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ABSTRACT 

 

The maintenance of cell surface proteins is critical to the ability of a cell to sense and respond to 

information in its environment. As such, modulation of cell surface composition and receptor 

trafficking is a potentially important target of control in virus infection. Sorting endosomes (SEs) 

are control stations regulating the recycling or degradation of internalized plasma membrane 

proteins. Here we report that human cytomegalovirus (HCMV), a ubiquitous beta herpesvirus, 

alters the fate of internalized clathrin-independent endocytosis (CIE) cargo proteins, retaining 

them in virally reprogrammed SEs. We show that the small G protein ARF6, a regulator of CIE 

trafficking, is highly associated with SE membranes, relative to uninfected cells. This finding 

suggests that ARF6 and CIE cargo egress from the SE is diminished by infection. Over 

expression of the ubiquitin specific protease (USP) 6, also known as TRE17, was sufficient to 

restore ARF6 and some ARF6 cargo trafficking to the cell surface in infected cells. The USP-

activity of TRE17 is required to rescue both ARF6 and associated cargo from SE retention in 

infection. Intriguingly, TRE17 expression does not affect all CIE cargos retained at SEs in 

infection.  Although TRE17 mediates the trafficking of internalized major histocompatibility 

complex type I (MHCI) to the cell surface in uninfected cells, MHCI is insensitive to TRE17-

mediated trafficking in the context of HCMV infection. These findings demonstrate a 

reprogramming of endocytic trafficking by HCMV infection and suggests that HCMV hijacks 

the normal sorting machinery and selectively sorts specific cargos into endocytic micro-domains 

that are subject to alternate sorting fates. 
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Chapter 1: Literature Review 

Introduction to Endocytic Trafficking 

The ability of a cell to sense and respond to its environment, communicate with the 

immune system, and internalize nutrients, lipids and proteins, is dependent on the elaborate and 

dynamic process of endocytic trafficking. Preliminarily, endocytic trafficking can be thought of 

as the efflux of content from the cell surface to subcellular domains. The subunit of this process 

is the endosome, a self-contained, lipid-bound structure whose lumen contains internalized 

material and a sampling of the extracellular environment. The lipid content of the endosome is 

derived from the plasma membrane (PM), and therefore possesses lipid modifications as well as 

integral and transmembrane proteins that were previously resident at the cell surface. These 

proteins and lipid modifications interact with the surrounding cellular environment to recruit 

motor, effector, and sorting proteins that mediate directional passage of the endosome to 

membranous compartments. So important is the endocytic process that mutations to critical 

endocytic components are lethal1-3. 

The metazoan cell has evolved numerous ports of cellular entry. Each of these endocytic 

pathways operates on a somewhat exclusive class of cargos and with differing kinetics and 

conditions. This elaboration of entry no doubt is required to maintain cellular homeostasis. 

Moreover, as the vesicular trafficking pathways afford passage to unique cellular compartments, 

it is not surprising that numerous pathogens either exploit or coopt vesicular conduits to their 

selective advantage4-7.  
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Routes of Endocytosis 

Clathrin Dependent Endocytosis 

Clathrin dependent endocytosis (CDE) is the best characterized endocytic pathway. Clathrin, the 

major regulatory component of the pathway, is a self-organizing scaffolding protein that 

spontaneously forms cage-like structures in vitro8,9. In vivo and in coordination with a suite of 

adaptor proteins, clathrin mediates the endocytosis of numerous receptors including Epidermal 

Growth Factor Receptor (EGFR), Transferrin Receptor (TFR), and (Low Density Lipoprotein) 

LDL9. CDE cargos are denoted by a series of cytoplasmic motifs that allow for interaction with 

clathrin adaptor proteins10. Following receptor-ligand interactions or other mechanical stimuli, 

CIE cargos undergo conformational changes or post translational modifications that 

expose/create binding sites for clathrin adaptor proteins10,11. These domains act as nucleation 

points for the accumulation of clathrin and adaptor proteins on and near the cytoplasmic leaflet 

of the PM corresponding to target cargos9. Clathrin forms a curved lattice deforming the 

associated membrane, and further membrane curvature results from recruited BAR domain 

proteins; together the continued polymerization of clathrin and the activity of adaptor proteins 

culminates in a membrane invagination sufficient to internalize numerous cargos within a single 

vesicle. Final fission from the plasma membrane is accomplished through the GTPase dynamin 

8,10-12.  

Prior to fusion with SEs the clathrin coat is stripped from newly formed CDE vesicles via 

HSPA813.  The CDE vesicle is trafficked to SEs where its contents are subject to cargo-

dependent sorting events(Fig. 1).  

Clathrin Independent Endocytic Pathways 



 

 

20 
Clathrin independent endocytic pathways regulate a diverse array of cell surface proteins through 

a series of mostly autonomous endocytic routes. As implied by their name, each of these 

pathways accomplishes the requisite membrane curvature required for endocytosis in the absence 

of the clathrin machinery. Additionally, these pathways are by in large cholesterol dependent, 

indicating the necessity of proper lipid organization for their respective membrane 

manipulations.  

Caveolin Mediated Endocytosis 

Caveolae are sphingolipid and cholesterol enriched membrane invaginations ~ 50-100nm in 

diameter found in a majority of mammalian cell types. The eponymous Caveolin1 is an integral 

membrane protein found in Caveolae that binds to cholesterol and assists in signaling events. 

Caveoilin1 is insufficient to form Caveolae and must interact with Cavins, a series of cytosolic 

coat proteins. Caveolae mediated endocytosis regulates the uptake of GPI anchored proteins14. 

Similar to CDE, Caveolae fission is dynamin dependent. The fate of internalized cargo is not as 

well defined as with CDE. There are reports of vesicles trafficking to the endoplasmic reticulum 

(ER) as well as early endosomes and the Golgi15,16 

CLICL/GEEC Pathway 

The Glycophosphatidylinositol-anchored Protein (GPI-AP) Enriched Early Endosomal (GEEC) 

pathway regulates the internalization of numerous GPI-APs14. In this dynamin independent 

pathway, cargos are internalized into early endosome structures that are devoid of electron-dense 

coat proteins17. Internalization appears to be driven in part by the activation of the Rho GTPase 

Cdc42. Cdc42 recruits actin polymerizing machinery that alters cytoskeletal dynamics in favor of 

membrane internalization18. Candidates for membrane curvature include BAR domain proteins 
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such as GRARF119. In addition to GPI-AP transport, GEEC appears to be responsible for the 

majority of fluid phase uptake20.  
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ARF6 Mediated (CIE) 

The ADP Ribosylation Factor 6 (ARF6) mediated clathrin independent endocytosis (CIE) 

pathway regulates the internalization and trafficking of many long-lived surface proteins such as 

Major Histocompatibility Complex I (MHCI), E-cadherin, CD147, and CD59 as well as b1-

integrin21,22. Like other forms of clathrin independent endocytosis, CIE is cholesterol dependent, 

and the use of cholesterol binding compounds, such as filipin, is sufficient to prevent CIE cargo 

internalization21,23.  ARF6 alters cortical actin and lipid composition at the cell surface, however 

it is still unclear if/how these events facilitate membrane curvature required for endocytosis23-27. 

It is speculated that CIE membrane curvature is in part mediated by alterations in actin dynamics, 

as naive CIE endosomes are coated in F-actin, and live cell analysis of cells expressing 

fluorescently-tagged dominant active ARF6 (ARF6 GTP-bound) as well as the fluorescent actin-

labeling construct, lifeact, found ARF6 associated with the internalization of actin coated 

vesicles 24,27,28. Further distinguishing CIE from CDE, dynamin is not directly implicated in CIE 

vesicle fission23,27,29. 

ARF6’s role in regulating CIE is multifactorial and complicated by its numerous 

functions. ARF6 is a myristoylated GTP-binding protein resident at the PM and various 

endocytic structures27,30. ARF6 GTP cycling appears to be coordinated with trafficking of CIE 

cargo. Dominant active mutants of ARF6 result in the accumulation of CIE cargos in enlarged 

ARF6 positive early endosomes; importantly this structure lacks SE markers such as CDE 

cargos, indicating that it has not yet trafficked to the SE21,31. Accordingly, ARF6 GTP hydrolysis 

is considered essential for CIE trafficking following endocytosis. Additional evidence supporting 

the importance of ARF6 GTP cycling for CIE trafficking came from studies preventing the 

ARF6 GAPS, ACAP1 and ACAP2 from interacting with ARF6 at the SE; here decreased ARF6 
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GTP catalysis led to the accumulation of CIE cargo at the SE as well as enhanced degradation of 

CIE cargo32,33. This finding indicates ARF6 GTP catalysis is essential for proper recycling of 

CIE cargos through the SE. 

ARF6 functions to recruit phosphatidylinositol-4-phosphate-5 kinase (PIP5 kinase) to the 

PM22,24,27. PIP5 kinase phosphorylates PI4P generating phosphatidylinositol 4,5 bisphosphate 

(PIP2). PIP2 is highly enriched at the PM and the distal tips of ARF6 positive tubular endosomes. 

At the PM PIP2 allows for the recruitment of PH domain containing proteins such as the ARF6 

activating protein Exchange Factor For ADP-Ribosylation Factor Guanine Nucleotide Factor 6 

(EFA6)24,25. ARF6 also functions to activate phospholipase D (PLD) which produces DAG26,34 

and Phosphatidic Acid (PA). PA is required for the formation of tubular recycling endosomes 

such as those that traffic MHCI35. While Diacylglycerol (DAG) appears to be equally important 

for late phase endocytic recycling events36. Interestingly, PA also acts as a cofactor for PIP5 

kinase, thereby allowing for increased PIP2 production at the PM and thus enhanced binding of 

PIP2 specific endocytic effector proteins8. 

Following internalization, the majority of CIE cargos (classical CIE cargos) such as 

MHCI and CD59 traffic to SEs where they are subject to sorting decisions that parallel CDE: 

recycling or degradation(Fig. 1)23,31. CIE cargo that are not sorted for degradation at the SE 

recycle back to the PM through the endocytic recycling compartment (ERC) or possibly a 

separate set of tubular recycling endosomes and can be visualized in ARF6 Rab22a positive 

endosomes14,29,34,37. A separate class of CIE cargos (alternative CIE cargos) consisting of CD98, 

CD147, and CD44, show diminished association with the SE and increased association with 

recycling endosomes. Of note, at early times post endocytosis (presumably prior to SE fusion) 

both classical and alternative CIE cargos are resident in the same vesicles38. Considering the 
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disparate fates of alternative and classical cargos, this observation implies one of two 

possibilities: (i) classical and alternative CIE cargos undergo a sorting and fission event prior to 

fusion with the SE, whereupon vesicles containing classical cargo enter the SE, while endosomes 

containing alternative cargos recycle, or (ii) alternative and classical cargos traffic together to the 

SE, but alternative cargos associate with the SE in a peripheral and transient manner(Fig. 1). 

Interestingly, current evidence supports both models.  

Evidence supporting a preSE fission event separating alternative and classical CIE cargos 

is found in a study analyzing differential sorting of CIE cargos. Alternative CIE cargos contain a 

conserved motif consisting of two acidic amino acid clusters in their cytoplasmic tail. Loss of 

this motif results in altered sorting that parallels classical CIE cargo. Yeast 2-hybrid analysis of 

this motif identified Hook1, a microtubule binding protein. Loss of HOOK1 function through 

either a dominant negative peptide or knockdown resulted in the trafficking of alternative CIE 

cargo to early endosome antigen 1 (EEA1) positive SEs. Importantly Hook1 coassociates with 

Rab22a positive endocytic recycling tubules and is generally excluded from EEA1 positive SEs, 

indicating that any Hook1 mediated sorting event would occur outside of an EEA1positivie SE. 

29,39 

Conversely, evidence supporting transient and peripheral association of alternative CIE 

cargos with SEs comes from a study wherein the ARF6 GAPs ACAP1 and ACAP2 were 

prevented from trafficking to SEs. ACAP1/2 are required for ARF6 GTP hydrolysis at the SE.  

Here diminished ARF6 GTP hydrolysis was associated with enhanced targeting of alternative 

CIE cargos to the SE. ARF6 GTP hydrolysis is considered an essential step for its trafficking 

back to the PM30,40. Therefore, it is likely that perturbation to ARF6 recycling by diminished 

GTP hydrolysis resulted in the accumulation of ARF6 associated alternative CIE cargos at the 

SE. This indicates that alternative CIE cargo remains with ARF6 as late as fusion with the SE.  
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Further evidence supporting transient and peripheral association of alternative CIE cargo 

with SEs comes from the effect of overexpressing Membrane Associated Ring-CH-Type Finger 

(MARCH) E3 ubiquitin ligases on CIE trafficking. Here overexpression of particular MARCH 

ligases resulted in enhanced SE association and lysosomal routing of alternative CIE cargos41,42. 

Taken at face value this observation indicates that alternative CIE cargo are present at the SE in 

order to be sorted for degradation. Of course, it is possible that ubiquitin conjugation to CIE 

cargos obscures HOOK1 binding, or provides an alternate sorting signal, thereby ensuring 

passage through the SE. Additionally, the combined immunofluorescence trafficking assays of 

alternative CIE cargos clearly indicates a minority of alternative cargo can be seen associating 

with EEA1 SEs38,39,42.  

While these studies illustrate various models of CIE endocytic fusion with the SE, there 

is currently no conclusive research indicating if or how ARF6 membranes dissociate from SEs. 

Circumstantial evidence indicates that ARF6 inactivation plays a role, as misdirecting the ARF6 

GAPS ACAP1/2 results in alternative CIE cargo retention at the SE. However, no factor has 

been identified as specifically regulating this process. ARF6 does, however, recycle back to the 

PM, and CIE cargos are often associated with this endocytic ARF624,27,43. One factor associated 

with ARF6 recycling to the PM is ubiquitin specific protease 6 (USP6/(TRE17)). TRE17 

interacts with ARF6 via a TRE-2/Bub2/Cdc16 binding domain. TRE17 coimmunoprecipitates 

with overexpressed GDP-bound ARF6 but not GTP-bound ARF640. This result indicates that 

TRE17 preferentially associates with inactive ARF6. Further, expression of TRE17 is sufficient 

to increase ARF6 activation40. This led to a model wherein TRE17 binds to and facilitates the 

trafficking of inactive ARF6 to ARF6 guanine nucleotide exchange factors (GEFs) which almost 
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exclusively localize to the PM27,40. Further supporting this model, overexpression of TRE17 

results in ARF6 enrichment at the PM44. 

In addition to ARF6 recycling, TRE17 is implicated in regulating the trafficking of CIE 

cargo proteins including MHCI and CD98. This function is dependent on the USP domain of 

TRE17. Overexpression of TRE17 results in increased surface concentration of the classical CIE 

cargo MHCI. Additionally, TRE17 counteracts MARCH ligase mediated lysosomal targeting of 

CIE cargos. Importantly, this function is related to the cleavage of ubiquitin from target CIE 

cargos; expression of a TRE17 USP mutant fails to affect CIE cargo trafficking, and TRE17 

itself was demonstrated to culminate in ubiquitin cleavage from MARCH targeted CD9842. It is 

unclear from this study exactly where TRE17 deubiqutinates CIE cargos, at the PM or in 

endosomes. Based on the affinity of TRE17 for GDP-bound ARF6, it is likely that USP activity 

affects CIE cargos resident in ARF6-GDP membranes, which are predominantly 

endosomal27,40,43. 

 
Endocytosis Concluding Remarks 

The vast network of endocytic trafficking pathways accommodates the entry of a diverse 

array of PM proteins, fluid, and macromolecules. While each pathway operates somewhat 

autonomously, they are also interdependent demonstrating a conservation of regulatory 

components8. As each pathway operates on different time scales, substrates, and conditions, their 

combinatorial function provides an individual cell with the requisite balance of materials 

necessary to maintain homeostasis, as well as sense and respond to their environment. 

