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Abstract 

Human cytomegalovirus (HCMV) is a β-herpesvirus that establishes a lifelong infection 

with the potential to infect multiple cell types, including vascular endothelial cells. While 

infection in fibroblasts is well-characterized, much remains to be understood about key 

differences in the infection of other cell types. Endothelial cells support a slow and chronic 

infection while contributing to the spread of the virus to distal organs. However, the 

cellular and molecular determinants of HCMV infection in endothelial cells remain poorly 

understood. Both infected endothelial cells and fibroblasts incorporate viral material, like 

virions and dense bodies, into a multivesicular body (MVB)-like vesicle. However, these 

vesicles have distinct biogenesis in each cell type. Virus-containing vesicles in fibroblasts 

are classical MVBs marked by CD63 and LBPA. However, characterization of the vesicles in 

endothelial cells showed that cis-Golgi (GM130), lysosomal-associated membrane protein- 

1 (LAMP1) proteins are on the limiting membrane of the virus-induced vesicles, 

and autophagy maker LC3B is on the membranes of intraluminal vesicles. These markers 

are commonly associated with the secretory autophagy pathway. Moreover, the vesicles in 

endothelial cells lack CD63 and LBPA. These results suggest that the virus-containing 

vesicles in infected endothelial cells may traffic through the secretory autophagy pathway. 

Our findings support this suggestion in that we have found differences in protein levels 

of Rab8A and Rab8B, two proteins that distinguish degradative autophagy from 

secretory autophagy, in infected endothelial cells. These findings suggest 

that HCMV induces the secretory autophagy pathway in endothelial cells possibly for 

egress. Furthermore, HCMV has evolved mechanisms to co-opt host trafficking pathways 

for transport, virion maturation and egress among other functions. The viral protein UL135 



 

 

has been shown to have a role in the rearrangement of membrane trafficking, and 

incorporation or virus material into MVB-like vesicles. We investigated the role of UL135 in 

the biogenesis of the virus-induced vesicles and its involvement in the induction of the 

secretory autophagy pathway during infection using immunoblotting for both viral 

proteins and well-characterized markers of secretory and degradative autophagy. We 

found that, in the absence of pUL135, Rab8A, LC3B, and P62 are increased, suggesting that 

pUL135 is involved in the decreased of lysosomal activity thus the decrease in degradation. 

This may suggest that UL135 may be involved in the biogenesis of the LAMP-1, GM130, 

LC3B positive vesicles and possibly give preference to the secretory autophagy pathway 

when incorporating virus material into the vesicles for egress. This work provides novel 

insights into the diversity of mechanisms by which HCMV hijacks membrane trafficking in 

different cell types and will reveal cell type-dependent roles for secretory autophagy in 

HCMV infection. 



 

 

Chapter 1: Introduction 

Introducing HCMV: 

HCMV has a genome of about 236 kb1; making it the largest known genome among human 

viruses1,2. The genome is linear, double-stranded DNA, and consists of two regions known 

as unique short (US) and unique long (UL)1. Our lab focuses on a locus found in the unique 

long region. This locus consists of four viral genes, UL133, UL135, UL136, and UL138 

(figure 1). Over the course of a decade, our lab has established the importance of this locus 

for replication, reactivation, latency, and post-entry events3-5. Both UL135 and UL138 have 

opposing functions. UL135 is required for reactivation while UL138 is required for 

latency6. The locus UL133-UL138 is complex, and expression of these genes at different 

spaciotemporal settings can result in different outcomes in different cell types6. To 

illustrate this effect, our lab studied this locus in the context of three different cell types 

that represent different stages in the viral infectious cycle. The cell types included 

fibroblast, primary endothelial, and hematopoietic progenitor cells6. Fibroblast cells are 

susceptible and permissive and allow for a productive infection. The locus in this context is 

dispensible6. Our lab found that HCMV in fibroblast that have been continuously passaged 

lose UL133-UL138, yet infection is not affected6. Primary endothelial cells and CD34+ cells, 

however, do require this locus for infection. CD34+ cells support the maintenance of the 

viral genome; this is known as latency. CD34+ cells harbor the viral genome until there is 

optimal host environment that can trigger reactivation. HCMV in CD34+ cells require UL135 

for efficient amplification of the genome and reactivation6. 

Endothelial cells support a slow, and chronic infection in which the virus can be maintained. 

The infection in this cell type is different than that of fibroblast in that the viral gene UL135 



 

 

is essential for an effective infection6. This is evident in that HCMV in endothelial cells cannot 

replicate when UL135 is absent and requires a high multiplicity of infection (MOI) to 

overcome this barrier6. Our lab demonstrated pUL135 is required for efficient viral 

production and virion maturation in endothelial cells. Primary human microvascular lung 

endothelial cells (HMVEC) were infected with mutant viruses that lack the expression of 

pUL135, or wildtype HCMV to determine the importance of UL135 for replication in this cell 

type3. The virus yield was measured over time using TCID50 for both wildtype infections and 

those lacking UL135 expression3 (figure 2). Interestingly, the lab found that in the absence 

of UL135 there is a 100-fold decrease in progeny virus production, suggesting that UL135 is 

important for efficient replication of HCMV in endothelial cells3 (figure 2). Also, work from 

our lab demonstrated that in the absence of UL135, a large population of virions are 

abnormally enveloped while other virions are not enveloped. 

Profound defects in virion maturation were observed between wildtype infected cells and 

those lacking UL135 expression. Using electron microscopy, our lab found that infected 

primary endothelial cells harbored three distinct virus particles in the cytoplasm (figure 3)3. 

Alongside mature virions, there were abnormally enveloped virions, and virions lacking an 

envelope (figure 3)3. In HCMV infected endothelial cells, it appeared that 27% of virions from 

infections lacking UL135 resembled wildtype infections, while the rest were either 

abnormally enveloped or lacked an envelope 3 (figure 3). These results, along with the data 

demonstrating a replication deficit when UL135 is not expressed, suggests that the viral 

protein UL135 is essential for the success of the virus in endothelial cells. 



 

 

Up to this point, the thesis has highlighted the importance of UL135 for efficient replication, 

and virion maturation. In addition to these functions, the UL135 protein also plays an 

important role in hijacking host cell trafficking mechanisms through its interaction with 

host adaptor proteins CIN85 and Abi-15. 

UL135 hijacks host cell trafficking mechanisms: 

 
Our lab has established the interaction between pUL135 and host adapter proteins Abi-1 and 

CIN85. These interactions were founded in a yeast 2 hybrid (Y2H) screen to identify host 

interacting partners of UL1355. The interactions for both Abi-1 and CIN85 were confirmed 

by co-immunoprecipitating each host interactor with pUL135. HEK 293cells were 

transfected to overexpress Abi-1, or CIN85, in infections with either wild-type, pUL135myc 

or pUL135myc mutants with disrupted interactions with either host protein (double 

mutant) (figure 4A)5. Mutant viruses lacking UL135 interactions with either Abi-1(shown as 

SH3CI), CIN85 or both were constructed by disrupting interaction sites for both Abi-1/SH3CI 

and CIN85 (figure 4B) 5. The mutants were confirmed using Western blot and tested for viral 

kinetics using TCID50 (Figure 4C & D) 5. The interaction between pUL135, Abi-1 and CIN85 

are of interest for this study because both host adaptor proteins have functions in 

endocytosis, trafficking, and multivesicular body (MVB) biogenesis5. 

Abi-1 plays important roles in the endocytic pathway. This adaptor protein is known for 

forming complexes with many different proteins, including WAVE and N-WASP. Both WAVE 

and N-WASP have roles in actin assembly and motility functions7. However, when Abi-1 

interacts with either WAVE or N-WASP, the functions diverge. When Abi-1 interacts with 

WAVE, micropinocytosis is enhanced7. Micropinocytosis is an endocytic process of the 



 

 

uptake of non-specific extracellular fluid and macromolecules7,7,8. This is one way Abi-1 

contributes to the endocytic pathway. Another is through the interaction of Abi-1 and N- 

WASP. This interaction regulates actin-based vesicular transport, the internalization of 

epidermal growth factor receptor (EGFR), and the distribution of transferrin receptor on the 

cell surface7. 

Like Abi-1, CIN85 is a multifunctional adaptor protein that recruits host proteins that 

regulate trafficking of endocytic cargo but is also involved with MVB biogenesis and cargo 

sorting5. Cin85 takes part in multiple cellular processes. Two processes of interest are the 

involvement of CIN85 in vesicle-mediated trafficking and viral infection. CIN85 is strongly 

involved in the endocytosis of activated receptors like EGFR. The internalization, endocytic 

trafficking, and sorting of these receptors are dependent on the interaction of CIN85 with 

CBL, an E3 ligase9. Studies have demonstrated that the Cbl-CIN85 interaction is both 

necessary and sufficient for initiating CIN85 dependent endocytosis of activated receptors9,9- 

11,11. This process is negatively regulated by Alix, an endocytic related protein9,12,12. When 

Alix binds to CIN85, there is a disruption of the Cbl-CIN85 interaction9,12,12. Alix also is a 

major contributor to the biogenesis and regulation of MVBs9,12,12. Alix controls the 

trafficking, formation, and the sorting of cargo to this late endosome9,12,12. Furthermore, the 

interaction between CBL and CIN85 also plays a major role in the replication of some viruses. 

Hepatitis E virus (HEV) is the cause of acute liver inflammation in developing countries13. 

The success of this virus, like many others, depends on the ability to change its environment 

to favor infection. HEV has evolved a protein that modulates host responses. This protein, 

ORF3, delays the trafficking of EGFR to late endosomes/lysosomes14 . The postponement of 



 

 

the trafficking is due to pORF3 binding to the CIN85-Cbl complex14. EGFR also binds to this 

complex14. Both EGFR and pORF3 compete for this binding site14. When pORF3 interacts with 

CIN85 there is a reduction of ubiquitination of CIN85 and a decrease in EGFR trafficking to late 

endosomes/lysosomes14. According to Vivek and colleagues, the delay may play a role in 

prolonging EFG signaling and promoting survival, which ultimately would contribute to an 

increase in viral replication for HEV14. The use of CIN85 by viruses like HEV gives an insight 

to the mechanisms used to repurpose existing cell processes for the advantage of viruses. 

Altogether, the data in this section suggests a role for pUL135 in the modulation of MVB 

biogenesis and altered cargo trafficking. The viral protein interactions with the host adaptor 

proteins also suggest that Abi-1 and CIN85 may have a role in the mechanism driving the 

manipulation of the MVB pathway. The next section will describe the role of pUL135 in virion 

maturation and the incorporation of viral material into MVBs. 

The rearrangement of MVBs during HCMV infection: 

 
MVBs are dynamic vesicles that take up cytoplasmic material into intraluminal vesicles 

(ILVs). MVBs are involved in the sorting of endocytic proteins, delivering proteins to the 

lysosome, recycling proteins, and exocytosis of cellular content15. The cargo found in MVBs 

can have several destinations among different MVBs or within the same MVB. The 

distinguishing factor on proteins to be degraded is that these are ubiquitinated and are 

usually found inside ILVs15,16,16. The cargo destined to be recycled is kept accessible outside 

of ILVs for removal16,17. To properly sort endocytic cargo, the MVB must undergo several 

maturation steps as the vesicle is trafficked across the cytoplasm. 



