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Abstract

Though vaccination with live-attenuated SIV provides the greatest protection from progressive disease caused by SIV
challenge in rhesus macaques, attenuated HIV presents safety concerns as a vaccine; therefore, live viral vectors carrying HIV
immunogens must be considered. We have designed a replication-competent vesicular stomatitis virus (VSV) displaying
immunogenic HIV-1 Env trimers and attenuating quantities of the native surface glycoprotein (G). The clade B Env
immunogen is an Env-VSV G hybrid (EnvG) in which the transmembrane and cytoplasmic tail regions are derived from G.
Relocation of the G gene to the 5'terminus of the genome and insertion of EnvG into the natural G position induced a ~1
log reduction in surface G, significant growth attenuation compared to wild-type, and incorporation of abundant EnvG.
Western blot analysis indicated that ~75% of incorporated EnvG was a mature proteolytically processed form. Flow
cytometry showed that surface EnvG bound various conformationally- and trimer-specific antibodies (Abs), and in-vitro
growth assays on CD4+CCR5+ cells demonstrated EnvG functionality. Neither intranasal (IN) or intramuscular (IM)
administration in mice induced any observable pathology and all regimens tested generated potent Env-specific ELISA titers
of 10*-10°, with an IM VSV prime/IN VSV boost regimen eliciting the highest binding and neutralizing Ab titers. Significant
quantities of Env-specific CD4+ T cells were also detected, which were augmented as much as 70-fold by priming with IM
electroporated plasmids encoding EnvG and IL-12. These data suggest that our novel vector can achieve balanced safety
and immunogenicity and should be considered as an HIV vaccine platform.
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Introduction

More than 25 million people have died of AIDS since 1981 and
an estimated 33 million people are currently living with Human
Immunodeficiency Virus-1 (HIV-1) [1]. An effective vaccine
remains the best option for ending the HIV pandemic. Models
predict that even a partially effective vaccine introduced in high-
risk countries could dramatically affect the number of new
infections. For example, a vaccine with 50% efficacy administered
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to 30% of the general population would avert more than 5 million
infections over 10 years, on top of any effect due to other
preventative strategies [2] [3]. Live-attenuated simian immuno-
deficiency virus (SIV) vaccines have provided the most effective
protection from progressive disease caused by homologous SIV
infection of Rhesus macaques [4-6]; however, vaccines based on
attenuated HIV-1 present too great a safety concern as a potential
human vaccine. Attempts to develop a vaccine from inactivated
HIV particles have failed, likely due to multiple factors such as
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poor growth and incorporation of the Envelope (Env) at low
densities [7-11]. Therefore, other vaccine strategies, such as
recombinant viral vectors carrying HIV immunogens, must be
considered. Currently, replicating viral vectors are being tested as
potential HIV-1 vaccine candidates because they can efficiently
deliver vaccine immunogens in the context of a viral infection and
have the potential to elicit cellular and humoral responses [12].
Moreover, the efficacy of live attenuated viral vaccines that protect
from diseases such as measles, mumps, rubella, and varicella [13
15] provide a compelling rationale for developing an HIV vaccine
based on a replicating vector.

Vesicular stomatitis virus (VSV) is particularly suitable for
vaccine vector development. It infects multiple cell types, expresses
foreign proteins abundantly, is highly immunogenic, and is not
known to undergo homologous recombination, which is an
important consideration for vaccine safety [16-18]. The viral
genes are arranged in the VSV negative-sense RNA genome in the
order 3'- n (Nucleocapsid)- p (Polymerase)- m (Matrix)- g (Surface
Glycoprotein)- [ (Large Protein)-5’, commonly known as the 5
‘positions’ of the VSV genome due to its positional transcription
gradient (Fig. 1). Transcription of the 5 mRNAs initiates from a
single promoter at the 3’ terminus of the genome. Following
transcription of 7, intergenic regions control mRINA synthesis of
the subsequent genes through a process of transcription termina-
tion and reinitiation. As reinitiation is not 100% efficient, a 3’ — 5’
transcription gradient is created with genes in the most 3’
‘positions’ ultimately generating relatively abundant amounts of
protein [19]. This feature of the VSV genome makes it a desirable
candidate as a recombinant vaccine vector as it can be used to
control gene expression and attenuate replication [18]. Immuno-
genicity of candidate recombinant VSV (rVSV) vectors has been
confirmed in preclinical studies with a substantial range of
immunogens derived from pathogens including influenza virus,
Hepatitis C, and Ebola virus. Furthermore, although human
infection with VSV is uncommon and is not associated with
serious illness, people infected with the virus do produce antibodies
(Abs) [18,20-22]. Currently, highly attenuated VSV encoding
HIV Gag is undergoing clinical assessment as a vaccine vector
(Clinical Trials.gov Identifier: NCT01438606) [23,24]. Finally,
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Characterization of VSV Displaying Trimeric HIV-1 Env

VSV particles are known to incorporate foreign glycoproteins
including Env during budding, which was advantageous for our
research on live vectors designed to induce Abs against Env
trimers [25-27].

Like HIV, VSV naturally enters through mucosal surfaces and
infection presents the surface protein (G) as a trimer on infected
cells and progeny virus particles [16—-18]. Previous work by Rose,
et al. demonstrated significant protection from SHIV 89.6P
challenge after rhesus macaques (RMs) were immunized with
rVSV vectors encoding SIV Gag and HIV-1 Env, with control of
SHIV replication in vaccinated animals extending beyond 5 years
[18,28,29] The rVSVs employed in this pioneering study were
designed with cither env or gag inserted after G, in the 5™ position
(rVSV-G4-Gags/EnvGs;  subscript numbers denote genomic
positions as defined in Fig. 1), minimally disturbing the native
gene configuration [19,30,31]. Though no pathogenesis was
associated with inoculating macaques with rVSV in the Rose
et al. study, intranasal (IN) inoculation of BALB/c mice with
rVSV-G4-EnvGs induced a 5%—15% loss of initial body weight,
and intracranial inoculation of a similar rVSV (rVSV-Gag,-G,)
was shown to induce significant neurovirulence (NV) and mortality
[18,28]. Furthermore, in a NV study conducted with cynomolgus
macaques, 1 of 4 animals inoculated intrathalmically with rVSV-
G4-Gags demonstrated significant NV similar to that resulting
from wild-type (WT) VSV [18,32].

Following from previous work with rVSV-HIV vectors, our
objective was to develop a genetically-stable live rVSV vector that
would deliver abundant and authentic Env trimers that closely
imitated functional membrane-bound trimeric spikes. We are
pursuing this live vector design because trimeric Env spikes are the
only known targets of HIV neutralizing Abs (nAbs), and to date,
broadly nAbs have been induced only in HIV-infected patients
exposed to Env trimers on infected cells and progeny HIV
particles [33-35]. To better imitate progeny HIV particles and
potentially improve Env immunogenicity, we designed our vectors
to take advantage of the fact that VSV can incorporate Env during
the budding process [16,17,36,37], particularly when the Env
cytoplasmic tail (CT) is deleted.

HIV-1 Env

EnvG

CD5
S

VSV-GN

Figure 1. Genetic layout of the rVSV-EnvG,-Gg vector, HIV-1 Env, and the EnvG insert. VSV genes are shown in the 3’ to 5’ orientation as
ordered on the recombinant genomic VSV plasmid and are not to scale. Arrows below each VSV gene depict the diminishing 3’-to-5" mRNA
transcription gradient. ss: signal sequence. MPER: membrane proximal external region. TM: transmembrane domain. CT: cytoplasmic tail domain. Star

denotes site of intracellular Env(G) cleavage by furin.
doi:10.1371/journal.pone.0106597.g001
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Here we describe investigation of several Env and VSV
modifications to determine if genetically stable rVSV vectors can
be engineered with minimal disruption to the potent gene
expression apparatus that are safe to administer, incorporate
relatively high quantities of Env spikes into virus particles, and
express reduced but functional quantities of VSV G. Our rVSV
vector described here encodes a functional Env-G (EnvG; Fig. 1)
chimeric polypeptide composed of the HIV-1 clade B (JR-FL) Env
ectodomain and membrane proximal external region (MPER)
joined to the VSV G transmembrane (ITM) and (CT) domains
from a gene cloned into the 4™ position of the VSV genome in
place of G. Native G expression and virus replication has been
diminished by placement of the G gene at the 6™ and final position
of the VSV genome, previously postulated to be an attenuating
translocation [18,38].

Materials and Methods

Molecular cloning

The rVSV-Gg vectors (Fig. 1) were produced using a VSV
genomic clone based on the nucleotide sequence of the Indiana
serotype, Mudd-Summers strain (Genbank EF197793, [39]).
Genes encoding cither G from the Indiana serotype (G,
Genbank EF197793) or New Jersey serotype (GN; Genbank
VO01214.1, [40]) were placed in the 6" position in genomic VSV
plasmid with coding sequence for EnvG inserted in position 4
normally occupied by G (Fig. 1). Briefly, the genomic clone was
designed from the genebank file by introducing limited nucleotide
substitutions to create unique restriction endonuclease cleavage
sites, which were used to insert the EnvG gene in genomic position
4 under control of the natural G stop and start signals. Similarly,
endonuclease cleavage sites were created to insert G downstream
of L in the 6™ genomic position. G transcriptional control signals
were derived from the M/G intergenic region and the L stop
signal. The nucleotide sequence of modified VSV-EnvGy-Gg
genomic clones were confirmed by sequencing.

To produce an HIV env gene optimized for inclusion in VSV,
the HIV-1 Env JR-FL protein sequence was backtranslated from
GenBank sequence AAB05604.1. The Optimizer Web Tool [41]
was used to backtranslate the Env amino acid sequence using a
codon bias [42] typical for VSV generating a synthetic coding
sequence. To enhance Env surface expression and incorporation
into VSV particles, the Env TM and CT domains were replaced
with those of VSV g, creating the envG gene [16,36]. The Env
signal peptide also was replaced with signal sequence (SS) from
VSV G or cellular CD) signal sequence [43]. As a precaution,
gene sequences that resembled potential splice donor and acceptor
signals were identified and removed by using synonymous codons
[44]. In order to eliminate mutation-prone hotspots we have
observed with VSV vectors, synonymous codons were used to
interrupt stretches of homopolymeric stretches that were greater
than 4 nucleotides in length. Finally, any sequence similar to an
AU-rich element known to promote mRNA instability [45] was
disrupted with synonymous codons and a Kozak translation
initiation sequence [46] was included. GenScript (Piscataway, NJ)
synthesized the EnvG gene.

An EnvG coding sequence also was generated for use in plasmid
DNA vaccines by optimizing the sequence for expression in
mammalian cells using the tools described above and a codon bias
typical of mammalian cells. The optimized gene was synthesized
by Genscript and cloned into the pCMV-kan [47] expression
vector (kindly provided by B. Felber and G. Pavlakis, NCI). B.
Felber and G. Pavlakis also provided murine pIL-12 (plasmid
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AG250, [48]). DNA used for vaccination was produced and
purified by Aldevron LLC (Fargo, ND).

Cell culture of recombinant VSV and analysis of gene
expression

Vero or 293T cells were propagated in complete DMEM,
which was Dulbecco’s Modified Eagle media (DMEM; Life
Technologies) supplemented with components from Gibco Life
Technologies including 10% heat-inactivated fetal bovine serum,
1% sodium pyruvate, 1% L-Glutamine, and 1% Penicillin-
Streptomycin and 220 uM  2-B-Mercaptoethanol. Monolayers
were subcultured routinely following brief treatment with trypsin
(Life Technologies).

