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“Nothing in life is to be feared, it is only to be understood. Now is the time to understand 

more, so that we may fear less” 

- Marie Curie, the first Nobel laureate woman 
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Abstract 

Human cytomegalovirus (HCMV) is a prevalent and an opportunistic pathogen. HCMV 

has many modes of cellular entry and egress, depending upon the cell type. How the 

virus uses host cell machinery to exit different cell types is poorly understood. Previous 

studies found that viral tegument proteins affect multivesicular body (MVB) formation 

and viral maturation differently in fibroblasts and endothelial cells, providing a possible 

mechanism for the distinct cellular tropisms. We hypothesize that HCMV infection 

induces cell type specific remodeling of the MVBs in endothelial cells (EC) and 

fibroblasts to facilitate viral egress. To define the nature of infection- induced MVBs, we 

infected cells with HCMV that had been engineered to express a fusion protein 

containing the tegument protein pp150 (gene UL32) fused in frame with green 

fluorescent protein (GFP). Four days after infection, cells were fixed and labeled with 

antibodies against subcellular compartment markers and imaged using confocal and 

super-resolution microscopy. In fibroblasts, we find that the UL32/GFP- positive vesicles 

colocalize with CD63 and lysobisphosphatidic acid (LBPA), both classical MVB markers, 

as well as the coat protein, clathrin. In endothelial cells, UL32/GFP- positive vesicles 

colocalized with clathrin, GM130 (cis-Golgi marker), LAMP1 (lysosomal marker), and 

Rab27a (associated with exocytosis of lysosome related organelles), but not with 

classical late endosome (LE) marker, CD63 and LBPA. These findings suggest that 

virus containing MVBs in fibroblasts are derived from the endocytic pathway whereas 

those in endothelial cells are derived from the early biosynthetic pathway. We propose 

that fibroblasts use the classical MVB/exosome pathway to facilitate viral egress 
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whereas endothelial cells exploit a less characterized early Golgi/LAMP1 associated 

secretory granule pathway for egress.  
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Chapter 1: Literature review 

Human cytomegalovirus (HCMV) 

Human cytomegalovirus (HCMV) belongs to the Herpesviridae family of viruses 

within the subfamily betaherpesvirinae, genus Cytomegalovirus. The name 

cytomegalovirus is derived from the observation that infection induces the enlargement 

of the cells 1. HCMV is also referred as human herpesvirus 5 (HHV-5), together with 

other members of the beta subfamily HHV-6A, HHV-6B, and HHV-7 1. Like other beta 

herpesviruses, HCMV is characterized by its high level of host specificity, slow 

replication cycle, and direct cell-to-cell spread in cell culture models 1. HCMV only 

infects humans and establishes lifelong latent infection in the host. HCMV is prevalent 

worldwide with a seroprevalence ranging from 45 to 100% 2. In healthy children and 

adults, HCMV infection is mostly asymptomatic 2, 3. In immunocompromised individuals,  

stem cell or organ transplant recipients, acquired immune deficiency syndrome (AIDS) 

patients, and cancer patients, HCMV reactivation or primary infection in these 

individuals can result in CMV disease, which is associated with high morbidity and 

mortality 2, 4. HCMV is also vertically transmitted to developing embryos and fetuses 

resulting  in congenital disabilities such as hearing impairment, microcephaly and 

neurodevelopmental delays 5. Primary infection during the first trimester of pregnancy 

shows 30% to 40%% risk of developmental defects 5. The best studies show that 1:150 

children are born with congenital infection. But only about 2-5 children out of 1,000 

births will have a birth defects 6(CDC, CMV, 2019). People transmit HCMV through  

multiple bodily fluids 7. Most infections likely occur by saliva from infected individuals, 

and occurs in childcare settings7, 8. In the aged population of 65 years or older, HCMV 
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infection is correlated with age-related changes in immune function 9. HCMV infection 

induces the CMV specific CD8+ T cell response which can reach upto 50% of the entire 

memory CD8+ T cell pool and aged immune system are inefficient to control latent virus 

reactivation due to intrinsic T cell defects 10. 

Importantly, HCMV infects different cell types with diverse cell tropism, such as 

fibroblasts, CD14+monocytes, CD34+ hematopoietic progenitor cells (HPCs), and 

endothelial cells (ECs). In host, HCMV undergoes lytic infection in fibroblasts. However, 

it exhibits chronic persistence in endothelial cells, and latent infection in 

CD14+monocytes and CD34+ hematopoietic cells 11-13. It should be noted that the virus 

may setup a persistent infection in a human, but in a model cell it is typically discussed 

as either going lytic or latent. Currently, there is no vaccine for CMV, and antivirals fail 

to eliminate the virus 14, 15. Previous studies showed that HCMV infection induces the 

generation of multivesicular bodies (MVBs) containing mature virion (Figure 1) 11. 

However, it is not clearly understood if infection- induced MVBs usurp host membrane 

trafficking to promote viral egress. It is important to understand the entry, egress, and 

dissemination of virus in each cell type to identify potential therapeutic strategies. It is 

also important to understand the cell type-speciifc biology of HCMV infection in cells, 

such as endothelial cells that are important to hematogenous dissemination of the virus 

to organs.  
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Figure 1: HCMV infection in EC effects the MVBs and they incorporate mature 

virions. Arrow shows MVB and the arrowheads show virions. Scale bar is 500nm (1). 

The image was adapted from Bughio, F., Umashankar, M., Wilson, J. & Goodrum, F. 

Human Cytomegalovirus UL135 and UL136 Genes Are Required for Postentry Tropism 

in Endothelial Cells. J Virol 89, 6536-6550 (2015) 11.  
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HCMV genome and virion structure 

HCMV, an enveloped virus, contains a double-stranded (ds) DNA genome of 236 

kilobase pairs (kbp). The virus particle includes an icosahedral capsid of 100-110 

nanometers (nm) with 162 capsomere subunits, which encapsidates the viral genome. 

Herpeviruses, including CMV, also have a tegument layer that lies between the 

icosahedral capsid and outer envelope membrane (Figure 2). The tegument is 

comprised of a few viral and host proteins and RNAs that are delivered to cells upon 

infection and function to “kickstart” the infection prior to the delivery of the viral genome 

to the nucleus. The virus acquires the envelope, with at least eight different 

glycoproteins, from the host membrane. The mature virion is 150-200nm in diameter 1, 

16. The HCMV genome encodes for at least 200 open reading frames (ORFs) to express 

over 750 different protein. CMV replication leads to the reorganization of the nucleus 

with the profound enlargement (2.5 times than normal) and its deformation (into a 

kidney bean shape) by 72 hours of post-infection (hpi) in productively infected cells 16.  

Viral replication cycle 

HCMV is an enveloped and dsDNA containing betaherpesvirus. Infectious virus 

particles attach and enter the cell by binding of its envelope glycoprotein to host cell 

receptors.  

Virus attachment and entry 

HCMV has a broad cell tropism for virus entry and multiple cell surface receptors 

are exploited by the virus. In fibroblasts, viral entry is mediated by the glycoprotein 

trimeric complex (gH/gL/gO), which binds to the host platelet-derived growth factor- 
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Figure 2: HCMV virion structure. A. Electron micrograph of ultrathin section of virus 

particle 1. B. HCMV virion contains dsDNA contained within the nucleocapsid. Between 

nucleocapsid and viral envelope, the tegument layers is identified. Viral envelopes 

contain different sets of glycoproteins embedded in the lipid layer of membrane. The 

image was modified from Caviness, K.E. Complex Gene Expression and Interplay of 

The UL136 Protein Isoforms Influence Human Cytomegalovirus Persistence (The 

University of Arizona., 2015) 17. 
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alpha (PDGFRα) 18. During congenital infection, virus entry into trophoblasts is 

mediated by binding to host factor CD46 19. In epithelial and endothelial cells, virus entry 

is facilitated by the pentameric complex (gH/gL/pUL128-pUL130-pUL131A) interaction 

with neuropilin-2 (Nrp2) receptor 18, 20. The trimeric gH/gL/gO complex interaction with 

PDGFRα in the fibroblasts follows pH-independent fusion of virus particles via 

micropinocytosis. On the other hand, pentameric (gH/gL/pUL128-pUL130-pUL131A)-

Nrp2 mediated entry route follows endocytosis of the virus particles with a decrease in 

pH in endosomes facilitating entry. In addition, the cell surface tetraspanins, CD147 and 

CD151 act as co-receptors in post internalization steps during pentamer dependent 

entry 21. Studies also suggested a role of viral envelope glycoprotein B (gB) to promote 

viral entry by interacting with heparan sulfate proteoglycans (HSPG) 21, 22. Following 

attachment, the viral glycoprotein, gB, promotes membrane fusion upon 

trimer/PDGFRα/pH-independent entry into fibroblasts. In endothelial cells, virus enter 

via the pentamer/Nrp2-pH dependent endocytosis pathway and does not require gB 

mediated fusion 21. HCMV entry into CD34+ hematopoietic progenitor cells (HPCs) is 

mediated by activation of the epidermal growth factor (EGFR) and downstream 

phosphatidylinositol 3-kinase (PI3K) to establish latent infection 23. Additional cellular 

receptors for HCMV are the THY-1 cell surface antigen(CD90), which interacts with both 

gH and gB, αVβ3 integrins,  and integrins on monocytes, to regulate the paxillin 

expression by integrin/Src signaling pathway 21, 24, 25. After entering host cells, viral 

genome containing naked nucleocapsid and tegument proteins is delivered to the 

cytosol (Figure 3).  
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Viral replication 

Following internalization, capsid associated tegument proteins initiate the 

modulation host immune response and temporal expression of viral immediate-early 

(IE) genes, followed by delayed early (DE) genes, which starts viral genome replication, 

and late (L) genes, which involves viral maturation 26, 27 (Figure 3). Expression of IE 

genes initiates either lytic infection or persistent infection, depending on cell types 27. 

Tegument proteins attached to the capsid interact with host motor proteins and 

transports the capsid containing the viral genome along microtubules to the nucleus 28. 

A large tegument protein, unique long 48 (pUL48), contains nuclear localization signal 

(NLS) residues at amino acids 284 to 302 and promotes nuclear localization 29. In the 

nucleus, the viral genome is circularized as an independent episome and replicated. 

Viral DNA synthesis occurs by virally encoded DNA polymerase 26.   

Virus maturation 

After viral DNA synthesis and expression of the late genes, viral capsid 

assembles in the nucleus to package the newly synthesized viral DNA. Encapsidated 

viral DNA egresses from the nucleus through sequential fusion with the inner and outer 

nuclear membranes and into the cytoplasm.  This delivers the maturing viral particle to 

the cytoplasmic viral assembly compartment (VAC) (Figure 3) 26. The motor protein 

dynein pulls the nucleus around the VAC, resulting in a kidney-shaped nucleus and 

promotes nuclear egress 30. To facilitate nucleocapsid budding from the nucleus to the 

VAC, two events occurs. First, HCMV proteins pUL50 and pUL53 phosphorylate and 

rearrange the nuclear lamina in inner nuclear membrane (INM) and moves into the 
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nuclear lumen to fuse with outer nuclear membrane (ONM) adjacent to the VAC 30, 31. 

Secondly, nuclear membrane localized proteins containing Sad1/UNC-84 homology 

(SUN) and Klarsicht, Anc-1, Syne homology (KASH) domain, where N-termini of SUN 

domain crosses the INM and to the nuclear lamina and C-terminal domains in the 

perinuclear space interact with the KASH domains of the ONM. The tightly tethered 

SUN and KASH domain proteins in the perinuclear space destabilizes upon HCMV 

replication and creates pores in nuclear membrane promoting nuclear egress toward 

the VAC 30.  The VAC is formed near the microtubule organizing center (MTOC) in the 

perinuclear region. It results from the reorganization of membrane trafficking organelles 

such as the endoplasmic reticulum (ER), Golgi apparatus, trans-Golgi network (TGN), 

and early and late endosomes.  The VAC also reorganizes late endocytic pathway 

markers, lysosomal markers, SNARE family members, ER- chaperone protein (BiP),  

and endosomal sorting complex required for transport (ESCRT)  machinery for final 

envelopment 30, 32. It is also marked by viral glycoproteins (gB), tegument proteins 

phosphoprotein 28 (pp28), phosphoprotein 150 (pp150), and mRNAs 30.  

Viral egress 

The capsid containing viral genome acquires tegument proteins and is 

transported to the VAC for  final envelopment26. In close proximity to the VAC, HCMV 

infection induces the formation of multivesicular bodies (MVBs) like compartment 

carrying small vesicles (Figure 1) 33. These vesicles carrying the mature virions or non-

infectious dense bodies to the host cell membrane and possibly facilitate the viral 

egress (Figure 3). Dense bodies (DBs) are the collections of viral tegument proteins that 

lack nucleocapsid. Schauflinger et al., reported that viral tegument protein pUL71 in 
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infected fibroblasts interferes with MVBs and manipulates the endosomal sorting 

complex required for transport (ESCRT) ATPase, Vps4, function for the membrane 

budding of those altered MVBs 33.  Bughio et al, reported the significance of viral 

protein, pUL135, in incorporating virus particles in MVBs in infected ECs 11. In cellular 

context, incorporation of cargoes in MVBs has two possible fates, either targeted for 

lysosomal degradation, or transport to the host cell membrane along the exosomal 

release pathway. A relevant study with HHV-6 can be found with the incorporation of 

mature virions into MVBs and subsequently, fusion of MVB membrane with the host cell 

membrane. This observation suggested the exit of betaherpesvirus from the infected 

cells by MVB mediated exosomal release pathway 34. Thus, it is important to understand 

the biogenesis pathway for the HCMV induced MVBs and the significance of those 

MVBs in viral egress. 
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Figure 3: HCMV replication cycle. A. Infectious particles attaches to the host cell 

through interactions between viral pentameric or trimeric glycoprotein complexes with 

host receptors. Virus glycoprotein facilitates the internalization of virus particles by 

membrane fusion. Virus internalization is facilitated by either pH independent 

macropinocytosis or by pH dependent endocytosis. B. Virus capsid and tegument 

proteins are delivered to the cytosol and finally to the nucleus. C. Temporal expression 

of viral immediate early (IE), early (E), including viral DNA polymerase for genome 

replication, and late (L) proteins. Viral genome (dsDNA) is circularized and replicated. 

D. Synthesized viral genomes are packaged with new capsids. Genome-containing 

capsids traverse the nuclear membrane and enter the cytosolic viral assembly 

compartment (VAC). Secretory organelles and other cellular membrane trafficking 

compartments are reorganized by the virus to promote late steps of the virus replication 

cycle. In the VAC, tegument protein is incorporated into the maturing viral particle. 

Following final envelopment mature virions and dense bodies are incorporated into 
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vesicles for egress and release form the infected cell. The image was adapted from 

Jean Beltran, P. M., & Cristea, I. M. (2014). The life cycle and pathogenesis of human 

cytomegalovirus infection: lessons from proteomics. Expert review of proteomics, 11(6), 

697–711. doi:10.1586/14789450.2014.971116 26. 

