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Abstract: Currently, no effective vaccine to prevent human immunodeficiency virus (HIV) infection
is available, and various platforms are being examined. The vesicular stomatitis virus (VSV) vaccine
vehicle can induce robust humoral and cell-mediated immune responses, making it a suitable
candidate for the development of an HIV vaccine. Here, we analyze the protective immunological
impacts of recombinant VSV vaccine vectors that express chimeric HIV Envelope proteins (Env)
in rhesus macaques. To improve the immunogenicity of these VSV-HIV Env vaccine candidates,
we generated chimeric Envs containing the transmembrane and cytoplasmic tail of the simian
immunodeficiency virus (SIV), which increases surface Env on the particle. Additionally, the Ebola
virus glycoprotein was added to the VSV-HIV vaccine particles to divert tropism from CD4 T cells
and enhance their replications both in vitro and in vivo. Animals were boosted with DNA constructs
that encoded matching antigens. Vaccinated animals developed non-neutralizing antibody responses
against both the HIV Env and the Ebola virus glycoprotein (EBOV GP) as well as systemic memory
T-cell activation. However, these responses were not associated with observable protection against
simian-HIV (SHIV) infection following repeated high-dose intra-rectal SHIV SF162p3 challenges.
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1. Introduction

Despite decades of intensive research, a protective vaccine against the human im-
munodeficiency virus (HIV) remains an elusive goal [1] Various vaccine platforms have
been tested in different animal models, but efficacy in non-human primate studies and
human clinical trials remains low. To date, only the RV144 vaccine trial showed a modest
(31%) protection in humans at the end of the 3-year follow-up [2,3], although post hoc
analyses showed an estimated cumulative vaccine efficacy of 60% at 12 months following
initial vaccinations [4]. Several pre-clinical studies in rhesus macaques using various vac-
cine platforms for an optimized response have been completed and, although some have
reported varying levels of protection (15–71%), no vaccination strategy has been proven
optimal thus far [5–15]. In most of these studies, protective efficacy was observed when a
combination of different platforms was used, either simultaneously or as a prime-boost
strategy. However, no consensus on correlates of protection exists to date [9,13–15]. The
humoral response to HIV vaccine candidates has been the most thoroughly studied with a
focus on broadly neutralizing antibodies (bnAb). Pre-clinical studies have shown that the
passive infusion of bnAb can prevent infection, and high levels of bnAb have been reported
to play an important role in protection. In the RV144 trial, however, non-neutralizing
V1V2-binding antibodies were the primary correlate of protection, followed by HIV-specific
CD4 T cells [13,16–18].

Vesicular stomatitis virus (VSV)-based vaccines have been widely explored for a broad
range of viral targets and have been evaluated in several clinical trials. For example,
a recombinant VSV (rVSV) Ebola virus vaccine demonstrated protection in a phase III
trial, received regulatory approval in 2019, and has been frequently utilized in Ebola
virus outbreaks [19–22]. There are several advantages of using the VSV vaccine platform,
including its ability to induce robust humoral and cell-mediated immune responses [23].
The rVSV-HIV particles can display more Env spikes on their surfaces than genuine HIV-
1 virions or virus-like particles (VLPs). This is seen especially when replacing the HIV
Env membrane-proximal external regions (MPER) and transmembrane (TM) domains
with those of VSV [24]. A recent study examined the expression and immunogenicity in
constructs with SIV MPER of TM and reported a 200-fold higher increase in gp140-binding
antibodies in mice immunized with rVSV-HIVEnv-SIV-TMCT as compared to HIV-1 MPER-
TM [25]. The high-Env density on the surface of the rVSV viral particle and the ability to
display the glycoproteins in their natural trimeric form are some of the elements believed
to enhance immunogenicity, making these rVSV vectors interesting candidates for further
testing [24].

Early studies using an attenuated VSV vector expressing HIV Gag and Env proteins
in rhesus macaques showed promising results, underlining the potentially important role
of this vector [26–28]. Rose et al. reported viremic control and saw correlation with both
humoral and cellular responses [28]. A subsequent study examining rVSV-HIV vaccines
and different administrations pointed to CTL as a possible correlate of protection [27].
Parks et al. reported 67% protection against infection using an rVSV∆G-HIV Env vaccine
in a rhesus macaque model and saw high pre-challenge antibodies but no clear protection
correlates [26]. However, this latter vaccine candidate was difficult to propagate in vitro,
hampering the reproducibility of these results. Further developments on this design used
a dual glycoprotein (GP) expression system in rVSV. This concept has previously been
tested with HIV Env, in which a new rVSV∆G-HIV was engineered to produce the full-
length GP from the lymphocytic choriomeningitis virus (LCMV) in addition to the HIV
Env, demonstrating the possibility for dual-GP expressing VSV-based vectors and solving
the in vitro propagation obstacle [29]. Precedence for dual GP expression with ebolavirus
(EBOV) GP was seen in a VSV-system co-expressing the influenza hemagglutinin (HA)
GP, which provided 100% protection against both pathogens in a mouse model [30]. This
construct demonstrated the possibility of building on the already clinically evaluated/FDA-
approved rVSV-EBOV to create an rVSV dual GP expression system with both HIV and
EBOV proteins.
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In this study, we evaluated the protective capacity of two HIV-Env sequences as anti-
gens in an HIV vaccination, one from a Clade A source and one from a Clade B source.
These chimeric HIV Env with modified cytoplasmatic tails and TM domains were paired
with EBOV GP immunogens in a single construct (VSV∆G-HIV Env-EBOV). These con-
structs were used in a heterologous rVSV prime/DNA boost strategy. Non-human primates
were then challenged with repeated high-dose intrarectal SHIV-SF162p3 challenges to de-
termine the efficacy of these vaccines. The results from this study were gathered with the
intent to inform future rVSV-HIV vaccine design and were successfully used to elaborate a
promising vaccine strategy described in Jelinski, Kowatsch, and Lafrance et al. [31].

2. Materials and Methods
2.1. Vaccine Candidates

The design, construction, and validation of the VSV-HIV vectors have been described
elsewhere [32]. In short, two previously published HIV Env sequences, envA74N425K (Clade
A) and envNL4.3 (Clade B), were modified to contain the transmembrane domain and
cytoplasmic tail of SIV (SIVtmCT) using standard cloning techniques [33,34]. The A74 and
NL4.3 Env sequences share 79.8% and 84.4% amino acid sequence identity, respectively,
with the SHIV SF162p3 Env sequence. The chimeric Env sequences were cloned into a
modified VSV∆G vector, along with an EBOV GP variant (B6) displaying increased tropism
for human cells, using similar methodology, and were rescued using Vero E6 and HEK293T
cells as previously described [35,36]. The resulting vaccines, VSV-B6-A74env/SIVtm and
VSV-B6-NL4.3env/SIVtm, expressed envA74N425K and envNL4.3, respectively. The empty
vector, denoted as VSV-B6 stock virus, was grown on Vero E6 cells and purified using a
standard sucrose cushion before storage at −80 ◦C. In addition, the chimeric HIV Env and
HIV Rev were cloned into pIDV-II using standard cloning techniques [37].

2.2. Animals, Vaccinations, and Challenges

Thirty Chinese-origin female rhesus macaques (Macaca mulatta) under 10 kg were
housed at the Université Laval animal facility and maintained according to standards out-
lined by the Canadian Council on Animal Care. Prior to study initiation, ethical protocols
were approved by the Université Laval animal protection committee (Protocol number:
2017098-1). The animals were housed in two large enclosures, with 10 animals in the first
and 20 in the second, enabling social interaction and group dynamics. The minimal size
of each enclosure followed the national guidelines. They had enriched food, a water pool,
music, and toys to play with, along with movie entertainment. The food was optimized for
the conditions of the animals and served twice daily.

Animal health was monitored by the animal care staff several times a day via visual
control; the staff looked for clinical criteria of sickness (signs of dehydration, diarrhea, psy-
chomotor slowing). The animals were weighed weekly and, if needed, blood hematology
tests were performed with a VetScan HM5 analyser (Abaxis, Union City, CA, USA). All ma-
nipulations were completed under anesthesia with ketamine, and only trained animal care
staff carried out these procedures to minimize the suffering of the animals, in accordance
with national guidelines.