 

 

MVBs are derived from early endosomes that mature into a late endosome. Through this 

trafficking, the surface composition and cargo of the vesicle changes15. Before the MVB can 

fully mature, the vesicle must remove all the recycling proteins. This happens via a tubular 

extension16. At this point, the vesicle is lysosomal-associated membrane protein (LAMP) 

positive and lysobisphosphatidic acid (LBPA) positive15. Furthermore, the removal of 

recycling proteins enables the MVB to interact with the lysosome for the degradation of 

targeted proteins. For the MVB to fuse with lysosome the Rabs on the surface of the vesicle 

must convert from Rab5 to Rab716. The ability of the MVB to interact with the lysosome 

distinguishes it from all other organelles, including the lysosome. Another integral 

component of MVBs is the formation of ILVs. 

The formation of ILVs involves the inward budding of the MVB membrane. ILVs take up 

material from the cytoplasm and when exocytosed the ILVs are called exosomes. There is 

more than one mechanism behind this inward budding. The best-studied mechanism 

involves the ESCRT complex. ESCRT proteins are involved in the recruitment of targeted 

cargo, and the delivery of such cargo to the MVB15,18,18.The inward budding that forms ILVs 

is directed by the ESCRT III protein which helps close membrane gaps and scission the 

section that will become the ILV15,19,19,20,20. ESCRT III also determines the area on the MVB 

that will reverse bud. Research on this process suggests that ESCRT III multimerizes and 

creates a flat lattice at the MVB membrane19,20. This modification at the limiting membrane 

of the MVB has also been suggested to initiate inward budding by changing the lipid 

composition of the membrane19,20. As important as ESCRT III may be, it is not the only 

mechanism by which ILVs can be formed. LBPA is a phospholipid enriched in ILVs. Like the 

ESCRT machinery proteins, LBPA is associated with promoting the inward budding that is 



 

 

integral to the formation of ILVs. This mechanism is driven by ALG-2-interacting protein X 

(ALIX). ALIX binds to liposomes that contain LBPA18. Yet, LBPA is not necessary for the 

formation of ILVs15,18. In fact, not all subset of MVBs have LBPA15,18. 

The study conducted by Dr. Futter’s lab demonstrated that both EGF and EGFR are 

trafficked by subpopulation of MVBs that is distinct from MVBs that carry LBPA21 . Using 

immunofluorescent microscopy, the futter lab labeled for EGFR and LBPA. The results 

showed that EGFR vesicles and LBPA vesicles were distinct from each other 10 to 30 

minutes after EGF stimulation21 . After about an hour after EGFR stimulation, both EGFR 

and LBPA colocalized21. The same lab previously published that EGFR reaches the lysosome 

by 60 to 90 minutes after stimulation22. Vesicles in which EGFR and LBPA colocalized also 

were positive for LAMP-1, suggesting that both EGFR and LBPA had reached the 

lysosome21. Next, the group treated cells with leupeptin to halt the degradation of EGFR. 

The results showed that even after treatment the vesicles containing EGFR were exclusive 

from those containing LBPA21. The paper suggests that though both types of vesicles lead to 

the lysosome, it is possible that LBPA is not involved in the trafficking or degradation of 

EGFR21. Furthermore, the group triple labeled for EGFR, LBPA, and CD63. The results 

showed that both EGFR and LBPA vesicles were also labeled with CD6321. The paper 

suggests that though exclusive from each other both EGFR and LBPA are trafficked inside 

MVBs21. 

Overall, there are multiple mechanisms that can lead to the formation of ILVs. There are 

also different subpopulations of MVBs that can carry particular cargo like EGFR. Perhaps it 

is likely that HCMV may be manipulating which populations of MVBs are produced. It may 



 

 

be beneficial to the virus for the specific up take of viral cargo into MVB-like vesicles. An 

alternative is that the virus may be changing the trafficking of cargo itself. Cargo inside ILVs 

have an important role in influencing the success of secondary infection for herpesviruses 

like Ebstein-Barr virus. 

MVBs and exosomes are commonly hijacked by viruses for egress and the enhancement of 

secondary infections23. EBV is associated with a wide range of human cancers that stem 

from the epithelium, lymphocytes, and mesenchymal cells24. Recent studies demonstrate 

that the EBV derived oncoprotein, Latent Membrane Protein 1 (LMP1) is sufficient for 

transforming cells and is associated with Burkitt Lymphoma, Hodgkin’s disease, and gastric 

carcinoma24. Interestingly, during infection, LMP1 is packaged inside exosomes by 

regulating the MVB and exosomal release pathways23. Furthermore, EBV packages other 

active cargo like mRNA, proteins, microRNAs, and lipids23. The exosomes produced in EBV 

infection have been shown to influence cell migration, growth, differentiation and regulate 

immune outcomes in naïve cells23. LMP1 can also activate several signaling pathways like 

PI3-AKT and MAPK/ERK in neighboring naïve cells23. Changes in the composition of 

exosomes during infection has been shown to influence the success of secondary infections 

of neighboring cells23. Like EBV, HCMV also exploits the MVB pathway by trafficking virions 

and dense bodies into MVB-like vesicles3. It is also known that exosomes are released 

during HCMV infection3. However, the mechanism by which these pathways are hijacked 

and its implication for infection are not well understood. 

MVB cargo and biogenesis are drastically altered during HCMV infection in endothelial 

cells. Using electron microscopy, our lab demonstrated that during HCMV infection of 



 

 

endothelial cells, MVBs are packed with virions, flattened ILVs and dense bodies (figure 

5B)3. In contrast, endothelial cells infected with mutant virus lacking the expression of 

UL135 have MVBs that resembled uninfected cells (figure 5A & C) 3. These findings strongly 

suggest that UL135 is required for the incorporation of virions and dense bodies into MVBs. 

Furthermore, preliminary electron micrographs of HCMV infected endothelial cells 

illustrates MVBs fusing with the endothelial cell plasma membrane and the exocytosis of 

viral material during HCMV infection3. These findings suggest that HCMV may be exploiting 

the MVB pathway for egress. 

Our lab found that UL135 alters the biogenesis of MVBs and has a role in the incorporation 

of virions and aggregates of tegument proteins known as dense bodies (DBs) into MVBs 

during infection3 . These phenotypes are specific to infected endothelial cells and suggest an 

important role for MVBs and exocytosis mechanisms for HCMV infection in the 

endothelium3. The lab found that during HCMV infection in endothelial cells there is an 

accumulation of virions and dense bodies inside MVBs. 

Alpha herpesviruses also found inside vesicles 

 
Varicella-zoster virus (VSV) is an alpha herpes virus that infects people worldwide25. Like 

HCVM, varicella-zoster virus has been observed inside large vesicles26. The vesicles have 

been described as single membrane vesicles positive for mannose-6 phosphate receptor 

(M6PR), with markers from the endocytic pathway (Rab11) and the autophagic pathway 

(LC3B), resembling amphisomes27. Autophagy has been shown to be pro-viral for VSV27. It is 

known that inhibition of autophagic flux, defined as the progression of the sequential steps 

in autophagy that occur, lowers the titers of VSV. Also, the inhibition of autophagic flux 



 

 

results in virus that does not undergo secondary envelopment27. Dr. Charles Grose’s 

laboratory of the University of Iowa utilized autophagic deficient cells to confirm the role of 

autophagy in VSV infection and the identity of the vesicles28. The study’s model were cells 

derived from people with Pompe disease. Pompe disease is one of the many lysosomal 

storage diseases28. People with this rare genetic disease are deficient in alpha-glucosidase 

(GAA). The deficiency of GAA leads to the limitation of hydrolyzation of glycogen to glucose 

in the lysosome28. Ultimately, the dysfunction in late autophagic flux and the mannose-6 

protein receptor pathway leads to the accumulation of cytoplasmic material that is 

characteristic of lysosomal storage disease28-30. The major finding of this study is that VSV 

egresses from cells via two pathways28. In infected fibroblast, groups of VSV enveloped 

virions can be detected inside large vesicles28. In cells derived from patients with Pompe 

disease, single virions are found inside small vesicles28. Furthermore, out of 483 

micrographs, the group did not find large vesicles with multiple virions in Pompe disease 

cells28. In the control cells which were treated with Brefeldin A (BFA), there was an 

abundance of naked capsids28. The group found that the vesicles containing a single virion in 

Pompe disease cells resembled those of pseudorabies virus (PRV) and herpes simplex 1 virus 

(HSV-1), two alpha herpes viruses. 

The group of Dr. Lynn Enquist, an alpha herpes expert and leader in the field, identified that 

PRV is trafficked to the plasma membrane via a Rab6 secretory pathway as single enveloped 

virions in small vacuoles31. The laboratory of Dr. Enquist developed a live-cell fluorescent 

microscopy marker to visualize trafficking of virions late in infection and egress31. The group fused 

pHluorin, a pH sensitive GFP, to the PRV glycoprotein M31. Using total internal reflection fluorescence 

(TIRF) microscopy the Enquist laboratory were able to detect the exact moment and location of 



 

 

egress31 . The recordings of infected cells showed events where a single virion is released31. The 

group rarely found multiple exocytosis events of multiple virions31. The group also found that 

vesicles containing virions were associated with Rab6a, Rab8A and Rab11a31. These Rab proteins 

were associated with the vesicles right before exocytosis and dissociate right after egress31. The 

differences in the vesicles and their content suggest that even within a group pf closely related 

viruses there can be different mechanisms of egress with different outcomes of infectivity. Perhaps 
 

it is possible that HCMV has multiple mechanisms for egress that are distinct among the different cell 

types it can infect. It may also be possible that differences in egress mechanisms may control the 

speed at which progeny is released from the cell. It may be beneficial for the virus in the context of a 

slower, less productive infection, like that in ECs, to release multiple virions at one time than 

releasing a single virion at a time. 

Taken together the virus has adopted mechanisms to change its environment to favor its 

survival. Our lab has identified that efficient replication and maturation of the virus at the 

endothelium requires the rearrangement of host membranes by UL1353. Our lab has also 

demonstrated that UL135 hijacks cellular trafficking pathways5. 
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Figure 1) The locus consists of four genes: UL133, UL135, UL136, 
UL138: The schematic depicts the unique long region where the locus is 
located. The region is denoted as ULb’. Within the ULb’ region there are 
four genes our lab focuses on. From decades of research, we now know 
that this locus plays a role in reactivation and latency. UL135 is the focus of 
this thesis and contributes to the reactivation of the virus and the 
rearrangement of membranes. UL135 also has host interactors that are 
important for trafficking and play a role in the success of the viral cycle. 
Image provided by Dr. Goodrum 



 

 
 
 
 
 

pUL135 is required for efficient viral production and virion 

maturation in endothelial cells: 
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Figure 2) pUL135 is required for efficient viral production and virion 
maturation in endothelial cells: HMVEC endothelial cells were infected 
with the TB40/E-WT, or ΔUL135STOP virus at an MOI of 0.05. Virus yields 

were measured in lysates harvested from endothelial cells over a time 
course (measured in days post infection) by TCID50 on fibroblast. The 

values plotted are averages for 3 to 4 independent experiments. The 
standard deviation for each time point is indicated by error bars. 