Chronic persistence of HCMV in endothelial cells (ECs) 

Endothelial cells (ECs) play a critical role in chronic persistent replication with a 

low level of virus shedding even in the presence of pre-existing immunity35.  Previous 

studies reported HCMV genetic material in the arterial vessel wall associated with a 

trace of the virus in distal organs, including lung, kidney, bones, and heart, suggesting 

the critical role of endothelial cells in disseminating virus 35-37.  

In addition to viral dissemination, HCMV infection of ECs may promote 

atherosclerosis. HCMV infection in ECs upregulates the expression of adhesion 

molecules, for instance, ICAM-1 and VCAM-1, and triggers platelet aggregation 38.  The 

platelet interaction upregulates the adhesion molecules and releases  mediators 

including  ADP, ATP,  and serotonin, which initiates subsequent aggregation and 

coagulation 39. In turn, platelet aggregation initiates the coagulation cascade leading to 

thrombosis. Activating the coagulation cascade by platelet aggregation results in plaque 

formation in the vessel. Ruptured plaques can lead to initiation of thrombogenesis in the 

vessel. HCMV infection in endothelial cells is directly associated with decreasing 

anticoagulant factors and increasing procoagulant factors, factor VIII, facilitating 

thrombus formation. Thrombogenesis induces macrophages and other inflammatory 

cells to migrate to the damaged vascular site. These events result in the obstruction of 

blood flow and establishes the acute vascular disease called atherosclerosis 38, 40. 
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Understanding the mechanism of HCMV chronic persistence and dissemination from 

the endothelial cells is important to decreasing this process.  

Molecules involved in maintaining persistent infection in ECs 

HCMV infection of ECs relies on the genes located in the 13 to 15Kb 

polycistronic ULb’ region 41.  The ULb’ region is lost upon serial passage in fibroblasts in 

vitro. This observation supports the idea that ULb’ region is significant in maintaining 

viral persistence by immune evasion. The ULb’ region contains a 3.6Kb locus, which is 

potentially important for efficient virus replication and maturation in ECs 41, 42 . This 

3.6Kb locus contains UL128, UL130, UL131A genes, which associates with gH and gL 

to form the pentameric genomic complex. This pentameric complex is required for virus 

entry into the ECs, but not  fibroblasts 43. Further, the ULb’ region has a polycistronic 

locus coined as UL133/8 that spans the genes UL133, UL135, UL136 and UL138. 

Polycistronic RNA of 3.6kb, 2.7kb, and 1.4Kb are encoded by ULb’ region with a unique 

5’ end and common 3’ end 44 . Disruption of this entire locus shows defects for 

replication in endothelial cells 43. Mutant viruses containing disruptions in  UL135 or 

UL136 locus in  ECs exhibit defective virion envelopment and reduced numbers of 

dense bodies (DBs), and disrupted organization of multivesicular bodies (MVBs) 

carrying virus particles 11. Thus, the ULb’ region is critical for infection, virus replication 

and efficient maturation and possibly, egress and immune evasion in ECs 42, 43.  

Additionally, another HCMV gene and a gene in murine CMV were found to help 

support efficient viral replication and maturation in endothelial cells: US16 in HCMV and 

M45 in murine 45 . US16 is responsible for transporting naked capsid and essential 

tegument protein to the nucleus while M45 is required for viral replication and inhibition 
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of apoptosis 45. However, a newer study shows that the loss of US16 reduces pentamer 

formation resulting in a lack of virus entry into ECs and epithelial cells 46. Collectively, all 

these proteins drive HCMV to establish persistent infection in endothelial cells.  

Differential tegument proteins effect multivesicular bodies (MVBs)  

The tegument is a proteinaceous layer between the viralenvelope and capsid, 

which is composed of more than 38 virus-encoded tegument proteins, associated 

cellular proteins as well as RNAs 47. Tegument proteins have five known roles 

throughout the viral life cycle, in (i) transport of nucleocapsid to the nucleus, (ii) 

regulation of temporal viral gene expression, (iii) nuclear egress of newly synthesized 

capsid with viral genome,  (iv) final envelopment in the VAC, and (v) modulates host 

anti-viral response 48. As previously described, the UL133/8 polycistronic locus encodes 

four genes, UL133, UL135, UL136, and UL138, some of which are important in forming 

the viral assembly compartment and maturation in endothelial cells 43. Of the UL133/8 

locus, protein UL133(pUL133), protein UL136 (pUL136), and protein UL138 (pUL138) 

affect  viral DNA, RNA and late viral protein synthesis 44. A study, with HCMV clinical 

strain FIX, described that the role of pUL138 to promote latency in CD34+ 

hematopoietic progenitor cells (HPCs), while in strain AD169-varT that represents ULb’ 

expression, unlike AD169-varATCC,  pUL138 increases the expression of  tumor 

necrosis factor-alpha (TNF-α) receptors and promotes TNF-α-induced NF-κB activation 

44, 49, 50. TNF-α-induced NF-κB activation by pUL138 stimulates IE gene expression in 

nondividing quiescent cells and may promote a window of reactivation 50. However, 

proteins derived from UL135 and UL136 are important for efficient virus replicaiton in 

the ECs, but are not required for replication in fibroblasts. Disruption of either of these 
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genes will decrease the production of mature virions 11. The gene UL136 encodes five 

isoforms (p23, p19, p25, p26, and p33), each of which has unique methionine start 

codon 51. Each isoforms has distinct subcellular localization in association with the Golgi 

apparatus. The expression and subcellular localization of membrane bound isoforms 

are different in the context of when they were expressed in the viral infection. The 

expression of UL136, like most ULb’ genes, are not essential for viral replication in 

fibroblasts, while soluble 23- and 19-KDa isoforms of pUL136 suppresses replication in 

hematopoietic progenitor cells (HPCs)  51. Interestingly, pUL136 promotes replication in 

the ECs while suppressing replication in the HPCs 42. Thus, pUL136 plays an important 

role in the control of replication in different cell types.  

The protein encoded by UL135 (pUL135) induces the biogenesis of 

multivesicular bodies (MVB). A mutant with a stop codon substitution in the 5’ end of 

UL135 (UL135stop) that cannot synthesize pUL135, is unable to load viral cargo in the 

vesicles/multivesicular bodies (MVB) 11. pUL135  regulates the cell surface level of 

epidermal growth factor receptor (EGFR)  by interacting with host interactors Cbl-

interacting protein of 85 kDa (CIN85) and Abelson interacting protein-1 (Abi-1, 

alternatively known as e3B1 52). Both CIN85 and Abi-1 have a Src homology 3 (SH3) 

domain, which binds to a proline-arginine motif (PX(P/A)XXR; X stands for any amino 

acids). pUL135 has consensus atypical proline-rich SH3 homologous domain and 

facilitates the interaction with CIN85/Abi-1 12. CIN85 binds the phosphorylated tyrosine 

residue at the C-terminal end of  Cbl and Cbl-b and triggers receptor internalization and 

clathrin-mediated endocytosis 53. CIN85 is abundant in almost all tissues but has 

different isoforms  which express in a tissue-specific manner. CIN85 forms a complex 
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with CD2AP (CD2 Associated protein) called CD2AP/CIN85 that regulates the receptor 

internalization function. CD2AP recruits ESCRT machinery and, together with CIN85, 

interacts with Cbl-E3 ubiquitin ligase and regulates MVB biogenesis 54. Moreover, 

interaction of pUL135 with Abi-1 facilitates the interaction with cytoskeleton regulator, 

WAVE complex (WASP (Wiskott–Aldrich syndrome protein)-family verprolin 

homologous protein) 55.  VCA motif (Verprolin, Cofilin homology domain, and Acidic 

domain) of WASP family in the WAVE complex activates Arp2/3 complex and induces 

the actin polymerization 56. Binding of pUL135 to Abi-1 and WAVE complex results in 

actin depolymerization and facilitates the virus to evade immune recoginition 57. 

Therefore, the interaction of pUL135 with host interactors CIN85 and Abi-1 alters the 

membrane trafficking.  

In fibroblasts, a different tegument protein, pUL71, that is critical for virus 

maturation also effects MVB biogenesis  33. pUL71 is a 48 kDa conserved protein and 

expressed in the early stage of the virus replication cycle. Mutant virus with UL71stop 

has impaired viral envelopment and reduced virus release, which indicates the role of 

pUL71 in virus maturation and in egress 33.  pUL71 has the ability to oligomerize, by its 

leucine zipper motif, for the stability of the protein and to ensure proper secondary 

envelopement 48. pUL71 accumulates in the VAC  and has a tyrosine-based Golgi 

localization signaling motif at it’s N-terminal (YXXφ, where X stands for any amino acid; 

φ stands for a bulky hydrophobic side chain containing amino acid)  47. This association 

suggests viral and host protein-protein interaction in the VAC. Studies suggest that the 

YXXφ motif is involved in the receptor internalization from the plasma membrane to the 

lysosomal compartment via the AP-2 and clathrin-mediated endocytosis, to the 
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endosomes, or to the trans-Golgi network (TGN) 47. Together, pUL71 mediates virus 

maturation  and secondary envelopment by mediating interaction with the Golgi 

apparatus. However, incorporation of pUL71 with infectious particles indicates their role 

in viral egress, but it is not understood how pUL71 alters membrane trafficking for 

efficient egress.  

Together, these findings demonstrate that different viral proteins in different cell 

types, pUL135 in the ECs and pUL71 in fibroblasts, induce the generation of de novo 

MVBs with virus particles indicating diverse cell tropism during egress. 

Hijacking of cellular membrane trafficking by other viruses 

Many viruses exploit cellular membrane trafficking pathways 58.  Viruses hijack 

the trafficking pathways for four purposes, i) viral entry, ii) viral maturation, iii) viral 

egress, and iv) to evade the immune system. However, most studies have studied 

altered membrane trafficking during viral entry. Some lipid enveloped viruses fuse 

directly with the plasma membrane and avoid the use of endocytic route for viral entry. 

However, an increasing number of viruses are known to exploit either clathrin-mediated 

endocytic (CME), clathrin-independent pathway (CIE), caveolar/lipid-mediated 

endocytosis, or other poorly characterized mechanisms for viral entry 58. Human 

Papillomavirus Type 16 (HPV-16) enters epithelial cells by actin-dependent, clathrin- , 

caveolin-, and lipid raft independent endocytosis 59. Kaposi's sarcoma-associated 

herpesvirus entry into dermal endothelial cells occurs by macropinocytosis 54. HCMV 

enters fibroblasts cells by exploiting pH independent micropinocytosis and  enters ECs 

by pH dependent endocytosis 21. Other viruses that alter endocytic trafficking pathway 

for entry are West Nile virus (WNV), simian virus 40 (SV40), vaccinia, influenza, 
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varicella-zoster virus (VZV), human immunodeficiency virus 1 (HIV-1), and herpes 

simplex virus 1 (HSV-1) 58, 60-63.  

Virus replication is often facilitated by altered membrane trafficking. Vaccinia 

virus DNA replication occurs in the rough ER-enclosed cytosolic replication sites 64. 

Alphaviruses, for example, rubella, the RNA replicase is located in the endosomal and 

lysosomal membrane and can be used by the virus as a site of RNA replication 65.  This 

results in a fusion of late endosome and lysosomal compartments into cytopathic 

vacuole 66. Following replication, viruses modulate intracellular membrane organelles for 

the assembly and packaging of newly produced virus particles. These organization 

centers are known as viroplasm or viral factories 67. Herpesviruses extensively remodel 

intracellular trafficking in the infected cells 68. HSV-1 protein pUL51, similar to pUL71 in 

HCMV, functions with a cellular (ESCRT)-III component CHMP4B promoting membrane 

scission during assembly and colocalizes with Golgi marker 68. Similarly, pUL51 

homologs, ORF7, in VZV reorganizes TGN membrane,  in pseudorabies virus (PrV) 

reorganizes Golgi membrane, and homologs, BSRF1, from Epstein-Barr virus (EBV) 

remodels Golgi membranes for virus assembly and packaging 69, 70. BBLF1 from EBV 

exploits TGN membrane to facilitate the budding of capsid during viral maturation 71.  

Enveloped viruses exit cells using host cell membranes.  Interestingly, like 

HCMV, Human herpesvirus-6 (HHV-6) is found to induce MVB formation. HHV-6- 

induced MVBs are surrounded by the Golgi apparatus and contain the late endosome 

(LE) marker, CD63, suggesting that viral egress occurs by exosomal release pathway 

34. Viruses exploit either the ESCRT-mediated or intraluminal vesicles (ILVs) mediated 



33 
 

membrane curvature to complete egress 72, 73. HIV, hepatitis C, yellow fever, and 

dengue all utilize the ESCRT pathway for viral budding 34, 72, 74. 

Clathrin dependent endocytosis (CDE) 

Endocytosis generates small vesicles of 60-120nm in diameter that carry cargo 

from the plasma membrane (PM) to cytoplasmic vesicles 75. Clathrin dependent 

endocytosis is important for maintenance of membrane homeostasis, regulation of 

synaptic and developmental signaling pathways, as well as virus entry 76, 77.  Clathrin 

dependent endocytosis initiates with the clustering of cytoplasmic clathrin at the inner 

leaflet of the PM (Figure 4) 75.  Clathrin has a triskelion structure with three heavy chains 

and three light chains. The heavy chain has five regions: the globular N-terminal 

domain, a kink, which divides the heavy chain polypeptide into a distal and a proximal 

leg, and the C-terminal end. The C-terminal ends facilitates the trimerization  and form 

the triskelion structure.  The region of the N-terminal domain at  the distal legs contains 

a binding site for AP-2 78.  

AP-2 has four subunits (α, β2, µ2 and δ2 ). The subunit α and β2  have an N-

terminal domain and globular C-terminal which are connected by a flexible hinge 

structure. AP-2 also has a clathrin-binding motif in the hinge region. AP-2 functions to 

select and sort cargo 78. Adaptor proteins such as BAR domain proteins F-BAR domain 

only protein 1 (FCHO1) and FCHO2 and the scaffold proteins EPS15, EPS15R and 

intersectins 1 and 2 together with AP-2 interact with each other to promote initiation of 

membrane curvature. Adaptor protein-2 (AP-2) binds to the phosphatidylinositol 4,5-

bisphosphate (PI(4,5)P2) at the plasma membrane. This binding results in 

conformational change in AP-2 and exposes the clathrin binding site, followed by the 
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recruitment of the clathirn to the assembling coat 75. Assembly of triskelion clathrin soon 

results in the formation of icosahedral cages to form a spherical shaped pit 75, 79. Actin 

filaments are nucleated around the invagination by actin-related protein 2/3 complex 

(Arp2/3)  and pushes the forming vesicles to the cytoplasm 75. F-BAR proteins, including 

formin-binding protein 17 (FBP17), sorting nexins 9 and 18 (SNX9/18) and N-BAR 

proteins (endophilin and amphiphysin) participate in the curvature and recruit the large 

GTPase dynamin at the neck of the pit. Membrane scission is catalysed by dynamin 75. 