The randomization of animals into groups was performed by the animal care staff
using standard procedures within the facility. Prime immunizations were performed by
intra-muscular administration in the quadriceps with 1 × 108 Median Tissue Culture In-
fectious Dose (TCID50) VSV-B6-A74env/SIVtm (group A74, n = 10) or 2 × 108 TCID50
VSV-B6-NL4.3env/SIVtm (group NL4.3, n = 10). The control group was vaccinated intra-
muscularly with 1 × 108 TCID50 VSV-B6 (n = 10). After 9 weeks, each experimental group
was boosted by intradermal vaccination with 1 mg of pIDVII_HIVenvA74N425K.SIVtm
(group A74) or pIDV-II_HIVenvNL4.3. SIVtm (group NL4.3). In addition, both groups
received 0.4 mg of pIDV-II_rev. The co-expression of HIV Rev was previously shown to
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result in the increased expression of the chimeric Env protein [37]. Both DNA HIV-vaccine
candidates were administered using an intradermal oscillating needle array injection device
(IONAID) [38]. The control group was boosted as follows: five animals were boosted with
1 mg of an EBOV GP-DNA vaccine candidate (INO-4212, Inovio, San Diego, CA, USA)
through intradermal injection with electroporation, and five animals were mock-boosted
with 1 mL of PBS using the IONAID device.

All animals were challenged intrarectally 30 days after the boost with 1 × 104 TCID50
of the HIV-1 clade-B Env virus SHIV SF162p3. The animals were infected every two weeks
for a total of six challenges. After the final challenge, the animals were monitored for
9 weeks (group A74 and NL4.3) or 20 weeks (control group) before euthanasia (Figure 1).
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Figure 1. Vaccine vectors and timelines. (A) Schematic representation of the chimeric VSV vaccine
vectors for the experimental groups. (B) Experimental and control groups with corresponding
vaccination regimes and (C) timeline for the study including vaccination schedule, challenges, and
follow-up. N: Nucleoprotein, P: Phosphoprotein, M: Matrix protein, L: Polymerase, B6: EBOV GP.

2.3. ELISA

Binding antibodies against the HIV-1 gp120 M-consensus recombinant protein (M-
CONS-S D11gp120), HIV-1 gp140 recombinant protein (B.6240 gp140C) (both from the
NIH AIDS Reagent Program) and the recombinant Zaire EBOV GP protein (Cedarlane,
Burlington, ON, Canada), were quantified by ELISA. Briefly, Costar Assay 96-well, half
area, high-binding, polystyrene plates (Corning, Tewksbury, MA, USA) were coated with
30 ng protein diluted in PBS and incubated overnight at 4 ◦C. Blocking was completed with
Milk Diluent (SeraCare, Milford, MA, USA) for 30 min at room temperature followed by
30 min at 37 ◦C. Sera were added in 1:200 or 1:400 dilutions in Milk Diluent in triplicate
and incubated at room temperature for 2 h. Following washes with PBS + 0.1% Tween-20,
goat polyclonal anti-human IgG-HRP (VWR 95058-720) diluted in blocking buffer (1:2000)
was added and incubated for 1 h at room temperature. A final wash was performed before
detection mix (SeraCare Milford, MA, USA) according to the manufacturer’s instructions
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and incubated for 30 min at 37 ◦C before reading the plate using a multi-plate reader
(Synergy, BioTek, Shoreline, WA, USA) at a 405 nm wavelength.

2.4. Virus Neutralization Assay

The neutralization against Env pseudoviruses (Q23ENV17 (clade A) and pCAGGS
SF162 gp160 (clade B)) (NIH AIDS Reagents Program Cat# 10463, 10455) was measured
with a luciferase-based assay in TZM-bl cells as previously described [39]. Briefly, three-
fold serial dilutions of sera were added in duplicate to TZM-bl cells and incubated
for 1 h at 37 ◦C. 100 TCID50 of virus in DMEM containing 11 µg/mL DEAE-dextran
(Sigma-Aldrich, Carlsbad, CA, USA) were added to each well. After a 48-h incubation
at 37 ◦C, the assay medium was removed from each well, and 10 µL of lysis buffer and
60 µL Galacto-Star luciferase reagents (ThermoFisher Scientific, Waltham, MA, USA) were
added, and luminescence was measured. The assay controls included TZM-bl cells alone
(cell control) and TZM-bl cells with virus (virus control). The IC50 titer was calculated as
the antibody dilution that caused a 50% reduction in relative luminescence units (RLUs)
compared to the virus control after the subtraction of cell control RLUs.

2.5. Plasma Viral Load and Viral Rectal Shedding

During the study, the viral load in plasma and mucosal membranes (rectal swabs)
was evaluated by RT-qPCR. To determine the plasma viral load, 1 mL of plasma was
centrifugated for 90 min at 20,000× g at 4 ◦C. The pellet was resuspended in a lysis
buffer containing 300 µL RLT buffer (RNeasy Mini Kit, Qiagen, Toronto, ON, Canada),
3 µL β-mercaptoethanol, and 16 µL proteinase K solution (ThermoFisher Scientific, Burling-
ton, ON, Canada) and was incubated at 56 ◦C for 60 min in a water bath. Then, the RNA
was purified using spin columns as per the RNeasy Mini kit protocol. The RNA was eluted
in 50 µL of Rnase-free water supplemented with 1 mM dithiothreitol (ThermoFisher Sci-
entific, Burlington, ON, Canada) and 1 U/mL RNAse Inhibitor (Qiagen, Toronto, ON
Canada). Gag-specific forward (5′-GTCTGCGTCATCTGGTGCAT-3′) and reverse (5′-
CACTAGCTGTCTCTGCACTATGT-GTTT-3′) primers and a 6-carboxyfluorescein (FAM)-
labeled minor groove binder (MGB) probe (5′-6FAM-CTTCCTCAGTGTGTTTCA-MGB-3′)
were obtained from Integrated DNA Technologies (IDT, Coralville, IA, USA). For viral
load quantification, a synthesized SIV-gag RNA standard (IDT, Coralville, IA, USA) was
used. Reverse transcription was performed using a Sensiscript RT kit (Qiagen, Toronto,
ON, Canada), followed by qPCR using a LightCycler 480 Probes qPCR Master Mix (Roche,
Laval, QC, Canada). The reaction was run on a LightCycler 480. The assay sensitivity was
>165 copies/mL, and the positivity cut-off was set at >300 copies/mL.

To assess viral rectal shedding, tubes containing rectal swabs in Dulbecco’s Modified
Eagle Medium (DMEM) were thawed and vortexed for 15 s. The swabs were discarded,
and the remaining media were centrifuged for 10 min at 1500× g at 4 ◦C to pellet cells and
debris. The supernatant was collected, and 400 µL were centrifuged for 90 min at 20,000× g
at 4 ◦C to pellet the virus. The pellets were resuspended in AVL lysis buffer containing
carrier RNA, and the RNA was purified using spin columns following the QIAamp Viral
RNA Mini protocol (Qiagen, Toronto, ON, Canada). RT and qPCR were performed as
described above. The assay sensitivity was set at 666 copies/swab.

2.6. T-Cell Responses

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood collected
in K2 EDTA Vacutainer tubes (BD Biosciences, Franklin Lakes, NJ, USA) using Ficoll-
Paque density gradient (GE Healthcare, Boston, MA, USA). The cells were frozen in fetal
bovine serum (FBS) (Wisent bioproducts, St-Bruno, QC, Canada) with 10% DMSO and
stored in liquid nitrogen until use. PBMCs were thawed and then rested for 4 h. HIV-
specific T-cell cytokine production and proliferation were evaluated after a 12-h or a 7-day
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stimulation, respectively. For both assays, PBMCs were stimulated with 0.5 µg/mL HIV Env
peptide pool (Group A74; HIV Subtype A1, Group NL4.3; Subtype B (NIH AIDS Research
Program, Bethesda, MD, USA)) in RPMI + 2% inactivated Chinese-origin Rhesus monkey
serum (Creative Biolabs, Shirley, NY, USA) + 2% Penicillin-Streptomycin (Sigma-Aldrich,
Carlsbad, CA, USA).

For the proliferation assay, PBMCs were stained with Carboxyfluorescein succinimidyl
ester (CFSE) ThermoFisher Scientific, Waltham, MA, USA) according to the manufacturer’s
instructions prior to stimulation. 1x Phytohemagglutinin-L (PHA-L; ThermoFisher Scien-
tific, Waltham, MA, USA)-stimulated cells were used as a positive control and unstimulated
cells were used for background correction. To monitor cytokine production, the stimulation
was performed in the presence of Golgi Stop and Golgi Plug (BD Biosciences, Franklin
Lakes, NJ, USA). Unstimulated PBMCs were used as background control and PBMCs stimu-
lated with 312.5 pg/mL Phorbol 12-myristate 13-acetate (PMA) and 125 ng/mL ionomycin
(Sigma Aldrich Inc., San Diego, CA, USA) were used as positive controls.