VSV rescue from cloned DNA was performed using procedures
described before except that plasmids were introduced into Vero
cells by microporation [49-51]. Microporation was conducted
using a BTX ECM 830 Electroporator device (Harvard Appara-
tus, Holliston, MA) with 4 mm gap electroporation cuvettes
(VWR) with plasmids encoding each VSV structural protein (N, P,
L, M, and G), a VSV genomic clone, and a plasmid encoding T7
phage RINA polymerase. Once cytopathic effect (CPE) was evident
in the microporated cultures, virus in the medium supernatant was
used to infect a fresh Vero cell monolayer and produce a working
virus stock that was stored at —80°C. Two rounds of plaque
purification were then performed to derive clonal isolates. Briefly,
ten-fold dilutions of virus stocks were used to infect confluent Vero
cell monolayers in 6-well plates after which they were overlaid
complete DMEM containing 0.8% SeaKem LE agarose (Lonza).
When plaques were visible, agar plugs were harvested and stored
in 1 ml of DMEM, which was used for a subsequent round of
plaque purification.

Infectious VSV was quantified by plaque assay. Near-confluent
Vero cells monolayers were infected with serially diluted virus
before being overlayed with medium containing agarose as
described above. When plaques were visible, cells were fixed with
7% formaldehyde and stained with a solution of 20% crystal violet
in water. Plaques were counted and infectious titers were
expressed as plaque-forming units per milliliter (PFU per ml).
An average titer from 3 wells was used to calculate PFU per ml.

Recombinant VSV vectors used for animal immunizations were
propagated in Vero cell monolayers cultured in Viral Production
Serum-Free Medium (VPSFM; Life Technologies) supplemented
with 2% L-Glutamine and 1% Pen-Strep. Virus in clarified culture
supernatants from infected cells was overlaid on cushions of 20%
sucrose prepared in PBS, which were centrifuged for 1.5 hrs at
35,000 g at 4°C using a SW36 rotor (Beckman Coulter, Brea, CA).
Viral pellets were resuspended in cold PBS and purified further
using a 20% to 60% discontinuous gradient (40,000 rpm for 2 hrs
at 4°C using a SW41 rotor; Beckman Coulter). Viral bands were
harvested, pooled, and diluted 1:5 in cold PBS before conducting a
final concentration step by ultracentrifugation through sucrose
cushions as described above. The virus pellets were resuspended in
sucrose phosphate glutamate buffer (SPG [52]) buffer, aliquoted,
and stored at —80°C.. Before use in vaccination studies, PFUs were
quantified, genomic sequencing was conducted, and Env expres-
sion in infected Vero cells was confirmed.

To study virus replication kinetics and attachment protein
function, Vero or CD4+CCR5+ GHOST cells (Human osteosar-
coma (HOS) cell line stably transformed to express human CD4
and CCR5 (HOS-CD4-CCR5), NIH AIDS Reagent Program,
Division of AIDS, NIAID, NIH: Cat # 3318) were infected for
1 h at 0.1 PFUs per ml with rVSV-EnvG4-Gg or VSV lacking a
foreign insert (rVSV-Gy) [53,54]. For Vero cell experiments,
samples of medium supernatants were harvested at times specified
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Figure 2. rVSV-EnvG,4-Gg characterization. (a) After a 24 hr infection, total infected Vero cell lysates were collected and proteins were separated
by SDS polyacrylamide gel electrophoresis (SDS-PAGE). Blot was probed with anti-VSV-N and anti-VSV-Gyy CT, which does not recognize Gy;. IN: rVSV-
EnvG4-Gg™; NJ: 'VSV-EnvG,-Gg'. (b-d) Sucrose-gradient purified rVSV-EnvG,-Gg particles were separated by SDS-PAGE. (b) Blots of 10° pfu of rVSV-
EnvG4-Gg™ and 2.5x10° pfu rVSV-EnvG,-Gg" vectors were probed separately for EnvG using anti-gp120. (c) Blot of 10° pfu rVSV-EnvG,-G¢" was
probed with anti-VSV-G™ CT. (d) Blot of 10° pfu rVSV-EnvG,-Gg™ and rVSV-EnvG,-Gg'Y was probed with anti-VSV-G. (e) Replication kinetics of rVSV-
EnvG,4-Gg and rVSV-G, viruses in Vero cells. Vero cells were infected in 6-well plates at an MOI of 0.1. At various intervals post infection, supernatant

was collected from duplicate wells and virus was titrated. Plaques were counted manually after cell fixation.

doi:10.1371/journal.pone.0106597.g002

in Figure 2e and virus was quantified by plaque titration as
described above. For certain CD4+CCR5+ GHOST cell exper-
iments (Fig. 3), virus was incubated with 100 ug/mL of anti-VSV-
G Ab (Vil0) and/or 100 ug/mL each of the anti-HIV-1-Env nAbs
PGTI126, PGTI128, PGT135, 2G12, and PGV04 (anti-Env
cocktail) prior to infection [33,55-57]. After infection, 100 ug/
mL Vil0 and/or 100 ug/mL anti-Env cocktail was included in the
culture media. Eight hours post infection, cells were visualized
under light microscope and images were captured. All CD4+
CCR5+ GHOST cells were cultured in the presence of 1 mg/ml
puromycin, 0.5 mg/mL geneticin, and 0.1 mg/mL hygromycin
(Life Technologies) to enforce the maintenance of the foreign
genes.

Env expression was analyzed by infecting Vero cells with rVSV
or by transfecting 293T cells. Vero cells were infected as described
above. For pCMV-EnvG expression analysis, 293T cells were
transfected with plasmid DNA using Lipofectamine (Invitrogen) or
Mirus Trans-IT 293 (Fisher Scientific, Pittsburgh, PA), according
to manufacturers’ protocols. For membrane fusion experiments
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(Fig. 3), transfected 293T cells were overlaid with 2x10° CD4+
CCR5+ GHOST cells 48 h post-transfection, and images were
captured as above 48 h after overlay. To assess protein expression,
cell lysates were prepared from transfected 293T or infected Vero
cells using CelLytic M buffer (Sigma, St. Louis, MO) supplement-
ed with protease inhibitors (HALT Protease Inhibitor cocktail;
Thermo Scientific) and incubated for 5 min on ice. Cell lysates
were subjected to SDS polyacrylamide gel electrophoresis (SDS-
PAGE) and subsequent Western blot analysis to detect EnvG using
anti-gpl20 (CA13; Center For AIDS Reagents, Hertfordshire,
UK) or 0.2 ug/mL anti-VSV G™ C-tail Ab (Sigma). VSV-G was
detected with 1 ug/mL anti-VSV-G (Abcam), which reacts with
G™ or GN, or 0.2 ug/mL anti-VSV-G™ CT Ab (Sigma). Band
densitometry was quantified using Quantity One Version 4.6.3
(Bio-Rad, Hercules, CA). Western blot analysis also was performed
with purified virus particles using about10’ pfu of virus per lane of
a denaturing acrylamide gel.
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Figure 3. Fusogenicity and Functionality of EnvG. (a) 107 293T cells were transfected with pEnvG or empty vector using Mirus Trans-IT 293
according to manufacturer's protocol. 48 h post-transfection, 293T cells were overlaid with 2x10° CD4+CCR5+ GHOST cells. 48 h after overlay, cells
were visualized under light microscope and images were captured. (b) 10° CD4+CCR5+ GHOST cells were infected as above after pre-incubation with
anti-VSV-G (Vi10) and/or anti-Env cocktail. After infection, Vi10 and/or anti-Env cocktail was included in the culture media. Eight hours post infection,

cells were visualized under light microscope and images were captured.

doi:10.1371/journal.pone.0106597.g003

Cell surface and virus particle antibody staining

Infected Vero cells also were analyzed by flow cytometry.
Monolayers were infected with 0.1 pfu per cell and incubated
overnight at 37°. The following day, monolayers were washed with
PBS and then treated with Cell Dissociation Buffer (Life Sciences)
to produce a cell suspension. The cells were collected by
centrifugation and resuspended before analysis with anti-VSV-G
or anti-HIV-1 Env Abs as described previously [58].

To analyze Env incorporation in VSV particles, 10° pfu of
purified virus was bound to 100 ug Alum (Adju-Phos, Brenntag,
Denmark) at 37°C with agitation for 30 min using methods
adapted from those used before to analyze protein bound to Alum
[59]. The rVSV/alum complexes were collected by centrifugation
at 2000 rpm for 5 min., resuspended in blocking solution (3%BSA
in PBS), and incubated at 37°C for 30 min with agitation.
Complexes were collected by centrifugation and resuspended in
1% BSA prepared in PBS before aliquots of ~5x107 pfu were
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incubated with increasing quantities of anti-VSV-G or anti-HIV-1
Env Ab for 30 min at room temperature (RT). The Ab-bound
complexes were collected by centrifugation and resuspended in
150 ul of 1%BSA-PBS containing 2 ug/ml of anti-human IgG
Alexad35 or anti-mouse IgG2a Alexa555 (Becton Dickinson).
Following incubation for 30 min at 37°C, the complexes were
collected by centrifugation and resuspended in 150 ul of PBS.
30,000 particles were analyzed with a modified LSRII flow
cytometer (Becton Dickinson) with forward scatter (FSC) and side
scatter (SSC) set to log scale and threshold set to 4000. Data was
analyzed using FlowJo software version 9.4 (Tree Star), where
complexes were gated according to positivity compared to an alum
only control. Median fluorescent intensity (MFI) was determined
for each Ab dilution tested from which 4-parameter curves were
fitted using Prism Version 6 (GraphPad).

As an alternative to analysis of alum-bound virus particles, flow
cytometry was conducted with solutions of virus particles bound by
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Abs 107 pfu of purified rVSV-EnvGy-Gg™ or parental rVSV-Gy
vector suspended in PBS were incubated with 20 uM SYTO 63
membrane permeable dye (Life Technologies) to stain nucleic
acids. Stained virus was centrifuged in PBS-1%BSA for 45 min at
35,000 g at 4°C using a SW36 rotor (Beckman Coulter). Virus
pellets were resuspended 1 ug/ml anti-VSV-G™ (Vil0) in PBS-
1%BSA for 30 min at RT after which virus-Ab complexes were
collected by centrifugation and resuspended in PBS-1%BSA
containing 2 ug/ml of anti-mouse IgG2a Alexa555 and incubated
for 30 min at RT. Virus was collected again by centrifugation and
resuspended in PBS, and then analyzed by flow cytometry as
described above. Minimum threshold settings on SSC were
employed to increase sensitivity for small particles and FSC and
SSC' parameters were set to log) scale as previously described
[60]. Deionized water was run for 15 min to equilibrate for low
threshold noise. ~50,000 events were acquired for the PBS
control, while ~10° events were acquired for the virus samples.