After scission, vesicles undergo uncoating by the heat shock cognate 71 kDa protein 

(HSC70) chaperone, which is recruited by auxilin. The Auxilin–HSC70 complex also 

dephosphorylates PI(4,5)P2 to phosphoinositol (4)-phosphate (PI4P). This complex also 

promotes the accumulation of phosphatidylinositol 3,4-bisphosphate (PI(3,4)P2) 75.  

Early endosomes (EE) 

The early endosome is the sorting station for cargo, which determines the fate of 

the cargo. The cargo is either traffickied via late endosome (LE) to the lysososmal 

compartment or recycled to the plasma membrane via recycling endosome (RE) 80. 

After endocytic uptake, the clathrin coat containing the cargo undergoes uncoating and 

fusion with the EE.  The EE membrane is enriched with phosphatidylinositol 3-

phosphate (PI3P), which is generated by PI3P Kinase. EEs often contain the FYVE 

(namely Fab1, YOTB, Vac1, and EEA1) PI3P-binding domain proteins. Recruitment of 

these proteins facilitate recruitment of GTP-binding Rab proteins Rab4, Rab5, Rab10, 

Rab14, Rab21 and Rab22 80. Thus, EEs are often marked by the presence of EEA1 and 

Rab5. Interaction of EEA1 with PIP3 and Rab5 mediates endosome docking and fusion 

through interactions with SNARE proteins 81, 82. EEs then mature to become LE and 
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targets the cargo for lysosomal degradation. Cargoes, in particular, receptors, are 

rapidly recycled to the plasma membrane via a tubulo-vesicular structure known as 

endosomal recycling compartment (ERC) or recycling endosomes (REs). ERC are 

clustered in the microtubule organizing center (MTOC) 80. REs contains Rab11, Rab8, 

Rab22a, EH-domain 1 (EHD1) and ADP- ribosylation factor 6 (Arf6) 83.  Most of the 

receptors undergo vesicular transport from EE to the Rab11 and/or EHD1 containing 

ERC. Transferrin receptors are trafficked from the TGN compartment to the RE, 

suggesting the potential functional overlap between organelles (Figure 4) 80.  

Late endosome (LE) 

 EE mature to form late endosome (LE) by replacing EE-Rab5 to Rab7 in LE 80. It 

is worth noting that Rab7 is also found in EE involved in retrograde cargo transport from 

endosomes to the TGN 84. Late endosomes are enriched with tetraspanin family 

member, Cluster of Differentiation 63 (CD63), characterized by four transmembrane 

domains 85. Tetraspanins are synthesized in the ER, and subsequently palmitoylated in 

the Golgi membrane, followed by homodimerization. Homodimer formation of CD63 

facilitates exocytic transport to the cell surface. Cell surface CD63 is endocytosed via 

clathrin-mediated endocytosis and is also found in caveolae. Thus, CD63 is an 

ubiquitously expressed protein and is prominently present in the endosomal system and 

at the cell surface 85. 

Intraluminal vesicles (ILVs) formation  

Other than CD63, LEs are also enriched with lipids PI(3,5)P2 and 2′2-dioleoyl 

lysobisphosphatidic acid (LBPA) 80. Soluble cargo is separated within the endosomal 

lumen  by inward invagination and formation of structures known as intraluminal 



36 
 

vesicles (ILVs). During maturation, LEs contain increasing numbers of ILVs and 

generates multivesicular bodies (MVBs) 80, 85. At this stage, depending upon the cargo, 

MVBs transport cargo either to the degradative lysosomal compartments or 

nondegradative exosomal release.  

ESCRT-dependent ILV formation and lysosomal degradation 

ILV formation is mediated by two independent mechanisms, i) the endosomal 

sorting complexes required for transport (ESCRT) protein complex which recognizes 

ubiquitin,  and ii) lipid mediated- bis(monoacylglycero)phosphate/ lysobisphosphatidic 

acid(BMP/LBPA)86.  The presence of ubiquitin signals on the cargo (from the PM 

associated Cbl- family E3 ligase) and lipid PI3P on the membrane, recruits ESCRT 

machineries, which targets the cargo to the lysosomal lumen 87, 88. ESCRT components 

have a ubiquitin binding domain (UBD). ESCRT-0 has two UBDs (Hrs and STAM) that 

self-associates the ubiquitin signal of the cargo in the LE. Next, ESCRT-I component 

Tsg101 (UBD) interacts with the ubiquitinated cargo (Ub-cargo) and plays a major role 

in sorting the ubiquitinated cargo. Next, ESCRT-II component GRAM-like ubiquitin-

binding in Eap45 (GLUE) domain associates with the Ub-cargo and transfers the cargo 

to the ESCRT-III machinery. ESCRT-II subunit Vps25 and the ESCRT-III subunit Vps20 

interact with each other to mediate the Ub-cargo transfer. Additional factors, ALG-2 

interacting protein-X (ALIX) functions as a bridge between ESCRT-I (via Tsg101) and 

ESCRT-III component (CHMP4) 89. Finally, ESCRT-III complexes form spiral filaments 

that encircle the Ub-cargo 90. Then, the AAA ATPase Vps4 catalyzes vesicle scission to 

generate ILVs containing Ub-cargo for lysosomal degradation. Prior to the fusion with 
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the lysosomal membrane, ESCRT machineries are deubiquitinated by ESCRT-III 

components  (CHMP1, CHMP2, CHMP3, and Ist1) 73.   

ESCRT-independent ILV formation and exosomal release 

ESCRT-independent ILV formation depends on ALIX, a 95 KDa mammalian 

protein, that interacts with different proteins. The proline rich C-terminal region of ALIX 

binds to EF-hand type Ca2+ -binding protein, ALG-2 (apoptosis-linked gene 2) 91. The N-

terminal Bro1 like domain interacts with lysobisphosphatidic acid (LBPA) and ESCRT-III 

component (charged multivesicular body protein 4B- CHMP4B)92. ILVs are enriched 

with LBPA, phosphatidylinositol 3-phosphate (PI3P) and Tetraspanin (CD63). Binding of 

LBPA to ALIX promotes LBPA enrichment at the ILV formation site 73. Accumulation of 

LBPA and the presence of PI3P in ILVs promotes membrane invagination and budding 

in an ESCRT-independent manner to generate MVBs 93. MVBs can be triggered to fuse 

with the cell surface and release their ILVs as ‘exosomes’ 85.  Exosomes are small 

vesicles with varying diameter of 40-100nm with Tsg101, cytoskeletal  proteins,  and  

tetraspanins(CD9, CD63, CD81, CD82) 94. Intriguingly, while ILVs are enriched with 

LBPA, exosomes are highly enriched with cholesterol and sphingomyelin, suggesting 

exosomal membrane contains the properties of membrane rafts 94. A cholesterol 

disorder disease, Niemann-Pick disease type C (NPC), exhibits cholesterol 

accumulation in the ILVs, which limits LBPA in the membrane, and limiting LBPA 

reduces exosomal release 95 96. ILVs can also fuse back to the EE membrane to release 

cargo to the cytosol, known as ‘back fusion’ 86. Back fusion often faciliates viral release 

from the endosome to the cytoplasm 97.  
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Lysosome related organelles and Rab27a 

ESCRT-independent specialized MVB-like formation is prevalent in the export of 

exosomes as well as the formation of lysosome-related organelles (LROs) including α-

granules in platelets, melanosomes, cytotoxic granules in T-cells, Weibel–Palade 

bodies in endothelial cells and MHCII in dendritic cells 85, 88, 98. Melanosome protein 

Pmel17 self-organizes with lipids in pre-melanosomal membranes, subsequently 

invaginating and pinching off to generate ILVs 88. Rab27a, a small GTPase, regulate the 

docking and fusion of these Pmel17 containing ILVs and their release from the cell 85, 88.   

Rab27a effector S1P4-a interacts directly with the SNARE fusion machinery (Syntaxin-

1A, Syntaxin-2 and Munc18) to promote membrane fusion 99.  

Lysosome-associated membrane protein 1 (LAMP1) 

 Lysosomes are the final degradation compartment of the endocytic pathway. 

They receive their cargo from the endosomes, autophagosome, and phagosomes. 

Lysosomes and LRO are involved in maintaining cholesterol homeostasis, defense 

against pathogen, cell signaling, and cell death 100. Soluble lysosomal hydrolases and 

lysosomal membrane proteins (LMPs) are important for lysosomal degradation. 

Lysosomes have a very low pH of 4.5 to 5, while LEs have a pH of 5 to 6, and EEs have 

a pH of 6. The most abundant LMPs are Lysosome-associated membrane protein 1 and 

2 (LAMP1 and LAMP2) 100. LMPs are transmembrane, heavily glycosylated proteins 

with a short cytoplasmic tail. LMPs are delivered to the lysosomal compartment from the 

TGN and SE pathway via adaptor proteins AP-1 or from the TGN to the LE/lysosome 

via adaptor proteins AP-3, with or without association of clathrin proteins 100. LMPs are 

important in activating lysosomal hydrolases 101. One lysosomal storage disorder, 
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mucopolysaccharidosis type IIIB, results from the dead-end storage vesicles that are 

positive for GM130, LAMP1, and clathrin and follow the early biosynthetic pathway 101.  

Autophagy pathway 

 Autophagosomes fuse with lysosomal compartment at the end of autophagy. 

Mature autophagosomes are marked by the presence of light chain 3-II B (LC3-IIB). 

During autophagy, the autophagosome captures cytosolic proteins for degradation. This 

engulfment promotes conversion of soluble LC3-I to phosphatidylethanolamine (PEA) 

conjugated LC3-IIB or LC3B form. Lipidation of LC3 facilitates the localization at the 

autophagosome membrane. Together with degradation of cytosolic proteins, fusion with 

lysosomal compartments also degrades the autophagic components 102. However, there 

is evidence of luminal localization of LC3B in MVBs associated with LC3-dependent EV 

loading and secretion (LDELS) secretory autophagy pathway, which is distinct from 

classical autophagy. In the LDELS pathway, LC3II family proteins load the RNA binding 

protein (RBP) into ILVs and facilitate extracellular vesicle (EV)-like release. Membrane 

scission is mediated by the ESCRT-independent production of ceramide from neutral 

sphingomyelinase 2 (nSMase2), not by LBPA accumulation 103.   

Biosynthetic and secretory vesicle pathway 

 The biosynthetic or secretory pathway transports newly synthesized protein from 

the rough endoplasmic reticulum (RER) lumen to the cell surface via the Golgi 

compartments. Vesicles transporting the newly synthesized proteins are around 50nm 

in diameter. From the RER, the proteins undergo progression to the cis-Golgi cisternae, 

later to medial-Golgi and finally trans Golgi network (TGN). From the TGN, proteins are 

transported by the secretory vesicles (SV) mediated exocytosis (Figure 4). Some 
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proteins, for example, lysosomal hydrolases, are transported from the TGN to the EE 

via adaptor proteins AP-1, or are transported to the LE or lysosomes via AP-3 100. 

Coatomer proteins 

Coatomer protein I and II (COP-I and COP-II) is involved in the early biosynthetic 

pathway transport. COP-I involves the recycling of protein by retrograde transport from 

the cis-Golgi apparatus to the ER 104. COP-II generates transport vesicles from the 

RER. Ras-like small GTPase Sar1 regulates the COP-II recruitment, cargo sorting, and 

membrane fission (Figure 4)  105.  

Adaptor proteins  

Adaptor proteins link the clathrin lattice to lipid or protein components of the 

membrane. This link mediates the dual involvement of clathrin in both endocytic and 

biosynthetic trafficking pathways via adaptor proteins AP-2 and AP-1, respectively75, 106. 

Adaptor proteins are members of the hetero-tetrameric family, including AP1, AP2, AP3, 

and AP4 100.  

Clathrin adaptor protein, AP-2, binds to the phosphoinositides (PIP2) in the 

plasma membrane as well as cargo in clathrin-mediated endocytosis75. Interaction with 

AP-2 facilitates the membrane curvature for efficient cargo sequestration 107. AP-1 

recruits clathrin at the TGN and contributes to the biogenesis of vesicles from the 

TGN108. Another clathrin-associated adaptor protein, AP-3, also colocalizes with TGN or 

late endosomal membranes. AP-3 contributes to cargo transport to late endosomes and 

the biogenesis of lysosome-related organelles 109. 

A group of monomeric adaptor proteins, termed Golgi-localized, gamma-ear 

containing, ADP-ribosylation factor-binding (GGAs including GGA1, GGA2, and GGA3 
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in humans) promote the recruitment of clathrin at the TGN by directly binding to ADP-

ribosylation factor (ARF). GGA1 primarily involves in the retrograde transport of 

mannose 6-phosphate receptors (M6PR) from TGN to endolysosomal system 110.  

Association of Rab-GTPases in both endocytic and biosynthetic pathways 

Several small GTPase proteins are involved in both the endocytic and the 

biosynthetic pathways. Of them, we focused on the Rab5, Rab7, Rab27a, Rab11, 

Rab14, and Rab6. Rab5 localizes to the early endosome (EE) and regulates the EEA1 

mediated endosome docking and fusion through interactions with SNARE proteins 81, 82. 

During maturation of EE to LE, Rab5 is replaced by Rab7 80. Rab7 is mainly involved in 

the downstream MVB biogenesis and transport of cargo from LE/MVB to the lysosome 

111.  Rab27a regulates the docking and fusion of LROs and their release in the 

environment 88. Rab11 regulates endosomal recycling compartment (ERC). Rab14 

regulates membrane trafficking between the Golgi compartment and endosomes and 

involved in biosynthetic pathway 112. Rab6 regulates retrograde transport from the 

endosomal compartment via Golgi to ER113. 

Effect of Brefeldin A (BFA) on the Golgi apparatus  

Brefeldin A (BFA) is a hydrophobic antifungal component. BFA inhibits the 

activation of small G-protein, ADP ribosylation factor (ARF). Cargo or proteins that need 

to be recycled back to ER by retrograde vesicles require coat protein, COPI. 

Recruitment and assembly of COPI are mediated by activated ARF-1 (ARF1-GTP). BFA 

binds to transient ARF1-GDP complex and interacts with Sec7 domain by binding it’s 

phenylalanine 190 (F190) 114. Sec7 displays guanine nucleotide exchange factor 

activity. Interaction of BFA with both the ARF1-GDP and Sec7 domain inhibits the 
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guanine exchange to ARF1 114. This inhibition of guanine nucleotide exchange blocks 

the activation of ARF1 and releases the COPI in cytosol, which results in the collapse of 

Golgi and redistribution of Golgi proteins to the ER 114, 115. However, some evidence 

suggests that lysosomal storage vesicles recruiting only GM130 and LAMP1 are 

resistant to BFA. This resistance is due to the absence of tethering Golgi proteins 116.  
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Figure 4: Cellular membrane trafficking pathway. Left, Clathrin-mediated 

endocytosis occurs in the plasma membrane in association with AP-2 adaptor proteins. 