For both assays, PBMCs were stained for CD3-PerCP-Cy5.5, CD4-BV605, CD8-BV650,
CD45RA-PE-Cy7, CD28-APC-R700, CCR7-BV421, CD154-APC, CCR5-BV605 (BD Bio-
sciences, Franklin Lakes, NJ, USA) and Fixable Aqua Dead Cell Stain (ThermoFisher Scientific,
Waltham, MA, USA). To monitor the peptide responses and cytokine production, PBMCs
from the 12-h assay were stained for CD69-Pe-TxRed (Beckman Coulter, Indianapolis,
IN, USA), CCR5-BV786, IFN-γ-BUV395, TNF-α-FITC, (BD Biosciences, Franklin Lakes,
NJ, USA) and IL-2-APC-Fire (Biolegend, San Diego, CA, USA), following intracellular
permeabilization and blocking modified from previously published protocol [40]. For the
7-day assay, the CD69-Pe-TxRed (Beckman Coulter, Indianapolis, IN, USA) was stained
extracellularly. Data were acquired on an LSRII Fortessa cytometer (BD System, Woburn,
MA, USA) and analyzed using a FlowJo v10.7.1 (BD Biosciences, Woburn, MA, USA).
Central memory T-cells were defined as CD45RA-CCR7+ T-cells, whereas effector memory
T-cells were defined as CD45RA-CCR7− T-cells.

2.7. Statistical Analysis

Sample size was determined in coordination with the International AIDS Vaccine
Initiative in light of their ongoing evaluation of VSV-HIV vaccines. Graphs and statis-
tical analyses for antibodies and viral loads were performed using a GraphPad Prism 8
(GraphPad Software, La Jolla, CA, USA). For the T-cell response, analysis to peptide pools
were first cleaned using background correction for cytokines (IFN-γ and IL-2), activation
markers (CD69 and CD154) and percent-divided cells. All statistics and graphing for the
T cell analysis was performed using an RStudio v2023.06.0+ (Posit, Boston, MA, USA).

3. Results
3.1. Recombinant VSV-HIV Vaccines Induce Strong Humoral Responses

Following vaccination, the magnitude of the generated humoral response against
HIV Env and EBOV was measured by ELISA. Most of the VSV-Env-vaccinated animals
developed binding antibodies against HIV glycoproteins gp120 and gp140 after the boost.
The level of Env-specific antibodies further increased following challenge but were not
correlated with viral load (Figure 2A). The control animals, which were vaccinated with
VSV-B6, developed antibodies specific to EBOV GP (Figure 2B). A significant boost effect
was observed in the control subgroup receiving the EBOV-GP DNA boost at week 9
compared to the mock-boosted animals. However, the control groups’ antibody responses
roughly equalized at week 20 (5MPV) and remained overall stable until termination.
Neutralizing activity against Env pseudovirus was assessed but could not be detected.
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Figure 2. Antibody responses and SHIV acquisition. (A) Antibody responses following vaccination
and boost. Binding antibodies in serum samples to HIV M consensus gp120 and gp140 proteins
were analyzed by ELISA at four time points over the first 18 weeks. Comparisons were calculated
using Tukey’s Multiple Comparisons Test. (B) Kinetics of EBOV GP-binding antibodies in serum
samples of animals in the control group, with or without the boost, during the indicated time period.
WPB = weeks post boost, MPV = months post prime vaccination. Comparisons were made via Sidak’s
multiple comparisons. (C) Kaplan-Meier curves showing the acquisition rate of the vaccinated and
control animals (n = 10 per group) after repeated high dose challenge with 1 × 104 TCID50 SF162p3.
Infection status was assessed one week after each challenge. OD: Optical density. * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001. ns = not significant.

3.2. Plasma Viral Load Trends and Correlation with Rectal Viral Shedding

Thirteen weeks after the initial vaccination (4 weeks after the boost), animals were
challenged intrarectally with SHIV SF162p3 (1 × 104 TCID50), a heterologous clade B
virus. Animals were challenged at 2-week intervals for a total of six times. Sampling was
performed on the day of the first challenge (W13) and then every other week between
the challenges (Figure 1C). Plasma viral loads and rectal mucosal viral shedding were
determined every two weeks and followed for a total of 19 weeks for all three groups
(Figure 3). Animals were considered infected when they had detectable viral loads above
300 copies/mL plasma. After the first challenge, 7/10 control animals were infected com-
pared to 5/10 in group A74 and 8/10 in group NL4.3 (Figure 2C). After the second challenge,
all animals were infected, as indicated by mean plasma titers of 2.3 × 105 copies/mL in
NL4.3, 1.34 × 105 copies/mL in A74, and 9.35 × 105 copies/mL in controls. Peak viral
loads were reached 1-3 weeks after initial challenge, although secondary peaks with viral
loads exceeding the primary peak were seen in the control group (n = 2), in group A74
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(n = 3), and in group NL4.3 (n = 1) (Figure 3A). A decline in viral load was observed after
the peak at second challenge in all groups. Two animals, one in the control group and one
in group A74, displayed a pattern of consistently high viral loads throughout the study,
with peak plasma titers of 4.7 × 105 and 7.7 × 105 copies/mL, respectively. In contrast,
two animals in group A74 showed some of the lowest overall and lowest peak plasma
titers and were the first two animals able to control the infection, as seen after challenges 3
(Week 18) and 5 (Week 22), respectively (Figure 3A). Most animals in group NL4.3 had a
lower titer after the fourth challenge as compared to the other groups. By the end of the
challenge phase (W26), only 3/10 NL4.3 animals still possessed viral loads above the limit
of detection (Figure 3A).
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Figure 3. SHIV viral loads detected in plasma and rectal shedding. (A) SHIV viral loads detected in
plasma every second week from week 14 to week 30. Values from individual animals are represented
in grey lines. Mean viral load of the group is indicated in red. (B) Relationship of SHIV viral loads
(VL) detected in plasma and rectal swabs during the same timespan as listed above. Individual
animals are visualized as dots. RNA was isolated from plasma or rectal swabs and analyzed by
RT-qPCR for the presence of Gag RNA. Correlation between values was analyzed by simple linear
regression. Numerical values shown are r2 and p-values.

Viral load was no longer detectable in 63% of the animals in all groups combined
5 weeks following the last challenge (week 28). However, an increase was observed again
in some animals during the following two weeks, leaving a total of 53% with undetectable
viral load at study termination. To follow the natural disease progression, the control
animals were monitored for an additional month, at the end of which 20% of control
animals had undetectable viral load.

To investigate whether the vaccines might be able to reduce the risk of transmission,
rectal viral load was measured and compared to the plasma levels using simple linear
regression of Log10 values (Figure 3B). In all animals, viral shedding had a significant
positive correlation with the plasma levels (p < 0.0001). The control group (VL-Ebo) had the
highest relationship between the values, with an r2 value of 0.293. The NL4.3 group had the
next highest, with an r2 value of 0.285, and A74 had a value of 0.221, showing the weakest
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correlation of the three. The similar correlation coefficiency between the various groups
suggests that the tested vaccines did not affect the likelihood of transmission. However, as
the positivity cutoffs were different between the two assays, we might not have been able
to detect low levels of viral shedding. Nevertheless, as we saw no vaccine effect on viral
shedding, it probably does not have an important impact in this study; however, it could
be optimized in future projects.

3.3. Cytokine Production and Activation Markers by Central and Effector Memory T-Cells

The T-cell response to viral antigens was evaluated at four time points: week 0
(before vaccination), week 11 (2 weeks post boost), week 22 (following five challenges)
and week 32 (9 weeks after the last challenge). PBMCs were stimulated with HIV Env
peptide pool A (Group A74, HIV Subtype A1) or pool B (Group NL4.3, HIV subtype B).
While not significant, we observed increased IFNγ production by central memory T-cells
in group NL4.3 in both CD4 and CD8 T-cells following the boost immunization but prior
to infection (W11 (Figure 4A,B)). The magnitude of IFNγ production increased following
SHIV challenges (W22) for both groups A74 and NL4.3, with A74 CD8 TCM cells showing
a significantly higher signal than the controls. Though there were still detectable peptide
responses 9 weeks following the last challenge (W32), the A74 magnitude decreased from
week 22 (Figure 4B). In contrast, at week 32, NL4.3 CD8 CM cells continued to trend higher
than the controls. For IL-2, much smaller magnitude changes were observed following
stimulation with peptide pools (Figure 4C,D). At the initial timepoint (W0) and post boost
(W11), IL-2 production by CD4 and CD8 T-cells for group NL4.3 was detected, though this
distinction was lost as the weeks progressed, with a slight, non-significant boost seen in
NL4.3 CD4 TCM cells at week 32.
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Figure 4. Cytokine CD4 and CD8 T cell analyses. (A,B) IFN-γ producing CD4 and CD8 central
memory (cm) and effector memory (em) T-cells. (C,D) IL-2 producing CD4 and CD8 central and
effector memory T-cells. PBMCs obtained from animals in the control group were stimulated with
both pool A and pool B peptides, and the response is pictured next to the corresponding group.
The y-axis indicates the percentage of stimulated cells after the subtraction of unstimulated controls.
Em: Effector memory T cells. Cm: central memory T cells. * p < 0.05.