Mouse studies

Ethics statement. Female Balb/c mice were purchased from
the Jackson Laboratory and maintained at SUNY Downstate
Medical Center in a facility accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care
International (AAALACI) that also had been inspected by the
USDA. The SUNY Downstate Institutional Animal Care and Use
Committee approved the study protocols (Permit numbers 11-
10005, 11-10272, and 14-10409). Anesthesia was carried out by
inhalant Isoflurane (3%-5%) or intraperitoneal injection of
60 mg/kg Ketamine + 0.5 mg/kg Dexdomitor followed by
25 ug/kg Antisedan as reversal agent. Depth of anesthesia was
confirmed by a lack of response to hind limb toe pinch (withdrawal
reflex) and a subjective decrease in respiratory rate. Normother-
mia was maintained with a warm water-circulated heating pad.
Mice were placed in a clean "recovery cage" after procedures were
complete on sterile gauze where they were observed until they
regained the righting reflex. Animals were then returned to a clean
home cage of 4 mice per cage (conventional microisolator cage
using Sanichip bedding). Cages were kept at 64-79°F, mice were
fed a Purina 5001 rodent diet, and received environmental
enrichment (treats and huts with wheels). All euthanasia was
performed by intraperitoneal injection of (1 ml/10lbs) Euthasol.
All efforts were made to minimize suffering.

Virus replication. Prior to the study, microchips (BMDS
IPTT-300 Transponder, BioMedic Data Systems, Seaford, DE)
were implanted in 48 mice under inhalant anesthesia to facilitate
temperature monitoring. At day 0, 12 6-week old mice per test
group received an intranasal (IN) inoculation under injected
anesthesia of 20 ul PBS only, or PBS containing 10’ PFU of
rVSV-Gy, rVSV-EnvGy-Gg, or rVSV-EnvG,4-AG. On day 1, 4
mice from each group (16 total) were euthanized. A terminal blood
collection via cardiac puncture was obtained from anesthetized
animals followed by post mortem perfusion with PBS and removal
of the brain, nasal turbinates, lungs, and spleen. Mice inoculated
with r'VSV-Gy (rVSV with no gene insert and the natural gene
order) became noticeably ill by day 2, experiencing extreme
weight loss and decreased temperature These mice were given 2 cc
of Normosol subcutaneously, placed on a heating pad to help
increase body temperatures, and fed high caloric gel, but these
interventions appeared to have little effect. Two of these mice died
naturally on day 2 of the experiment, and their tissues were not
further analyzed. Four of the remaining mice in the rVSV-Gy
group were euthanized on day 3 as scheduled along with 4 mice
from each of the other study groups, and tissues were collected as
described above. The remaining 2 mice from the rVSV-Gy group
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were euthanized on day 4 and not used in the study. On day 7 all
remaining mice were euthanized as scheduled and tissues were
collected as above.

Tissue sample preparation. I'resh mouse tissue specimens
were weighed, suspended in 4°C  phosphate-buffered saline
containing sucrose phosphate buffer with glutamate (0.2 M
sucrose, 7.0 mM KyHPO,, 3.8 mM KH,PO,, 5.0 mM glutamic
acid) (PBS/SPBG) to 10% weight/volume (w/v), and homogenized
using an Omni THQ - Digital Tissue Homogenizer (Omni,
Kennesaw, GA) with plastic autoclavable probes. To avoid cross
contamination among tissue specimens, each tissue was homog-
enized with a separate probe. Homogenates were clarified by
centrifugation and supernatants were frozen at —80°C in 100 ul
aliquots for subsequent RNA extraction.

RNA extraction, cDNA synthesis, and Real-time
quantitative PCR. Viral nucleic acid was extracted from
clarified homogenized tissues using reagents from the RNeasy
Mini kit (Qiagen, Valencia, CA) as described previously [61,62].
Subsequent cDNA synthesis to detect VSV genomic RNA (gRNA,
negative sense) was performed using a Sensiscript Reverse
Transcriptase kit (Qiagen) as described [61]. To specifically detect
VSV N mRNA, the final reactions contained 10 uM of the VSV-
specific mRNA RT-primer that was substituted for the VSV N
forward primer. Otherwise, the reagents and the conditions for the
reverse transcription (RT) step remained the same [61]. To ensure
that free VSV-specific mRNA RT-primer did not carry over to the
qPCR step, exonuclease 1 (2 U/sample) (New England BioLabs,
Ipswich, MA) was added at the end of the cDNA reaction. gPCR
was carried out with reagents from the QuantiTect Multiplex PCR
Kit (Qiagen) using methods previously described [61,62]. Ampli-
fication and detection were performed with a Stratagene
Mx3005P Sequence Detection System. All samples were tested
in duplicate. The detection limit of the qPCR assay was 9.0x10"
copies/mg of tissue or 500 copies/mL of blood.

Immunogenicity study. Twenty-cight mice were used at 6—
8 weeks old for each of 2 identical immunogenicity studies, of
which one study is described here in detail. On day O of each
immunogenicity study, pEnvG/plL-12 was administered by
electroporation to 12 anesthetized mice (Groups 1-3, see Table 1).
Mice were shaved over the left tibialis anterior muscle and 30 ug
of pEnvG +25 pg of pIL-12 were delivered by intramuscular (IM)
electroporation (EP) with the Ichor TriGrid System (Ichor Medical
Systems, Inc. San Diego, CA) in a total volume of 20 uL. PBS. At
week 3, Groups 1-3 received another pEnvG/pIL-12 administra-
tion as above, while an additional 8 mice (Groups 4-5) were
inoculated IN with rVSV-EnvG4-Gg as described for the
replication study above, and 8 mice (Groups 6-7) were anesthe-
tized by injection and inoculated with 10" PFU rVSV-EnvG4-Gg
in PBS by 40 pL IM injection (20 pL into each quadriceps muscle.
At week 6, Group 1 (4 mice) received pEnvG/plIL-12 by IM EP as
above, Groups 2, 5, and 6 received an IM rVSV mjection as
above, and Groups 3, 4, and 7 received an IN rVSV inoculation as
above. At day 0, week 3, week 6, and week 8, blood collection was
performed on all mice while they were sedated as described above.
At week 11 all mice were euthanized as described above and
terminal blood collection and removal of spleen and lungs was
performed post mortem.

Serum antibody assays. ELISA was used to assess serum
antibody titers. 100 ng of D7324 (anti-HIV-1 Env gp120 C5) (Aalto)
was coated in 50 ul of PBS to Polystyrene, flat-bottom, high-
binding, %2 area plates (Corning, Corning, NY) and incubated at
4°C overnight using a procedure similar to described previously
[63]. The plates were washed in PBS containing 0.05% Tween-20
(0.5% PBS-T buffer) and blocked with 3% bovine serum albumin
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Table 1. Murine Immunization Regimens.

Characterization of VSV Displaying Trimeric HIV-1 Env

Group (N=4) Prime* Boost"

1 PENVG + plL-12 pPENVG + plL-12

2 PENVG + plL-12 IM VSV-EnvG,-Gg™
3 PENVG + pIL-12 IN rVSV-EnvG,-Gg™
4 IN VSV-EnvGy,-G™ IN 1VSV-EnvG,-Gg'V
5 IN rVSV-EnvG,-Gg™ IM rVSV-EnvG,-Gg"’
6 IM rVSV-EnvG,-Gg™ IM rVSV-EnvG,-Gg™
7 IM rVSV-EnvG,-Gg™ IN rVSV-EnvG,-Gg'V

doi:10.1371/journal.pone.0106597.t001

(BSA; Sigma) in PBS for | h at 37°C. 50 ng of purified JR-FL gp140
foldon trimer protein was subsequently added to each well assays
were performed as described previously using either Horseradish
Peroxidase (HRP) goat anti-mouse IgG (total IgG; Biolegend, San
Diego, CA), or biotin goat anti-mouse IgGlor IgG2a (Jackson
ImmunoResearch, West Grove, PA) followed by streptavidin-HRP
[64,65]. All inter-group comparisons were analyzed by Mann-
Whitney test using Prism Version 5.04 (GraphPad).

Week 11 serum from selected study groups was subjected to IgG
purification. 50 pl of sera from pairs of mice was combined (i.e., 2
pairs per group) and IgG was extracted using 0.2 mL NAb Protein
G Spin Columns (Thermo Scientific), according to manufacturer’s
protocol. Extracts were tested for protein concentration, and
subjected to SDS-PAGE and western blot as described above to
ensure sample purity/quality. A standard TZM-bl neutralization
assay was performed as previously described, wherein 7.2 ug/mL
purified IgG was titrated 4-fold, combined with an equal volume
of HIV-1 pseudo-typed with SF162.LS or SIVmac239 (negative
control) Env, and incubated 1 h at 37°C prior to the addition of
TZM-bl cells [66].

T cell assays. To analyze T cell responses, 1.5x10°
leukocytes isolated from the spleen or lungs were incubated with
2 pg/ml anti-CD28 (BD Biosciences) and 20 pg/ml JR-FL gp140
foldon trimer for 2 hrs at 37°C, before incubation with 10 ug/ml
brefeldin A (Sigma) for 5 hrs at 37°C. Cells were stained for
viability with LIVE/DEAD Fixable Violet Dead Cell Stain
(Molecular Probes, Eugene, OR) before surface staining for CD4
and CD8 (BD Biosciences, San Jose, CA). Cells were subsequently
fixed and permeabilized with Cytofix/Cytoperm solution (BD
Biosciences) before treatment with an intracellular stain for IFNy,
IL-2, and TNFa (BD Biosciences). Cells were resuspended in 0.5%
paraformaldehyde and were analyzed with a modified BD LSR II
flow cytometer. Data and statistical analysis was done using
FlowJo software version 9.4 (Tree Star) and SPICE version 5.22
(Mann-Whitney test) [67].

Results

rVSV-EnvG,4-Gg and pEnvG characterization

In order to develop a genetically stable, replication-competent
rVSV vector that expressed membrane-anchored EnvG abun-
dantly and exposed the immune system to trimers incorporated in
the infected cell plasma membrane and in the envelope of progeny
virus particles, we investigated modifications of both the vector
and insert. For the purpose of increasing Env expression and
incorporation into virus particles relative to G, the Gy or Gyy
gene was moved to the 5’ terminus of the genome (the 6™ position,
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* Groups 1-3 were primed twice, at weeks 0 and 3; groups 4-7 were primed once at week 3.
7All groups were boosted at week 6. IN: Intranasal; IM: Intramuscular. Superscript IN/NJ denotes strain of rVSV used.

Fig. 1) to reduce G mRNA synthesis and the Env coding sequence
was inserted in the 4™ position normally occupied by G. This
rVSV-EnvGy-Gg vector strategy was chosen for several reasons.
First, translocation of the G gene is a stable modification that will
not be subject to genetic reversion. Second, shuffling the position
of the G gene is known to modulate VSV replication, and its
placement in the least transcribed region of the genome is
expected to be an attenuating mutation that will reduce risk
assoclated with using a live VSV-based vaccine [18,38,68]. Third,
we postulated that reduction of G expression would lessen the
immunodominance of G [68]. Finally, and perhaps most
important, we wanted to use a vector design approach that
minimally disturbed the very potent VSV transcription apparatus
and the rVSV-EnvGy-Gg configuration maintained a nearly native
arrangement of the N, P, M, and L genes (Fig. 1).

The Env immunogen used in these studies was derived from a
subtype B HIV-1 (strain JR-FL). In addition to swapping the Env
CT for the shorter G'™ CT to produce an Env-G hybrid (EnvG)
similar to those previously described, we also substituted the Env
transmembrane (TM) domain with sequence from G™, and
replaced the SS with the VSV G SS or the CD5 SS [17,36,43,69].

