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Abstract
Highly attenuated rabies virus (RV) vaccine vectors were evaluated for their ability to protect against
highly pathogenic SIVmac251 challenge. Mamu-A*01 negative rhesus macaques were immunized in
groups of four with either: RV expressing SIVmac239-GagPol, a combination of RV expressing
SIVmac239-Env and RV expressing SIVmac239-GagPol, or with empty RV vectors. Eight weeks later
animals received a booster immunization with a heterologous RV expressing the same antigens. At
twelve weeks post-boost, all animals were challenged intravenously with 100 TCID50 of pathogenic
SIVmac251-CX. Immunized macaques in both vaccine groups had 1.3–1.6-log fold decrease in viral
set point compared to control animals. The GagPol/Env immunized animals also had a significantly
lower peak viral load. When compared to control animals following challenge, vaccinated macaques
had a more rapid induction of SIVmac251 neutralizing antibodies and of CD8+ T cell responses to
various SIV epitopes. Moreover, vaccinated macaques better-maintained peripheral memory CD4+

T cells and were able to mount a poly-functional CD8+ T cell response in the mucosa. These findings
indicate promise for RV-based vectors and have important implications for the development of an
efficacious HIV vaccine.
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INTRODUCTION
The HIV-1 pandemic has persisted for over two decades and little headway has been made in
developing an effective HIV-1 vaccine. A variety of approaches to develop an HIV-1 vaccine
have been attempted (for review see [1]), although the use of recombinant adenovirus serotype
5 (Ad5)-based vectors expressing HIV-1 genes have been the most common. Whereas vaccine
studies with replication deficient Ad5 vectors and simian-human immunodeficiency virus
(SHIV) looked promising in rhesus macaque models, a similar Ad5-based vaccine failed to
induce protective immune responses in a large clinical study in humans [2,3]. Despite this
discouraging outcome and based on the finding that attenuated SIV can protect animals from
a lethal challenge, a live viral vaccine seems to be the most promising candidate for protection
against HIV-1 [4].

Rabies virus (RV) is an enveloped non-segmented negative strand RNA virus. In its attenuated
form, RV-based vaccine vectors have been proven to be safe and effective [5–8]. RV has a
relatively simple genome organization encoding five structural proteins: nucleoprotein,
phosphoprotein, matrix protein, glycoprotein (G), and an RNA-dependent RNA polymerase.
The RV lifecycle is exclusively cytoplasmic, thus abolishing concerns that the virus’ genetic
material will integrate into the host cell genome.

We previously showed that a combination of RV-based vaccines expressing either
SIVmac239 Gag or SHIV89.6P Env can protect against SHIV89.6P challenge [5]. Although the
SHIV89.6P challenge model in rhesus macaques provides insight into the validity of the vaccine
strategy, SIVmac251 infection of rhesus macaques induces a progressive disease and pathology
more similar to human infection with HIV-1 [9].

In the present study, we investigate the efficacy of two vaccine strategies: immunization with
either a recombinant RV expressing SIVmac239 GagPol or a combination of RV expressing
SIVmac239 GagPol and RV expressing SIVmac239 Env. We see decreased viral set points in
vaccinated animals as compared to the controls. Additionally, we observe RV-based vaccines
induce neutralizing antibody production, CD8+ T cell responses, and increased protection in
both vaccine cohorts.

METHODS
Recombinant Vaccine Vectors

The RV vaccine strains SPBN-333 and SPBN-IG, have been described previously [5,7].
SIVmac239GagPol or SIVmac239Env were amplified by polymerase chain reaction (Vent,
Biolabs Inc.) from p239SpSp5’ [10]. The SIVmac239Env cytoplasmic domain (CD) was
replaced with that of RV G. SIVmac239GagPol or SIVmac239Env-RVG-CD where then cloned
into pSPBN-333 or pSPBN-IG utilizing the BsiWI and NheI restriction sites (Figure 1A).
Sequences were confirmed by DNA sequencing. Infectious RVs were recovered by standard
methods [7] and designated RV-333-GagPol, RV-333-Env, RV-IG-GagPol, or RV-IG-Env
(Fig. 1).

Animals and Vaccination
A total of 12 rhesus macaques (Macaca mulatta; 10 male, 2 female) between 2–8 years old
were used in this study. All animals were housed at the Tulane National Primate Research
Center in accordance with the regulations of the American Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC), and all experiments were reviewed and
approved by the Tulane Institutional Animal Care and Use Committee. Monkeys were screened
for the presence of the Mamu-A*01, Mamu-A*02, Mamu-A*08, Mamu-A*11, Mamu-B*01,
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Mamu-B*03, Mamu-B*04, Mamu-B*08, Mamu-B*17, and DR2011 alleles using a PCR-based
technique as previously described [11].