The analyses of activation markers CD69 and CD154 showed conflicting trends
(Figure 5). CD69 marker upregulation was almost exclusively limited to A74 CD8 TCM
cells, showing a steady increase in the magnitude of response between W0 and W22, with



Vaccines 2024, 12, 369 10 of 17

a significant response seen at each time point (Figure 5B). However, this A74 CD8 TCM
signal vanished between W22 and W32. In contrast, Group NL4.3 showed significantly
higher CD154 responses than the control at timepoints W0, W22, and W32, while A74
showed a decreased response compared to the control at W0 and W11. While significantly
higher at multiple points, the NL4.3 CD154-relevant cell population shifted over the study
period, with W0 showing statistically higher CD4 TEM and CD8 TCM, while W22 and
W32 showed a statistically higher CD154 expression in CD8 TEM cells (Figure 5C,D). This
shift in CD154+ cell population potentially represents the activation of TCM to become
TEM [41].
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Figure 5. CD69+ and CD154+ CD4 and CD8 T cell analyses. (A,B) CD69+ CD4 and CD8 central
(cm) and effector (em) T-cells. (C,D) CD154+ CD4 and CD8 central (cm) and effector (em) T-cells.
PBMCs obtained from animals in the control group were stimulated with both pool A and pool B
peptides and the response is pictured next to the corresponding group. The y-axis indicates the
percentage of stimulated cells after the subtraction of unstimulated controls. Em: Effector memory
T cells. Cm: central memory T cells. * p < 0.05.

3.4. Proliferating Central- and Effector Memory T-Cells

To monitor systemic T-cell activation, T-cell proliferation after stimulation with Env
peptide pools was monitored by flow cytometry using CFSE at four time points: week 0
(before vaccination), week 11 (2 weeks post boost), week 22 (following five challenges), and
week 32 (9 weeks after the last challenge).

The percentage of proliferating total, central, and effector memory cells, as well as
CD45RA+ effector memory CD4+ and CD8+, were measured using CFSE. While no statisti-
cally significant differences were observed between the groups, a tendency of increased
proliferation of central and effector memory T-cells 2 weeks after the boost (W11) was
observed in group NL4.3 compared to the controls (Figure 6). In group A74, the percentage
of dividing cells was lower than the controls for all time points. The T-cell responses were,
in general, lower at week 32, 9 weeks after the last challenge. Viral load was not associated
with a higher or lower systemic T-cell activation.
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Figure 6. Percentage of Proliferating T-cells. Percentage of proliferating CD4 and CD8 central
memory (cm) and effector memory (em) T cell responses. PBMCs obtained from animals in the
control group were stimulated with both pool A and pool B peptides, and the response is pictured
next to the corresponding group. The y-axis indicates the percentage of stimulated cells after the
subtraction of unstimulated controls. Em: Effector memory T cells. Cm: central memory T cells. Data
was not statistically significant.

3.5. Development of an AIDS-like Syndrome in a Control-Vaccinated Animal

Even though SHIV SF162p3 is generally not considered a very “pathogenic” infection
model, we observed the development of severe disease/AIDS-like syndrome in one animal
in the control group. The symptom onset started 29 weeks after the first challenge and
included fever, severe yellowish diarrhea, dehydration, and a ~15% weight loss. No overt
neurological impairment was observed. The animal was treated with subcutaneous fluids
with limited effect. Blood hematology analysis demonstrated a reduction in lymphocytes
and mean corpuscular volume, as well as an increase in platelets and neutrophils. Given the
lack of improvement of the condition of the animal, combined with consistently elevated
viral loads and a very low CD4 count (122 CD4 cells/mm3), the animal was euthanized
29 weeks after initial challenge.



Vaccines 2024, 12, 369 12 of 17

4. Discussion

In this study, we describe the in vivo evaluation of two novel VSV∆G-EBOV-HIV
vaccine candidates expressing chimeric HIV Env proteins either from clade A (A74) or
clade B (NL4.3) and pseudotyped with the EBOV GP. The immunological impacts of these
vaccine candidates were evaluated in rhesus macaques challenged with chimeric SHIV.
Animals vaccinated with either vaccine developed similar antibody and T-cell proliferation
responses, but were not protected from repeated high-dose, intra-rectal challenges. All
animals were infected after the first two challenges, and the peak viral loads were similar
between the vaccinated and the control animals. Despite this, minor trends in immune
responses were able to be identified in order to guide future experimentation.

The A74 vaccine contains the naturally occurring Env polymorphism N425K, which is
hypothesized to result in a conformational change associated with bNAb production [42].
The NL4.3 Env is derived from a laboratory-adapted HIV-1 strain and has previously been
shown to be able to induce strong immune responses in a rabies-based vaccine [33,43]. The
EBOV GP was included to eliminate the vaccine vector’s dependency on CD4+/CCR5+ cells
for replication, facilitating its in vitro production and expanding its host range, resulting in
enhanced immunogenicity. These recombinant VSV-HIV vectors were therefore believed to
be strong inducers of humoral immunity. A DNA platform was selected as a booster, as
previous studies using viral vectors in combination with DNA have shown some protection
abilities and reductions in the pre-exposure probability of infection [8,10]. DNA is known
to produce both humoral and cellular responses, which would complement the humoral-
driven prime without increasing an unspecific CD4+ T-cell activation-risking enhancement
rather than protection [37,43]. The results showed a similar humoral response after boosting
it in both groups, while the T-cell activations were slightly different, indicating that the
vaccine strategy worked and that differences were related to the Env proteins and not the
prime-boost regime.

The vaccine candidates were able to induce the production of binding antibodies;
however, no correlation was seen between the binding antibodies and the viral load. In
addition, no neutralizing activity was detected in any of the vaccinated animals. Group
A74 showed a more diverse response after challenge, with outliers on both sides of the
spectrum. On one end, one animal in this group had the highest viral load of any of the
vaccinated animals, which was maintained throughout the study. On the other end of the
spectrum, two animals in this group were the fastest of all animals to control the infection,
resulting in undetectable viral loads after challenges 3 and 5, respectively. The levels of
binding antibodies and cellular responses were similar between these outliers, so whether
these differences were vaccine-induced or natural variations could not be determined with
certainty and thus will require further evaluation. Comparing the two groups, more A74
animals remained uninfected following the first challenge (50%) compared to NL4.3 (30%).
Group NL4.3 presented a more uniform response, with all animals in the group able to
partially control the viral load after the initial peak. However, none of the animals were able
to consistently reduce the viral load below the detection limit until after the last challenge.

One could speculate that a more balanced antibody response displaying key effector
functions, rather than high non-specific responses, could provide a better environment for
the development of immune protection and avoiding immune enhancement. Antibodies
with neutralizing capacities were not detected in this study. However, other effector
functions, which remained unexamined, may be relevant. The enhanced induction of IgG
Fc-effector functions in these vaccines might be achieved by including other HIV genes, for
example gag and pol in addition to the HIV Env, to broaden the effect of vaccine-induced
antibodies [37,44]. That said, it was noted during our study that certain vaccinated animals
had higher peak viral loads, but whether or not this is an antibody-mediated enhancement
or just coincidence remains to be elucidated. Recent investigations have found that certain
IgG fractions are able to increase the susceptibility of non-human primates (NHPs) to the
mucosal SHIV challenge [45]. However, no clear correlation was seen between the viral
load and the binding antibodies in the vaccinated groups in this study.
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Looking at T-cell responses, group A74 demonstrated a CD69 response in CD8 TCM
that was consistently higher than the controls, seen first at W0 and continuing through
W22 well into the challenge course. CD69 acts as a non-specific signal associated with
rapid immune activation following infection and has been associated with successful
vaccination [46,47]. It is furthermore known to suppress the sphingosine-1-phosphate
function leading to lymphocytes retention and may serve to regulate NK cell, IFN-γ, and
TNF-α responses [47,48] However, as no protection was observed in the vaccinated animals,
the significance of the CD69 response requires further studies.