The EnvG gene inserts also required modification to generate
genetically stable vectors. Stable vectors were generated when the
EnvG nucleotide sequence was designed using a VSV codon bias
and the gene optimization rules described in Methods, which
included use of synonymous codons to disrupt homopolymeric
sequences greater than 4 nucleotides. We found this approach
greatly improved genetic stability, as over the course of virus
rescue, plaque purification, and amplification of virus seed stocks,
we observed that homopolymeric regions, particularly poly-A or
poly-T, were more prone to nucleotide substitutions (data not
shown). The following work was conducted with rVSV-EnvGy-
G¢™ and rVSV-EnvG,-GgV vectors whose EnvG inserts included
all of the above modifications.

For the purpose of including a DNA prime as part of animal
studies, the EnvG gene was also optimized with a mammalian
codon bias, and cloned into a pCMV mammalian expression
vector (pEnvG). To confirm EnvG expression, transfected 293T
cell lysates were analyzed by western blot and bands were detected
corresponding to gpl20 and gp160 (data not shown).

The rVSV-EnvG,4-Gg vectors were rescued and clonal isolates
were prepared by plaque purification. EnvG, G, and VSV N
expression were assessed by western blot using lysates prepared
from infected Vero cells (Fig. 2a). Blots were probed with an anti-
VSV G C-tail Ab, which recognized bands equivalent to EnvG
gp41 and gp160, as well as a 60 kDa band corresponding to VSV
G. Bands, which we labeled with the conventional gp41 and gp160
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nomenclature, migrated somewhat faster than typically observed
because the Env cytoplasmic tail has been replaced with the short
29-amino acid domain from VSV G. The results confirmed EnvG
and G expression and indicated that the CD5 SS swap
significantly increased the quantity of JR-FL. EnvG observed in
total cell lysates resulting in quantities that were equal or greater
than G (Fig. 2a). As well, appropriate cleavage by cellular
proteases of EnvG presursor into its gpl20-like and gp41-like
subunits was observed. A polyclonal antiserum specific for VSV N
(at 45 kDa) also was used to provide a control for comparison of
EnvG expression from the various vector constructs.

To evaluate incorporation of EnvG into rVSV-EnvGy-Gg
particles, plaque-purified viruses were amplified in Vero cells
and were then purified by ultracentrifugation in sucrose gradients.
The purified viral stocks were confirmed to be composed primarily
of viral proteins by conducting SDS-PAGE and Coomassie
brilliant blue staining (data not shown). When western blotting
was performed to analyze the relative quantities of the gpl60
precursor and mature, proteolytically cleaved Env species, anti-
gp120 antibody recognized both gpl120 and gpl60 as expected.
Analysis by densitometry indicated that ~35% of the reactive
species was gpl20 and ~65% was gpl60 in the rVSV-EnvGy-
Gg™ particles (Fig. 2b). Though EnvG incorporation also was
demonstrated in r'VSV-EnvG,-Gg™V particles, the quantities were
considerably lower compared to the IN strain; therefore, the
proportions of gpl60 and gpl20 could not be accurately
determined (Fig. 2b). When a similar analysis of rVSV-EnvGy-
Gg™ was conducted using anti-G™ CT antibody, which
recognized G and two species of EnvG (the gpl60 precursor
and the gp41 subunit), the relative quantities of gp41 to gpl60
were ~75% to 25%, indicating that the majority of the Env
precursor had been cleaved. Furthermore, this analysis suggested
that total EnvG incorporated in the virus particle (gp160 band +
gp41 band) was ~70% of the quantity of G (Fig. 2c). Finally,
probing with an anti-G Ab cross-reactive for IN and NJ strains
confirmed G incorporation for both rVSV types (Fig. 2d).

To measure the combined attenuating effect of EnvG gene
insertion and the G gene shuffle on replication in vitro, rVSV-
EnvG-Ge™ and rVSV-EnvG -GV propagation in Vero cells
was compared to their unmodified rVSV-Gy progenitors. Cell
monolayers were infected with 0.1 pfu per cell and medium
supernatant was collected over a period of 51 hrs after which
infectious virus released into the medium was quantified by plaque
assay. The growth curves indicated that the infections proceeded
with similar kinetics but that the rVSV-EnvGy-Gg viruses
produced 5-22 fold less virus than their progenitors at most time
points and never attained a peak titer equivalent to the unmodified
rVSV (Iig. 2e).

To determine if the EnvG construct was capable of mediating
membrane fusion and if the rVSV-EnvGy-Gg vector displayed
functional EnvG trimers, various assays were conducted with
CD4+CCR5+ GHOST cells as this cell line is susceptible to
infection via G- or EnvG- mediated routes [53,54]. Firstly, 293T
cells transfected with either the pEnvG or empty vector were
overlaid with CD4+CCR5+ GHOST cells 48 h after transfection.
Forty-eight hours after overlay, cells were visualized by light
microscope (Fig. 3a). It was evident in the pEnvG-transfected
culture that large, multinucleated syncytia had formed that were
not visible in the cultures transfected with empty vector.
Additionally, CD4+CCR5+ GHOST cells were infected with
parental rVSV-G4™ or rVSV-EnvG4-G™ vectors which had
been pre-incubated with VSV-G-specific nAb Vil0 and/or an
HIV-1 Env-specific nAb cocktail, or in media alone (Fig. 3b).
Cultures infected in the presence of nAb also were maintained
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post-infection in nAb-containing media. Eight hours post infec-
tion, cells were visualized and monolayers infected with rVSV-
G,™ exhibited notable cell death, which was exemplified by
numerous rounded-up and floating cells as well as obvious gaps in
the cell monolayer not visible in the uninfected controls (Fig. 3b,
row 1, column 1). In comparison, cultures infected with rVSV-
EnvG4-Ge™Y were found to contain numerous ‘giant  cells’
(syncytia) characteristic of Env-mediated cell fusion, as well as
rounded-up cells and gaps in the cell monolayer (row 2, column 1).
Incubation in the presence of Vil0 appeared to completely inhibit
infection by the parental rVSV-G,™ but not by rVSV-EnvG,-
Ge™, as the cells exposed to the rVSV-G,™-Vil0 mixture were
indistinguishable from the uninfected controls (compare row 1,
columns 1, 2 and 4) while cytopathic effect and giant cells were still
evident in the rVSV-EnvGﬁrGﬁl‘\I culture, albeit reduced com-
pared to infection without nAb (compare row 2, columns 1 and 2).
As expected, incubation of rVSV-G,™ in the presence of the anti-
Env nAb cocktail had no effect on VSV infection; however,
cytopathology was highly diminished in the rVSV-EnvGy-Gg™
culture, with only a few syncytia visible (compare row 2, columns 1
and 3). When incubated with both Vil0 and the Env-specific
nAbs, infection of the CD4+CCR5+ GHOST cells by rVSV-
EnvG4-Gg™ was completely inhibited (compare row 2, columns 1,

3, and 4).

EnvG and G surface expression

G and EnvG incorporation into infected cell membranes and
the envelope of rVSV-EnvG4-G™ and rVSV-EnvG,-Gg™Y was
analyzed by multiparameter flow cytometry (Fig. 4a). Cells were
stained with anti-VSV G that recognized the ectodomain of G™
and G and a panel of anti-HIV-1 Env Abs. Analysis of infected
cells showed that all cells positive for EnvG expression also were
positive for G, indicative of VSV infection (data not shown). When
cells were stained with anti-Env Abs, EnvG was detected on the
cell surface and reacted with antibodies specific for structural
features that included the CD4 binding site (b6, PGV04), the V2/
glycan (PG'T145, preferential binding with trimer), the V3/glycan
(PGT122, PGT135), and the MPER region (2F5), while low-level
recognition by PGY9 (V2/glycan) was also observed (Fig. 4a)
[33,34,56,64,70,71]. Higher levels of Ab binding were generally
observed for rVSV-EnvGﬁrGﬁL\I compared to rVSV-EnvGépG(;NJ
-infected cells, supporting the western blot data showing reduced
exﬁ]ression levels of EnvG by the vector strain that coexpressed
G !

Purified virus particles adsorbed to alum also were stained with
a panel of anti-Env Abs to examine the antigenicity of the EnvG
incorporated in the virus particle (Fig. 4b). Among the CD4
binding site Abs tested, it was found that both viral strains bound
b6 (prefers uncleaved Env) and bl2 (recognizes cleaved and
uncleaved Env), and VRCO06 (exhibits strongly preferential
binding to cleaved, trimeric Env) [72,73]. Similarly, both viruses
bound PGT151, which binds selectively to cleaved trimeric Env
(gp120/gp41 interface of cleaved trimers; [74]). Both viruses were
recognized by PGTI121 (V3/glycan), and exhibited low-level
binding to PG9 (Fig. 4b). Weak binding to PG9 is consistent with
previous studies using Subtype B JR-FL Env [34]. Additionally,
'VSV-EnvG4-Ge™ and rVSV-G, particles were analyzed
directly by flow cytometry after being co-stained with a nucleic
acid dye (SYTO 63) and anti-G™. Particles staining positive for
nucleic acid that were above the SSC noise threshold were selected
and the amount of anti-G™ staining for those populations were
compared. It was found that rVSV-EnvGy-G™Y  exhibited
approximately a 1-log reduction in median fluorescence intensity
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Figure 4. Surface staining of rVSV-EnvG,-G¢-infected Vero cells and rVSV-EnvG,4-Gg particles. (a) After a 22 hr infection, Vero cells were
detached from plate by gentle trypsin treatment and resuspended in PBS. 5x10° cells were analyzed for VSV G and HIV-1 EnvG surface expression. All
cells analyzed for Env staining were first gated as positive for G staining. (b) For rVSV staining, 10° pfu of virus was bound to alum at 37°C with
agitation. rVSV/alum conjugates were stained with titrated anti-VSV-G (Vi10) or anti-HIV-1 Env Ab followed by anti-human IgG or anti-mouse lgG2a
Alexa555 and acquired on a modified LSRII flow cytometer. Median fluorescent intensity (MFI) was determined for each Ab dilution. (c) 10° pfu of
virus was incubated with SYTO 63 nucleotide stain in PBS for 30 min at RT followed by incubation with anti-VSV-G (Vi10) and then anti-mouse lgG2a
Alexa555. Virus was analyzed as described above. Minimum threshold settings on SSC were used to increase sensitivity for small particles and FSC and
SSC parameters were set to log scale. Deionized water was run for 15 min to equilibrate for low threshold noise. ~50,000 events were acquired for
the PBS control, ~10° events were acquired for virus samples. Particles staining positive for nucleic acid that were above the noise threshold were
gated on, and the amount of anti-G staining for those populations were compared.

doi:10.1371/journal.pone.0106597.9g004

parental rVSV-G,™ as well as to a chimeric virus vector that
encodes functional EnvG but lacks the G gene (rVSV-EnvG,-AG)
and is therefore incapable of replication in mice (manuscript in

(MFTI) representing anti-G™ staining compared to the rVSV-G,~
parental virus (Fig. 4c).