Importantly, despite their differences by in large all cargos internalized are trafficked to sorting 

endosomes whereupon their fates are decided. 
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Endocytic Compartmentalization 

The endocytic pathway is a spatially and temporally dynamic network of segregated 

membranes. This intricate compartmentalization is achieved through a series of reversible 

protein and lipid modifications that, in concert with a vast complement of adaptor proteins, direct 

the maturation and trafficking of individual endocytic structures. The best studied protein 

mediators of endocytic trafficking are the ras-related GTPase Rab proteins8,45. Rabs cycle 

between cytosolic and membrane bound states in a manner that is dependent on their GTP 

state45. Cytosolic GDP-bound Rabs are bound by Rab escort proteins that mediate Rab 

prenylation; prenylation allows Rabs to integrate into proximal membranes where local GEFs 

catalyze the replacement of GDP for GTP46. Resulting conformational changes allow for the Rab 

to interact with effector proteins that confer function such as tethering to the cytoskeleton or 

fusion with another vesicle. Finally, GAPs catalyze GTP hydrolysis which leads to Rab removal 

from the membrane47. This process is thought to form an iterative cascade whereby an activated 

Rab recruits the GEF required to activate a subsequent Rab and meanwhile the GAP to inactivate 

a previous Rab8,45,47,48. Therefore, through the combinatorial actions of Rabs, their respective 

GAPs/GEFs, and the array of adaptor proteins, the proteinaceous identity and location of a single 

endosome evolves through the span of its migration from fission to fusion.  

A second critical component conferring membrane identity to the endocytic pathway is 

lipid modifications. Of particular importance are the various phospho-species of PtdIn. PtdIns are 

reversibly regulated by lipid kinases and phosphatases generating varying PIPs49. PIPs are 

spatially segregated across the endocytic pathway. PIP2 is commonly found on the PM and is 

important for the recruitment of clathrin adaptor proteins to the cite of CDE24. Interestingly, 
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ARF6 dependent activation of PIP5 kinase is responsible for much of the PIP2 present on the 

PM, indicating the interdependence of CIE and CDE trafficking24,30. PIP3 is commonly found on 

sorting endosomes and allows for binding of proteins containing FYVE domains50,51. 

Importantly,  PIP2 and PIP3 allow for binding of PHOX domain proteins such as sorting nexins 

that facilitate membrane curvature events. Curvature events are required at both the PIP2 

enriched PM where endocytic invagination is essential for endocytosis and the PIP3 enriched SE 

where tubulation events allow for cargo sorting34,52,53. The coordinated effect of lipid 

modification and Rab GTP cycling combined with a dynamic suite of effector proteins provides 

a compelling model for the spatial-temporal segregation of distinct endocytic structures. 
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Figure 1 CIE and CDE Pathways 
Classical and alternative CIE cargo proteins are internalized in ARF6 positive endosomes. 
Classical CIE cargo proteins are trafficked to the SE where they are either sorted for degradation 
via the lysosome or are recycled to the cell surface through the ERC. Alternative CIE cargo 
trafficking is displayed as one of two possible routes or a combination of both. 1) Alternative 
CIE cargos are sorted away from classical cargo in a preSE endosome and then trafficked 
through tubular endosomes back to the PM. 2) Alternative CIE cargos briefly fuse with the SE 
before being passaged to tubular recycling endosomes. 
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Early Endosome/Sorting Endosome. 

The early endosome (EE) or sorting endosome (SE) is a preliminary endocytic structure 

that receives recently internalized receptors, lipids and fluid from multiple endocytic pathways 

including CDE and CIE pathways. The SE regulates the passage of these constituents to several 

distinct endocytic conduits: rapid recycling to the cell surface through rapid recycling 

endosomes, proteolytic degradation or exocytosis through the late endosome Multivesicular body 

(MVB) pathway, retrograde trafficking through the Golgi apparatus, and late phase recycling 

through the ERC. 

Following its development, the SE acquires a series of effector proteins that mediate 

sorting and vesicular fusion events. The SE is demarcated by the presence of the ras-related 

protein Rab5a (Rab5), which plays a role in transitioning the sorting endosome to the late 

endosome54. Rab5 interacts with VPS34, a phosphatidylinositol 3 kinase that promotes the 

accumulation of PIP3 on SEs (Fig. 2 (1))55-58. The presence of PIP3 and Rab5 allows for the 

binding of EEA1 via its FYVE domain(Fig. 2 (2))56,57. EEA1 is required for vesicle docking and 

fusion through interactions with SNARE proteins such as syntaxin 1359. 

Transmission electron microscopy indicates SEs are structurally heterogeneous, 

containing a vesicular body as well as tubular protrusions. Live cell analysis of SE maturation 

indicates that the body eventually exchanges Rab5 for Rab7, a late endosome marker, while the 

tubular regions separate to form the Rab11s positive ERC(Fig. 2 (5))46,60. It is therefore 

hypothesized that partitioning of cargo into distinct regions of the SE influences subsequent 

sorting decisions.  

Receptor sorting through the SE can be broadly broken into two outcomes: sorting for 

degradation, and sorting for non-degradative processes (mainly recycling). 
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Sorting for Degradation 

Proteolysis of internalized cargos serves as an important means of signal attenuation, 

protein turnover, and nutrient uptake. CDE proteins targeted for lysosomal degradation are 

typically ubiquitinated. Ubiquitin acts as a sorting signal for the endosomal sorting complexes 

required for transport (ESCRT) pathway, culminating in the passage of the cargo into 

intraluminal vesicles that ultimately are degraded in the lysosome61. This process has been 

described in detail for EGFR, a predominantly CDE cargo, that is degraded post EGF stimulated 

endocytosis62,63. EGFR trafficked to the SE recruits the Cbl adaptor protein CIN85 64. Cin85 

function is required to catalyze Cbl mediated EGFR ubiquitination62-64.  EGFR mutants incapable 

of interacting with Cbl show decreased lysosomal degradation and increased signaling, 

indicating the significance of ubiquitin for lysosomal targeting63 Ubiquitinated EGFR is 

recognized by hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs), a degradation 

sorting factor which binds at micro domains of the SE that are enriched with a flat clathrin lattice 

and absent of appreciable EEA1 staining65,66. Hrs interacts with sorting nexin (SNX)1, a lipid-

binding protein with the potential to both sense and induce membrane curvature as well as bind 

to PIP3 residues67,68. Loss of Hrs or SNX1 inhibits sorting of cargos to the lysosome69. Hrs also 

interacts with TSG101, an initiator of the ESCRT pathway required for incorporation of EGFR 

into intraluminal vesicles (ILVs) 61,70. Taken together, sorting for CDE degradation is regulated 

by two key factors: Ubiquitin conjugation of target proteins, and subsequent interaction with a 

sorting micro domain that recognizes and transports ubiquitinated cargos into ILVs.  

The sorting of CIE cargo for lysosomal degradation is not well elucidated, however 

preliminary evidence indicates a similar role for ubiquitin. Overexpression of the MARCH E3 

ubiquitin ligases 1,4, and 8 increases the passage of CIE proteins such as MHCI and CD98 to the 
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lysosome41. Consistent with this, expression of the Kaposi’s Sarcoma-Associated Herpesvirus 

(KSHV) viral E3 ubiquitin ligases K3 or K5, causes lysosomal degradation of MHCI71,72. 

Importantly, mutation of the ESCRT pathway impairs K3 or K5 mediated MHCI turnover, 

suggesting CIE cargos are sorted into ILV’s similarly to CDE cargos73. Additionally, 

overexpression of deubiquitinating enzymes, such as USP6 counteracts MARCH mediated 

targeting of CIE cargo to the lysosome42. While it is possible Hrs or a similar factor assists in 

CIE sorting, as of yet no studies have indicated what SE components are responsible for the 

targeting of CIE cargo towards ILV incorporation. 

Sorting for Recycling 

The plasma membrane composition of the mammalian cell is incredibly dynamic; it is 

estimated that cells can endocytose five to ten times the volume of the entire endocytic pathway 

in just 60 minutes77. While some of the imported material is sorted to degradative compartments, 

a substantial proportion of internalized membrane and cargo is recycled back to the PM. The SE 

acts as a node through which most internalized material must pass before transiting back to the 

PM23,31,78 This iterative flow of material through various endocytic ports of entry and back to the 

cell surface is termed endocytic recycling. The nature of recycling allows for rapid changes in 

both protein concentration and localization at the PM and therefore, in addition to homeostasis, is 

important for processes such as cell migration and cytokinesis 79,80. 

 Recycling from SEs has been partitioned into two classes based on kinetics: rapid 

recycling and late phase recycling. The duration of these events appears to vary across cell types 

and cargo. Rapid recycling occurs early following endocytosis ~ 5-20 minutes while late phase 

recycling occurs ~30-90 min post endocytosis37,78,81,82. For CDE cargos, rapid recycling is 

regulated by the ras related protein Rab4. Rab4 micro-domains present on SEs have been shown 
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to associate with rapid recycling cargos such as TFR22,60,83. However, Rab4 has also been 

implicated in regulating late phase recycling to Rab11a (Rab11) membranes, indicating that 

additional factors confer rapid recycling specificity22,60,83. Rab35 has also been implicated in the 

rapid recycling of TFR22. Interestingly, Rab35 transports the ARF6 GAPs ACAP1 and ACAP2 

which are required for the rapid recycling of CIE cargos such as CD98, however, it is unclear if 

CD98 recycling occurs in the confines of the SE or a partially segregated CIE endosomal pool32. 

It is not currently understood how cargos to be rapidly recycled are partitioned into Rab4 

positive domains22. 

Late phase recycling requires passage of cargo through the ERC, a vesicular tubular 

structure that is defined by the presence of Rab11 as well as proteins such as Eps Homology 

Domain Containing (EHD)1, and Rab22a(Fig. 2 (4-5)). In the context of SE maturation, entry 

into the ERC appears to require specific sorting events that segregate cargo into the tubular 

regions of the maturing SE78. 

The development of ERC tubules depends on membranes highly enriched with PA, 

which serves as a binding platform for membrane tubulation proteins such as Microtubule 

Associated Monooxygenase, Calponin And LIM Domain Containing 1 (MICAL1) and 

Syndapin2. EHD1 is also required for tubule formation, while EHD3 is necessary for the 

stabilization of tubular endosomes35,84,85. PA is a cleavage product of PLD, and PLD is activated 

by ARF6, implicating ARF6 in the formation of recycling tubules36,86. 

A number of proteins are required for passage of cargo into the ERC, however as many 

of these proteins are also required for ERC formation/stability it is unclear if their requirement is 

due to the direct sorting of cargo or merely maintenance of the endocytic route in general. ERC 

sorting proteins include EHD4, EHD3, FIP5, Rab22a, and SNX4. Importantly, loss of function 
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of ERC regulatory components yields different outcomes. Loss of FIP5, a Rab11 binding protein, 

results in increased rapid recycling of TFR87, while Loss of SNX4 results in increased TRF 

degradation88. These disparate outcomes may indicate different steps in the ERC sorting process; 

SNX4 may play a role in shuttling cargos away from degradative sorting domains while FIP5A 

may be responsible for coupling cargos to Rab11 endocytic structures as opposed to Rab4. 

Both CIE and CDE cargos can passage through the ERC to be recycled back to the 

plasma membrane. However, it is becoming increasingly apparent that cargo entering the SE 

from different endocytic routes are segregated into distinct endocytic compartments even when 

trafficking through the ERC23,31,43. Perhaps the best example of this separation was observed 

using direct stochastic optical reconstruction microscopy (dSTORM) to image the CIE cargo 

CD59 and the CDE cargo TF migrating through the ERC. In this study both cargos were seen in 

completely distinct endocytic compartments despite having coincided at the SE89. Additional 

evidence for distinct trafficking routes from the ERC can be seen in the passage of CIE cargos 

through ARF6 positive tubular membranes that are absent of CDE markers24,31,43. 

Retrograde Trafficking 

Anterograde trafficking encompasses the migration of cargos from the ER through the 

Golgi and to their subcellular destinations. Retrograde trafficking (RT) refers to the vectoral flow 

of cargos in the opposite direction, that is from peripheral subcellular domains towards 

primordial structures such as the Trans-Golgi network (TGN) and even the ER90. Due to the 

regulatory significance of the Golgi and ER, it is not surprising that a number of viruses and 

bacteria have evolved means of exploiting RT. Notably Shigella dysenteriae produces shiga 

toxin which uses the RT pathway to halt host translation at the ER91. Following infection, human 

papillomavirus (HPV) uses RT to traffic to the nucleus, a process that likely allows evasion of 
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cytosolic immune receptors92. RT is also important for host signaling. Wnt ligand secretion, for 

example depends on the RT trafficking of Wntless, a binding protein that shuttles Wnt from the 

TGN to the cell surface93.   

Assays monitoring the trafficking of tagged bacterial toxins indicate the SE is an essential 

platform for RT94. At the SE RT is mediated by the retromer, a multi-subunit protein complex. In 

mammalian cells retromer consists of two macromolecular components, a trimer containing 

Vps26, Vps29, and Vps35, and a membrane interacting dimer. Dimer subunits are 

interchangeable and seem to confer specificity; dimers can contain combinations of SNX1 or 

SNX2 with SNX5 or SNX6. The retromer trimer does not bind directly with membranes, but 

interacts with Rab5 and Rab7 which are present during SE formation and  transition to the late 

endosome54,55,95,96. The retromer dimer acts as a membrane tether; each SNX subunit contains 

two lipid interaction domains: a BAR domain, that can sense or induce membrane curvature, and 

a phosphoinositide-biding phox homology domain, allowing SNX subunits to bind to PIP3 which 

is enriched at SEs68,97,98.  

Retromer function requires additional accessory proteins that assist in membrane 

alteration, motor protein recruitment, and scission90,95,96.  Interestingly, similar to Hrs mediated 

sorting for degradation (see above), flat clathrin lattices present on SE’s provide an essential 

nucleation point for retromer components (Fig. 2 (4-5))94,96,99.  One of the recruited proteins, 

DNAJ Heat Shock Protein Family (Hsp40) Member C13 (RME-8), interacts with the dimer 

component SNX1 (also required for degradative sorting, see above), and binds with Heat shock 

Protein Family A Member 8 (HSPA8) to remove endosomal clathrin lattices; the removal of 

clathrin coincides with membrane curvature required for RT100. Perhaps more importantly, RME-

8 mediated removal of clathrin separates the clathrin-bound Hrs from SNX1, thereby stifling 
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Hrs-SNX1 ESCRT activation and subsequent lysosomal sorting52,65,69. Indeed, using the enlarged 

SEs present in the c. elegans coelomocyte, RME-8 and Hrs were found to occupy mutually 

exclusive domains on SEs52. Further supporting this, knock down of RME-8 results in enhanced 

lysosomal degradation of EGFR, a result that likely reflects increased EGFR-Hrs interactions101. 

Lastly, overexpression of SNX1 also results in enhanced EGFR degradation, indicating that in 

the absence of sufficient RME-8, the SE gains additional ILV sorting domains67.   

 
 

Closing Remarks on the Sorting Endosome 

The SE is a pleomorphic structure containing micro domains for rapid recycling, 

degradation, retrograde trafficking, and passage into the ERC. High resolution fluorescence 

microscopy, live cell imaging, and EM increasingly illustrate this level of complex decision 

making is facilitated by spatial separation of domains that are heterogeneously enriched with 

sorting factors. Restriction, ablation or disruption of passage through particular sorting routes via 

knock down of a regulatory component can culminate in alternate sorting decisions. These 

observations indicate that the sorting fate of cargo at the SE is not absolute and most likely 

depends on the frequency of interactions with available sorting partners.   
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Figure 2 Model of SE maturation.  
1)Early endosomes acquire Rab5 allowing for VPS34 binding and activation. 2)VPS34 activity 
creates PIP3 at the SE. EEA1 binds to PIP3 via FYVE domains, mediating vesicle fusion events. 
3) Membrane deformation events in localized regions of the SE represent formation of the naive 
ERC. 4) Flat clathrin lattices appear on micro-domains of the SE allowing for recruitment of 
ESCRT proteins. ERC membrane elongation continues with the recruitment of Rab11. 5) ILV 
formation commences sorting cargos for degradation. Rab7 appears at membrane facilitating the 
progressive removal of Rab5 and Rab5-associated VPS34. Tubules mature into the ERC. 
Retromer components binding to either Rab5 or Rab7 remove clathrin lattices and induce 
retrograde trafficking membrane deformation. * Note the order of events 3-5 likely overlap and 
were separated for clarity. 
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Viral Manipulation of Endocytic Trafficking Pathways 

Combined, the endocytic and secretory pathways of the cell accommodate access to 

every membrane compartment. While essential for homeostasis, this endocytic infrastructure is 

exploited by pathogens such as viruses. Indeed, viruses so expertly manipulate endocytic 

trafficking that tagged viruses and viral proteins are often used to study trafficking pathways102. 