Group NL4.3 exhibited distinct trends from A74, starting with trends of increased
proliferation in all T cell populations at Week 11 prior to infection (Figure 6). This trend
could be associated with infection as an increase in T cell proliferation increases the potential
viral targets [49,50]. Significant CD154 activation was also seen in Group NL4.3 cells,
though the relevant cell population changed over the course of the study. CD154 acts as
a ligand for CD40, which impacts a myriad of downstream mechanisms, among which
are antigen-presenting cell activation and maturation, T-cell priming, type 1 cytokine
production, macrophage effector functions, antibody isotope switching, and germinal
center formation [51,52]. The wide range of this marker’s activity makes it difficult to
identify the relevant mechanisms without further study. In contrast, Group A74 exhibited
neither of these trends in proliferation or CD154, instead displaying patterns similar to,
if not lower than, the experimental controls, yet a larger percentage of animals (50%)
endured the first round of challenge compared to the controls (20%). The implications of
these and other cell-mediated forms of immunity should be investigated as in previous
research [53,54].

Challenge dosage using the SF162p3 strain, study design, and timing between vac-
cination boosts and challenges are other points to be considered. The SF162p3 strain
has been used in other studies but with low dose inoculations compared to this regimen.
One 2015 study used six repeated intrarectal inoculations of 500 TCID50 SF162p3 [15].
Another 2013 study used a single intrarectal inoculation of 1000 TCID50, but this study
only examined control of infection, not resistance [55]. While the dosage probably played
an important role in the fast infection, the design and timing might also matter. Many
studies with similar schedules to the current study (4–8 weeks post last immunization)
only challenged once, while others delayed challenge until 6 to 12 months after the final
boost, but challenged multiple times [5,6,56,57]. Increased time from boost to challenge
might help reduce nonspecific immune reactions that favor enhancement, which would
therefore be preferable for protection. In addition, most successful macaque vaccine studies
used either a low-dose schedule (500–1000 TCID50) with several repeat challenges or a
one-time high dose challenge (4000–5000 TCID50) to mimic some of the natural routes of
transmission [6,10,12,15,56]. All of this combined would be relevant to consider for the
design of future vaccine studies.

5. Conclusions

In the current study, two VSV-based vectors containing the Ebola glycoprotein and
HIV-modified envelopes from either clade A (A74) or clade B (NL4.3) were able to produce
relatively strong antibody responses in macaques. Though no protection was seen after
repeated challenges with SHIV SF162p3, multiple trends in immune responses were ob-
served. Comparisons between the vaccine groups found that Group A74 saw significantly
increased CD69+ markers in T cell populations during the week 11 timepoint between
the end of vaccination and the beginning of challenge, while NL4.3 saw trends of higher
levels of IL-2 and CD154 and as well as higher percentages of cell proliferation. These
preliminary observations match those seen in Jelinski, Kowatsch, and Lafrance et al., which
observed vaccine-induced resistance independent of antibody responses and character-
ized by increased CD69 responses in CD8 TCM [31]. Further studies confirming these
findings would be relevant for the determination of possible correlates of protection in
rVSV-based vaccines.



Vaccines 2024, 12, 369 14 of 17

Author Contributions: Conceptualization, G.K., T.R. and E.A.; methodology, G.K., E.A., K.R.F., X.-J.Y.,
A.K., R.G., A.G. (Alejandro Gomez), B.G., C.-Y.K. and T.R.; formal analysis, A.B., J.P., F.S., M.-A.L.,
H.A., Y.L., M.M.K., M.-E.N.-T., A.G. (Alain Garnier), M.W., H.F.-B., M.-A.d.L.V., G.B., C.L., K.R.F., E.A.
and G.K.; investigation, A.B., J.P., F.S., M.-A.L., H.A., Y.L., M.M.K., A.G. (Alejandro Gomez), M.W.,
H.F.-B., M.-A.d.L.V., G.B., C.L. and M.-E.N.-T.; resources, G.K., E.A., K.R.F. and X.-J.Y.; data curation,
A.B., J.P., F.S., Y.L., M.M.K., K.R.F., E.A. and G.K.; writing—original draft preparation, J.P. and F.S.;
writing—review and editing, A.B., J.P., F.S., M.-A.L., H.A., Y.L., M.M.K., A.G. (Alejandro Gomez),
M.W., H.F.-B., J.J., M.-A.d.L.V., G.B., C.L., T.R., C.-Y.K., B.G., A.G. (Alain Garnier), R.G., A.K., X.-J.Y.,
K.R.F., E.A. and G.K.; supervision, G.K., E.A., K.R.F., X.-J.Y. and A.K.; project administration, J.P., C.L.,
T.R. and G.K.; funding acquisition, G.K., E.A., K.R.F., X.-J.Y., A.K., R.G., A.G. (Alain Garnier), B.G.,
C.-Y.K. and T.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Canadian Institute of Health Research, grant number
OVV-152411. A postdoctoral grant was funded by the Independent Research Fund Denmark, grant
number 7025-00079B (J.P.).

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee for Animal Protection of Université Laval (protocol code 2017098-1).

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated during and/or analysed in this study are
available from the corresponding author on reasonable request.

Acknowledgments: We would like to thank all the staff at the animal facility, Laval University,
for carrying out all the manipulations with the macaques and ensuring the highest level of care
throughout the study.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Burton, D.R. Advancing an HIV vaccine; advancing vaccinology. Nat. Rev. Immunol. 2019, 19, 77–78. [CrossRef] [PubMed]
2. Rerks-Ngarm, S.; Pitisuttithum, P.; Nitayaphan, S.; Kaewkungwal, J.; Chiu, J.; Paris, R.; Premsri, N.; Namwat, C.; De Souza, M.;

Adams, E.; et al. Vaccination with ALVAC and AIDSVAX to Prevent HIV-1 Infection in Thailand. N. Engl. J. Med. 2009, 361, 2209.
[CrossRef]

3. Robinson, H.L. HIV/AIDS Vaccines: 2018. Clin. Pharmacol. Ther. 2018, 104, 1062. [CrossRef] [PubMed]
4. Robb, M.L.; Rerks-Ngarm, S.; Nitayaphan, S.; Pitisuttithum, P.; Kaewkungwal, J.; Kunasol, P.; Khamboonruang, C.;

Thongcharoen, P.; Morgan, P.; Kim, J.H.; et al. Ad Hoc Analysis of Behavior and Time as Co-Variates of the Thai Phase III Efficacy
Trial: RV 144. Lancet Infect. Dis. 2012, 12, 531–537. [CrossRef]

5. Barnett, S.W.; Burke, B.; Sun, Y.; Kan, E.; Legg, H.; Lian, Y.; Bost, K.; Zhou, F.; Goodsell, A.; zur Megede, J.; et al. Antibody-Mediated
Protection against Mucosal Simian-Human Immunodeficiency Virus Challenge of Macaques Immunized with Alphavirus
Replicon Particles and Boosted with Trimeric Envelope Glycoprotein in MF59 Adjuvant. J. Virol. 2010, 84, 5975–5985. [CrossRef]
[PubMed]

6. Schell, J.B.; Rose, N.F.; Bahl, K.; Diller, K.; Buonocore, L.; Hunter, M.; Marx, P.A.; Gambhira, R.; Tang, H.; Montefiori, D.C.; et al.
Significant Protection against High-Dose Simian Immunodeficiency Virus Challenge Conferred by a New Prime-Boost Vaccine
Regimen. J. Virol. 2011, 85, 5764–5772. [CrossRef] [PubMed]

7. Hansen, S.G.; Ford, J.C.; Lewis, M.S.; Ventura, A.B.; Hughes, C.M.; Coyne-Johnson, L.; Whizin, N.; Oswald, K.; Shoemaker, R.;
Swanson, T.; et al. Profound Early Control of Highly Pathogenic SIV by an Effector Memory T-Cell Vaccine. Nature 2011, 473,
523–527. [CrossRef]

8. Lai, L.; Kwa, S.; Kozlowski, P.A.; Montefiori, D.C.; Ferrari, G.; Johnson, W.E.; Hirsch, V.; Villinger, F.; Chennareddi, L.; Earl, P.L.;
et al. Prevention of Infection by a Granulocyte-Macrophage Colony-Stimulating Factor Co-Expressing DNA/Modified Vaccinia
Ankara Simian Immunodeficiency Virus Vaccine. J. Infect. Dis. 2011, 204, 164–173. [CrossRef] [PubMed]