 

 
 
 
 
 
 

Profound defects in virion maturation were observed in 

infected cells lacking UL135 expression: 
 
 
 
 

 



 

 
 
 
 

 

Figure 3) Profound defects in virion maturation were observed in 

infected cells lacking UL135 expression: HMVEC were infected at MOI of 

4 with the TB40/E-WT (A), -UL135STOP (B) virus. At 5 days post infection, 

cells were fixed, embedded, and sectioned for TEM. Representative 

micrographs are shown. Normal virions with characteristic HCMV 

morphology (filled arrowheads), aberrantly enveloped virions (open 

arrowheads), and nonenveloped capsids (filled arrows). DB, dense body. 

Bars, 500 nm. (C) Seven hundred to 1,300 total virions were counted in 30 

to 45 cells. The percentages of normal virions (open portions of bars), 

aberrantly enveloped virions (shaded portions of bars), and nonenveloped 

capsids (filled portions of bars) in each infection are illustrated. Citation: 

Bughio et al. 2015 



 

pUL135 interacts with Abi-1 and CIN85 
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Figure 4) pUL135 interacts with Abi-1 and CIN85: (A) MRC-5 

fibroblasts were infected with recombinant HCMV TB40/E encoding either 

myc epitope tagged UL133 (as a negative control, UL133myc) or UL135 

(UL135myc) at an MOI of 2. Myc tagged proteins were immunoprecipitated 

from lysates harvested at 48hpi with Ms x Myc antibody then separated by 

SDSPAGE. Abi-1, CIN85, and myc-tagged proteins were detected by 

western blotting using monoclonal antibodies. Blots of 40μg total cellular 

lysate are shown with tubulin as a loading control. (B) A schematic 

showing the SH3 ligands within pUL135. TMD indicates transmembrane 

domain on pUL135. Colored blocks correspond to the colors in panel B.M1, 

M21, and M97 indicate methionine codons where translation of UL135 

initiates. SH3 ligand classes, the consensus ligands, and their location 

within pUL135 are indicated. The WT amino acid sequence and the 

mutations introduced for each are shown. (C) HEK 293-T cells were 

transfected with constructs expressing an HA epitope-tagged version of 

Abi-1 and a UL135 variant or empty vector control. HA-Abi-1 was 

immunoprecipitated from 400μg lysate using Ms x HA monoclonal 

antibody and proteins were separated by SDSPAGE. Immunoprecipitated 

proteins were detected by western blotting using Rb x myc and Rb x HA 

monoclonal antibodies. A western blot of 40μg total lysate is shown with 

tubulin as a loading control. (D). HEK 293-T cells were transfected with 

constructs expressing an HA epitope-tagged version of CIN85 and a UL135 

variant or empty vector control. pUL135myc was immunoprecipitated 

from 200μg lysate using Ms x myc antibody and proteins were separated 

by SDSPAGE. Immunoprecipitated proteins were detected by western 

blotting using Rb x HA or Rb x Myc monoclonal antibodies. A western blot 

of 40μg total lysate is shown. (E) The replication kinetics of recombinant 

viruses encoding UL135myc, ΔSH3cI, ΔCIN85, and ΔSH3cI/CIN85 were 

determined by infecting MRC-5 fibroblasts at an MOI of 0.02; virus yields 

in cell lysates were measured over a time course by TCID50. Data points 

represent the average from at least four experiments and error bars 

represent the standard error of the mean (SEM). Citation: Rak et al. 2018 



 

 
 
 
 
 
 

UL135 is required for incorporation of viral material in MVBs 
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Figure 5: UL135 is required for incorporation of viral material in MVBs 

HMVEC were infected at MOI of 4 with the TB40/E-WT (B), -UL135STOP (C) 

virus. At 5 days post infection, cells were fixed, embedded, and sectioned for 

TEM. Bars represent 500nm. Representative micrographs are shown. (A) 

uninfected cell with open arrow highlighting a normal multivesicular body. 

(B) infected with wildtype HCMV. Closed arrows highlight MVB-like vesicle, 

arrow heads highlight virions. (C) cell infected with HCMV lacking UL135. 

Citation: Bughio et al. 2015 



 

 

Chapter 2: Methods and Materials 

Cells. Primary human lung microvascular lung endothelial cells (HMVEC) (purchased from 

Lonza, Walkersville, MD) were cultured in EGM-2 MV Bulletkit medium (Microvascular 

endothelial cell growth medium-2, Lonza) with 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; Manassas, VA) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) 

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. All cells were cultured at 37ºC in 5% CO2. 

Viruses. Low passage strain of human cytomegalovirus TB40/E recombinant expressing 

UL32 fused to GFP, TB40/E-UL32GFP 27, was a generous gift from Dr. Christian Sinzger. 

Virus stocks were propagated by electroporation of infectious BAC DNA into MRC5 cells 

and purified by density gradient centrifugation through a 20% D-sorbitol cushion at 20,000 

RPM in an SW28 rotor (Beckman Coulter, Fullerton CA) for 80 min at 22 C. Virions were 

resuspended in IMDM containing 2% bovine serum albumin (BSA) and stored at -80°C. 

Infectious virus yields were determined by tissue culture infectious dose (TCID50) on MRC5 

fibroblasts. Virus was not serially propagated in fibroblasts. Virus titers were determined 

by TCID50 on fibroblasts as previously described28. 

Creation of UL135 mutants. Dr. Michael Rak created various UL135 mutants. We used the 

mutants he created for our study. 



 

 

Recombinant viruses were created using the bacterial artificial chromosome (BAC) clone of 

the TB40/E genome, wherein a SV40-GFP cassette was introduced between US34 and TRS1 

as a marker of infection, as previously described5. All BAC recombination was conducted as 

previously described5, using a two-step GalK selection/counterselection method that 

leaves no excision scars or extraneous sequence in the final construct. All TB40/E 

UL135myc recombinant BACs were created by first replacing the entire UL135 open 

reading frame with the GalK gene via homologous recombination, as previously described5. 

To generate TB40/E UL135myc ΔSH3cI, UL135myc ΔCIN85, and UL135myc ΔSH3cI/CIN85 

mutant viruses, we PCR amplified alanine-substituted constructs of UL135myc from the 

respective pCIG vectors, using the primers UL135-FWD-63nt and Myc-Rev-UL135, followed 

by DpnI digestion, gel purification, and recombination of the amplicon into the TB40/E 

ΔUL135-GalK BAC using 2-deoxygalactose counterselection. 

 
Transmission Electron Microscopy. HMVEC or MRC-5 cells were mock-infected or 

infected at a multiplicity of infection (MOI) of 4 or 2, respectively, with centrifugal 

enhancement. Infection media was replaced 24 hours post infection for HMVECs and 6 

hours post infection for MRC-5 with normal growth media for each respective cell type. All 

cells were harvested 96 hours post infection (hpi) and fixed in 2.5% glutaraldehyde and 

0.1M PIPES [piperazine-N, N′-bis (2-ethanesulfonic acid)] for 20 minutes. The fixed cell 

pellet was postfixed with osmium tetroxide in 0.1M PIPES and dehydrated in a graded 

series of alcohol. Pellets were infiltrated with resin and cut into 100 nm sections. The 

sections were floated on to copper grids and imaged using a Phillips CM-12s Transmission 

Electron Microscope. Cells were embedded and sectioned by the Arizona Research 

Laboratories, Arizona Health Sciences Center Core Facility. 



 

 

Immunofluorescence imaging. HMVEC and MRC-5 were seeded on to 12 mm glass cover 

slips in 24 well dishes one day prior to infection at a MOI of 4 or 2, respectively. Cells were 

processed for indirect immunofluorescence at 96 hpi for HMVECs and 72 hpi for MRC-5s. 

Cells were fixed in 4% paraformaldehyde in PBS (except for LC3B staining where we used 

ice-cold 100% methanol as a fixative) for 20 minutes. After washing with PBS, cells were 

incubated with 50mM ammonium chloride (NH4Cl) for 10 minutes to quench free 

aldehydes. Cells were blocked and permeabilized with 0.2% saponin in 10% FBS- 

containing 1XPBS for 30 minutes (Table 1). After blocking, the cells were incubated with 

primary antibodies for at least 2 hours. Primary antibodies were prepared by using 

antibody dilution buffer according to the manufacturer’s instructions. After rinsing with 1X 

PBS for at least three times, cells were incubated with secondary antibodies (Table 1) 

diluted in antibody dilution buffer, as per antibody datasheet, for 1 hour in a dark chamber. 

For methanol fixation of cells, we used anti-GFP secondary antibody since methanol 

quenches the fluorescence of GFP 29. Post staining, DNA was stained with DAPI according to 

manufacturer's instructions (Molecular Probes). Coverslips were mounted using Prolong 

Diamond Antifade Mounting agent without DAPI (Invitrogen) according to manufacturer's 

instructions. For Super Resolution-Structured Illumination Microscopy (SR-SIM) imaging, 

cells were cured for 60 hours in dark chamber before imaging. Confocal images were 

obtained with a Zeiss LSM880 inverted confocal microscope (Zeiss, Jena, Germany) with a 

63X Plan Apo 1.4 NA oil immersion objective. All images were further processed using NIH- 

ImageJ 30. Representative single plane images with 0.5µm thickness were adjusted for 

brightness and contrast. Image galleries were created with Adobe Photoshop software 

(Adobe, San Jose, CA). SR-SIM images were obtained using a Zeiss ELYRA S.1(SR-SIM) 



 

 

Super Resolution microscope with a 63X Plan-Apochromat 1.4 NA objective. SIM 

processing and channel alignment were rendered using ZEN imaging software. 

Quantification of the vesicles was conducted using Image J. In brief, invert look-up tables 

(LUTs) of single plane images in two channels were processed and counted for coincidence 

of vesicles using point tools. At least one hundred vesicles were counted for each marker. 

Statistical analysis was performed using the Student’s t-test and error is indicated as SEM. 

 

Immunoblotting. Lysates were collected over a time course and separated by 

electrophoresis on precast 12% Tris-Bis SDS-PAGE gel (Genscript) or 4-20% precast gels 

(BioRad). Gels were transferred onto Immobilon-P PVDF membrane (EMD Millipore). 

Antibodies were incubated in with blocking solution, either 5% milk in TBS-T or 5% BSA in 

TBS-T for 1 hour at room temperature at concentrations indicated in Table 1. After 

antibody staining, blots were incubated with fluorescent secondary antibodies and imaged 

using a Li-Cor Odyssey CLx infrared scanner with Image Studio software. 