In the context of viral infection, altering or manipulating membrane trafficking has been reported 

to serve three key purposes: entry and transport of incoming virus, replication of virus, and 

egress of outgoing virus. However, in addition to these, there is evidence that altered membrane 

dynamics may serve processes such as immune evasion and changes in host signaling. 

Viral Entry, Replication, and Egress 

Perhaps the best studied viral exploitation of endocytic trafficking is that of entry. Entry 

refers to the process whereby extracellular virus attaches to a host cell’s PM and gains access to 

the intracellular environment. While many lipid-enveloped viruses can fuse directly with the host 

PM, thereby avoiding the use of endocytic routes, a growing number of viruses have been 

appreciated as utilizing preexisting endocytic ports of access for entry, including West Nile virus 

(WNV), simian virus 40 (SV40), Vaccinia, Influenza, and varicella zoster virus (VZV)5,102-105. 

Importantly, even lipid bound viruses such as human immunodeficiency virus 1 (HIV-1) and 

herpes simplex virus 1 (HSV-1) use endocytosis for entry106,107. CDE, Cavolin mediated 

endocytosis, micropinocytosis, and phagocytosis are all recognized routes of viral entry102. The 

specific subcellular itinerary of each virus as well as the requirements for unpackaging of the 

imported virion, appear to influence subsequent trafficking decisions. Virions that require 

endosome acidification for unpackaging, such as SV40 and Influenza A, traffic through SEs to 

acidified late endosomes102,108. Viruses,  such as HPV, that undergo RT to the nucleus, exploit 
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the retromer complex at the maturing SE to traffic to the Golgi109. Human cytomegalovirus 

(HCMV) is reported to induce micropinocytosis upon entry into fibroblasts and has been 

visualized in large vacuolar structures. HCMV is also reported to fuse directly with the cell 

membrane, indicating multiple routes of entry110,111. 

Viral replication is often facilitated by the reorganization and concentration of essential 

host membranes into structures conducive for assembly and packaging. These inclusions are 

sometimes termed viroplasms or viral factories112. The membranous structure of these viral 

factories depends on the specific requirements of the virus. Vaccina reorders and concentrates 

the rough ER near its site of cytosolic replication, while Nodavius coopts mitochondria for 

replication113,114. Perhaps one of the most interesting examples is that of alphaviruses, such as 

rubella, which have evolved to modify the endo and lysosomal membranes into sitess for RNA 

replication115. The effect is a fusion of the late endosome and lysosomal compartments into what 

is termed a cytopathic vacuole 116. The cytopathic vacuole then undergoes reversible fusion with 

the TGN, allowing for the migration of viral proteins to the endosome-localized 

nucleocapsids117. 

Egress refers to the passage of viral particles out of the infected cell. For lipid enveloped 

viruses this process consists of stealing membrane from host compartments. An emerging theme 

is the manipulation of the ESCRT pathway to accomplish this task118. Structurally, the enveloped 

virus is altogether not dissimilar from an endosome; it is a self-contained lipid-bound structure 

capable of trafficking and delivering content to target membranes. However, a key difference 

between many enveloped virions and the endosome, is the topology required for membrane 

curvature events. Endosomes generated by the invagination of membrane at the PM require 

cytosolic effector proteins such as dynamin to constrict the neck of the developing endosome, 
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resulting in scission119. The virion undergoing final envelopment in the cytoplasm is in precisely 

the opposite position; it is in a cytosolic space and must bud into a membrane, and therefore 

requires endosomal effector proteins capable of inducing intraluminal membrane curvature 

events. The ESCRT pathway involved in ILV creation at the maturing SE performs precisely this 

type of membrane curvature61,118. Numerous viruses exploit the ESCRT pathway for viral egress 

including HIV-1, Rous sarcoma virus, hepatitis C, yellow fever, and dengue118,120-122. 

 
Altered Trafficking for Immune Evasion and Signaling 

While less explored than entry, replication, and egress, it is clear that viruses alter the 

endocytic trafficking of cargo proteins to evade detection by the host immune system. The 

immune receptors MHCI and MHCII are both essential for proper T-cell activation123. These 

receptors are broadly targeted by viruses to inhibit the adaptive immune response. Exogenous 

expression of HSV-1 glycoprotein B causes MHCII retention in the EEA1+ SE by inducing 

homotypic fusion of SEs124. The HIV-1 protein NEF-1 and the KSHV E3 ubiquitin ligases K3 

and K5 induce the internalization and lysosomal degradation of MHCI71,72,125. 

Additionally, a number of viruses have been reported as altering the trafficking of 

signaling receptors such as EGFR. The HIV-1 Gag protein enhances the retention of EGFR in 

late endosomes126. The E5 oncoprotein of HPV inhibits endosomal acidification and results in 

the endosomal accumulation of internalized EGFR127. While receptor internalization reduces 

sensitivity to cognate ligands, it is currently unclear from these studies if the altered trafficking 

of EGFR results in changes to signaling that benefit infection. In line with these observations, 

our lab demonstrated that infection with HCMV induces the endosomal retention of phospho-

active EGFR, and that suppression of phosphoinositide 3 kinase (PI3K) signaling downstream of 

EGFR enhances viral reactivation from latency128. Importantly, while altered membrane 
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trafficking likely affects numerous host systems, there is a dearth of information regarding if or 

how such changes are significant in infection. 

 

HCMV 

Human cytomegalovirus (HCMV) is a betaherpes virus that infects the majority of the 

human population129. HCMV is spread through contact with body fluids 130. HCMV infection is 

lifelong, and viral persistence in the host is attributed to broad tissue tropism as well as a wide 

array of immune evasion strategies including altered cytokine secretion, modulation of both 

innate and adaptive immune responses, and latency 131-136 In immunocompetent hosts, HCMV 

infection is rarely symptomatic137. In the immune compromised, such as acquired immune 

deficiency syndrome (AIDs) patients, however, HCMV is a leading cause of morbidity138. 

Similarly, when vertically transmitted, HCMV disease causes life threatening complications in 

the developing embryo139. In the United States HCMV is now the leading cause of birth 

defects139. Treatment of HCMV is hindered by viral latency; there is no vaccine, and current 

antiviral therapies fail to eliminate latently infected cells and prove toxic to the host140-142.  

Viral Life Cycle 

HCMV is an enveloped double-stranded DNA virus. Successful viral production requires 

three events: (i) Replication of viral DNA in the host nucleus, (ii) encapsidation and 

tegumentation of viral DNA with viral proteins required for future infection, (iii) final 

envelopment with a host membrane. The life cycle of HCMV consists of the multiple stages 

required to accomplish these three events.  

Mature HCMV virions attach to the cell surface through interactions between virus 

glycoproteins and host receptors111. Following attachment, HCMV enters the cell through 



 

 

42 
membrane fusion143. Following entry, virion associated tegument proteins dissociate and 

immediately begin modifying the host cell for viral replication and immune evasion144. 

Tegument proteins still attached to the virion interact with host motor proteins to facilitate 

transport along the cytoskeleton to the nucleus145. Viral DNA synthesis and encapsidation occurs 

in the nucleus via a virally encoded DNA polymerase146. The nucleocapsid egresses from the 

nucleus through a viral induced export complex145,147,148. Maturing virions then acquire tegument 

proteins and host membrane through a poorly understood process that requires components of 

the ER, Golgi, and endocytic pathways146,149-151. ESCRT-associated proteins such as Clathrin, 

Hrs and TSG101 have been identified as coassociating with viral factors required for final 

envelopment, leading some to conclude that the membrane curvature machinery required for ILV 

creation is coopted by HCMV for nucleocapsid envelopment 149,150. Supporting this, electron 

microscopy of purified HCMV virions reveals the presence of clathrin and trans Golgi proteins 

on viral envelopes150. Perhaps the most compelling evidence for the role of ESCRT in virion 

envelopment is the observation of mature HCMV virions present in MVBs of infected cells. 

MVBs containing virus have been observed post fusion with the PM, suggesting virus may exit 

the cell with exosomes. Although, it is unclear to what extent these virus enriched compartments 

contribute to total HCMV egress152,153. 

Coinciding with viral production and egress, the secretory pathway of the infected cell 

undergoes a massive, viral-mediated rearrangement. The nucleus is reordered into a kidney bean 

shape. The Golgi apparatus is redistributed into a series of concentric rings that are positioned 

proximal to the nucleus. Peripheral endocytic structures such as sorting endosomes, lysosomes, 

late endosomes, and MVBs are condensed proximally to the Golgi. A number of viral 

glycoproteins, including UL99 and UL32, both which are essential for final envelopment, are 
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trafficked to endocytic structures such as SEs and the cis and trans Golgi148,149,154-159. 

Cumulatively this heterogeneous conglomeration of membranes and sorting factors has been 

termed the VAC (Fig. 3).  

HCMV and Endocytic Trafficking 

In recent years HCMV has been further appreciated for its role in altering the endocytic 

trafficking of host proteins. While research in this field is still nascent, a number of observations 

indicate that in addition to concentrating the endocytic pathway near the VAC, HCMV either 

reroutes and or retains host proteins in endocytic structures. The most prominent example of this 

dysregulation is TFR. Following endocytosis in uninfected cells TFR, the prototypical CDE 

receptor is trafficked to SEs where it rapidly recycles to the cell surface or undergoes late phase 

recycling through the Rab11 positive ERC9,60. At steady state, TFR resides in VAC associated 

SEs of HCMV infected cells155. Assays monitoring the uptake and trafficking of a fluorescently 

conjugated TF, indicated that TFR retention is a consequence of impaired recycling160. This same 

study suggested that impaired TFR recycling may be due to interactions between the HCMV 

glycoprotein UL100 and the Rab11 effector FIP4; however, this was not directly tested160. 

Further evidence that TFR retention at SEs may be in part mediated by alterations to Rab11 came 

from studies of the virally encoded micro RNAs (miRNAs) US5-1, US5-2, and US112-1; these 

miRNAs target transcripts of endocytic pathway proteins such as Rab11, Rab5c and VAMP3. 

Cells infected with HCMV mutants lacking these miRNAs retained less internalized TF than WT 

virus133, however this result was not directly quantitated. Cumulatively, these studies indicate 

ERC function may be limited or ablated in HCMV infection. It is important to note, these studies 

did not measure TFR rapid recycling, therefore it is difficult to discern what effect infection has 

on that sorting route.  



 

 

44 

 

Figure 3 Model of HCMV VAC. Host secretory pathway membranes are reorganized 

into a series of concentric rings. Endocytic structures are concentrated in a juxtanuclear location. 

The congregation of membranes and viral glycoproteins (not shown) are termed the VAC. Virus 

egressing from the nucleus migrates through various membranes of the VAC acquiring tegument 

and as host membrane before egressing. 
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In addition to TFR, the Wnt signaling protein b-Catenin is targeted to the VAC during 

infection with HCMV161. Relocated b-catenin is degraded presumably by the proteasome 

resulting in diminished canonical Wnt signaling from HCMV infected cells161. It is currently 

unclear how HCMV targets b-Catenin and if it is at all the result of altered endocytic or secretory 

architecture. 

Proteomic analysis of HCMV infected cells provides some insight into viral alterations to 

endocytic trafficking pathways. Of note, MICAL1 and EHD3, both required for maintenance of 

the ERC, are down regulated by HCMV85,134,162. Interestingly proteomic analysis showed no 

changes in concentration of Rab11 in infected cells. Additionally in this study, the concentration 

of sorting endosome regulatory proteins such as VPS34, Rab5, EEA1, SNX1, HSPA8, RME-8, 

and Rab4 appear to be unchanged by infection134.  

MCMV and Endocytic Trafficking 

A cousin to HCMV, MCMV has at least 78 ORFs that are highly similar to HCMV163. 

Importantly cells infected with MCMV exhibit trafficking defects similar to those described for 

HCMV; TFR is retained in enlarged SEs of MCMV infected cells164. This result mirrors 

observations in HCMV155,160. Further, in cells infected with MCMV, the CIE cargo MHCI is 

trafficked from the cell surface to SEs where it is retained long term164. Additionally, recent 

analysis tracking cholera toxin in MCMV infected cells, indicates that RT from the SE is also 

ablated in infection. This same study monitored the trafficking of EGF-bound EGFR, a target of 

lysosomal degradation, and found EGF-EGFR retained in SEs62,82. Together these results 

indicate that in MCMV ERC, RT, and degradative sorting are dysregulated at the SE. 

Unfortunately, as with HCMV, the cause of the trafficking defect is yet to be defined. 
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Final Remarks on HCMV and Endocytic Trafficking 

While the reorganization of host membrane and trafficking pathways is well appreciated 

for the replication and egress of HCMV, there is increasing evidence that changes to endocytic 

architecture are broadly influencing the trafficking of host factors. These studies have 

coordinately implicated the SE as an endosomal structure targeted by infection. As the central 

point for the passage of numerous endocytic pathways, the SE is a regulatory node whose proper 

function controls the recycling, degradation, and modification of countless proteins. Viral control 

of the SE, is therefore a means of impinging upon multiple systems at one point. We therefore 

sought to understand the extent of HCMV alterations to trafficking to and through the SE. As 

CDE has been the focus of previous labs, we selected the ARF6 CIE pathway, as it is important 

for the recycling of immune molecules such as MHCI. Our goals were to: 1) determine if 

infection with HCMV uniformly dysregulates CIE trafficking through the SE, 2) to identify host 

factors important for that dysregulation, 3) reverse the retention of cargos at the SE. 
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Chapter 2: Materials and Methods 

Cells and Viruses  

Human primary embryonic lung fibroblasts (MRC-5 and MRC-9) purchased from ATCC; 

Manasass) were both cultured in Dulbecco’s modified Eagle’s medium (DMEM) and 

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. THP-1 monocytes were maintained in RPMI supplemented with 10% FBS, 2mM 

sodium pyruvate, 50uM BME, and 100ug/mL streptomycin. Low passage strain of human 

cytomegalovirus, TB40/E, was a gift from Dr. Christian Sinzger 165. TB40/E expressing GFP as a 

marker for infection has been previously described166. The laboratory adapted strain of HCMV, 

AD169, was a gift from Dr. Tom Shenk and HSV-1 was a gift from Dr. Janko Nikolich-Zugich. 

Mutant viruses were created using BAC recombination method described in167,168. 

All infections were conducted at a multiplicity of infection (MOI) of 1 in in supplemented 

DMEM containing 10% FBS and viral inoculum. Meanwhile mock infected cells were provided 

supplemented DMEM containing 10% FBS only. Infection was monitored via GFP or in the case 

virus that did not express a fluorescent marker of infection by IE2 expression or VAC 

morphology. Unless otherwise stated all analysis was conducted on HCMV-infected cells at 48 

hours post infection.  
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Plasmids and Transient Transfections 

ARF6mruby was created by digesting ARF6 from ARF6_CFP addgene 11382 using Nhe1 and 

Age1, gel purifying and ligating upstream of mruby in pCIG. Rab11 GFP, Rab22a GFP, Rab35 

GFP, ACAP1 Flag, Hook1 HA, TRE17 GFP, and TRE17C541S GFP were previously 

described29,32,37,42,169. EHD3 GFP was a gift from Steve Caplan, University of Nebraska Medical 

Center. For transfection, actively dividing MRC5 or MRC9 cells were detached with trypsin, 

washed 3X in Dulbecco's phosphate-buffered saline (PBS), then suspended at 7.5 x 106 cells per 

mL in Ingenio® Electroporation Solution. 100ul of cell suspension was mixed with 3-5ug of 

DNA in 2mm sterile cuvettes and electroporated using Bio-Rad Gene Pulser Xcell™ time 

constant at 130v for 28ms. Cells were then resuspended in supplemented media and plated for 

experiments. Approximately 12-16 hour post electroporation, cells were washed 3x in PBS and 

then mock-infected or infected with HCMV at an MOI of 1. 