9. Patel, V.; Jalah, R.; Kulkarni, V.; Valentin, A.; Rosati, M.; Alicea, C.; von Gegerfelt, A.; Huang, W.; Guan, Y.; Keele, B.F.; et al.
DNA and Virus Particle Vaccination Protects against Acquisition and Confers Control of Viremia upon Heterologous Simian
Immunodeficiency Virus Challenge. Proc. Natl. Acad. Sci. USA 2013, 110, 2975–2980. [CrossRef]

10. Barouch, D.H.; Liu, J.; Li, H.; Maxfield, L.F.; Abbink, P.; Lynch, D.M.; Iampietro, M.J.; SanMiguel, A.; Seaman, M.S.; Ferrari, G.;
et al. Vaccine Protection against Acquisition of Neutralization-Resistant SIV Challenges in Rhesus Monkeys. Nature 2012, 482,
89–93. [CrossRef]

11. Flatz, L.; Cheng, C.; Wang, L.; Foulds, K.E.; Ko, S.-Y.; Kong, W.-P.; Roychoudhuri, R.; Shi, W.; Bao, S.; Todd, J.-P.; et al. Gene-Based
Vaccination with a Mismatched Envelope Protects against Simian Immunodeficiency Virus Infection in Nonhuman Primates.
J. Virol. 2012, 86, 7760–7770. [CrossRef] [PubMed]

https://doi.org/10.1038/s41577-018-0103-6
https://www.ncbi.nlm.nih.gov/pubmed/30560910
https://doi.org/10.1056/NEJMoa0908492
https://doi.org/10.1002/cpt.1208
https://www.ncbi.nlm.nih.gov/pubmed/30099743
https://doi.org/10.1016/S1473-3099(12)70088-9
https://doi.org/10.1128/JVI.02533-09
https://www.ncbi.nlm.nih.gov/pubmed/20392857
https://doi.org/10.1128/JVI.00342-11
https://www.ncbi.nlm.nih.gov/pubmed/21490100
https://doi.org/10.1038/nature10003
https://doi.org/10.1093/infdis/jir199
https://www.ncbi.nlm.nih.gov/pubmed/21628671
https://doi.org/10.1073/pnas.1215393110
https://doi.org/10.1038/nature10766
https://doi.org/10.1128/JVI.00599-12
https://www.ncbi.nlm.nih.gov/pubmed/22593152


Vaccines 2024, 12, 369 15 of 17

12. Barouch, D.H.; Tomaka, F.L.; Wegmann, F.; Stieh, D.J.; Alter, G.; Robb, M.L.; Michael, N.L.; Peter, L.; Nkolola, J.P.; Borducchi, E.N.;
et al. Evaluation of a Mosaic HIV-1 Vaccine in a Multicentre, Randomised, Double-Blind, Placebo-Controlled, Phase 1/2a Clinical
Trial (APPROACH) and in Rhesus Monkeys (NHP 13-19). Lancet 2018, 392, 232. [CrossRef] [PubMed]

13. Pauthner, M.G.; Nkolola, J.P.; Havenar-Daughton, C.; Murrell, B.; Reiss, S.M.; Bastidas, R.; Prévost, J.; Nedellec, R.; von Bredow, B.;
Abbink, P.; et al. Vaccine-Induced Protection from Homologous Tier 2 SHIV Challenge in Nonhuman Primates Depends on
Serum-Neutralizing Antibody Titers. Immunity 2019, 50, 241–252.e6. [CrossRef] [PubMed]

14. Felber, B.K.; Lu, Z.; Hu, X.; Valentin, A.; Rosati, M.; Remmel, C.A.; Weiner, J.A.; Carpenter, M.C.; Faircloth, K.; Stanfield-Oakley, S.;
et al. Co-Immunization of DNA and Protein in the Same Anatomical Sites Induces Superior Protective Immune Responses against
SHIV Challenge. Cell Rep. 2020, 31, 107624. [CrossRef] [PubMed]

15. Barouch, D.H.; Alter, G.; Broge, T.; Linde, C.; Ackerman, M.E.; Brown, E.P.; Borducchi, E.N.; Smith, K.M.; Nkolola, J.P.; Liu, J.; et al.
Protective Efficacy of Adenovirus/Protein Vaccines against SIV Challenges in Rhesus Monkeys. Science 2015, 349, 320. [CrossRef]
[PubMed]

16. Hessell, A.J.; Poignard, P.; Hunter, M.; Hangartner, L.; Tehrani, D.M.; Bleeker, W.K.; Parren, P.W.H.I.; Marx, P.A.; Burton, D.R.
Effective, Low-Titer Antibody Protection against Low-Dose Repeated Mucosal SHIV Challenge in Macaques. Nat. Med. 2009,
15, 951. [CrossRef] [PubMed]

17. Haynes, B.F.; Gilbert, P.B.; McElrath, M.J.; Zolla-Pazner, S.; Tomaras, G.D.; Alam, S.M.; Evans, D.T.; Montefiori, D.C.; Karnasuta, C.;
Sutthent, R.; et al. Immune-Correlates Analysis of an HIV-1 Vaccine Efficacy Trial. New Engl. J. Med. 2012, 366, 1275. [CrossRef]
[PubMed]

18. Lin, L.; Finak, G.; Ushey, K.; Seshadri, C.; Hawn, T.R.; Frahm, N.; Scriba, T.J.; Mahomed, H.; Hanekom, W.; Bart, P.-A.; et al.
COMPASS Identifies T-Cell Subsets Correlated with Clinical Outcomes. Nat. Biotechnol. 2015, 33, 610–616. [CrossRef] [PubMed]

19. Henao-Restrepo, A.M.; Camacho, A.; Longini, I.M.; Watson, C.H.; Edmunds, W.J.; Egger, M.; Carroll, M.W.; Dean, N.E.; Diatta, I.;
Doumbia, M.; et al. Efficacy and Effectiveness of an RVSV-Vectored Vaccine in Preventing Ebola Virus Disease: Final Results from
the Guinea Ring Vaccination, Open-Label, Cluster-Randomised Trial (Ebola Ça Suffit!). Lancet 2017, 389, 505. [CrossRef]

20. Clarke, D.K.; Xu, R.; Matassov, D.; Latham, T.E.; Ota-Setlik, A.; Gerardi, C.S.; Luckay, A.; Witko, S.E.; Hermida, L.; Higgins, T.; et al.
Safety and Immunogenicity of a Highly Attenuated RVSVN4CT1-EBOVGP1 Ebola Virus Vaccine: A Randomised, Double-Blind,
Placebo-Controlled, Phase 1 Clinical Trial. Lancet Infect. Dis. 2020, 20, 455. [CrossRef]

21. Agnandji, S.T.; Huttner, A.; Zinser, M.E.; Njuguna, P.; Dahlke, C.; Fernandes, J.F.; Yerly, S.; Dayer, J.-A.; Kraehling, V.; Kasonta, R.;
et al. Phase 1 Trials of RVSV Ebola Vaccine in Africa and Europe. N. Engl. J. Med. 2016, 374, 1647–1660. [CrossRef]

22. Huttner, A.; Dayer, J.-A.; Yerly, S.; Combescure, C.; Auderset, F.; Desmeules, J.; Eickmann, M.; Finckh, A.; Goncalves, A.R.;
Hooper, J.W.; et al. The Effect of Dose on the Safety and Immunogenicity of the VSV Ebola Candidate Vaccine: A Randomised
Double-Blind, Placebo-Controlled Phase 1/2 Trial. Lancet Infect. Dis. 2015, 15, 1156–1166. [CrossRef] [PubMed]

23. Monath, T.P.; Fast, P.E.; Modjarrad, K.; Clarke, D.K.; Martin, B.K.; Fusco, J.; Nichols, R.; Heppner, D.G.; Simon, J.K.; Dubey, S.;
et al. RVSV∆G-ZEBOV-GP (Also Designated V920) Recombinant Vesicular Stomatitis Virus Pseudotyped with Ebola Zaire
Glycoprotein: Standardized Template with Key Considerations for a Risk/Benefit Assessment. Vaccine X 2019, 1, 100009.
[CrossRef] [PubMed]

24. Lorenz, I.C.; Nguyen, H.T.; Kemelman, M.; Lindsay, R.W.; Yuan, M.; Wright, K.J.; Arendt, H.; Back, J.W.; DeStefano, J.;
Hoffenberg, S.; et al. The Stem of Vesicular Stomatitis Virus G Can Be Replaced with the HIV-1 Env Membrane-Proximal External
Region without Loss of g Function or Membrane-Proximal External Region Antigenic Properties. AIDS Res. Hum. Retroviruses
2014, 30, 1130–1144. [CrossRef] [PubMed]

25. Azizi, H.; Knapp, J.P.; Li, Y.; Berger, A.; Lafrance, M.-A.; Pedersen, J.; de la Vega, M.-A.; Racine, T.; Kang, C.-Y.; Mann, J.F.S.;
et al. Optimal Expression, Function, and Immunogenicity of an HIV-1 Vaccine Derived from the Approved Ebola Vaccine,
RVSV-ZEBOV. Vaccines 2023, 11, 977. [CrossRef] [PubMed]

26. Parks, C.; Yuan, M.; Coleman, J.; Destefano, J.; Zhang, X.; Yates, N.; Barouch, D.; Ackerman, M.; Decamp, A.; Alter, G.; et al.
Protection from Rectal SHIV Infection Induced by Mucosal Vaccination with a Replication-Competent VSV-HIV Chimera
Delivering Env Trimers. In AIDS Research and Human Retroviruses; Mary Ann Liebert, Inc.: New Rochelle, NY, USA, 2016.