Left, in the endocytic pathway, cargoes are internalized and delivered to the early 

endosomes. Cargoes can be recycled back to the plasma membrane through the 

recycling endosome or can be degraded by lysosome via late endosome. Right, in the 

biosynthetic pathway, newly synthesized molecules are transported from the 

endoplasmic reticulum  Golgi  trans-Golgi network. From the TGN, new molecules 

can be secreted to the extracellular space by secretory vesicles. Left, bottom, 

autophagosomes traps cytoplasmic cargos and targets to the lysosomal degradation. 

Image is modified from Sato K, Norris A, Sato M, et al. C. elegans as a model for 

membrane traffic. In: WormBook: The Online Review of C. elegans Biology [Internet]. 

Pasadena (CA): WormBook; 2005-2018 . 
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Infection induced MVBs release pathway 

 HCMV has diverse cell tropism, depending on cell types. Infection in ECs and 

fibroblasts generates mature virion containing MVBs like vesicles. Furthermore, our 

work shows that different viral tegument proteins induce MVB biogenesis in different cell 

types. We hypothesize that HCMV infection induces differential remodeling of the MVBs 

in endothelial cells and fibroblasts. This remodeling of MVBs may serve as plausible 

route for viral egress (Figure 5).   

 

 

Figure 5: Infection-induced MVB pathways. Infection induced MVB follow either 

endocytic or biosynthetic membrane trafficking pathway or a combination of both for 

viral egress. The image was created with BioRender.com. 
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Chapter 2: Materials and Methods 

Cells 

Endothelial cells: Primary human lung microvascular endothelial cells (HMVEC) 

purchased from Lonza, Walkersville, MD. HMVEC were cultured using EGM-2MV 

Bulletkit medium (microvasular endothelial cell growth medium 2, Lonza). EGM-2MV 

includes 5% fetal bovine serum (FBS), 0.2mL hydrocortisone, 2mL hFGF, 0.5mL VEGF, 

0.5mL R3-IGF-1, 0.5mL ascorbic acid, 0.5mL hEGF, and 100 U/mL penicillin. Human 

primary embryonic lung fibroblasts (MRC-5) purchased from ATCC; Manasass, VA, 

were cultured using Dulbecco’s modified Eagle’s medium (DMEM). DMEM was 

supplemented with 10% fetal bovine serum (FBS), 10mM HEPES, 1mM sodium 

pyruvate, 2mM L-alanyl glutamine, 0.1mM non-essential amino acids 100 U/mL 

penicillin, and 100 μg/mL streptomycin. Both cell types were cultured at 37ºC 

temperature in a 5% CO2 incubator. 

Viruses 

Low passage HCMV strain, TB40/E, was a gift from Dr. Christian Sinzger 117. 

According to Dolan et. al and Sinzger et al., TB40/E strain was genetically 

heterogenous 117, 118.  Our collaborator Dr. Felicia Goodrum’s lab in The University of 

Arizona cloned the TB40/E strain genome  into a bacterial artificial chromosome (BAC) 

vector in a two-step positive negative selection method 41. TB40/E was engineered by 

Dr. Goodrum’s lab to express a fusion protein containing tegument protein pp150, gene 

product of UL32, fused in- frame with enhanced green fluorescent protein (GFP) to 

indicate virus infection. Thus, TB40/E-UL32/GFP was used in all the experiments 

herein.  
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Subculture and infection of cells by HCMV-TB40/E-UL32/GFP 

Cells were maintained and sub-cultured in 10 cm2 dishes before they were plated 

into 24-well plate. The new dishes were incubated with appropriate media, prior to the 

subculture, followed by rinsing with room temperature phosphate buffer saline (PBS). 

For subculture, cells were added with 2mL of trypsin and placed in an incubator for 5 

minutes. To cancel the trypsin effect fresh media were added to the dishes and 

centrifuged with 220X RCF for 5 minutes. Supernatant was aspirated carefully leaving 

the cells containing pellets. Fresh media were added to the cells and split into each new 

10 cm2 dishes and incubated at 37ºC with 5% CO2 incubator until cells reached 60-70% 

confluency. Next, cells were seeded into 24-well plates containing 12mm coverslips, 24 

hours prior to the infecting cells. Cells were again trypsinized and centrifuged with 220X 

RCF for 5 minutes. Pellet was collected with 200µL of remaining media. Fresh media 

was added to the pellet and split into a 24-well plate. We plated 1×106 cells per well for 

both cell types. After 24 hours, HMVEC were infected at a multiplicity of infection (MOI) 

of 4 and MRC-5 were infected at a MOI of 2. Virus inoculum was supplemented with 

appropriate medium prior to the infection. After infection, plates were swirled gently in 

every 10 min for about 50 minutes. After 1 hour of post infection, cells were re-

centrifuged at 220X RCF for 20 minutes to enhance infection. Infected cells were then 

incubated at 37ºC with 5% CO2 for 4 days.  

Treatment with Brefeldin A (BFA) solution 

BFA solution disrupts the structure of Golgi. To observe the effect of BFA on 

vesicles, cells were incubated with 500 µL of BFA solution (10 mg/mL, supplemented 
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with molecular grade ethanol) for 30 minutes before fixing. BFA was purchased in 

powder from Sigma- Aldrich (Burlington, MA, USA). 

Indirect immunofluorescence 

Both cell types were fixed and labelled at 4 days of infection. Briefly, cells on 

glass coverslips were rinsed with PBS before fixing. Fixation was done by using either 

4% paraformaldehyde in PBS or ice-cold 100% methanol (for LC3B antibody) for 20 

minutes. After washing with 1XPBS, we next incubated the cells with 50mM ammonium 

chloride (NH4Cl) for 10 minutes to quench free aldehydes. Following 1XPBS wash, cells 

were blocked and permeabilized in 0.2% saponin with 10% FBS in 1XPBS for 30 

minutes, depending on the primary antibodies used (see table 1). Next, the cells were 

incubated with primary antibodies for at least 2 hours (see table 1). Primary antibodies 

were prepared by using either the same blocking solution or antibody dilution buffer. 

After rinsing with 1X PBS, cells were then incubated with appropriate secondary 

antibodies diluted in either blocking buffer or antibody dilution buffer, as per antibody 

datasheet, for at least 1 hour in dark chamber. For methanol fixing cells, we used anti-

GFP secondary antibody since methanol  quenches the fluorescence of GFP 119. After 

washing with 1XPBS, cells were incubated with 4′,6-diamidino-2-phenylindole (DAPI) 

(1:1000) in 1x PBS for 5 minutes, followed by washing with 1xPBS. The cells were 

washed briefly in ddH2O and mounted using Prolong Diamond Antifade Mounting agent 

without DAPI (Invitrogen). For Super resolution-structured illumination microscopy (SR-

SIM) imaging, cells were cured for 60 hours in dark chamber before imaging. 
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Immunofluorescence microscopy  

Images were obtained with a Zeiss LSM880 inverted confocal microscope (Zeiss, 

Jena, Germany) with a 63X Plan Apo 1.4 NA oil immersion objective, Leica SP5-II 

Confocal with 63X Plan Apo 1.4 NA oil immersion objective, and Olympus FluoView 

FV1200 laser-scanning confocal microscope (Olympus, Tokyo, Japan) with a 60X Plan 

Apo 1.42 NA oil immersion objective. All images were further processed using 

ImageJ/Fiji (NIH)120 and merged using Adobe Photoshop software (Adobe, San Jose, 

CA). 

Super resolution-structured illumination microscopy (SR-SIM) 

SR-SIM images were obtained by using Zeiss ELYRA S.1(SR-SIM) super 

resolution microscope with a 63X Plan-Apochromat 1.4 NA objective. SIM images were 

processed, and channel aligned by using ZEN imaging software. All images were 

further processed using ImageJ/Fiji (NIH)120 and merged using Adobe Photoshop 

software (Adobe, San Jose, CA). 
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Table 1: Antibodies used in this study 

Antibody Species 

type a 

Source Working 

concentration 

Blocking 

buffer 

Antibody 

dilution 

buffer 

CD63  M DSHB b 

(clone: 

H5C6) 

3µg/mLb 2%BSAc and 

0.1% TritonX-

100 (TX-100) 

in 1XPBS 

As blocking 

buffer 

Clathrin R CST d, 

#4796S  

1:50 10%FBS and 

0.2% saponin 

in 1X PBS 

As blocking 

buffer 

EEA1 R CST #3288 1:100 10%FBS and 

0.2% saponin 

in 1X PBS 

As blocking 

buffer 

LBPA M Echelon 

#ML062915-

21  

1:100 1%BSA and 

0.1%TX-100 

in 1X PBS 

As blocking 

buffer 

ALIX M Invitrogen  

# MA1-83977 

1:200 2%BSA and 

0.1%TX100 in 

1X PBS for 

1hr 

0.1%BSA 

in 1X PBS 

Rab7 R CST # 9367 1:100 5% Goat 

serum and 

1%BSA 

and 0.3% 
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0.3% TX 100 

in 1X PBS 

TX 100 in 

1XPBS 

LAMP1 R Abcam 

#ab62562 

1:500 10%FBS and 

0.2% saponin 

in 1X PBS 

As blocking 

buffer 

Rab27a R CST # 69295 1:800 10%FBS and 

0.2% saponin 

in 1X PBS 

As blocking 

buffer 

LC3B e R CST #3868 1:200 10%FBS and 

0.2% saponin 

in 1X PBS 

As blocking 

buffer 

GM130 M BD 

transduction 

# 610822 

1:100 10%FBS and 

0.2% saponin 

in 1X PBS 

As blocking 

buffer 

P230 f M BD 

transduction 

# 611280 

1:400 10%FBS and 

0.2% saponin 

in 1X PBS 

As blocking 

buffer 

AP-2 M Abcam 

# ab2807 

1:100 0.3%BSA and 

0.1%TX100 in 

1X PBS 

As blocking 

buffer 

AP-1 g M Sigma-

Aldrich 

# A 4200 

1:100 4% BSA and 

0.2% TX-100 

in 1XPBS 

1% goat 

serum in 

1X PBS 
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AP-3  M DSHB 

#SA4 

5µg/mL h 5% BSA and 

0.1% TX 100 

in 1X PBS 

As blocking 

buffer 

Rab5 M BD transd. # 

610725  

1:50 10%FBS and 

0.2% saponin 

in 1X PBS 

As blocking 

buffer 

Rab11 R CST #5589 1:100 5% goat 

serum and 

0.3% TX-100 

in 1X PBS;  

1% BSA 

and 0.3% 

TX-100 in 

1X PBS 

Rab14 R Sigma-Aldr. 

# R0656  

1:200 10%FBS and 

0.2% saponin 

in 1X PBS 

As blocking 

buffer 

Rab6 R CST #9625 1:400 5% goat 

serum and 

0.3% TX-100 

in 1X PBS;  

1% BSA 

and 0.3% 

TX-100 in 

1X PBS 

GGA1 R Proteintech 

# 25674-1-

AP 

1:50 5% Goat 

serum and 

0.2% TX 100 

in 1XPBS  

1%BSA in 

1XPBS 

COP-II M Wilson lab 1:1000 10%FBS and 

0.05 % 

As blocking 

buffer 
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saponin in 1X 

PBS 

Anti-GFP M DSHB # 

GFP-G1-c 

2ea 

5 µg/mL i   

Alexa 

Fluor 647 

Thermo 

Fisher 

1:1000    

Alexa 

Fluor 647 

Thermo 

Fisher 

1:1000    

Alexa 

Fluor 568 

Thermo 

Fisher 

1:1000    

a type, R, Rabbit; M, Mouse.   

b DSHB, Developmental Studies Hybridoma Bank; original concentration 71µg/mL 

c BSA, Bovine serum albumin 

d CST, Cell signaling technology 

e LC3B, fixed with ice-cold 100% methanol 

f, g, A generous gift from Dr. Samuel Campos, University of Arizona. 

h, original concentration 52 µg/mL 

i, original concentration 239 µg/mL 

#, catalog number 
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Chapter 3: Results 

Define infection-induced MVBs in fibroblasts and ECs  

HCMV infection in endothelial cells (ECs) and fibroblasts induces the generation 

of multivesicular bodies (MVBs) during maturation. By electron microscopy, we have 

observed that viral products (virions and dense bodies) are incorporated into MVBs 11. 

This incorporation is driven by viral proteins, such as UL135, suggesting that this may 

be a mode for egress of the virus, rather than a dead end. To define the characteristics 

of MVBs incorporating viral cargo in infected cells, we employed a set of both endocytic 

and biosynthetic membrane trafficking compartment markers after fixing and 

immunostaining at 4 days of post-infection (dpi) by using confocal immunofluorescence 

microscopy. HCMV tegument protein pp150, UL32 gene product, was fused with an 

enhanced green fluorescent protein (GFP) to detect virus infection. Interpretation of the 

membrane trafficking components involvement in the HCMV infection induced 

peripheral vesicles in the context of fibroblasts and ECs are presented below. 

Colocalization of clathrin in UL32/GFP-positive vesicles  

Accumulation of vesicle coat protein, clathrin, initiates endocytic membrane 

trafficking75. Clustered clathrin binds to the internalized cargo via adaptor protein (AP-2) 

75. Additionally, clathrin acts as an integral component of biosynthetic cargo trafficking. 

Clathrin, along with actin, dynamin, and adaptor protein AP-1, delivers post-Golgi 

processed cargo at the plasma membrane106.   A relevant study showed accumulation 

of clathrin surrounding the VAC in infected fibroblasts and VAC formation was disturbed 

by endocytic inhibition by pharmacological inhibitor 121.  We examined if the membrane 

of the infection induced MVBs has any association with clathrin. Clathrin in the 

uninfected ECs widely distributed punctate cytoplasmic structure (Figure 6A, uninfected 
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panel). Clathrin in the fibroblasts exhibited tightly packed punctate structure mostly in 

the peri-nuclear region (Figure 6B, uninfected panel). In infected ECs, clathrin 

demonstrated significant redistribution by surrounding the cytoplasmic viral assembly 

compartment (VAC) with loss of the punctate structure when colocalized with UL32/GFP 

and showed punctate when not colocalized with UL32/GFP (Figure 6A, infected panel). 

The representative SIM micrograph of infected ECs demonstrated UL32/GFP-positive 

peripheral vesicles colocalizing with clathrin (Figure 6A, arrow, inset). Quantification of 

the vesicles (n= 6 cells) showed 60.25% of UL32/GFP vesicles in infected ECs and 

78.46% of UL32/GFP vesicles in infected fibroblasts contained clathrin (Figure 6C). 