Exosome isolation. Dr. Luwanika Mlera generously isolated and prepared the samples for 

this study following Dr. David Meckes protocol32,33. Briefly, HMVEC endothelial cells were 

cultured in media without exosomes. Exosomes were removed from the fetal bovine serum 

using centrifugation at 100,000 x g for 2 hours before adding to the media. EVs from 

HMVEC endothelial cells uninfected control or HCMV positive cells were harvested using a 

modified ExtraPEG method32,33 and subsequently purified on an iodixanol density gradient 

as previously described32,33. Briefly, cell-conditioned medium was centrifuged at 500 × g 

for 5 min to remove cell debris, 2,000 × g for 10 min to remove apoptotic bodies and large 

vesicles, and then 10,000 × g for 30 min to remove microvesicles before incubating with a 



 

 

1:1 volume of 2× PEG solution (16%, wt/vol, polyethylene glycol, 1 M NaCl) overnight. 

Solutions then were centrifuged for 1 h at 10,000 × g to obtain crude EV pellets. Pellets 

were resuspended in phosphate-buffered saline (PBS), ultracentrifuged at 100,000 × g for 2 

h, and then layered on top of a stepwise 5 to 40% iodixanol density gradient. Vesicles were 

recovered from fractions found in the gradient by making a hole at the bottom of the tube 

and collecting 1mL volumes. The 1mL volumes were the fractions used for immunoblotting, 

Fractions were washed in PBS, and repelleted at 100,000 × g for 2 h. Pure EV isolates were 

lysed in strong urea-containing lysis buffer (5% SDS, 10 mM EDTA, 120 mM Tris-HCl [pH 

6.8], 8 M urea) with the addition of a protease inhibitor cocktail (Thermo). . For 

immunoblot analysis of EV proteins, the post-PEG EV pellet was resuspended in 1 ml PBS 

and ultracentrifuged for 70 min at 100,000 × g before lysis in 2× nonreducing Laemmli 

sample buffer (4% SDS, 100 mM Tris-HCl [pH 6.8], 0.4 mg/ml bromophenol blue, 20% 

glycerol). Equal volumes of fraction lysates were analyzed by immunoblotting 



 

 

Table 1: antibodies used in this study 
 

Antibody Speciesa Source Clone Dilution Cellular Compartment 
CD63 M DSHB H5C6 3µg/mLb MVB 

LBPA M Echelon ML062915- 
21 

1:100 MVB 

Clathrin R Cell signaling 4796S 1:50 Endocytic vesicles and cell 
surface 

EEA1 R Cell signaling 3288 1:100 Early endosomes 

Rab5 M BD 
transduction 

610725 1:50 Early endosome 

ALIX M Invitrogen MA1-83977 1:200 MVB 
Rab7 R Cell signaling 9367 1:100 Late endosome 

P230 c M BD 
transduction 

611280 1:400 Trans-Golgi 

Rab6 R Cell signaling 9625 1:400 Golgi-ER 
Rab11 R Cell signaling 5589 1:100 Recycling endosomes 

Rab14 R Sigma- 
Aldrich 

R0656 1:200 Endosome-Golgi 

AP-2 M Abcam ab2807 1:100 Endosome 

AP-1 d M Sigma- 
Aldrich 

A4200 1:100 Trans Golgi network 

AP-3 M DSHB SA4 5µg/mL e Trans-Golgi network 

LAMP1 R Abcam ab62562 1:500 Late endosome- 
Lysosome 

LC3B f R Cell signaling 3868 1:200 Autophagosome 

GM130 M BD 
transduction 

610822 1:100 cis-Golgi 

Anti-GFP M DSHB G1-c 2ea 5 µg/mL g n/a 

Alexa 
Fluor 647 

N/A Thermo 
Fisher 

 1:1000 n/a 

Alexa 
Fluor 568 

N/A Thermo 
Fisher 

 1:1000 n/a 

IE1/2 M Gift from 
Thomas 
Shenk, 
Princeton 
University 

3H4 1:1000 n/a 

UL44 M Virusys 10D8 1:2500 n/a 

Pp28 M Gift from 
Thomas 
Shenk, 
Princeton 
University 

10B4-29 1:50 n/a 

GAPDH M Abcam  1:15000 n/a 
Rab8A R Abcam EPR14873 1:1000 Secretory Autophagy 
Rab8B R Abcam polyclonal 1:1000 Degradative Autophagy 



 

 

Chapter 3: HCMV induces different vesicles in different cell 

types 

Following our published work, we investigated the MVB-like vesicles in detail. Electron 

micrographs showed MVB-like vesicles containing viral material like virions and ILVs in 

both endothelial cells (ECs) and fibroblasts (figure 6). Virions inside of the vesicles showed 

that secondary envelopes had been acquired (figure 6). The virions varied in that some had 

DNA enclosed in its capsid while others did not (Figure 6). By electron microscopy, the 

vesicles derived from either cell type appeared to be equivalent in size. 

The physical appearance of the vesicles resembled classic MVBs, therefore, to define the 

identity of the vesicles found in infected cells we targeted classic MVB markers. These 

markers included CD63 and LBPA. CD63 is a tetraspanin that is commonly enriched on the 

limiting membrane of MVBs, while LBPA is a phospholipid enriched in ILVs. Each cell type 

was infected with the appropriate multiplicity of infection (MOI) that led to 60-70% 

infection in cell cultures. This was done to accommodate for different timing in cell 

progression of either ECs or fibroblasts34. We also adjusted the timepoints for the infection 

duration. Endothelial cells have an accumulation peak of early and late viral genes 

approximately 24 hours after that of fibroblasts34. Therefore, we chose to collect infections 

of ECs at 4 days post infection and fibroblast at 3 days post infection. At these time points 

both cell types display cytopathic effects and a developed viral assembly compartment 

(vAC), a unique HCMV perinuclear aggregation of both host and viral components34. For 

infections we used a recombinant TB40/E strain in which the viral gene UL32 is fused with 

GFP. When the gene UL32 is expressed, it produces the tegument protein pp150. For this 

recombinant strain whenever UL32 is expressed so is GFP. The result is GFP positive 



 

 

pp150. The advantage of using pp150 is strongly associated with the capsid. Using a 

recombinant virus that has a visual marker like GFP expressed along with the protein was 

used in our work to identify virions by immunofluorescent microscopy. 

To test if the vesicles are classic MVBs, we probed for CD63 and LBPA via IF. Both 

uninfected endothelial cells and fibroblast displayed CD63 in a puncta formation which is 

standard for the protein. However, in the context of infection, CD63 appeared differently 

between the two cell types. In infected fibroblasts CD63 retained its puncta formation 

(figure 7B). As expected, CD63 co-localized with the pp150 positive vesicles in fibroblast 

(figure 7B & C). In infected endothelial cells CD63 appeared dispersed throughout the 

cytoplasm (figure 7A). Quantification of pp150 positive vesicles in fibroblast showed 90% 

co-localization with CD63 (figure7C). Interestingly, in endothelial cells CD63 did not co- 

localize with pp150 positive vesicles (figure 7A & C). The results for ECs were atypical, 

however, CD63 is not exclusive to MVBs as CD63 can also be found on the cell surface, mast 

cells and ILVs35,36. It may be possible that during infection the transcription or translation 

of CD63 is disrupted. It is also possible that CD63 is being redirected or degraded leaving 

behind negligible protein levels that IF cannot pick up. Finally, another explanation to this 

phenotype is that during infection CD63 pos-translational modifications are changed and 

therefore the antibody used for this experiment could not label CD63. All of these 

possibilities should be further explored. 

Next, we probed for LBPA, a phospholipid enriched in ILVs. Once again, both cell types 

showed the typical LBPA puncta in uninfected cells. LBPA did co-localize with the pp150 

positive vesicles in fibroblast (figure 8B & C). Quantification of the vesicles in infected 



 

 

fibroblast showed 97% co-localization with LBPA (figure 8C). These results together with 

the co-localization of the vesicles with CD63, suggest that the vesicles induced in infected 

fibroblast are classic MVBs. This was not the case for ECs. 

Though uninfected ECs showed the presence of LBPA, infected cells completely lacked 

LBPA (figure 8A). This striking phenotype is one that calls for future investigation. The 

absence of LBPA may have to do with the redirection of cargo to late endosomes in the 

absence of the phospholipid. This phenomenon will be further discussed in chapter 6. The 

lack of co-localization with either CD63 or LBPA suggest that the vesicles induced in 

infected ECs are not classic MVBs. The vesicles were also negative for EEA1 (early 

endosomes), Rab5,6,7,11, and 14, AP1,2, and 3, ALIX and p230; suggesting that these 

vesicles are not derived from the typical endocytic or biosynthetic pathways34. 

After unsuccessful identification of the vesicles induced in infected ECs, we probed for 

classic autophagy markers LAMP-1 (lysosomal marker) and microtubular-associated light 

chain 3 (LC3B) an autophagosome marker, and standard for measuring autophagy flux 

(figure 9A &B). In addition, we probed for the cis-Golgi marker GM130 (figure 9C). 

Interestingly, the pp150 positive vesicles were positive for all three markers. LAMP-1 and 

GM130 were found on the limiting membrane of the vesicles, while LC3B was found inside 

the vesicles as cargo (Figure 9). These findings are interesting because LC3B has recently 

been shown to be hijacked during HCMV infection for the envelopment of infectious 

particles34,37,37. Also, GM130 and LAMP-1 have been identified in lysosomal storage vesicles 

that contribute to the pathogenesis of lysosomal storage disease34,38,38. The SA pathway has 

also been indicated to have a role in lysosomal storage disease39. Furthermore, all three 



 

 

proteins have significant roles in the SA pathway40. Together these results suggest that the 

SA pathway may have a role during infection of ECs. 

Collectively, this chapter highlights that HCMV infects cell types differently. While the 

vesicles in fibroblast are classic MVBs, ECs induce nonconical vesicles. This section also 

opens the possibility that the virus may be co-opting the secretory autophagy pathway 

during infection. 



 

 
 
 
 
 
 

Virions are incorporated into MVBs 
 
 
 
 

 

 

Momtaz S, Molina B, Mlera L, Goodrum F, Wilson JM. Cell type-specific biogenesis of 

novel vesicles containing viral products in human cytomegalovirus infection. J Virol. 
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Figure 6: Virions are incorporated into MVBs. TB40/E- 

infected HMVECs (MOI, 4) or fibroblasts (MOI,1) were imaged by 

transmission electron microscopy. Multi-vesicular bodies (black 

arrows) are present in the cytoplasm. The lumen of the MVBs 

contain virions (filled arrowheads) and ILVs (open arrowheads). 