Animals were immunized in three groups of four macaques. On day 0 of the study, animals
were immunized intramuscularly with: (1) 108 foci forming units (ffu) RV-333-GagPol, (2)
108 ffu RV-333-GagPol and 108 ffu RV-333-Env, or (3) 108 ffu RV-333. On week 8 of the
study, animals were intramuscularly boosted with heterologous viruses: (1) 108 ffu RV-IG-
GagPol, (2) 108 ffu RV-IG-GagPol and 108 ffu RV-IG-Env, or (3) 108 ffu RV-IG. On week
20 of the study animals were challenged intravenously with 100 TCID50 of SIVmac251 i.v.
[12].

Tissue Collection—Peripheral blood and intestinal lymphocytes were collected at various
time points throughout the course of the study. PBMC samples were obtained from heparinized
and EDTA anticoagulated blood samples at each time point (−4, 2, 6, 8, 10, 14, 20, 22, 24, 26,
28, 32, 36, 40, 44, 48, 52, and 56 weeks). Intestinal lamina propria lymphocytes (LPL) were
obtained from jejunal pinch biopsies collected by endoscopy at study weeks −4, 6, 20, 22, 32,
44, and 52 [13,14].

Flow cytometry
Intracellular cytokine staining was performed as described previously [15,16]. Briefly,
mononuclear cells were collected from peripheral blood or jejunum LPL, and 1×106 cells were
stimulated with peptides (15-mer with 11 amino acid overlap from the NIH AIDS Research &
Reference Reagent Program) derived from SIV-Gag (Cat# 6204), SIV-Env (Cat# 6883) or
SIV-Pol (Cat# 6443) in the presence of 0.5 µg/ml of -CD28 and α-CD49d. Stimulation was
done at 37° C for 1 hour prior to adding 10 µg/ml Brefeldin A (Sigma) and then for an additional
5 hours. Positive and negative control cells were stimulated with PMA/ Ionomycin (Sigma)
and media, respectively. Following stimulation, the cells were stained with fluorescently
labeled α-CD3, α-CD4 and α-CD8, α-CD28, α-CD95, α-CD45RA and α-CCR5 at 25° C for
25 min and then fixed and permeabilized with Fixation/Permeabilization solution (BD
Biosciences). After permeabilization, cells were stained with fluorescently labeled α-IFN-γ·,
α-TNF-α, α-IL-2 and α-MIP1-β at 25°C for 25 min. Cells were suspended in 300 µl of 1X
Stabilizing Fixative buffer (BD Biosciences) and analyzed with a BD LSRII System.

Quantitation of plasma viral RNA
Viral RNA in plasma was quantified by a commercial bDNA signal amplification assay specific
for SIV [17].

Vector neutralizing antibodies
Rabies virus: Neutralizing antibody titers were determined with a CVS-11 reference strain and
transformed into international units using the World Health Organization’s anti-rabies virus
antibody standard as described previously [5]. Vesicular stomatitis virus: The neutralizing
antibody titers were determined with the SPBN-IG reference strain and reported as the serum
dilution that achieved 50% reduction in foci-forming units of input virus as described
previously [5]. Simian immunodeficiency virus (SIVmac251): Neutralization of a T cell line
adapted stock of SIVmac251 (TCLA-SIVmac251) was measured by using 5.25.EGFP.Luc.M7
(M7-Luc) cells (kindly provided by Dr. Nathaniel R. Landau) as previously described [18].
The M7-Luc cell line is a CEMx174 cell clone that was produced by retroviral vector
transduction to express CCR5 (CD4 and CXCR4 are expressed naturally) and transfection to
contain Tat-responsive luciferase (Luc) and green fluorescence protein (GFP) reporter genes
[19]. The assay stock of TCLA-SIVmac251 was produced in H9 cells and titrated in M7-Luc
cells. Briefly, a 500 tissue culture infectious dose 50 (TCID50) of virus was incubated with
serial dilutions of serum samples in triplicate for 1 hr at 37°C. Then, 5×104 cells M7-Luc cells
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were added to each well. One set of control wells received cells and virus (virus control) and
another set received cells only (background control). The plates were incubated until
approximately 10% of cells in virus control wells were positive for GFP expression by
fluorescence microscopy (approximately 3 days). Alternatively, neutralization of an
SIVmac239 Env-pseudotyped virus (clone 23) was measured as a reduction in luciferase
reporter gene expression after a single round of infection in TZM-bl cells (NIH AIDS Research
and Reference Reagent Program, as contributed by John Kappes and Xiaoyun Wu) as
previously described [18,20]. The assay stock of SIVmac239.18 was prepared by transfection
in 293T cells and was titrated in TZM-bl cells as previously described [18,20]. Briefly, 200
TCID50 of virus was incubated with serial 3-fold dilutions of serum sample in duplicate for 1
hr at 37° C. Then, 10,000 freshly trypsinized cells were added to each well. One set of control
wells received cells and virus (virus control) and another set received cells only (background
control). The plates were incubated for 48 hours. Following incubation with either TCLA-
SIVmac251 or SIVmac239.18, luminescence was measured using the Britelite Luminescence
Reporter Gene Assay System (PerkinElmer Life Sciences). Neutralization titers are the dilution
at which relative luminescence units (RLU) were reduced by 50% compared to virus control
wells after subtraction of background RLUs.

