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VSV vectors as vaccines for emerging viruses and as probes for entry pathways 

Abstract 

 

 Viral fusion proteins (VFPs) are membrane-anchored machines that coat the 

surfaces of enveloped viruses and induce the fusion of virus and cell membranes.  

While enveloped viruses are evolutionarily diverse, their fusion proteins are organized 

into three classes based on structural and functional properties.  Our work describes the 

evolutionary and functional characterization of a class-I VFP, EnvPb1, which is derived 

from an endogenous retrovirus and conserved in primate genomes.  Additionally, we 

investigated vesicular stomatitis virus (VSV) vectors as a means to develop vaccines 

targeting the class-II VFP of the newly emergent Zika virus (ZIKV).   

Since VFPs are surface exposed and mediate viral entry, antibodies that bind 

and neutralize VFPs are potent inhibitors of infection.  Following the Zika virus outbreak 

in South America, we sought to generate vaccine candidates that would induce a 

neutralizing antibody response against the ZIKV envelope protein, E.  We generated 

and characterized a panel of recombinant (r)VSV–based vaccines against ZIKV.  We 

show incorporation of functional flavivirus envelope protein into VSV particles.  While 

ZIKV-E incorporation into VSV did not yield independently propagating virus, we 

discovered that rVSV-ZIKV infected cells readily produce ZIKV virus like particles 

(VLPs) containing ZIKV-E.  We immunized mice with the VLP-producing rVSV-ZIKV or 

purified VLPs alone.  We determined that both the rVSV and the VLPs induce a 

neutralizing antibody response against ZIKV.
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 Not only are VFPs targeted by host defenses, but also, in rare cases, they have 

been captured and repurposed to provide a beneficial function to that host.  We 

developed assays and tools to assess the evolutionary conservation and the function of 

the endogenous retrovirus envelope protein EnvPb1.  Our work revealed that EnvPb1 

was captured in a common ancestor to all simians and that evolutionarily distant primate 

EnvPb1 sequences retain the ability to fuse cells.   Additionally, we detect EnvPb1 

protein in placenta tissue – indicating that it may serve a physiological role in this tissue.  

Moreover, we show that EnvPb1 is released from cells in culture, suggesting it can be 

packaged into extracellular vesicles.  Our work expands upon what is known about 

EnvPb1 and provides insights and tools to serve future studies.		
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Chapter 1:  Introduction 
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Vesicular stomatitis virus  
	

Vesicular stomatitis virus (VSV) is the archetypal member of the virus family 

Rhabdoviridae and encodes a single-stranded, negative-sense RNA genome.  Its 

roughly 11kb genome encodes 5 protein products – nucleocapsid (N), phosphoprotein 

(P), matrix (M), glycoprotein (G), and the large RNA-dependent RNA polymerase, L – 

bound by terminal leader (Le) and trailer (Tr) sequences (Figure 1.1A).  The 

nucleocapsid protein binds viral RNA forming a nucleocapsid RNA (N-RNA) complex.  

N-RNA serves as the active template for transcription and replication [1].  The 

phosphoprotein serves as a cofactor for the VSV polymerase and serves to link N and L 

to form the ribonucleoprotein (RNP) complex for transcription and replication [2, 3].  The 

viral polymerase, L, uses N-RNA as a template to transcribe and replicate the VSV 

genome and additionally serves to cap and polyadenylate viral message [4-6].  The 

matrix protein is important for assembly and budding of particles as well as for shutoff of 

host translation by blocking nuclear export of mRNA [7-10].  The primary function of the 

glycoprotein is to mediate attachment to target cells and initiate fusion of virus and 

cellular membranes [11]. VSV virions take on a bullet shape, with glycoprotein spikes on 

the surface (Figure 1.1B) [12].  The inner side of the cell-derived lipid bilayer is coated 

by matrix protein, which surrounds the ribonucleoprotein (RNP) complex consisting of 

N, P, L, and viral genome. 
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Figure 1.1:  VSV genome and particle composition.  (A) VSV genome drawn to 

scale.  The VSV genome is a single-stranded negative-sense RNA.  VSV genes are 

shown in color and the 3’ leader (Le) and 5’ trailer (Tr) are shown as white boxes.  (B) 

VSV particle composition.  VSV particles are encased in a lipid bilayer (shown in 

brown).  RNP complexes (N-RNA, P, and L) are condensed by matrix protein to form a 

bullet shape.  Glycoprotein trimers coat the surface of virions and mediate attachment 

and fusion of viral particles.   
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VSV replication 
	

The replication cycle of VSV begins when a virion attaches to a target cell and is 

engulfed by clathrin-mediated endocytosis (Figure 1.2A) [13].  Endosomes acidify as 

they mature, which leads to low-pH triggering of VSV-G-mediated membrane fusion [14, 

15].  This is followed by uncoating (dissociation of M and RNP) and release of the viral 

RNP into the cytoplasm (Figure 1.2B-D) [16].  Next, L begins to synthesize subgenomic 

mRNAs corresponding to the 5 viral genes.  Due to stuttering and inefficient re-initiation 

of L between genes, viral genes are transcribed in a cascade in which N mRNA is most 

abundant and L mRNA is least abundant [17].  As viral genes are translated, they are 

transported to virus assembly sites at the plasma membrane through distinct pathways 

[18].  While L initially serves to synthesize viral mRNA, later in infection it switches to 

replicate the viral genome.  N encapsidates nascent genomes, and RNP complexes 

shuttle to G-containing microdomains at the plasma membrane [19].  Following this, M 

is recruited to these assembly sites where it condenses RNPs into the characteristic 

bullet shape, forming a nucleocapsid-matrix protein (NCM) complex [20].  NCMs bud 

through G microdomains and fission releases virions from the plasma membrane.   
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Figure 1.2:  Schematic of VSV replication.  VSV particles attach to the plasma 

membrane through G-mediated interactions (A).  Clathrin-mediated endocytosis engulfs 

particles (B) and they traffic to late endosomes (C) where the acidic environment 

triggers VSV-G fusion of viral and cellular membranes.  Uncoating of virus (D) allows for 

the start of gene transcription by L.  Viral proteins are translated, with VSV-G translation 

occurring in the rough endoplasmic reticulum (RER).  VSV-G travels through the 

secretory pathway en route to the plasma membrane.  VSV-M also localizes to the 

plasma membrane following translation.  As L replicates nascent genomes, they are 

bound by VSV-N, and associate with P and L to form RNPs.  RNPs are condensed by 

M, and budding occurs through VSV-G containing lipid domains.  VSV genes and 

proteins are color-coded as in Figure 1.1.  Ribosomes are depicted as black circles on 

RER and clathrin is depicted as purple shapes around endosomes in B. 
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Vesicular stomatitis virus as a vector  
	

VSV has long been the archetype mononegavirus, and studies of VSV have 

provided seminal contributions to the field of mononegavirales including studies of the 

viral polymerase structure, viral entry, and viral RNA synthesis [21-23].  The 

development of VSV reverse genetic tools provided a platform upon which researchers 

could replace VSV genes with their counterparts from other viruses [24, 25].  By 

generating recombinant VSV (rVSV) in which VSV-G is replaced by a heterologous viral 

fusion protein, researchers could now study the entry of high biosafety level viruses 

such as Ebola at the BSL2 level.   

 rVSVs have yielded significant contributions to virology.  For example, rVSV 

expressing the Ebola virus glycoprotein (GP) was utilized in a haploid genetic screen to 

identify NPC1 as the intracellular receptor for Ebola virus [26].  This method has yielded 

similar insights into the entry of other viruses including Rabies virus, Andes virus, Lujo 

virus, and even an endogenous retrovirus, HERV-K [27-31].  Given the widespread 

utility of rVSV, rVSVs expressing glycoproteins from a wide range of viruses such as 

influenza virus and chikungunya virus have been tested as potential vaccine candidates 

[32, 33].  VSV vectors are promising vaccine candidates due to the ease of making 

rVSV, the ability of VSV to replicate in essentially all mammalian cells, and the fact that 

VSV infection is only mildly symptomatic in humans [34-36].  

 

VSV-based vaccines 

 The most successful rVSV vaccine is rVSV-ZEBOV.  Originally developed in 

2004 by replacing the coding region of VSV-G with Zaire Ebola virus (ZEBOV) GP, a 
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single immunization with rVSV-ZEBOV was shown to protect cynomolgus macaques 

from a lethal challenge with ZEBOV [37, 38].  rVSV-ZEBOV was further characterized in 

non-human primates; however, it did not progress into humans until 2014 when the 

unprecedented Ebola virus outbreak in West Africa necessitated rVSV-ZEBOV human 

trials in efforts to stop the outbreak.  Phase I clinical trials in healthy U.S. adults showed 

that a single dose of 20 million plaque forming units (PFU) of rVSV-ZEBOV induces a 

ZEBOV-specific antibody response [39].  All recipients experienced viremia at the first 

follow-up visit, but only 20% still had viremia at day 7.  Most importantly, no significant 

adverse effects were reported, and viremia only correlated with fever.  A second dose of 

rVSV-ZEBOV led to increased short term but not long term antibody titers.  Another 

phase I trial found similar results although it used a higher dose.  11 of 51 patients in 

Geneva developed short-term arthritis in one of their joints, which led to suspension of 

that trial [40].   

 Next, rVSV-ZEBOV was tested in Guinea and Sierra Leone during the Ebola 

outbreak.  A ring-vaccination strategy was used by which contacts and contacts of 

contacts of a person with confirmed Ebola virus disease were traced and vaccinated 

with 20 million PFU of rVSV-ZEBOV.  In total 5837 individuals received the vaccine and 

none of them developed Ebola virus disease 10 days or more after vaccination [41].  

Despite being administered to almost 6000 individuals, only two serious adverse events 

related to vaccination were reported, and most adverse events were mild and included 

headache, injection site pain, and fatigue.  Furthermore, the speed with which rVSV-

ZEBOV was tested in humans and the ease of generating rVSV for other viruses 

exemplifies rVSV as an effective tool for generating vaccines against emerging 
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pathogens.  Thus, in chapter two, we aimed to apply this platform to meet the urgent 

need for Zika virus vaccines. 

	

Viral Fusion Proteins  

 Enveloped viruses are encapsulated by a lipid bilayer that is acquired during 

assembly and release of a virus from its host cell.  To gain entry into a target cell, 

enveloped viruses must fuse the viral and target cell membranes.  Viral fusion proteins 

(VFPs) catalyze the fusion of virus and cell membranes to overcome the high kinetic 

energy barrier to fusion of lipid bilayers [42, 43].  On a virion, VFPs exist in a pre-fusion 

state (Figure 1.3).  Upon localization of the virus to a cell, triggering of conformational 

changes (often induced by receptor binding or protonation) leads to the formation of an 

extended intermediate in which a hydrophobic region of the VFP interacts with the 

target cell membrane.  Collapse of the extended intermediate by a fold-back mechanism 

leads to a trimer of hairpins, which brings the two membranes together.  Despite 

evolutionary differences between enveloped viruses, all VFPs studied follow this same 

basic mechanism to achieve fusion of virus and cell membranes.   
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Figure 1.3:  Simplified schematic of viral membrane fusion.  VFPs reside on the 

outer surface of enveloped viruses in a pre-fusion state.  Upon triggering, VFPs undergo 

conformational changes upon which a hydrophobic stretch interacts with the target 

membrane through an extended intermediate.  Refolding brings the inserted segment 

adjacent to the transmembrane anchor, forming a hairpin structure that facilitates mixing 

of virus and target membrane lipids and fusion pore formation.  Model is based off of 

class I VFP structures. 
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Class I VFPs  

VFPs are classified into three known classes (I-III) based on structural 

similarities.  Class I VFPs are synthesized as a polyprotein precursor.  En route to the 

cell surface, class I VFPs undergo proteolytic cleavage by a host protease in the 

secretory pathway.  Proteolytic processing yields an N-terminal subunit, often containing 

a receptor-binding domain, and a C-terminal membrane-anchored subunit that harbors 

the fusion machinery.  Class I VFPs form trimeric oligomers in both their pre-fusion and 

post-fusion states.    

Influenza virus HA is the canonical class I VFP.  Influenza HA is the precursor to 

the N-terminal HA1 and the C-terminal HA2.  HA1 forms a globular structure containing 

a binding pocket for attachment of Influenza virions to sialic acid on the surface of cells 

(Figure 1.4A) [44, 45].  Following attachment, virions are endocytosed, where a proton-

induced conformational rearrangement ejects the fusion peptide at the N-terminus of 

HA2 into the target membrane (Figure 1.4B) [46, 47].  After insertion of the fusion 

peptide, the HA trimer folds back to form a trimer of hairpins, bringing the fusion 

peptide, the transmembrane-spanning region of HA2, and the attached lipid bilayers 

together [48].  The trimer of hairpins is inherently stable and permits the formation of the 

fusion pore, thus releasing the virus contents into the cell [49].  Approximately three HA 

trimers are needed to form a fusion pore [50]. 
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Figure 1.4:  Pre- and post-fusion structures of VFPs.  Individual subunits are colored 

in red, blue, and green.  Fusion peptides or loops are denoted with a black star.  Protein 

structures were made in PyMol 2.1 [51] (A) Pre-fusion structure of influenza A virus 

(IVA) HA trimer (protein databank (PDB) entry 2YPG).   
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Figure 1.4 (continued): 

The globular HA1 is lightly colored compared to HA2. (B) Post-fusion structure of IVA 

HA2 trimer (PDB: 1QU1).  (C) Pre-fusion structure of dengue virus (DENV) envelope (E) 

dimer (PDB: 3J27).  E monomers are shown in red and blue while membrane (M) is 

shown in orange.  Arrows denote membrane-spanning helices.  (D) Post-fusion 

structure of DENV E trimer (PDB: 1OK8).  (E) Pre-fusion structure of VSV G trimer 

(PDB: 5I2S).  Fusion loops are located at the bottom of the structure.  (F) Post-fusion 

structure of VSV G trimer (PDB: 2CMZ).   

 

While class I VFPs share structural similarities, they differ in the triggers that lead 

to the extended intermediate.  In the case of HIV, the N-terminal GP120 binds to its 

receptor CD4, which induces structural changes in GP120 that expose a co-receptor 

binding site [52].  Following binding of GP120 to the co-receptor (CCR5 or CXCR4), 

GP120 dissociates and GP41 inserts into the target membrane catalyzing bilayer fusion 

[53].  Moreover, the avian sarcoma leucosis virus (ASLV) envelope protein induces 

fusion through a two-step mechanism by which receptor binding induces conformational 

changes that then permit low pH to drive extension of its transmembrane subunit into a 

target membrane [54, 55].   

 

Class II VFPs  

Flavivirus envelope (E) proteins best represent class II VFPs.  Instead of 

proteolytic processing providing the priming step for fusion, class II VFPs have an 

associated chaperone protein (premembrane (prM) for flaviviruses), which prevents 
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triggering of fusion as the virus exits the cell.  When prM and E are associated, prM 

covers the fusion loop of E [56].  As flavivirus particles traffic through the cell, prM 

undergoes proteolytic cleavage by furin in the Golgi to yield pr+M [57].  When the 

particle emerges from the cell, pr dissociates from M, which primes E for fusion.   

While class II VFPs initiate virus and cell membrane fusion by a similar 

mechanism to class I VFPs, they are structurally different.  In contrast to the “spike”-like 

trimers that are visible projecting out of the surface of class I VFP-containing viruses, 

class II VFPs form homodimers that run antiparallel to each other and form a smooth, 

ordered surface around a virion (Figure 1.4C) [58].  Upon receptor binding, class II VFP 

dimers dissociate and reorganize as trimers (Figure 1.4D) [59].  These trimers catalyze 

the fold-back mechanism reaction similar to class I VFPs.   

 

Class III VFPs 

 Class III VFPs are found on viruses as distinct as rhabdoviruses, herpesviruses, 

and insect baculoviruses.  Class III VFPs are unique from the other two classes in that 

they do not require proteolytic cleavage of the fusion protein or an associated 

chaperone to prime fusion.  In the pre-fusion structure of VSV-G, the hydrophobic loops 

are hidden near the viral membrane (Figure 1.4E) [60].  Following exposure to low pH, 

VSV-G rotates 180º around its core, thereby moving the fusion loops to interact with the 

target membrane to catalyze membrane fusion through a predicted extended 

intermediate (Figure 1.4F) [61].  In the absence of a priming step, the transition between 

pre- and post-fusion forms is reversible [62]. 
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Recombinant VSV bearing VFPs  

Recombinant VSV (rVSV) incorporate VFPs from all three VFP classes despite 

the structural differences and priming mechanisms that differentiate VFPs of the three 

classes [33, 63, 64].  These viruses are capable of propagating in cells while solely 

relying on the foreign glycoprotein for assembly, budding, and subsequent infection.  As 

such, VSVs bearing foreign glycoproteins are beneficial tools to study entry pathways 

and to develop vaccines.  In chapter two, we utilize VSV vectors to express the class II 

Zika virus envelope protein and evaluate them as vaccine candidates.  In Chapter 3, we 

establish VSV vectors to investigate the function of a class I retroviral envelope protein, 

EnvPb1, that has been maintained in simian genomes.   

 

Zika virus emergence and pathogenesis 

The first known cases of Zika virus infection of a human occurred in Uganda and 

Tanzania in 1952 [65].  For the rest of the 20th century, infections occurred sporadically 

and were limited to Africa and Asia - in total, there were only 14 documented cases of 

Zika virus disease [66-68].  The first major outbreak of Zika virus occurred in 2007 on 

Yap Island in The Federated States of Micronesia.  Approximately three quarters of the 

7,391 Yap residents were thought to be infected with Zika virus and more than 900 

sought medical attention with symptoms attributable to Zika virus infection [69].  

However, Zika virus infection led to no deaths or hospitalizations during this outbreak.   

The next Zika virus outbreak grew in size with a suspected 29,000 cases in 

French Polynesia between 2013 and 2014 [70].  Importantly, this outbreak provided the 

first evidence for Zika virus-associated Guillain-Barré syndrome [71].  Nevertheless, it 
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was not until 2015 when Zika virus emerged in the Western Hemisphere that it was 

realized to be a significant human pathogen.  As of January 4, 2018, 583,451 suspected 

cases of Zika virus were reported in the Americas, which is likely a major underestimate 

[72].  Consequently, it was during this outbreak that Zika virus was discovered to be a 

causative agent of microcephaly [73].  Furthermore, while Guillain-Barré syndrome was 

first suspected to be associated with Zika virus disease during the outbreak in French 

Polynesia, the outbreak in the Americas substantiated the association between Guillain-

Barré syndrome and Zika virus disease [74-76].  Given the magnitude of the outbreak 

and the newly discovered neurological pathologies associated with Zika virus disease, 

the World Health Organization (WHO) proclaimed that a Zika virus vaccine is urgently 

needed. 

 

Zika virus composition and assembly 

Zika virus (ZIKV) belongs to the virus family Flaviviridae, which comprises other 

relevant human pathogens such as Dengue virus, Yellow fever virus, and West Nile 

virus.  As a flavivirus, ZIKV encodes a single-stranded positive sense RNA genome that 

codes for three structural and seven non-structural proteins.  Upon release of the viral 

genome into a cell following envelope (E) protein-mediated fusion of the virus and cell 

membranes, the viral genome is recognized as mRNA and directly translated to yield a 

single polyprotein [77].  After protein synthesis, host and viral proteases cleave the 

polyprotein to yield the individual viral proteins [78].  Following replication of the viral 

genome, particles bud into the endoplasmic reticulum (ER).  These virions contain 180 

total copies of both the premembrane (prM) and envelope (E) protein anchored to the 
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surface lipid membrane through their transmembrane regions.  While in the ER, prM 

and E are arranged as 60 trimers of prM:E heterodimers [79].  Due to the conformation 

of E on the surface, these particles appear spiky, and are referred to as immature 

particles because the association of prM with the fusion peptide of E prohibits fusion.  

Immature particles traffic through the trans-Golgi network where the mildly acidic 

conditions lead to structural rearrangements causing E to lay flat as antiparallel dimers 

[58].   Following this, the host protease furin cleaves prM into a pr peptide and the C-

terminal membrane-bound M.  Following these conformational changes, the now 

“mature” particles consist of 90 dimers of M:E heterodimers [80, 81].  Mature particles 

are released from a cell through exocytosis where they can then bind another cell to 

restart the process of infection.  After release from a cell and a return to neutral pH, pr 

dissociates from E, exposing the fusion loop of E and priming the virus for fusion.  

 

Flavivirus virus-like particles 

 During infection, not all viral particles produced are infectious.  Some particles, 

know as non-infectious subviral particles, or virus-like particles (VLPs), are produced 

and released from cells.  VLPs contain the structural proteins M and E but are absent of 

the non-structural proteins, capsid, and viral genomes.  These particles are highly 

ordered and retain the physical and chemical properties of infectious virus [82-85].  

Since they are non-infectious but structurally resemble infectious virus, VLPs are a 

prime vaccine candidate and much information has been gleaned on how to produce 

them.   
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 Early studies with recombinant vaccinia virus expressing Japanese encephalitis 

virus (JEV) proteins indicated that expression of both prM and E was necessary for 

extracellular release of E, presumably in the form of VLPs [86].  It was then shown that 

these recombinant vaccinia viruses were able to induce a protective neutralizing 

antibody response against JEV E protein [87].  Following this, VLPs were purified from 

the supernatant of cells infected with the recombinant vaccinia virus and injected into 

mice.  Mice that received the VLPs were protected from a lethal challenge with JEV and 

had similar neutralizing antibody titers against JEV E as mice who had received the 

recombinant vaccinia virus [88].  These results indicate that expression of prM and E 

from viral vectors induces the formation of VLPs, and these VLPs stimulate an adaptive 

immune response upon immunization.   

 These findings have been substantiated for other flaviviruses such as dengue 

virus and yellow fever virus, and it has been shown that expression of prM and E from a 

plasmid is also sufficient to induce the formation of VLPs [89-91].  Further, the 

transmembrane domains in the c-terminus of E are necessary for proper VLP formation 

and stability [92].  prM and E alone are sufficient to form VLPs, and co-expression of 

capsid has been shown to have in inhibitory effect on VLP formation [90].   

 

Flavivirus vaccines 

Vaccines exist for flaviviruses such as yellow fever virus, Japanese encephalitis 

virus, and dengue virus and range from highly successful (yellow fever) to moderately 

successful (dengue).  The oldest of the three is the Yellow Fever virus vaccine, 17D.  

17D was developed in 1937 by cultivating yellow fever virus for three years in minced 
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whole chick embryos from which the central nervous system was removed [93].  This 

serial passaging made 17D significantly less neurotropic and viscerotropic than the 

parent Asibi strain.  The first human immunizations occurred shortly after the 

identification of 17D, and since that time, approximately 500 million people have 

received 17D with only 12 known cases of yellow fever following vaccination [94-96].  

Furthermore, a single dose of 17D confers life-long protective immunity against yellow 

fever [97].  17D is considered the gold standard of flavivirus vaccines, and given its 

efficacy against yellow fever virus; it has served as a backbone for other flavivirus 

vaccines such as the Sanofi Pasteur CYD tetravalent dengue vaccine (TDV).   

Since there are four dengue virus serotypes, CYD TDV is composed of four 

recombinant viruses in which the prM and E genes of YFV have been replaced with prM 

and E from each of the four dengue virus serotypes.  CYD TDV was the first dengue 

virus vaccine candidate tested in phase III clinical trials.  Its efficacy during the first 25 

months was 60.3% for all participants but was markedly lower for those under 9 years of 

age (44.6%) [98].  Given its low protection, further efforts aimed to determine the 

correlates of protection against dengue virus and develop more effective vaccines.  