Scale bars, 500nm. Citation: Momtaz et al. 2020 



 

 
 

 

CD63 shows differential association with UL32-GFP- 

positive vesicles 
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Figure 7:. CD63 shows differential association with UL32-GFP- 

positive vesicles in HMVECs and fibroblasts. Uninfected or TB40/E-UL32- 

GFP-infected HMVECs (MOI, 4) (A) or fibroblasts (MOI,1) (B) were fixed at 

96 and 48 hpi, respectively. (A and B) Cells were labelled with mouse anti- 

CD63 (red) and imaged by confocal microscopy. Nuclei are stained with 

DAPI. The large UL32-GFP-positive vesicles do not colocalize with CD63 in 

HMVECs (arrowheads, insets) but do colocalize with CD63 in fibroblasts 

(C) Quantification of the percentage of vesicles that contain the CD63 that 

are also positive for UL32-GFP, ** p< 0.01. HMVEC and fibroblasts 

(arrows). Scale bars, 20μm. Citation: Momtaz et al. 2020 



 

 

 

LBPA is absent in infected endothelial cells 
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Figure 8: LBPA is absent in infected endothelial cells. Uninfected or 

TB40/E-UL32-GFP-infected HMVECs (MOI, 4) (A) or fibroblasts (MOI,1) 

(B) were fixed at 96 and 48 hpi, respectively. (A and B) Cells were labelled 

with anti-LBPA (red) and imaged by confocal microscopy. Nuclei are 

stained with DAPI. The large UL32-GFP-positive vesicles do not colocalize 

with LBPA in HMVECs (arrowheads, insets) but do colocalize with LBPA in 

fibroblasts (C) Quantification of the percentage of vesicles that contain the 

LBPA that are also positive for UL32-GFP, ** p< 0.01. HMVEC and 

fibroblasts (arrows). Scale bars, 20μm. Citation: Momtaz et al. 2020 



 

 

LAMP1, GM130, and LC3B localize to UL32-GFP- 

positive vesicles in HMVECs 
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Figure 9: LAMP1, GM130, and LC3B localize to UL32-GFP-positive 

vesicles in HMVECs. Uninfected or TB40/E-UL32-GFP-infected HMVECs 

were labelled with (A) anti-LAMP1 (late endosomes-lysosomes), (B) anti- 

LC3B (autophagosomes), and (C) anti-GM130 (cis-Golgi) antibodies and 

secondary antibodies conjugated to Alexa-fluor (red). Nuclei, blue. In 

uninfected cells, LAMP1 and LC3B are distributed throughout the 

cytoplasm. GM130 is localized to the perinuclear region, In infected cells, 

LAMP1, LC3B, and GM130 all colocalize on UL32-GFP-positive vesicles 

(arrows). Scale bars, 20μm. Citation: Momtaz et al. 2020 



 

 

Chapter 4: The role of autophagy in HCMV infection at the endothelium 

The cargo in MVBs can have different fates. In Chapter 1 we discussed cargo being 

exocytosed as exosomes or degraded by the lysosome. However, the mechanism by which 

this happens can also have different routes (figure 10). MVBs can directly fuse with the 

plasma membrane to exocytose the material found inside in ILVs or can fuse with the 

lysosome to degrade. MVBs can also be incorporated into the autophagic pathway by 

merging with an autophagosome to create an amphisome40. The amphisome can also have 

different fates. The amphisome can fuse with the lysosome for degradation or follow the 

secretory autophagy pathway to release not only the ILVs originally found inside the MVB 

but also material inside the autophagosome (figure 10) 40. Material from both the secretory 

autophagosomes and the MVBs can be identified as released cargo40. In addition, the 

amphisome can be positive for both autophagic and MVB markers like LAMP-1 and LC3B40. 

Additionally, the secretory autophagy pathway is the mechanism by which the exocytosis 

of unconventional secretion of leaderless proteins occurs. Many viruses hijack the SA 

pathway for egress. The following section will go into depth on the secretory autophagy 

pathway (SA) and how it may favor viruses. 

Secretory and degradative autophagy: 

 
Classic degradative autophagy is typically thought of as the mechanism for self-digesting 

targeted material from the cytoplasm. Degradative autophagy (DA) aids in maintaining the 

homeostasis of the cell by degrading damaged organelles, protein aggregates or proteins 

prone to aggregating, depolarized mitochondria and invading microbes (basal 

autophagy)40. Degradative autophagy also contributes to the recycling of nutrients during 

cell starvation and acts as a quality control for cytoplasmic contents when stimulated 



 

 

(autophagic flux)40. However, in recent years, studies have focused on alternative functions 

of the autophagy pathway, which includes the unconventional secretion of leaderless 

proteins. 

Cargo targeted for secretion typically has a signaling peptide that allows the cargo to enter 

the ER and traffic toward the Golgi40. The cargo is then able to traffic through the classic 

secretory pathway. Yet, there are a subset of proteins that lack signal peptides but are still 

successfully secreted from cells. These proteins are referred to as leaderless proteins40. 

Recent studies have found that leaderless proteins are secreted via the unconventional 

protein secretion pathway (UCPS), also known as the secretory autophagy pathway (SA) 40. 

Examples of material that is released from the cell via this pathway include: protein 

aggregates, mitochondria, left over organellar material, bacteria, and viruses40. 

The SA pathway starts at the ER where the development of Omegasomes is thought to 

occur, which are precursors to autophagosomes. Omegasomes are marked with GRASP 

proteins which interact with proteins like GM130 to promote the formation of the 

vesicle40,41,42. It is known that secretory autophagosomes travel on microtubules toward 

the plasma membrane where they can fuse and release their material40. The cargo selection 

and loading of secretory autophagosomes is still a major unknown in the field. However, 

cell biology studies have identified several proteins that traffic through the SA pathway. 

Studying the trafficking of these proteins has alluded to important host interactions that 

distinguish the SA from the DA pathway. The best studied leaderless protein is Interleukin 

1 beta (IL-1β). 



 

 

Establishment of SA pathway markers in the field of cell biology: 

 
Interleukin 1 beta is a proinflammatory cytokine that is processed in the cytoplasm. It is 

also the prototypical protein for secretory autophagy. Vojo Deretic’s group was among the 

first to conclude that secretion of IL-1β was dependent on a different mechanism of 

autophagy. While several studies found that basil autophagy inhibits IL-1β, Deretic’s group 

found that active autophagy (autophagy flux) increased secretion43-45. The group treated all 

cells with Brefeldin A, which interrupts ER to Golgi trafficking, and separated cells by two 

conditions. One group of cells were not stimulated well the other group was starved to 

activate autophagy45. The result was that secretion decreased for cells that were not 

stimulated (basal autophagy). However, stimulating autophagy increased the secretion of 

IL-1β. Next, the group sought to determine the involvement of autophagy in the trafficking 

of IL-1β. Using immunofluorescent microscopy, Deretic’s group examined if IL-1β 

colocalized with LC3. They observed puncta that was positive for both proteins. Suggesting 

vesicles that may be trafficking down an autophagy pathway. Next, the group observed 

that Rab 8A also colocalized with the vesicles. Rab 8A is a regulator of polarized membrane 

trafficking and membrane fusion. To determine if Rab 8A is involved in the trafficking of IL- 

1β, the group used siRNA to knockdown Rab 8A. The group found no changes in mRNA 

levels but did find that the knockdown of Rab 8A inhibited IL-1β secretion. In addition, the 

group found that GRASP 55 protein also colocalized with the same vesicles. Also, the 

knockdown of GRASP 55 inhibited the secretion of IL-1β. To determine if the SA pathway 

was specific to IL-1β or not, the group followed the same experiments with high motility 

group box 1 protein. The group found that the protein is secreted through the same 

pathway IL-1β, confirming that the SA pathway is a general process. The major findings of 



 

 

this study are that Rab8A and GRASP 55 are necessary for the SA pathway. From this study 

markers for the SA pathway were defined. Now it is known that Rab 8A, is closely 

associated with cargo whose fate is to be secreted via the SA pathway and facilitates he 

egress of SA cargo by interacting with Rab27A 46. Evidence supporting this suggestion 

comes from studies of the protein HMGB1, which is known to be secreted by the SA 

pathway46. Knockdown of Rab8A or Rab27A in HEK293T cells dramatically decreased 

HMGB1 secretion46. Other proteins that distinguish the SA from the degradative pathway 

included Rab 8B and TANK-binding kinase 1 (TBK-1). 

Early studies of the involvement of Rab 8B in autophagy were conducted on mycobacteria. 

Researchers in the field had already established that elimination of mycobacteria from the 

cell involved the autophagic pathway47-50. The group began by investigating Rab proteins 

that were associated with this process. The team conduced a systematic screen on a library 

of siRNAs to all murine Rabs and found that both Rab 8A and Rab 8B were present 47. 

However, the knockdown of Rab 8B had the strongest association with the inhibition of the 

clearance of mycobacteria47. Rab 8B is downstream of TBK-1 therefore, the protein was 

also investigated in this process47. 

TBK-1 is widely known as a kinase that is an inducer of type-1 interferons; however, TBK-1 

also is known to be required for autophagosome maturation and plays a role in 

determining the fate of cargo going to the classic degradative pathway through its 

interaction with Rab 8B51. The study showed that the knockdown of TBK-1 inhibited the 

elimination of mycobacteria47. To further investigate how the interaction between Rab 8B 

and TBK-1 maybe modulating autophagic flux, the team resorted to immunofluorescent 



 

 

microscopy47. Cells were labeled for LC3, Rab 8B, and TBK-1. The study showed that both 

Rab 8B and TBK-1 colocalized with LC347. The team repeated the I.F. experiment however, 

this time the team used knockdowns of TBK-1 and Rab8B proteins. This time the LC3 

puncta were increased when the cell lacked TBK-1 and decreased when Rab8b was 

knocked down47. The team also found that the knock down of Rab8b led to the inefficiency 

of P62 clearance when autophagy was not induced47. These results were confirmed by 

immunoblots. Furthermore, the team found that TBK-1 also reduced levels of P6247. When 

TBK-1 is absent there is an accumulation of P62, indicating a deficit in autophagic flux. It is 

now known that TBK-1, after interaction with Rab8b, phosphorylates autophagy adaptors 

optineurin and P62, which then promotes degradation of autophagosomal contents29. 

Other studies have supported the importance of Rab8A to the SA pathway and the field has 

identified it as a specific marker for the pathway 52. 

P62 is found in all tissues, the cytoplasm, mitochondria, nucleus, and autolysosomes53. The 

protein interacts with the autophagy machinery via a LC3 interacting region (LIR)54,55. P62 

also has a ubiquitin associated (UBA) region that allows for the recruitment of 

ubiquitinated cargo54,55. Together the LIR and UBA regions ensure that P62 recruits the 

correct cargo and can disassociate when the degradation step takes place. 

P62 is also involved in regulating the endocytic pathway. P62 promotes the recruitment of 

endocytic vesicles to the perinuclear area and creates a cluster of vesicles that can then be 

promoted to move to the periphery of the cell56,57. The involvement of P62 in both the 

endocytic and autophagic pathway make this protein ideal to pair with LC3B II to measure 

autophagic flux58,59. The advantage of using P62 alongside LC3B II is that P62 does not 



 

 

require additional lysosomal inhibitors and P62 typically does not significantly change 

when autophagy is induced53,60,61. In fact, changes in P62 levels are usually subtle53,60,61. 

For this study we used LC3B II along with P62 to measure autophagic flux during infection 

in endothelial cells. 