Statistics
Viral load trajectories: Log (base 10) transformed viral load trajectories were analyzed in the
framework of NLME [21]. Animal-specific trajectories were modeled as the sum of a linear
function with intercept (A), slope (B) (representing long-term behavior) and hyperbolic
function (C) over Day (representing sharp decline in the viral load after 2 weeks post-
challenge). The common NLME model (based on data from all animals) included random
effects of animal incorporated into parameters A and B of animal-specific trajectories. The
differences between the groups of trajectories were incorporated into the model as fixed effects.
The interest was focused on the long-term behavior, and the group average slopes of the long-
term linear trend were compared between the groups using the estimates from the fitted NLME
model. CD4+ T cell count trajectories: Log (base 10) transformed CD4+ T cell counts were
analyzed by fitting a LME model [22]. The linear time trends in log transformed CD4+ T cell
trajectories were modeled with the slopes and intercepts varying between the groups,
incorporating random effects of animal, and adjusting for the baseline CD4+ T cell counts
computed as the average log transformed CD4+ T cell count before the challenge. Long-term
SIVmac251 antibody trajectories: Log (base 10) transformed antibodies measures at 28 weeks
or later were analyzed by fitting a LME model [22], similar to the CD4+ T cell counts, except
for the baseline adjustment. In addition, the model adjusted for the difference between the two
experiments (blocking factor).

In addition, the overall comparison of viral loads in three groups at 2 and 16 weeks after
challenge were performed using the Kruscall-Wallis test. Wilcoxon two-sample test was used
for the corresponding paired comparisons. Due to the small sample size for these analyses (12
animals for the overall and 8 animals for the paired group comparison), the exact versions of
the Kruscall-Wallis and Wilcoxon test were used. Also, for weeks 6 to 22, separate overall
comparison of SIVmac251 NAb in three groups were performed using the exact Kruscall-Wallis
test and p-values were a djusted for multiple testing using the Hommel's closed testing
procedure [23]. Exact Wilcoxon two-sample test was used for the corresponding paired
comparisons. The data at −4 and 2 weeks were not analyzed because 20 of 24 values were
below the detection limit.
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RESULTS
Vaccination regimen of rhesus macaques

Twelve Indian-origin rhesus macaques were immunized in two independent experiments. All
animals were MHC typed [11], and all were determined to be Mamu-A*01 negative. However,
one control animal, CJ15, was positive for the MHC class I allele Mamu-B*17. It is well
documented that the presence of the Mamu-B*17 allele reduces plasma viremia and allows
elite control of virus [24,25]. Despite this, CJ15 data was included in all statistical analyses
unless otherwise indicated.

Each animal was given two immunizations (Fig. 1A). The first was an attenuated replication-
competent RV vector and the second, eight weeks later, was a heterologous RV containing
vesicular stomatitis virus (VSV) G instead of RV G (Fig. 1B). The animals were challenged
i.v. with 100 tissue culture infectious dose (TCID50) of pathogenic SIVmac251 twenty weeks
after the initial immunization (Fig. 1A).

To determine whether or not immunization with multiple SIV genes would improve the
efficacy of RV-based vaccine vectors, we used two different vaccine regimens. The first group
of animals (n=4) was primed and boosted with vectors that expressed SIVmac239GagPol
(GagPol). The second group (n=4) was primed and boosted with two vectors, one that expressed
SIVmac239 GagPol and one that expressed SIVmac239 Env (GagPol/Env). The control group
(n=4) was immunized and boosted with empty vectors.