Recent studies using a tetravalent dengue vaccine in the DENV-2 backbone showed 

that immunization leads to a CD8+ T-cell response against DENV NS1, NS3, and NS5 

[99].  These results indicate that a strong cellular immune response in addition to a 

neutralizing antibody response may be an optimal correlate of protection against 

Dengue virus [100].  Thus, the best Dengue virus vaccines may need to induce a cell-

mediated immune response against the non-structural proteins in addition to a 

neutralizing antibody response against all four serotypes.   
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Vaccines for Zika virus 

Given the sudden need for a Zika virus vaccine, many research groups are 

developing candidates.  The first published ZIKV vaccine candidates presented a DNA 

expressing ZIKV prM and E from the Brazil BeH815744 strain as well as an inactivated 

virus vaccine from the Puerto Rico PRVABC59 strain [101].  First, the researchers 

tested the immunogenicity of full-length prM and E as well as a number of truncation 

variants.  Mice immunized with prM-E DNA were completely protected against Zika 

virus challenge.  Furthermore, passive transfer of IgG from vaccinated mice to 

unvaccinated mice was sufficient to protect against ZIKV challenge.  Depletion of CD4 

and CD8 T cells in vaccinated mice had no effect on protection, indicating that an E-

specific antibody response is the main correlate of protection. The inactivated virus 

vaccine also developed by this group showed similar results [98].  Therefore, it is 

possible that neutralizing antibody response against ZIKV-E is sufficient to induce 

protection against ZIKV challenge.   

The DNA vaccine, the inactivated virus vaccine, and an adenovirus (Ad)-based 

vaccine were subsequently tested in rhesus monkeys [102].  All three provided 

complete protection against ZIKV challenge although there were subtle differences in 

the immune response between each platform tested.  For example, while all vaccine 

candidates induced neutralizing antibodies, the DNA vaccine did not elicit a significant 

neutralizing antibody response following the initial priming immunization while both the 

inactivated virus and adenovirus vaccines yielded neutralizing antibodies after the initial 

prime.  In all three cases, a boost immunization increased the level of neutralizing 

antibodies.  Further, the inactivated virus vaccine induced low levels of cell-mediated 
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immunity, mostly against E and capsid.  Transfer of IgG from immunized rhesus 

monkeys to mice or naïve rhesus monkey also afforded protection against ZIKV 

challenge, again indicating that neutralizing antibodies are sufficient to protect against 

ZIKV challenge.  However, while all three candidates tested elicited neutralizing 

antibodies, both the inactivated virus and the adenovirus-based vaccines outperformed 

the DNA vaccine.  This could indicate that while neutralizing antibodies are sufficient for 

protection, viral-based vaccine components might increase the magnitude of the 

immune response.     

Since these studies only tested the immune response immediately after 

vaccination, the same group assessed the immune response in vaccinated rhesus 

monkeys one year following immunization.  They again assessed the inactivated virus 

vaccine, the adenovirus (Ad)-based vaccine, and a DNA vaccine.  At one year post 

immunization, 6 of 8 rhesus monkeys immunized with the inactivated virus vaccine, 2 of 

7 animals immunized with the DNA vaccine, and 4 of 4 animals immunized with the Ad 

vaccine were protected against challenge with Zika virus [103].  The authors also 

defined neutralizing antibodies as the main correlate of protection, with neutralizing 

antibody titers elicited from vaccination with the Ad vaccine being best maintained at 

one year following the initial immunization.  Seemingly, these results suggest 

expression of ZIKV-E from a replication competent viral vector may be best suited to 

generate lasting immunity from a single vaccination.   

Other vaccine candidates for ZIKV include RNA nanoparticle vaccines [104], 

modified RNA vaccines [105], virus-like particle (VLP) vaccines [106], as well as 

vaccines based on vesicular stomatitis virus [107].  All of these studies bolster the idea 
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that a neutralizing antibody response is the principal correlate of protection against ZIKV 

infection.  Further, while each ZIKV vaccine study measures the immune response 

generated against that specific vaccine, little is known mechanistically about how these 

vaccines induce an immune response – particularly for recombinant vaccines that 

express ZIKV-E.  For example, while the DNA vaccine leads to expression of ZIKV-E in 

cells, it is not shown whether E is released into cell supernatants and in what form that 

E is [101].  The same caveat applies to the above published VSV-based vaccine 

candidate.  While these findings were published while our research into VSV-based 

vaccines was still in progress, our work provides fundamental mechanistic insights into 

how recombinant vaccines may be inducing a neutralizing antibody response against 

ZIKV.  As a result, our work will aid future generation of vaccine candidates for ZIKV as 

well as for other emerging viruses.     

 

Endogenous retroviruses  

Endogenous retroviruses (ERVs) are the remnants of past retroviral infections 

that exist throughout the genomes of all vertebrates.  When a retrovirus infects a cell, a 

DNA copy of its RNA genome is integrated into the host’s DNA due to the retroviral 

proteins reverse transcriptase and integrase [108, 109].  The integrated DNA copy is 

known as a provirus.  Infected cells produce virus until the provirus is silenced or the 

cell dies.  ERVs are thought to arise when a retrovirus infects and integrates its genome 

into a germline cell.  If this germline cell goes on to produce progeny, the provirus can 

be vertically transmitted as a heritable genetic element following traditional Mendelian 

inheritance and can reach fixation in a population over time (Figure 1.5A).  
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Figure 1.5: Process of endogenization and fates of proviruses.  (A) Retroviral 

infection of germline cells leads to an integrated provirus in that cell.  If that germ cell 

forms offspring, the offspring will have the provirus copy in every cell of its body.  Over 

time, this can be vertically transmitted to others until it eventually reaches fixation in a 

population.  (B) Fates of integrated proviruses.   
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Figure 1.5 (continued):  

An intact, integrated proviral copy contains, at the minimum, 5’ and 3’ long terminal 

repeats (LTRs) and the four basic retroviral genes (gag, pro, pol, and env).  Over time, 

these genes acquire mutations that render them inactive, but in rare cases, an ORF can 

be preserved for a beneficial host function.   

 

 

While most ERVs derive from ancient invasions of mammalian genomes and the 

mechanism of endogenization is thus inferred, germline colonization is currently 

occurring in Koala genomes and provides real-time support for the theory that retroviral 

infection of germ cells leads to endogenization [110].   Further evidence for germline 

colonization was previously demonstrated in early stage mouse embryos and fertilized 

chicken eggs [111, 112].  The contribution of human (H) ERV-derived elements to the 

genome is approximately 8%, and for other mammals it ranges from 5-10% [113, 114].  

While HERVs comprise a significant portion of the human genome, they are not all 

derived from unique viral insertion events.  Rather, most HERVs come from a limited 

number of lineages, the number of which ranges from 31 to more than 300 depending 

on the method of classification [115, 116].  Therefore, many of HERV elements present 

in the human genome arose from post-colonization proliferation events such as 

reinfection, retrotransposition, or complementation in trans [116, 117].   

Reinfection can occur through infection between germline cells or through 

infection of germline cells with virus originating in somatic cells.  Reinfection is thought 

to be the dominant method of HERV proliferation due to the fact that the env gene, 
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which is not needed for retrotransposition or complementation in trans, is under 

purifying selection in many ERV lineages [117].  ERV proliferation through 

retrotransposition occurs through copying of the provirus in a germline cell using the 

viral machinery, and is evidenced by purifying selection of the pol gene but not the env 

gene.  Complementation in trans is the occurs when the replication machinery is 

supplied by a separate exogenous or endogenous retrovirus and is thought to account 

for high copy number HERV lineages such as ERV-9, which do not exhibit purifying 

selection on any of the proviral genes [116].   

Upon integration, an intact provirus includes the four basic retroviral genes; gag, 

pro, pol, and env, flanked by two long terminal repeats (LTRs) (Figure 1.5B).  Gag is a 

polyprotein that comprises structural components of the retrovirus core.  Pro, the viral 

protease, aids in the maturation of viral particles.  The pol gene encodes reverse 

transcriptase (RT) and integrase, and the env gene encodes the surface-bound fusion 

machinery, Env.  Env is a polyprotein consisting of a receptor-binding SU subunit and 

the transmembrane bound fusion subunit (TM).   Most retroviral Envs resemble class I 

VFPs.   

Since ERVs derive from exogenous viruses, they are classified based on their 

relation to currently circulating exogenous viruses.  Class I ERVs share homology to 

gammaretroviruses or epsilonretroviruses, class II to betaretroviruses, 

alpharetroviruses, deltaviruses and lentiviruses, and class III to spumaretroviruses.  

Phylogeny clustering is most commonly based on comparison of ERV RT domains that 

are found in all retroviruses [118] (Figure 1.6).  
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Figure 1.6:  Phylogenetic relationship between endogenous and exogenous 

retroviruses.  RT regions of selected retroviruses were aligned, and the evolutionary 

history was inferred by maximum likelihood based on the General Reverse 

Transcriptase model [119].  The tree with the highest log likelihood is shown.  The tree 

is drawn to scale, with branch lengths measured in the number of substitutions per site.  

Evolutionary analyses were conducted in MEGA7 [120].  Gamma, delta, lenti, alpha, 

and betaretroviruses are shown.  Abbreviations: MoMLV – Moloney murine leukemia 

virus, FLV – feline leukemia virus, PERV – porcine endogenous retrovirus, GALV – 

gibbon ape leukemia virus, BaEV – baboon endogenous retrovirus, REV- 

reticuloendotheliosis virus, HERV-W – human endogenous retrovirus W, HERV-FRD, 

human endogenous retrovirus FRD, HTLV – human T-lymphotropic virus, BLV – bovine  
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Figure 1.6 (continued): 

leukemia virus, FIV – feline immunodeficiency virus, CAEV – carpine arthritis 

encephalitis virus, HIV – human immunodeficiency virus, TgERVF – avian endogenous 

retrovirus F, RSV – Rous sarcoma virus, PyERV – python endogenous retrovirus, 

HERV-K – human endogenous retrovirus K, MMTV – mouse mammary tumor virus, 

MPMV – Mason-Pfizer monkey virus, JSRV – jaagsiekte sheep retrovirus.  Sequences 

are as defined in [121]. 

 

Additionally, ERV phylogeny can be determined by phylogenetic analysis of conserved 

regions of the TM domain of Env [122].   

Silencing and inactivation of ERVs  

To prevent the production of virions, hosts have evolved methods of silencing 

proviruses.  In adult cells, methylation of DNA is enough to silence retroviral 

transcription, illustrated by the fact that DNA demethylating agents induce ERVs [123, 

124].  However, during development when demethylation occurs, other mechanisms are 

initiated to control ERV activation. One such recently defined mechanism is that 

TRIM28 binds to primate-specific ERVs in human neural progenitor cells (hNPCs) to 

recruit H3K9me3 histones to silence ERVs [125].  Knockdown of TRIM28 in hNPCs 

leads to ERV transcription.  While this mechanism and others are able to silence ERV 

transcription during development and following acquisition, over time, most ERVs 

acquire debilitating mutations that render them inactive. 

Following germline acquisition, ERVs acquire mutations at the rate at which their 

host acquires mutations during DNA replication.  Given this, and because proviral LTRs 
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are identical at the time of integration, the number of nucleotide differences between 

two LTRs of the same provirus can be used to estimate the time of endogenization.  

Additionally, estimates based on species divergence times and newly developed 

phylogenetic methods can be used to estimate ERV integration times [126].  Through 

these methods, it is appreciated that most HERVs arose in a primate ancestor between 

25 and 50 million years ago, with the evolutionarily newer HERV-K clade group 

members emerging more recently, approximately within the past 2 million years [126-

128].   

Since most of the ERVs in the human genome arose 25-50 million years ago, 

they have since been inactivated through the acquisition of frameshift mutations, stop 

codons, and large deletions that prohibit the production of viral genes [129]. 

Additionally, the majority of ERV elements have undergone recombinatorial deletion in 

which recombination of the proviral LTRs removes the coding region of the ERV [130, 

131].  These examples of inactivation apply to almost all HERV genes that have been 

identified.  However, in rare cases, some ERV genes still contain intact open reading 

frames (ORFs) through a process known as co-option or exaptation (Figure 1.5B) [132]. 

 

Exaptation of ERV ORFs 

 The preservation of an ancient ERV ORF when the rest of its genes have 

acquired debilitating mutations strongly indicates that that ORF has been repurposed 

(or exapted) by the host to provide a beneficial function to the host.  The most striking 

example of exaptation comes from ERV env genes that have been repurposed to play a 

positive role in the placenta.  These env genes have since been termed syncytins [133].   
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 Two syncytins, syncytin-1 and syncytin-2, exist in the human genome and derive 

from the HERV-W and HERV-FRD lineages respectively.  Syncytin-1 was first defined 

in 1999 when researchers were searching for multiple sclerosis-associated retroviruses.  

Due to its placenta-specific expression, it was hypothesized to play a physiological role 

during pregnancy [134].  In situ hybridization studies revealed that syncytin-1 is 

expressed specifically in the syncytiotrophoblast cells of the placenta [133].  The 

syncytiotrophoblast is a large multinucleated cell layer that constitutes the boundary 

between fetus and mother.  Further, transfection of DNA plasmids expressing syncytin-1 

into cultured cells induced cell-cell fusion, and thus, the criteria for a syncytin were 

established – an evolutionarily conserved, intact endogenous retrovirus envelope 

protein that is expressed in the placenta and mediates cell-cell fusion.   

Additional bioinformatics searches for intact retroviral envelopes identified a 

HERV-FRD envelope (syncytin-2) that is fusogenic in human cells and is conserved in 

all hominoids, old world monkeys (OWMs), and new world monkeys (NWMs) [135].  In 

addition to its placenta-specific expression and fusogenicity, there is strong evidence of 

purifying selection (dn/ds < 1) on the syncytin-2 gene, indicating that it has been 

maintained as a fusogen in the genomes of all simians for at least 40 million years 

[136].   

 Following the discovery of human syncytins, it was hypothesized that similar 

syncytins must exist in other placental mammals.  Since that time, syncytins have been 

discovered in all placental mammals examined, including mice, ruminants, and even 

marsupials [137-139].  Most recently, it was shown that the Mabuya lizard, which 

generates an independently evolved placenta similar to the mammalian placenta, also 
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encodes syncytins [121].  The fact that each syncytin was independently acquired from 

a different ERV lineage suggests that acquisition of retroviral env genes directly 

facilitated placenta evolution.  While the necessary role for syncytins in humans can 

only be speculated, studies of mouse syncytins provide definitive proof of their 

indispensability.  Syncytin-A knockout mouse embryos die between day 11.5 and 13.5 

of gestation due to improper placenta morphogenesis [140].  Trophoblast cells fail to 

fuse and establish the syncytiotrophoblast layer, which leads to imbalanced 

vascularization and placental transport.  Thus, given the similarities between mouse and 

convergently evolved syncytins of other species, it is possible that all syncytins are 

indispensible for embryo survival. As a result, it is possible that an initial syncytin was 

captured in the ancestor to placental mammals and has been replaced with lineage-

specific syncytins with improved function since that time.   

 

Immunomodulatory function of retroviral Envs 

 Studies of retroviral Env TM subunits indicated that they exhibit 

immunosuppressive properties [141, 142].  Further work characterized the 

immunosuppressive domain to be a 16 amino acid region within the TM subunit that 

shares significant homology between different retroviruses [143].  Addition of this 16 

amino acid region, termed CKS-17, in the form of a synthetic peptide to cell culture 

media inhibited proliferation of the mouse lymphoblast cell line, CTLL-2, in a dose 

dependent manner while two partially homologous sequences and two non-homologous 

sequences did not [143].  The CKS-17 peptide also inhibited proliferation of murine and 
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human lymphocytes indicating that this region is likely responsible for the 

immunosuppressive properties exhibited by some retroviral Env TM subunits.   

Following the discovery that placenta-expressed ERV Envs also harbored a 

CKS-17-like domain; it was hypothesized that the immunosuppressive properties could 

be maintained to play a role in tolerance of the placenta to the maternal immune 

system.  To test this, allogeneic MCA205 tumor cells stably expressing either syncytin-1 

or syncytin-2 were injected into BALB/c mice.  Normally, these tumor cells are rejected, 

but when they express immunosuppressive retroviral Envs, the tumors can persist and 

grow [144].  Based on this assay, it was found that syncytin-2, but not syncytin-1, was 

immunosuppressive [145].  It was determined that one amino acid within the 

immunosuppressive domain of syncytin-1 was responsible for its lack of in vivo 

immunosuppression but did not affect its fusogenicity.  Interestingly, the 

immunosuppressive domains (ISDs) of syncytin-1 and syncytin-2 are 100% conserved 

in the primate species in which they are found.  Further, the same pattern is found in 

mice, with one syncytin being immunosuppressive and the other not [145].   

 

Functional HERV Env open reading frames 

Given the significance of syncytins to mammalian physiology, other studies have 

sought to identify ERV ORFs exapted for other physiological roles.  One recent study 

identified a novel HERV envelope ORF named HEMO [146].  RNA-sequencing (seq) 

analysis revealed that HEMO is expressed highly in the placenta and at low levels in 

other normal human tissues.  The ORF has been preserved over 100 million years and 

contains hallmarks of purifying selection [146].  HEMO lacks a consensus furin cleavage 
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site, but Heidmann et al. showed that a secreted form is released into the supernatant 

of transfected cells and is shed into a pregnant mother’s blood [146].  A function has not 

yet been ascribed to HEMO, but the existing observations implicate a physiological role 

that is distinct from cell-cell fusion. 

Another potential role for co-opted retroviral Envs is through receptor 

interference.  When expressed in cells, retroviral Envs can traffic to the surface and 

interact with their receptor, thereby blocking it from interacting with other viral fusion 

proteins recognizing the same receptor.  In some cases, the Env-receptor interaction 

leads to downregulation of the receptor.  This is the case for the HERV-T Env.  The 

HERV-T Env contains an intact open reading frame but lacks a canonical furin cleavage 

site meaning that it does not function as a fusogen.  Paul Bieniasz’s group 

reconstructed an ancestral ERV-T Env harboring an intact furin cleavage site and 

showed that it was fusogenically functional and able to pseudotype retroviral particles 

[147].  When cells expressing HERV-T Env were challenged with particles bearing the 

reconstructed ancestor, the cells were blocked from infection due to HERV-T Env 

depleting its receptor, MCT-1, from the surface.  A similar mechanism was previously 

demonstrated in mice whereby expression of a proviral env, Fv-4, can block infection of 

ecotropic and polytropic murine leukemia viruses [148].   

Given the propensity for retroviral envelope genes to be co-opted for a range of 

beneficial functions to a host, other studies have searched for intact retroviral envelopes 

in the human genome.  One such study used BLAST searches to detect novel proviral 

ORFs in the human genome through their similarity to known retroviral sequences [149].  

They identified 7,836 total proviral loci, of which 59 contained intact or almost intact 
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ORFs.  Of these 59, 29 are in the env gene, and 15 of these were of gammaretroviral 

origin.  One of these env sequences was identified due to its sequence similarity to a 

Zebrafish endogenous retrovirus (ZFERV).  This ZFERV-like env was thought to derive 

from a gammaretrovirus due to weak similarity in its gag and pol regions to feline 

leukemia virus (FLV).  Although no expressed sequence tags (ESTs) were identified for 

the ZFERV-like env, other studies followed up on it due to its coding potential.   

 

EnvPb1 

Theirry Heidmann’s group was the first to assess the ZFERV-like Env as a 

potential syncytin [150].  A phylogenetic tree based on the TM-region of Env placed this 

unique Env in the HERV-I superfamily along with the ZFERV.  Using the intact provirus, 

they located 3 other copies of this HERV in the human genome.  Since all had a primer-

binding site (PBS) in the 5’ LTR that most closely resembled Pro-tRNA, this family of 

proviruses was named HERV-P(b) to differentiate it from the previously identified 

HERV-P group.  The fully intact locus was named HERV-P(b1).  HERV-P(b1) resides 

within an intron of the RIN3 gene on human chromosome 14 (Figure 1.7).  While env 

encodes an intact ORF, gag and pol contain deletions and stop codons.   
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Figure 1.7:  Schematic representation of the HERV-Pb1 locus.  HERV-Pb1 is 

situated within an intron of the RIN3 gene on chromosome (Chr) 14.  The roughly 6-

kilobase (kb) provirus harbors 5’ and 3’ LTRs, truncated gag and pol genes, and a fully 

intact env ORF.  The env ORF encodes the two retroviral subunits, SU and TM, which 

are expected to be cleaved by the RXXR furin cleavage site.  It is predicted that SU 

contains a signal peptide (SP) and TM harbors a transmembrane anchor (TMA) 

(TMHMM Server - http://www.cbs.dtu.dk/services/TMHMM/) [151].  Hyrdophobicity plots 

do not predict a canonical fusion peptide (FP) at the N-terminus of TM, but rather there 

is a slightly internal hydrophobic stretch that is suggested to serve as a fusion peptide 

[152, 153].  The env ORF also has a predicted immunosuppressive domain (ISD), and a 

CXXC motif [152].   
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Quantitative reverse transcription polymerase chain reaction (RT-qPCR) of 19 

different human tissues revealed that the envPb1 is expressed at low levels in all tested 

tissues and exhibits no placenta specificity as the syncytins do [150].  Expression of 

human envPb1 in a panel of 9 different cell lines led to fusion in 5 of them, indicating 

that EnvPb1 may function as a physiological fusogen distinct from the syncytins [150].  

This fusion activity was observed despite a canonical fusion peptide at the N-terminus 

of the TM domain of EnvPb1. 

 Evolutionary characterization of envPb1, showed that the provirus, ERVPb1, is 

present at the same chromosomal locus in chimpanzees, and fully intact envPb1 

reading frames are present in hominoids and Old World monkeys (OWMs) [152].  

Although full-length envPb1 was not detected in New World monkeys (NWMs), internal 

regions were amplified indicating the potential presence in NWMs.  Molecular clock 

analysis of the ERVPb1 LTRs indicates integration into an ancestral genome between 

27-36 million years ago (mya).  Further, no full-length hits with at least 50-70% 

homology were detected in prosimian, rodent, chicken, or fish genomes [152].   

 All identified species that harbor an intact EnvPb1 contain a predicted furin 

cleavage site, a CKS-17-like immunosuppressive domain, a transmembrane region, and 

a potential internal fusion peptide indicating that other primate EnvPb1 may also 

function as fusogens.   

 Dn/Ds analysis of the envPb1 ORF provided a mean value that did not differ 

significantly from 1; however, the dn/ds varies over the length of the gene with functional 

regions being highly conserved [152].  This raises the possibility that the most important 

functional regions are under purifying selection.  The envPb1 gene is the sole intact 
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gene in the HERV-P(b1) proviral structure, suggesting that this gene has been 

selectively maintained.  Out of 17 single-nucleotide polymorphisms (SNPs) within the 

HERV-P(b1) locus, only one is located within the env-coding region, and that SNP is 

synonymous [152].  Additionally, there are 14 insertion/deletion events in HERV-P(b1); 

the three within envPb1 do not disrupt the reading frame while the others are all reading 

frame disrupting in their respective genes [152].  It is unlikely for these events to have 

occurred by chance, and such data are consistent with selective maintenance of the env 

ORF.   

 Aagaard et al. confirmed the ubiquitous expression of envPb1 in human tissues 

but found minor differences in relative expression levels compared to Blaise et al [150, 

152].  Interestingly, envPb1 is most highly expressed in the thymus.  While it is 

expressed in the placenta, its expression is 100-fold lower than syncytin-1 [152].  

Analysis of RT-PCR products revealed that the transcript was translation competent, 

and it was hypothesized that the 5’ LTR has the capability to drive transcription due to 

an intact TATA box.   

 Further work characterized EnvPb1 transcription by 5’ and 3’ rapid amplification 

of cDNA ends (RACE) in primary cytotrophoblasts.  EnvPb1 transcripts mapped to an 

initiation site in the HERV-P(b1) 5’ LTR near the putative TATA box [154].  Additionally, 

splice donor and splice acceptor sites were mapped in the 5’ LTR, and a poly-A signal, 

AAUAAA, was mapped in the 3’ LTR.  This study also generated a plasmid in which the 

HERV-P(b1) 5’ LTR was inserted upstream of a luciferase reporter gene to test 

transcriptional activity of the LTR.  Upon transfection into the trophoblast-derived 

choriocarcinoma BeWo cell line followed by stimulation with forskolin to induce 
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syncytium formation, a slight increase in luciferase signal was observed indicating that 

the HERV-P(b1) 5’ LTR is transcriptionally active under conditions thought to stimulate 

syncytia formation.   