Secretory autophagy and viruses: 

 
Viruses often commandeer established host pathways to enhance the success of infection 

and spread. In the case of secretory autophagy, viruses can directly use this pathway for 

egress. The best studied viruses that hijack the SA pathway are RNA viruses40,52 ,62. RNA 

viruses were mostly thought to exit the cell in a lytic way as they do not have envelopes, 

however it was recently found that these viruses use the SA pathway to egress in a non- 

lytic manner62,,63. The enterovirus Polio is the most studied virus that has been identified 

to use this pathway. It has been shown that poliovirus uses the SA pathway by 

incorporating viral particles into autophagosomes that are LC3B positive64. These vesicles 

have been confirmed to fuse to the plasma membrane and contain an average of 19 

virions/ vesicle64. Using the SA pathway is advantageous for viruses because it can add 

protection to the virus from the host immune defense30,64. 

Results: 

 
Autophagic flux is not induced in infection of endothelial cells or fibroblast 

 
To determine if autophagy is induced during infection, endothelial cells and fibroblasts 

were infected with HCMV. Protein levels of P62 and LC3B II were measured by 

immunoblotting. In our previous work we established different MOI and timepoints for the 

two cell types that best accommodated for different timing in cell progression of either ECs 



 

 

or fibroblasts34. Each cell type was infected with the HCMV TB40/E strain at the 

appropriate multiplicity of infection (MOI) that led to 60-70% infection in cell cultures. 

Lysates were collected for infections of ECs at 4 days post infection and fibroblast at 3 days 

post infection. To keep consistency among all results we chose to keep the timepoints and 

MOI for each cell type for all experiments. Proteins LC3B II and P62 were chosen to 

measure active autophagy in combination. This is because measuring LC3B II alone would 

only give information about the induction and maturation of autophagosomes61. However, 

P62 is a gold standard for monitoring degradative autophagy58,59. The measurement of 

both protein levels indicates changes in autophagy flux. In addition, it has been suggested 

in the field that when measuring autophagic flux, LC3B II measurements are combined with 

another autophagic marker58,59 (figure 11A). When there is a deficit in degradative 

autophagy P62 cannot be degraded, therefore, there is an accumulation of the protein 

present in the cell. Our results showed that P62 did not fluctuate among the cell types for 

either mock or infected sample conditions (figure 11B). 

LC3B II levels when combines with another autophagic marker like P62 is another 

indicator of autophagy flux. It is important to note that this measurement does not 

distinguish between different types of autophagy, such as the SA pathway, because LC3B II 

is important and involved in autophagy in general. Protein levels of LC3B II were measured 

using immunoblotting. The results did not demonstrate any significant changes between 

either cell type for mock or infected conditions (figure 11 C). 

To determine the role of pUL135 and its interactors CIN85 and Abi-1 in modulating 

autophagy at the endothelium, cells were infected with TB40/E or recombinant viruses 



 

 

disrupted for expression of pUL135 (ΔUL135STOP ) or virus lacking the ability to interact 

with both Abi-1 and CIN85 (ΔSH3CI/CIN85). Lysates were collected 4 days post infection 

and probed for P62, LC3B I and II. Results for P62 in uninfected and wildtype infections 

were consistent with our previous results. P62 levels did not fluctuate and were similar 

among conditions (figure 12A and B). Interestingly, P62 decreased in cells infected with 

ΔUL135STOP (figure 12B). Infection with ΔSH3CI/CIN85 also results in decreased P62 levels, 

however, not as low as those found in cells infected with ΔUL135STOP. These results suggest 

that pUL135 and its interaction with both Abi-1 and CIN85 may have a role in restricting 

degradative autophagy during infection in ECs. A possible explanation may be that pUL135 

and its interactors may be interfering with lysosomal activity, therefore affecting the 

degradation of cargo. Another possibility is that these proteins are interrupting the fusion 

of autophagosomes with the lysosome itself, again preventing the degradation of cargo. 

LC3B II has been used throughout this study in conjunction with P62 protein levels to 

measure autophagy flux, referring to the flow of steps that lead to degradation. Like 

previous results, LC3B II in uninfected and wildtype infected ECs was unchanged, 

resembling the findings in chapter 4. When the virus lacked UL135 expression, LC3B II 

levels increased beyond that of wild-type infection (figure 12C). These results corroborate 

with the results for P62, further supporting that UL135 may be restricting or limiting 

autophagy during HCMV infection. Interestingly, LC3BII levels in cells infected with 

∆SH3c1/CIN85 resemble the wildtype infection. It is hard to conclude the role of these 

interactor just based on the LC3B II results. When the virus is unable to interact with either 

protein, P62 decreased suggesting active degradation of the protein. The lack of change in 

LC3B II with cells infected with ∆SH3c1/CIN85 may be more of a representation of the 



 

 

number of phagosomes that have matured to autophagosomes. Perhaps the maturation of 

autophagosomes was not affected. This explanation would also support that pUL135 and 

its interactors may limit autophagy in late stages at the lysosome. However, this 

experiment represents a single experiment and must be repeated before any conclusions 

are made. 

Rab 8A and B are induced differently during infection 

 
Our published work showed that the vesicles induced in infected ECs have autophagic 

markers LAMP-1, LC3 and the cis-Golgi marker GM130. All three markers are part of the 

secretory autophagy pathway40. To determine the role of the SA pathway during infection, 

we measured both Rab8A and Rab8B by immunoblotting whole cell lysates in both 

endothelial cells and fibroblast (figure 13A). Like our previous experiments, timepoints 

and MOI were adjusted to fit appropriate timing of infection for both cell types to be 

comparable. Endothelial cells were infected at an MOI of 4 and collected on day 4 post 

infection. Fibroblast were infected at an MOI of 2 and collected at day 3 post infection. Rab 

8A was chosen because it is necessary for the SA pathway and is used as a marker in the 

field. Rab 8B was chosen for its role in degradative autophagy. These proteins were chosen 

to distinguish degradative autophagy from secretory autophagy. 

The results show that the levels of Rab 8A present in endothelial cells was generally higher 

than that or fibroblast regardless of infection. However, there is an increase in Rab 8A 

during infection in ECs that is not observed in fibroblast. Still this increase was not 

significant (figure 13A and B). By contrast, Rab 8A levels in fibroblast decreased during 

infection compared to mock (figure 13 B). This may suggest that the secretory autophagy 



 

 

pathway is not frequently used in this cell type during infection. The results for levels of 

Rab 8B in ECs were opposite of Rab 8A. Levels of Rab 8B were higher for uninfected ECs, 

however, infection in ECs lowered the level of Rab 8B (figure 13C). 

Viral protein UL135 and its host interactors, CIN85 and Abi-1, modulate Rab8 

isoform levels. 

To determine viral genes and interactions that may be contributing to Rab 8A changes in 

endothelial cells, we used virus that lacked pUL135 expression or UL135 interaction with 

CIN85 and Abi-1 (figure 14A). The cells were infected at an MOI of 4 and lysates were 

collected at day 4 post infection. Whole cell lysates were used for immunoblotting. As 

expected from our previous results, HCMV infected cells had higher Rab8A levels. However, 

in virus lacking the expression of pUL135, Rab8A was more induced than in wildtype 

infections (figure14 A and B). The same is true for virus lacking interactions with host 

proteins Abi-1 and CIN85 (figure 14B). Likewise, when the virus is not able to interact with 

the host adaptor proteins, Rab8A levels increased in comparison to mock and wildtype. 

This suggest that UL135 may be modulating the SA pathway through its interactions with 

Abi-1 and CIN85. However, an alternative interpretation is that the interactions itself with 

the two adaptor proteins are what is contributing to changes in Rab 8A during infection. 

Both the virus UL135STOP and the virus UL135ΔSH3CI/CIN85 lack adaptor interactions, 

however, UL135 is expressed in the latter. It will be crucial to repeat this experiment only 

one replicate. 

Exosomes derived from infected endothelial cells have Rab 8A present but not 

exosomes from fibroblast 



 

 

We have previously shown that MVB-like vesicles incorporate viral material. These vesicles 

also co-localized with autophagy markers, like LAMP-1 and LC3. In addition, we found that 

both Rab 8A and B are present in whole cell lysates of infected cells. For the next 

experiment we used such markers to probe the contents of exosomes derived from infected 

and uninfected cells. In addition to these markers, we chose to probe for Rab8 isoforms. 

Rab8A and Rab8B are two Rab proteins that are used in the field to distinguish between 

degradative and secretory autophagy. Exosomes were purified using Dr. Mecke’s ExtraPeg 

method32,33. HMVEC endothelial cells and fibroblast were cultured in media without 

exosomes. The cells were plated at the same density and one set of cells were infected with 

TB40/E HCMV strain. EVs from HMVEC endothelial cells or fibroblast were harvested at 

day 5 post infection and subsequently purified on an iodixanol density gradient as 

previously described32,33. Briefly, supernatant medium was centrifuged at 500 × g for 5 min 

to remove cell debris, 2,000 × g for 10 min to remove apoptotic bodies and large vesicles, 

and then 10,000 × g for 30 min to remove microvesicles before proceeding with the 

purification. Dr. Mlera also determined and confirmed that the virus particles were left 

behind in the supernatant after centrifuging at 10,000 x g (unpublished work). This 

ensured that there were no viral particle contaminants in our exosomal samples. 

Exosome contents are sorted early on when ILVs are formed. ILVs form from the 

backfusion of the limiting membrane of the original MVB, thus cargo sorting into the ILVs 

depends on the MVB type and destination65,66. When the MVB fuses with the plasma 

membrane it releases the ILVs into the extracellular space. The nomenclature for ILV 

changes to exosome to describe the act of an ILV that is now outside of the cell67-69. 

Exosomes can serve as a proxy for the mechanism by which cargo was sorted and 



 

 

excytosed. Cargo content of exosomes depends on the biogenesis, cell type and the 

physiological condition of the cell70-74. Cargo like proteins, lipids, and miRNA can mirror 

components of the mechanism by which content is sorted, the mechanism of release, and 

the condition of the cell. Therefore, to determine the involvement of the SA pathway in the 

biogenesis of the virus induced MVBs we infected both endothelial cells and fibroblast with 

HCMV. Exosomes derived from both cell types that were infected or not were collected and 

fractionated as described above (figure 15 A and B). 

We probed for LC3B, which we found to be cargo for these vesicles, LAMP-1 which 

colocalizes with the membrane of the vesicles and Rab 8A or Rab 8B, to distinguish the SA 

pathway from degradative autophagy. The results demonstrated differences in both cell 

types with regards to protein fraction location and cargo content (figure 15 A and B). 

Exosome blots derived from uninfected endothelial cells showed the protein Rab8A to be in 

fractions 2,4,5 and 6 (figure 15A). The same protein is only found in fractions 5 and 6 in 

infected endothelial cells (figure 15A). Rab8B was present in exosomes derived from 

uninfected cells in fractions 5 and 6 (figure 15A). On the contrary, Rab 8B was absent from 

all fractions derived from infected endothelial cells (Figure 15A). These results may 

indicate that the SA pathway is involved in the trafficking of the virus induced MVBs. 