 

Antibody Uptake Assays, EGF647 and TF546 Internalization Assays. 

Antibodies were resuspended in supplemented DMEM containing 10% FBS (see table 1 for 

antibody concentrations). Coverslips containing cells were incubated with antibodies for 10 min 

at 37 C or 30min at 37 C (MHCI) unless otherwise specified. Coverslips were then washed three 

times in PBS, then stripped of residual surface antibody by exposure to 0.5% acetic acid, 5mM 

NaCl at PH 3 for thirty seconds followed by three washes with PBS and returned to media when 

appropriate. Following desired internalization time, cells were washed three times in PBS and 

fixed 20 min in 2% formaldehyde at room temperature. Post fixation, cells were washed three 

times in PBS, then permeabilized for 13 minutes in 0.1% triton x100 in PBS. Slides were washed 

three times in PBS and blocked overnight in 0.5% BSA and 5% normal goat serum in PBS. For 
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EGF647 experiments mock or HCMV-infected cells were incubated with EGF647 in serum free 

media for 10 min. Next coverslips were washed 3 times with PBS and returned to complete 

media.  For TF546 endocytosis assays, mock or HCMV-infected cells were provided TF546 at 

100ug/ml and allowed ten minutes for internalization before being washed in PBS or (when 

coordinated with an uptake assay) acid wash as described above. Unless otherwise stated images 

were obtained using a DeltaVision RT inverted Deconvolution microscope, 60x objective. 

Representative single plane images with 0.2µm thickness were adjusted for brightness and 

contrast. SIM was conducted using Zeiss ELYRA S1(SR-SIM) Super Resolution Microscope, 

Plan-Apochromat 63x objective. SIM images were rendered using ZEN imaging software. 

 

Image Analysis 

Frequency of coincidence analysis was conducted using the Squassh workflow in the 

MosaicSuite for Image J and FiJi170,171. ARF6-EEA1 co-association analysis was conducted on 

segmented and background subtracted images produced by Squassh workflow. In brief, a 

representative focal plane was selected wherein counts were conducted. ARF6-EEA1 association 

was defined as any individual ARF6 region < 1 pixel separated from an EEA1 region. These 

values were normalized to the total number of ARF6 regions counted per plane. ARF6 at the 

plasma membrane was excluded from this analysis. An average of seven cells were counted for 

each of three biological replicates.  

 

Immunoblotting and ARF6 Precipitation 

Immunoblotting was performed as previously described168 Briefly, 25 to 50 µg of protein lysate 

was separated on 12% bis-Tris gels by electrophoresis and transferred to 0.45-µm-pore-size 
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polyvinylidene difluoride (Immobilon-FL; Millipore) membranes. Proteins were detected using 

epitope- or protein-specific antibodies and fluorescently conjugated secondary antibodies using 

an Odyssey infrared imaging system (Li-Cor). All antibodies used are described in Table 1. For 

analysis of protein turnover, mock infected or HCMV-infected cells at 48hpi were treated with 

cycloheximide in DMSO at 50ug/ml for 0-8 hours and processed for immunoblotting. ARF6 

GTP pulldowns were performed using the ARF6 Pull-down Activation Assay, Cytoskeleton, Inc. 

and were conducted according to manufacturer (Cytoskeleton, Inc). In brief two 15cm plates 

containing 6x106 MRC5 cells (70% confluent) were incubated on ice, aspirated of media and 

washed two times in ice cold PBS. Next ARF6 lysis buffer including protease inhibitors was  

added to each plate before cells were scrapped and collected. Samples were then centrifuged at 

14,000 x gravity for 4 minutes at 4 C. Supernatant was then removed and snap frozen in liquid 

nitrogen before storage in -80. Samples were then thawed and processed according to 

manufacturer’s protocol. Whole cell lysates were used to determine total ARF6 concentration.  

 

THP-1 Differentiation. 

THP-1 monocytes were incubated on sterile, nuclease free-water washed cover slips in RPMI 

supplemented with 10% FBS, 2mM sodium pyruvate, 50uM BME, 100ug/mL streptomycin, and 

100nM TPA for 24 hours. Coverslips were washed of excess media and provided RPMI 

supplemented with 10% FBS, 2mM sodium pyruvate, 50uM BME, and 100ug/mL streptomycin. 
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Antibody and Reagent Table 

 

 
 
 
 
aR, Rabbit; M, mouse. 
bDilution in Tris-buffered saline–5% milk supplemented with bovine serum albumin and Tween 
20. 
cDilution in phosphate-buffered saline supplemented with bovine serum albumin and Tween 20. 
dND, not done. 
eA generous gift from Tom Shenk, Princeton University. 
fA generous gift from Lonnie Lybarger, University of Arizona. 
G Diluted in complete medium 
 
  

 
 
 
Antigen Antibody 

Antibody 
Type 

Source Concentration 
    Immunoblotting Immunofluoresence 

ARF6 
A305-
238A Ma Bethyl 1:1000b  

Alexa Fluor 647 
EGF N/A N/A Molecular 

Probes  1:100g 

Alexa Fluor 546 TF N/A N/A Thermo  100ug/mlg 
CD59 MEM-43/5 M ABNova ND 1:50g 
CD98 MEM-108 M BioLegend ND 1:50g 
CD147 HIM6 M BioLegend ND 1:50g 
EEA1 C45B10 R Cell Signaling  ND 1:100c 
Flag epitope M2 M Sigma ND 20ug/mlc 
HA epitope 6E2' M Cell Signaling  ND 1:1600c 
IE2 3H9 M Gifte ND 1:25c 
MHCI HLA B/C HC-10 M Giftf 1:50 ND 
MHCI HLA-A/B/C W6/32 M BioXCell NDd 1:50g 
α-Tubulin  DM1A M Sigma 1:10000  
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Chapter 3: Virus Control of Trafficking at Sorting Endosomes 

Introduction 

The ability of a cell to sense changes in its environment, transmit signals inward and respond to 

these changes, directly influences its state of differentiation, activation, stress, proliferation and 

survival. Detection of and response to the bulk of external cues is mediated by an array of plasma 

membrane receptors and other cell surface proteins. On short time scales, the surface 

concentration of these proteins is regulated by endocytosis and subsequent sorting decisions that 

culminate in either protein degradation or recycling back to the plasma membrane (PM). This 

binary decision: recycle or degrade, is executed in sorting endosomes (SE), structures that act as 

platforms capable of broadly tuning a cell's ability to respond to a milieu of signals 78.  

 Human cytomegalovirus (HCMV), a  beta herpesvirus, is notable for its reorganization of 

the host secretory membranes into a juxtanuclear, virus-induced organelle154-156,158. In this 

structure, the Golgi apparatus is organized into a ring-like structure with various endocytic and 

exocytic vesicles at the center154,155. Viral late proteins and glycoproteins are associated with 

membranes in this region and, as such, this dramatic reorganization of host membranes has been 

correlated with the assembly and egress of viral particles and termed the viral assembly 

compartment (VAC)151,154-156,158. In recent years, however, a number of host proteins not thought 

to be related to viral assembly and egress have been found localized to this compartment and its 

associated membranes, including MTOR, b-catenin, transferrin receptor, and epidermal growth 

factor receptor (EGFR) 128,155,160,161,172. These observations suggest that the virus alters vesicular 
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trafficking more broadly, likely affecting host cell trafficking and signaling; however, the extent 

and significance of how infection alters host trafficking is unknown.  

 To better understand the implications and extent of virally manipulated endocytic 

trafficking, we mapped infection-induced alterations to cargo endocytosis and trafficking during 

HCMV infection. We focused on the ARF6-associated clathrin-independent endocytosis (CIE) 

pathway, an immunologically relevant endocytic pathway regulating the internalization and 

recycling of molecules such as MHC I and II, interleukin receptor 2 subchain alpha (ILR2- α), 

and the complement protein, CD59, as well as migratory and adhesion proteins such as CD147, 

b1-integrin, and E-cadherin34. We find that infection with HCMV results in the aberrant 

accumulation and retention of both the CIE regulator ARF6 and CIE cargos in enlarged SEs, a 

fate that is shared with clathrin-dependent endocytic (CDE) cargo. This retention was the result 

of delayed recycling from the SE. Overexpression of the host ubiquitin specific protease (USP) 

6, also known as TRE17, is sufficient to reverse the retention of ARF6 and some, but not all, CIE 

cargos in the context of infection. MHCI was insensitive to TRE17 mediated trafficking. As 

TRE17 functions to stimulate ARF6 and CIE cargo recycling to the cell surface, this result 

suggests that HCMV alters cargo-specific sorting decisions. Lastly, we found that the ability of 

TRE17 to facilitate ARF6/CIE cargo recycling was dependent on its USP activity, implying new 

regulatory importance to USPs in vesicular trafficking. This work charts a new mechanism by 

which HCMV manipulates the host cell, rewiring decision making at SEs. Furthermore, 

exploration of this system implicates TRE17 in the dissociation of ARF6 membranes from-EEA1 

sorting endosomes in a ubiquitin-specific protease-dependent manner.  
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Results 

HCMV induces the retention of CIE cargos in the SE  

While HCMV relocalizes a number of signaling proteins to the VAC during productive infection 

in fibroblasts 128,133,155,160,161,172, it is not known how the virus alters trafficking from the cell 

surface to affect this relocalization. We sought to understand how CIE was being altered by 

infection because CIE governs the trafficking of proteins known to be affected by HCMV and a 

number of immune regulators, such as MHCI and CD59. While similar to CDE in that much of 

the CIE cargo traffics through SEs, CIE trafficking is not entirely restricted to passage through 

the SE 21, and many cargo have only a transient association with the SE.  

CD59 is a classic marker of CIE that can pass through the SE where it is sorted for 

recycling to the cell surface or for degradation 23. We monitored the endocytosis of CD59 using 

an antibody uptake assay combined with indirect immunofluorescence against the endogenous 

SE marker EEA1 over a time course (10, 35, 60 min post uptake). Because of the HCMV-

encoded Fc receptor, gp68, that has high affinity for human and Rabbit polyclonal IgG 

antibodies (Antonsson & Johansson, 2001; Sprague et al., 2008), we used only mouse 

monoclonal antibodies, which have been demonstrated to have no affinity towards 

gp68(Antonsson & Johansson, 2001).  In uninfected primary lung fibroblasts, regardless of the 

time post endocytosis, we found only minor populations of CD59 coincident with EEA1 (Fig. 

4A). However, during HCMV infection, CD59 was significantly routed to the SE as represented 

by increased association with EEA1 over time post uptake. The association of CD59 with EEA1 

over time in multiple independent experiments is quantified in Figure 4B.  Of note, the EEA1-

positive endosomes were enlarged in the context of infection (up to 1 µm), consistent with the 

observations of other groups 155,173. 
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Figure 4. HCMV results in retention of CIE cargo at sorting endosomes. Fibroblasts were 
mock-infected or infected with HCMV-TB40E at an MOI of 1. At 48 hpi, mouse monoclonal 
antibodies against CD59 (A,B,), CD147 (C,D) were incubated with cells to label surface 
proteins. Cells were fixed following internalization of antibody/cargo (time points indicated at 
left of each panel, minutes). Internalized CIE cargo was detected with an anti-mouse Alexa Fluor 
647 (red). Endogenous EEA1 was indirectly visualized by labeling with anti-EEA1 Rabbit 
antibody and secondary anti-Rabbit Alexa Fluor 546 (green). A merge of each channel with 
DAPI staining to indicate nuclei is shown on the right of each panel. Experiments in panels A 
and C were imaged using a Delta Vision deconvolution microscope. Scale bar: 5µm. 
Quantification of experiments in panels A and C are shown in panels B and D, respectively. 
Image quantification was performed by Squassh workflow in the Mosaic suite of Image J and 
Fiji. The y axes represent the frequency of coincidence of each marker with EEA1 and is an 
average of three independent experiments. Data represents means ± SEM in which an average of 
10 cells were analyzed per time point. Statistical significance was determined by a one-way 
ANOVA with Tukey corrections. Asterisks **** represent statistically significant differences (p 
values <0.0001).  
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 There is a separate class of alternative CIE markers that include, CD147, CD98, and 

CD44, all of which have been described to traffic via routes that do not necessarily include SEs 

21. Therefore, we analyzed the association of the alternative CIE cargo, CD147, with EEA1 

following its internalization using an antibody uptake assay.  As anticipated, CD147 was largely 

unassociated with EEA1 at all times post internalization in uninfected cells (Fig. 4C).  In sharp 

contrast, the coincidence of CD147 with EEA1 increased over time similarly to CD59. The 

quantitation of CD147-EEA1 association in multiple experiments is shown in Figure 4D. We 

observe retention of CD147 cargo in EEA1-positive endosomes for up to 4 hours, the longest 

time point post-internalization we have tested (Fig. 5). Two additional CIE cargos, the classical 

cargo MHC-1 (Fig. 6A) and the alternative cargo CD98 (Fig. 6C) also showed increased 

association with the SE in cells infected with HCMV(Quantified in Fig 6C and 6D, respectively). 

Interestingly, MHCI and CD59 exhibited lower association with SEs in uninfected cells 

than previously observed in cell lines23,31. Their association with EEA1 appeared consistent with 

that described for alternative cargos, CD147 and CD98, that have a predilection to recycle. This 

suggests that the CIE cargos tested may exhibit higher recycling rates in primary lung 

fibroblasts. 

In HCMV infected cells the staining of EEA1 on the SE membranes appeared to be 

discontinuous and was at times distinct from the associated cargo (Fig. 4A and 4C). To gain 

greater resolution of CD59 and CD147 relative to EEA1, we used super-resolution structured 

illumination microscopy (SIM) to examine EEA1+/CD59+ and EEA1+/CD147+ vesicles at 60 

minutes post uptake. Not surprisingly, in uninfected cells 60 minutes post endocytosis, we found 

that CD59 (Fig. 7A) and CD147 (Fig. 7C) were in mostly discrete structures in relationship to 

EEA1.This is illustrated by Imaris rendering of the SE visualized through SIM (Fig. 7B and 7D)  
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Figure 5. CD147 retention 240 minutes post endocytosis. Fibroblasts were infected with 
HCMV-TB40E at an MOI of 1. At 48 hpi, mouse monoclonal antibody against CD147 was 
incubated with cells to label surface proteins. Cells were fixed following 240 minutes of 
internalization of antibody/cargo. Internalized CIE cargo was detected with an anti-mouse Alexa 
Fluor 647 (Red); endogenous EEA1 was indirectly visualized by labeling with anti-EEA1 Rabbit 
antibody and secondary anti-Rabbit Alexa Fluor 546 (Green). A merge of each channel with 
DAPI staining to indicate nuclei is shown on the right of the panel. Experiments were imaged 
using a delta vision deconvolution microscope. Scale bar: 5um.  
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respectively) In contrast, in infected cells, CD59 and CD147 were highly associated with 

EEA1 SEs, but in distinct domains. Together these results indicate that HCMV biases both 

classical and alternative CIE cargo towards the SE where they are retained. 