Replication and immunogenicity of rVSV-EnvGy-Gg

vectors in mice ‘
The in vivo replication of rVSV-EnvG,-Gg™ at days 1, 3, and 7
post-IN administration was examined and compared to that of
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preparation). Weights and body temperatures were monitored
daily and the data showed that mice inoculated with rVSV-
EnvG4-Gg™ experienced transient, minimal losses in body weight
(6% maximum loss) within 2 days post administration that were
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Figure 5. Effect of IN rVSV-EnvG,-G¢ adminstration. (a) Mean body weights and temperatures (b) of inoculated mice. (c) Mean copy numbers
of VSV N genomic RNA or (d) VSV N mRNA per mg of indicated tissue or mL of blood. N =4-12, dependent on study day. Fresh tissue specimens were
homogenized, clarified by centrifugation and supernatants were subjected to RNA extraction and qPCR. All samples were tested in duplicate. Dotted
lines indicate limits of detection. SEM is shown. *p<<0.05 for comparison of rVSV-EnvG,4-Gg to rVSV-G,. All PBS and rVSV-EnvG,-AG values were found
to be significantly lower than rVSV-EnvG,-Gg and rVSV-G, values.

doi:10.1371/journal.pone.0106597.g005

not significantly different than those experienced by the mice respiratory tract remained fairly constant for rVSV-EnvG,-Gg™
inoculated with rVSV-EnvG4-AG or the PBS-inoculated control and remained above the amounts detected for the nonreplicating
mice (Fig. 5a). Body temperatures followed a similar trend in that AG virus. As mentioned above, animals infected with the parental
no significant differences were observed among mice administered rVSV-EnvG, were euthanized before the day 7 timepoint. In the
PBS, rVSV-EnvG,-Gg™, or rVSV-EnvG,-AG (Fig. 5b). In spleen and blood, significantly lower quantities of gRNA were
contrast, mice inoculated with rVSV-G,~ experienced severe found in mice infected with rVSV-EnvG-G¢™ compared to those

weight loss up to a maximum of 35% of their pre-inoculation body infected with rVSV-G,™ at days 1 and 3 (p=0.014). In whole
weights by day 3 and appeared to lose the ability to maintain brain, gRNA was detected at days 1 and 3 in animals infected with
normal (36.5°C—38.0°C) body temperature (mean day 3 body cither rVSV-EnvG4-Gg™ or r'VSV-G,™ and also at day 7 in mice
temperature, 31°C). Therefore, all mice receiving rVSV-G,™ infected with rVSV-EnvG,-G¢™. Day 7 gRNA differences could

were euthanized by day 4 of the experiment. not be assessed as all 'VSV-G,™ animals were euthanized by day
rVSV-EnvG-Gg™ genomic RNA (gRNA) was detected at days 4. No gRNA was detected in PBS-inoculated mice.

1, 3, and 7 (where applicable) in all tissues tested and in the blood When VSV N mRNA was quantified to provide an indicator of

(Fig. 5c). The highest quantities of gRNA were in the respiratory the replication activity in the different tissues, the highest amounts

tract, ie., the nasal turbinates and lungs, with similar copy were detected in the respiratory tract, with significantly greater

numbers detected for rVSV-G,™ and rVSV-EnvG4-G¢™ groups levels (~1log difference, p =0.014) found in mice inoculated with
at days 1 and 3; however, on day 1 rVSV-EnvG,y-G¢N-inoculated rVSV-G,N compared to those inoculated with rVSV-EnvG -G
mice were found to have significantly higher levels of gRNA in the at day 3. Mice inoculated with rVSV-EnvGy-Gg"™ were found to
lungs. gRNA also was detected in the nasal turbinates and lungs of have significantly higher levels of mRNA in the lungs at day 1
mice inoculated with the non-replicative AG virus, though the (Fig. 5d). No mRNA was detected in the blood above background.
quantity was significantly (1-4 log) lower compared to the Only 1 rVSV-EnvG,-G¢™-inoculated animal had detectable
replication-competent strains. At day 7, gRNA quantities in the levels of mRNA in the brain (<50 copies/mg) compared to 3
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out of 4 for the rVSV-G,™ group (<100 copies/mg). As expected,
no mRNA was detected in the host-restricted rVSV-EnvG,-AG-
or PBS-inoculated mice.

The immunogenicity of the rVSV-EnvGy-Gg vectors in 6-8
week old mice was analyzed after vaccination by IN and IM routes
using 4 different prime/boost regimens (IN/IN, IM/IM, IN/IM,
and IM/IN, see Table 1 for regimen detail). In some groups, the
effect of a pEnvG DNA prime delivered by IM electroporation
(EP) and adjuvanted by co-delivery of a plasmid encoding
Interlukin-12 (pIL-12) also was investigated, as recently we
demonstrated control of SIVmac239 replication in RMs immu-
nized IM by EP SIV DNA + pIL-12 followed by SIV-recombinant
Adenovirus 5 (rAd5) boost [75]. Mice primed with DNA (Groups
1-3) were vaccinated 2 times by EP at 0 and 3 weeks after which
Group 1 was boosted with a 3™ dose of DNA and Groups 2 and 3
were boosted with rVSV-EnvGy-Gg™. Mice primed with viral
vector (Groups 4—7) were vaccinated once either IM or IN with
rVSV-EnvG4-Gg™ at week 3 and were then boosted at week 6
with rVSV-EnvG4-GgV (IN or IM), which encodes the NJ
serotype G [76]. As found for IN administration, no adverse effects
were observed after IM vaccination.

Env ELISA endpoint titers were monitored over the course of
the study (Iig. 6a). Serum from mice primed at weeks 0 and 3 with
pEnvG/plL-12 (Groups 1-3) had a mean Env-specific ELISA
endpoint titer of 915 at week 6, which was significantly lower than
the titers of mice vaccinated once at week 3 with rVSV-EnvGy-
Gg™ by the IN or IM route (Groups 5-7; Fig. 6b, p<<0.0001). No
difference in Env-specific titers was observed at week 6 between
mice primed IN or IM with VSV-EnvG4-G¢™ (mean endpoint
titer, 17197).

A boost was given at week 6, and animals were immunized
either with a 3™ dose of pEnvG/pIL-12 (Group 1) or a rVSV-
EnvGy-Gg vector administered IN or IM (Groups 2-7). Two
weeks post-boost (week 8, Fig. 6¢), all rVSV-primed regimens
(Groups 4-7) were found to elicit significantly higher Env-specific
Ab titers than vaccination with pEnvG/plL-12 only (Group 1; 12-
55-fold difference; p =0.0143), and the pEnvG/plIL-12 — IN rVSV
regimen (Group 3; 7-34-fold difference; p=0.014). Group 4-7
titers were also 5-23-fold higher than the pEnvG/plL-12 — IM
rVSV regimen, though these differences were not significant.
Intriguingly, at this time point neither pEnvG/pIL-12 — rVSV
regimen was shown to induce significantly greater Ab responses
than those in animals vaccinated 3 times with pEnvG/plL-12, and
titers for the pEnvG/pIL-12 prime groups were no higher than
those elicited by a single IN or IM rVSV immunization as
recorded at week 6 (Fig. 6a). Furthermore, among the groups that
were both primed and boosted with rVSV, the IM/IN and IM/
IM regimens elicited the highest Env-specific titers (mean, 389169
and 239101, respectively). The IM/IN-induced titers were
significantly greater than those elicited by the IN/IN and IN/
IM routes (~4-fold difference; 0.029=p=0.014).

Five weeks post-boost (week 11, Fig. 6d), Env-specific titers
remained virtually unchanged, with the exception of the pEnvG/
pIL-12 — IN rVSV group (Group 3), in which titers increased 5-
fold compared to week 8 (p=0.014). Though the week 11 mean
titer for the pEnvG/plIL-12 — IM rVSV boost group (Group 2) was
also higher compared to week 8, this difference was not significant.
As well, mean titers for the groups primed with pEnvG/pIL-12
were still not significantly higher than those elicited by one rVSV
immunization as measured at week 6 (Fig. 6a). Ultimately, we
found that IM rVSV-EnvG4-Gg™ prime combined with IN
rVSV-EnvG4-Gg™Y boost (Group 7) elicited the highest Env-
specific serum antibody titers at week 11 (mean, 338525), which
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were significantly greater than all other regimens (8-42-fold
difference; p =0.014) except rVSV IM/IM.

At week 11, selected sera were analyzed for isotype-specific titers
and the presence of HIV-1-specific nAb. IgG1- and IgG2a-specific
ELISA was performed on sera from groups 2—7. It was found that
all groups exhibited an IgG2a-skewed phenotype, most exhibiting
titers 1.5 — 4 — fold higher compared to those specific for IgG1
(Fig. 6e). This phenotype was particularly striking for the pEnvG/
pIL-12 — IN rVSV group (Group 3), whose IgG2a titers were
~60-fold greater than those specific for IgG1 (p =0.057 compared
to all other groups).

Sera from groups 3, 6, and 7 were also subjected to IgG
purification and analyzed for neutralizing activities in the TZM-bl
pseudo-typed HIV-1 neutralization assay. While IgG purified from
the pEnvG/pIL-12 — IN rVSV group (Group 3) exhibited no more
neutralizing activity against Clade B pseudo-typed virus (SF162.LS
strain) than IgG purified from PBS- immunized mice, IgG from
the rVSV IM/rVSV IM and rVSV IM/rVSV IN groups
exhibited 17% and 31% neutralization of SF162.LS, respectively,
at 3.6ug/mL (Fig. 6f). This difference in neutralization potency
was not considered significant as it was below the 50% benchmark
for the assay. Neutralization decreased as a function of titrated
IgG, persisting at 12% neutralization for the rVSV IM/rVSV IN
group (Group 7) at the lowest concentration of IgG tested
(~45 ng/mL). No neutralization of the control pseudo-typed virus
(SIVmac239) was evident at these IgG concentrations, though low-
levels of non-specific activity was present at high concentrations of
IgG (>15 ug/mL IgG; data not shown).

Additionally, Env-specific T cell responses at week 11 were
evaluated using cells harvested fromin spleens and lungs. Cultured
lymphocytes were stimulated with Env protein after which
intracellular cytokine staining was performed for IFNy, IL-2,
and/or TNFa. In the lungs, we found that the frequency of Env-
specific CD4+ T cells was significantly higher in mice vaccinated
with pEnvG/plL-12 prime - IN rVSV boost (Group 3) compared
to all other regimens (7.2% frequency, 6-70-fold difference,
p=0.042; Fig. 7a). pEnvG/plIL-12 alone (Group 1) and pEnvG/
pIL-12 prime - IM rVSV boost (Group 2) induced similar
frequencies of Env-specific CD4+ cells compared to the IN/IN
and IM/IM rVSV prime - rVSV boost combinations (Groups 4
and 6; p=0.042) (Fig 7a). Among the rVSV-primed groups
(Groups 4-7), no significant differences in the frequency of Env-
specific CD4+ T’ cells were observed, and only the IN/IN and
IM/IN regimens (Groups 4 and 7) elicited significantly more
CD4+ T cells compared to the PBS controls (p=0.042; Fig. 7a
and data not shown). Notably, CD8+ Env-specific T cells in the
lung were very low and not significantly higher for any group
compared to the PBS controls (data not shown). One measure of T
cell immune response quality is the production of any combination
of IFNv, IL-2 or TNFa in response to specific antigen stimulation
at the single cell level. Multifunctional T cells are capable of
producing a combination of cytokines and of producing more of
each cytokine on a per cell basis [77]. Upon analysis of the quality
of the CD4+ T cell response in the lungs it was observed that the
Group 3 response was comprised of a significantly higher
frequency of double- and triple-positive multifunctional CD4+ T
cells (secreting either IFNYy, IL-2, and TNFa, or IFNy and TNF«)
compared to all other groups (2.5% frequency, 6-50-fold
difference, p = 0.042; Fig. 7b).