Again, in infected fibroblasts, clathrin redistributed near the VAC complex, consistent 

with the findings from other groups121, 122 (Figure 6B, infected panel). Clathrin showed 

pronounced colocalization with UL32/GFP-positive peripheral vesicles in fibroblasts 

(Figure 6B, arrow, inset). This data shows that HCMV infection in both fibroblasts and 

ECs generates clathrin-coated large peripheral vesicles.  The association of clathrin 

with UL32/GFP-positive peripheral vesicles in both fibroblasts and ECs corroborated our 

hypothesis about the involvement of either endocytic or biosynthetic trafficking markers 

for the efficient virus maturation and egress. 
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Figure 6: Clathrin, a coat protein associated with both endocytic and biosynthetic 

pathways, colocalizes with UL32/GFP- positive vesicles in both ECs and 

fibroblasts. ECs (A) and Fibroblasts (B) were infected with TB40/E-UL32/GFP at a MOI 

of 4 and 2, respectively. Cells were fixed and stained at 4 dpi for both cell types and 

labelled with clathrin heavy chain monoclonal antibody.  Nuclei are marked by DAPI 

staining. Merged images of uninfected cells are shown in the far-left panel. The merge 

of infected cell channels is shown on the far-right of the panel. The inset is an 

enlargement of the boxed region. (A) SR-SIM images show the colocalization of clathrin 

with UL32/GFP-positive vesicles in infected ECs (arrow, inset). (B) Clathrin in infected 

fibroblasts shows similar colocalization with UL32/GFP-positive vesicles (arrow, inset). 
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Scale bar, 20μm. (C) Quantification of the clathrin positive vesicles are shown in both 

the ECs (60.25%) and fibroblasts (78.68%), n=6 cells in both types. Bar denotes the 

standard error. 
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Classical multivesicular bodies (MVBs) marker, CD63 

To characterize the nature of UL32/GFP- positive vesicles, we tested if the 

membrane of those vesicles contains classical MVBs marker, CD63. Multivesicular 

bodies or late endosomes are the intermediate compartments between early endosomal 

and lysosomal compartments. It also cycles between endosomal and exocytic 

compartments 81. The membrane of classic MVBs predominantly contains tetraspanin 

membrane protein, CD63. In uninfected ECs and fibroblasts, CD63 showed punctate 

structure and distributed throughout the cytoplasm (Figure 7A and B, uninfected panel). 

CD63 in infected ECs showed striking reorganization by accumulating around the VAC 

(Figure 7A, infected panel). Strikingly, CD63 did not show any colocalization with 

UL32/GFP-positive vesicles in ECs (Figure 7A, arrowhead, inset). This observation 

suggests that UL32/GFP-positive vesicles in infected ECs do not exhibit classical MVBs 

nature. In infected fibroblasts, CD63 accumulated by surrounding the VAC in 

perinuclear space and near the cellular edges (Figure 7B, infected panel). CD63 

showed strong colocalization with the membranes of UL32/GFP-positive vesicles in 

infected fibroblasts (Figure 7B, arrow, inset).  Redistribution of CD63 near VAC supports 

their role in viral maturation in fibroblasts which was reported by other groups 11, 81 . In 

summary, these findings suggest that UL32/GFP-positive vesicles in infected ECs 

showed non-classical MVBs nature while vesicles in infected fibroblasts exhibited 

classical MVBs nature. This data also suggests that the vesicles in HCMV infected 

fibroblasts follow the CD63-linked pathway for egress.  
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Figure 7: CD63, a late endosome marker, shows differential localization with 

UL32/GFP- positive vesicles in ECs and fibroblasts. ECs (A) and Fibroblasts (B) 

were infected with TB40/E-UL32/GFP at a MOI of 4 and 2, respectively. Cells were fixed 

and stained at 4 dpi for both cell types and labelled with CD63 monoclonal antibody.  

Nuclei are marked by DAPI staining. Merged images of uninfected cells are shown in 

the far-left panel. The merge of infected cell channels is shown on the far-right of the 

panel. The inset is an enlargement of the boxed region. (A) CD63 surrounds the VAC in 

infected ECs. There is no colocalization with UL32/GFP (arrowhead, inset). (B) CD63 

extensively colocalizes with UL32/GFP- positive vesicle (arrow, inset). Scale bar, 20μm. 
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Endosomal machinery 

Our results showed that the UL32/GFP-positive vesicles in ECs lacks classical 

MVB markers, CD63, while vesicles in fibroblasts contain classical MVBs markers. This 

result indicates that vesicles in fibroblasts may derive from the conventional endocytic 

pathway while vesicles in ECs may originate from a distinct pathway. To address this 

assumption, we next tested the localization of different early and late endosomal 

compartment markers. The results of different markers are explained below. 

Early endosomes (EE), EEA1 

Sorting event in early endosome defines the fate of cargoes in endocytic 

trafficking pathway. We  tested if the membrane of those vesicles contains early 

endosomal marker 123. We used the EE marker, EEA1, to label the early endosomal 

compartment. In uninfected ECs and fibroblasts, EEA1 showed punctate structure and 

scattered throughout the cytoplasm (Figure 8A and B, uninfected panel).  In infected 

ECs, EEA1 concentrated around the VAC (Figure 8A, infected panel).  EEA1 in infected 

fibroblasts cells demonstrated very scanty labeling surrounding the VAC (Figure 8B, 

infected panel). None of the infected cell types showed EEA1 colocalization with 

UL32/GFP-positive vesicle (Figure 8A and B, arrow, inset). These data implicate that 

HCMV infection in fibroblasts and ECs redistribute EEA1 toward the assembly site 

suggesting the possible role of EEA1 in viral maturation 81, 124. 
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Figure 8: EEA1, an EE marker, does not colocalize with UL32/GFP-positive 

vesicles. ECs (A) and Fibroblasts (B) were infected with TB40/E-UL32/GFP at a MOI of 

4 and 2, respectively. Cells were fixed at 4 dpi for both cell types and labelled with 

EEA1 monoclonal antibody. Nuclei are marked by DAPI staining. Merged images of 

uninfected cells are shown in the far-left panel. The merge of infected cell channels is 

shown on the far-right of the panel. The inset is an enlargement of the boxed region. (A) 

EEA1 accumulates by surrounding the VAC in infected ECs and no colocalization with 

UL32/ GFP- positive vesicles (arrow, inset). Scale bar, 10μm. (B) EEA1 accumulates by 

surrounding the VAC and no colocalization with UL32/ GFP positive vesicle (arrow, 

inset). Scale bar, 20μm. 
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Late endocytic compartment 

LE marker/ intraluminal vesicle marker, LBPA  

A unique feature of the late endosomes is the biogenesis of intraluminal vesicles 

(ILVs). The membrane of the ILVs contains unconventional phospholipid- 

lysobisphosphatidic acid (LBPA) and can be used as marker for ILVs 86, 125, 126. Our 

results indicated that membranes of the UL32/GFP-positive vesicles in fibroblasts were 

positive for clathrin and CD63 and vesicles in the ECs were positive only for clathrin. 

We hypothesized that membrane of the UL32/GFP- positive vesicles in fibroblasts 

colocalize with LBPA antibody. To test this hypothesis, we labelled infected cells with 

monoclonal LBPA. In uninfected ECs and fibroblasts, the LBPA labeling showed 

punctate cytoplasmic structures (Figure 9Aand B, uninfected panel). Infected ECs 

showed striking disappearance of the LBPA labeling (Figure 9A, infected panel). LBPA 

in infected ECs showed no colocalization with the vesicles (Figure 9A, arrow, inset). It 

should be noted that two uninfected cells are neighboring the infected UL32/GFP-

positive cell retains LBPA. In infected fibroblasts, LBPA was reorganized, concentrating 

in the VAC (Figure 9B, infected panel). Also, LBPA in infected fibroblasts showed 

remarkable colocalization with UL32/GFP- positive vesicles (Figure 9B, arrow, inset), 

consistent with staining of ILVs within these large vesicles.  LBPA-containing vesicles in 

infected fibroblasts revealed that these vesicles show morphological feature of classical 

MVBs 86. The disappearance of LBPA labeling from infected ECs suggest possible 

removal of LBPA from the late endosome, similar to cholesterol removal due to infection 

127. These observations suggest that UL32/GFP- positive vesicles in infected fibroblasts 
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contains classical MVB markers, CD63 and LBPA, while vesicles in ECs lacks the 

CD63/LBPA indicating their biogenesis may derive from a more distinct pathway.  
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Figure 9: LBPA, a late endosome marker, differentially localizes in infected ECs 

and fibroblasts. ECs (A) and Fibroblasts (B) were infected with TB40/E-UL32/GFP at a 

MOI of 4 and 2, respectively. Cells were fixed at 4 dpi for both cell types and labelled 

with LBPA monoclonal antibody. Nuclei are marked by DAPI staining. Merged images of 

uninfected cells are shown in the far-left panel. The merge of infected cell channels is 

shown on the far-right of the panel. The inset is an enlargement of the boxed region. (A) 

In ECs, LBPA disappears and there is no colocalization with UL32/GFP- positive 

vesicles (arrowhead, inset). It should be noted that two uninfected cells are neighboring 

the infected UL32/GFP-positive cell retains LBPA. (B) In fibroblasts, LBPA extensively 

colocalizes with the large UL32/GFP- positive vesicles (arrow, inset). Scale bar, 10μm. 
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ALG-2 interacting protein-X (ALIX) 
 

ALIX has the capacity to bind the late endosome resident LBPA, and the charged 

multivesicular body protein 4B (CHMP4B). CHMP4B is a component of the endosomal 

sorting complex III required for transport (ESCRT-III) and involved in membrane 

curvature and fission92. A previous study established that down regulation of ALIX 

reduces the LBPA labeling by 50% 128. We observed that LBPA in infected fibroblasts 

reorganized while in ECs disappeared. Next, we examined ALIX localization in HCMV-

infected fibroblasts and ECs. Images of uninfected ECs and fibroblasts showed 

punctate structure of ALIX that distributed throughout the cytoplasm (Figure 10A, 

uninfected panel). In infected ECs, the ALIX labeling was similar as in uninfected cells. 

ALIX did not accumulate in the VAC (Figure 10A, infected panel). In infected fibroblasts, 

showed similar distribution of ALIX labeling as in uninfected cells and no accumulation 

in VAC (Figure 10B, infected panel).  No colocalization of ALIX on the membrane of 

UL32/GFP- positive vesicles was noticed in either cell types (Figure 10A and B, arrow, 

inset). This finding indicates that ALIX has no apparent association with the membrane 

of UL32/GFP- positive vesicles in either ECs or fibroblasts. 
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Figure 10: Distribution of ALIX in the infected ECs and fibroblasts. ECs (A) and 

Fibroblasts (B) were infected with TB40/E-UL32/GFP at a MOI of 4 and 2, respectively. 

Cells were fixed at 4 dpi for both cell types and labelled with ALIX monoclonal antibody. 

Nuclei are marked by DAPI staining. Merged images of uninfected cells are shown in 

the far-left panel. The merge of infected cell channels is shown on the far-right of the 

panel. The inset is an enlargement of the boxed region. (A) ALIX does not accumulate 

in VAC and no colocalization with UL32/ GFP- positive vesicles (arrowhead, inset). (B) 

ALIX does not accumulate in the VAC and no colocalization with UL32/ GFP- positive 

vesicles (arrowhead, inset). Scale bar, 20μm.  
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Rab7 
Rab7, a small GTPase, is associated with the regulation of MVBs biogenesis and 

trafficking from early endosome to late endosome as well as to lysosomal compartment 

111. Our results showed that UL32/GFP- positive vesicles in infected fibroblasts contain 

clathrin, CD63, and LBPA mimicking classical late endosome nature. Next, we tested if 

Rab7 associates with UL32/GFP- positive vesicles in fibroblasts. Both uninfected ECs 

and fibroblasts showed Rab7 distribution all over the cytoplasm (Figure 11A and 7B, 

uninfected panel). Infected ECs showed more diffuse localization of Rab7 in the 

cytoplasm, probably due to the increased cell size during infection. Few Rab7 also 

concentrated around the VAC (Figure 11A, infected panel). No colocalization of Rab7 

with UL32/GFP- positive vesicles was observed (Figure 11A, arrow, inset). In infected 

fibroblasts, nearly all Rab7 labeling concentrated around the VAC (Figure 11B, infected 

panel). However, Rab7 did not colocalize with those UL32/GFP- positive vesicles in 

fibroblasts (Figure 11B, arrow, inset). Together, these results suggest that Rab7 does 

not associate UL32/GFP- positive vesicles in either cell types. 
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Figure 11: Rab7 shows no colocalization with the UL32/GFP- positive vesicles in 

the ECs and fibroblasts.  ECs (A) and Fibroblasts (B) were infected with TB40/E-

UL32/GFP at a MOI of 4 and 2, respectively. Cells were fixed at 4 dpi for both cell types 

and labelled with Rab7 monoclonal antibody. Nuclei are marked by DAPI staining. 

Merged images of uninfected cells are shown in the far-left panel. The merge of infected 

cell channels is shown on the far-right of the panel. The inset is an enlargement of the 

boxed region. (A) Rab7 shows diffuse localization in infected ECs and no colocalization 

with UL32/ GFP- positive vesicles (arrowhead, inset). (B) Rab7 accumulates by 

surrounding the VAC near nucleus and near the cellular edge. No colocalization of 

UL32/ GFP- positive vesicles with Rab7 (arrowhead, inset). Scale bar, 20μm. 
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Lysosomal compartment, LAMP1 

MVBs carrying cargoes has two possible fates, i) MVBs fuse with lysosomal 

compartment for the degradation of the cargoes, or ii) MVBs transport to the plasma 

membrane for the exosomal release of the cargoes 11. Our results showed that vesicles 

in fibroblasts colocalizes with classical MVB markers but lacks in ECs. In addition, a 

relevant study reported that HCMV production slightly increases upon treatment with 

protease inhibitor, indicating a small portion of lysosomal degradation of virus particles 

takes place 129. To analyze the fate of the vesicles, we further tested if vesicles 

membrane colocalizes with the lysosomal compartment marker, LAMP1. In uninfected 

ECs and fibroblasts, LAMP1 staining was present as elongated vesicular structure and 

distributed throughout the cytoplasm (Figure 12A and B, uninfected panel).  In infected 

ECs, LAMP1 staining is not markedly changed, being less intense structure than 

uninfected (Figure 12A, infected panel). UL32/GFP vesicles in ECs showed 

colocalization with LAMP1 (Figure 12A, arrow, inset).   In infected fibroblasts, LAMP1 

staining is present as fine granule surrounding the VAC, consistent with the observation 

from another group 81(Figure 12B, infected panel). UL32/GFP- positive vesicles in 

fibroblasts did not show any colocalization (Figure 12B, arrowhead, inset). In summary, 

these results demonstrate that UL32/GFP- positive vesicles in ECs have LAMP1, but 

not in fibroblasts, to mark them and therefore, the virus maturing into distinct vesicles in 

each cell types.  
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Figure 12: Lysosome associated membrane protein-1 (LAMP1) colocalizes with 

UL32/GFP- positive vesicles in ECs, not in fibroblasts. ECs (A) and Fibroblasts (B) 

were infected with TB40/E-UL32/GFP at a MOI of 4 and 2, respectively. Cells were fixed 

at 4 dpi for both cell types and labelled with LAMP1 polyclonal antibody. Nuclei are 

marked by DAPI staining. Merged images of uninfected cells are shown in the far-left 

panel. The merge of infected cell channels is shown on the far-right of the panel. The 

inset is an enlargement of the boxed region. (A) In ECs, LAMP1 has a diffuse 

localization but also colocalizes with UL32/GFP- positive vesicles (arrow, inset). (B) 

Fibroblasts have no colocalization of UL32/GFP- positive vesicles with LAMP1 

(arrowhead, inset). Scale bar, 10μm.  
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Lysosome related organelle regulator, Rab27a 

Rab27a is involved in regulating the lysosome-related organelles (LROs) 

secretion at the plasma membrane and share some features with classical MVBs 130. 