 Despite being expressed in BeWo cells during steady state and upon stimulation, 

EnvPb1 does not play a role in BeWo cell fusion events, and it was concluded that it is 

likely not involved in trophoblast fusion [154].  To test whether EnvPb1 could act in 

heterotypic cell fusions between cancer cells and epithelial cells, BeWo cells, which 

express EnvPb1, were added to cultures of HUVEC cells.  This led to heterotypic cell 

fusions [153].  However, following knockdown of EnvPb1 in BeWo cells by shRNA, 

heterotypic cell fusion was significantly reduced indicating not only that HUVEC cells 

express the EnvPb1 receptor, but also that EnvPb1 could mediate heterotypic cells 

fusion in a cancer setting [155]. 

 Immunosuppression is another potential function for ERV Envs.  EnvPb1 

contains a CKS-17-like ISD domain that was tested in vivo for immunosuppressive 

potential.  Allogeneic MCA205 tumor cells expressing EnvPb1 but not an EnvPb1 ISD 

mutant prevented tumor cell rejection, indicating that EnvPb1 has a functional ISD that 

may be relevant for its physiological role [145].   

 Given that EnvPb1 is one of three intact human endogenous retroviral Envs that 

has retained the ability to fuse cells under physiological conditions and is highly 

conserved, it is likely that any potential physiological function it plays is related to cell-

cell fusion events.  However, unlike the placenta-specific expression of the syncytins, 

EnvPb1 is expressed at low levels in a wide range of human tissues, making it difficult 

to hypothesize a physiological function based on its expression pattern.  Aside from 
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syncytiotrophoblasts in the placenta, other human cells that undergo cell-cell fusion 

include sperm-oocyte fusion, monocytes fusing into syncytia osteoclasts, and myoblasts 

forming multinucleated muscle fibers.  While the potential role of retroviral Envs, 

particularly EnvPb1, has not been extensively examined in these multinucleated cell 

types, some studies have implicated a potential role for syncytin-1 in generation of 

osteoclasts as well as myoblasts [156-158].  Additionally, skeletal muscle isolated from 

human cyclists before and after long-term endurance training revealed upregulated 

mRNA levels of syncytin-1, envPb1, and erv-3 env while no significant increase in 

mRNA from 19 other ERV envs was exhibited [158].  These results were replicated in 

cell-culture models using isolated primary myoblasts.  Further, myoblast fusion in cell 

culture was blocked by addition of anti-syncytin-1 antibody, implicating a direct role for 

syncytin-1 in myoblast fusion.  Whether EnvPb1 plays a role in myoblast fusion remains 

to be determined.   

In an effort to better understand if EnvPb1 is physiologically relevant and to 

assess what role it could be playing, we set out to develop tools to study EnvPb1, test 

its evolutionary conservation, and understand how it initiates cell-cell fusion.  These 

advances should pave the way for future studies to determine what physiological role it 

may be playing in primates.   

   

 

 



 

	

 

 

 

 

 

 

 

 

 

 

Chapter 2:  VSV-based vaccines induce a neutralizing antibody response against 

Zika virus 
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Abstract 

Zika virus (ZIKV) was not appreciated to be a significant human pathogen until 

the Brazilian outbreak of 2015 when it was discovered to be a causal agent of 

microcephaly.  Due to its rapid emergence, no vaccines or treatments were available.  

To facilitate rapid vaccine development, we utilized recombinant Vesicular stomatitis 

virus (rVSV) to generate and characterize vaccine candidates for ZIKV.  VSV is an ideal 

vaccine vector because it grows rapidly in cell culture, induces a strong immune 

response, is not associated with human disease, and has low seroprevalence in the 

human population.  Our findings indicate that rVSV expressing the ZIKV envelope (E) 

and premembrane (prM) proteins yield significant levels of ZIKV virus-like particles 

(VLPs).  We show that these VLPs alone or the rVSV that best produces them are 

sufficient to induce a neutralizing antibody response in mice.  Additionally, we report 

VSV incorporation of functional ZIKV-E.  Our results have implications for Zika virus and 

emerging flavivirus vaccine design.   
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Introduction 

Zika virus (ZIKV) is a flavivirus that has infected over 1 million individuals in the 

Americas since an outbreak began in Brazil in 2015 [159].  Until this outbreak, ZIKV was 

thought to be a relatively innocuous virus causing only mild, influenza-like symptoms.  

However, after ZIKV began to spread throughout the Americas, it was realized that 

ZIKV is a causative agent of microcephaly in unborn fetuses [73, 160].  Given the 

unprecedented outbreak and the newly appreciated complications of infection, Zika 

virus was declared a public health emergency of international concern by the World 

Health Organization (WHO).   

Despite the need, no vaccines are currently available for use against ZIKV, 

although a multitude of candidates are in development.  Such candidates include DNA-

based, adenovirus vectors, inactivated virus, mRNA, and others [101, 102, 104, 105].  

Many of these vaccine candidates employ a vector to express the ZIKV envelope (E).  

As a result, these vaccines induce a neutralizing antibody response against ZIKV-E.  

However, while the viral vaccine vectors cited above all express ZIKV-E in cells, further 

characterization of the ZIKV-E protein product produced by these vaccine vectors is 

severely lacking.  Furthermore, while the boundaries of E and its chaperone, 

premembrane (prM) are well defined, the various vaccine candidates express different 

constructs of these proteins.  As a result, some vaccine candidates may yield ZIKV-E 

that is inefficiently processed and released from cells leading to a dampening of the 

immune response to ZIKV-E.  Given the success of a recombinant vesicular stomatitis 

virus (rVSV)-based Ebola virus vaccine, VSV-ZEBOV, and the fact that VSV vaccines 

generate a potent immune response and are safe for use in humans, we aimed to 
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generate VSV recombinants that express the Zika envelope protein as vaccine 

candidates [161].   

Zika virus is a member of the Flaviviridae virus family.  As such, it contains a 

positive sense, single-stranded RNA genome. Its open reading frame encodes a 

polyprotein that is processed into structural and non-structural proteins.  The structural 

proteins consist of capsid (C), precursor membrane (prM), and envelope (E).  Similar to 

other flaviviruses, these structural proteins assemble and bud into the endoplasmic 

reticulum (ER) to form a non-infectious, immature particle consisting of 60 trimeric 

spikes of prM:E heterodimers anchored to a lipid membrane [79].  This immature virion 

traffics through the Golgi where low-pH induces structural rearrangements into 90 

dimers of M:E heterodimers.  In the trans-Golgi network, prM is cleaved by furin into pr 

peptide and M protein.  The ZIKV virion now has a smooth surface and is primed for 

membrane fusion following exocytosis from the cell.   

This process of assembly and maturation is likely why no VSV recombinant that 

incorporates functional flavivirus envelope proteins and grows to high titers has been 

reported despite the fact that viral fusion proteins from all three classes can complement 

VSV [33, 63, 64].  Flaviviruses assembly and budding occurs in ER-associated 

membranes whereas VSV assembles and buds at the plasma membrane [19, 77].  

Therefore, flavivirus E protein may not be at the proper cellular localization for efficient 

incorporation into VSV.  Additionally, expression of flavivirus E and its chaperone, prM, 

leads to formation of virus like particles (VLPs) that mature and assemble similarly to 

infectious virions [82-85, 89].  Therefore, not only is E unlikely to be at the right locale 
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for incorporation into VSV, but also it is likely already packaged into VLPs and 

unavailable for VSV incorporation.   

We first aimed to determine the ZIKV coding region that would lead to optimal 

release of E from rVSV-infected cells.   We then investigated incorporation of E in both 

VLP and VSV fractions.  We report incorporation of functional ZIKV-E into VSV virions.  

Additionally, we defined an optimal coding region of prM and E from which cellular 

expression generates significant yields of ZIKV virus like particles (VLPs) capable of 

inducing a neutralizing antibody response against ZIKV-E.  Our work demonstrates the 

utility of using VSV as a means for increasing immunological ZIKV VLP production as 

well as for a vaccine vector against ZIKV.   

 

Results 

Construction of rVSV-ZIKV constructs and recovery of VSV expressing ZIKV-E 

We chemically synthesized the region of the ZIKV genome encoding ZIKV prM 

and E from the Suriname strain, which was isolated in November 2015 [162].  This 

construct is referred to as prME.  Additionally, we made a second construct in which we 

added the C-terminal transmembrane region of the capsid gene to test if this presumed 

signal peptide would improve ZIKV-E expression as has been reported for other 

flaviviruses such as West Nile Virus [163].  The construct containing this signal peptide 

is referred to as CprME.  From these two constructs, we made four recombinant VSV; 

two in which the ZIKV construct takes the place of VSV-G (rVSV-ΔG-prME and rVSV-

ΔG-CprME) and two that have the ZIKV constructs in the first genomic position and 

retain VSV-G (VSV-prME and VSV-C-prME) (Figure 2.1A).  
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Figure 2.1: Composition and infectivity of rVSV-ZIKV. (A) Schematic diagram of 

rVSV-ZIKV genomes. The VSV genes encoding N, P, M, G, L, and eGFP are shown 

flanked by the viral leader (Le) and trailer (Tr) regulatory sequences. The ZIKV 

precursor membrane envelope (prME) together with the signal peptide portion of the 

capsid protein (C) is shown together with its position of insertion. Viral titers  
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Figure 2.1 (continued): 

determined by plaque assay on Vero cells for viruses encoding VSV G are expressed 

as plaque forming units per milliliter (pfu/ml) and representative images shown. For 

viruses lacking VSV-G, infectious units were determined by flow cytometry detection of 

eGFP positive cells and are expressed as infectious units per milliliter (iu/ml) and 

representative images shown at 10X magnification. (B) Protein composition of purified 

virions. Equivalent protein amounts of VSV-eGFP, rVSV-ZIKV, and ZIKV (strain: 

MR766) were analyzed by SDS-PAGE and Coomassie staining. (C) Glycoprotein 

composition of purified virions. VSV-G and ZIKV-E were detected by Western blot using 

glycoprotein-specific antibodies together with VSV-M as a VSV control. A 10X exposure 

of the 4G2 Western blot is also shown to visualize the relatively low levels of E 

incorporated in prME-containing viruses. (D) Structural properties of purified viral 

particles. Sucrose gradient purified virions were visualized by transmission electron 

microscopy (TEM).  VSV virions were stained with 2% phosphotungstic acid (PTA) and 

MR766 was stained with 0.5% uranyl formate. Scale bar = 200 nm. 
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Additionally, rVSV-ΔG- prME and rVSV-ΔG-CprME encode a codon optimized green 

fluorescent protein (eGFP) for assessing infectivity [164].  Collectively, these viruses will 

be referred to as rVSV-ZIKV.   

The rVSV-∆G constructs aimed to assess ZIKV-E incorporation into VSV and the 

first position viruses aimed to produce maximum levels of ZIKV-E in cells since the first 

VSV gene position in VSV is the most highly transcribed [17].  rVSV-prME and rVSV-

CprME grow to titers of ~1x107 pfu/ml whereas rVSV-ΔG-prME and rVSV-ΔG-CprME 

grow to titers of 5x105 and 2.3x105 infectious units/ml respectively (Figure 2.1A).  While 

rVSV-prME and rVSV-CprME form plaques, rVSV-ΔG-prME and rVSV-ΔG-CprME do 

not, which indicates that rVSV-ΔG-prME and rVSV-ΔG-CprME do not spread efficiently 

in cell culture.  Indeed, further passaging of rVSV-ΔG-prME and rVSV-ΔG-CprME in 

various cell lines (Vero, BSRT7, and c6/36) or at different temperatures (28ºC, 30ºC, 

34ºC) did not significantly increase the number of infectious particles in the supernatant 

(data not shown).   

 

Assessing the composition of purified particles 

 To determine the composition of viral particles, we purified supernatants of cells 

infected with the rVSV-ZIKV, VSV, or ZIKV strain MR766 by filtration through 0.22µm 

filters and ultracentrifugation.  Viral proteins were analyzed either by Coomassie 

staining or by western blot using the pan-flavivirus E-protein 4G2 antibody. By 

Coomassie, we detect approximately equal amounts of the VSV proteins, nucleocapsid 

(N), phoshoprotein (P), matrix (M), and the RNA-dependent RNA-polymerase (L) 

between viruses, indicating the release of viral particles (Figure 2.1B).  Additionally, we 
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detect high levels of ZIKV-E in the supernatant of cells infected with rVSV-∆G-CprME 

and rVSV-CprME as evidenced by co-migration with ZIKV-E in the MR766 lane.  

However, ZIKV-E is not visible in rVSV-∆G-prME or rVSV-prME supernatants.  Western 

blotting with the 4G2 antibody substantiated this result  (Figure 2.1C).  At longer 

exposures, we detect a low-level of ZIKV-E in rVSV-∆G-prME or rVSV-prME 

supernatants; however, it is significantly lower than what we see for rVSV-∆G-CprME 

and rVSV-CprME as well as for MR766.  This suggests that the transmembrane region 

between capsid and prM is important for either expression or release of ZIKV-E from 

cells and could act as a signal peptide as reported for other flaviviruses [165].   

 Next, we imaged the purified virions by transmission electron microscopy to test 

if incorporated ZIKV-E was visible or caused changes in VSV particle shape.  Virus was 

absorbed onto copper-coated grids and stained with 2% phosphotungstic acid (PTA).  

ZIKV-E was not visible on the surface of rVSV-∆G-prME or rVSV-∆G-CprME virions 

(Figure 2.1D).  This could either be because these viruses do not incorporate significant 

amounts of ZIKV-E or because flavivirus E proteins in a mature, fusion competent state 

are folded close to the virus lipid bilayer and form ordered structures on virion surfaces 

that might not be visible on VSV.  Conversely, we do see glycoprotein spikes on the 

surfaces of rVSV-prME and rVSV-CprME.  These spikes resemble those on rVSV-

eGFP, which implies that these viruses preferentially incorporate VSV-G.   

 

ZIKV-E is expressed in rVSV-ZIKV infected cells 

Because ZIKV-E was barely detected in the supernatant of cells infected with 

rVSV encoding prME, we wanted to assess whether this was due to poor expression in 
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cells.  We infected Vero cells at an MOI of 3 with each of our rVSV-ZIKV or rVSV-eGFP 

and at an MOI of 10 with MR766.  [35S]-methionine was added to infected cells at a time 

of optimal viral protein synthesis.  Cell lysates were collected and subject to SDS-

PAGE.  The gel was exposed overnight to a phosphor screen and the screen was 

imaged on a Typhoon phosphorimager.  Lanes containing the four rVSV-ZIKV show 

similar ratios of VSV protein expression (Figure 2.2A).  Furthermore, all rVSV-ZIKV 

express roughly equal levels of ZIKV-E in cells, indicating that the lack of ZIKV-E in the 

supernatant of cells infected with prME viruses is not due to a deficit in cellular 

expression.  Importantly, ZIKV-E expressed from VSV runs at the same molecular 

weight as that from cells infected with ZIKV-MR766 indicating that it is being cleaved 

from prM in cells.  
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Figure 2.2: rVSV-ZIKV vectors express ZIKV E protein in infected cells. (A) Total 

protein synthesis in infected cells. Vero cells were infected (MOI=3) with the indicated 

VSV recombinant, and viral protein synthesis was measured by metabolic incorporation 

of [35S]-methionine at 5 hours post infection (HPI). Protein synthesis in MR766 infected 

cells (MOI=10) was measured by metabolic labeling for 2h at 40 HPI. Total cytoplasmic 

extracts were prepared, equivalent amounts analyzed by SDS-PAGE, and labeled 

proteins visualized by autoradiography. The VSV proteins, together with the eGFP 

reporter are identified on the left side of the gel, and ZIKV-E on the right. (B) Detection 

of viral proteins by immunofluorescence microscopy. Vero cells were infected as in 

panel A, fixed at 6 HPI (VSV) or 48 HPI (MR766) prior to protein detection using primary 
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Figure 2.2 (continued): 

antibodies 4G2 for ZIKV-E or the VSV-G cytoplasmic tail antibody, V5507. Primary 

antibodies were detected using Alexa Fluor 594 goat α-mouse secondary antibody and 

images false colored red for ZIKV-E and green for VSV-G. Nuclei (blue) were visualized 

by staining with NucBlue™.  Images are representative of 3 independent experiments.   

 

 

This result suggests that defects in expression or processing are not reasons 

why we do not see ZIKV-E in the supernatant of cells infected with the prME viruses.  

To further visualize ZIKV-E expression, we performed immunofluorescence on cells 

infected with our rVSV-ZIKV (Figure 2.2B).  Infection proceeded for 6 hours, after which 

cells were fixed, permeabilized, incubated with anti-ZIKV-E or anti-VSV-G antibodies, 

and then stained with an Alexa-labeled secondary antibody.  We detect ZIKV-E 

expression in cells infected with all four rVSV-ZIKV (Figure 2.2B).  While rVSV-prME 

and rVSV-CprME exhibit similar levels of VSV-G staining, rVSV-prME consistently 

exhibited a faint ZIKV-E signal.  Furthermore, while ZIKV-E staining in MR766-infected 

cells appears in punctae mostly likely confined to the ER, Golgi, and trans-Golgi 

network, expression in cells infected with rVSV-ZIKV seems to be more diffuse 

throughout the cell.  Therefore, expression of ZIKV-E during VSV infection may impact 

normal ZIKV-E cellular localization.  

 

Entry of rVSV-∆G-prME and rVSV-∆G-CprME depends on ZIKV-E 
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 To date, only one VSV recombinant has been reported in which VSV-G is 

replaced by a flavivirus envelope protein [166].  Recombinant VSV with Japanese 

encephalitis virus (JEV)-E are not highly infectious, but incorporate functional JEV-E 

[166].  In turn, we wanted to test if our rVSV-ZIKV incorporate mature ZIKV-E.  To test if 

rVSV-ZIKV infection is ZIKV-E-dependent, we utilized a small molecule inhibitor, 3-110-

22, that was previously reported to block dengue virus entry into cells by prohibiting the 

low-pH induced conformational changes that lead to fusion [167].  Unpublished work 

from the Yang lab confirmed that 3-110-22 also blocks ZIKV entry.  To assess E-

dependent entry, we incubated our four rVSV-ZIKV, ZIKV MR766, or rVSV-eGFP with 

10µM 3-110-22.  As a control for VSV-G mediated infection, we separately incubated 

viruses with 0.1 µg of the VSV-G neutralizing antibody IE2 [168].  The inhibitor/antibody 

virus mixtures were absorbed onto cells for one hour after which they were removed 

and fresh media containing the inhibitor or the antibody was added.  At 6 HPI for VSV or 

48 HPI for MR766, we assessed entry either by observing eGFP expression or by 

intracellular staining of ZIKV-E with 4G2 antibody (Figure 2.3).  
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Figure 2.3: ZIKV envelope is functional on VSV particles.  Immunofluorescence 

(red) or eGFP epifluorescence (green) of Vero cells infected with the indicated virus. 

Where indicated, viruses were pre-incubated for 30 minutes at 34°C with 0.1µg of the 

VSV G neutralizing monoclonal antibody (IE2) or with 10µM of the dengue virus and 

Zika virus envelope protein inhibitor 3-110-22. Cells were fixed, permeabilized, and 

infection was assessed by fluorescence microscopy.   Green foci represent infection of 

cells with viruses expressing eGFP and red foci intracellular detection of ZIKV-E by 4G2 

and Alexa Fluor 594.  Cells were processed for immunofluorescence microscopy at 6 

HPI for VSV and 48 HPI for MR766.  Images are representative of 3 independent 

experiments.   
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As expected, 3-110-22 significantly reduces MR766 infection.  Additionally, 

incubation of rVSV-∆G-prME and rVSV-∆G-CprME with 3-110-22 leads to decreased 

infectivity, indicating that entry of rVSV-∆G-prME and rVSV-∆G-CprME is ZIKV-E-

dependent.  Furthermore, infection of rVSV-prME and rVSV-CprME is completely 

abolished by incubation with IE2 antibody but incubation with 3-110-22 does not impact 

infectivity.  This suggests that in cells expressing both VSV-G and ZIKV-E, incorporation 

of ZIKV-E does not occur readily.  Taken together, these results demonstrate that VSV 

can incorporate ZIKV-E, but it is not an efficient process.  It is a surprise to be sure but a 

welcome one that, despite the differences in ZIKV and VSV assembly, some amount of 

mature ZIKV-E is incorporated into VSV virions.  

 

The majority of rVSV-∆G-prME and rVSV-∆G-CprME particles lack functional E 

 Given that there are roughly equal levels of VSV proteins in rVSV-ZIKV infected 

cells (Figure 2.2A) and in cell supernatants (Figure 2.1C), but rVSV-∆G-prME and 

rVSV-∆G-CprME grow to low titers, we hypothesized that the perceived differences 

between infectious particles and viral proteins in cell supernatants is due to the 

formation of non-infectious particles.  Indeed, VSV is capable of budding and release in 

the absence of viral glycoproteins [169].  Given that non-infectious particles still contain 

a viral genome, we used quantitative reverse transcription PCR (RT-qPCR) to estimate 

the number of viral genomes in infected cell supernatants.  We used primers that 

amplify a region of the VSV-N gene as a means of measuring viral genomes.  Our 

results indicate that there are relatively equal numbers of viral genomes in cell 

supernatants from each virus infection (Figure 2.4).  
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Figure 2.4:  Relative infectivity of rVSV-ZIKV.  Viral genomes were measured using 

quantitative RT-PCR. Primers that align to the N gene of VSV were used to compare 

relative genome levels of the rVSV-ZIKV viruses compared to VSV.  Infectious units 

were measured by plaque assay for VSV-prME and VSV-CprME or by flow cytometry 

for VSV-∆G-prME and VSV-∆G-CprME.   
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 This result is consistent with detection of equal levels of VSV proteins in 

supernatants of infected cells.  However, when we compare the number of genomes to 

the number of infectious particles, we see significant gaps.  For example, VSV particle 

to infectivity ratios are about 10-50, indicating that there are 10 to 50-fold more viral 

particles detected in a supernatant compared to infectious particles.  For rVSV-∆G-

prME and rVSV-∆G-CprME, we see genome to infectivity ratios greater than 1000 (1964 

and 3590 respectively).  The genome to infectivity ratios are decreased for rVSV-prME 

and rVSV-CprME as would be expected of viruses that retain VSV-G (368 and 211); 

however, these are still higher than VSV alone indicating that the presence of the ZIKV 

proteins may have negative consequences for infectious particle generation.   

Indeed, rVSV-prME and rVSV-CprME exhibit small plaque morphologies 

compared to rVSV-eGFP (Figure 2.1A).  These results indicate that incorporation of 

functional ZIKV-E into VSV virions is not favored.  This could indicate two possibilities: 

first, ZIKV-E is incorporated into VSV and is not competent for fusion, while the second 

possibility is that ZIKV-E is secreted from cells separately than through incorporation 

into VSV.  We set out to test this by assessing viral supernatants for ZIKV virus like 

particles (VLPs).   

 

ZIKV-E is preferentially exported in VLPs 

Since expression of flavivirus prM and E in cells is sufficient to induce the 

formation of VLPs, we wanted to determine if ZIKV-E detected in viral supernatants 

incorporated into VSV, VLPs, or is distributed between both.  We infected 10 T150 

flasks of Vero cells with each virus and pelleted supernatants over a 10% sucrose 
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cushion.  This pelleting step is the stage at which we analyzed supernatants in Figure 

2.1.  To gain a more nuanced view of the supernatant particle composition, we ran the 

supernatant pellets on a 15-45% sucrose gradient.  As ZIKV VLPs and VSV have 

different protein and lipid compositions, and thus, different buoyant densities, they 

migrate differently in the gradient.  We then took 500μl fractions from the top (less 

dense) to bottom (more dense) of the gradient.  These fractions were assessed by 

SDS-PAGE followed by Coomassie staining and Western blot with antibodies to ZIKV-E 

and VSV-M.  For figures 2.5A through 2.5D, Coomassie stained gels are presented on 

the top with western blots featured below.  