In the spleen, it was found that both pEnvG/plL-12 prime
- rVSV boost groups elicited the highest frequencies of Env-
specific CD4+ T cells (0.7%—1.1%), which were significantly
greater than all other regimens (1.5-5-fold difference, p =0.042;
Fig. 7¢). No significant differences in the frequency of Env-specific
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doi:10.1371/journal.pone.0106597.9g006

CD4+ T cells among the rVSV-primed regimens were observed, significantly higher for any group compared to the PBS control
though all elicited significantly more specific CD4+ T cells than (data not shown).

the PBS controls (10-70-fold difference, p=0.042, data not

shown). The pEnvG/pIL-12 prime - rVSV boost groups also Discussion

elicited significantly more multifunctional CD4+ T cells than all
rVSV-primed groups (0.27% frequency; 3-10-fold difference,

= 0.042: Fio. 7d). thouch the pEnvG/plIl-1 ime — IN rVSV genic rVSV vector platform that expressesfunctional, membrane-
p 2; Fig. 7d), though the pEnvG/p 2 prime i anchored HIV-1 Env trimers that are incorporated in the cell

plasma membrane as well as progeny virus particles. Importantly,
the EnvG immunogen encoded by the vector is fusogenic and is
able to support rVSV replication in CD4+/CCR5+ GHOST cells
when G is blocked by nAb (Fig. 3). Previous studies on rVSV

We developed a replication-competent, attenuated, immuno-

boost regimen did not elicit more multifunctional CD4+ T cells in
the spleen than pEnvG/plL-12 prime — pEnvG/plL-12 boost. As
found in the spleen, specific CD8+ T cells were very low and not
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surface protein expression have shown the Env CT to be
inhibitory, while the VSV G CT can induce more efficient transit
in the secretory system and incorporation of Env into VSV
particles [16,17,36,78,79]. Therefore, our clade B EnvG was
designed with a VSV G CT, and we also substituted the Env TM
domain with that of VSV G as we found in other studies with
similar vectors that this improved surface expression and vector
propagation (data not shown). As illustrated by Figures 2-4, rVSV-
EnvG4-Gg™ particles contained significant quantities of EnvG.
Possibly having both the VSV G TM and CT increased EnvG
localization at sites of VSV budding, as TM domains have been
shown to be important to the localization of proteins within lipid
rafts [80,81]. As G and EnvG were co-displayed on these viruses,
sharing a common TM domain may also have contributed to
overall ability of the vector to propagate to high titers, remain
genetically stable during scale-up, and incorporate significant
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quantities of both glycoproteins into the VSV particle. Interest-
ingly, the rVSV-EnvG,-Gg™V vector did not incorporate EnvG as
effectively (Fig. 2 and 4). This may have been due to the mismatch
of the G™N-derived TM and CT domains, as differences in G
and GV postranslational processing have been documented and
these strains share only ~50% sequence identity [40,82,83].
Western blot analysis conducted with Vero cells infected with
rVSV-EnvG4-Gg™ (C5 SS) indicated that the quantities of EnvG
in total cell lysates after a 24 hr infection to be roughly equivalent
to that of G, or perhaps even greater when the relative amounts of
G and both the gp160 and gp41 bands are considered (Fig. 2a).
This level of EnvG expression appears higher than that observed
for the prototypical rVSV-G4-EnvG; vectors shown to be
protective against SHIV infection in RMs, for which EnvG
expression in cell lysate was estimated to be 31% that of G [17,28].
Furthermore, our analysis suggested that total EnvG incorporation
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into rVSV-EnvGy4-Gg"™ to be ~70% of that of G, with
incorporation of furin-cleaved EnvG to be ~54% that of G. This
relative level of EnvG incorporation is estimated to be consider-
ably higher than that observed for rVSV-G4-EnvGs; vector, whose
cleaved EnvG incorporation was previously estimated to be ~3%
of the level of G [17]. This improvement was potentially due to
effects of one or more elements of the vector and immunogen
designs we used, including placement of EnvG in the 4" position
and/or G in the 6™ position, the inclusion of the VSV TM
domain, VSV-specific codon optimization, and/or the use of a
CD5 SS.

Probing for EnvG by western blot using an Ab recognizing
gp120 estimated the proportion of cleaved (i.e. functional) EnvG
on the surface of r'VSV-EnvG4-Gg™ particles to be roughly 34%.
As densitometry analysis using an anti-G C'T' Ab, which employs
the gp41 band to measure cleavage, estimated the proportion of
cleaved EnvG to be more than 2x greater, it is plausible that a
proportion of the cleaved EnvG incorporated in the viral particles
are gp41 ‘stumps’. This may have been in part due to dissociation
of gp120 from gp41 during virus purification [84]. Nevertheless,
the mixture of EnvG forms on the viral surface is consistent with
previous observations that a notable proportion of Env on HIV-1
viruses is non-functional, including cleaved monomers, gp4l
monomeric and oligomeric stumps, and uncleaved gpl60 oligo-
mers [84]. It widely accepted that only a minority of Env on the
surface of HIV-1 viruses is mature trimer, and that gp160 cleavage
is essential to the proper folding of Env, which leads to
functionality and appropriate recognition by neutralizing Abs
[73,84-87]. Recognition of rVSV-EnvGy-Gg particles and infect-
ed cells by Abs that preferentially bind trimers such as PGT151,
VRC06, and/or PGT145, and the ability of this virus to infect
CD4+CCR5+ GHOST cells in the presence of a completely
neutralizing concentration of anti-G Ab demonstrates that this
vector can produce and display EnvG in a functional, trimeric
conformation [33,72-74].

Translocation of G to the 6™ genetic position of the VSV
genome was expected to be an attenuating mutation [18].
Compared to prototypical r'VSV-G4-EnvGs vectors, whose safety
profile was considered unacceptable for a first-in-man clinical trial
with a replicating VSV vector [18,23,28,31,32,76,88], initial work
with Gg vectors encoding Gag indicated that this vector design
significantly increased the virus dose required to reach an
intracranial LD50 endpoint in mice [38]. Our in-vitro replication
data with vectors encoding EnvG showed that there was a 5-20-
fold growth attenuation compared to rVSV-G4 in Vero cells
(Fig. 2e) indicating that addition of the EnvG gene and
downregulation of G expression had a significant effect on
replicative capacity. Consistent with the interpretation that G
downregulation played a role in growth attenuation, flow
cytometry data indicated that there was a ~1 log reduction in
G incorporation in virus particles compared to the rVSV-Gy
progenitor (Fig. 4c). Attenuated replication i wvivo also was
evident in viral N mRNA levels that were ~1 log lower for rVSV-
EnvG4-Gg compared to the parental rVSV-Gy at the predominant
sites of viral replication (nasal turbinates and lungs) on day 3 post
mnoculation. Interestingly, in nasal turbinate and lung tissues at day
1, there were significantly higher mRINA and gRINA quantities in
mice infected with the rVSV-EnvG4-Gg vector. The elevated
quantities of the rVSV-EnvGy-Gg vector at day 1 (about 24 hours
post-infection) might indicate that the rVSV-EnvG4-Gg inoculum
might have a higher particle-to-pfu ratio.

Importantly, rVSV-EnvGy4-Ge-inoculated mice experienced no
observed illness following IN inoculation, no more weight loss than
observed in the PBS controls, and no signs of distress. This
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contrasted sharply with the morbidity and mortality observed in
animals that were inoculated the progenitor vector rVSV-Gy
(Fig.5) or the results observed in earlier studies with the VSV-
Gagy-Gs5 prototype VSV-HIV vector [24] It well known that mice
are highly susceptible to VSV neuroinvasion when they are
experimentally infected by IN administration or by other routes,
and that susceptibility is age-dependent with young mice being
prone to encephalitis; thus, rodent models have been used to study
VSV neurovirulence and have been used to evaluate potential risk
of using VSV vectors in [62,89-91]. It also is known that
considerable vector engineering is needed to generate genetically
stable vectors that exhibit substantially reduced neurovirlence in
the murine model, and that it is very difficult to completely
eliminate the appearance of viral nucleic acid in the brain
particularly after IN inoculation even with modified VSV that has
been attenuated sufficiently to prevent symptoms [62]. Consistent
with these earlier findings, rVSV-EnvGy-Gg gRNA was detectable
in whole brain extracts prepared from mice vaccinated by the IN
route, but it is important to note that N mRNA quantities were
just above the limit of detection in only 1 of 4 animals indicating
that gene expression and replication in the brain was quite
restricted, which was consistent with our observation of no
significant weight loss, absence of fever, and no distress caused by
rVSV-EnvG,-Gg vaccination. These results indicate that IN
vaccination with rVSV-EnvGy-Gg vectors does not cause typical
neurovirulence in mice and that viral replication in the brain is
significantly attenuated resulting in the absence of detectable
neurological symptoms. The rVSV-EnvGy-Gg vector has the
potential to be advanced as a safe vaccine platform, but additional
studies will be required to determine the anatomical location of the
viral genomes in the brain and whether their presence is associated
with virus propagation in those locations.

Our rVSV-EnvGy-Gg vectors were designed to stimulate potent
Env-specific humoral and cellular immune responses, as protective
immunity to HIV-1 infection will undoubtedly require both. In the
current study we have demonstrated that B and T cell responses
can be stimulated in mice using this vector. A single IM or IN
administration of rVSV-EnvG4-G4 induced equivalently potent
humoral responses. It was evident that an IM (systemic) prime
followed by a mucosal (IN) boost (Group 7) had the most potent
humoral effect, as significantly higher Ab titers were observed for
this regimen (Fig. 6). The benefits of a heterologous vaccination
site approach have been noted previously, and will be further
tested in future NHP studies [92]. The IM/IN regimen also
exhibited notable IgG-mediated, Env-directed neutralizing activ-
ity, extending the notion that a proportion of EnvG incorporated
mto rVSV-EnvGy-Gg particles and produced by infected cells is
conformationally intact and therefore can induce nAbs. Addition-
ally, the magnitude of all Env-specific Ab responses were ~2-3
logs greater than those previously observed in mice using rVSV-
G4-EnvG5 vectors, which elicited titers of <800 even after
heterologous boost [88,93]. This increase in specific Ab relative
to earlier studies in mice could be the result of the relatively higher
amounts of EnvG on rVSV-EnvGy-Gg particles and infected cells.