HCMV infection in fibroblasts induces the expression of Rab27a and knockdown of 

Rab27a reduces virus production 130. This observation supports the possibility of 

Rab27a incorporation in those UL32/GFP-clathrin positive vesicles. In uninfected ECs 

and fibroblasts, Rab27a exhibited a punctate localization throughout the cytoplasm 

(Figure 13A and B, uninfected panel).  Rab27a in infected ECs concentrated around the 

VAC, which is markedly different from uninfected ECs (Figure 13A, infected panel). 

Some of the vesicles have Rab27a puncta associated (Figure 13A, arrow, inset 1), 

while some of the vesicles did not show association with Rab27a (Figure 13A, arrow, 

inset 2). Quantification of the vesicle subpopulation showed 59% of the UL32/GFP- 

positive vesicles colocalizes with Rab27a and 41% do not show colocalization with 

Rab27a (Figure 13C). This data suggests that UL32/GFP- positive vesicles containing 

Rab27a are involved with LRO-mediated virus egress. Rab27a in infected fibroblasts 

did not show any accumulation with VAC (Figure 13B, infected panel). No colocalization 

of Rab27a with vesicles was also observed (Figure 13B, arrow, inset). Together our 

observations suggest that, Rab27a does not associate with the membrane of vesicles in 

fibroblasts. In contrary, Rab27a associates with the vesicles in ECs. Associated Rab27a 

in the ECs may mediate the membrane docking of the clathrin-LAMP1 marked vesicles 

and subsequent release by LRO like secretory vesicle pathway.  
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Figure 13: Rab27a, LRO marker, regulates UL32/GFP- positive vesicles in infected 

ECs, not in fibroblasts.  ECs (A) and Fibroblasts (B) were infected with TB40/E-

UL32/GFP at a MOI of 4 and 2, respectively. Cells were fixed at 4 dpi for both cell types 

and labelled with Rab27a polyclonal antibody. Nuclei are marked by DAPI staining. 

Merged images of uninfected cells are shown in the far-left panel. The merge of infected 

cell channels is shown on the far-right of the panel. The inset is an enlargement of the 

boxed region.  (A) Rab27a accumulates surrounding the VAC in ECs. UL32/GFP-

positive vesicle recruits Rab27a (arrow, inset 1). UL32/GFP- positive vesicle without 

Rab27a (arrow, inset 2).  (B) Rab27a does not accumulate in the VAC in fibroblasts.  
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Rab27a does not colocalize with UL32/GFP- positive vesicle (arrow, inset). (C) 

Quantification of vesicles (n=384 vesicles in 4 cells) colocalizes with or without Rab27a 

in ECs. Scale bar, 20μm. 

Autophagy compartment marker, LC3B 

A recent study reported that HCMV hijacks autophagic component LC3B for 

envelopment of infectious virus particles. Knockdown of LC3B by shRNA demonstrated 

reduced viral production 131. Next, we examined if those vesicles contain autophagic 

marker, LC3B. We labelled both the HCMV-infected ECs and fibroblasts with LC3B 

antibody. Both types of uninfected cells showed cytoplasmic spherical structure of LC3B 

(Figure 14A and B, uninfected panel). In infected ECs, LC3B reorganized and 

concentrated around the VAC (Figure 14A, infected panel). Intriguingly, we observed 

luminal localization of LC3B within the UL32/GFP- positive vesicles (Figure 14A, arrow, 

inset). In fibroblasts, we observed reorganization of LC3B around the VAC (Figure 14B, 

infected panel) but none in the UL32/GFP- positive vesicles in HCMV-infected 

fibroblasts cells (Figure 14B, arrowhead, inset). These observations are consistent with 

a possible role for LC3B in the final envelopment of the viral progeny, as suggested by 

others 131. However, as LC3B is not contained within virus- containing MVB in 

fibroblasts, we can interpret that LC3B may not involve with viral egress in fibroblasts. 

Luminal localization of LC3B within the virus containing MVBs in ECs, where the 

vesicles/MVBs are positive for clathrin and LAMP1, suggests the biogenesis of very 

distinct MVB and their possible viral egress by non-classical secretory autophagy 

pathway, like LC3-dependent EV loading and secretion (LDELS).   
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Figure 14: LC3B, an autophagy marker, localizes to the lumen of UL32-GFP 

positive vesicles in ECs, not in fibroblasts. ECs (A) and Fibroblasts (B) were 

infected with TB40/E-UL32/GFP at a MOI of 4 and 2, respectively. Cells were fixed at 4 

dpi for both cell types and labelled with LC3B monoclonal antibody. Nuclei are marked 

by DAPI staining. Merged images of uninfected cells are shown in the far-left panel. The 

merge of infected cell channels is shown on the far-right of the panel. The inset is an 

enlargement of the boxed region. (A) SR-SIM image of infected EC shows luminal 

localization of LC3B in the vesicles (arrow, inset). (B) LC3B does not colocalize with 

UL32-GFP positive vesicles in fibroblasts (arrowhead, inset). Scale bar, 20μm.  
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Biosynthetic compartment markers 

Cis-Golgi marker, GM130 

Several groups established the role of Golgi compartments in the generation of 

VAC, viral maturation, and possibly egress30, 43, 81, 130. Intriguingly, there is evidence of 

lysosomal storage vesicles, which are positive for GM130, LAMP1, and clathrin, and are 

negative for LE marker 101. In accordance with those intriguing finding, we next analyzed 

if the vesicles in the ECs contains phenotypes like lysosomal storage vesicles. To 

analyze this observation, we labelled the infected cells with cis-Golgi marker, GM130. 

GM130 showed large tubular perinuclear structure in uninfected ECs and fibroblasts 

(Figure 15A and B, uninfected panel).  In infected ECs, GM130 labeling is present as 

well-defined ring-structure around the VAC suggesting the reorganization of the cis-

Golgi component and the possible role of in secondary envelopment (Figure 15A, 

infected panel). GM130 showed remarkable colocalization with the UL32/GFP-positive 

vesicle in ECs (Figure 15A, arrow, inset). Infected fibroblasts also showed tight ring 

formation around the VAC, consistent with the result from another group81 (Figure 15B, 

infected panel). However, the membrane of UL32/GFP-positive vesicles in fibroblasts 

clearly showed no colocalization with GM130 (Figure 15B, arrowhead, inset).  These 

data indicate the UL32/GFP-positive vesicles in ECs, but not in fibroblasts, are derived 

from a biosynthetic, Golgi-mediated pathway. 
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Figure 15: GM130, a cis-Golgi marker, localizes to UL32/GFP- positive vesicles in 

ECs, not in fibroblasts. ECs (A) and Fibroblasts (B) were infected with TB40/E-

UL32/GFP at a MOI of 4 and 2, respectively. Cells were fixed at 4 dpi for both cell types 

and labelled with GM130 monoclonal antibody. Nuclei are marked by DAPI staining. 

Merged images of uninfected cells are shown in the far-left panel. The merge of infected 

cell channels is shown on the far-right of the panel. The inset is an enlargement of the 

boxed region. (A) In ECs, GM130 surrounds the VAC. GM130 colocalizes with UL32-

GFP positive vesicle (arrow, inset). Scale bar, 20μm. (B) In fibroblasts, GM130 also 

surrounds the VAC. No colocalization of GM130 with UL32- GFP positive vesicle is 

observed (arrowhead, inset). Scale bar, 10μm. 
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Trans-Golgi marker, p230 

We next tested if the membrane of UL32/GFP-positive vesicles in ECs included 

the trans-Golgi network component. To test this, we labeled both infected ECs and 

fibroblasts with trans-Golgi marker, p230. Both types of uninfected cells showed tubular 

structure, like GM130 labeling, in the perinuclear space (Figure 16A and B, uninfected 

panel). Infected ECs showed an accumulation of p230 all over the VAC that extend in 

small intensity to other parts of the cytoplasm (Figure 16A, infected panel). Besides, 

infected fibroblasts showed a well-defined ring formation of p230 surrounding VAC, 

which is consistent with the observation from another group81 (Figure 16B, infected 

panel). TGN marker, p230, did not show any colocalization with the UL32/GFP-positive 

vesicles in either cell types (Figure 16A and B, arrows, inset). Reorganization of TGN 

around the VAC in both infected cell types support the role of TGN in VAC formation 130. 

In summary, no involvement of p230 with UL32/GFP-positive vesicles suggests that 

vesicles do not derive from the trans Golgi membrane. Scale bar 20um 
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Figure 16: TGN marker, p230, does not show any colocalization with UL32/GFP- 

positive vesicles. ECs (A) and Fibroblasts (B) were infected with TB40/E-UL32/GFP at 

a MOI of 4 and 2, respectively. Cells were fixed at 4 dpi for both cell types and labelled 

with p230 monoclonal antibody. Nuclei are marked by DAPI staining. Merged images of 

uninfected cells are shown in the far-left panel. The merge of infected cell channels is 

shown on the far-right of the panel. The inset is an enlargement of the boxed region. (A) 

In ECs, p230 accumulation surrounding VAC. No colocalization of p230 with UL32/ 

GFP- positive vesicles (arrow, inset). (B) In fibroblasts, p230 shows well defined ring 

formation around VAC. No colocalization of UL32/ GFP- positive vesicles with p230 

(arrow, inset). Scale bar, 20μm. 
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Adaptor proteins 
Next, we tested if clathrin-coated UL32/GFP-positive vesicles incorporate any of 

the adaptor proteins: AP-2, AP-1, or AP-3.  

AP-2 

Clathrin adaptor protein, AP-2, binds to the phosphoinositides (PIP2) in the 

plasma membrane and the cargo in clathrin-mediated endocytosis75. Interaction with 

AP-2 facilitates the membrane curvature for efficient cargo sequestration 107. Our results 

showed a remarkable presence of clathrin in the membrane of UL32/GFP-positive 

vesicles in both cell types. Next, we tested if those clathrin-UL32/GFP-positive vesicles 

showed colocalization for AP-2. In uninfected ECs and fibroblasts, AP-2 labeling was 

small punctate structure and localized in the cytoplasm (Figure 17A and B, uninfected 

panel). AP-2 labeling was not markedly changed in infected ECs, being less intense and 

more diffuse localization, possibly due to infection-induced increased cell size (Figure 

17A, infected panel). AP-2 localization in infected fibroblasts was similar as in 

uninfected cells, only more diffuse localization (Figure 13B, infected panel). Also, AP-2 

did not show any colocalization with UL32/GFP-positive vesicles in any of the cell types 

(Figure 17Aand B, arrow, inset). These results suggest that AP-2 has no apparent role 

in VAC formation as well as virus maturation and egress. 

AP-1 

AP-1 recruits clathrin at TGN and contributes to the biogenesis of protein or lipids 

from TGN108. Our result of UL32/GFP-positive vesicles in infected ECs showed 

colocalization with GM130. We next tested if those vesicles in ECs incorporated 

clathrin-mediated biosynthetic pathway adaptor protein, AP-1.  Uninfected ECs showed 

the small punctate structure of AP-1 that concentrated mainly in the perinuclear space, 
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similar appearance as in p230. AP-1 also extended in the cytoplasm, but in less 

concentration (Figure 17C, uninfected panel). In infected ECs, AP-1 robustly 

concentrated in VAC and extended in less concentration in the cytoplasm (Figure 17C, 

infected panel). AP-1 did not show any colocalization with UL32/GFP-positive vesicles 

(Figure 17C, arrow, inset). This result is likely to the p230 result suggesting a possible 

reorganization of AP-1 in infected ECs, but no involvement in virus egress.  

AP-3 

Adaptor protein, AP-3, mediates the transport from TGN  to LE or lysosome/LRO 

109. Next, we tested the association of AP-3 with the clathrin-Rab27a-UL32/GFP-positive 

vesicles in ECs. Uninfected ECs showed the small spherical distribution of AP-3 that 

extended from perinuclear space to cytoplasm (Figure 17D, uninfected panel). Infected 

ECs showed an accumulation of AP-3 in the VAC, and very few were scattered 

distribution in the cytoplasm (Figure 17D, infected panel). Also, AP-3 did not colocalize 

with UL32/GFP-positive vesicles in infected ECs (Figure 17D, arrow, inset).  
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Figure 17: Adaptor proteins, AP-2, AP-1, and AP-3 do not show any colocalization 

with UL32/GFP- positive vesicles. ECs (A, C, D) and Fibroblasts (B) were infected 

with TB40/E-UL32/GFP at a MOI of 4 and 2, respectively. Cells were fixed at 4 dpi for 

both cell types and labelled with AP-2 (A, B), AP-1 (C), and AP-3 (D) monoclonal 

antibodies. Nuclei are marked by DAPI staining. Merged images of uninfected cells are 



81 
 

shown in the far-left panel. The merge of infected cell channels is shown on the far-right 

of the panel. The inset is an enlargement of the boxed region. (A, B) In ECs and 

fibroblasts, AP-2 shows only diffuse distribution in cytoplasm. No colocalization of AP-2 

with UL32/GFP-positive vesicles (arrow, inset). (C) AP-1 accumulates robustly around 

VAC in infected ECs. No colocalization of UL32/ GFP-- positive vesicles with AP-1 

(arrow, inset). (D) AP-3 concentrates in VAC in infected ECs. No colocalization of AP-3 

with vesicles (arrow, inset). Scale bar, 20μm. 
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Association of small GTPases- Rabs with UL32/ GFP-positive vesicles 

Rab5 

Rab5 is involved in the regulation of endosomal fusion by binding EEA1 with 

PI3P in the endosomal membrane. Rab5 can also be used as early endosome marker. 

We tested the association of Rab5 with UL32/GFP-positive vesicles in both cell types. 

Uninfected ECs and fibroblasts showed the small spherical pattern of Rab5 scattering in 

the cytoplasm (Figure 18Aand B, uninfected panel). Rab5 accumulated in the VAC in 

infected ECs (Figure 18A, infected panel). In infected fibroblasts, Rab5 concentrated in 

the VAC suggesting a possible role in VAC formation (Figure 18B, infected panel). But 

no colocalization of Rab5 with UL32/GFP-positive vesicles was observed in any of the 

infected cell types (Figure 18A and B, arrows, inset). These results suggest that Rab5 

regulates virus maturation but not in virus egress. 