27. Egan, M.A.; Chong, S.Y.; Rose, N.F.; Megathi, S.; Lopez, K.J.; Schadeck, E.B.; Johnson, J.E.; Masood, A.; Piacente, P.; Druilhet, R.E.;
et al. 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 2004, 20, 989. [CrossRef] [PubMed]

28. Rose, N.F.; Marx, P.A.; Luckay, A.; Nixon, D.F.; Moretto, W.J.; Donahoe, S.M.; Montefiori, D.; Roberts, A.; Buonocore, L.; Rose, J.K.
An Effective AIDS Vaccine Based on Live Attenuated Vesicular Stomatitis Virus Recombinants. Cell 2001, 106, 539. [CrossRef]

29. Bresk, C.A.; Hofer, T.; Wilmschen, S.; Krismer, M.; Beierfuß, A.; Effantin, G.; Weissenhorn, W.; Hogan, M.J.; Jordan, A.P.;
Gelman, R.S.; et al. Induction of Tier 1 HIV Neutralizing Antibodies by Envelope Trimers Incorporated into a Replication
Competent Vesicular Stomatitis Virus Vector. Viruses 2019, 11, 159. [CrossRef]

30. Wong, G.; Qiu, X.; Ebihara, H.; Feldmann, H.; Kobinger, G.P. Characterization of a Bivalent Vaccine Capable of Inducing Protection
Against Both Ebola and Cross-Clade H5N1 Influenza in Mice. J. Infect. Dis. 2015, 212, S435. [CrossRef]

31. Jelinski, J.; Kowatsch, M.M.; Lafrance, M.-A.; Berger, A.; Pedersen, J.; Azizi, H.; Li, Y.; Scholte, F.; Gomez, A.; Hollett, N.; et al.
Rhesus Macaques Show Increased Resistance to Repeated SHIV Intrarectal Exposure Following a Heterologous Regimen of RVSV
Vector Vaccine Expressing HIV Antigen. Emerg. Microbes Infect. 2023, 12, 2251595. [CrossRef]

https://doi.org/10.1016/S0140-6736(18)31364-3
https://www.ncbi.nlm.nih.gov/pubmed/30047376
https://doi.org/10.1016/j.immuni.2018.11.011
https://www.ncbi.nlm.nih.gov/pubmed/30552025
https://doi.org/10.1016/j.celrep.2020.107624
https://www.ncbi.nlm.nih.gov/pubmed/32402293
https://doi.org/10.1126/science.aab3886
https://www.ncbi.nlm.nih.gov/pubmed/26138104
https://doi.org/10.1038/nm.1974
https://www.ncbi.nlm.nih.gov/pubmed/19525965
https://doi.org/10.1056/NEJMoa1113425
https://www.ncbi.nlm.nih.gov/pubmed/22475592
https://doi.org/10.1038/nbt.3187
https://www.ncbi.nlm.nih.gov/pubmed/26006008
https://doi.org/10.1016/S0140-6736(16)32621-6
https://doi.org/10.1016/S1473-3099(19)30614-0
https://doi.org/10.1056/NEJMoa1502924
https://doi.org/10.1016/S1473-3099(15)00154-1
https://www.ncbi.nlm.nih.gov/pubmed/26248510
https://doi.org/10.1016/j.jvacx.2019.100009
https://www.ncbi.nlm.nih.gov/pubmed/31384731
https://doi.org/10.1089/aid.2013.0206
https://www.ncbi.nlm.nih.gov/pubmed/24597516
https://doi.org/10.3390/vaccines11050977
https://www.ncbi.nlm.nih.gov/pubmed/37243081
https://doi.org/10.1089/aid.2004.20.989
https://www.ncbi.nlm.nih.gov/pubmed/15585086
https://doi.org/10.1016/S0092-8674(01)00482-2
https://doi.org/10.3390/v11020159
https://doi.org/10.1093/infdis/jiv257
https://doi.org/10.1080/22221751.2023.2251595


Vaccines 2024, 12, 369 16 of 17

32. Mangion, M.; Gélinas, J.-F.; Gashti, A.B.Z.; Azizi, H.; Kiesslich, S.; Nassoury, N.; Chahal, P.S.; Kobinger, G.; Gilbert, R.; Garnier, A.;
et al. Evaluation of Novel HIV Vaccine Candidates Using Recombinant Vesicular Stomatitis Virus Vector Produced in Serum-Free
Vero Cell Cultures. Vaccine 2020, 38, 7949–7955. [CrossRef]

33. Ratcliff, A.N.; Shi, W.; Arts, E.J. HIV-1 Resistance to Maraviroc Conferred by a CD4 Binding Site Mutation in the Envelope
Glycoprotein Gp120. J. Virol. 2013, 87, 923–934. [CrossRef]

34. Adachi, A.; Gendelman, H.E.; Koenig, S.; Folks, T.; Willey, R.; Rabson, A.; Martin, M.A. Production of Acquired Immunodeficiency
Syndrome-Associated Retrovirus in Human and Nonhuman Cells Transfected with an Infectious Molecular Clone. J. Virol. 1986,
59, 284. [CrossRef]

35. Urbanowicz, R.A.; McClure, C.P.; Sakuntabhai, A.; Sall, A.A.; Kobinger, G.; Müller, M.A.; Holmes, E.C.; Rey, F.A.;
Simon-Loriere, E.; Ball, J.K. Human Adaptation of Ebola Virus during the West African Outbreak. Cell 2016, 167, 1079.
[CrossRef]

36. Garbutt, M.; Liebscher, R.; Wahl-Jensen, V.M.; Jones, S.M.; Wagner, R.; Volchkov, V.E.; Klenk, H. Properties of Replication-
Competent Vesicular Stomatitis Virus Vectors Expressing Glycoproteins of Filoviruses and Arenaviruses Properties of Replication-
Competent Vesicular Stomatitis Virus Vectors Expressing Glycoproteins of Filoviruses and Arenaviruses. J. Virol. 2004, 78, 5458.
[CrossRef]

37. Babuadze, G.G.; Echanove, J.; Lamarre, C.; deLaVega, M.-A.; Fausther-Bovendo, H.; Racine, T.; Gomez, A.M.; Azizi, H.; Wade, M.;
Kozak, R.; et al. A Novel DNA Platform Designed for Vaccine Use with High Transgene Expression and Immunogenicity. Vaccine
2021, 39, 7175–7181. [CrossRef]

38. Gomez, A.M.; Babuadze, G.; Plourde-Campagna, M.A.; Azizi, H.; Berger, A.; Kozak, R.; de La Vega, M.A.; Xiii, A.;
Naghibosadat, M.; Nepveu-Traversy, M.E.; et al. A Novel Intradermal Tattoo-Based Injection Device Enhances the Immunogenic-
ity of Plasmid DNA Vaccines. NPJ Vaccines 2022, 7, 172. [CrossRef]

39. Seaman, M.S.; Janes, H.; Hawkins, N.; Grandpre, L.E.; Devoy, C.; Giri, A.; Coffey, R.T.; Harris, L.; Wood, B.; Daniels, M.G.; et al.
Tiered Categorization of a Diverse Panel of HIV-1 Env Pseudoviruses for Assessment of Neutralizing Antibodies. J. Virol. 2010,
84, 1439. [CrossRef]

40. Thermofisher, BestProtocols: Staining Intracellular Antigens for Flow Cytometry. Available online: https://www.thermofisher.
com/us/en/home/references/protocols/cell-and-tissue-analysis/protocols/staining-intracellular-antigens-flow-cytometry.
html (accessed on 30 September 2020).