*Env-specific CD4+ T cells also were elicited, particularly when
rVSV was primed 2x with pEnvG/plL-12, which increased the
frequency of these cells as much as 70-fold, dependent on the
immunization route and site of T cell measurement. This effect of
a DNA/pIL-12 prime supports previous studies that demonstrate
an enhancement by pIL-12 on CD4+ T cell quantity and quality
(multifunctionality), with little to no effect on CD8+ T cells, and a
potentially negative effect on Env-specific Ab [94-98]. Further-
more, the effects of pIL-12 are dose-, antigen-, and likely species-
dependent, and though we selected a dose shown to be beneficial
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for T cell stimulation, a lower dose may have been more beneficial
overall [94-96]. The positive effect on CD4 T cell stimulation of
the pEnvG/plL-12 prime was particularly notable in the lungs
after the rVSV IN boost (Group 3). This was likely due to the
considerable vascularization of the respiratory mucosa, which
results in the highly efficient delivery of antigen to local and
recruited antigen presenting cells in the lungs, and induces a
robust T cell response to the local respiratory rVSV infection,
where rVSV replication was almost exclusively apparent (nasal
turbinates and lungs, Fig. 5¢) [25,28,99,100]. Indeed, the rVSV
has been extensively demonstrated to elicit strong immune res-
ponses upon IN administration due to its mucosal tropism [28,
76,100,101]. As expected from the strong impact on CD4 T cells,
IgG isotype analysis revealed that the pEnvG/plL-12 —prime,
rVSV IN boost group exhibited the most significant Th1-skewed
humoral response, with an IgG2a/IgG1 ratio that was 15-40-fold
greater than those observed for the other regimens and indicative
of the IFNYy-dominant cytokine environment induced by the
robust CD4 T cell response in the lung typical of VSV infection
[102-104].

In conclusion, the study presented herein describes our novel
rVSV-Gg vector that displays relatively large amounts of a unique
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HIV-1 EnvG antigen that is fusogenic, functional for virus
replication, and capable of inducing potent Env-specific immune
responses, including nAbs. The replication of this vector is
attenuated in mice compared to an unmodified rVSV, and elicits
no pathology after IN or IM administration. We are confident it
can be used safely in NHPs and currently are advancing a
candidate HIV vaccine encoding clade A BG505 trimers in rhesus
macaques [58].

Acknowledgments

We thank our colleagues George Pavlakis and Barbara Felber for providing
the expression plasmid used for construction of plasmid DNA vaccines,
Beth Rasmussen for project management, and Megan Finnegan for
administrative support.

Author Contributions

Conceived and designed the experiments: SR RP RL MC CP. Performed
the experiments: SR RP RL MY AC AW ML HA JM JD JC PS JS MK
KW DW. Analyzed the data: SR RP RL CP. Wrote the paper: RP SR CP.

20. Fields BN, Hawkins K (1967) Human infection with the virus of vesicular
stomatitis during an epizootic. N Engl J Med 277: 989-994.

Reif JS, Webb PA, Monath TP, Emerson JK, Poland JD, et al. (1987) Epizootic
vesicular stomatitis in Colorado, 1982: infection in occupational risk groups.
Am J Trop Med Hyg 36: 177-182.

Webb PA, Monath TP, Reif JS, Smith GC, Kemp GE, et al. (1987) Epizootic
vesicular stomatitis in Colorado, 1982: epidemiologic studies along the
northern Colorado front range. Am J Trop Med Hyg 36: 183-188.

Cooper D, Wright KJ, Calderon PC, Guo M, Nasar F, et al. (2008) Attenuation
of recombinant vesicular stomatitis virus-human immunodeficiency virus type 1
vaccine vectors by gene translocations and g gene truncation reduces
neurovirulence and enhances immunogenicity in mice. J Virol 82: 207-219.
Clarke DK, Nasar F, Lee M, Johnson JE, Wright K, et al. (2007) Synergistic
attenuation of vesicular stomatitis virus by combination of specific G gene
truncations and N gene translocations. J Virol 81: 2056-2064.

Roberts A, Buonocore L, Price R, Forman J, Rose JK (1999) Attenuated
vesicular stomatitis viruses as vaccine vectors. J Virol 73: 3723-3732.

Jones SM, Feldmann H, Stroher U, Geisbert JB, Fernando L, et al. (2005) Live
attenuated recombinant vaccine protects nonhuman primates against Ebola
and Marburg viruses. Nat Med 11: 786-790.

Zavada J (1982) The pseudotypic paradox. J Gen Virol 63 (Pt 1): 15-24.
Rose NF, Marx PA, Luckay A, Nixon DF, Moretto WJ, et al. (2001) An
effective AIDS vaccine based on live attenuated vesicular stomatitis virus
recombinants. Cell 106: 539-549.

Schell J, Rose NF, Fazo N, Marx PA, Hunter M, et al. (2009) Long-term
vaccine protection from AIDS and clearance of viral DNA following
SHIV89.6P challenge. Vaccine 27: 979-986.

Ball LA, Pringle CR, Flanagan B, Perepelitsa VP, Wertz GW (1999)
Phenotypic consequences of rearranging the P, M, and G genes of vesicular
stomatitis virus. J Virol 73: 4705-4712.

Wertz GW, Perepelitsa VP, Ball LA (1998) Gene rearrangement attenuates
expression and lethality of a nonsegmented negative strand RNA virus. Proc
Natl Acad Sci U S A 95: 3501-3506.

Johnson JE, Nasar F, Coleman JW, Price RE, Javadian A, et al. (2007)
Neurovirulence properties of recombinant vesicular stomatitis virus vectors in
non-human primates. Virology 360: 36-49.

Walker LM, Huber M, Doores KJ, Falkowska E, Pejchal R, et al. (2011) Broad
neutralization coverage of HIV by multiple highly potent antibodies. Nature
477: 466-470.

Walker LM, Phogat SK, Chan-Hui PY, Wagner D, Phung P, et al. (2009)
Broad and potent neutralizing antibodies from an African donor reveal a new
HIV-1 vaccine target. Science 326: 285-289.

Kwong PD, Mascola JR, Nabel GJ (2013) Broadly neutralizing antibodies and
the search for an HIV-1 vaccine: the end of the beginning. Nat Rev Immunol
13: 693-701.

Johnson JE, Rodgers W, Rose JK (1998) A plasma membrane localization
signal in the HIV-1 envelope cytoplasmic domain prevents localization at sites
of vesicular stomatitis virus budding and incorporation into VSV virions.
Virology 251: 244-252.

Weiss RA, Clapham PR, Cheingsong-Popov R, Dalgleish AG, Caarne CA, et al.
(1985) Neutralization of human T-lymphotropic virus type III by sera of AIDS
and AIDS-risk patients. Nature 316: 69-72.

21.
22.

23.

24.

25.

26.

27.
28.

29.
30.
31.
32.
33.
34.
35.

36.

37.

September 2014 | Volume 9 | Issue 9 | 106597



38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

63.

64.

Parks CL, Nowak RM, Heron SG, Witko SE, Wright KJ, et al. (2006) VSV-
HIV vaccine vectors engineered with the M or G genes translocated to a distal
position in the viral genome are immunogenic in mice and exhibit significantly
reduced levels of neurovirulence. HIV Vaccines, Keystone Symposia.
Keystone, Colorado, USA.

Turner PE, Elena SF (2000) Cost of host radiation in an RNA virus. Genetics
156: 1465-1470.

Gallione CJ, Rose JK (1983) Nucleotide sequence of a cDNA clone encoding
the entire glycoprotein from the New Jersey serotype of vesicular stomatitis
virus. J Virol 46: 162-169.

Puigbo P, Guzman E, Romeu A, Garcia-Vallve S (2007) OPTIMIZER: a web
server for optimizing the codon usage of DNA sequences. Nucleic Acids Res
35: W126-131.

Nakamura Y, Gojobori T, Ikemura T (2000) Codon usage tabulated from
international DNA sequence databases: status for the year 2000. Nucleic Acids
Res 28: 292.

Haas J, Park EC, Seed B (1996) Codon usage limitation in the expression of
HIV-1 envelope glycoprotein. Curr Biol 6: 315-324.

Reese MG, Eeckman FH, Kulp D, Haussler D (1997) Improved splice site
detection in Genie. ] Comput Biol 4: 311-323.

Zubiaga AM, Belasco JG, Greenberg ME (1995) The nonamer
UUAUUUAUU is the key AU-rich sequence motif that mediates mRNA
degradation. Mol Cell Biol 15: 2219-2230.

Kozak M (1991) Structural features in eukaryotic mRNAs that modulate the
initiation of translation. J Biol Chem 266: 19867-19870.

Rosati M, von Gegerfelt A, Roth P, Alicea C, Valentin A, et al. (2005) DNA
vaccines expressing different forms of simian immunodeficiency virus antigens
decrease viremia upon SIVmac251 challenge. J Virol 79: 8480-8492.

Jalah R, Rosati M, Ganneru B, Pilkington GR, Valentin A, et al. (2013) The
p40 subunit of interleukin (IL)-12 promotes stabilization and export of the p35
subunit: implications for improved IL-12 cytokine production. J Biol Chem
288: 6763-6776.

Lawson ND, Stillman EA, Whitt MA, Rose JK (1995) Recombinant vesicular
stomatitis viruses from DNA. Proc Natl Acad Sci U S A 92: 4477-4481.
Whelan SP, Ball LA, Barr JN, Wertz GT (1995) Efficient recovery of infectious
vesicular stomatitis virus entirely from cDNA clones. Proc Natl Acad Sci U S A
92: 8388-8392.

Witko SE, Kotash CS, Nowak RM, Johnson JE, Boutilier LA, et al. (2006) An
efficient helper-virus-free method for rescue of recombinant paramyxoviruses
and rhadoviruses from a cell line suitable for vaccine development. J Virol
Methods 135: 91-101.

Bovarnick MR, Miller JC, Snyder JC (1950) The influence of certain salts,
amino acids, sugars, and proteins on the stability of rickettsiae. J Bacteriol 59:
509-522.

Landau NR, Littman DR (1992) Packaging system for rapid production of
murine leukemia virus vectors with variable tropism. J Virol 66: 5110-5113.
Deng H, Liu R, Ellmeier W, Choe S, Unutmaz D, et al. (1996) Identification of
a major co-receptor for primary isolates of HIV-1. Nature 381: 661-666.
Roost HP, Bachmann MF, Haag A, Kalinke U, Pliska V, et al. (1995) Early
high-affinity neutralizing anti-viral IgG responses without further overall
improvements of affinity. Proc Natl Acad Sci U S A 92: 1257-1261.
Falkowska E, Ramos A, Feng Y, Zhou T, Moquin S, et al. (2012) PGV04, an
HIV-1 gp120 CD4 binding site antibody, is broad and potent in neutralization
but does not induce conformational changes characteristic of CD4. J Virol 86:
4394-4403.

Trkola A, Purtscher M, Muster T, Ballaun C, Buchacher A, et al. (1996)
Human monoclonal antibody 2G12 defines a distinctive neutralization epitope
on the gp120 glycoprotein of human immunodeficiency virus type 1. J Virol
70: 1100-1108.

Hoffenberg S, Powell R, Carpov A, Wagner D, Wilson A, et al. (2013)
Identification of an HIV-1 Clade A Envelope that exhibits broad antigenicity
and neutralization sensitivity and elicits antibodies targeting 3 distinct epitopes.
J Virol 87: 5372-5383.

Ugozzoli M, Laera D, Nuti S, Skibinski DA, Bufali S, et al. (2011) Flow
cytometry: an alternative method for direct quantification of antigens adsorbed
to aluminum hydroxide adjuvant. Anal Biochem 418: 224-230.

Loret S, El Bilali N, Lippe R (2012) Analysis of herpes simplex virus type I
nuclear particles by flow cytometry. Cytometry A 81: 950-959.

Coleman JW, Ogin-Wilson E, Johnson JE, Nasar F, Zamb TP, et al. (2007)
Quantitative multiplex assay for simultaneous detection of the Indiana serotype
of vesicular stomatitis virus and HIV gag. J Virol Methods 143: 55-64.