Alternatively, the results may also reflect more inactive Rab8A in the cytoplasm that may 

have been taken up during backfusion of ILVs. When Rab 8A is not phosphorylated it 

localized in the cytoplasm75-77. When the protein is active, Rab 8A is bound to 

membranes75-77. The results only show that Rab 8A is present at a larger concentration 

during infection, but it does not show whether Rab8A is phosphorylated or not. It would be 

interesting to repeat this experiment and treat samples with a phosphatase inhibitor to 



 

 

preserve the phosphorylation state of Rab8A during cell lysis. If there is an increase in 

active Rab8A during infection it would further support the hypothesis that the SA pathway 

is induced during infection. 

Next, we conducted the same experiment on fibroblast, a more permissive cell type. The 

results showed major differences in exosomes derived from endothelial cells or fibroblast. 

Immunoblots of exosomes derived from either infected or uninfected fibroblast showed an 

absence of Rab8A (figure 15B). Contrary to endothelial cells, Rab8B was present for both 

uninfected and infected fibroblast. Rab8B in uninfected cells was on fractions 3 and 6 

(figure 15B). In infected cells there is a shift in the fractions that have Rab8B present. 

Exosomes obtained from infected fibroblast showed Rab8B present in fractions 3,5,6, and 8 

(figure 15B). Shifts in content might indicate that during infection the exosomal 

composition of the content changes during infection. This may be important for enhancing 

secondary infection in naive cells. 

Autophagy markers, LAMP-1 and LC3B were also present on the exosomes. LAMP-1 was 

present for endothelial derived exosomes regardless of infection (figure 15A). However, 

the protein was concentrated in different fractions. For uninfected endothelial cells, LAMP- 

1 was present in fractions 2 through 10 and in fraction 12 (figure 15A). Also, LAMP-1 was 

more concentrated in fractions 4 through 8. For exosomes from infected cells, the protein 

was found on fractions 4 through 12. Fraction 6 ,7,9 had the most LAMP-1 present (Figure 

15A). Immunoblots of exosomes derived from fibroblast also showed LAMP-1. However, 

the protein was present in less fractions and lower concentrations (figure 15B). In 

exosomes of uninfected fibroblast, the protein was present in fractions 3 and 6 through 8. 



 

 

Fraction 6 had the most LAMP-1 present. Exosomes taken from infected cells showed 

LAMP-1 in fractions 3through 9. Fraction 6 for the infected cells was also the fraction that 

had the most LAMP-1 present (figure 15B). These results may suggest that composition 

changes for infection in general. There may be a modification that results in LAMP-1 being 

concentrated in fraction 6. This modification may be important for infection in general. 

LC3B, another autophagy marker, was also present in the exosome immunoblots. 

 
Exosomes from uninfected endothelial cells showed LC3B in fractions 2 and 4 through 10, 

with the most concentration in fraction 4 (figure 15A). For exosomes from infected cells, 

LC3B was on fractions 6, 7, and 9 through 11. There is a noticeable difference in LC3B 

concentration between infected and uninfected derived exosomes (figure 15A). There is a 

shift from higher concentrations of the protein in fraction 4 to fractions 5 and 6 for infected 

endothelial exosomes. There is also an obvious difference in LC3B levels among 

endothelial cells and fibroblast. LC3B is present in fibroblast exosome samples, but the 

levels of the protein are much lower when compared to endothelial cells (figure 15 A and 

B). In exosomes from uninfected fibroblast, LC3B was only on fraction 6 at low levels 

(figure 15B). For samples from infected cells, LC3B was on fractions 3, 5, 6, and 8, with the 

highest concentration in fraction 6. Fraction 6 for both cell types regardless of condition 

has all autophagy related the proteins present at a higher concentration than mock. Except 

for the Rab8 isoforms. 

In all, the results in this chapter have highlighted that although basal autophagy is present 

for both ECs and fibroblast, autophagic flux is not stimulated during infection. This chapter 

also highlights the possible involvement of the SA pathway during the infection of 



 

 

endothelial cells by showing changes in Rab8A levels. Furthermore, the results suggest the 

involvement of pUL135 and its interactors in modulating the SA and DA pathway in 

autophagy. 
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MVBs can traffic through different routes 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 

 

Figure 10: MVBs can traffic through different routes. This schematic 

depicts different trafficking routes MVBs can take regarding autophagy. 

The first route that is highlighted is the degradative autophagy pathway. 

Here RAB8B and its interaction with TBK-1 govern cargo trafficking to the 

lysosome to be degraded. If this interaction is lacking than RAB8A and 

RAB27A redirect cargo to exocytose. This can happen directly from the 

MVB or from a hybrid vesicle called the amphisome. 



 

 

Autophagic flux is not induced in infection 
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Figure 11: Autophagic flux is not induced in infection. (A) HMVEC 

endothelial cells and MRC-5 fibroblast were infected with TB40/E at an 

MOI of 4 for endothelial cells and 2 for fibroblast. The cells lysates were 

collected on day 4 post infection for endothelial cells and day 3 post 

infection for fibroblast. Lysates were separated by SDS-PAGE 12% bis-tris 

precast gel, transferred on PVDF membranes, and blotted with anti-IE1, 

anti-IE2, anti-P62, anti- LC3B and anti-tubulin was used as a loading 

control. (B) P62 protein concentration was quantified using a Li-Cor 

Odyssey CLx infrared scanner with a Li-Cor Odyssey CLx infrared scanner 

with Image Studio software and graphed to show protein concentrations 

normalized to tubulin. (C) LC3B I and II protein concentrations were 

quantified using the a Li-Cor Odyssey CLx infrared scanner with Image 

Studio software analysis tool and graphed to show protein concentrations 

normalized to tubulin. Graphs represent the mean of 2-3 replicates and 

error bars represent SEM. 



 

 
 
 

pUL135, Abi-1 and CIN85 have a role in modulating autophagy 

during infection in ECs 
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Figure 12: pUL135, Abi-1 and CIN85 have a role in modulating 

autophagy during infection in ECs. (A) HMVEC endothelial cells were 

infected with TB40/E , or recombinant viruses lacking the expression of 

pUL135 or lacking the ability to interact with both Abi-1 and CIN85 at an 

MOI of 4. The cells lysates were collected on day 4 post infection. Lysates 

were separated by SDS-PAGE 12% bis-tris precast gel, transferred on PVDF 

membranes, and blotted with anti-IE1, anti-IE2, anti-P62, anti-LC3B, anti- 

UL135 and anti-tubulin was used as a loading control. (B) P62 protein 

concentrations for EC samples were quantified using a Li-Cor Odyssey CLx 

infrared scanner with Image Studio software and graphed to show protein 

concentrations normalized to tubulin. (C) LC3B II protein concentrations 

for EC samples were quantified using a Li-Cor Odyssey CLx infrared 

scanner with Image Studio software and graphed to show protein 

concentrations normalized to tubulin. Graphs represent a single 

experiment. 



 

 

Rab8 isoform levels present in ECs and fibroblasts 
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Figure 13: Rab8 isoform levels present in ECs and fibroblasts. (A) 

HMVEC endothelial cells and MRC-5 fibroblast were infected with TB40/E 

at an MOI of 4 for endothelial cells and 2 for fibroblast. The cells lysates 

were collected on day 4 post infection for endothelial cells and day 3 post 

infection for fibroblast. Lysates were separated by SDS-PAGE 4-12% bis- 

tris precast gel, transferred on PVDF membranes, and blotted with anti- 

IE1, anti-IE2, anti-RAB8A, anti- RAB8B and anti-tubulin was used as a 

loading control. (B) The second replicate blot is shown to emphasize the 

need for more replicates to determine the role of RAB8 isoforms. (C) 

RAB8A and RAB8B protein concentrations for EC samples were quantified 

using the a Li-Cor Odyssey CLx infrared scanner with Image Studio 

software analysis tool and graphed to show protein concentrations 

normalized to tubulin. (D) RAB8A and RAB8B protein concentrations for 

EC samples were quantified using the a Li-Cor Odyssey CLx infrared 

scanner with Image Studio software analysis tool and graphed to show 

protein concentrations normalized to tubulin. Graphs represent a single 

replicate. 
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Figure 14: pUL135 and its interaction with Abi-1 and CIN85 modulate 

Rab8A levels during infection in ECs. (A) HMVEC endothelial cells were 

infected with TB40/E, ΔUL135STOP, or ΔSH3CI/CIN85 at an MOI of 4. The 

cells lysates were collected on day 4 post infection. Lysates were separated 

by SDS-PAGE 4-12% bis-tris precast gel, transferred on PVDF membranes, 

and blotted with anti-IE1, anti-IE2, anti-RAB8A, anti-UL135 and anti- 

tubulin was used as a loading control. (B) RAB8A protein concentrations 

for EC samples were quantified using a Li-Cor Odyssey CLx infrared 

scanner with Image Studio software and graphed to show protein 

concentrations normalized to tubulin. Graphs represent a single 

experiment. 
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Figure 15: Exosomes derived from infected ECs have secretory 

autophagy marker Rab8A. (A) EVs were harvested from uninfected or 

infected endothelial cells or fibroblast by differential centrifugation. Under 

conditions of equal volume, lysates were probed using western blot. 

Lysates were separated by SDS-PAGE 12% bis-tris precast gel, transferred 

on PVDF membranes, and blotted with anti-LAMP-1, anti-RAB8A, anti- 

RAB8b, anti- LC3B. This experiment represents a single experiment. 



 

 

Chapter 5: Discussion 

Human cytomegalovirus (HCMV) is a β-herpesvirus that establishes a lifelong infection 

with the potential to infect multiple cell types. Each cell type can lead to a different 

outcome in infection. This is exemplified by the results in chapter 3. Both infected 

endothelial cells and fibroblasts incorporate viral material, like virions and dense bodies, 

into a multivesicular body (MVB)-like vesicle. However, these vesicles have distinct 

biogenesis in each cell type. Virus-containing vesicles in fibroblasts are classical MVBs 

marked by CD63 and LBPA, while vesicles induced in endothelial cells have autophagic 

markers often associated with secretory autophagy. For this study we hypothesize that the 

secretory autophagy pathway is co-opted by HCMV during infection in endothelial cells for 

egress. We also hypothesize the involvement of the viral protein UL135 and its interactors 

CN85 and Abi-1 in the modulation of the hijacked pathway. 

Autophagic flux is not induced during HCMV infection of ECs 

 
For the current study we aimed to investigate changes in autophagic flux between 

fibroblasts and ECs. We hypothesized that there would be more autophagic stimulation in 

endothelial cells being that our collaborate work with Dr. Jean Wilson’s group showed EC 

vesicles are associated with several autophagic markers. Our results contradict both our 

hypothesis and work in the field. The results in chapter 4 showed that there is basal 

autophagy present during infection of both ECs and fibroblast, however autophagy activity 

is not stimulated during infection in either cell type. Our study used both LC3B II and P62 

protein levels to monitor autophagic flux during infection (Figure 11). 