For rVSV-∆G-prME, ZIKV-E is detected not only in virus fractions, but also in 

lighter fractions that do not contain any VSV proteins (Figure 2.5A).  These lighter ZIKV-

E-only fractions are indicative of ZIKV VLPs.  Comparatively, ZIKV-E from rVSV-∆G-

CprME supernatants reveals that ZIKV-E is primarily found in VLP fractions, as there is 

little ZIKV-E in VSV fractions (Figure 2.5B).  
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Figure 2.5:  ZIKV-E is incorporated into both VSV and VLPs.  Cell culture 

supernatants were collected, and virions and VLPs were recovered by centrifugation, 

sedimentation through a sucrose cushion, and separation on a 15-45% sucrose 

gradient.  Gradient fractions (0.5 ml) were collected and their protein constituents were 

analyzed by SDS-PAGE followed by Coomassie staining (blue panels) or western blot 

(gray scale panels).  Fractions are numbered left to right going from least dense (1) to 

most dense (21).  Panel (A) VSV-ΔG-prME, (B) VSV-ΔG-CprME, (C) VSV-prME and (D) 

VSV-CprME.  Blots shown are representative of three independent experiments.   
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It is surprising that rVSV-∆G-prME and rVSV-∆G-CprME exhibit different levels of 

incorporation of ZIKV-E but grow to similar titers.  This could indicate that some ZIKV-E 

incorporated into rVSV-∆G-prME as detected by western blot is not competent for 

membrane fusion.  Additionally, as the only difference between prME and CprME is the 

inclusion of the signal peptide, it seems as though the signal peptide biases ZIKV-E 

incorporation into VLPs.  Without this region, ZIKV-E may not be transported properly 

through the cell.  A similar pattern emerged for rVSV-prME and rVSV-CprME in that 

ZIKV-E is distributed between VLP and VSV fractions for rVSV-prME and ZIKV-E is 

primarily detected in VLPs for rVSV-CprME (Figures 2.5C and 2.5D).  This further 

substantiates that inclusion of the signal peptide increases release of ZIKV-E in VLPs. 

Despite our best attempts, we were unable to generate replication competent rVSV-∆G 

expressing ZIKV-E that grew to titers sufficient for vaccination.  However, we were 

intrigued by the observation that these viruses seem to robustly produce ZIKV VLPs.  

VLPs alone, or the VSV vector that best produces them could serve as vaccine 

candidates.  Therefore, we set out to further characterize VLP production.   

 

rVSV-CprME robustly produces uniform ZIKV VLPs 

To directly compare VLP yields between rVSV-prME and rVSV-CprME, we 

infected the same number of cells at the same MOI with each virus.  All subsequent 

steps through gradient purification and western blotting were performed as in figure 2.5, 

but VLP fractions from each virus supernatant were run on the same gel.  This result 

shows that infection of cells with rVSV-CprME yields significantly more VLPs than 

infection with rVSV-prME (Figure 2.6A).   
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Figure 2.6:		Properties of rVSV-produced ZIKV VLPs. (A) VLPs were collected from 

cell culture supernatants by precipitation using polyethylene glycol, resuspended and 

separated on a 15-45% sucrose gradient and the fractions analyzed by SDS-PAGE and 

probed by western blot for ZIKV-E. (B) Detection of the E protein in VSV-ΔG-CprME 

virions, VLPs from VSV-CprME and purified ZIKV MR766 virus using the ZIKV  
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Figure 2.6 (continued): 

monoclonal antibody (ZV-54). Transmission electron micrographs of purified VLPs 

stained with 0.5% uranyl formate obtained from the VLP fractions of VSV-prME (C) or 

VSV-CprME (D).  Scale bars represent 100 nm. (E) Box plot of VLP diameters produced 

during VSV-prME (prME) and VSV-CprME (CprME) infection.  Particle diameters were 

measured using ImageJ software.  	

 

This result is consistent with the observation that ZIKV-E is primarily detected in 

purified supernatant from cells infected with rVSV-CprME but not substantially in rVSV-

prME supernatants (Figure 2.1C).  Thus, rVSV-CprME could be used as a viral vector to 

express ZIKV VLPs in vivo or as a means to produce large quantities of VLPs.  Next, we 

utilized the ZIKV-specific monoclonal antibody, ZV-54, that recognizes an epitope only 

present in mature virions to test whether ZIKV-E in VLPs produced during rVSV-CprME 

infection are properly processed [170].  Under non-reducing conditions, we are able to 

detect mature ZIKV-E in rVSV-CprME supernatant, purified VLPs, and ZIKV MR766 

suggesting that VLPs produced during VSV infection contain properly folded ZIKV-E 

(Figure 2.6B).   To confirm that these fractions contained VLPs, and to examine their 

morphological properties, we stained purified VLP fractions with 0.5% uranyl formate 

and visualized them by transmission electron microscopy.  Indeed, VLPs produced from 

cells infected with rVSV-prME and rVSV-CprME exhibit the morphological 

characteristics of flavivirus VLPs (Figures 2.6C and 2.6D).  Namely, they are spherical 

in shape and have diameters around the expected size of 50nm.  We quantified the 

diameters of 10 VLPs from each grid and plotted them using a box plot (Figure 2.6E).   
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This analysis indicates that VLPs expressed from rVSV-CprME are more uniform 

in size and cluster closer to the expected 50nm length, while rVSV-prME VLPs exhibit a 

greater size distribution.  As such, rVSV-CprME VLPs represent a better vaccine 

candidate due to their uniformity and high abundance in supernatants.  Therefore, we 

tested these isolated VLPs as well as rVSV-CprME for their ability to induce a 

neutralizing antibody response against ZIKV.   

 

rVSV-CprME and VLPs induce a neutralizing antibody response against ZIKV 

To assess the immunogenic potential of rVSV-CprME and VLPs produced using 

this virus, we intramuscularly immunized 5 BALB/c mice per group with either 105 pfu 

rVSV-CprME, 105 pfu rVSV-eGFP as a virus control, 20ng of VLPs, or NTE as a vehicle 

control.  All mice appeared healthy following injections.  After four weeks, the mice were 

given a boost with the same material as the initial injection, and one week later, serum 

was collected (Figure 2.7A).   
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Figure 2.7: VSV-CprME and VLPs are immunogenic in BALB/c mice. (A) 

Immunization schedule for BALB/c mice (n=5 /group). (B) Serum ELISA assay for E-

specific antibody present in animals immunized with the indicated immunogens. (C) 

Serum microneutralization assay of MR766.  Sera from mice inoculated with the 

indicated immunogens were assessed for the ability to neutralize the MR766 strain of 

Zika (n=3).  Sera in 2-fold dilutions were incubated with 100 TCID50 units of MR766 at 

37ºC and mixed with cells.  Cells were monitored for cytopathic effects and were stained 

with crystal violet 8 days following infection.  Dilutions of serum that protect Vero cells 

from 100 TCID50 units of ZIKV MR766 are shown. 
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To test sera for antibodies recognizing ZIKV-E, we performed an ELISA using 

96-well plates in which purified, recombinant ZIKV-E was bound.  Serum samples were 

diluted 100-fold and added to the ZIKV-E ELISA wells after which the ELISA was 

performed according to manufacturer specifications.  We included 4G2 antibody as a 

ZIKV-E recognition control.  Each animal that received rVSV-CprME or VLPs but not 

animals receiving rVSV-eGFP or NTE all exhibited high levels or serum antibodies to 

ZIKV-E (Figure 2.7B).  Further, there does not appear to be a significant difference 

between rVSV-CprME and VLPs for their ability to induce ZIKV-E antibodies.   

Following this result, we wanted to test if antibodies generated were capable of 

neutralizing ZIKV.  To do this, we performed a microneutralization assay using ZIKV 

MR766.   MR766 was chosen because the envelope protein is highly similar to that of 

Suriname strain and because MR766 induces strong cytopathic effects making it a good 

candidate for visual assays.  100 TCID50 units of MR766 were incubated for two hours 

at 37ºC with two-fold dilutions of mouse serum.  Following this, Vero cells were added to 

serum-virus mixtures in 96-well tissue culture plates.  Cells were monitored for 

cytopathic effects until visibly cleared wells were observable on day 8.  At this time, cells 

were fixed and stained with crystal violet.  The highest serum dilution that provided 

complete protection against cell killing is plotted in Figure 2.7C.  From this, we see that 

not only do rVSV-CprME and VLPs induce ZIKV-E specific antibodies, but also that they 

induce antibodies capable of neutralizing ZIKV in vitro.  Thus, they are likely to be 

protective in vivo.  Interestingly, neutralizing antibody titers between rVSV-CprME and 

VLPs are comparable, indicating that the VSV vector does not lead to an enhanced 

neutralizing antibody response.  Taken together, these results support rVSV-CprME as 
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a vaccine against ZIKV as well as a means of producing immunogenic VLPs that have 

potential as ZIKV vaccine candidates.   

 

Discussion 

 In this chapter, we report the generation and characterization of VSV vectors as 

vaccines and biological tools for ZIKV. Our vaccine candidates elicit a ZIKV-E 

neutralizing antibody response, which is reported to be the main correlate of protection 

against ZIKV [102, 103, 171].  As a result, these vaccine candidates warrant further 

testing of in vivo protection. Ongoing work aims to assess the ability of these vaccine 

candidates to protect mice against ZIKV challenge, and future studies aim to test the 

protective effect in non-human primates.  While ZIKV VLPs have already been 

evaluated as vaccine candidates [172], VSV-CprME offers an improved means by which 

to produce VLPs.  At six hours following VSV infection of a cell, over 50% of the 

translated mRNAs are of viral origin; with the gene in the first position most highly 

transcribed (William Neidermyer, unpublished data).  Thus, VSV infection is likely to 

yield orders of magnitude greater VLPs produced than standard methods that rely on 

transfection of DNA plasmids.  Furthermore, using VSV instead of DNA to produce ZIKV 

VLPs would require fewer resources and less time, which would be conducive to rapid 

vaccine production during outbreaks.  To separate VLPs from VSV, supernatants could 

be run through a 0.1-micron filter, which would exclude VSV and allow VLPs to pass 

through for further purification.   

Our results also indicate that the transmembrane-spanning signal peptide 

between ZIKV-C and prM proteins is important for ZIKV-E secretion from cells.  Indeed, 
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we detect equal levels of ZIKV-E expression in cells infected with prME-expressing 

viruses as we do with CprME expressing viruses, but ZIKV-E levels in supernatants are 

significantly higher from CprME virus infected cells. Furthermore, ZIKV-E secreted from 

CprME-expressing cells is packaged into more uniform ZIKV VLPs than its prME 

counterpart.  Given that a signal peptidase cleaves this transmembrane-spanning 

region in the ER [173], it is possible that this region leads to retention in the ER or 

biases prM-E complexes to bud into the ER, forming VLPs.  Without this signal 

sequence, it is possible that E is not properly folded and subsequently degraded or it is 

mislocalized.   

This finding can be extended to the development of other ZIKV vaccines.  DNA 

and RNA-based vaccines that express prM and E proteins in cells likely also result in 

the formation and release of VLPs.  To ensure optimal processing and release of ZIKV-

E, other vector-based vaccines for ZIKV should include the C-prM-spanning signal 

peptide.  Analysis of the sequences used in the initial DNA-based ZIKV vaccine 

suggests that this region was omitted, so it stands to reason that that vaccine candidate 

could be improved by including the signal peptide [171].   

 Furthermore, we report generation of recombinant VSV that uses a flavivirus 

envelope protein to enter cells.  Our results provide understanding for why VSV 

incorporation of flavivirus envelope proteins is not favored.  Despite high levels of ZIKV-

E expression in rVSV-∆G-CprME infected cells and supernatants, infectious virus yields 

are low and viruses do not propagate.  We demonstrate release of bald particles from 

rVSV-∆G-CprME infected cells, suggesting that ZIKV-E is not present at sites of VSV 

assembly and budding.  This is substantiated by high yields of VLPs in viral 
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supernatants.  Thus, the primary reason why VSV does not readily incorporate flavivirus 

envelope proteins is likely due to the differences in flavivirus and VSV assembly and 

budding.  Indeed, flavivirus particles assemble in ER-associated membranes and are 

released through exocytosis.  However, VSV assembly and budding occurs at the 

plasma membrane.  Our results suggest that these pathways are mostly separate 

during rVSV-ZIKV infection.  However, we do recover some VSV with functional ZIKV-E 

on its surface.  This may be the result of mislocalization caused by VSV-associated 

membrane rearrangements or by overexpression of ZIKV-E.  Therefore, future work 

could aim to target flavivirus envelope proteins to the plasma membrane to increase 

their incorporation into VSV particles.   

 While recent work by Betancourt et al. describes VSV-ZIKV vaccine candidates, 

there are significant differences between our study and theirs [107].  First, while they 

show that their rVSV express ZIKV-E in cells, no evidence is provided of ZIKV-E release 

into cell supernatants.  Furthermore, their best vaccine vectors require a mutation in the 

VSV-M protein that attenuates the virus by abrogating its ability to shut down innate 

immune protein synthesis.  Despite this, ZIKV-E antibody titers induced following 

immunization with these viruses are low.  This suggests that ZIKV-E expressed from 

their rVSV is not efficiently exported.  In contrast, not only are our rVSV highly 

immunogenic, but also the mechanism by which they induce a neutralizing antibody 

response as well as the properties of these viruses is well characterized.  It would be 

interesting to directly compare the immunogenicity of the rVSV developed in this 

chapter to those developed by Betancourt et al. as it could shed light into the 

mechanisms of protection.  
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Materials and Methods 

Cells lines, plasmids and viruses 

Syrian golden hamster kidney BSRT7 cells (generously provided by Dr. K. 

Conzelmann [174] and African green monkey kidney Vero cells (ATCC CCL-81) were 

maintained at 37°C and 5% CO2 in Dulbecco's modified Eagle medium (DMEM) 

(Corning Life Sciences, Tewksbury, MA) supplemented with 10% fetal bovine serum 

(FBS) (Tissue Culture Biologicals, Tulare, CA). 

We commissioned a codon-optimized sequence of ZIKV Suriname strain [162] 

spanning the prM and E (prME) coding region from Life Technologies Corporation 

(Carlsbad, CA). To create CprME, overlap extension PCR was used to introduce the C-

terminal transmembrane coding sequence of ZIKV capsid, representing the signal 

peptide (C) of prME.  pVSV-ΔG-prME and pVSV-ΔG-CprME were generated by cloning 

prME and CprME into pVSV-ΔG-eGFP [175] via MluI and NotI restriction sites as 

described previously.  pVSV-prME and pVSV-CprME were constructed by insertion of 

prME and CprME into the Xho and MscI sites of pVSV1(+)41 [176]. 

rVSV-ΔG-prME, rVSV-ΔG-CprME, rVSV-prME, and rVSV-CprME were 

generated by transfection of the VSV genomic plasmid along with plasmids carrying 

VSV N, P, L, and, in the case of rVSV-ΔG-prME, rVSV-ΔG-CprME, G as previously 

described [25].  To increase yield, rVSV-ΔG-prME, rVSV-ΔG-CprME were propagated 

in BSRT7 cells that were transfected with a plasmid expressing VSV G.  After two 

rounds of trans G complementation, the rVSV-ΔG viruses were passaged on Vero cells 

to yield virus lacking G on the surface.  The rVSV-prME, and rVSV-CprME viruses were 
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propagated in BSRT7 cells.  All virus propagation occurred in DMEM supplemented with 

2% FBS and penicillin/streptomycin/kanamycin at 34°C and 5% CO2.  Wild-type ZIKV 

(strain: MR766) was kindly provided by the laboratory of Dr. Michael Diamond [177]  

and propagated on Vero cells. 

Virus titers were determined by plaque assay on Vero cells as previously 

described [13].  GFP-expressing fluorescent plaques were imaged using a Typhoon 

9400 imager (GE Healthcare, Aurora, OH). For rVSV-ΔG-prME, rVSV-ΔG-CprME, titers 

were calculated based on the number of GFP+ cells as determined by flow cytometry 

using a BD FACSCalibur flow cytometer (BD Biosciences, San Diego, CA). 

 

Antibodies  

Flavivirus E specific Mab 4G2 (hybridoma clone D1-4G2-4-15) was a kind gift 

from the laboratory of Dr. Priscilla Yang.  Anti ZIKV E ZV-54 Mab [170] was a kind gift 

from the laboratory of Dr. Michael Diamond. Anti-VSV-G cytoplasmic tail antibody 

(V5507: Sigma Aldrich) and anti-VSV-M antibody 23H12 (a kind gift from Dr. D.S. Lyles 

[178]) were used to detect VSV proteins. 

 

Virus growth, purification and fractionation of purified virus  

rVSV-ZIKV recombinant viruses were grown in BSRT7 cells as described above. 

Viral supernatant collected after 48 HPI was used directly for infectivity experiments or 

concentrated by centrifugation and further purified over a 10% sucrose cushion, as 

previously described [13]. Sucrose cushion purified virus was used for SDS-PAGE 

analysis and Western blots. For further purification and fractionation of the sucrose 
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cushion purified material, the samples were subject to centrifugation at 25000 rpm for 

3h at 4°C in an SW41 rotor over a 15-45% continuous sucrose gradient in NTE buffer. 

Following centrifugation, 0.5ml fractions were collected starting from the top of the tube 

using a Gilson FC 203B fraction collector (Gilson Inc., Middleton, WI). The fractions 

were further analyzed by Western blot and particles were processed for electron 

microscopy. 

 

SDS-PAGE analysis and Western blots  

Purified virus and virus-like particles were run on a 10% (wt/vol) acrylamide 

0.13% (wt/vol) bis-acrylamide gel and transferred to a nitrocellulose membrane or 

incubated with Coomassie brilliant blue R (Sigma, St. Louis, MO). Membranes were 

blocked with 5% dry milk in 0.1% Tween in PBS (0.1% PBS-Tween) and incubated with 

anti-flavivirus E 4G2 antibody (1:500 dilution), anti-VSV-G cytoplasmic tail antibody 

(V5507: Sigma Aldrich) (1:5000 dilution), or anti-VSV-M antibody 23H12 (1:5000 

dilution) or anti-ZIKV E Mab ZV-54 (1:1000) in 0.1% PBS-Tween buffer, followed by 

incubation with goat anti-mouse antibody conjugated HRP (1:5000 dilution). 

Chemiluminescence signals were generated using an HRP substrate (Thermo, 

Rockford, IL) and detected using an Amersham Imager 600 (GE Healthcare Life 

Sciences, Pittsburgh, PA). Gels were incubated in Coomassie reagent overnight, and 

after destaining, were imaged using a c200 Gel Imaging System (Azure Biosystems, 

Dublin, CA). 

 

Metabolic labeling of proteins in cells  
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To visualize viral protein synthesis, Vero cells were infected at an MOI of 3 with 

the VSV-ZIKV recombinants or an MOI of 10 for ZIKV MR766.  At 4 HPI for VSV and 40 

HPI for ZIKV MR766, cells were starved of methionine and treated with Actinomycin-D 

(Sigma, St. Louis, MO).  At 5 HPI (VSV) and 42 HPI (ZIKV), 50μCi of EasyTagTM L-

[35S]-Methionine (PerkinElmer, Waltham, MA) was added to the media.  At 6 HPI (VSV) 

and 44 HPI (MR766), cells were harvested, lysed, and subjected to SDS-PAGE. The gel 

was fixed for 1h in a gel fix solution (10% acetic acid glacial, 30% methyl alcohol, and 

60% H20).  The fixed gel was dried and exposed overnight on a phosphor screen, which 

was imaged using a Typhoon FLA 9500 biomolecular imager. 

 

Electron Microscopy (EM)  

Purified viruses or VLPs were deposited on carbon coated copper grids and 

respectively stained with 2% phosphotungstic acid (wt/vol) in H20 (pH 7.5) or 0.5% 

uranyl formate (wt/vol) in H20.  Viruses or VLPs were visualized using a Tecnai G2 Spirit 

BioTWIN transmission electron microscope (FEI, Hillsboro, OR). 

 

Purification and fractionation of VLPs and ZIKV  

ZIKV MR766 grown in Vero cells and virus-like particles released by rVSV-ZIKV 

infections were purified by polyethylene glycol (PEG) precipitation. Briefly, ZIKV 

particles and VLPs were precipitated from cell culture supernatant by PEG (MW = 8000) 

(0.8 g/10 ml supernatant and NaCl (0.23 g/10 ml supernatant) at 4°C overnight. The 

precipitate was spun out at 10,000 g for 15min at 4°C in a Sorvall RC 5C Plus centrifuge 

(Thermofisher, Waltham, MA). The supernatant was aspirated and the pellet 
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resuspended in 200 μl NTE/50 ml of supernatant. Following this, the samples were 

centrifuged over a 12.5% sucrose cushion for 100,000 g for 2.5h at 4°C in a TLA 100.2 

rotor (Beckmann Coulter, Brea, CA). The pellets were resuspended in 50μl NTE 

overnight at 4°C. To obtain purified ZIKV or VLPs, samples were centrifuged at 10,000 

g for 10min at 4°C and the supernatant collected. Purified ZIKV MR766 and VLPs were 

subject to sucrose gradient fractionation as described above or used for SDS-PAGE 

analysis or processed for electron microscopy. 

 

Immunofluorescence and fluorescence microscopy  

For immunostaining or fluorescent imaging of eGFP signal in infected Vero cells, 

cells were infected with rVSV-EGFP, rVSV-ZIKV recombinants or ZIKV MR766 at an 

MOI of 1. To detect ZIKV-E or VSV-G, cells were fixed with 2% PFA and permeabilized 

with 0.2% TX-100.  ZIKV-E was detected using 4G2 antibody (1:50 dilution), and VSV-G 

was detected with IE2 antibody (1:50 dilution) at 6 HPI for rVSV-EGFP and rVSV-ZIKV 

recombinants and at 48 HPI for ZIKV MR766. Secondary detection was performed with 

goat anti-mouse-Alexa 594-conjugated antibody (1:500 dilution).  Cell monolayers were 

imaged using a 10X objective on a Nikon Eclipse TE 300 microscope (MVI, Avon, MA). 

Immunostained images showing 4G2 staining and IE2 staining were false colored. 

Fluorescent imaging of eGFP signal as readout of viral gene expression was imaged 

directly using the parameters described above. 

 

Antibody neutralization of virus  

Purified rVSV-EGFP, rVSV-ZIKV recombinants, and ZIKV MR766 were pre-
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incubated with the neutralizing Mab against VSV-G (IE2) for 1h at 34°C at a 

concentration of 0.1 mg/ml, which inhibits rVSV-EGFP infection of Vero cells. The pre-

incubated virus stocks were used to infect Vero cells accordingly, and the cell 

monolayers were fixed and immunostained for ZIKV-E or directly imaged for eGFP 

fluorescence as described above. 

 

Immunization of mice  

For immunogenicity assays, 6-week-old male BALB/c mice (purchased from 

Taconic Farms) were immunized twice intramuscularly (IM) in the thigh, on days 0 and 

28, with 105 plaque-forming units (pfu) of rVSV or 20µg ZIKV VLPs in a volume of 50μl 

in NTE buffer. On day 27, blood samples were collected from the tail vein of the mice. 

On day 35, the mice were sacrificed and blood samples were collected by cardiac 

puncture. Serum was separated by centrifugation at 1500g for 10min at room 

temperature and then stored at -80ºC. End-point Serum samples obtained from 

immunized mice were heated at 56°C for 30min to inactivate complement.   