52. Johnson JE, Coleman JW, Kalyan NK, Calderon P, Wright K]J, et al. (2009) In

vivo biodistribution of a highly attenuated recombinant vesicular stomatitis
virus expressing HIV-1 Gag following intramuscular, intranasal, or intravenous
inoculation. Vaccine 27: 2930-2939.

Moore JP, McCutchan FE, Poon SW, Mascola J, Liu J, et al. (1994)
Exploration of antigenic variation in gp120 from clades A through F of human
immunodeficiency virus type 1 by using monoclonal antibodies. J Virol 68:
8350-8364.

Pantophlet R, Ollmann Saphire E, Poignard P, Parren PW, Wilson IA, et al.
(2003) Fine mapping of the interaction of neutralizing and nonneutralizing
monoclonal antibodies with the CD4 binding site of human immunodeficiency
virus type 1 gp120. J Virol 77: 642-658.

PLOS ONE | www.plosone.org

16

65.

66.

67.

68.

69.

70.

71.

73.

75.

76.

77.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Characterization of VSV Displaying Trimeric HIV-1 Env

Pancera M, Lebowitz J, Schon A, Zhu P, Freire E, et al. (2005) Soluble
mimetics of human immunodeficiency virus type 1 viral spikes produced by
replacement of the native trimerization domain with a heterologous
trimerization motif: characterization and ligand binding analysis. J Virol 79:
9954-9969.

Li M, Gao F, Mascola JR, Stamatatos L, Polonis VR, et al. (2005) Human
immunodeficiency virus type 1 env clones from acute and early subtype B
infections for standardized assessments of vaccine-clicited neutralizing anti-
bodies. J Virol 79: 10108-10125.

Roederer M, Nozzi JL, Nason MC (2011) SPICE: exploration and analysis of
post-cytometric complex multivariate datasets. Cytometry A 79: 167-174.
Flanagan EB, Ball LA, Wertz GW (2000) Moving the glycoprotein gene of
vesicular stomatitis virus to promoter-proximal positions accelerates and
enhances the protective immune response. J Virol 74: 7895-7902.

Schnell MJ, Buonocore L, Boritz E, Ghosh HP, Chernish R, et al. (1998)
Requirement for a non-specific glycoprotein cytoplasmic domain sequence to
drive efficient budding of vesicular stomatitis virus. EMBO J 17: 1289-1296.
Binley JM, Wrin T, Korber B, Zwick MB, Wang M, et al. (2004)
Comprehensive cross-clade neutralization analysis of a panel of anti-human
immunodeficiency virus type 1 monoclonal antibodies. J Virol 78: 13232—
13252.

Muster T, Steindl F, Purtscher M, Trkola A, Klima A, et al. (1993) A conserved
neutralizing epitope on gp41 of human immunodeficiency virus type 1. J Virol
67: 6642-6647.

. LiY, O’Dell S, Wilson R, Wu X, Schmidt SD, et al. (2012) HIV-1 neutralizing

antibodies display dual recognition of the primary and coreceptor binding sites
and preferential binding to fully cleaved envelope glycoproteins. J Virol 86:
11231-11241.

Pancera M, Wyatt R (2005) Selective recognition of oligomeric HIV-1 primary
isolate envelope glycoproteins by potently neutralizing ligands requires efficient
precursor cleavage. Virology 332: 145-156.

. Blattner C, Lee JH, Sliepen K, Derking R, Falkowska E, et al. (2014) Structural

Delineation of a Quaternary, Cleavage-Dependent Epitope at the gp41-gp120
Interface on Intact HIV-1 Env Trimers. Immunity 40: 669-680.

Winstone N, Wilson AJ, Morrow G, Boggiano C, Chiuchiolo MJ, et al. (2011)
Enhanced control of pathogenic Simian immunodeficiency virus SIVmac239
replication in macaques immunized with an interleukin-12 plasmid and a DNA
prime-viral vector boost vaccine regimen. J Virol 85: 9578-9587.

Rose NF, Roberts A, Buonocore L, Rose JK (2000) Glycoprotein exchange
vectors based on vesicular stomatitis virus allow effective boosting and
generation of neutralizing antibodies to a primary isolate of human
immunodeficiency virus type 1. J Virol 74: 10903-10910.

Seder RA, Darrah PA, Roederer M (2008) T-cell quality in memory and
protection: implications for vaccine design. Nat Rev Immunol 8: 247-258.

. Doms RW, Ruusala A, Machamer C, Helenius J, Helenius A, et al. (1988)

Differential effects of mutations in three domains on folding, quaternary
structure, and intracellular transport of vesicular stomatitis virus G protein.
J Cell Biol 107: 89-99.

Sevier CS, Weisz OA, Davis M, Machamer CE (2000) Efficient export of the
vesicular stomatitis virus G protein from the endoplasmic reticulum requires a
signal in the cytoplasmic tail that includes both tyrosine-based and di-acidic
motifs. Mol Biol Cell 11: 13-22.

Brown D (2002) Structure and function of membrane rafts. IntJ Med
Microbiol 291: 433-437.

Pessin JE, Glaser M (1980) Budding of Rous sarcoma virus and vesicular
stomatitis virus from localized lipid regions in the plasma membrane of chicken
embryo fibroblasts. J Biol Chem 255: 9044-9050.

Chen SS (1991) Myristylation of the envelope glycoprotein of vesicular
stomatitis virus. Intervirology 32: 193-197.

Rose JK, Gallione CJ (1981) Nucleotide sequences of the mRNA’s encoding
the vesicular stomatitis virus G and M proteins determined from cDNA clones
containing the complete coding regions. J Virol 39: 519-528.

Moore PL, Crooks ET, Porter L, Zhu P, Cayanan CS, et al. (2006) Nature of
nonfunctional envelope proteins on the surface of human immunodeficiency
virus type 1. J Virol 80: 2515-2528.

Tong T, Crooks ET, Osawa K, Binley JM (2012) HIV-1 virus-like particles
bearing pure env trimers expose neutralizing epitopes but occlude nonneu-
tralizing epitopes. J Virol 86: 3574-3587.

Crooks ET, Tong T, Osawa K, Binley JM (2011) Enzyme digests eliminate
nonfunctional Env from HIV-1 particle surfaces, leaving native Env trimers
intact and viral infectivity unaffected. J Virol 85: 5825-5839.

Doores KJ, Bonomelli C, Harvey DJ, Vasiljevic S, Dwek RA, et al. (2010)
Envelope glycans of immunodeficiency virions are almost entirely oligoman-
nose antigens. Proc Natl Acad Sci U S A 107: 13800-13805.

Publicover J, Ramsburg E, Rose JK (2004) Characterization of nonpathogenic,
live, viral vaccine vectors inducing potent cellular immune responses. J Virol
78: 9317-9324.

Olitsky PK, Sabin AB, Cox HR (1936) An Acquired Resistance of Growing
Animals to Certain Neurotropic Viruses in the Absence of Humoral Antibodies
or Previous Exposure to Infection. J Exp Med 64: 723-737.

Flanagan EB, Schoeb TR, Wertz GW (2003) Vesicular stomatitis viruses with
rearranged genomes have altered invasiveness and neuropathogenesis in mice.
J Virol 77: 5740-5748.

September 2014 | Volume 9 | Issue 9 | 106597



91.

92.

93.

94.

95.

96.

97.

98.

Hastie E, Cataldi M, Marriott I, Grdzelishvili VZ (2013) Understanding and
altering cell tropism of vesicular stomatitis virus. Virus Res 176: 16-32.
McCluskie MJ, Weeratna RD, Payette PJ, Davis HL (2002) Parenteral and
mucosal prime-boost immunization strategies in mice with hepatitis B surface
antigen and CpG DNA. FEMS Immunol Med Microbiol 32: 179-185.
Publicover J, Ramsburg E, Rose JK (2005) A single-cycle vaccine vector based
on vesicular stomatitis virus can induce immune responses comparable to those
generated by a replication-competent vector. J Virol 79: 13231-13238.
Gherardi MM, Ramirez JC, Esteban M (2000) Interleukin-12 (IL-12)
enhancement of the cellular immune response against human immunodefi-
ciency virus type 1 env antigen in a DNA prime/vaccinia virus boost vaccine
regimen is time and dose dependent: suppressive effects of IL-12 boost are
mediated by nitric oxide. J Virol 74: 6278-6286.

Lasarte JJ, Corrales FJ, Casares N, Lopez-Diaz de Cerio A, Qian C, et al.
(1999) Different doses of adenoviral vector expressing IL-12 enhance or depress
the immune response to a coadministered antigen: the role of nitric oxide.
J Immunol 162: 5270-5277.

Lee K, Overwijk WW, O Toole M, Swiniarski H, Restifo NP, et al. (2000)
Dose-dependent and schedule-dependent effects of interleukin-12 on antigen-
specific CD8 responses. J Interferon Cytokine Res 20: 589-596.

Xu R, Megati S, Roopchand V, Luckay A, Masood A, et al. (2008)
Comparative ability of various plasmid-based cytokines and chemokines to
adjuvant the activity of HIV plasmid DNA vaccines. Vaccine 26: 4819-4829.
Egan MA, Chong SY, Megati S, Montefiori DC, Rose NF, et al. (2005)

Priming with plasmid DNAs expressing interleukin-12 and simian immunode-

PLOS ONE | www.plosone.org

17

99.

100.

101.

102.

103.

104.

Characterization of VSV Displaying Trimeric HIV-1 Env

ficiency virus gag enhances the immunogenicity and efficacy of an experimental
AIDS vaccine based on recombinant vesicular stomatitis virus. AIDS Res Hum
Retroviruses 21: 629-643.

Roberts A, Kretzschmar E, Perkins AS, Forman J, Price R, et al. (1998)
Vaccination with a recombinant vesicular stomatitis virus expressing an
influenza virus hemagglutinin provides complete protection from influenza
virus challenge. J Virol 72: 4704-4711.

Egan MA, Chong SY, Rose NF, Megati S, Lopez KJ, et al. (2004)
Immunogenicity of attenuated vesicular stomatitis virus vectors expressing
HIV type 1 Env and SIV Gag proteins: comparison of intranasal and
intramuscular vaccination routes. AIDS Res Hum Retroviruses 20: 989-1004.
Reuter JD, Vivas-Gonzalez BE, Gomez D, Wilson JH, Brandsma JL, et al.
(2002) Intranasal vaccination with a recombinant vesicular stomatitis virus
expressing cottontail rabbit papillomavirus L1 protein provides complete
protection against papillomavirus-induced disease. J Virol 76: 8900-8909.
Maloy KJ, Burkhart C, Junt TM, Odermatt B, Oxenius A, et al. (2000) CD4(+)
T cell subsets during virus infection. Protective capacity depends on effector
cytokine secretion and on migratory capability. ] Exp Med 191: 2159-2170.
Natuk RJ, Cooper D, Guo M, Calderon P, Wright KJ, et al. (2006)
Recombinant vesicular stomatitis virus vectors expressing herpes simplex virus
type 2 gD elicit robust CD4+ Thl immune responses and are protective in
mouse and guinea pig models of vaginal challenge. J Virol 80: 4447-4457.
Abbas AK, Murphy KM, Sher A (1996) Functional diversity of helper T
lymphocytes. Nature 383: 787-793.

September 2014 | Volume 9 | Issue 9 | 106597