Rab11 

Rab11 is involved with the endosomal recycling compartment (ERC). A previous 

study showed that HCMV assembly compartment formation alters the recycling 

endosomal Rab cascade 132. Next, we tested if Rab11 mediates the UL32/GFP-positive 

vesicles egress via the recycling endosomal compartment. In uninfected ECs and 

fibroblasts, Rab11 appeared as the small spherical structure and distributed in the 

cytoplasm (Figure 18Cand D, uninfected panel). In infected ECs, Rab11 showed 

accumulation in the VAC (Figure 18C, infected panel). Rab11 showed accumulation in 

the VAC in infected fibroblasts, as in ECs, supporting their role in VAC formation (Figure 

18D, infected panel). Rab11 did not show any colocalization with UL32/GFP-positive 

vesicles in any of the infected cell type (Figure 18Cand D, arrow, inset). This result 

suggests that Rab11 is not involved in virus egress. 



83 
 

Rab14 

Rab14 regulates membrane trafficking between Golgi compartment and 

endosomes and involved in biosynthetic pathway 112. We tested the association of 

Rab14 with UL32/GFP-positive vesicles in both cell types. Rab14 labeling in uninfected 

ECs and fibroblasts showed small spherical pattern in the cytoplasm (Figure 18E, 

uninfected panel). In infected ECs, Rab14 labeling significantly decreased and did not 

accumulate near VAC (Figure 18E, infected panel). Rab14 labeling was also 

prominently observed in the nucleus. The antibody used was old enough, which results 

in non-specific binding of Rab14 in the nucleus. Additionally, no apparent colocalization 

of Rab14 with UL32/GFP-positive vesicles was observed (Figure 18E, arrow, inset).  

Rab6 

Rab6 regulates retrograde transport from the endosomal compartment via Golgi 

to ER113. A previous study showed that Rab6 is involved in recruiting tegument protein 

UL32 in the viral assembly compartment by binding to microtubule motor protein dynein 

133. Our observation with the UL32/GFP-positive vesicles in ECs only showed 

colocalization with Golgi marker, GM130, but not fibroblasts. We hypothesized that 

UL32/GFP-positive vesicles in ECs shows an association with Rab6. We next tested the 

association of Rab6 with UL32/GFP-positive vesicles in ECs only. Uninfected ECs 

showed small spherical and scattered Rab6 in the cytoplasm (Figure 18F, uninfected 

panel). In infected ECs, Rab6 showed accumulation in the VAC, consistent with the 

previous study 133. However, Rab6 did not show any colocalization with UL32/GFP-

positive vesicles in ECs (Figure 18F, arrow, inset). This data suggests that Rab6 has no 

role in virus egress. 



84 
 

 

  



85 
 

Figure 18: Association of Rabs with UL32/ GFP-positive vesicles. ECs (A, C, E, G) 

and Fibroblasts (B, D, F) were infected with TB40/E-UL32/GFP at a MOI of 4 and 2, 

respectively. Cells were fixed at 4 dpi for both cell types and labelled with Rab5 (A, B), 

Rab11 (C, D), Rab14 (E, F) and Rab6 (G) monoclonal antibodies. Nuclei are marked by 

DAPI staining. Merged images of uninfected cells are shown in the far-left panel. The 

merge of infected cell channels is shown on the far-right of the panel. The inset is an 

enlargement of the boxed region. (A, B) Rab5 accumulated in VAC.  No colocalization 

with vesicles occurs (arrow, inset).  (C, D) Rab11 accumulates robustly in the VAC, but 

no colocalization happens (arrow, inset). (E) Rab14 labeling in infected ECs decreased. 

No colocalization of Rab14 with vesicles (arrow, inset). (F) Non-specific binding of 

Rab14 was found in nucleus in fibroblast. No colocalization with vesicles occurs (arrow, 

inset). (G) Rab6 shows accumulation in infected ECs.  No colocalization with vesicles 

occurs (arrow, inset). Scale bar, 20μm.  
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Association of other adaptor and coat proteins with UL32/GFP-positive vesicles  

GGA1 

Clathrin is associated with a monomeric adaptor protein GGA1 in TGN. GGA1 

mediates sorting of mannose 6-phosphate receptors from TGN to endolysosomal 

system 110. We next examined if that clathrin- UL32/GFP-positive vesicles associates 

GGA1 in their membrane. We only tested ECs because clathrin- UL32/GFP-positive 

vesicles in this cell type colocalizes with Golgi and lysosomal marker (GM130 and 

LAMP1). Uninfected ECs showed diffuse localization and above the nucleus (Figure 

19A, uninfected panel). This labeling is probably because of the antibody for GGA1 was 

binding non-specifically. No colocalization of GGA1 with UL32/GFP-positive vesicles 

was observed (Figure 19A, infected panel).  

COP-II 

COP-II is a different coat protein in the secretory pathway that mediates transport 

from ER membrane 105. Though UL32/GFP-positive vesicles in ECs show colocalization 

with Golgi marker, we tested if those vesicles contain coat proteins, COP-II, involved in 

the secretory pathway. Uninfected ECs showed fine granular labeling of COP-II with 

non-specific binding above the nucleus (Figure 19B, uninfected panel). COP-II labeling 

in infected cells showed no significant difference from uninfected cells (Figure 19B, 

infected panel). Involvement of COP-II with UL32/GFP-positive vesicles cannot be 

inferred from this data.  

A brief summary of the colocalization of all the used antibody markers with 

UL32/GFP vesicles are listed in table 2.   
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Figure 19: GGA1 and COP-II show no colocalization with UL32/GFP- positive 

vesicles. ECs (A, B) were infected with TB40/E-UL32/GFP at a MOI of 4. Cells were 

fixed at 4 dpi and labelled with GGA1 and COP-II polyclonal antibodies. Nuclei are 

marked by DAPI staining. Merged images of uninfected cells are shown in the far-left 

panel. The merge of infected cell channels is shown on the far-right of the panel. The 

inset is an enlargement of the boxed region. (A) GGA1 accumulates in VAC in infected 

cells. No colocalization with UL32/GFP- positive vesicles happens (arrowhead, inset). 

(B) No significant difference in COP-II labeling in uninfected and infected cells. No 

vesicle with COP-II labeling (arrowhead, inset). Scale bar, 20μm. 
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Effect of Brefeldin A on the UL32/GFP- positive vesicles 

Brefeldin A (BFA) inhibits small Ras like-GTPase, ARF6, in the Golgi complex 

and induces deformation of Golgi tubulation 115. Next, we tested clathrin-GM130 positive 

vesicles in ECs to find out if BFA has any effect on those vesicles. To test this, we 

labeled BFA-treated-infected ECs with both clathrin and GM130 antibody. We observed 

that in BFA treated cells, GM130 lost the well-defined ring structure and formed tubular 

forms surrounding the VAC (Figure 20A and C). No colocalization of vesicles with 

GM130 is probably because at 4 days when the cells were treated for BFA, GM130 

structure was inhibited but not the vesicles. We assume that vesicles were already 

formed before the BFA treatment. Clathrin labeling and redistribution was not changed 

as compared to BFA-untreated-infected cells (Figure 20A and B). Besides, vesicle 

formation was the same as in untreated cells. This result suggests that BFA treatment 

does not affect UL32/GFP-clathrin vesicle formation in infected ECs. The possible 

mechanism is because the vesicles contain only GM130 other than any tethering/fusion 

Golgi compartment protein suggesting the resistance of vesicles to BFA, similar to the 

GM130-LAMP1 containing storage vesicles 116.  
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Figure 20: Brefeldin A (BFA) treatment has no effect on the UL32/GFP- positive 

vesicles. ECs (A, B, C) were infected with TB40/E-UL32/GFP at a MOI of 4. Cells were 

BFA treated (A) and fixed at 4 dpi and labelled with clathrin and GM130 monoclonal 

antibodies. Nuclei are marked by DAPI staining. Merged images of uninfected cells are 

shown in the far-left panel. The merge of infected cell channels is shown on the far-right 

of the panel. The inset is an enlargement of the boxed region. (A) In BFA treated ECs, 

no change occurs in the UL32/GFP- positive vesicles formation (arrow, inset). BFA 

inhibits well defined ring structure of GM130. Clathrin accumulates in the VAC. Vesicles 

contains clathrin, but not GM130. (B) No BFA treatment, only clathrin labelling: clathrin 

accumulates in the VAC and colocalizes with the vesicles (arrow, inset). (C) No BFA 

treatment, only GM130: GM130 accumulates in the VAC and forms ring structure. 

Vesicles colocalizes with GM130 (arrow, inset). Scale bar, 20μm. 
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Table 2: A brief summary of the colocalization of antibody marker with UL32/GFP- 

positive vesicles in both ECs and fibroblasts. 

Antibody 

marker 

Colocalization with 

UL32/GFP- positive 

vesicles 

Antibody 

marker 

Colocalization with 

UL32/GFP- positive 

vesicles 

ECs Fibroblasts  ECs Fibroblasts 

CD63 No Yes P230  No No 

Clathrin Yes Yes AP-2 No No 

EEA1 No No AP-1  No No 

LBPA No Yes AP-3  No No 

ALIX No No Rab5 No No 

Rab7 No No Rab11 No No 

LAMP1 Yes No Rab14 No No 

Rab27a Yes No Rab6 No No 

LC3B  Yes, lumen No GGA1 No No 

GM130 Yes No COP-II ND* ND 

*Not determined  
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Chapter 4: Discussion 
Our work demonstrates that HCMV differentially incorporates viral products into 

multivesicular body-like structures derived from distinct biogenesis pathways in different 

cell types based on their surface composition. As these vesicles may serve as a route of 

egress for HCMV, these findings have important implications for HCMV egress. Several 

studies have focused on the entry and egress mechanism in HCMV-infected fibroblasts, 

while very few studies have focused on HCMV-infected endothelial cells (ECs). HCMV 

maintains a ‘smoldering persistence’ in vascular endothelium and serves as a gateway 

of hematogenous dissemination to distant organs, which may further accelerate cardiac 

diseases like, atherosclerosis  36, 134. A recent study has identified five distinct 

subpopulations of ECs in mice lung by single cell RNA sequencing (scRNA-seq). The 

subpopulations of ECs with pulmonary arterial hypertension (PAH) mutation perturbs 

different signaling pathways 135. The diversity of EC subpopulation infected by HCMV 

underlies the complexity of HCMV dissemination and persistence. So, understanding 

the mechanism of virus dissemination from ECs is very critical. Previous studies have 

identified the leucine-zipper, the domain of tegument protein pUL71 in infected 

fibroblasts that mediates viral maturation and effects MVB organization. In ECs, viral 

proteins, pUL135 and pUL136 are primarily found in mediating viral maturation events 

and also affects MVB structure by incorporating viral particles 11, 48.  These findings also 

indicate that differential membrane trafficking pathways are required for different cell 

types 11. However, the identity of infection induced MVBs that transport matured virion 

to the plasma membrane has not yet been elucidated. Our objective is to characterize 

the nature of the infection induced MVBs. Defining the nature of the infection induced 
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MVBs will contribute to our understanding of the cellular trafficking pathways during viral 

egress in both endothelial cells and fibroblasts.                     

In this study, we tested different endocytic and biosynthetic component markers 

and their regulators to define the MVBs that incorporate viral cargo. We propose model 

pathways of viral egress in both cell types. Part of the remodeling of MVBs depends 

upon the involvement of different markers on the vesicle’s membrane. Our findings 

increase the understanding of changes to the endocytic and biosynthetic membrane 

trafficking by HCMV in infected endothelial cells and fibroblasts. The varied involvement 

of membrane trafficking components may contribute to establishing differential 

remodeling of MVBs in infected cell types. This study raises an exciting possibility of a 

role for remodeled MVBs in virus egress. 

Remodeling of the MVBs in HCMV-infected cells is associated with the 

development of cytoplasmic viral assembly compartment (VAC). This compartment is 

composed of viral tegument, envelope, non-structural proteins and requires the 

dramatic reorganization of endocytic and secretory organelles 130, 136, 137. The VAC plays 

a crucial role in viral maturation, envelopment, and shedding of infectious virions136, 138. 

Bughio et al. identified MVBs carrying virus particles near the assembly compartment; 

however, the fate of those MVBs is not clearly understood (Figure 1) 11. We hypothesize 

that the infection induced MVBs mediates the viral egress following the late stage of 

maturation in the VAC. Based on this, we sought to characterize infection induced 

MVBs by using the classical MVB/late endosome (LE) marker, CD63. We observed 

colocalization of CD63 with vesicle membrane in infected fibroblasts, but not in infected 

ECs (Figure 6). This observation implies that infection induced MVBs possess the 
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nature of classical MVBs in fibroblasts and non-classical MVBs in endothelial cells. We 

also identified the accumulation of CD63 around the VAC, suggesting the reorganization 

of CD63, possibly to facilitate assembly compartment development for virus maturation. 

This finding is consistent with the observation from other groups suggesting the 

recruitment of LE membrane markers to the assembly site81, 130, 139, 140. We also 

observed colocalization of clathrin with vesicle membrane in both cell types (Figure 7). 

Clathrin is associated with both endocytic and biosynthetic pathway via adaptor proteins 

AP-2 and AP-1 75. The clathrin-positive MVBs in both cell types may follow either 

endocytic, biosynthetic or both pathways for viral egress. 

The sorting events in the early endosome determine the fate of cargo in the 

endosome. The cargo will be i) recycled to the plasma membrane, ii) fuse and degraded 

in lysosome, or iii) delivered to post Golgi vesicles123. Early endosomes are marked by 

EEA1, Rab5, and phosphatidylinositol 3-phosphate. Cepeda et al. reported that HCMV 

infection in fibroblasts induces the recruitment and redistribution of EEA1 in the 

assembly center130. Consistent with this, our study demonstrates that EEA1 

accumulated surrounding the VAC in infected ECs, whereas in the infected fibroblasts, 

there was a less intense accumulation of EEA1. No colocalization happens in either of 

the cell types (Figure 8). Our findings with the early endosome resident GTPase Rab5 

show a similar result (Figure 18A, B). Womack et al. showed that pUL71 in fibroblasts 

colocalizes with EEA1 suggesting their possible role in maturation 141. Das et al. 

reported colocalization of EEA1 and Rab11 at the center of VAC, inferring these 

proteins play roles in viral egress by using the recycling endosomal pathway 81. 

However, recycling endosomes are marked by Rab11 and EEA1 and mediate the late 
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recycling event. We observed that Rab11, like EEA1, accumulated in the VAC, but not 

in the vesicles, in both cell types (Figure 18 C, D). Consistent with the previous study, 

we also supported the finding that these proteins play an active role in virus maturation 

130. We also suggest that free virus particles may follow the endosomal recycling 

pathway, while most of the vesiculated virus particles do not follow this pathway for 

egress. 

Late endosomes (LE) are often marked by CD63. Sometimes LEs contain 

intraluminal vesicles (ILVs) and are marked by resident phospholipid, LBPA 95, 125, 126. 

