA. A 

chemokine-to-cytokine-to-chemokine cascade critical in 

antiviral defense. J Clin Invest. 2000; 7:985-93. 

37. Botero JE, Contreras A, Parra B. Profiling of 

inflammatory cytokines produced by gingival 

fibroblasts after human cytomegalovirus infection. Oral 

Microbiol Immunol. 2008; 4:291-8. 

38. Salazar Mather TP, Hokeness KL. Calling in the troops: 

regulation of inflammatory cell trafficking through 

innate cytokine/chemokine networks. Viral Immunol. 

2003; 3:291-306. 

39. Dreux S, Rousseau T, Gerber S, Col JY, Dommergues 

M, Muller F. Fetal serum beta2-microglobulin as a 

marker for fetal infectious diseases. Prenat Diagn. 2006; 

5:471-4. 

40. Alarcon A, Martinez-Biarge M, Cabañas F, Hernanz A, 

Quero J, Garcia-Alix A. Clinical, biochemical, and 

neuroimaging findings predict long-term 

neurodevelopmental outcome in symptomatic 

congenital cytomegalovirus infection. J Pediatr. 2013; 

3:828-34. 

41. Fabbri E, Revello MG, Furione M, Zavattoni M, Lilleri 

D, Tassis B, et al. Prognostic markers of symptomatic 

congenital human cytomegalovirus infection in fetal 

blood. BJOG. 2011; 4:448-56. 

42. Prochnau D, Lehmann M, Straube E, Figulla HR, Rödel 

J. Human cytomegalovirus induces MMP-1 and MMP-

3 expression in aortic smooth muscle cells. Acta 

Microbiol Immunol Hung. 2011; 4:303-17. 

43. Acera A, Vecino E, Duran JA. Tear MMP-9 levels as a 

marker of ocular surface inflammation in 

conjunctivochalasis. Invest Ophthalmol Vis Sci. 2013; 

13:8285-91. 

44. Kaufman HE. The practical detection of mmp-9 

diagnoses ocular surface disease and may help prevent 

its complications. Cornea. 2013; 2:211-6. 

45. Gealy C, Denson M, Humphreys C, McSharry B, 

Wilkinson G, Caswell R. Posttranscriptional 

suppression of interleukin-6 production by human 

cytomegalovirus. J Virol. 2005; 79:472-85. 

46. Strååt K, de Klark R, Gredmark-Russ S, Eriksson P, 

Söderberg-Nauclér C. Infection with human 

cytomegalovirus alters the MMP-9/TIMP-1 balance in 

human macrophages. J Virol. 2009; 2:830-5. 

47. Nachtwey J, Spencer JV. HCMV IL-10 suppresses 

cytokine expression in monocytes through inhibition of 

nuclear factor-kappaB. Viral Immunol. 2008; 4:477-82. 

48. Matlaf LA, Harkins LE, Bezrookove V, Cobbs CS, 

Soroceanu L. Cytomegalovirus pp 71 protein is 

expressed in human glioblastoma and promotes pro-

angiogenic signaling by activation of stem cell factor. 

PLoS One. 2013; 7:e68176. 

49. Carlier J, Martin H, Mariamé B, Rauwel B, Mengelle C, 

Weclawiak H, et al. Blood: Paracrine inhibition of GM-

CSF signaling by human cytomegalovirus in monocytes 

differentiating to dendritic cells. Blood. 2011; 26:6783-

92. 

50. Miller DM, Espinosa-Heidmann DG, Legra J, Dubovy 

SR, Sũner IJ, Sedmak DD, et al. The association of 

prior cytomegalovirus infection with neovascular age-

related macular degeneration. Am J Ophthalmol. 2004; 

3:323-8.  