 

Enzyme-linked immunosorbant assay (ELISA)  

An ELISA for ZIKV E antibodies was performed using a mouse anti-ZIKV virus 

envelope protein IgG ELISA kit containing purified recombinant ZIKV E (Alpha 

Diagnostic International, San Antonio, TX).  Heat-inactivated serum samples were 

diluted 1:100 with the provided dilution buffers.  100μl of diluted serum samples, 

calibrators, and controls, including the 4G2 antibody, were added to wells containing 

purified recombinant ZIKV E and the assay performed according to the manufacturer’s 
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instructions.  Absorbance was read at 405nm using a SpectraMax M3 microplate reader 

(Molecular Devices, Sunnyvale, CA).   

 

Serum neutralization assay 

The heat-inactivated serum samples from rVSV-EGFP, rVSV-CprME, VLP or 

sham immunized mice were diluted in DMEM in a 2-fold dilution series from 1:20 to 

1:640 in duplicate on a 96-well dish. 100 units TCID50 of ZIKV MR766 virus were 

incubated with each serum dilution in wells for 30min at 34°C. Following incubation of 

virus and serum, 104 Vero cells/well were added and incubated at 34°C for 6 days. Cell 

monolayers were fixed with 2% PFA and stained with crystal violet and dilutions of 

completely cleared wells recorded. Neutralization titers for each animal in the four 

immunization groups were calculated and the neutralization assays were performed 

thrice. 

 

Animal studies 

Animal housing and experiments were conducted according to protocols approved by 

the Harvard Medical Area Standing Committee on Animals. 

 

Work contributions 

Sayantan Bose generated and characterized CprME-containing viruses.  Changhong 

Zhou performed the animal experiments.  Melissanne De Wispelaere provided 4G2 

antibody and 3-110-22 inhibitor.  



 

	

 

 

  

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

Chapter 3:  Evolutionary and functional studies of the human endogenous 

retrovirus envelope protein, EnvPb1 
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Abstract  
	

The envelope gene of the ERV-Pb1 provirus is conserved in hominoids and old 

world monkeys, and the human copy is fusogenic.  We report that ERV-Pb1 integrated 

in an ancestor of simians and retains coding potential in all species identified.  

Expression of conserved primate EnvPb1 finds gorilla and marmoset retain fusogenic 

envPb1 ORFs.  RNA-seq reads in human RNA tissue samples coupled with detection of 

protein shows envPb1 expression in human tissues is not as widespread as previously 

reported.  Out of 6 tissues tested for EnvPb1 protein expression, EnvPb1 protein is only 

detected in the placenta.  Transfection of cells with EnvPb1 leads to release into the 

supernatant in a form that is likely membrane-bound.  We developed a recombinant 

vesicular stomatitis virus bearing EnvPb1 on the surface as a means to understand how 

EnvPb1 mediates fusion.  We show that entry of rVSV-EnvPb1 requires endosomal 

acidification.  Finally, we performed forward genetic screens using rVSV-EnvPb1 in a 

mutagenized haploid cell line that indicate heparan sulfate is not important for rVSV-

EnvPb1 entry.  	
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Introduction 

Endogenous retroviruses (ERVs) are the remnants of ancient retroviral infections 

that persist throughout the genomes of all vertebrates.  When a retrovirus infects a cell, 

a DNA copy of its genome is integrated into the host’s DNA.  The first step in generating 

an ERV is when a retrovirus infects and integrates its DNA into a germline cell.  If this 

germline cell goes on to produce progeny, the provirus (the integrated DNA copy) can 

be vertically transmitted through Mendelian inheritance and can reach fixation in a 

population over time.   

 The contribution of human (H) ERVs to the genome is approximately 8% [113].  

Due to their ancient nature, most of the proviral genes have been rendered inactive due 

to mutational decay.  However, in rare cases, HERV open reading frames (ORFs) are 

co-opted by the host and continue to encode transcribed genes.  This is the case for 

two envelope genes known as syncytin-1 and syncytin-2 of the HERV-W and HERV-

FRD lineages, respectively.  Both of these co-opted envelope genes are conserved in 

numerous primate genera and encode fusogenic proteins that are expressed in the 

placenta [133, 179].   These proteins have an essential role in placenta formation and 

embryo survival [180].  Consequently, other studies have aimed to identify novel 

endogenous retroviral genes that contain intact ORFs [149].  By using BLAST to 

compare sequences of known retroviral genes to human genome sequences, a novel 

ERV was identified through similarity to a zebrafish endogenous retrovirus and was 

predicted to contain an intact envelope (env) gene. This provirus was subsequently 

named HERV-Pb1 [149]. 
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 The envelope gene is the sole intact gene in the HERV-Pb1 proviral structure, 

which suggests that it has been selectively maintained.  Indeed, out of 17 single-

nucleotide polymorphisms (SNPs) within the HERV-Pb1 locus, only one is located 

within the env coding region, and that SNP is synonymous [152].  Additionally, 14 

insertion/deletion events have occurred in the HERV-Pb1 locus; the three within envPb1 

do not disrupt the reading frame while the others are all reading frame disrupting in their 

respective genes [152].  It is unlikely for these events to have occurred by chance, and 

such data are consistent with selective maintenance of the ORF.  Not only is the ORF 

maintained, but also the human copy of EnvPb1 is capable of mediating cell-cell fusion 

when expressed in a panel of cell lines [150]. 

These data suggest that EnvPb1 may play a physiological role related to cell-cell 

fusion.  However, unlike the syncytins, it is reported that envPb1 is broadly expressed in 

wide panel of human tissues [150, 152].  Given this, it is difficult to hypothesize where 

EnvPb1 may be physiologically relevant.  

In an effort to better understand the physiological role of EnvPb1, we set out to 

characterize how EnvPb1 mediates cell-cell fusion.  We developed a panel of tools 

including EnvPb1-specific antisera to test for expression in human tissues and a 

recombinant vesicular stomatitis virus (VSV) bearing EnvPb1 on its surface to assess 

cellular factors necessary for EnvPb1 function.  Further, we characterized the 

conservation of EnvPb1 using the currently available primate genomes to show that its 

initial integration is much older than previously reported.  Our results substantiate the 

idea that EnvPb1 may be a physiologically relevant fusogen in simians.   
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Results 

 

ERV-Pb1 integrated into a simian ancestor and its envelope gene is under 

purifying selection 

Since ERV-Pb1 was initially identified, many more primate genomes have been 

sequenced.  While ERV-Pb1 was originally shown to be specific to Old World primates 

based on LTR divergence and amplification of envPb1 from OWM genomes, recent 

studies indicate that it may have integrated into a primate ancestor around 58 million 

years ago (mya) [126, 152].  Thus, we hypothesized that we should be able to identify 

envPb1 in NWM genomes.  We searched 19 available primate genomes, including 4 

NWM and 10 OWM, using BLAST or the UCSC genome browser with human envPb1 

as the input query [181, 182].  We recovered intact envPb1 ORFs from all 19 species 

searched.  ORFs were translated and aligned using the T-Coffee multiple sequence 

alignment (MSA) package [183].  The MSA alignment was annotated to highlight 

common functional domains (Figure 3.1).  All identified sequences show conservation of 

the CXXC and CX6CC motifs involved in thiol-disulfide exchange for assembly and 

function of gammaretroviral Envs [184, 185].  In addition, all sequences retain a 

predicted furin cleavage site (RXXR) suggesting that they retain the ability to be 

processed into SU and TM subunits.  Furthermore, all sequences retain a CKS-17-like 

immunosuppressive domain (ISD) as defined by Mangeney et al., suggesting potential 

for immunosuppression in vivo [145]. 
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Figure 3.1: MSA of envPb1 translations.  20 envPb1 ORFs, Human (hum), 

chimpanzee (cpz), bonobo (bon), gorilla (gor), orangutan (ora), gibbon (gib), Angola 

colobus (col), golden snub-nosed monkey (gsn), proboscis monkey (pro), African green 

monkey (agm), pig-tailed macaque (ptm), rhesus macaque (rhm), crab-eating macaque 

(cem), sooty mangaby (sty), drill (drl), baboon (bab), marmoset (mar), owl monkey 

(owl), white-headed capuchin (cap), and squirrel monkey (sqr), were translated and 

aligned using the T-Coffee multiple sequence alignment package [183].  The sequence 

alignment was visualized using the ESPript server – http://espript.ibcp.fr [186].  Amino 

acid positions that are identical between all species are shown in black boxes.  Amino 

acid positions in which greater than 70% of species are identical are shown in grey 

boxes, with the most common amino acid in bold text.  Amino acid positions less than 

70% identical are shown in white boxes.  Dots represent gaps.  Gammaretroviral 

functional domains are highlighted.  CXXC and CX6CC are shown in yellow.  Predicted 

furin cleavage site (RXXR) is shown in green.  CKS-17-like ISD is shown in red, with 

orange area representing overlap with CX6CC.  Predicted transmembrane-spanning 

regions (TMHMM Server - http://www.cbs.dtu.dk/services/TMHMM/), signal peptide and 

transmembrane anchor are shown in blue [151]. 
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Figure 3.1 (continued):   



 

	 80	

Figure 3.1 (continued): 
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To test if the envPb1 ORFs descended from a single integration event in their 

last common ancestor, we tested if the ORF and the ERV-Pb1 provirus are located in 

the same genetic locus in all species.  We analyzed syntenic loci of hominoid (Pan 

troglodytes, chimp), OWM (Macaca fascicularis, macaque), and NWM (Callithrix 

jacchus, marmoset) genomes using the MultiPipMaker alignment tool.  Our analysis 

reveals conservation of the syntenic loci in these species as all envPb1 ORFs reside 

within an intron of the rin3 gene (Figure 3.2A).  ERV-Pb was not detected in the rin3 

locus of the tarsier genome (not shown), which suggests that integration occurred after 

the divergence of tarsiers and simians (NWM, OWM, and hominoids) but before the 

divergence of NWM and old world apes (OWM and hominoids).  This is indicative of 

ERV-Pb integration occurring between 40 and 60 mya, which is in line with the most 

recent computational estimate of ~58 mya [126, 187-189].   

Next, the nucleotide sequences of all intact ORFs were aligned using the MAFFT 

alignment algorithm on the GUIDANCE server [190, 191].  From the alignments, we 

generated a maximum-likelihood (ML) phylogenetic tree using MEGA7 software [120, 

192].  As expected, the phylogenetic tree forms 3 distinct clades that respectively 

include hominoids, OWM, and NWM (Figure 3.2B).  The OWM clade forms two distinct 

branches likely due to Angola colobus, golden snub-nosed monkey, and proboscis 

monkey containing a 30-nucleotide insertion within the predicted SU domain of EnvPb1.  

Despite nucleotide differences between the EnvPb1 sequences, none of them contain 

any internal stop codons.  Furthermore, while there are some species-specific insertions 

or deletions, they all preserve the ORF, which suggests a beneficial function to the host. 
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Figure 3.2:  Conservation and purifying selection of envPb1. (A) Syntenic  
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Figure 3.2 (continued): 

conservation of the envPb1 ORF in simians.  The genetic locus of envPb1 was 

recovered from representative hominoid, OWM, and NWM species using the UCSC 

genome browser.  Conservation of the syntenic locus was assessed using the 

MultiPipMaker alignment tool [193].  Regions with significant homology to the human 

sequence as defined by BLASTZ [194] are shown in green, and highly conserved 

regions (70% identity and no gaps) are shown in red boxes.  (B) Maximum-likelihood 

phylogenetic tree of envPb1 in all available simian genomes.  EnvPb1 ORFs were 

recovered from the shown species through the UCSC genome browser or NCBI 

sequence deposits.  Nucleotide sequences were aligned using MAFFT, and the 

evolutionary history was inferred using the Maximum Likelihood method based on the 

Tamura-Nei model in MEGA7.  The tree is drawn to scale, with branch lengths 

measured in the number of substitutions per site.  Percentage bootstrap values 

obtained from 1,000 replicates are shown at the nodes.  (C) Purifying selection in 

simians.  Pairwise nucleotide identity is shown in the lower triangle and pairwise dN/dS 

values are shown in the top triangle.  Values are color coded based on range.   

   

We next wanted to test whether envPb1 is under purifying selection, as would be 

expected for a captured retroviral gene that is playing a beneficial role to the host.  This 

is measured by comparing the number of non-synonymous mutations (dN) to the 

number of synonymous mutations (dS) between species.  Genes under purifying 

selection, such as those conserved for important cellular processes, exhibit a dN/dS < 1.  

Conversely, genes under positive selection, such as viral restriction factors that are 
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adaptively evolving, exhibit a dN/dS > 1.  dN/dS = 1 indicates neutral evolution.  For 

example, other physiologically relevant captured retroviral envelopes have mean dN/dS 

values that range from 0.37 (syncytin-2) to 0.88 (syncytin-1) [136, 195].  We measured 

the mean dN/dS for envPb1 using the CodeML package in the phylogenetic analysis by 

maximum likelihood (PAML) source code software [196].  The mean dN/dS for envPb1 is 

0.838, which is similar to that of syncytin-1.  This differs from the previous report by 

Aagaard et al. that indicated that the dN/dS for envPb1 did not differ significantly from 1 

[152].  This is likely due to the fact that their analysis did not include enough 

representative sequences, as accurate dN/dS values are dependent on sufficient species 

representation [197].  We next computed pairwise dN/dS values between primate 

species.  Most pairwise dN/dS values fall near or below the mean value of 0.838 (Figure 

3.2C).  In some cases we see values above one, but the majority of these occur when 

comparing species that have 98% or greater nucleotide identity, and thus the number of 

substitutions may not be high enough to provide accurate estimates of selection.  

However, when gibbon is compared to other hominoids, there appears to be hallmarks 

of positive selection (dN/dS > 1.4), which may indicate unique evolutionary adaptations of 

EnvPb1 in gibbons.  NWMs exhibit the lowest pairwise dN/dS values, which provides 

evidence for purifying selection in NWM and accounts for why previous estimates of 

envPb1 dN/dS, which lacked NWM sequences did not fall below 1.   

 

EnvPb1-mediated fusion is conserved across multiple species  

Since human EnvPb1 is fusogenic ex vivo, and other identified envPb1 

sequences have conserved ORFs and exhibit hallmarks of purifying selection, we 
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wanted to test if fusogenicity is a conserved feature of EnvPb1.  Given that the major 

functional domains necessary for gammaretroviral Env fusion (i.e. CXXC, CX6CC, furin 

cleavage site, and TM domain) are completely conserved between primate EnvPb1 

sequences, we predicted that all EnvPb1 would be fusogenic.  To test this, we 

chemically synthesized envPb1 from 3 representative primates: gorilla, baboon, and 

marmoset.  We cloned these gene fragments into an expression vector and confirmed 

their identity by sequencing.  EnvPb1-encoding plasmids were transfected into Vero 

cells, and syncytia formation was assayed at 24 hours post transfection (HPT) – a time 

when large, multinucleated cells are prevalent after expression of human EnvPb1.  Our 

results indicate that both gorilla and marmoset EnvPb1 are fusogenic in Vero cells but 

baboon EnvPb1 is not (Figure 3.3A).   
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Figure 3.3:		Fusogenicity of primate EnvPb1.  (A) Select primate EnvPb1 are 

fusogenic in Vero cells.  Vero cells in a 12-well dish were transfected with 1µg of 

plasmid encoding the indicated primate EnvPb1 sequences.  Cells were imaged by 

phase contrast microscopy 24 HPT to assess syncytia formation.  Yellow lines indicate 

syncytia.  Images are representative of three independent experiments.   
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Figure 3.3 (continued): 

(B) Expression of primate EnvPb1 in Vero cells.  After assessing syncytia formation, 

Vero cells were lysed and cellular proteins were collected.  SDS-PAGE and western 

blotting with EnvPb1 antisera at a 1:1000 dilution were used to assess protein 

expression.   

 

 

To test for EnvPb1 protein expression in cells, we generated EnvPb1 antisera by 

inoculating a rabbit with a purified predicted receptor-binding domain (RBD) of human 

EnvPb1 (amino acids (AA) 51-208).  We analyzed cell lysates by SDS-PAGE and 

western blot with the rabbit anti-EnvPb1 antisera (Figure 3.3B).  We detect expression 

at the predicted molecular weight of the unprocessed precursor (SU/TM) in all samples.  

Baboon EnvPb1 migrates slightly lower than human and gorilla, which was unexpected 

given that it contains 666 AA compared to 665 for human and gorilla.  This could 

indicate differences in glycosylation in baboon EnvPb1.  Additionally, marmoset EnvPb1 

migrates slightly lower than human and gorilla, but this is expected given that it contains 

5 fewer AA (660).  Given that gorilla and human envPb1 share 98% amino acid identity, 

it is not surprising that gorilla EnvPb1 is fusogenic in Vero cells.  However, the fact that 

marmoset EnvPb1 is fusogenic despite sharing only 77.2% amino acid identity with 

human EnvPb1 suggests that fusion is an evolutionarily selected feature in the capture 

of EnvPb1 in primate genomes.  While baboon EnvPb1 does not fuse Vero cells, it 

should not be concluded that it is not fusogenic.  It is possible that it still retains the 

ability to fuse cells but its receptor usage is different than that of human EnvPb1.  
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Another possibility is that its receptor is not expressed or is downregulated in Vero cells. 

Determining fusogenicity of these EnvPb1 in other cell lines will assess the possibility of 

differences in receptor usage while assessing more primate EnvPb1 sequences for 

fusogenicity will determine if conservation of fusogenicity is lineage-specific.   

 

RNA-seq analysis of EnvPb1 expression in human tissues 

Previous reports identified envPb1 transcripts in total RNA samples from human 

tissues by quantitative reverse transcription polymerase chain reaction (RT-qPCR) [150, 

152].  However, given the pitfalls of using RT-qPCR to quantify gene expression in 

human tissues, we wanted to confirm and expand upon these results by assessing 

publicly available RNA-sequencing (seq) datasets [198].  We extracted read info from 

bioproject PRJNA280600 in the NCBI sequence read archive because it contained high-

quality total RNA from 20 different human tissues [199].  Then, the reads were aligned 

to human genome build hg19 that we annotated to contain gene and mRNA annotations 

for envPb1.  Following this, aligned reads were mapped to mRNA, and reads per 

kilobase of transcript per million mapped reads (RPKM) values were calculated for all 

human genes.  We plotted RPKM values for envPb1 and GAPDH (Figure 3.4A).  In line 

with previous reports, our analysis indicates that envPb1 is widely expressed in human 

tissues, with the highest levels of expression occurring in the thymus, spleen, and lung 

[150, 152]. 
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Figure 3.4:  EnvPb1 tissue expression.  (A) RNA-seq analysis of total RNA from 

human tissue samples.  Reads from a previously published data set [200] were 

extracted from the NCBI sequence read archive bioproject PRJNA280600.  Reads were 

aligned to human genome build hg19 that was edited to contain an annotation for the 

envPb1 ORF.  Aligned reads were mapped to mRNA and RPKM was calculated.  

RPKM is shown for envPb1 and GAPDH.  (B) EnvPb1 protein expression is placenta-

specific.  Human protein medleys from ovary, placenta, small intestine, spleen, testis, 

and thymus tissue were purchased from Clontech. 37.5µg of total protein for each tissue 

sample was run on a 4-12% SDS-PAGE polyacrylamide gel and assessed for EnvPb1 

or ß-actin protein expression by western blot with EnvPb1 antisera or ß-actin antibody.  

A rabbit pre-bleed serum was included as a non-specific control for EnvPb1 detection.    
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EnvPb1 protein is detected in human placenta tissue 

We next wanted to assess EnvPb1 protein expression in human tissues in which 

envPb1 transcripts are reported.  We chose to analyze thymus, spleen, placenta, ovary, 

testis, and small intestine based on our RNA-seq analysis as well as the previously 

published RT-qPCR data [150, 152].  SDS-solubilized protein medleys were purchased 

from Clontech (Paolo Alto, CA) and boiled with reducing agents.  Equal total protein 

amounts from each tissue were run on a 4-12% SDS polyacrylamide gel, transferred to 

a nitrocellulose membrane, and assessed for EnvPb1 and ß-actin by western blot.  

Despite the highest levels of envPb1 transcripts occurring in the thymus and spleen, the 

only tissue in which we detect EnvPb1 protein is the placenta, although there also 

appears to be a faint band in ovary tissue (Figure 3.4B).  Indeed, this result does not 

correlate with the RNA-based tissue expression data.  We therefore wanted to test 

whether the reads identified by our RNA-seq analysis are specific to translation 

competent EnvPb1 transcripts.   

As it has been reported that the ERV-Pb1 5’ LTR is capable of driving 

transcription of the EnvPb1 gene, we wanted to test if we could detect reads 

corresponding to splice junctions between the ERV-Pb1 5’ LTR and env ORF in the 

RNA-seq human tissue profiles [154].  We analyzed reads from the thymus data set 

using HISAT2 [201], and no splice sites were observed within the EnvPb1 ORF that 

mapped to the 5’LTR or elsewhere that could serve as a transcription start site (Figure 

3.5A). 
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Figure 3.5:  Visualization of mapped reads from thymus total RNA.  (A) Splice 

junction mapping near the ERV-Pb1 locus.  HISAT2 was used to identify reads mapping 

to splice sites as previously described [201].  Mapped reads (red vertical lines) and 

splice junctions (red parabolic lines) are presented above genes.  Blue rectangles 

represent exons, and blue lines represent intronic regions.  The ERV-Pb1 locus is 

annotated such that the left rectangle represents the ORF and the right rectangle 

represents the 5’ LTR.  Other lines and rectangles correspond to RIN3.  (B) 

Visualization of reads near the ERV-Pb1 locus.  Reads (vertical lines) are shown above 

annotated genes.  Blue rectangles represent exons, and blue lines represent intronic  
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Figure 3.5 (continued): 

regions.  Arrows indicate directionality.  The middle RIN3 box represents the gene.  (C) 

Comparison of reads mapping to RIN3 to a neighboring gene, SLC24A4.   

 

Since EnvPb1 is located within an intron of the RIN3 gene, it is possible that 

reads assigned to envPb1 actually derive from RIN3 introns.  This is further 

substantiated by the fact that a high density of reads aligns to RIN3 introns over the 

length of the gene, indicating that the ones overlapping with envPb1 are not specific 

(Figure 3.5B).  These are likely to be bona fide reads due to the fact that the 

neighboring gene, SLC24A4, has comparatively low coverage (Figure 3.5C).  BLAST 

searches on polyA-selected thymus mRNA RNA-seq data sets in the SRA 

(ERR1857349 and ERR1857367) do not return any reads aligning to the envPb1 ORF, 

which seems to confirm our observation.  Despite this, we do detect EnvPb1 protein in 

the placenta, thus indicating that EnvPb1 is expressed in the placenta.  This possibility 

is intriguing because EnvPb1 had previously been ruled out as a syncytin mainly 

because it did not exhibit placenta-specific mRNA expression.  Our results challenge 

this idea and call for further characterization of EnvPb1 in the placenta.  Given this, we 

wanted to better understand how EnvPb1 is processed in cells.   