 

 

The results from our study contradict the findings of the Chen lab. Dr. Chen’s work 

suggested that autophagy is induced in HUVEC endothelial cells at early stages of infection 

and autophagy activity is inhibited at later stages78. This was determined by analysis of 

autophagic-related proteins like mTOR and LC3B II78. To measure autophagy levels the 

group infected ECs at an MOI of 1 and collected timepoints 12. 24, 36,48 and 60 hours post 

infection. The results showed an increase in autophagic markers between 24 and 48 hours 

post infection and a decrease between 48 and 60 hours post infection. Like this study, our 

results depicted an increase in LC3B II in infected ECS when compared to mock, however, 

this was not a significant change in our study. In the field of cell biology, it is strongly 

advised that LC3B II results be paired with another autophagic flux marker. Our study used 

P62 while Chen’s group used mTOR. Contradicting Chen’s conclusion is our results for P62, 

which do not show changes in protein levels between mock and infected cells. P62 is a gold 

standard for monitoring autophagic flux because it is actively degraded by autophagy. Our 

contradicting results may be due to the differences in cells. For our work we used 

microvascular ECs, while the Chen group used macrovascular ECs. Our lab has observed 

difference between the cell lines. An example of a difference is that the vesicles described in 

chapter 3 are not present in macrovascular HUVEC ECs (unpublished work). It is possible 

that autophagy plays different roles for either micro or macro vascular cells. 

Our work, however, corroborates with findings in the alpha-herpes field. The Shukla lab 

found that autophagy levels remain unchanged during an active infection of Herpes 

Simplex Virus -2 (HSV), as well as HSV-180. Like the current study, autophagic flux was 

monitored using P62 and LC3B II. P62 remained unchanged regardless of increases in MOI 

of HSV-2. The group concluded that HSV-2 like HSV-1 prevents the induction of active 



 

 

autophagy but maintains the basal activity in the host cell80. The team also found that when 

autophagy was inhibited there was a significant deficit in viral replication80. The team 

thoroughly assessed viral replication after using pharmaceutical drugs that block 

autophagy flux or ATG5 negative mutant cell lines that lack functional autophagy and came 

up with the same results80. Basal autophagy may also be important for HCMV infection. It 

is possible that autophagic flux remains unchanged during HCMV infection to prevent the 

disruption of the infectious cycle. Future studies should distinguish active from basal 

autophagy as it can have different effects on the outcome of viral infection. It would be 

interesting to determine if like the alpha-herpes, basal autophagy is crucial to the infectious 

cycle of HCMV. This possibility is high being that our study also found that when pUL135 is 

absent there is active flux. This is also true for virus lacking CIN85 and Abi-1 interactions. 

Future studies should investigate the role of UL135 in the maintenance of basal autophagy. 

 
Rab 8A and B are induced differently during infection in ECs 

 
The current study supports the suggested involvement of the secretory autophagy 

pathway. In our published work the biogenesis of the virus-induced vesicles in ECs may 

involve the SA pathway, as they lacked CD63 and LBPA, but contained GM130, LC3B and 

LAMP1. Following these results, we hypothesized that Rab8A, a distinguishing marker for 

secretory autophagy, would be induced by HCMV in ECs. Our results showed that Rab8A is 

not only induced in infected ECs but is also enriched in the content of exosomes (figures 13 

and 15). We also found that Rab8B, a marker for degradative autophagy, is diminished in 

infected ECs (figure 13). Our results may be suggestive of a preference for the secretory 

autophagy pathway during EC infection. This preference, however, is specific to ECs, as 



 

 

fibroblast Rab 8B levels did not change during infection compared to mock. Also, the 

decrease in Rab 8A for fibroblast may even suggest that the SA pathway is suppressed 

during infection. The results for fibroblast may indicate that the SA pathway is not 

important for the incorporation of viral material, or the assembly or egress of the virus 

induced MVBs in fibroblast. Alternatively, ECs may just make the SA pathway more 

available than another pathway. However, this is unlikely given that our study also showed 

that viral proteins and virus-host interactions affect Rab8A levels during infection. Future 

studies should investigate the role of the SA pathway by knocking down necessary proteins 

for the pathway. This information could provide more detail as to why the virus repurposes 

the SA pathway, also if this could be a mechanism for egress. Future studies should also be 

aware of major differences in different cell types during HCMV infection. It is evident 

through the work of Momtaz el al., Bughio et al. and our current study that not all HCMV 

infections are created equal. 

UL135 modulates secretory autophagy through its interaction with CIN85 and Abi-1. 

 
We found that Rab 8A may be modestly increased in infection with a recombinant virus 

that lacks the expression of pUL135 and infections that lack interactions with Abi-1 and 

CIN85 (figure 14). Rab 8A in wild type infection is higher than that of uninfected cells. 

Perhaps the viral protein aids in the maintenance of Rab 8A levels to a threshold. The 

uncontrolled activity of Rab8A is known to be associated with neurodegenerative diseases 

like Parkinson’s disease (PD)81. Inherited PD is mostly associated with a mutation in the 

gene for LRRK2 kinase81. This kinase can phosphorylate Rab8A which leads to an increase 

in its activity and results in the increase of lipid storage in the form of large droplets81. 



 

 

Perhaps HCMV controls the levels of Rab8A through pUL135 to modulate autophagic 

pathways and to keep the cell healthy while still utilizing the SA pathway. 

We also found that in the absence of UL135 or the host adaptor protein interactions, basal 

autophagy during infection is disrupted (figure 14). The results showed a decrease in P62 

protein levels which is associated with an increase in autophagic flux. The involvement of 

viral proteins and viral-host interactions in the attunement of the autophagic machinery 

adds certitude to the possibility that HCMV targets the secretory autophagy pathway. Other 

viruses that co-opt the SA pathway also have viral-host protein interactions that modulate 

the pathway for egress. 

The egress of Flaviviruses Dengue and Zika depends on the interaction between viral 

proteins and the Lyn kinase, which is part of the group of Src family kinases (SFKs)82. The 

interaction is specific to flavivirus infection and allows the virus to be incorporated into 

LC3 positive vesicles that can exocytosed82. The Sanyal group found that the interaction is 

essential for targeting virus into vesicles that will not fuse with the lysosome for 

degradation82. The disruption of the viral Lyn kinase interaction resulted in the 

accumulation of virus in distinct vesicles that co-localized with lysosomal compartments 

and lost LC3 over time; suggestive of degradation82. Perhaps the modulation of autophagic 

flux by UL135 is important for redirecting virus to vesicles that can exocytosed rather than 

vesicles that fuse with the lysosome for degradation. It would be interesting to investigate 

the effects of inducing autophagic flux on viral egress in ECs. 



 

 

The lack of LBPA in infected ECs may aid in modulating autophagic flux. 

 
In chapter 3 we found that LBPA is completely lost in infected ECs (figure 8). This striking 

phenotype suggest that the riddance of LBPA during infection is a specific target important 

for infection. Though much work remains to be done to understand this phenomenon, it is 

interesting to speculate that the absence of LBPA may enhance HCMV’s control over 

autophagic flux. In chapter 4 we found that HCMV maintains basal autophagy and flux is 

without change. In lysosomal storage disease Neimann-pick C (NPC) cholesterol is 

accumulated in endosomes and autophagy flux is dysfunctional in that autophagosome- 

lysosome fusion is disrupted83,84. The Storch group recently published that the 

supplementation of LBPA to NPC derived fibroblast reestablished lysosomal homeostasis 

and autophagic flux, thus aiding in the clearance of accumulated material83,84. We postulate 

that HCMV disrupts the synthesis of LBPA or stimulates the turnover of LBPA to prevent 

autophagic flux that may lead to its own degradation or change the trafficking of virions in 

the SA pathway? It will be important to determine the effects on infection in ECs when 

LBPA is supplemented or overexpressed. 

Proposed model: Figure 16 

 
Based on our results in this study together with the literature on other viruses and systems 

that exploit the SA pathway, we propose the following route for viral egress in ECs: 1) the 

virions crossing through the virus assembly compartment and cytoplasm are taken up by 

non-canonical MVB-like vesicles described in chapter 3. 2) the viral protein UL135 

interacts with host adaptor proteins CIN85 and Abi-1 to disrupt degradative autophagy. It 

is likely that the viral factors interrupt degradative autophagy by inhibiting lysosomal 



 

 

activity. This is supported by the decrease of P62 in the absence of pUL135 or its 

interactors. Alternatively, the viral factors may be preventing the direct fusion of the 

lysosome with the MVB or autophagosome. 3) The vesicles containing virus may merge to 

create an amphisome. This fusion between the MVB and autophagosome during infection is 

supported by our results of autophagic markers found on the limiting membrane of the 

vesicles and inside the vesicles. It is also supported by our results for the presence of LC3B, 

Rab8A and LAMP-1 in the composition of exosomes, which are derived from MVBs. After 

the amphisome is formed to make the secretory vesicle, Rab 8A can interact with the 

limiting membrane of the vesicle to allow for its fusion with the plasma membrane. The 

cargo inside the vesicle, including virus particles, is then released into the extracellular 

space. 

 
 

The results in this study aid in addressing the gaps of knowledge in later stages of the viral 

infectious cycle at the endothelium. The study identifies mechanisms by which HCMV may 

modulate vesicle trafficking to regulate sorting and exocytosis in the infected cell and/or 

viral egress. These findings add to our understanding about HCMV infection in endothelial 

cells. Results may highlight new targets for the intervention of viral replication and spread 

that may reduce the pathogenesis associated with the persistence of HCMV. 



 

 
 

 

Table 2: Summary of results for ECs and fibroblasts. 
 
 
 
 
 
 

Phenotype 
during 

infection 

Endothelial 
cells 

Fibroblast Comments 

Autophagic 
Flux 

No change. 
Basal 
autophagy is 
maintained 

No change. Basal 
autophagy is 
maintained 

 

Rab 8A protein 
concentration 

 
 

Rab 8B protein 
concentration 

 
 

Presence of Rab 
8A in exosome 

composition 
Presence of Rab 

8B in exosome 
composition 

Increased Decreased This experiment 
needs more 
replications to 
determine 
significance. 

Decreased Increased This experiment 
needs more 
replications to 
determine 
significance. 

Present in 
fractions 6 and 
7 

Absent  

Absent Present in 
fractions 3,5,6 9 

 



 

 
 
 

Chapter 6 Figures: 
 
 
 

Figure 16: Proposed model for the hijacking of the Secretory 

autophagy pathway during HCMV infection of ECs for egress. 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 

Figure 16: Proposed model for the hijacking of the Secretory 

autophagy pathway during HCMV infection of ECs for egress. 

pathway we propose the following route for viral egress in ECs: 1) the 

virions crossing through the virus assembly compartment and cytoplasm 

are taken up by either phagosomes or a non-canonical MVB like vesicle. 2) 

the viral protein UL135 interacts with host adaptor proteins CIN85 and 

Abi-1 to disrupt degradative autophagy. This might be done by inhibiting 

lysosomal activity. Alternatively, the viral factors may be preventing the 

direct fusion of the lysosome with the MVB or autophagosome. 3) The 

vesicles containing virus merge to create an amphisome. After the 

amphisome is formed to make the secretory vesicle, Rab 8A can interact 

with the limiting membrane of the vesicle to allow for its fusion with the 

plasma membrane. The material inside the vesicle is then released into the 

extracellular space. 

Solid black arrows represent canonical steps in trafficking along the SA 

pathway. Dashed arrows represent possible steps that HCMV may exploit. 
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