 

Infection merges clathrin-independent and dependent endocytic sorting pathways 

While CIE and CDE pathways are distinct routes of endocytosis, cargo from both pathways can 

converge at SEs. In this sense, the SE is a node connecting both pathways31,78. The prototypical 

CDE cargo, transferrin (TF), localizes with EEA1+ SEs at the VAC in HCMV infected cells (Das 

& Pellett, 2011; Hook et al., 2014; Krzyzaniak et al., 2009). Therefore, we analyzed the 

trafficking and association of CIE and CDE cargo in infection. We analyzed the internalization 

and trafficking of a classical CIE marker, CD59, relative to the classical CDE marker, transferrin 

receptor (TFR), using antibody-stimulated uptake of CD59 and fluorescently-conjugated 

transferrin (TF546). In uninfected cells, CD59 was coincident with TF546 only in rare cases 

(frequency of ~8% by 60 min, Fig. 8A). HCMV infection increased the coincidence of CD59 

with TF546 to ~ 20% and 25% at 35 and 60 minutes post internalization, respectively (Fig. 8A 

and quantified in Fig. 8B). Similarly, CD147 also showed increased association with TF546 in 

HCMV-infected cells relative to uninfected cells (Fig. 8C and quantified in Fig.8D). In infected 

cells at 48hpi, both CIE cargo and TF546 were concentrated in the juxtanuclear vesicular structure 

consistent with the VAC. The increased coincidence of CDE and CIE cargo over time suggests 

that while these two markers label independent endocytic pathways, HCMV infection 

induces a shared fate, retaining CIE and CDE cargo at the SE. The seeming merger of CIE and 

CDE pathways stands in striking contrast to vesicular trafficking in uninfected cells. 
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Figure 6. HCMV results in retention of MHCI and CD98 at SEs. Fibroblasts were mock-
infected or infected with HCMV-TB40E at an MOI of 1. (A-D) At 48 hpi, mouse monoclonal 
antibody against (A) MHCI or (C) CD98 were incubated with cells to label surface proteins. 
Cells were fixed following 60 minutes of internalization of antibody/cargo. Internalized CIE 
cargo was detected with an anti-mouse Alexa Fluor 647 (Red); endogenous EEA1 was indirectly 
visualized by labeling with anti-EEA1 Rabbit antibody and secondary anti-Rabbit Alexa Fluor 
546 (Green). (B-E) Internalized CIE cargo was detected with an anti-mouse Alexa Fluor 647 
(Red). A merge of each channel with DAPI staining to indicate nuclei is shown on the right of 
each panel. Experiments were imaged using a delta vision deconvolution microscope. Scale bar: 
5um. Quantification of experiments in panels A and C are shown in panels B and D, 
respectively. Image quantification was performed by Squassh workflow in the Mosaic suite of 
Image J and Fiji. The y axes represent the frequency of coincidence of each marker with EEA1 
and is an average of one representative experiment. Data represents means ± SEM in which an 
average of 7 cells were analyzed per condition. Statistical significance was determined by a one-
way ANOVA with Tukey corrections. Asterisks ** represent statistically significant differences 
(p values <0.01).  
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HCMV Increases the association of ARF6 with EEA1  

 Our observations that CIE cargo is retained in SEs of infected cells revealed a consistent 

feature: EEA1 labeling on endosomes was rarely contiguous. Domains of SEs lacked EEA1, and 

at times these EEA1-negative regions were occupied by CIE cargo (Fig. 7 A-D). Based on this 

we reasoned that these domains might represent regions where ARF6-positive vesicles carrying 

CIE cargo were interacting with SEs. ARF6 is a GTP-binding protein that can modulate the 

endocytosis of CIE cargo and subsequent recycling events 30. Following endocytosis, ARF6-

positive vesicles transiently associate with SEs to deposit cargo21,30,31. To determine if infection 

alters the frequency of this association, we analyzed ARF6 and EEA1 localization under steady 

state conditions in both uninfected and HCMV-infected cells. To assist us in visualizing ARF6, 

we generated an expression construct where ARF6 was fused to mRuby2 (ARF6mRuby). In 

HCMV infected cells, there was a marked increase in the proportion of vesicular ARF6mRuby 

associated with EEA1 relative to uninfected cells (Fig. 9A). Approximately 55% of vesicular 

ARF6 was associated with EEA1 in infected cells compared to ~25% in uninfected cells (Fig. 

9B). To ensure that enhanced ARF6-EEA1 association seen in infection was not merely a 

consequence of endocytic concentration at the VAC, we analyzed ARF6-EEA1 association in 

infected cells with endocytic pools ranging from ~160µm2 to ~650µm2 and found ARF6-EEA1 

association to be independent of endocytic concentration (Fig. 10). 

The co-association of ARF6 and EEA1 in both uninfected and HCMV infected cells was 

rarely represented by overlapping colocalization. Instead, the markers appeared to label discrete 

domains (Fig. 9A). Imaris rendering of these SIM images further detail the distinct EEA1 and 

ARF6 domains evident in SEs associated with HCMV infection (Fig. 9C).  This co-association 

without colocalization was highly reminiscent of our observations of CIE cargo with EEA1(Fig  
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Figure 7. SIM of CIE Cargos at SE reveals partial EEA1 luminal staining. Fibroblasts were 
mock-infected or infected with HCMV-TB40E at an MOI of 1. At 48 hpi, mouse monoclonal 
antibodies against CD59 (A,B) or CD147 (C,D) were incubated with cells to label surface 
proteins. Cells were fixed following internalization of antibody/cargo (time points indicated at 
left of each panel, minutes). Internalized CIE cargo was detected with an anti-mouse Alexa Fluor 
647 (red). Endogenous EEA1 was indirectly visualized by labeling with anti-EEA1 Rabbit 
antibody and secondary anti-Rabbit Alexa Fluor 546 (green). (A,C) A merge of each channel 
with DAPI staining to indicate nuclei is shown on the right of each panel. Experiments in panels 
A and C were imaged using SIM. Scale bar: 5µm. Imaris rendering of SIM images: CD147 or 
CD59 with EEA1 in mock and infected cells, are shown in B and D respectively.   
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7A-D). Because ARF6-EEA1 vesicles are seen in uninfected cells (Fig. 9A-B), these 

structures likely reflect a normal, albeit minor (~25%), part of normal cell biology that is 

exaggerated by HCMV infection. Heterotypic ARF6/EEA1 vesicles were also enlarged in 

HCMV infected cells compared to uninfected cells, suggesting that infection exaggerates this 

structure. Importantly, this discovery offers a tool for studying this normally transient aspect of 

endocytic sorting.  

 

Infection reduces ARF6 activation. 

Following endocytosis, CIE cargos are often recycled to the PM in an ARF6 dependent 

manner29-31. Indeed, alternative CIE cargos such as CD147 show enhanced recycling through 

ARF6-Rab22a positive tubules relative to classical cargos21,39. We therefore wondered if the 

increased association of vesicular ARF6 and CIE cargos with SEs might result from decreased 

ARF6 recycling. To test this we measured ARF6 activation by precipitating and quantifying 

ARF6-GTP following pulldown. ARF6 cycles between plasma membrane and endosomal states 

in a GTP to GDP dependent manner26,30,174. Following endocytosis, ARF6-GTP is hydrolyzed 

and inactivated by GTPase activating proteins (GAPs) at structures such the SE 32 and GTP 

hydrolysis is required for ARF6 to recycle back to the PM30,40. We measured the relative 

concentrations of ARF6-GTP in both infected and uninfected cells using ARF6-GTP pulldown 

assays. ARF6-GTP levels were diminished in infected cells (Fig. 9D-E), but levels of ARF6 

were unchanged by infection. Therefore, the decrease in ARF6-GTP reflects a corresponding 

increase in ARF6-GDP. The increase in ARF6-GDP/diminishment of ARF6-GTP is consistent 

with a large population of vesicular ARF6 and a block in ARF6 recycling underlying the 

accumulation of cargo at the SE.   
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Figure 8. HCMV retains CIE and CDE Cargos Together. Fibroblasts were mock-infected or 
infected with HCMV-TB40E at an MOI of 1. (A,G,H) At 48 hpi, mouse monoclonal antibody 
against CD59 (A) or CD147 (C) with TF546 at 100ug/ml were incubated with cells to label 
surface proteins. Cells were fixed following internalization of antibody/cargo (time points 
indicated at left of each panel, minutes). (A,C) Internalized CIE cargo was detected with an anti-
mouse Alexa Fluor 647 (Red), TF546 was visualized via its fluorescence (Green). (A,C) A 
merge of each channel with DAPI staining to indicate nuclei is shown on the right of each panel. 
Experiments were imaged using a delta vision deconvolution microscope. Scale bar: 5um. 
Quantification of experiments in panels A and C are shown in panels B and D, respectively. 
Image quantification was performed by Squassh workflow in the Mosaic suite of Image J and 
Fiji. The y axes represent the frequency of coincidence of each marker with EEA1 or TF546 and 
is an average of one representative experiment. Data represents means ± SEM in which an 
average of 7 cells were analyzed per condition. Statistical significance was determined by a one-
way ANOVA with Tukey corrections. Asterisks * and **** represent statistically significant 
differences (p values <0.05) and (p values<.0001), respectively.  
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Ubiquitin-specific protease 6 restores trafficking of some CIE cargos and ARF6 from the 

SE 

While no one specific host factor has been identified to regulate the dissociation of ARF6 

membranes from EEA1-positive SEs for CIE cargo recycling, the perturbation of numerous CIE 

regulatory proteins (Fig.11A) has resulted in phenotypes reminiscent of HCMV-induced 

retention of CIE cargo in the SE29,32,33,42,85,160. Further, a number of these CIE regulators are 

dysregulated by infection with HCMV, including Rab11, Hook1, ACAP1/2, and EHD3 133,134. 

We therefore screened known regulators of CIE cargo recycling to determine if their exogenous 

expression could rescue the recycling of the alternative CIE marker, CD147, from the SE in 

HCMV-infected cells. We analyzed CD147 association with EEA1 at 60-minutes post 

endocytosis of antibody bound to cargo in cells infected with HCMV and overexpressing one of 

the CIE-regulators listed in Fig. 11 A-B or an empty vector control. Using this approach, 

overexpression of the ARF6 GTPase activating protein (GAP), ACAP1, or its transporter Rab35 

had no effect of the retention of CD147 at the SE (Fig. 11B-C). Further, factors required for 

recycling, including the tubular endosome stabilizing protein EHD3, and the endocytic recycling 

complex proteins Rab11 and Rab22a, had no effect on CD147 retention in the SE29,84,85.  

Expression of Hook1, an adaptor protein that facilitates CIE cargo recycling from early 

endosomes also had no effect on CD147 retention29. However, overexpression of the ubiquitin 

specific protease (USP) and ARF6 regulator, TRE17/USP6, alleviated CD147 retention at the 

SE. Exogenous expression of TRE17 significantly reduced the association of CD147 with SEs 

from ~20% seen with empty vector to ~3%, similar to the association seen in uninfected cells. 

(Fig. 11C). These results indicate that overexpression of TRE17 restores trafficking of CIE cargo 
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from the SE.  TRE17 counteracts MARCH E3 ubiquitin ligase-dependent targeting of CIE 

cargos to the lysosome via  
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Figure 9. HCMV results in increased EEA1-ARF6 association and decreased ARF6 GDP-
GTP cycling. (A,B) Fibroblasts were transfected with plasmid expressing ARF6mRuby. 
Approximately 24 hours post transfection, cells were mock-infected or infected with HCMV-
TB40E at an MOI of 1. At 48 hpi, cells were fixed. (A) Endogenous EEA1 was indirectly 
visualized by labeling with anti-EEA1 Rabbit antibody and secondary anti-Rabbit Alexa Fluor 
488 (green). Exogenous ARF6mRuby was visualized via its own fluorescence (red). Imaging 
shown is SIM. A merge of each channel with dapi is shown on the right of each panel. Scale bar: 
5µm. (B) Image quantification was performed by Squassh workflow in the Mosaic suite of 
Image J and Fiji. The y axes represents the frequency of Association of ARF6 with EEA1 and 
was calculated by hand counting the number of plasma membraned independent (vesicular) 
ARF6 positive structures <1 pixel distance from EEA1 positive structures. This value was 
divided by the total number of ARF6 vesicles to receive a percentage of ARF6 associated with 
EEA1. Data represents means ± SD in which an average of 14 cells were analyzed. (C) IMARIS 
projection of ARF6-EEA1 heterotypic structures rendered from SIM image in panel A. (D) 
ARF6-GTP was pulled down from cells mock-infected or infected with HCMV-TB40E for 48 h 
at an MOI of 1. Data represents means ± SD from three separate experiments. Total ARF6 was 
normalized to b-tubulin levels and quantification of total ARF6 and ARF6-GTP in infection 
relative to uninfected is shown. Statistical significance was determined by a one-way ANOVA 
with Tukey corrections. Asterisks ** and *** represent statistically significant differences (p 
values <0.01) and (p values <.001), respectively. 
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its USP activity, and has been shown to deubiqutlyate the CIE cargo CD98 and rescue the 

effects of MARCH expression on surface levels of both CD98 and MHCI 42. We hypothesized 

that the USP activity of TRE17 may underlie its ability to restore CIE cargo trafficking from the 

SE in the context of infection. To test this, we expressed a TRE17 variant where the USP domain 

was disrupted by a cysteine to serine point mutation at amino acid 541, TRE17C541S 

(TRE17∆USP) 42,169.  Relative to wild-type TRE17, TRE17DUSP failed to rescue CD147 

trafficking, indicating a requirement for the USP activity of TRE17 in CD147 trafficking from 

the SE (Fig. 12A, and quantitated in Fig. 12B). To exclude the possibility that overexpression of 

TRE17 affected CD147 trafficking by preventing its endocytosis, and therefore passage to the 

SE, we examined infected cells overexpressing TRE17GFP at 10 minutes and 30 minutes post 

CD147 endocytosis. At 10 minutes post endocytosis, we found much of the CD147 signal was 

present in an EEA1- endosomal pool near the VAC (Fig. 13). However, by 30 minutes post 

uptake the majority of CD147 was associated with TRE17GPF at the PM. Therefore, TRE17 is not 

 preventing the internalization of CD147 but instead stimulating its recycling from the 

endosomal pool.  

To determine if TRE17 broadly restores the sorting of CIE cargo from the SE in HCMV-

infected cells, we examined the effect of TRE17 overexpression on the association of MHCI 

with EEA1. Surprisingly, we found that TRE17 had no appreciable effect on MHCI association 

with EEA1+ SEs (Fig. 12C-D). These results were particularly surprising since TRE17 

overexpression has been shown to increase surface levels of MHCI 42. To confirm that TRE17 

can indeed influence the trafficking of MHCI to the cell surface in our primary fibroblasts, we 

analyzed the effect of TRE17 overexpression on MHCI at 30 minutes following antibody uptake  
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Figure 10. ARF6-EEA1 association is independent of vesicular concentration. (A) 
Fibroblasts were transfected with plasmid expressing ARF6mRuby. Approximately 24 hours 
post transfection, cells were infected or mock infected with HCMV-TB40E at an MOI of 1. At 
48 hpi cells were fixed. Endogenous EEA1 was indirectly visualized by labeling with anti-EEA1 
Rabbit antibody and secondary anti-Rabbit Alexa Fluor 488 (green). Exogenous ARF6mRuby 
was visualized via its own fluorescence (red). Top and bottom panels represent infected cells 
with planer VAC area ~ 159µm2 and 459	µm2 respectively. Scale bar: 5µm. (B) 11 images of 
infected cells were analyzed for ARF6-EEA1 association vs VAC area in µm2. A representative 
plane from each image was selected for analysis. Regions of interest (ROIs) were drawn around 
endosomal pools of infected cells; VAC area was calculated from ROIs using Measure tool in 
Image J. The y axes of graph B represents Frequency of Association of ARF6 with EEA1 and 
was calculated from each image’s corresponding ROI. Calculations were made by hand counting 
the number of plasma membraned independent (vesicular) ARF6 positive structures <1 pixel 
distance from EEA1 positive structures. This value was divided by the total number of ARF6 
vesicles to receive a percentage of ARF6 associated with EEA1.  Cells from panel A are 
identified by arrows in panel B.  
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in uninfected cells. Here we found that MHCI was highly enriched at the PM of cells 

overexpressing TRE17 relative to empty vector control (Fig. 12E), a finding consistent with 

previous work (Funakoshi et al., 2014). This result suggests that infection specifically retains 

cargo, such as MHCI, at SEs and that TRE17 is not sufficient to rescue the virus-imposed block 

to MHCI trafficking.  