 

EnvPb1-mediated cell-cell fusion depends on R428 

The EnvPb1 amino acid sequence does not contain a prototypic furin-cleavage 

site (R-X-R/K-R), but rather, it contains a “weak” furin-cleavage site (R428-K429-T430-R431) 

as predicted by the ProP 1.0 server [202].  Given this, we wanted to test if this site leads 
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to proteolytic processing of EnvPb1 in cells.  We used site-directed mutagenesis to 

mutate R428 to S428, which was predicted to completely abolish any recognition by furin 

at this site (Figure 3.6A).  We also generated a mutant in which T430 was mutated to 

R430 to yield a consensus furin cleavage site.  These mutants are referred to as SKTR 

and RKRR respectively.  We expressed these mutants as well as wild-type (WT) 

EnvPb1 in Vero cells and assessed protein processing in cell lysates and cell 

supernatants by SDS-PAGE followed by western blot with EnvPb1 antisera (Figure 

3.6B).  In cell lysates, EnvPb1 expressed by all three constructs is primarily in the 

unprocessed (SU/TM) form, although there do appear to be lower levels of processed 

(SU) EnvPb1 in SKTR transfected cells (Figure 3.6B).  
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Figure 3.6:  Dependence of EnvPb1 processing and fusion on the predicted furin 

cleavage site. (A) Schematic of furin cleavage mutant constructs.  WT refers to the full 

coding sequence of EnvPb1.  RKTR = predicted furin cleavage site.  SKTR refers to a 

construct generated in which the R428 was mutated to an S, and RKRR refers to a 

construct generated to have a consensus furin cleavage site.  (B) Western blot of cell 

lysates or supernatants from cells transfected with furin mutant constructs shows 

cellular expression and supernatant processing.  (C) Fusion assay in Vero cells 

indicates that the SKTR mutant does not fuse cells.   
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However, EnvPb1 released into the supernatant does correlate with the nature of 

its cleavage site.  WT is a mix between processed and unprocessed EnvPb1 in the 

supernatant, which is in line with it having a sub-optimal cleavage site.  Further, SKTR 

does not show any visible processed EnvPb1 in the supernatant, substantiating that this 

site undergoes proteolytic processing, most likely by furin.  Moreover, supernatant 

RKRR is primarily in the processed form.  Since the sub-optimal RKTR furin cleavage 

site is conserved in all EnvPb1 except squirrel monkey, which has a consensus furin 

cleavage site (RKRR), it is possible that this sub-optimal furin cleavage site is 

selectively maintained in primate EnvPb1.   

We next tested the requirement of proteolytic processing of EnvPb1 for cell-cell 

fusion.  Syncytia formation is not observed in SKTR-transfected Vero cells, indicating 

that processing at this site is required for cell-cell fusion (Figure 3.6C).  As expected, the 

RKRR mutant fuses.  We were interested that we could detect EnvPb1 SU in the 

supernatant of transfected cells because it implies that EnvPb1 could be secreted or 

packaged into extracellular vesicles.  However, since EnvPb1 fuses Vero cells, the 

other interpretation of this result is that SU in the supernatant is just a by-product of the 

fusion reaction.  Therefore, we wanted to test if we could detect EnvPb1 secretion in 

cells that are not fused by EnvPb1. 

 

EnvPb1 release occurs independent of cell-cell fusion  

To test whether EnvPb1 SU release is dependent on EnvPb1 fusion, we 

transfected 293T cells with plasmids encoding WT EnvPb1, SKTR, or RKRR.  It has 

been previously reported that EnvPb1 does not fuse 293T cells [150], and our results 
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confirm this (Figure 3.7A).  We collected supernatant from transfected cells at 24 and 48 

hours post transfection (HPT) and harvested cells lysates at 48 HPT.  These samples 

were subjected to SDS-PAGE followed by western blot with EnvPb1 antisera.  Despite 

the fact that EnvPb1 does not fuse 293T cells, we detect EnvPb1 in the supernatant of 

transfected 293T cells at both 24 and 48hpt (Figure 3.7B).   
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Figure 3.7:  EnvPb1 release occurs independent of cell-cell fusion.  (A) Fusion 

assay in 293T cells.  293T cells were transfected with vector expressing WT, furin-

cleavage null (SKTR), or consensus furin-cleavage (RKRR) EnvPb1.  Cells were 

assessed for syncytia formation at 24 HPT by phase contrast microscopy.  (B) Western 

blot of EnvPb1 transfected 293T cells and supernatants.  Supernatant (sup) from 

transfected cells was collected, clarified by centrifugation, and filtered through a 0.45µm 

filter at 24 and 48 HPT.  Cells were collected and lysed at 48 HPT.  Western blot was 

performed using rabbit anti-EnvPb1 sera.   
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In line with our observations in Vero cells, the integrity of the furin cleavage site 

impacts EnvPb1 processing in cells.  In cell supernatants we see the release of 

EnvPb1, indicating that this process occurs in the absence of cell-cell fusion.  

Interestingly, although the SKTR mutant is not cleaved, we detect it in cell supernatants.  

Without proteolytic processing of the furin cleavage site, it is likely that the unprocessed 

form we detect is membrane bound.  Thus, the observation that SKTR is released from 

cells suggests that EnvPb1 detected in cell supernatants is membrane-bound.  These 

results were confirmed in another non-fused cell line (BSRT7) and another fused cell 

line (U2OS) (not shown). This raises the possibility that EnvPb1 is incorporated in 

extracellular vesicles such as exosomes.  Exosomes and retroviruses exploit similar 

biogenesis pathways, so given the conservation of EnvPb1, it is possible that it could be 

packaged into exosomes [203].  This observation warrants further characterization of 

extracellular form of EnvPb1 and opens up a potential physiological role for a fusogenic 

retroviral Env that is distinct from cell-cell fusion events.  Given this potential, we next 

wanted to develop tools to better understand how EnvPb1 mediates fusion.    

 

Recovery of recombinant VSV-envPb1 

To better understand the mechanism by which EnvPb1 induces fusion and to 

search for cellular factors necessary for fusion, we generated recombinant VSV 

expressing EnvPb1 (Figure 3.8A).  We were not able to rescue virus in which the full 

EnvPb1 ORF replaced VSV-G in the VSV genome.  Since the cytoplasmic tail of 

EnvPb1 is 46 amino acids (compared to 23 for VSV-G), we wondered if the cytoplasmic 

tail was preventing efficient incorporation into VSV particles.  Since cytoplasmic tail 
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truncations can increase pseudotyping of viral vectors, we constructed an EnvPb1 in 

which we replaced the EnvPb1 cytoplasmic tail with the 8 C-terminal amino acids 

comprising the VSV-G cytoplasmic tail [204-206].  This truncated EnvPb1 retained 

fusogenicity in Vero cells and allowed us to recover infectious virus (Figure 3.8A).  Initial 

recovery of rVSV-EnvPb1 yielded low titers that were not significantly improved by 

passaging of virus in different cell types or at different temperatures.  Therefore, to 

increase the titer of rVSV-EnvPb1, we passaged the virus on cells that were transfected 

with a VSV-G expression plasmid.  This way, budding virions would incorporate VSV-G 

to improve particle assembly and release, but VSV-G would not be present in the 

genome.  After three rounds of passaging with VSV-G complementation, we generated 

a large stock of rVSV-EnvPb1 bearing VSV-G on the surface that grew to 1x108 plaque 

forming units (pfu)/ml.  We passaged this virus stock on Vero cells to remove VSV-G 

bearing virus and yield rVSV-EnvPb1.  Through this method, rVSV-EnvPb1 viral titers 

were increased to 4.65x106 pfu/ml.  
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Figure 3.8:  Composition and infectivity of rVSV-EnvPb1.  (A) Schematic diagram of 

rVSV-EnvPb1 genome. The VSV genes encoding N, P, M, G, L, and eGFP are shown 

flanked by the viral leader (Le) and trailer (Tr) regulatory sequences.  Viral titers 

determined by plaque assay on Vero are expressed as plaque forming units per milliliter 

(pfu/ml) and representative fluorescent scans shown.  (B) rVSV-EnvPb1 is resistant to 

IE2 neutralization.  To increase viral titers, rVSV-EnvPb1 was passaged 3 times in 

BSRT7 cells expressing VSV-G.  A final round of infection was performed on Vero cells. 
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Figure 3.8 (continued): 

rVSV-eGFP, virus passaged in VSV-G-expressing cells (rVSV-EnvPb1+G), and the final 

passage of rVSV-EnvPb1 was incubated for 30 minutes at 37ºC with 0.1µg of the VSV-

G neutralizing antibody IE2.  To determine if VSV-G mediated infection was occurring, 

viruses incubated with IE2 were plaqued on Vero cells.  (C) Total protein synthesis in 

infected cells. Vero cells were infected (MOI=3) with rVSV-EnvPb1 or rVSV-eGFP, and 

viral protein synthesis was measured by metabolic incorporation of [35S]-methionine at 

5.5 hours post infection (HPI).  Total cytoplasmic extracts were prepared, equivalent 

amounts analyzed by SDS-PAGE and proteins visualized by autoradiography. Viral 

proteins are labeled on the right. 

 

To ensure that these virions did not retain VSV-G-mediated infectivity, we 

assessed their sensitivity to neutralization with the VSV-G neutralizing antibody IE2 

[168].   VSV-eGFP, rVSV-EnvPb1 passaged in VSV-G expressing cells (rVSV-

EnvPb1+G), and rVSV-EnvPb1 were incubated with IE2 and titered by plaque assay on 

Vero cells (Figure 3.8B).  Incubation of VSV with IE2 leads to a greater than 4-log 

decrease in viral titers, while rVSV-EnvPb1 is largely unaffected indicating that its 

infectivity is dependent on EnvPb1.  Additionally, incubation of rVSV-EnvPb1+G with 

IE2 results in minimal decreases in titer indicating that particles produced in VSV-G-

expressing cells also incorporate EnvPb1.   

Next we infected cells with rVSV-eGFP or rVSV-EnvPb1 to assess viral protein 

synthesis.  Infected cells were pulsed with [35S]-methionine and cysteine at 5.5 hours 

post infection in methionine and cysteine-free media.  After one hour of labeling, cells 
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were collected, lysed, and assessed by SDS-PAGE and autoradiography.  We detect 

approximately equal levels of VSV protein synthesis between rVSV-eGFP and rVSV-

EnvPb1 (Figure 3.8C).  Furthermore, EnvPb1 seems to be produced to similar levels as 

VSV-G indicating that it is well expressed.  Interestingly, this protein product migrates at 

a molecular weight of approximately 75 kDa, which is the predicted molecular weight of 

SU-TM before proteolytic processing.  Since this assay labels newly synthesized 

proteins, it is possible that EnvPb1 detected here has not yet trafficked to the Golgi for 

cleavage by furin. 

 

rVSV-EnvPb1 is sensitive to lysosomotropic agents  

Since EnvPb1 induces cell-cell fusion at neutral pH, similar to many 

gammaretroviral envelope proteins, it would be expected that receptor binding is a 

sufficient trigger to catalyze the membrane fusion reaction.  Conversely, viruses that 

require acidic pH to trigger fusion are endocytosed and undergo conformational 

changes leading to fusion in the low-pH compartments of the endosome or lysosome.  

To test if EnvPb1-mediated fusion occurs at the plasma membrane, and to begin to 

understand the cellular requirements for EnvPb1 fusion, we treated cells with a panel of 

known lysosomotropic agents that block the acidification of intracellular vesicles and 

infected them with rVSV-EnvPb1.  Ammonium chloride (NH4Cl) is a weak base that is 

taken up by endosomes and lysosomes where it acts as an alkalinizing agent, and 

bafilomycin A1 (Baf A1) is an inhibitor of the H+ ATPase pump.  As controls, we tested 

VSV and VSV bearing the parainfluenza virus 5 (PIV5) attachment (HN) and fusion (F) 

proteins (rVSV-PIV5).  VSV membrane fusion occurs at low pH and is sensitive to 
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lysosomotropic agents [207]. Conversely, PIV5 F-mediated fusion occurs at the plasma 

membrane at neutral pH and is insensitive to lysosomotropic agents [208].   

We infected BSRT7 cells at an MOI of 1 with rVSV-eGFP, rVSV-PIV5, or rVSV-

EnvPb1.  Cells were pretreated with either 0.1µM Baf A1 or DMSO for 30 minutes prior 

to infection.  Viruses were absorbed for 1 hour in the presence of inhibitor, and infection 

proceeded in the presence of the inhibitor.  At 6HPI, cells were assessed for infection by 

fluorescence microscopy.  As expected, VSV infection is completely blocked by Baf A1, 

whereas Baf A1 has no effect on rVSV-PIV5 entry (Figure 3.9A). 
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Figure 3.9:  Lysosomotropic agents block rVSV-EnvPb1 entry.  (A) Bafilomycin A1 

blocks rVSV-EnvPb1entry.  BSRT7 cells were treated with 10μM Bafilomycin A1 (Baf 

A1) 30 minutes prior to infection.  Virus was absorbed at an MOI of 1 in the presence of 

Baf A1 for 1 hour.  Bafilomycin was left on and cells were imaged by fluorescence  
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Figure 3.9 (continued): 

microscopy at 6 HPI.  GFP denotes infected cells and blue are DAPI stained nuclei.  (B) 

Ammonium chloride (NH4Cl) and bafilomycin A1 (Baf A1) block entry of rVSV-EnvPb1 in 

Vero cells.  Vero cells were treated with 10mM NH4Cl or 10µM Baf A1 for 30 minutes.  

Virus was absorbed at an MOI of 1 for 1 hour in the presence of inhibitor.  Post-treated 

controls received inhibitor at 2 hours post infection.  At 6 hours post infection, cells were 

assessed for GFP expression by flow cytometry.  Values represent average %infectivity 

in pre-treated samples normalized to %infectivity in post-treated samples from three 

independent experiments.  Error bars signify two standard deviations.   

 

However, rVSV-EnvPb1 infectivity is completely blocked in the presence of Baf 

A1.  To rule out that this was a cell-specific phenomenon, we further substantiated this 

result in Vero cells that were pre or post-treated with Baf A1 or NH4Cl.  We infected 

Vero cells at an MOI of 1 with rVSV-eGFP, rVSV-PIV5, or rVSV-EnvPb1.  Cells were 

either pretreated with 10mM NH4Cl or with 0.1µM Baf A1 for 30 minutes prior to 

infection or treated at 2 hours following infection to control for any post entry off-target 

effects of the inhibitors.  DMSO-treated cells were included as a vehicle control.  At 6 

HPI, cells were collected and assessed for GFP expression by flow cytometry.  The 

percentage of infected cells in the inhibitor-pretreated condition is normalized to the 

post-treatment control.  Again, the lysosomotropic agents block VSV entry but not rVSV-

PIV5 (Figure 3.9B).  Furthermore, we observe that both NH4Cl and Baf A1 block entry of 

VSV-EnvPb1.  These results implicate a role for endosomal acidification in EnvPb1-
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mediated fusion, despite cell-cell fusion occurring at neutral pH.  Thus, we wanted to 

test if the role of low-pH is to induce conformational changes in EnvPb1.   

 

EnvPb1 is resistant to low-pH inactivation   

 One interpretation of the result in Figure 3.8 is that low pH acts to induce 

conformational changes in EnvPb1 that result in the triggering of fusion.  For viruses 

that undergo fusion in an acidic intracellular compartment, such as influenza A or 

Semliki Forest virus (SFV), the exposure of virions to acidic pH is often sufficient to 

trigger the fusion protein [209].   Pretreatment of virus with low pH induces irreversible 

conformational changes in the fusion protein, and the virus is unable to infect cells.  

Viruses that fuse at the plasma membrane are resistant to low-pH inactivation.  Since 

VSV-G undergoes a reversible conformational change, exposure to low-pH induces 

conformational changes leading to fusion; however, if the pH is neutralized, VSV-G will 

return to its pre-fusion state [210, 211].  We set out to test if acidic pH could trigger 

EnvPb1 by pre-incubating viruses at pH 5 before neutralizing the inoculum and infecting 

cells.  VSV and VSV bearing the SFV spike protein were included as controls.  Viruses 

were incubated at 37ºC for 30 minutes in pH 5 or pH 7.4 PBS.  Following this, the virus 

inoculum was neutralized with cell culture media at 37ºC for 15 minutes.  The inoculum 

was absorbed onto cells for 1 hour after which it was removed and fresh media was 

added.  Cells were harvested and assessed for infectivity at 6 HPI by flow cytometry.  

Infectivity is measured in percent GFP positive cells, and values were normalized to 

infectivity at pH 7.4.  As expected, VSV-SFV exposed to pH 5 is unable to mediate 

infection due to triggering of its fusion protein (Figure 3.10).   
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Figure 3.10:  rVSV-EnvPb1 is resistant to low pH inactivation. rVSV-EnvPb1, VSV-

eGFP, and rVSV-SFV were incubated in pH5 or pH7.4 buffer for 30 minutes at 37ºC.  

Following this, DMEM was added to return viruses to neutral pH.  The viruses were then 

absorbed onto Vero cells for one hour and GFP+ cells were detected by flow cytometry 

at 6 HPI.  Values were normalized to percent infectivity at pH 7.4.  Values represent 

averages of three independent replicates and error bars represent two standard 

deviations.   
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VSV treated at pH 5 retains its infectivity, suggesting that glycoprotein triggering 

was reversed following neutralization.  Despite being blocked by lysosomotropic agents, 

rVSV-EnvPb1 is resistant to low-pH inactivation, indicating that acidic pH alone does not 

induce conformational changes in EnvPb1.  This indicates that the requirement for 

acidification in EnvPb1-mediated entry likely serves another purpose.  This is in line with 

the fact that EnvPb1 induces cell-cell fusion at neutral pH and suggests that the 

requirement for endosomal acidification could be for a cellular factor involved in the 

fusion of EnvPb1.  To understand what cellular factors are involved in EnvPb1-

mediatied fusion we set out to perform a forward genetic screen to identify cellular 

factors involved in EnvPb1 fusion.   

 

 

Discussion 

In this chapter, we report the evolutionary and functional characterization of the 

endogenous retrovirus envelope protein EnvPb1.  Our analysis of the currently available 

primate genomes indicates that the envPb1 ORF is highly conserved in monkeys and 

apes.  Despite some primate envPb1 ORFs harboring insertions or deletions when 

compared to the human copy, all insertions or deletions preserve the reading frame, 

suggesting that preservation of the ORF provides a beneficial function to the host.  In 

line with this, we find that envPb1 is under purifying selection in simians with clade-

specific differences.  Pairwise dn/ds values are most indicative of purifying selection in 

NWM.  This could indicate that purifying selection is strongest in NWM or that other 

sequences do not have enough sequence divergence for accurate estimates of 
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selective pressure.  Despite this, our analysis strongly suggests that EnvPb1 has been 

exapted to provide a beneficial function to the host.   

Furthermore, we show that some primate envPb1 ORFs still encode fusogenic 

proteins.  Marmoset and gorilla EnvPb1 are both fusogenic in Vero cells whereas 

baboon EnvPb1 is not.  These data suggest that EnvPb1 fusogenicity is an 

evolutionarily conserved feature.  The fusogenicity of more envPb1 ORFs needs to be 

tested to demonstrate if there are lineage specific differences in fusogenicity.  For 

example, despite orthologous envV2 sequences in hominoids, OWM, and NWM being 

highly conserved and retaining furin cleavage sites, CXXC motifs, fusion peptides, and 

transmembrane spanning regions, only OWM and marmoset EnvV2 induce cell-cell 

fusions.  This indicates that subtle sequence changes can differentiate fusogenic and 

non-fusogenic ERV Envs.  Given that all EnvPb1 defined have fully conserved furin-

cleavage sites, CXXC, CX6CC motifs, and transmembrane domains, it is likely that they 

all retain the ability to induce cell-cell fusion and our results merely indicate that there 

are cell-type specific differences such as receptor usage or receptor interference that 

lead to baboon EnvPb1 not being fusogenic in Vero cells.  Therefore, the fusogenicity of 

these EnvPb1 should be tested in other cell lines. Given the high degree of amino acid 

conservation, sequence comparison between EnvPb1 with different receptor or 

fusogenic properties could help define receptor-binding regions in SU.   

 While we were able to confirm previously published reports of EnvPb1 transcripts 

in human tissues by analyzing publicly available RNA-seq datasets, our analysis of 

EnvPb1 protein levels in six human tissues is in contrast to the transcriptome data [150, 

152].  Indeed, we only detect EnvPb1 in placental tissues.  The most likely explanation 
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for this observation is the fact that in all three transcriptome analyses, total RNA was 

used instead of polyA-selected mRNA.  As EnvPb1 resides in an intron of the RIN3 

gene, it is possible that these suspected EnvPb1 transcripts actually derive from 

RIN3RNA.  When we analyzed the RNA-seq data from human thymus total RNA for 

splice junctions between EnvPb1 and its 5’LTR, we did not find any despite an 

abundance of reads mapping to the envPb1 ORF.  Furthermore, there were no other 

splice junctions aligning to EnvPb1 transcripts that could represent possible 

transcription initiation sites.  Indeed, BLAST searches of polyA-selected thymus RNA 

indicate that no transcripts map to the envPb1 ORF.  These data suggest that the 

presumed envPb1 transcripts detected by us and others derive from RIN3 introns.  In 

support of this, it was reported that no expressed sequence tags, which represent RNA 

message, map to the envPb1 ORF [149].   Despite this, Blaise et al. did detect spliced 

envPb1 transcripts in placenta tissue by using RT-qPCR primers residing in the 5’LTR 

and envPb1 ORF, and others have detected envPb1 transcription in cytotrophoblasts 

[152, 154].  Taken together, our work and these previous observations suggest that 

envPb1 may be specifically expressed in the placenta.  To test this, we are currently 

assessing EnvPb1 transcripts and protein in placental cells and tissues as well as 

evaluating EnvPb1 splice junctions in RNA-seq data from placenta.  To confirm our 

assessments, future studies should enrich for polyA-selected mRNA to test for envPb1 

transcript levels in human tissues.   

Given the presumed widespread tissue tropism of EnvPb1, it was never 

considered to play a positive role in the placenta like the syncytin proteins derived from 

HERV-FRD and HERV-W.  However, since we only detect EnvPb1 in human placenta 
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tissue, it is possible that EnvPb1 does play a positive role in the placenta.  Indeed this 

physiological role is likely related to fusion, as EnvPb1 is one of only three HERV Env 

ORFs that is capable of mediating cell-cell fusion at physiological conditions.  While 

other HERV Envs such as Env-T and HEMO have been hypothesized to play 

physiologically relevant roles in human health, they are not proteolytically processed 

indicating that their function is distinct from fusion.  Thus, conservation of fusogenicity is 

rare and significant when it occurs.  While it is possible that EnvPb1 may play a role in 

syncytiotrophoblast fusion similar to the syncytins, another possibility is that it is 

released from cells in extracellular vesicles.   

Our data indicate that EnvPb1 is secreted from cells – even those it does not 

fuse.  When cells are transfected with plasmid encoding EnvPb1 with or without a 

functional furin cleavage site, we detect the presence of EnvPb1 in supernatants.  

Placenta exosomes are thought to play a role in immunotolerance and development, so 

it is intriguing to consider that a retroviral Env could be packaged into such a vesicle 

and permit its attachment and uptake in a target cell [212].  Indeed, evidence exists for 

the incorporation of Syncytin-1 and Syncytin-2 in placenta-derived exosomes, so it is 

possible that EnvPb1 could be playing a similar role given our data [213].  To test this, 

supernatants of EnvPb1-transfected cells could be enriched for exosomes, and these 

exosomes tested for incorporation of EnvPb1.  Future studies could utilize our EnvPb1 

antisera to address if placental exosomes contain EnvPb1.  

Additionally, we developed a recombinant vesicular stomatitis virus that bears 

functional EnvPb1 on the surface.  We utilized this virus to better understand how 

EnvPb1 interacts with cells.  Our work with rVSV-EnvPb1 indicates that EnvPb1 
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requires endosomal acidification, and that low pH alone does not induce conformational 

changes in EnvPb1.  This suggests a role for endosomal uptake that is distinct from low 

pH-induced fusion.  Therefore, it is possible that EnvPb1 binding at the cell surface 

leads to endosomal uptake where it either binds another cellular protein or is acted on 

by an endosomal protein that is dependent on the low pH environment of the 

endosome.  Use of rVSV-EnvPb1 will help to further interrogate how EnvPb1 mediates 

fusion and what the cellular requirements for EnvPb1 fusion are.   