Our results show the disappearance of LBPA labeling in infected endothelial cells 

(Figure 9). One possibility is that MVBs in the infected ECs contain ILVs that lacks 

LBPA. This result suggests the possibility that infection in ECs induces non-classical 

MVBs, which lacks the classical LE markers CD63 and LBPA. By contrast, we found 

that LBPA showed colocalization with vesicle membrane and accumulation surrounding 

the VAC in infected fibroblasts. This result corroborates our observation about the 

nature of classical MVBs in infected fibroblasts as the vesicles are positive for both 

CD63 and LBPA. Presence of LBPA in ILVs contributes to exosome release 86. CD63 

and LBPA positive vesicles in infected fibroblasts indicate that those vesicles follow 

CD63 and LBPA mediated exosomal release pathway for virus egress. By contrast, loss 

of LBPA in infected ECs indicates that those vesicles may not follow LBPA mediated 

exosomal release for egress. A study with Niemann-Pick disease type C (NPC), a 

cholesterol storage disorder, found that pathological cholesterol accumulation 

limits/reduces the LBPA in late endosomes and blocks classical exosomal release 95, 96 . 

Thus, it seems that loss of LBPA in infected ECs may link with accumulation of lipid 
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other than LBPA and generation of non-typical ILVs. Melanosomes, a lysosome-related-

organelle, self accumulates lipids, not LBPA, in ILVs, which results in membrane 

curvature and Rab27a mediated release pathway. We suggest that these non-typical 

ILVs in ECs cannot follow classical exosomal release pathway for viral egress. 

However, our results with LBPA in fibroblasts showed colocalization with UL32/GFP- 

positive vesicles. Studies with HCMV-infected fibroblasts showed increased cholesterol. 

In contrast with ECs, this observation indicates that increased cholesterol with intact 

LBPA may promote exosomal release to get rid of excess cholesterol from infected 

cells. This observation corroborates our idea that virus containing MVBs in fibroblasts 

have classical MVB marker to support exosomal release, while in ECs, MVBs possess 

non-classical phenotypes.  Further work is required to test the accumulation of 

cholesterol in infected endothelial cells.  

A previous study showed the reduction of LBPA by down-regulation of ALIX 128. 

In addition to binding with LBPA, ALIX also binds with the components of the ESCRT-III 

complex. Components of ESCRT-III are involved in membrane curvature and scission 

92. Studies with other herpesviruses such as Herpes simplex virus (HSV-1) show the 

involvement of MVBs and ESCRT-III machinery for the genesis of ILVs and that these 

processes are independent of ALIX expression 142. Additionally, HIV infection in 

monocyte-derived macrophages shows the involvement of ESCRT-I and ESCRT-III 

machinery during budding from the plasma membrane 143. Intriguingly, MVBs and 

ESCRT-III machinery have potential in virus maturation and egress. Our result with 

infected endothelial cells did not show any change in ALIX distribution compared to the 

uninfected cells, but infected fibroblasts showed accumulation surrounding the VAC as 
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well as distributed in the cytoplasm when compared to an uninfected cell (Figure 10). 

However, vesicles do not show colocalization with ALIX. Streck et al. demonstrated the 

scission of the membrane by VPS4 protein (AAA ATPase), a non-enveloped role of 

ESCRT-III, during late stage of HCMV-infection 144. Das et al. reported the VAC 

localization of VPS4 in infected fibroblasts suggesting their role in viral maturation 81.  It 

is intriguing to consider that infection induced MVBs in infected fibroblasts (which are 

Clathrin, CD63 and LBPA positive) may incorporate AAA ATPase VPS4, independent of 

ALIX, to promote scission of vesicles. Notably,  ESCRT-III and VPS4 lacks the ubiquitin 

binding domain (UBD)73, suggesting vesicles in infected fibroblasts are not directed to 

lysosomal compartment. This is also supported by our finding with Rab7 and LAMP1 

labeling in fibroblasts, where vesicles did not show any colocalization for either marker.  

Rab7 is particularly involved with maturation of late endosome, lysosomal 

biogenesis, and final maturation of autophagic compartment 145. A study with Epstein-

Barr Virus (EBV) demonstrates that the reduction of Rab7 blocks the fusion of 

autophagosomes with lysosomes during lytic infection 146. A recent study with HCMV in 

fibroblast shows increase in Rab7 by autophagic induction 145.  Our results with Rab7 

shows no colocalization with the vesicles in any of the cell types (Figure 11).  This result 

indicates that infection induced MVBs are not regulated by Rab7and are not directed to 

lysosomal compartment.  

To support this finding, we also tested the vesicles for the lysosomal marker 

LAMP1. LAMP1 shows no colocalization with the vesicles in infected fibroblasts. Also, 

LAMP1 shows no discernable relationship with the VAC, which is consistent with the 

observations from other groups and support the previous observation that vesicles are 
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not directed to the lysosome 81, 130. In contrast, vesicles in infected endothelial cells 

show colocalization with LAMP1 (Figure 12). However, a recent study questions the 

specificity of LAMP1 as the potential marker of the lysosomal compartment suggesting 

that the presence of LAMP1 does not always target the lysosomal compartment 147. 

Further evidence is required to confirm the acidic nature of the vesicles. It is intriguing to 

consider the HCMV egress from the ECs through an unusual clathrin-LAMP1 mediated 

pathway.  

 Rab27a, a small GTPase, regulates the docking of MVBs in the plasma 

membrane. A previous study in HCMV-infected fibroblasts shows association of Rab27a 

with the VAC 130. Our studies demonstrate no colocalization of Rab27a with those 

vesicles in infected fibroblasts. However, two subpopulations of vesicles are noticeable 

in infected ECs- i) one subpopulation shows colocalization with Rab27a, and ii) another 

subpopulation does not show colocalization (Figure 13). This finding suggests that 

vesicles which are ready to exit the cells may incorporate Rab27a in ECs. We assume 

that the remodeled MVBs in ECs partially mimic the secretory/extracellular vesicle’s 

nature.  

Apart from these, our studies demonstrate accumulation of LC3B surrounding the 

VAC in infected cells (Figure 14). This is consistent with the observation from other 

group suggesting hijacking of LC3B for viral maturation 131. However, SR-SIM image of 

LC3B in infected ECs shows luminal localization. Presence of luminal LC3B in MVBs 

suggest a secretory autophagy pathway, LC3-dependent EV loading and secretion 

(LDELS), which is distinct from their established classical autophagy. LC3II family 

proteins mediates RNA binding protein (RBP) loading into ILVs in MVBs and facilitates 
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the release of cargo as extracellular vesicle (EV). Ceramide produced by neutral 

sphingomyelinase 2 (nSMase2) facilitates the membrane curvature and scission, which 

is an ESCRT-independent machinery 103.  Consistent with the observation from this 

group, we suggest that the luminal localization of LC3B promotes virions loading into 

those LBPA lacking ILVs in infection induced MVBs. Followed by, ceramide mediated 

membrane scission facilitates the release of mature virion as extracellular vesicle (EV).  

To further elucidate, we tested for recruitment of biosynthetic compartment 

markers on those vesicles. It was reported that the assembly site recruits and 

reorganizes ER, cis-Golgi components, and the TGN 11, 30, 81, 130, 136. However, our 

studies show that association with assembly site does not establish their role in viral 

egress. In agreement with these observations, our studies demonstrate that the cis-

Golgi marker, GM130, forms a well-defined ring structure surrounding the VAC in both 

cell types. This ring structure in the infected cells is different from the tubular and 

perinuclear structure in the uninfected cells (Figure 15). However, only vesicles in 

infected ECs demonstrate colocalization with GM130. This finding suggests that virus 

infection in both cell types reorganizes the cis-Golgi marker for viral maturation. It also 

indicates that GM130 contributes to viral egress in ECs.  

Intriguingly, our finding with TGN marker P230 shows reorganization of TGN 

surrounding the assembly site, but no colocalization has been found in any of the cell 

types (Figure 16). This also suggests the potential role of TGN in a viral maturation 

event. However, our results with Rab14 (involved in trafficking between Golgi apparatus 

and ER) indicates no direct regulation of the infection induced MVBs by Rab14. Similar 

results have been observed with retrograde trafficking regulator, Rab6. Taken together, 
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these observations indicate that MVBs in infected ECs are likely to depend on different 

trafficking compartments.  

Based on the observation of clathrin being the only marker that shows 

colocalization in both cell types, we also tested the involvement of clathrin-associated 

adaptor proteins AP-2, AP-1 and GGA1. Adaptor proteins facilitate clathrin to interact 

with endocytic and biosynthetic trafficking pathways via AP-2 and AP-1, respectively 75, 

106. Our findings with AP-2 demonstrate diffuse localization, possibly due to infection 

induced increased cell size. AP-2 did not colocalize with any vesicles in any of the cell 

types, which indicates no contribution in the viral egress (Figure 17A, B). For labeling 

with AP-1, we only tested infected endothelial cells. The rationale is that only vesicles in 

infected endothelial cells show colocalization with early biosynthetic trafficking 

component, GM130. AP-1 recruits clathrin at TGN and promotes the biogenesis of 

cargoes 34. However, our studies find that AP-1 and AP-3accumulates around the VAC 

and no colocalization with vesicles was observed (Figure 17C). This result suggests that 

AP-1 reorganization promotes viral maturation, but not egress. Association of clathrin 

with GGA1 mediates the transport from TGN to endo-lysosomal system 148. The GGA1 

labeling in uninfected endothelial cells is not promising because of some non-specific 

binding of the antibody (Figure 19). We also observe non-specific binding of coat protein 

COP-II, involved in transport from ER 105, in infected endothelial cells. As a result, we 

cannot deduce any significant role of GGA1 or COP-II. Additionally, we did not observe 

any colocalization of AP-3, which promotes cargo transport to late endosome and 

LROs, with vesicles indicating no direct role in viral egress (Figure 17D). These 
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observations might exclude the possibility that infection induced MVBs in endothelial 

cells follow any one individual pathway for viral egress.  

Brefeldin A (BFA) inhibits the small GTPase, Arf6, in the Golgi complex and 

induces a redistribution of Golgi protein148. We also tested if BFA has any effect on the 

clathrin/GM130 positive vesicles in endothelial cells (Figure 20). Surprisingly, we 

observed no change in vesicle formation even though GM130 labeling was altered in 

BFA treated cells surrounding the VAC, which is possibly due to the HCMV infection. 

One intriguing possibility is that the vesicles in the endothelial cells may be resistant to 

BFA, similar to the lysosomal storage vesicle 116.     

From the above discussion, we map the possible egress route of HCMV from the 

infected ECs and fibroblasts (Figure 21). Our findings demonstrate that HCMV infection 

in fibroblasts induces the generation of canonical or classic MVBs comprised of clathrin, 

CD63, and LBPA. Human herpesvirus-6 (HHV-6) induces MVBs formation, like HCMV. 

Those MVBs carrying mature virions are surrounded by Golgi apparatus and contains 

late endosome (LE) marker, CD63, and shows fusion at plasma membrane, suggesting 

that virus egress by exosomal release pathway 34. Consistent with our finding suggests 

that MVBs in fibroblasts may originate from endocytic compartments and follow 

classical CD63-LBPA mediated exosomal release pathway for viral egress. In contrast, 

HCMV in ECs generate the novel, non-canonical MVBs, which are comprised of 

clathrin, GM130, LAMP1, luminal LC3B, and Rab27a.  

MVBs in ECs are unique in that they are comprised of the components from 

different membrane trafficking pathways. This finding suggests that these vesicles 

follow a fusion of early biosynthetic-storage vesicle-extracellular vesicle pathways.  
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Lysosomal storage vesicles in the mucopolysaccharidosis type IIIB disease are positive 

for GM130, LAMP1, and clathrin, and are negative for LE and autophagosome marker. 

These vesicles follow the early biosynthetic pathway and show GM130 alterations, like 

the MVBs in infected ECs. Storage vesicles are resistant to BFA treatment due to lack 

of Golgi tethering proteins 101, 149. Consistent with these observations, we suggest that 

MVBs in infected ECs display phenotypes of storage vesicles. In our model, we propose 

that MVBs in infected ECs incorporate clathrin, GM130, and newly synthesized LAMP1 

and initiate egress through the early biosynthetic pathway. Recruitment of LAMP1 and 

GM130 on the MVBs may establish the potential interaction of mTOR -Rheb GTPases, 

as in the Golgi-lysosome contact site (GLCS) in uninfected cell 150. This possibility 

supports the observation that mTOR activation by Rheb-GTPase in the assembly site, 

regardless of lysosomal localization, with suppression of autophagy at the final stage of 

maturation 30, 119. Luminal localization of LC3B facilitates the virion loading into the 

LBPA lacking ILVs in those MVBs by LDELS pathway and promotes the mature virion 

release as EVs. Finally, when the clathrin-GM130-LAMP1 positive MVBs in ECs are 

about to fuse to the plasma membrane they may recruit Rab27a and/or ceramides in 

EVs facilitate the membrane scission. Taken together, MVBs in infected fibroblasts may 

follow classical exosomal release pathway, and in ECs follow a fusion of early 

biosynthetic/storage vesicle/extracellular vesicle pathway for egress. In future, we will 

examine the egress of the vesicles by performing live cell imaging of the infected cells 

with the sameTB40/E- UL32/GFP virus. In addition, we can collect 

exosome/extracellular vesicles fractions from the infected ECs and analyze the 

collected fractions for the early biosynthetic pathway marker, GM130. We are working 
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on the double-labeling of uninfected ECs with clathrin and GM130 marker to examine if 

these vesicles are uniquely present in infected ECs only rather than in their uninfected 

counterpart.  
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Figure 21: Proposed model. HCMV infection induces differential remodeling of 

MVBs in fibroblasts and ECs. Left: HCMV infection in fibroblasts generates MVBs like 

classical MVBs, with clathrin, CD63, and LBPA. The membrane of these MVBs may 

originate from endocytic pathway and follow classical exosomal release pathway for 

egress. Right: HCMV infection in ECs generates MVBs with clathrin, GM130, LAMP1, 

and Rab27a. These MVBs may originate from a combination of early biosynthetic-

storage vesicle-extracellular vesicle (EV) pathways. GM130 and LAMP1may promote 
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the activation of mTOR (incorporated by LAMP1) by Rheb-GTPase (links with GM130). 

Also, luminal LC3B in the MVBs suggests virion loading into EV and Rab27a facilitates 

membrane docking of the MVBs to egress. The image was created with 

BioRender.com.  

Chapter 5: Conclusions 

In conclusion, the infection induced MVBs may serve as a route of egress for 

HCMV as a result these findings have important implications for HCMV egress. Defining 

the composition of infection induced MVBs in the ECs and fibroblasts and the 

underlying mechanism of egress are essential for the comprehensive understanding of 

virus cell-specific tropism, dissemination, and pathogenesis. Knowledge of this study 

might help to develop therapeutic options to control virus spread as well as chronic 

persistence in ECs.  
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