TRE17 associates with ARF6 via a Tre-2/Bub2/Cdc16 (TBC) domain to stimulate 

recycling from tubular endosomes, and its USP domain regulates the trafficking of CIE cargos 

such as MHCI, and CD98 to the PM 40,42. Therefore, we examined the effect of TRE17 

overexpression on ARF6-EEA1 association in infected cells. Overexpression of TRE17GFP 

decreased the association of ARF6mRuby with EEA1 to a frequency similar to that observed for 

uninfected cells (Fig. 14A-B). Interestingly, expression of TRE17∆USP had no effect on ARF6-

EEA1 association, suggesting that the USP activity is required for TRE17 mediated dissociation 

of ARF6 membranes from SEs. As expression of TRE17∆USP also failed to prevent CD147  

retention at the SE (Fig.14A-B), these findings indicate that the TRE17-mediated restoration of 

CD147 recycling may be a consequence of restored ARF6 trafficking.  

 

HCMV infection hijacks cargo sorting into EEA1 or ARF6 membranes in heterotypic SEs. 

Our finding that trafficking of the CIE-mediator ARF6 from EEA1 to the PM, but not all 

CIE cargo, was restored by TRE17 was surprising. Therefore, we hypothesized that virus 

infection might differentially control CIE cargo sorting at the SE. If cargo such as MHCI was 

directed by infection into EEA1 membranes of a heterotypic SE, then it might be shielded or out 

of the reach of TRE17, which specifically associates with ARF6-GDP.  Similarly, we 

hypothesized that cargo like CD147 remains resident in ARF6 membranes, and is therefore,  
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Figure 11.  Screen of host recycling factors reveals role for TRE17 in reversing CD147 
endosomal retention in HCMV infected cells. (A) Schematic model of HCMV altered CIE. 
Candidate host factors analyzed in panel B are boxed. (B) Fibroblasts were transfected with 
plasmid expressing host factor or an empty vector control. Approximately 24 hours post 
transfection, cells were infected with HCMV-TB40E at an MOI of 1. At 48 hpi anti CD147 
antibody was added to cells for 10 minutes. Cells were then washed and placed in media for 
another 50 minutes. Cells were then fixed at 60 minutes post endocytosis and internalized 
CD147 was detected with an anti-mouse Alexa Fluor 647 (red). Endogenous EEA1 was 
indirectly visualized by labeling with anti-EEA1 Rabbit antibody and secondary anti-Rabbit 
Alexa Fluor 546 (green). Host factors were detected by labeling against respective epitope tags 
or, directly imaging fluorescent proteins using a Delta Vision deconvolution microscope. Scale 
bar: 5µm. (C) Quantification of experiments in panels B performed by Squassh workflow in the 
Mosaic suite of Image J and Fiji. The y axes represent the frequency of coincidence of CD147 
with EEA1 and is an average of three independent experiments. Data represents means ± SD in 
which an average of 20 cells were analyzed per condition. Statistical significance was 
determined by a one-way ANOVA with Tukey corrections. Asterisks **** represent statistically 
significant differences (p values <0.0001). 
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susceptible to TRE17-mediated recycling. To determine if CIE cargos are segregated into 

different vesicular domains of the SE in HCMV infection, we exploited the ability of TRE17 to 

induce dissociation of ARF6 and EEA1 membranes into distinct populations. We transiently 

overexpressed TRE17GFP and ARF6mRuby in infected cells and analyzed the association of CIE 

cargos, CD147 and MHCI, with either ARF6 or EEA1 following 60 minutes of antibody-induced 

uptake (Fig. 15A). As expected, CD147 was predominantly associated with EEA1-

/ARF6+/TRE17+ membranes in HCMV infection. By contrast, MHCI was predominantly 

associated with EEA1+/ ARF6-/TRE17- vesicles, suggesting that MHC1 is sorted into EEA1+ 

domains of the SE following its internalization in infected cells. These results indicate that 

HCMV alters the sorting of CIE cargo into distinct membrane domains, which will impact the 

fate of these cargos—to recycle or be degraded (Fig. 15B). 
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Figure 12. TRE17 reduces CD147 retention at SEs in a ubiquitin specific protease-
dependent manner.  Fibroblasts were transfected with plasmid expressing TRE17GFP, 
TRE17∆USPGFP or empty vector. Approximately 24 hours post transfection, cells were infected 
with HCMV-TB40E at an MOI of 1. At 48 hpi anti-CD147 (A,B) or -MHCI (C,D) antibody was 
added to cells and cells were fixed at 60 minutes post endocytosis. (E) Uninfected fibroblasts 
were transfected with plasmid expressing TRE17 or empty vector.  Approximately 24 hours post 
transfection anti-MHCI antibody was added to cells and cells were then fixed at 30 minutes post 
endocytosis. (A,C,E) Internalized CIE cargo was detected with an anti-mouse Alexa Fluor 647 
(red). Endogenous EEA1 was indirectly visualized by labeling with anti-EEA1 Rabbit antibody 
and secondary anti-Rabbit Alexa Fluor 546 (green). TRE17GFP or TRE17∆USPGPF (when 
applicable) was visualized via its own fluorescence. A merge of each channel is shown on the 
right of each panel. Experiments in panel A, C, and E were imaged using a Delta Vision 
deconvolution microscope. Scale bar: 5µm. (B and D) Image quantification was performed by 
Squassh workflow in the Mosaic suite of Image J and Fiji.  Quantification of experiments in 
panel A and C are shown in panel B and D, respectively. The y axes represents the frequency of 
coincidence of CIE cargo with EEA1 and is an average of three independent experiments. (B) 
Data represents means ± SD in which an average of 18 cells were analyzed per condition. Each 
dot represents an individual cell’s CD147-EEA1 association frequency. (D) Data represents 
means ± SD in which 9 cells were analyzed per condition. (E) N=15. Statistical significance was 
determined by a one-way ANOVA with Tukey corrections. Asterisks **** represent statistically 
significant differences (p values <0.0001).  
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Discussion 

Endocytosis and vesicular trafficking is a critical cellular process that regulates cell 

surface composition, immune presentation, signaling and the timely turnover of proteins to 

attenuate responses. Despite its pivotal role in regulating cell biology with implications for virus 

infection, very little is understood about how viruses modulate endocytosis beyond a means of 

virus entry into the host cell and maturation and egress of new progeny110,175,176. In this study we 

explored how HCMV regulates the immunologically relevant endocytic pathway, CIE.  HCMV 

altered the endocytic itinerary of transport and immune proteins, such as CD147 and MHCI, 

culminating in their long-term retention at SEs with the CDE cargo, TF. Further analysis 

determined that the major regulator of CIE, ARF6, is itself dysregulated by infection; ARF6 

showed increased association with SEs resulting in enlarged ARF6-EEA1 positive structures. 

We, therefore, hypothesized that the retention of CIE cargo at SEs was in large part due to 

impaired ARF6-EEA1 membrane dissociation and recycling. We identified TRE17 as a host 

protein that, when overexpressed, restored ARF6/CIE trafficking from the SE.  This work reveals 

a virus-induced block to trafficking from the SE where the virus controls decisions in endocytic 

sorting.  

Expression of TRE17, a ubiquitin specific protease known for regulating both ARF6 and 

CIE cargo trafficking to the PM, potently restricted CD147 retention at SEs in the context of 

HCMV infection. Further, and in support of our model, overexpression of TRE17 in infection 

also decreased the ARF6-EEA1 association to levels seen in uninfected cells and increased 

ARF6 concentration at the PM. The co-incident staining of CD147 and ARF6 at the PM suggests 

that indeed CD147 retention at the SE was, in large part, due to impaired separation of 
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ARF6/EEA1 membranes. Strikingly, the same was not true for MHCI, which remained at SEs 

even in the presence of exogenous TRE17. Therefore, we propose a model whereby HCMV 

infection directs  
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Figure 13. TRE17 mediates CD147 trafficking post internalization(A)Fibroblasts were 
transfected with plasmid expressing TRE17GPF. Approximately 24 hours post transfection, cells 
were infected with HCMV-TB40E at an MOI of 1. At 48 hpi, mouse monoclonal antibodies 
against CD147 were incubated with cells to label surface proteins. Cells were fixed following 
internalization of antibody/cargo (time points indicated at left of each panel, minutes). 
Internalized CIE cargo was detected with an anti-mouse Alexa Fluor 647 (red). Endogenous 
EEA1 was indirectly visualized by labeling with anti-EEA1 Rabbit antibody and secondary anti-
Rabbit Alexa Fluor 546 (green). TRE17GFP was visualized via its own fluorescence. A merge of 
each channel is shown on the right of each panel. Experiments were imaged using a Delta Vision 
deconvolution microscope.  
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Figure S4. TRE17 mediates CD147 trafficking post internalization
(A)Fibroblasts were transfected with plasmid expressing TRE17GPF. Approximately 24 hours post transfection, 
cells were infected with HCMV-TB40E at an MOI of 1. At 48 hpi, mouse monoclonal antibodies against CD147 
were incubated with cells to label surface proteins. Cells were fixed following internalization of antibody/cargo 
(time points indicated at left of each panel, minutes). Internalized CIE cargo was detected with an anti-mouse 
Alexa Fluor 647 (red). Endogenous EEA1 was indirectly visualized by labeling with anti-EEA1 rabbit antibody 
and secondary anti-rabbit Alexa Fluor 546 (green). TRE17GFP was visualized via its own fluorescence. A merge 
of each channel is shown on the right of each panel. Experiments were imaged using a Delta Vision deconvolu-
tion microscope. 
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the sorting of cargo, such as MHCI, from ARF6-posiitve domains into EEA1-positive domains 

in heterotypic SEs, which accumulate during infection (Fig. 15B). Sorting cargo into EEA1-

positive domains, would presumably exclude cargo from the reach of TRE17 and thus, prevent 

its trafficking with ARF6. In all, these observations are consistent with the notion that TRE17 

USP activity is confined to conduits of the CIE pathway, namely to proteins resident in ARF6-

GDP membranes40,42. Taken together, these findings suggest that infection is not only altering 

ARF6 dynamics and its associated cargos, but influencing sorting events in a cargo-specific 

manner. While our studies did not seek to measure the implications of differential cargo sorting, 

we posit that re-routing MHCI out of ARF6 positive membranes and into EEA1+ membranes 

may serve to encumber its recycling to the PM, thereby restricting antigen presentation. Indeed, 

it is possible that HCMV reprograms the fate of numerous cargos through migration into 

alternate endosomal micro-domains, which may have profound effects on host signaling and 

response. 

Our data offer the possibility that TRE17 may be downregulated in infection, resulting in 

the accumulation of ARF6 and cargo at the SE.  However, the available tools were not sufficient 

to measure concentration or to discern the localization of endogenous TRE17 in our cells. 

TRE17 function is dependent on proper targeting; a process controlled by growth factor 

signaling and RAC1 mediated actin polymerization 44. Of note, RAC1 activation is regulated by 

ARF6 activation, a process we demonstrate to be dysregulated by infection86. While HCMV 

infection may dysregulate TRE17, such that its overexpression restores ARF6 trafficking, it is 

equally possible that expression of TRE17 allows infected cells to overcome a defect in a highly 

related or interdependent component of the ARF6/CIE recycling system that is yet to be 

identified. We consider this scenario less likely since over expression of related USPs do not   
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Figure 14. TRE17 induces ARF6 dissociation from SEs in HCMV infection in a USP 
dependent manner(A-B) Fibroblasts were transfected with plasmid expressing ARF6mRuby with 
TRE17GPF, TRE17∆USPGPF, or empty vector. At 24 hours post transfection, cells were infected 
with HCMV-TB40E at an MOI of 1. Cells were fixed at 48 hpi. (A) Endogenous EEA1 was 
indirectly visualized by labeling with anti-EEA1 Rabbit antibody and secondary anti-Rabbit 
Alexa Fluor 488 (green); ARF6mRuby was visualized via its own fluorescence (Red); TRE17GFP 
or TRE17∆USPGPF was visualized via its own fluorescence (Blue). (B) Quantification of three 
independent experiments in panel A. The y axes represents frequency of association of ARF6 
with EEA1 and was calculated by hand counting the number of plasma membraned independent 
(vesicular) ARF6 positive structures <1 pixel distance from EEA1 positive structures. This value 
was divided by the total number of vesicular ARF6 to receive a percentage of ARF6 associated 
with EEA1. Each dot represents an individual cell’s ARF6-EEA1 association frequency. (A) A 
merge of each channel is shown on the right of each panel. Experiments in panel A were imaged 
using a Delta Vision deconvolution microscope. Scale bar: 5um. Image quantification was 
performed by Squassh workflow in the Mosaic suite of Image J and Fiji. (B) Data represents 
means ± SD in which an average of 14 cells were analyzed per condition. For all quantification, 
statistical significance was determined by a one-way ANOVA with Tukey corrections. Asterisks 
** and **** represent statistically significant differences (p values <0.001) and (p values 
<0.0001), respectively. 
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affect CIE trafficking42. Regardless, the effect of TRE17 on ARF6 trafficking in infection 

reveals an additional point of control in infection—the sorting of cargo between EEA1 and 

ARF6 domains. 

Previous studies in murine cytomegalovirus (MCMV) have reported the retention of CIE 

cargo MHCI in endocytic pools long term 177. While these studies did not investigate any other 

CIE cargo or ARF6 trafficking, they suggest that MCMV is dysregulating CIE in a manner 

similar to what we have described for HCMV. Further, Kaposi Sarcoma herpesvirus encodes two 

ubiquitin ligases K3 and K5 that induce the rapid internalization of MHCI, however this form of 

CIE regulation appears to be MHCI specific and linked to MHCI degradation 72. We did not 

detect CIE cargo retention in the context of HSV-1 infection (Fig. 16), suggesting that this 

phenotype is not common across all herpesvirdae. 

Our analysis of ARF6 and EEA1 in both infected and uninfected cells revealed a 

common feature; ARF6 and EEA1 seldom showed any signs of fusion; rather, the two proteins 

remained segregated but proximal. Membrane/protein partitioning of this sort has been described 

across the spectrum of endocytic trafficking, and most likely confers specificity for distinct 

trafficking events46,50,52,60,65,78,100.  It is also possible that ARF6 and EEA1, while proximal in 

infection, do not share a contiguous lumen; if such an event were the case, however, it would be 

difficult to imagine how CIE cargo such as MHCI ultimately partition with EEA1. 