 

Materials and methods 

Cells lines, plasmids and viruses 

Syrian golden hamster kidney BSRT7 cells (generously provided by Dr. K. Conzelmann 

[174], human embryonic kidney 293T cells (ATCC CRL-3216), and African green 

monkey kidney Vero cells (ATCC CCL-81) were maintained at 37°C and 5% CO2 in 

Dulbecco's modified Eagle medium (DMEM; Corning Life Sciences, Tewksbury, MA) 

supplemented with 10% fetal bovine serum (FBS; Tissue Culture Biologicals, Tulare, 

CA).  The human haploid cell line, HAP1 (derived from male chronic myelogenous 

leukemia (CML) cell line KBM-7 [214] and generously provided by Thijn Brummelkamp), 

the Chinese hamster ovary, CHO-K1 (ATCC CCl-61), and the Chinese hamster ovary 

deficient in xylosyltransferase, pgsA-745 (ATCC CRL-2242) were maintained at 37ºC 

and 5% CO2 in Iscove’s Modified Dulbecco’s Medium (IMDM) with 10% FBS.   

We commissioned a codon-optimized human envPb1 (NCBI: DQ247958) from 

Life Technologies Corporation (Carlsbad, CA).  Gorilla, gibbon, baboon, and marmoset 

envPb1 sequences were collected from the UCSC genome browser by BLAT searches 
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with human envPb1 as query [182].  These sequences were synthesized using the 

FragmentGENE service from Genewiz (South Plainfield, NJ).  All primate envPb1 were 

cloned into the pVRC vector (provided by Kevin McCarthy in the laboratory of Steve 

Harrison [215]) using SalI and NotI cut sites.  Vectors expressing the EnvPb1 furin 

cleavage mutants were generated using site-directed mutagenesis on pVRC-EnvPb1.  

pVSV-ΔG-EnvPb1 was generated by cloning EnvPb1 into pVSV-∆G-eGFP [175] 

through MluI and NotI restriction sites as described previously.  Vector inserts were 

confirmed by sequencing.   

rVSV-∆G-EnvPb1 was generated by transfection of the VSV genomic plasmid 

along with plasmids carrying VSV-N, -P, -L, and -G as previously described [25].  To 

increase yield, rVSV-∆G-EnvPb1 was propagated in BSRT7 cells that were transfected 

with a plasmid expressing VSV-G.  After three rounds of trans G complementation, 

rVSV-∆G-EnvPb1 was passaged on Vero cells to yield particles lacking VSV-G. rVSV-

∆G-EBOV, a recombinant VSV expressing the Ebola virus glycoprotein [175], rVSV-∆G-

PIV5, a recombinant VSV expressing the parainfluenza virus 5 hemagglutinin-

neuramididase (HN) and fusion glycoprotein (F), and rVSV-∆G-EnvPb1 were amplified, 

purified, and maintained as previously described .   All virus propagation occurred in 

DMEM supplemented with 2% FBS and penicillin/streptomycin/kanamycin at 34°C and 

5% CO2.  Virus titers were determined by plaque assay on Vero cells as previously 

described [13].  GFP-expressing fluorescent plaques were imaged using a Typhoon 

9400 imager (GE Healthcare, Aurora, OH).  

 

Database screening and sequence analysis 
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Primate genomes were searched in the available primate genome builds in the 

UCSC genome browser (http://genome.ucsc.edu/) for homology to human envPb1 

using the BLAT search tool.  Other sequences were acquired through BLAST searches 

using human envPb1 as query (https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi).  Predicted 

homologues were searched for transcription start and stop sites and syntenic loci were 

mapped.   

Nucleotide sequences were aligned using the MAFFT alignment algorithm on the 

GUIDANCE server (http://guidance.tau.ac.il/) [190, 191].  Sequence alignments were 

imported into MEGA version 7.0 (https://www.megasoftware.net/), and maximum 

likelihood phylogenetic nucleotide trees were constructed based on the Tamura-Nei 

model with bootstrap percentages calculated after 1,000 replicates [216].  A discreet 

Gamma distribution was used to model evolutionary rate differences among sites (43 

categories (+G, parameter = 0.5823)).  dN/dS ratios were calculated using the codeml 

package in PAML (http://abacus.gene.ucl.ac.uk/software/paml.html).   

ERV-Pb proviral loci were analyzed using RetroTector searches on primate 

envPb1 coding regions plus 10,000 nucleotides up and downstream 

(http://retrotector.neuro.uu.se/).   

  

RNA-seq data mining 

Raw RNA-seq reads from 20 human tissues were acquired from the NCBI 

sequence read archive (SRA) from project PRJNA280600.  Reads were imported into 

the CLC genomics workbench and aligned to human genome build hg19 that was 

annotated to include the envPb1 ORF.  Unique reads were intersected with mRNA and 
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only exact matches were analyzed.  Read counts were normalized by length of the 

transcripts.  Analysis of splice junctions was performed using HISAT2 as previously 

described [201]. 

 

Human tissue samples 

 Human tissue protein medleys were purchased from Clontech (Mountain View, 

CA, and source information is as follows.  Normal, whole placentas pooled from 15 

females, age 19-33.  Normal, whole small intestines pooled from 9 male/females, ages 

21-45 who died from trauma and sudden death.  Normal, whole spleen from a 55-year-

old male who died a sudden death.  Normal, whole testes pooled from 18 adult males 

ages 19-64 who died of trauma.  Normal thymus from a 21-year-old male who died a 

sudden death.  Normal, whole ovary from a 30-year-old female who died of trauma.   

 

Development of EnvPb1 antisera  

In collaboration with Lindsey Robinson-McCarthy and Kevin McCarthy, we 

generated a region of EnvPb1 (aa 51-208) that was predicted to contain the receptor-

binding region of the SU subunit through sequence homology and predicted structural 

similarities to MLV and FeLV receptor binding domains (RBDs) [217, 218].  A rabbit was 

inoculated with EnvPb1-RBD and we received sera at various times following infection.  

The final bleed sera was tested and confirmed to detect both unprocessed (SU/TM) and 

processed (SU alone) EnvPb1 in transfected cells.  Further, the anti-EnvPb1 serum, but 

not the pre-bleed serum, is capable of blocking EnvPb1-mediated cell-cell fusion, which 

implies that it indeed recognizes the receptor-binding domain.   
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SDS-PAGE analysis and Western blots.  

Cell lysates or tissue samples were run on a 4-15% polyacrylamide gel and 

transferred to a nitrocellulose membrane.  Membranes were blocked with 5% dry milk in 

0.1% Tween in PBS (0.1% PBS-Tween) and incubated with rabbit anti-EnvPb1 sera 

(1:1000 dilution), rabbit pre-bleed sera (1:1000 dilution), or mouse anti-ß-actin antibody 

(A5316: Sigma Aldrich; 1:5000 dilution) in 0.1% PBS-Tween buffer, followed by 

incubation with goat anti-rabbit or goat anti-mouse secondary antibody conjugated HRP 

(1:5000 dilution). Chemiluminescence signals were generated using an HRP substrate 

(Thermo, Rockford, IL) and detected using an Amersham Imager 600 (GE Healthcare 

Life Sciences, Pittsburgh, PA).  

 

Cell fusion and supernatant release assays 

Vero cells at 70-90% confluency in a 12-well dish were transfected with pVRC 

plasmid encoding different primate envPb1.  1µg of plasmid was mixed with 4µl of 

lipofectamine 2000 (Thermo Fisher, Waltham, MA) in a total volume of 200µl Opti-Mem 

(Thermo Fisher, Waltham, MA) for 15 minutes.  Transfection mixture was added to 

500µl Opti-mem for 4 hours, after which DMEM + 2%FBS was added.  At 24 hours post 

transfection, cells were visualized by phase contrast microscopy at 10x magnification.  

Cells were then trypsinized and cell lysates were collected for analysis by western blot.   

To assess supernatant release, 80-90% confluent 293T cells in 60mm dishes 

were transfected with 2µg of pVRC encoding human envPb1 with 8µl of lipofectamine.  

Transfections were performed as in the cell fusion assay.  Supernatants were harvested 
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at 24 or 48 hours post transfection and spun at 2,000 RPM for 10 minutes to remove 

cell debris.  Clarified supernatants were then filtered (0.45µm Millipore filter) and either 

stored at -80ºC or mixed with SDS buffer containing BME and boiled for western blot 

analysis.   

 

Metabolic labeling of proteins in cells  

To visualize viral protein synthesis, Vero cells were infected at an MOI of 3 with 

rVSV-eGFP or rVSV-EnvPb1.  At 5 HPI cells were starved of methionine and cysteine.   

At 5.5 HPI, 50μCi of EasyTagTM EXPRESS35S Protein Labeling Mix (PerkinElmer, 

Waltham, MA) was added to the media.  At 6 HPI cells were harvested, lysed, and 

subjected to SDS-PAGE gel electrophoresis. The gel was fixed for 1h in a gel fix 

solution (10% acetic acid glacial, 30% methyl alcohol, and 60% H20) and then washed 

2x with methyl alcohol for 1h.  The fixed gel was dried and exposed overnight on a 

phosphor screen, which was imaged using a Typhoon FLA 9500 biomolecular imager. 

 

Inhibitor assays 

Ammonium chloride (NH4Cl, Sigma Aldrich) and bafilomycin A1 (Baf A1, 

Calbiochem, Millipore) were administered at concentrations of 10mM and 10µM 

respectively.  DMSO (Sigma Aldrich) was included as a control and administered equal 

to the total volume of Baf A1 added per condition.  Vero or BSRT7 cells were treated 

either 30 min prior to infection or at 2 HPI with DMEM plus the indicated inhibitors.  VSV 

inoculations in DMEM were incubated for 1h at 37ºC with an MOI of 3.  Following 

inoculation, cells were washed and media was replaced with DMEM.  For inhibitor pre-
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treated cells, inhibitors were maintained during inoculation, washing, and replacement 

of media.  Cells were processed for cytofluorimetry at 6 HPI.  Cells were washed with 

PBS and harvested with PBS containing 0.5mM EDTA.  % GFP positive cells were 

counted using a modified FACSCalibur (Cytek Development, Fremont, CA) and data 

were analyzed using FlowJo (Tree Star Industries, Ashland, OR).   

 

Low pH inactivation assay 

PBS was buffered to pH5 or pH7.4.  200µl of pH buffer was added to 20µl of 

virus and incubated at 37ºC for 30min.  Buffered viruses were neutralized by adding 

200µl of DMEM and incubated at 37ºC for 15min.  300µl of neutralized inoculum were 

absorbed onto 90% confluent Vero cells in a 6-well dish at 37ºC for 1h.  Initial 

neutralized virus was diluted such that the final inoculum would yield an MOI of 1.  After 

absorption, inoculums were removed, cells were washed, and fresh DMEM was added.  

Cells were processed for and analyzed by cytofluorimetry at 6 HPI as in the inhibitor 

assay.   

 

 
Work contributions 

Lindsey Robinson-McCarthy and Kevin McCarthy developed EnvPb1 antiserum.   

Phillip Tomezsko, a dang hunk, performed splice junction analysis and IGV read 

visualization.   

 
 



 

	

 

 

 

 

 

 

 

Chapter 4: General discussion 
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Studies of vesicular stomatitis virus (VSV) vectors bearing foreign viral fusion 

proteins (VFPs) have provided seminal insights into virology and vaccinology.  For 

example, VSV bearing the Lassa fever virus (LASV) glycoprotein (GP) led to the 

discovery that LASV undergoes a pH-induced receptor switch to use LAMP1 as an 

intracellular receptor [219].  Importantly, studies of virus-host interaction using 

recombinant VSV have been corroborated with authentic viruses [26, 31, 219].  In 

addition, VSV vectors expressing foreign VFPs have proven to induce potent immune 

responses – mostly in small animal models [32, 33].  However, use of rVSV-ZEBOV 

during the 2014-2016 Ebola virus outbreak indicated that VSV vaccines are safe and 

effective for use in humans [41]. 

   Our work expands on the use of VSV as both a biological tool and as a vaccine 

vector.  In chapter two, we developed VSV vectors expressing ZIKV proteins.  We 

tested the immunogenicity of one of these VSV vectors, rVSV-CprME, in mice, and 

discovered that it induces a neutralizing antibody response against ZIKV-E.  

Additionally, we demonstrated that while VSV can incorporate ZIKV-E, the majority of 

ZIKV-E is released from cells in the form of virus-like particles (VLPs).  By assessing 

different ZIKV constructs, we showed that inclusion of the transmembrane-spanning 

region between capsid (C) and premembrane (prM) significantly improves release of E 

into cell supernatants.  This indicates that this region likely acts as a signal peptide to 

ensure proper insertion of prM and E into membranes, which favors assembly and 

exocytosis of VLPs.  This observation can aid the design of other vector-based vaccines 

for Zika virus and emerging flaviviruses.   
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 The work of chapter three utilized rVSV-EnvPb1 to understand how this ERV 

envelope protein that is conserved in primate evolution mediates fusion.  Subjecting 

rVSV-EnvPb1 to lysosomotropic agents revealed that entry requires endosomal 

acidification, but exposing rVSV-EnvPb1 to low pH suggests that low pH alone does not 

trigger fusion.  Additionally, we show that EnvPb1 does not require glycosaminoglycans 

for entry.  Further work with EnvPb1 revealed that it is evolutionarily conserved in 

simians and that two of three species tested are fusogenic in Vero cells.  Additionally, 

we show that EnvPb1 seems to be expressed specifically in the placenta. 

 

VSV incorporation of flavivirus VFPs 

VSV recombinants incorporate all three known classes of viral fusion proteins 

[27, 32, 33, 64, 220].  This is most surprising for the class II VFPs given the structure of 

class II VFPs (Figure 1.4).  Electron cryo-microscopy studies of viruses encoding class 

II VFPs revealed that these proteins form highly ordered, icosahedral morphologies on 

spherical virions [221-223].  This is in contrast to class I and class III VFPs whose spike-

like structures are less conducive to the formation of highly ordered lattices and are 

amenable to incorporation into virions of irregular shape [224].  Despite this, VSV 

recombinants expressing class II VFPs from the alphavirus chikungunya virus and the 

bunyavirus Andes virus grow to high titers [33, 220].  This suggests that while there may 

be morphological barriers to VSV incorporation of class II viral fusion proteins, these 

alone are not prohibitive. 

In the context of this literature, our studies of the rVSV-∆G-ZIKV recombinants 

suggest that glycoprotein trafficking is the major determinant of class II VFP 
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incorporation into VSV.  First, despite expressing high levels of ZIKV-E in cells, these 

viruses grow to low titers (Figure 2.1A).  Secondly, we detect nearly 4-fold more viral 

genomes than infectious particles in rVSV-∆G-ZIKV supernatants, which is indicative of 

the budding of naked particles or of particles that do not contain functional ZIKV-E 

(Figure 2.4).  Further, we show that infection of cells with all rVSV-ZIKV results in the 

release of ZIKV VLPs (Figure 2.6).  These observations are most likely attributable to 

the fact that flaviviruses assemble in ER-associated membranes and are exocytosed 

from cells while VSV assembles and buds at the plasma membrane.  In support of this, 

class II VFPs that are readily incorporated into VSV exhibit plasma membrane 

localization.  Alphavirus budding occurs at the plasma membrane, and alphavirus VFPs 

are retained in the plasma membrane in the absence of alphavirus nucleocapsids [225].  

Additionally, while many bunyaviruses assemble in the Golgi and are released through 

exocytosis, New World bunyaviruses, which includes Andes virus, have been shown to 

bud from the plasma membrane, and the Andes virus VFPs Gn and Gc localize to the 

plasma membrane [226, 227].  While we do detect incorporation of functional ZIKV-E 

into VSV particles, these viruses grow to low titers and do not spread (Figure 2.1 and 

2.3).  The observations of chapter two suggest a model in which expression of ZIKV-E 

during VSV infection results in most ZIKV-E assembling and budding into ER-

membranes, and some ZIKV-E trafficking to the plasma membrane where it is 

incorporated into VSV (Figure 4.1).   
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Figure 4.1:  Proposed model of ZIKV-E trafficking in rVSV infected cells.  During 

infection with rVSV-ZIKV, ZIKV-E is translated by ribosomes on the rough endoplasmic 

reticulum (RER) where a majority of it begins to assemble into VLPs.  VLPs mature 

through the Golgi and are eventually exocytosed.  During this time, VSV is replicating, 

and many non-infectious particles are released.  However, some particles  
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Figure 4.1 (continued): 

incorporate functional ZIKV-E, which suggests that a subset of ZIKV-E traffics to the 

plasma membrane (PM) in VSV infected cells.  ZIKV-E is shown as membrane-bound, 

red proteins, and ZIKV virions are shown as red spheres.  VSV particles are bullet 

shaped with VSV-M in blue, nucleocapsid-RNA in green, L in purple, and P in orange. 	

 

 

While it is surprising that VSV incorporates functional ZIKV-E, it is possible that 

the high levels of ZIKV-E protein expression during VSV infection result in the 

localization of a subset ZIKV-E to the cell surface.  Assessing surface-bound ZIKV-E by 

flow cytometry in rVSV-ZIKV infected cells could test this.  Additionally, while it is widely 

demonstrated that flaviviruses assemble in ER-associated membranes, there are 

reports of flavivirus budding taking place at the plasma membrane under abnormal 

conditions such as during the treatment of infected cells with Brefeldin A (BFA) [228].  It 

would be interesting to test if BFA treatment of rVSV-ZIKV infected cells could lead to 

the targeting of more ZIKV-E to the plasma membrane.  As BFA inhibits VSV 

replication, this treatment would probably not significantly increase viral titers; however, 

we could test how BFA treatment affects ZIKV-E distribution in VLP and VSV fractions 

similarly to our assay in Figure 2.5 [229].  Other studies have detected flavivirus 

envelope proteins at the plasma membrane and it was hypothesized that the 

glycosylation state of the envelope protein may affect its ability to localize to the plasma 

membrane [230, 231].  A panel of rVSV expressing different flavivirus prM and E 

proteins could be generated and assessed for plasma membrane localization.  If any 
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flavivirus prM and E were found to better localize to the plasma membrane, sequence 

differences between that flavivirus E and others could be identified and tested for their 

effect on cellular localization.  This could result in the identification of residues that 

modulate the localization of flavivirus E proteins, and these could be introduced into 

ZIKV-E to improve incorporation into VSV.  Taken together, our results provide hope 

that targeting of ZIKV-E to the plasma membrane can increase yields of rVSV-∆G-ZIKV 

viruses.  

 

VSV vaccine vectors 

While various VSV-vectored vaccines have been tested in animal models, only 

two, rVSV-ZEBOV and rVSV expressing HIV-1 gag, have been tested in humans [40, 

232].  While the rVSV-HIV1 vaccine was shown to have an acceptable safety profile in 

humans [232], there are concerns about adverse effects with rVSV-ZEBOV.  A phase I 

trial in Geneva using the highest total dose of rVSV-ZEBOV had to be pulled due  to 

22% of participants developing arthritis [233].  Given the cytotoxicity of ZEBOV GP 

[234], it is possible that these adverse effects are due to ZEBOV GP and not the VSV 

backbone, but only further testing of VSV-vectored vaccines in humans can assess this.  

Despite this, the result of phase III rVSV-ZEBOV trials was mostly positive – no 

individuals vaccinated fell ill to Ebola virus disease [41].  These results are seemingly 

acceptable given the dire consequences of the Ebola virus outbreak, but costs and 

benefits need to be weighed for testing other VSV-vectored vaccines in humans.  While 

we show that rVSV-CprME induces a neutralizing antibody response against ZIKV-E, a 

major issue is that this virus retains VSV-G in the viral genome.  VSV-G facilitates virus 



 

	 126	

entry into most cell types.  Additionally, VSV has been associated with severe 

encephalitis in humans [235].  Given that rVSV-CprME contains all of the VSV genes, it 

would likely have to be attenuated to reduce concerns about adverse affects to be a 

viable vaccine candidate in humans.  VSV vectors harboring N gene rearrangements 

and G cytoplasmic tail truncations are attenuated and have reduced neurovirulence in 

animal models [236].   Therefore, CprME could be introduced into virus backbones 

containing these or other attenuating mutations.  Additionally, CprME could be 

introduced into a replication competent VSV vector in which VSV-G is replaced with 

another relevant VFP.  For example, VSV harboring chikungunya virus (CHIKV) E1 and 

E2 in the place of VSV-G grows to high titers [33].  Viruses expressing CHIKV and ZIKV 

antigens could yield titers high enough for vaccine production and stimulate an immune 

response against both viruses.  Given that these viruses have overlapping areas of 

infection, this idea should be explored.  

Ongoing studies aim to determine if our vaccine candidates protect against ZIKV 

infection using South American virus strains.  As they both induce neutralizing 

antibodies, we predict that they both would provide immunity to ZIKV infection.  As both 

VLPs alone and rVSV-CprME elicit similar titers of neutralizing antibodies, it would be 

interesting to see if there are differences in protection.  Such a result would suggest 

differences in immune stimulation.  Indeed, a DNA-based ZIKV vaccine is not as 

protective as an inactivated virus vaccine or an adenovirus-vectored vaccine [103].  

Therefore, it could be possible that the VSV-vectored vaccine would protect better than 

VLPs alone.  If this were the case, the costs and benefits would need to be compared.   
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Given the concerns with side effects in humans, and the multitude of other 

vaccine platforms against ZIKV, VSV-CprME, as is, is probably not suited for use in 

humans.  Our studies do however provide an improved method by which to produce 

flavivirus VLPs.  In addition, we show the rapid development of vaccine candidates to 

meet the need of an ongoing outbreak – an area in which VSV-vectored vaccines can 

thrive in the future. Future studies should substantiate the human immune response to 

VSV infection to better understand how to identify correlates of protection and potential 

side effects of VSV infection.   

 

VSV vectors as VLP producers 

In chapter two, we show that both VLPs isolated from rVSV-CprME-infected cells 

and infectious rVSV-CprME induce a neutralizing antibody response against ZIKV 

MR766 (Figure 2.7C).  These vaccine candidates induced similar titers of neutralizing 

antibodies against ZIKV-E, which suggests that ZIKV-E expression from a VSV vector 

does not lead to significant increases in ZIKV-E neutralizing antibodies compared to 

non-replicating VLPs.  Given that ZIKV-E neutralizing antibodies are reported to be the 

main correlate of protection against ZIKV, it is reasonable that VLPs and rVSV-CprME 

would elicit similar levels of protection [103].  However, this remains to be tested.  

VLP vaccines have been used extensively to lower morbidity and mortality 

against viruses such as hepatitis B virus and human papilloma virus [237].  There are a 

number of advantages to VLP vaccines: they are morphologically similar to native 

virions and thus preserve the conformation of the immunogenic protein, they do not 

have to be inactivated – a process which can alter antigenicity [238], and VLPs can be 
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readily produced by expressing their components in cells.  Our data suggest that VSV 

vectors can be utilized as flavivirus VLP producers.  Given that large-scale production of 

VLPs is a roadblock to developing effecting VLP vaccines, VSV vectors present an 

improvement over expression-based methods.  VSV replicates in a wide range of cell 

types, including insect cells, which are a preferred cell type in which to grow vaccines 

due to reduced concerns of mammalian virus contaminants [239-241].  While 

expression-based methods of VLPs require the generation of expression vectors and 

materials to transfect cells, VSV replication only requires suitable cells in which to grow, 

leading to reduced production costs.  Therefore, VSV vectors should be considered as a 

possible means for producing VLP-based vaccines.  Direct comparisons of VLP yields 

between VSV-based and DNA expression-based methods will be informative in 

determining the benefits to using VSV to produce VLPs.   

 

VSV-vectors to study entry mechanisms 

 In chapter 3, we generated a VSV recombinant bearing the VFP of an 

endogenous retrovirus that is conserved in primate evolution.  This allowed us to probe 

the mechanism by which EnvPb1 fuses cells.  We show that EnvPb1 infection is 

blocked by lysosomotropic inhibitors, which implicates are role for endosomal 

acidification despite EnvPb1 fusing cells at neutral pH (Figure 3.9).  By exposing virions 

to acid pH, we show that this presumed low pH step does not lead to triggering of 

EnvPb1, thus suggesting that it plays another role in infection (Figure 3.10).  These 

results are seemingly in contrast with each other as EnvPb1-mediated fusion occurring 

at neutral pH and rVSV-EnvPb1 resistance to low pH triggering indicate fusion at the 
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plasma membrane, while rVSV-EnvPb1 infection being blocked by lysosomotropic 

agents suggests receptor-mediated endocytosis.   