41. Murphy, K. Janeway’s Immuno Biology, 8th ed.; Garland Science: New York, NY, USA, 2012.
42. Ratcliff, A.N.; Venner, C.M.; Olabode, A.S.; Knapp, J.; Pankrac, J.; Derecichei, I.; Gibson, R.M.; Finzi, A.; Li, Y.; Mann, J.F.S.; et al.

Enhancement of CD4 Binding, Host Cell Entry, and Sensitivity to CD4bs Antibody Inhibition Conferred by a Natural but Rare
Polymorphism in the HIV-1 Envelope. J. Virol. 2022, 96, e0185121. [CrossRef]

43. McGettigan, J.P.; Sarma, S.; Orenstein, J.M.; Pomerantz, R.J.; Schnell, M.J. Expression and Immunogenicity of Human Immunode-
ficiency Virus Type 1 Gag Expressed by a Replication-Competent Rhabdovirus-Based Vaccine Vector. J. Virol. 2001, 75, 8724–8732.
[CrossRef]

44. Temchura, V.; Überla, K. Intrastructural Help: Improving the HIV-1 Envelope Antibody Response Induced by Virus-like Particle
Vaccines. Curr. Opin. HIV AIDS 2017, 12, 272. [CrossRef] [PubMed]

45. Marasini, B.; Vyas, H.K.; Lakhashe, S.K.; Hariraju, D.; Akhtar, A.; Ratcliffe, S.J.; Ruprecht, R.M. Mucosal AIDS Virus Transmission
Is Enhanced by Antiviral IgG Isolated Early in Infection. AIDS 2021, 35, 2423. [CrossRef] [PubMed]

46. Jiménez-Fernández, M.; de la Fuente, H.; Martín, P.; Cibrián, D.; Sánchez-Madrid, F. Unraveling Cd69 Signaling Pathways,
Ligands And Laterally Associated Molecules. EXCLI J. 2023, 22, 334. [PubMed]

47. Cibrián, D.; Sánchez-Madrid, F. CD69: From Activation Marker to Metabolic Gatekeeper. Eur. J. Immunol. 2017, 47, 946–953.
[CrossRef]

48. Chen, H.; Qin, Y.; Chou, M.; Cyster, J.G.; Li, X. Transmembrane Protein CD69 Acts as an S1PR1 Agonist. Elife 2023, 12, e88204.
[CrossRef] [PubMed]

49. Kahle, E.M.; Bolton, M.; Hughes, J.P.; Donnell, D.; Celum, C.; Lingappa, J.R.; Ronald, A.; Cohen, C.R.; de Bruyn, G.; Fong, Y.; et al.
Plasma Cytokine Levels and Risk of HIV Type 1 (HIV-1) Transmission and Acquisition: A Nested Case-Control Study among
HIV-1-Serodiscordant Couples. J. Infect. Dis. 2015, 211, 1451–1460. [CrossRef] [PubMed]

50. Naranbhai, V.; Karim, S.S.A.; Altfeld, M.; Samsunder, N.; Durgiah, R.; Sibeko, S.; Karim, Q.A.; Carr, W.H. Innate Immune
Activation Enhances HIV Acquisition in Women, Diminishing the Effectiveness of Tenofovir Microbicide Gel. J. Infect. Dis. 2012,
206, 993–1001. [CrossRef]

51. Van Kooten, G.; Banchereau, J. CD40-CD40 Ligand. J. Leukoc. Biol. 2000, 67, 2–17. [CrossRef]
52. Grewal, I.S.; Flavell, R.A. CD40 and CD154 in Cell-Mediated Immunity. Annu. Rev. Immunol. 1998, 16, 111–135. [CrossRef]
53. Kopycinski, J.; Yang, H.; Hancock, G.; Pace, M.; Kim, E.; Frater, J.; Stöhr, W.; Hanke, T.; Fidler, S.; Dorrell, L. Therapeutic

Vaccination Following Early Antiretroviral Therapy Elicits Highly Functional T Cell Responses against Conserved HIV-1 Regions.
Sci. Rep. 2023, 13, 17155. [CrossRef]

54. Llano, A.; Parera, M.; Lopez, M.; Oriol-Tordera, B.; Ruiz-Riol, M.; Coll, J.; Perez, F.; Leselbaum, A.R.; McGowan, I.; Sengupta, D.;
et al. Safety, Immunogenicity and Effect on Viral Rebound of HTI Vaccines in Early Treated HIV-1 Infection: A Randomized,
Placebo-Controlled Phase 1 Trial. Nat. Med. 2022, 28, 2611–2621.

https://doi.org/10.1016/j.vaccine.2020.10.058
https://doi.org/10.1128/JVI.01863-12
https://doi.org/10.1128/jvi.59.2.284-291.1986
https://doi.org/10.1016/j.cell.2016.10.013
https://doi.org/10.1128/JVI.78.10.5458-5465.2004
https://doi.org/10.1016/j.vaccine.2021.10.008
https://doi.org/10.1038/s41541-022-00581-y
https://doi.org/10.1128/JVI.02108-09
https://www.thermofisher.com/us/en/home/references/protocols/cell-and-tissue-analysis/protocols/staining-intracellular-antigens-flow-cytometry.html
https://www.thermofisher.com/us/en/home/references/protocols/cell-and-tissue-analysis/protocols/staining-intracellular-antigens-flow-cytometry.html
https://www.thermofisher.com/us/en/home/references/protocols/cell-and-tissue-analysis/protocols/staining-intracellular-antigens-flow-cytometry.html
https://doi.org/10.1128/jvi.01851-21
https://doi.org/10.1128/JVI.75.18.8724-8732.2001
https://doi.org/10.1097/COH.0000000000000358
https://www.ncbi.nlm.nih.gov/pubmed/28422791
https://doi.org/10.1097/QAD.0000000000003050
https://www.ncbi.nlm.nih.gov/pubmed/34402452
https://www.ncbi.nlm.nih.gov/pubmed/37223078
https://doi.org/10.1002/eji.201646837
https://doi.org/10.7554/eLife.88204
https://www.ncbi.nlm.nih.gov/pubmed/37039481
https://doi.org/10.1093/infdis/jiu621
https://www.ncbi.nlm.nih.gov/pubmed/25389306
https://doi.org/10.1093/infdis/jis465
https://doi.org/10.1002/jlb.67.1.2
https://doi.org/10.1146/annurev.immunol.16.1.111
https://doi.org/10.1038/s41598-023-42888-3


Vaccines 2024, 12, 369 17 of 17

55. Weaver, E.A.; Nehete, P.N.; Nehete, B.P.; Yang, G.; Buchl, S.J.; Hanley, P.W.; Palmer, D.; Montefiori, D.C.; Ferrari, G.; Ng, P.; et al.
Comparison of Systemic and Mucosal Immunization with Helper-Dependent Adenoviruses for Vaccination against Mucosal
Challenge with SHIV. PLoS ONE 2013, 8, e67574. [CrossRef] [PubMed]

56. Schell, J.B.; Bahl, K.; Folta-Stogniew, E.; Rose, N.; Buonocore, L.; Marx, P.A.; Gambhira, R.; Rose, J.K. Antigenic Requirement for
Gag in a Vaccine That Protects against High-Dose Mucosal Challenge with Simian Immunodeficiency Virus. Virology 2015, 476,
405–412. [CrossRef]

57. Gautam, R.; Iyer, A.; Hunter, M.; Das, A.; Williams, T.; Dufour, J.; Apetrei, C.; Kousoulas, K.G.; Marx, P.A. Vesicular Stomatitis
Virus-Simian Retrovirus Type 2 Vaccine Protects Macaques from Detectable Infection and B-Cell Destruction. J. Virol. 2011, 85,
5889–5896. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1371/journal.pone.0067574
https://www.ncbi.nlm.nih.gov/pubmed/23844034
https://doi.org/10.1016/j.virol.2014.12.027
https://doi.org/10.1128/JVI.02523-10

	Introduction 
	Materials and Methods 
	Vaccine Candidates 
	Animals, Vaccinations, and Challenges 
	ELISA 
	Virus Neutralization Assay 
	Plasma Viral Load and Viral Rectal Shedding 
	T-Cell Responses 
	Statistical Analysis 

	Results 
	Recombinant VSV-HIV Vaccines Induce Strong Humoral Responses 
	Plasma Viral Load Trends and Correlation with Rectal Viral Shedding 
	Cytokine Production and Activation Markers by Central and Effector Memory T-Cells 
	Proliferating Central- and Effector Memory T-Cells 
	Development of an AIDS-like Syndrome in a Control-Vaccinated Animal 

	Discussion 
	Conclusions 
	References