The enlarged ARF6-EEA1 positive heterotypic endosomes generated by infection 

afforded us a unique opportunity to study trafficking and sorting events that are ordinarily 

transient and, therefore, difficult to monitor in uninfected cells. Perhaps the most fascinating 

observation afforded to us by this structure was a detailed analysis of TRE17’s effect on ARF6 

and CIE cargo trafficking. Via a TBC domain TRE17 preferentially interacts with ARF6-GDP  
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Figure 15. TRE17 induces ARF6 dissociation from SE reveals HCMV-mediated control of 
MHC sorting(A) Fibroblasts were transfected with plasmids expressing TRE17GPF and 
ARF6mRuby. At 48 hpi anti CD147 or anti MHCI antibody was added to cells and cells were then 
fixed at 60 minutes post endocytosis. Internalized CD147 and MHCI was detected with an anti-
mouse Alexa Fluor 647 (red).  Endogenous EEA1 was indirectly visualized by labeling with 
anti-EEA1 Rabbit antibody and secondary anti-Rabbit Alexa Fluor 405 (green); TRE17GFP was 
visualized via its own fluorescence (Gray); ARF6mRuby was visualized via its own 
fluorescence(Blue). Quantification of experiments in panel A are to the right of the merge. In 
panel A the y axes represents the frequency of coincidence of CD147 (upper graph) or MHCI 
(lower graph) with EEA1 or ARF6 and is an average of three independent experiments. (A) A 
merge of each channel is shown on the right of each panel. Experiments in panel A were imaged 
using a Delta Vision deconvolution microscope. Scale bar: 5um. Image quantification was 
performed by Squassh workflow in the Mosaic suite of Image J and Fiji. Data represents means 
± SD in which an average of 16 cells were analyzed per condition. For all quantification, 
statistical significance was determined by a one-way ANOVA with Tukey corrections. Asterisks 
** and **** represent statistically significant differences (p values <0.01) and (p values 
<0.0001), respectively. (B)In the context of HCMV infection, CIE cargo is internalized through 
an AFR6 -associated pathway and retained in EEA1+/AFR6+ sorting endosomes. While these 
heterotypic endosomes are observed in uninfected cells, HCMV infection induces their 
accumulation, suggesting that they are a normal, but transient or infrequent part of normal cell 
biology.  From our data, we propose that HCMV-controls sorting of cargo, particularly MHCI, 
between ARF6 and EEA1 domains of the sorting endosomes. This has implications for receptor 
fate-to recycle, be retained, or degrade. Our work further demonstrates a role for the USP activity 
of TRE17 in allowing trafficking of ARF6 and its associated cargo, such as CD147, from the 
sorting endosome. 
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and facilitates its recycling to the PM 40. Meanwhile, via a USP domain, TRE17 induces the 

trafficking of CIE cargo, such as MHCI and CD98 to the cell surface42. Our studies of TRE17 in 

infection marries these distinct functions in two important ways: first, we demonstrate that 

TRE17 mediates the trafficking of CIE proteins, such as CD147, away from SEs as a 

consequence of either inducing ARF6 dissociation from SEs or preventing ARF6 association 

with SEs. However, based on our observed internalization of CD147 prior to TRE17 mediated 

trafficking (Fig. 13) and the preferential binding of TRE17 to ARF6-GDP40, the former is more 

likely, as ARF6 undergoes GTP hydrolysis at SEs via interaction the GAPs, ACAP1/2 32. 

Second, we show that TRE17’s ability to mediate ARF6, and therefore CIE trafficking, is 

dependent on its USP activity, as expression of the TRE17 USP mutant in infection not only 

resulted in ARF6 retention at the SE, but its associated cargo, as well. These observations merge 

the separate functions of the TBC and USP domains of TRE17. The TBC domain acts as an 

ARF6-anchor, priming TRE17 to traffic ARF6-GDP membranes back to the cell surface 40, 

while the USP domain acts as a switch, regulating the dissociation of ARF6 membranes from 

SEs. This dual-domain functionality operates similar to an AND logic gate, ensuring that 

ARF6/cargo passage from the SE occurs only after two conditions have been met: ARF6-GTP to 

GDP hydrolysis (whereupon TRE17 can interact with ARF6) and protein deubiquitination. In 

line with this, the increased concentration of ARF6-GDP in infected cells may lead to enhanced 

TRE17-mediated ARF6 activation.  We posit this ubiquitin cleavage step may serve as a sorting 

checkpoint to ensure that only deubiqutinated cargo return with ARF6 to the PM. To our 

knowledge, this represents the first time that vesicular dissociation has been shown to be 

regulated by deubiquitinase activity. This appears to be a novel mechanism for regulating both 

the timing and precision of endocytic sorting events and a method of control that may not be  
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Figure 16. HSVI does not recapitulate HCMV CIE retention, 
Fibroblasts were infected with HSV1 at MOI 1. At 18 HPI, monoclonal antibody against CD147 
was incubated with cells to label surface CD147. Cells were fixed 60 minutes after endocytosis. 
Internalized CD147 was detected with an anti-mouse Alexa Fluor 647 (red); endogenous EEA1 
was indirectly visualized by labeling with anti-EEA1 Rabbit antibody and secondary anti-Rabbit 
Alexa Fluor 546 (Green). A merge of each channel is shown on the right of panel. 
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Figure S6. HSVI does not recapitulate HCMV CIE retention,
Fibroblasts were infected with HSV1 at MOI 1. At 18 HPI, monoclonal antibody against CD147 was 
incubated with cells to label surface CD147. Cells were fixed 60 minutes after endocytosis. Internalized 
CD147 was detected with an anti-mouse Alexa Fluor 647 (red); endogenous EEA1 was indirectly visual-
ized by labeling with anti-EEA1 rabbit antibody and secondary anti-rabbit Alexa Fluor 546 (Green). A 
merge of each channel is shown on the right of panel.
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restricted exclusively to ARF6 trafficking or HCMV infection.  

While numerous studies have highlighted altered endocytic organization following 

infection with HCMV, they have mainly focused on the role this reorganization plays in viral 

assembly and egress154,156,158-160,178,179. While undoubtedly crucial, HCMV’s alteration of host 

trafficking results in an alternative series of events that appear to operate independently of viral 

assembly. Here we report that infection rewires the CIE pathway, culminating in the retention of 

numerous immune and transporter proteins in SEs within the viral assembly compartment. 

Previously, we found phospho-active EGFR is retained in Rab5 and Rab11 positive endosomes 

in infection128. Additional reports indicate a multitude of signaling and cargo proteins 

concentrated in a juxtanuclear region of infected cells133,155,160,161,172. This pattern suggests one of 

two possibilities: (i) altered endocytosis is a consequence of viral assembly compartment 

formation, or (ii) altered endocytic trafficking is a distinct event and, therefore, may confer an 

advantage for infection. We favor the latter argument for several reasons. A time course of 

infection indicates that CIE retention begins no later than 24 hours post infection (Fig. 17A-B), 

well before the formation of the viral assembly compartment and after entry associated endocytic 

events110,158. This is consistent with the observed localization of mTOR to a juxtanuclear region 

as early as 24 hours following infection 180. This data combined with our observation that 

particular cargo such as MHCI appear to undergo infection-specific alternations in trafficking, 

suggests that the alteration to endocytic trafficking may serve a unique purpose for infected cells, 

altering antigen presentation as well as signaling. Cumulatively, this study not only acts to 

describe a previously unappreciated means that HCMV employs to dysregulate host trafficking 

through perturbation of trafficking from the SE, but also provides an in depth molecular analysis 
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of the CIE trafficking pathway, new regulatory elements, and reveals novel functions for TRE17 

as a joint CIE/ARF6 sorting system in a ubiquitin protease dependent manner. 
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Figure 17. CIE retention occurs as early as 24 HPI 
Fibroblasts were infected with HCMV-TB40E at an MOI of 1 for 60 minutes. Cells were washed 
of excess virus and returned to fresh media. At either 11, 23, or 35 hpi cells were incubated with 
monoclonal antibody against CD98 to label surface CD98. Cells were fixed 60 minutes after 
endocytosis. Internalized CD98 was detected with an anti-mouse Alexa Fluor 647 (red); 
endogenous EEA1 was indirectly visualized by labeling with anti-EEA1 Rabbit antibody and 
secondary anti-Rabbit Alexa Fluor 546 (green). A merge of each channel is shown on the right of 
each panel (hours post infection seen to the left of each panel); (C) includes DAPI staining to 
indicate nuclei. Panel D, y axes represents the frequency of coincidence of CD98 with EEA1 and 
is an average of one representative experiment. Data represents means ± SD in which an average 
of 6 cells were analyzed per time point. Statistical significance was determined by a one-way 
ANOVA with Tukey corrections. Asterisks * and *** represent statistically significant 
differences (p values <0.05) and (p values <0.001), respectively.  
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Chapter 4: Subsequent Findings 
 

EGFR passage through the SE is not delayed by HCMV 

Our analysis of endocytic trafficking in infection has been restricted to cargos that display a 

predilection to recycle22. Even the CDE cargo, TFR, is well-established as recycling at SEs181. 

We therefore wondered if cargo retention was specific to proteins that recycle through the SE. To 

test this we monitored the uptake of a cargo bound for lysosomal trafficking, EGF bound 

EGFR62. To monitor EGF-EGFR trafficking from the cell surface we pulsed cells with Alexa 

Fluor-647 conjugated EGF. In both uninfected and HCMV infected cells we observed the 

passage of EGF(EGFR) through SEs by 60 minutes post uptake (Fig. 18). This result stands in 

contrast to all previous cargo tested, and indicates the possibility that, for at least EGFR, 

trafficking through the SE is not restricted in infection. 

 

Altered CIE phenotype is present in macrophages 

HCMV exhibits wide cell tropism, however infection is predominantly studied in fibroblasts182. 

In line with this, nearly every description of the VAC and altered HCMV trafficking has been 

conducted in fibroblast cells133,154,158,159. We therefore wondered if altered CIE trafficking was 

maintained in a cell type that is important for HCMV dissemination and immune evasion, the 

macrophage183-185. Using TPA differentiated THP-1 cells, we either mock infected or infected 

with HCMV and conducted CIE uptake assays and imaged for the location of internalized CIE 

receptors CD147 or CD59 in SEs. In HCMV infected cells we found that both CIE cargos  
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Figure 18. HCMV does not delay EGFR trafficking through the SE.  
(A-B) Fibroblasts were infected or mock infected with HCMV-TB40E at an MOI of 1. At 48 hpi 
cells were provided EGF647 at 1:100 in serum free media to cause EGFR internalization. Cells 
were fixed following internalization of EGFR (time points indicated at left of each panel, 
minutes). Endogenous EEA1 was indirectly visualized by labeling with anti-EEA1 Rabbit 
antibody and secondary anti-Rabbit Alexa Fluor 546 (green). EGF647 was visualized via its own 
fluorescence. A merge of each channel with DAPI staining to indicate nuclei is shown on the 
right of each panel. Experiment D was imaged using a delta vision deconvolution microscope. 
Scale bar: 5um. Quantification of D is shown in panel E. Image quantification was performed by 
Squassh workflow in the Mosaic suite of Image J and Fiji. The y axes represent the frequency of 
coincidence of EGF647 with EEA1 and is an average of one representative experiment. Data 
represents means ± SD in which an average of 6 cells were analyzed per time point. Statistical 
significance was determined by a one-way ANOVA with Tukey corrections. Asterisks represent 
statistically significant differences (p values <0.001).  
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were retained in SEs relative to uninfected cells (Fig. 19). This result suggests that altered 

CIE trafficking is not specific to fibroblast cells and therefore may dysregulate a broad range of 

host tissues. 

HCMV protein pUL135 alters MHCI trafficking 
 

Our analysis of EGFR trafficking by HCMV revealed a role for ULb’ proteins in 

regulating host endocytic trafficking events128. In serially passaged strains of HCMV, such as 

AD169, the ULb’ region of the genome is selectively lost186. To test if ULb’ proteins are 

important for regulating altered CIE trafficking, we performed CIE uptake assays on mock 

infected cells or cells infected with either HCMV-TB40E (contains ULb’ region) or HCMV- 

AD169. We found that while AD169 infected cells did have enlarged SEs that on occasion 

retained CIE markers, the retention phenotype was significantly enhanced in cells infected with 

TB40E (Fig. 20). This result indicates that ULb’ proteins may be affecting CIE cargo retention at 

the SE. 

 pUL135 is a ULb’ protein that robustly regulates the lysosomal trafficking of EGFR (Rak 

and Goodrum, in press), and alters actin stress fiber dynamics128,187. We therefore tested the 

effect of pUL135 on the trafficking of the CIE cargo MHCI at 60 minutes post endocytosis. 

Interestingly, we found that cells infected with virus lacking pUL135 (pUL135stop) often had 

more dramatically enlarged SEs than WT infected cells. Of note these enlarged SEs were 

predominantly labeled with MHCI. Colocalization analysis of MHCI across conditions revealed 

that cells infected with pUL135stop had increased MHCI retention at the SE (Fig. 21 A-B). 

Next, we monitored the location of total cellular MHCI in cells infected with either WT or 

pUL135stop virus compared to uninfected. In uninfected cells the majority of MHCI was 
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Figure 19. Altered CIE trafficking is maintained in THP1 derived macrophages. (A-B). 
THP1 cells were TPA differentiated in RPMI containing 10% FBS and 100nM TPA for 24 hours 
on glass coverslips. Following differentiation cells were either mock infected or infected with 
HCMV-TB40E at an MOI of 1. At 48 hpi mouse monoclonal antibodies against CD59 (A), or 
CD147 (B), were incubated with cells to label surface proteins. Cells were fixed following 60 
minutes of internalization of antibody/cargo. Internalized CIE cargo was detected with an anti-
mouse Alexa Fluor 647 (red). Endogenous EEA1 was indirectly visualized by labeling with anti-
EEA1 Rabbit antibody and secondary anti-Rabbit Alexa Fluor 546 (green). A merge of each 
channel with DAPI staining to indicate nuclei is shown on the right of each panel. Experiments 
in panels A and B were imaged using a Delta Vision deconvolution microscope. Experiments in 
panels G and H were imaged using SIM. Scale bar: 5µm.  
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juxtanuclear consistent with trafficking through the ERC. In WT infected cells, MHCI was more 

diffuse, and could be found at SEs. In cells infected with pUL135stop, we observed increased 

association of MHCI with SEs (Fig. 22 A-B). This observation indicates pUL135 catalyzes 

sorting of MHCI from the SE. 

From Yeast 2 hybrid analysis and immunoprecipitation followed by mass spectrometry 

we identified pUL135 as interacting with CIN85 and Abi1, factors that mediate endocytosis and 

sorting at the SE (Rak and Goodrum, in press). CIN85 is required for efficient sorting of EGFR 

into ILVs64. Abi1 is a component of the WAVE complex responsible for remodeling actin for 

processes such as endocytosis188. pUL135 mutants deficient for binding with either CIN85, Abi1, 

or both were generated (Rak and Goodrum, in press). We tested if these viruses deficient for 

binding CIN85 and Abi1 altered the association of MHCI with SEs at steady state. We found that 

loss of both Abi1 and CIN85 binding resulted in increased association of MHCI with SEs, 

indicating a role for the cooperative function of these factors in MHCI sorting(Fig. 22 A-B). To 

ensure MHCI retention at the SE was not a consequence of viral mutation alone, we tested a 

virus mutated to supress the translation of pUL138 (pUL138 stop)167. Cells infected with 

pUL138stop virus displayed no significant changes in MHCI association with the SE relative to 

WT. Together these results indicate that the ULb’ protein pUL135 influences MHCI trafficking, 

and may be required for catalyzing the passage of MHCI through SEs. 
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Figure 20. CIE Retention is enhanced in HCMV TB40E. Fibroblasts were mock infected or 
infected with HCMV-TB40E or HCMV-AD169 at an MOI of 1. At 48 hpi, mouse monoclonal 
antibodies against CD147 were incubated with cells to label surface proteins. Cells were fixed 
following 60 minutes of internalization of antibody/cargo. Internalized CD147 cargo was 
detected with an anti-mouse Alexa Fluor 647 (red). Endogenous EEA1 was indirectly visualized 
by labeling with anti-EEA1 Rabbit antibody and secondary anti-Rabbit Alexa Fluor 546 (green). 
A merge of each channel with DAPI staining to indicate nuclei is shown on the right of each 
panel. Experiments in panel A were imaged using a Delta Vision deconvolution microscope. 
Scale bar: 5µm. Quantification of experiment in panel A are shown in panels B. Image 
quantification was performed by Squassh workflow in the Mosaic suite of Image J and Fiji. The 
y axes represent the frequency of coincidence of CD147 with EEA1 and is one representative 
experiment. Data represents means ± SEM in which an average of 9 cells were analyzed per time 
point. Statistical significance was determined by a one-way ANOVA with Tukey corrections. 
Asterisks * and *** represent statistically significant differences (p values <0.05) and (p values 
<0.001), respectively. 
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Figure 21. pUL135 alters MHCI sorting at the SE. Fibroblasts were infected with HCMV-
TB40E or HCMV-TB40E UL135stop at an MOI of 1. At 48 hpi, mouse monoclonal antibodies 
against MHCI were incubated with cells to label surface proteins. Cells were fixed following 60 
minutes of internalization of antibody/cargo. Internalized MHCI cargo was detected with an anti-
mouse Alexa Fluor 647 (red). Endogenous EEA1 was indirectly visualized by labeling with anti-
EEA1 Rabbit antibody and secondary anti-Rabbit Alexa Fluor 546 (green). A merge of each 
channel with DAPI staining to indicate nuclei is shown on the right of each panel. Experiments 
in panel A were imaged using a Delta Vision deconvolution microscope. Scale bar: 5µm. 
Quantification of experiment in panel A are shown in panels B. Image quantification was 
performed by Squassh workflow in the Mosaic suite of Image J and Fiji. The y axes represent the 
frequency of coincidence of MHCI with EEA1 and is one representative experiment. Data 
represents means ± SEM in which an average of 9 cells were analyzed per time point. Statistical 
significance was determined by a one-way ANOVA with Tukey corrections. Asterisks ** 
represent statistically significant differences (p values <0.01).  
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Figure 22. HCMV results in retention of CIE cargo at sorting endosomes. Fibroblasts were 
mock infected or infected with HCMV-TB40E, HCMV-TB40E pUL138stop, HCMV-TB40E 
pUL135stop, HCMV-TB40E pUL135∆Cin85, or HCMV-TB40E pUL135∆CIn85∆Abi1 at an 
MOI of 1. At 48 hpi, Cells were fixed. Following processing cells were stained for total MHCI 
and EEA1. MHCI was indirectly visualized with an anti-mouse Alexa Fluor 647 (red). EEA1 
was indirectly visualized by labeling with anti-EEA1 Rabbit antibody and secondary anti-Rabbit 
Alexa Fluor 546 (green). A merge of each channel with DAPI staining to indicate nuclei is 
shown on the right of each panel. Experiments in panel A were imaged using a Delta Vision 
deconvolution microscope. Scale bar: 5µm. Quantification of experiment in panel A are shown 
in panels B. Dots represent individual cells. Image quantification was performed by Squassh 
workflow in the Mosaic suite of Image J and Fiji. The y axes represent the frequency of 
coincidence of MHCI with EEA1 and is one representative experiment. Data represents means ± 
SEM in which an 7 to 12 cells were analyzed per time point. Statistical significance was 
determined by a one-way ANOVA with Tukey corrections. Asterisks * and **** represent 
statistically significant differences (p values <0.05) and (p values <0.0001), respectively. 
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Chapter 5: Final Discussion and Future Direction 

The ability of HCMV to alter endocytic trafficking is only now being appreciated. 