 Additionally, through our studies of EnvPb1 expression in cell culture, we show 

that EnvPb1 is detected in cell supernatants, even when the furin-cleavage site is 

mutated (Figure 3.6).  Since the furin-cleavage mutant is transmembrane bound, it is 

likely associated with cellular-derived membranes in the supernatant.  This indicates 

that in addition to plasma membrane-bound EnvPb1 that mediates cell-cell fusion; some 

EnvPb1 may be secreted in extracellular vesicles.  It is then possible that EnvPb1 may 

function differently on vesicles than it does when present on the plasma membrane.  

For example, when EnvPb1 is plasma membrane bound, it might have different 

densities or localize differently than it does on vesicles or virions.  Determining the 

cellular requirements for fusion will help assess how EnvPb1 functions on membranes.   

 

EnvPb1 expression 

 Our most unexpected result in chapter three was the observation that EnvPb1 

protein is detected in placenta tissue (Figure 3.4).  This is because our analysis of 

envPb1 transcripts in human tissues as well as those by Aagaard et al. and Blaise et al. 

suggested that envPb1 is widely expressed in human tissues [150, 152].  However, 

these conclusions were derived from the analysis of total cellular RNA, which is not 

enriched for transcripts.  This can be a confounding factor because envPb1 lies within 

an intron of the cellular gene RIN3.  It therefore raises the possibility that transcripts 

assigned to envPb1 are not actually relevant.  It has been shown that envPb1 

transcription is driven from its 5’ LTR [154], so we looked for splice junctions 
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corresponding to the envPb1 ORF and the 5’ LTR in RNA-seq data from human 

thymus.  Despite a high density of reads within the envPb1 ORF, we were unable to 

detect any splice sites for envPb1 suggesting that these reads do not derive from 

translation competent RNA (Figure 3.5A).  Alone, this would not be concerning; 

however, we detect reads evenly distributed throughout RIN3 introns when visualizing 

mapped reads with the integrated genome viewer (IGV) (Figure 3.5B).  These reads 

align in both the sense and antisense direction throughout RIN3 introns indicating that 

they are not specific to envPb1 mRNA.  Our analysis suggests that the existing view of 

envPb1 tissue expression should be re-examined.  This is supported by the initial 

observation that no human expressed sequence tags (ESTs), which represent mRNA, 

mapped to the envPb1 ORF [149].  Future analysis of envPb1 transcripts should be 

conducted using mRNA-enriched samples, and bona fide transcripts can be assessed 

using primers that span the ERV-Pb1 5’LTR and env ORF.  Currently, only placenta 

tissue has been shown to harbor translation competent envPb1 mRNA, although it was 

significantly lower than syncytin-1 mRNA [152].  This coincides with our observation by 

western blot of human tissue samples with EnvPb1 antisera.  Out of six tissue samples 

tested, we only detect a band corresponding to EnvPb1 SU in placenta tissue (Figure 

3.4B).  While tissue samples are heterogeneous, these data suggest that EnvPb1 is not 

as significantly expressed in human tissues as was previously hypothesized.  Indeed, it 

is difficult to rationalize how a functional fusogen could be widely expressed especially 

in tissues in which no cell-cell fusions are observed unless it is either not targeted to the 

cell surface or it does not localize with cells expressing its yet to be determined 
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receptor.  Thus, our data suggest that EnvPb1 is not as widely expressed as previously 

reported but appears to be expressed in the placenta.   

While it was previously shown that EnvPb1 is not involved of fusion of placenta 

choriocarcinoma cell line, BeWo, this result should not be interpreted to mean that 

EnvPb1 cannot be involved in placenta cell fusions [155].  Cell-cell fusions are tightly 

regulated events and therefore self-fusion is generally not a desirable outcome.  In fact, 

it is most likely that BeWo cells do not express the receptor for EnvPb1 as EnvPb1 

expressed in BeWo cells can lead to fusion of BeWo cells with the human umbilical vain 

cell line, HUVEC [155].   

Future studies should expand upon our findings in the placenta. Since our tissue 

samples were from full-term placentas, placenta tissue at different pregnancy stages 

should be tested for EnvPb1 transcripts and protein.  Future transcriptional profiling 

should be done with primers that result in the amplification of a product that spans the 

5’LTR splice junction.  In addition, human trophoblast stem cells were recently derived 

that can differentiate into three trophoblast lineages such as cytotrophoblast or 

syncytiotrophoblast cells [242].  The trophoblast stem cells functionally mimic primary 

cells, and thus could serve as a model to begin to unravel if EnvPb1 is expressed in the 

placenta.  Assessing EnvPb1 transcription in primary placenta cells such as 

syncytiotrophoblasts and cytotrophoblasts could substantiate any results obtained from 

trophoblast stem cells.  Tissues with positive signals could be profiled for protein 

expression using our EnvPb1 antisera.  

 

Conservation of EnvPb1 fusion  
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For ERV Env proteins thought to be involved in a physiological process related to 

cell-cell fusion, fusion activity is often evolutionarily conserved between members of 

different families in the same order.  Hominoid Syncytin-1 is fusogenic while in OWMs it 

is inactive [195].  In comparison, syncytin-2 of hominoids, OWM, and NWM is fusogenic 

while EnvV2, another potential syncytin, of OWM but not NWM and hominoids is 

fusogenic [135, 243].  This leads to a model in which hominoids retain functional 

syncytin-1 and syncytin-2, OWMs retain functional syncytin-2 and EnvV2, and NWMs 

retain functional syncytin-2.  Our finding that marmoset encodes a functional EnvPb1 

raises the possibility that other NWM may encode fusogenic EnvPb1.  Moreover, since 

fusion activity is conserved in gorilla, it is possible that other hominoids retain fusogenic 

EnvPb1.  Therefore, it is possible that EnvPb1 represents an ancestral syncytin that is 

specific to different primate lineages, similar to EnvV2.  EnvV2 exhibits strong purifying 

selection over all branches [243] whereas EnvPb1 is more variable except in NWMs 

where all members exhibit strong evidence of purifying selection.  It could be that 

EnvPb1 is a relevant syncytin in NWMs and that in other lineages it has either lost 

fusion activity or is lowly expressed.  First, other primate envPb1 ORFs should be 

thoroughly tested for fusogenicity.  Following the identification of fusogenic primate 

EnvPb1s, envPb1 tissue expression could be tested in these primates.  Indeed, if 

EnvPb1 were found to be specifically expressed in the placenta of any other primates, 

in situ hybridization studies could assess whether it is confined to the 

syncytiotrophoblast boundary as would be expected for a syncytin.   

 

Identifying the EnvPb1 receptor 
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In our studies, we developed a recombinant VSV that incorporates EnvPb1 

(rVSV-EnvPb1) as a means to understand the cellular requirements for EnvPb1-

mediated membrane fusion.  This led to the observation that endosomal acidification is 

necessary for rVSV-EnvPb1 entry despite low-pH not acting as the trigger for EnvPb1 

fusion (Figure 3.9 and Figure 3.10).  Additionally, we used this virus to carry out forward 

genetic screens in mutagenized HAP1 cells.  Despite the top hits of the screen residing 

within the heparan sulfate biosynthesis pathway, we found that heparan sulfate was not 

required for entry of rVSV-EnvPb1 despite the selected cells from the screen being 

resistant to EnvPb1-mediated entry (Figures A.1 and A.2). 

Ongoing studies aim to determine the EnvPb1 receptor using different methods.  

We generated a recombinant VSV containing the furin-cleavage null EnvPb1, SKTR.  

rVSV-SKTR does not spread, but can grown in cells expressing VSV-G.  Since this 

virus does not fuse cells, labeled virus can be used to stain cells to which it binds.  In a 

mutagenized pool of cells, it will only stain cells that bear attachment factors, so 

unstained cells can be sorted to look for knockouts that block binding.  Alternatively, 

transfection of cDNA libraries from cells fused by EnvPb1 (Vero) into non-fused cells 

(MDCK) could be used to assess genes that permit EnvPb1 fusion.  cDNA library 

screens have a long history of defining retroviral Env receptors [244-246].  Identification 

of the EnvPb1 receptor will greatly enhance studies of EnvPb1 as a physiological 

fusogen.  For an ERV env to function as a fusogen, both it and its receptor need to be 

localized to the proper cellular interface.  Therefore, until a receptor is defined, it can 

only be speculated what role EnvPb1 plays.   
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Introduction 

The EnvPb1 receptor is currently unknown.  Determining the EnvPb1 receptor 

well help define the tropism and mechanism of fusion of EnvPb1, which will aid in 

understanding its putative physiological role.  Additionally, other host proteins may be 

necessary for the function of this envelope protein.  Therefore, we set out to define the 

cellular requirements for EnvPb1 entry by performing a forward genetic screen using 

recombinant VSV expressing EnvPb1.   

Our lab has previously applied haploid genetic screens to identify cellular entry 

factors for Ebola virus, Lassa fever virus, and Lujo virus [26, 28, 219, 247].  The human 

cell line, HAP1, contains one copy of each chromosome; as such, insertional 

mutagenesis throughout the genome can lead to knockout of non-essential genes [248].  

Infecting HAP1 cells with a retroviral gene trap vector creates a mutagenized library of 

knockout cells.  These cells can then be subject to a selective pressure such as 

infection with a virus.  Since VSV lyses infected cells, it will kill susceptible HAP1 cells.  

However, if a cell harbors a mutation in a gene that is necessary for infection by the 

virus, that cell will be resistant to infection and thus persist.  Sequencing of the gene 

trap insertion site in surviving cells reveals genes that result in resistance to infection 

with the recombinant VSV.  Since the envelope protein dictates the route of 

internalization, these genes are likely to play a role in entry.   

 

Results 

To yield a significant number of hits, approximately 50 million cells need to be 

infected at an MOI that would kill nearly all unmutagenized cells – roughly an MOI of 3.  
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Since titers of rVSV-envPb1 did not rise above 106 pfu/ml even after attempts at 

concentrating the virus, we had to devise another method of infecting the HAP1 cells at 

a high MOI with virus bearing EnvPb1 on the surface.  To do so, we employed rVSV-

EnvPb1 that was passaged on VSV-G expressing cells and then treated with the VSV-

G-neutralizing antibody IE2 [168].  As shown in Figure 3.7B, IE2 significantly reduces 

VSV infectivity but IE2 has little effect rVSV-EnvPb1+G suggesting that it blocks VSV-G-

mediated infection of this virus and permits entry through EnvPb1.	

From this, we tested different dilutions of IE2-neutralized rVSV-EnvPb1+G to find 

an optimal amount that would lead to >99% killing of unmutagenized HAP1 cells.  We 

calculated this MOI to be approximately 4 based on the titer of rVSV-EnvPb1+G in the 

presence of IE2.  We then infected 50 million mutagenized HAP1 cells at this MOI.  The 

virus IE2 mixture was allowed to bind and enter cells for 1 hour, after which the 

inoculum was removed, cells were washed, and fresh cell culture media was added.  At 

24 hours post infection, it was observed that most cells were dead, with a maximum of 

one surviving cell per field of view at 10X magnification.  Dead cells were removed, and 

fresh cell culture media was added.  Surviving cells grew until colonies were visible at 8 

days post infection.  At this point, cells were pooled and re-infected with IE2-neutralized 

rVSV-envPb1+G at an MOI of 3.  Again, there was a significant amount of cell killing.  

However, there were more resistant cells visible per field of view during this round of 

infection.  These surviving cells were pooled at 24 hours post infection and infected with 

rVSV-EnvPb1.  We were able to infect these surviving cells with rVSV-EnvPb1 at an 

MOI of 3 to ensure that the final selection was done in the absence of both VSV-G and 

IE2S since there were fewer surviving cells at this stage than the 50 million initially 
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infected.  Many of the cells survived this round of infection, indicating that they harbor 

mutations necessary for EnvPb1-mediated entry into cells.  These cells were expanded, 

and genomic DNA was extracted for sequencing of the gene trap insertion sites.  A 

schematic of this screening method is shown in Figure A.1A.   
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Figure A.1:  Haploid genetic screens for rVSV-EnvPb1.  (A) Schematic of screening 

approach for rVSV-EnvPb1.  (B) Final selected cells are specifically resistant to rVSV-

EnvPb1.  Unselected or selected cells were plated at a density of 1 million cells and 

infected with virus at an MOI of 3.  Images shown are at 24 HPI.  GFP+ cells represent 

infected cells.  (C) Top hits in haploid screen with rVSV-EnvPb1.  The size of each 

bubble corresponds to the number of insertions in the gene.  The significance  
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Figure A.1 (continued): 

score was calculated by taking the –log10 of the p-value generated from a one-sided 

Fisher exact test.  Hits with a significance score greater than 2 are plotted.     

   

To ensure that these cells were specifically resistant to rVSV-EnvPb1-mediated 

entry, the pooled cells from the final selection were subject to infection by either rVSV-

eGFP or rVSV-EnvPb1 at an MOI of 3.  Unselected, mutagenized HAP1 cells were 

included as a control.  Infection was allowed to proceed for 24 hours to allow for virus 

propagation and cell killing.  The selected cells were completely resistant to infection 

with rVSV-EnvPb1 over the 24-hour infection period while the majority of unselected 

cells were killed by the same amount of virus (Figure A.1B).  Furthermore, rVSV-eGFP 

kills the majority of the selected cells indicating that most of these cells are specifically 

resistant to EnvPb1-mediated entry.  Interestingly, not all of the selected cells were 

killed by VSV-eGFP, suggesting that a small subset of cells may harbor mutations in 

genes that are involved with post-entry steps of VSV infection.  

 

Haploid genetic screen implicates heparan sulfate biosynthesis as a major 

component of rVSV-EnvPb1 entry 

 Reads returned from the sequencing of rVSV-EnvPb1 selected cells were 

trimmed, collapsed, and aligned to hg18.  Aligned reads that mapped to genes were 

extracted.  The number of unique reads per gene was counted, and the enrichment for 

a gene in the selected set was calculated by comparing the frequency of insertions in 

the selected data set to the number of insertions in an unselected data set.  A p-value 
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was calculated for each gene by using a one-sided Fisher exact test.  These data were 

then intersected with RNA-seq data from unselected, mutagenized HAP1 cells, and only 

the genes that had an RPKM > 1 (expressed genes) were retained.  These data were 

graphed using a bubble plot where the size of the circle corresponds to the number of 

unique insertions and the y-axis represents significance (negative log of p-value) 

(Figure A.1C, Table A.1).   Eight of the top hits are known genes in the heparan sulfate 

biosynthesis pathway, and another, TM9SF2, is likely involved in that pathway.  

Heparan sulfate (HS) is a glycosaminoglycan that is attached to proteins to form 

heparan sulfate proteoglycans.  Heparan sulfate proteoglycans reside at the cell surface 

and extracellular matrix and have been implicated as attachment factors for a variety of 

viruses [249].  Other hits include genes encoding proteins involved in Golgi transport 

(COGs). Since the most significant hits are involved in heparan sulfate biosynthesis, we 

decided to probe the necessity of HS in rVSV-EnvPb1 entry by using HS knockout cell 

lines.   
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Table A.1:  List of top hits in rVSV-EnvPb1 haploid screen.  Top hits were defined 

as having a significance score greater than 3 and RPKM values greater than 1.  Gene 

names are listed as well as the number of inactivating insertions in the selected and 

unselected data sets.   

Gene	 Selected	 Unselected	 p-value	 Significance	score	 RPKM	
SLC35B2	 211	 8	 0	 Inf	 19.65408391	
EXTL3	 164	 63	 9.67E-227	 226.0146923	 6.403240487	
EXT1	 159	 113	 1.11E-196	 195.9538485	 2.759342339	
NDST1	 116	 15	 1.79E-181	 180.7473412	 12.33811068	
TM9SF2	 96	 20	 3.25E-144	 143.4878065	 31.77455642	
COG7	 29	 15	 1.67E-39	 38.77816851	 3.012904875	
EXT2	 28	 26	 5.90E-34	 33.22945772	 11.13775144	
C3orf58	 27	 43	 2.22E-28	 27.6534973	 9.906785206	
COG5	 25	 75	 4.65E-21	 20.33301426	 4.848367108	
B4GALT7	 12	 2	 1.75E-19	 18.75761094	 2.818949406	
PTAR1	 20	 47	 7.84E-19	 18.10587344	 12.10783844	
XYLT2	 8	 10	 5.84E-10	 9.233696933	 4.496599013	
UBE2V2	 8	 24	 1.11E-07	 6.955092091	 13.93279467	
ATP6V0A2	 7	 24	 1.48E-06	 5.829197457	 3.738649273	
UNC50	 6	 20	 7.41E-06	 5.130048638	 9.779555957	
RPP40	 3	 1	 2.63E-05	 4.579939691	 3.923081451	
VAMP3	 3	 2	 6.48E-05	 4.18816999	 26.20231787	
COG6	 4	 9	 7.84E-05	 4.105893489	 2.71515634	
SYNJ2	 6	 34	 9.86E-05	 4.00606408	 3.05433795	
CYP2S1	 3	 3	 0.000127849	 3.893304336	 4.52314638	
LDLR	 6	 38	 0.000170071	 3.769369895	 4.671750563	
TMEM187	 8	 77	 0.000209515	 3.678785897	 5.351866084	
UBE2O	 6	 41	 0.000246542	 3.60810967	 14.62562589	
EDEM1	 6	 46	 0.000431472	 3.365046915	 8.564972664	
INSR	 8	 87	 0.000448457	 3.348278828	 4.821572584	
IFT52	 4	 16	 0.000477876	 3.320684677	 8.962774975	
EHMT1	 4	 17	 0.000581518	 3.235436465	 4.872304139	
RRP12	 3	 7	 0.000724852	 3.139750422	 11.10883302	
NOP2	 4	 20	 0.000987028	 3.005670454	 22.6735861	
ZNF326	 4	 20	 0.000987028	 3.005670454	 8.393479909	
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rVSV-EnvPb1 infects heparan sulfate knockout cells 

 We first tested the ability of rVSV-EnvPb1 to infect ext1KO HAP1 cells.  Ext1 is 

involved in the chain elongation step of heparan sulfate biosynthesis and was a top hit 

in our screen [250].  rVSV-EnvPb1 and control viruses were absorbed onto ext1KO 

HAP1 cells for one hour at 37ºC and cells were assayed for virus entry at 6 HPI by flow 

cytometry.  As expected, rVSV-EBOV, which uses heparan sulfate to attach to cells, 

minimally infected these cells, and rVSV-eGFP was unaffected (Figure A.2A) [251].   
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Figure A.2:  HS is not required for rVSV-EnvPb1 infection.  (A) rVSV-EnvPb1 infects 

heparan sulfate knockout Hap1 cells.  VSV-EBOV serves as a positive control for 

heparan sulfate-dependent entry.  Virus at an MOI=1 was absorbed onto wild-type 

HAP1 or ext1KO HAP1 cells for 1 hour at 37ºC. GFP expression was confirmed by  
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Figure 3.12 (continued): 

fluorescence microscopy at 6 HPI and cells were fixed and analyzed for GFP 

expression by flow cytometry.  %infection represents the percent of cells that are GFP+.  

(B) rVSV-EnvPb1 infects CHO cells lacking glycosaminoglycans.  Virus at an MOI=1 

was absorbed onto CHO-K1 or glycosaminoglycan lacking CHO pgsA cells for 1 hour at 

37ºC.  GFP expression was confirmed by fluorescence microscopy at 6 HPI and cells 

were fixed and analyzed for GFP expression by flow cytometry.  %infection represents 

the percent of cells that are GFP+.   

 

However, there was only a minimal decrease in infectivity with rVSV-EnvPb1.  

This result is in contrast to the screen data.  Given the result, we wanted to test if this 

was specific to Ext1 or if knockout of other aspects of heparan sulfate biosynthesis 

would validate our screen results.  Thus, we tested infectivity of rVSV-EnvPb1 in CHO 

pgsA-745 cells, which are deficient in xylosyltransferase and thus have no 

glycosaminoglycans [252].  Infectivity of rVSV-EnvPb1 in these cells was comparable to 

infectivity in WT CHO cells at the same MOI indicating that EnvPb1-mediated entry can 

occur in the absence of heparan sulfate (Figure A.2B).  Whereas the screen analysis 

strongly implicates heparan sulfate, these experiments suggest that it is not important 

for rVSV-EnvPb1 entry.  We cannot disregard the possibility that HS plays a role distinct 

from attachment in EnvPb1-mediated entry; however, we did not test this given the aims 

of our screen.  Therefore, the EnvPb1 receptor is still unknown, and ongoing work is 

being directed to its identification.   
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Discussion 
	

We aimed to test what cellular proteins are involved in EnvPb1-mediated cell 

fusion events.  Haploid genetic screens with rVSV-EnvPb1 identified the heparan 

sulfate biosynthesis pathway as being important for rVSV-EnvPb1 entry.  However, we 

show that rVSV-EnvPb1 infects ext1KO cells as well as cells lacking 

glycosaminoglycans.  This suggests that heparan sulfate is not a major entry factor for 

rVSV-EnvPb1.  It is possible that heparan sulfate does play a role in EnvPb1 entry, but 

in the absence of heparan sulfate, EnvPb1 can bind and enter cells through a different 

mechanism.  Another possibility is that the rVSV-EnvPb1-resistant cells in the haploid 

screen contained multiple insertions that skewed the interpretation of our results.  This 

is supported by the observation that only 22,903 of 1,861,242 collapsed reads map to 

genes in the rVSV-EnvPb1-selected data set (1.23%).  Further, in the unselected data 

set, only 637,817 of 16,494,868 collapsed reads map to genes (3.87%), with the rest 

presumably residing outside of genes.  Conversely, in the previously published VSV-

LASV screen, 17.67% and 37.58% of reads in the selected and unselected data sets 

respectively mapped to genes [28].  These data suggest that the screened HAP1 cells 

were not thoroughly mutagenized, had multiple insertions per cell, or a combination of 

both.  Given that some of the lower significance hits had few insertions in the selected 

data set, it is likely that some aspect of the screen was not saturating and thus 

decreased the likelihood of identifying relevant genes.  Therefore, these results should 

be viewed as preliminary, and other methods should be explored to identify the EnvPb1 

receptor.  
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Methods 
	
Haploid screens  

Gene trap virus was produced in 293T cells and concentrated as previously 

described [26].  HAP1 cells were infected with the gene trap virus by spin infection, and 

infected cells were expanded to yield sufficient cells counts for multiple screens.  

Genomic DNA was isolated from a portion of these mutagenized cells to create a 

control dataset.  For the screen, 50 million mutagenized cells were exposed to IE2-

neutralized rVSV-EnvPb1+G at an MOI ~4. The resistant colonies were expanded to 

~10 million cells and reinfected at an MOI of 3.  These resistant cells were expanded to 

~ 5 million cells and infected with rVSV-EnvPb1.  Surviving cells were expanded to ~50 

million cells and used for genomic DNA isolation. 

 

Sequencing and analysis of insertion sites 

Genomic DNA was isolated using the QIamp DNA mini kit (Qiagen) and processed as 

previously described [253]. PCR-amplified gene trap insertion sites were sequenced 

using Illumina HiSeq 2000 at the Whitehead Institute (Cambridge, MA).  Reads were 

trimmed and sorted by quality score using the Galaxy server (usegalaxy.org) and 

aligned to human genome build hg18 using Bowtie alignment software [254].  Aligned 

reads were intersected with genes, and insertions that occurred in the positive sense of 

an intron or in either direction of an exon were taken as inactivating insertions.  Total 

inactivating insertions per gene were counted.  Inactivating insertions per gene from the 

rVSV-EnvPb1 selected dataset were compared to inactivating insertions per gene in the 

unselected data set, and a p-value was calculated using a one-sided Fischer exact test 
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in R (www.r-project.org).  Significance scores were calculated by taking the negative log 

of the p-value.  The significance score and number of insertions per gene were used to 

generate bubble plots in Microsoft Excel.   
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