Preliminary studies indicated CDE recycling is dysregulated by HCMV. Our findings increase 

the scope of this dysregulation to include the ARF6 dependent Clathrin independent endocytosis 

pathway (CIE). It is currently unclear if other clathrin independent endocytic pathways are 

similarly manipulated by HCMV. Further, it is not clear if the dysregulation of CIE and CDE 

trafficking stems from the same event or if they represent distinct and separable points of control. 

Our studies of CIE trafficking do not exclude either possibility, but do indicate CIE 

dysregulation to be the result of impaired ARF6 dissociation from the SE and thus specific to 

CIE cargos that traffic with ARF6. If indeed HCMV separately regulates CIE and CDE 

pathways, it represents extraordinary conservation, delaying the recycling of cargos through the 

SE. 

Our studies raise an exciting possibility regarding a role for ARF6 in mediating an alternative 

recycling route from the SE. While the rapid recycling route and the ERC are well defined 

conduits for exit from the SE, there is some evidence that ARF6 mediates an additional recycling 

route from the SE (discussed in detail in Chapter 1, see Fig. 1). The best examples of this come 

from studies that dysregulated the trafficking of alternative CIE cargos such as CD98 and 

CD147. Ordinarily, alternative cargos are rarely seen at SEs, and display enhanced recycling 

following endocytosis21. However, mutations to ARF6 GAPs or enhanced ubiquitination of CIE 

cargos is sufficient to increase alternative cargo association at the SE32,41. Cumulatively, these 

results indicate that alternative cargo may traffic to the SE, but their residency is so transient that 



 

 

110 
direct association with the SE is rare. In infection with HCMV we found ARF6 membranes 

highly associated with SEs and CIE cargo resident in both structures. We hypothesize infection 

enhances the concentration of ARF6:EEA1 endosomes by delaying ARF6:EEA1 fission, thereby 

resulting enlarged dual positive endosomes containing retained cargo. The resultant structure 

represents an endosome frozen in a sorting step, thereby capturing both alternative and classical 

cargo with similar avidity. In this sense HCMV exaggerates the ARF6 sorting domain of the SE 

by causing enhanced accumulation of ARF6 membranes at the SE and indicates that ARF6 rapid 

recycling of cargos does occur at or proximal to the SE. 

TRE17 can deubiqutinate CIE cargo proteins such as CD98 enhancing their trafficking to the 

cell surface, however, we have not confirmed TRE17 performs ubiquitin cleavage on CIE cargos 

such as CD14742. We therefore would like to investigate this possibility by measuring 

ubiquitination of CD147 in infected cells in the presence and absence of TRE17. While 

important to furthering our understanding of this system, these experiments are technically 

challenging and are yet to be completed. 

The underlying dysregulation of ARF6 in infection is likely significant for more than CIE 

trafficking through the SE. Through its activation of PLD, ARF6 facilitates the cleavage of 

phosphatidylcholine to DAG and PA, two factors that are required for formation and recycling of 

endosomes22,27,35,84,86. ARF6 also activates PIP5 kinase resulting in increased PIP2 at the PM and 

thereby catalyzing numerous protein-membrane interactions24,26. It is possible that ARF6 

inactivation is therefore impinging on these downstream systems. Indeed, as PA is required for 

ERC tubulation events from the SE, ARF6 inactivation by infection may result in diminished PA 

enrichment at SE membranes85. Therefore, attempting to reverse ARF6 inactivation in infected 

cells may itself be sufficient to broadly restore late phase recycling. Importantly, while TRE17 is 
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sufficient to traffic ARF6 to the PM of infected cells, we have not demonstrated that this results 

in increased ARF6 activation. Actually, there is evidence that this activity may be insufficient to 

cause ARF6 activation. The ARF6 GEFs BRAG2 and PSD3 are both significantly 

downregulated by 24 hpi with HCMV27,134. We therefore plan to explore the effect of expressing 

BRAG2 and PSD3 on endocytic trafficking from the SE in HCMV infection. 

While the SE appears to be a focal point of HCMV endocytic dysregulation for both CIE and 

CDE pathways it is not clear how if at all the SE is altered by infection. Perhaps the best 

analogue for an infected cell’s SE is that of a DARab5 endosome; exogenous expression of DA 

Rab5 results in enlarged SEs considered deficient for endosomal maturation and result in the 

long term retention of recycling cargos such as TFR189. Indeed combined trafficking analysis 

from both the HCMV and MCMV fields suggest a defect in SE maturation: late phase recycling, 

retrograde trafficking, and sorting for degradation are all cited as impaired82,133,155,160. 

Unfortunately, there is no evidence indicating altered expression or function of Rab5 effector 

proteins in infection; classical SE regulatory proteins including GAPs and GEFs are present in 

normal concentrations in infected cells, indicating that defects seen are not the result of 

disruption of well-established endosomal components134. This does not preclude the possibility 

that unknown or ill-defined regulatory components are alternatively regulated by infection, that 

SE effector proteins are mislocalized, or that viral proteins at the SE are directly influencing 

sorting. However, currently, the only clear candidates for causing endocytic retention of cargos 

are MICAL1 and EHD3, two factors required for formation and stabilization of the ERC that are 

considerably down regulated in infection134. Considering that the CDE cargo TFR is recycled 

through the ERC and CIE cargos such as MHCI can be recycled through the ERC, it is possible 

their retention at the SE may come from disruption to ERC formation14,22,37. While we have not 



 

 

112 
yet obtained MICAL1 for testing, we found that EHD3 had no effect on CD147 retention at the 

SE. It would be interesting to test if EHD3 has an effect on MHCI as its trafficking through the 

ERC is better established than CD14737. 

Our studies focused on the fate of receptors following their internalization. For most of 

our assays, we observed cargo proteins 60 minutes following endocytosis. For CD147 we 

examined its location 240 minutes following endocytosis, and while it was largely with SEs (Fig. 

5), we do not have reason to believe that retention at the SE is permanent. It is therefore 

important to determine the ultimate fate of retained cargo proteins. Preliminary experiments 

using CHX to inhibit protein synthesis indicate no significant differences in the turnover of either 

CD147 or MHCI in HCMV infected cells relative to mock infected cells. It should be noted 

however, that the degradation rate of these cargos is very low, and reliable differences may be 

difficult to detect by 8 hours post CHX (Fig. 23)21. Biotin labeling of surface CIE proteins would 

be a better approach, allowing us to monitor the concentration of receptors in the absence of 

toxic drugs. Based on the alternate effect of TRE17 on MHCI and CD147 it would be interesting 

to monitor their relative rates of turnover. As we observed MHCI associated with EEA1 

membranes, we would posit that the two cargos may have different recycling and degradation 

kinetics. 

According to our observations the trafficking of CIE cargos and the CDE cargo TFR 

appear to stand in contrast to EGF-EGFR trafficking in infected cells. Unlike our CIE uptake 

assays, internalized EGFR, as monitored by fluorescently conjugated EGF, passes through the 

SE of infected cells with kinetics similar to uninfected cells (Fig. 18). This makes EGFR the only 

cargo we have tested to resist endosomal retention in the SE following endocytosis. There are 
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two reasonable explanations for this observation. First, EGFR is exiting the SE via a sorting 

route that is not targeted by infection. EGF-bound EGFR is a signal for EGFR lysosomal   
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Figure 23. HCMV does not delay passage to the lysosome.  
(A-C) Fibroblasts were infected or mock infected with HCMV-TB40E at an MOI of 1. At 48 hpi 
cells were provided media containing cycloheximide at 50ug/ml in dimethyl sulfoxide. Every 
two hours respective time points were collected. All samples were then processed for 
immunoblotting. The y axes of panels B and C represent the relative concentration of MHCI (B) 
and CD147 (C) normalized to a tubulin and their zero time point concentrations and is an 
average of three independent experiments. Statistical significance was determined by a one-way 
ANOVA with Tukey corrections. Asterisks represent statistically significant differences (p 
values <0.001).  
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degradation62 Other cargos tested both CIE and CDE (TFR) all have a predilection to recycle22. 

This result indicates that cargo bound for the lysosome may not be subject to retention at the SE. 

Or, phrasing it conversely, cargo bound for late phase recycling may be subject to retention at the 

SE. A second possibility is that EGFR is unique in its ability to be sorted from the SEs of 

infected cells. Interestingly, our studies of the viral protein pUL135 seem to indicate the latter to 

be the case. Previously we demonstrated that pUL135 decreased the surface concentration and 

enhanced the degradation of EGFR128. Further analysis of pUL135 revealed that it is required for 

the efficient passage of EGF-EGFR through SEs and that loss of pUL135 or pUL135’s 

interactions with CIN85 and Abi1 culminate in enhanced retention of EGF-EGFR at the SE (Rak 

and Goodrum, in press). Interestingly, the late endosomal route is delayed for EGFR trafficking 

in MCMV82. MCMV also lacks the pUL135 gene, providing a plausible explanation for this 

difference163. These findings indicate that EGFR is specifically targeted by HCMV infection. 

Perhaps most importantly, these studies suggest that, unless specifically facilitated by viral 

proteins such as pUL135, sorting to the lysosome may be delayed by HCMV. This indicates that 

perturbations to receptor sorting at the SE may be so severe that HCMV evolved functions to 

overcome these defects for specific cargos such as EGFR. 

PUL135 also appears to be coordinating the trafficking of MHCI. In cells infected with virus 

lacking pUL135 we observed enhanced association of both trafficked and steady state MHCI 

with the SE relative to WT infection. Further, pUL135 mutants deficient for binding CIN85 and 

Abi1showed increased MHCI retention as well. While this study requires further investigation, it 

implies that pUL135 may facilitate MHCI egress through the SE, as a loss of pUL135 results in 

enhanced MHCI association with the SE. This observation mirrors pUL135’s role in EGFR 

sorting at the SE, indicating pUL135 may sort multiple receptors through the SE. It is currently 
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unclear if pUL135 alters MHCI recycling or degradation. We must therefore determine if the 

absence of pUL135 results in changes to the surface or total concentration of MHCI. While our 

results also indicate that ablating CIN85 and Abi1 binding to pUL135 effects MHCI retention, 

these mutations may have disrupted the binding of different sorting factors, therefore we need to 

approach these results with caution. However, it is worth speculating the possibility that MHCI 

trafficking can be altered through CIN85 and Abi1 activity. Such a finding would imply that 

CIN85 may be able to coordinate Cbl mediated ubiquitination of MHCI, a phenomena that has 

never been described. Alternatively, if puL135 mediates MHCI degradation independent of Cbl 

activity, it suggests pUL135 may be affecting the activation of separate E3 ubiquitin ligases. 

In virus lacking the ULb’ region we found CIE retention at the SE to be diminished. 

Conversely, in virus lacking pUL135 we found CIE retention to be enhanced. While seemingly 

inconsistent, this sort of phenomena is recurrent for proteins expressed from the ULb’ locus. The 

ULb’ protein pUL135 is required for efficient viral replication and reactivation from latency, 

whereas the ULb’ protein pUL138 is required for maintenance of latency in HPCs166-168. Similar 

phenomena has been observed for the trafficking of EGFR128. We therefore posit that a separate 

ULb’ protein may be required for enhanced retention of MHCI at the SE. As we contain a library 

of ULb’ mutant viruses, we intend to test the effect of each in the context of MHCI trafficking. 

We will also test the importance of puL135 on other CIE cargos as well. 

While the bulk of our work focused on altered CIE trafficking in fibroblast cells, it is 

significant to note that we observed the preservation of the trafficking phenotype in TPA derived 

macrophages. This finding indicates that altered CIE trafficking may be present across numerous 

cell types infected by HCMV. Moreover, altered CIE trafficking has special significance for 

APCs such as dendritic cells (DCs) and macrophages. These cells have the ability to cross-
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present exogenous peptides on MHCI, thereby allowing for CD8+ T-cell activation against 

exogenous targets191. The specific endocytic processes required for exogenous peptide loading 

on MHCI are still debated, but there is evidence in DCs that MHCI internalized via CIE is 

transported through the SEs to endolysosomes where exogenous peptide is loaded 192. Our 

observations of CIE trafficking illustrates a defect in the passage of MHCI from sorting 

endosomes, therefore exploring MHCI trafficking in DCs, or to a lesser extent macrophages, 

may reveal a means of disrupting cross-presentation. 

Another outstanding question raised by our work is the overall effect of altered CIE 

trafficking on the infected cell. Because we are unable to broadly reverse CIE retention at the SE, 

it is difficult to directly answer this question, however, based on the cargos targeted we can 

anticipate particular systems that might be dysregulated. MHCI is an immune receptor required 

for T-cell activation and natural killer (NK) cell activity193,194. Multiple HCMV proteins target 

MHCI impairing peptide loading or facilitating its destruction131,195. Our results are consistent 

with this in that MHCI internalized by CIE is impaired from trafficking out of the SE. Therefore, 

it is possible that altered CIE trafficking is an additional strategy employed by HCMV to 

attenuate MHCI signaling at the cell surface. 

The alternative CIE cargo CD98 can signal through integrin b-1 activating PI3K and leading 

to AKT phosphorylation196. Integrin b-1is itself an ARF6 CIE cargo, and is both a reported 

HCMV entry receptor and is down regulated in infection culminating in altered cell 

morphology111,197. Our results may implicate CIE trafficking with altered Integrin b-1signaling 

and concentration at the PM. 

HCMV dramatically reorganizes and redirects membrane architecture of the endocytic and 

secretory pathways. While numerous studies have examined in detail the importance of these 
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effects for virion trafficking, little progress has been made in decoding the significance of these 

alterations for the host systems that depend on the orderly passage of material through these 

pathways148,157,159,198. Our work defines a single constellation of the endocytic map that is 

coordinately targeted by infection— trafficking through the SE. We hope this work helps to light 

a path forward for further exploration of endocytic trafficking both in infection with HCMV and 

at large. 
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