Target cell population frequency and level of viremia following challenge with SIVmac251
Twelve weeks after the second immunization with RV-based vaccines, the animals were
challenged with a pathogenic SIV strain. In order to monitor disease progression, the
percentage of CD4+ T cells in peripheral blood mononuclear cells (PBMCs) and intestinal
biopsies was analyzed over time. In PBMCs, we detected a rapid loss of CD4+ T cells in all
animals at 2 weeks post challenge. However, the population stabilized by 6 weeks post
challenge (Fig. 2A). In order to determine significant trends in this data, group average
estimates from a linear mixed effects (LME) model for CD4+ T cell counts were performed
[22]. No significant differences in the slopes or intercepts of the CD4 trajectories were found
between the groups. When observing the percentage of CD3+CD4+ cells in the small intestinal
lymphocyte population, we saw a rapid and profound loss of CD4+ T cells after challenge in
all groups (Fig. 2B). This data indicates that vaccination was not able to protect against the
initial loss of CD4+ cells.

It is known that HIV predominantly infects memory CD4+ T cells [26] and the maintenance
of CD4+ memory cells is associated with a better disease outcome [27]. Therefore, we
monitored the loss of CD4+ CD45RA- (memory) cells. As shown in Figure 2C, following
challenge, there was a decrease in the percentage of CD45RA-CCR5+ target cells in blood in
all animals except the control animal CJ15. In control animals, the percentage of CD45RA-
CCR5+ cells continuously decreased after challenge, while vaccinees had more variability in
the level of target cell depletion (Fig. 2C). The preservation of memory cells in vaccinated
macaques was also seen when looking at the CD4+ central memory cells (CD95+CD28+); after
an initial drop in the percentage of cells, there is a slight restoration (Fig. 2D). This fluctuation
in target cells following challenge indicates that RV-based vaccines can contribute to the
maintenance and/or restoration of memory CD4+ T cells.

We also monitored challenge virus replication as a measure of vaccine-induced efficacy. As
indicated by the drop in CD4+ cells, all animals became infected following challenge (Fig.
3A). In order to determine whether the overall trend of viral loads were different among
vaccination regimens, we modeled the average parameter estimates for viral load intercept and
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slope with a non-linear mixed effects (NLME, Tab. 1). Notably, the empty vector group had
positive long-term slope, while both GagPol and GagPol/Env groups had small negative slopes.
The average long-term slope was significantly different between empty vector and GagPol
(p=0.015) and between empty vector and GagPol/Env (p=0.007), Figure 3B.

The overall difference in peak levels of SIVmac251 titers (2 weeks post challenge) among the
three groups was significant (p=0.037, Fig. 3C). Pair-wise comparisons showed that only the
difference between empty vector and GagPol/Env animals was significant (p=0.029). When
observing the viral set points (16 weeks post challenge), the GagPol and GagPol/Env
immunized animals had 1.26-log or 1.58-log lower viral titers, respectively, than empty vector
controls (Fig. 3D). However, no overall or pair-wise significant differences were found among
viral loads at this time point. When the non-parametric analysis of viral set point values was
repeated without Mamu-B*17 (+) CJ15, the overall difference among 3 groups is significant
(p=0.011).

Lastly, when evaluating the overall survival of animals at 270 days post challenge, we detected
a statistically significant increased rate of survival (p=0.0395) in GagPol and GagPol/Env
immunized animals when compared to the empty vector immunized controls (Fig. 3E).
Necropsy data indicated that the cause of death in all animals was AIDS-defining illnesses,
namely encephalomyelitis, glomerulosclerosis, thrombosis, and pneumonia.

RV vaccine induced humoral immune responses in macaques
We monitored the humoral immune response of the immunized monkeys for both vector-
specific (Fig. 4A–B) and SIV-specific antibodies (Fig. 4C–E). All immunization regimens
induced strong neutralizing antibody (NAb) responses against RV two weeks following the
initial immunization (Fig. 4A). Two weeks following the booster immunization with the
chimeric RV-VSV vectors, we also detected high levels of anti-VSV Nab (Fig. 4B). The level
of neutralizing antibodies against both vectors decreased over time; however, they were
maintained at levels considered to prevent re-infection with the same vector.

We also quantified the NAb titer against SIVmac251-TCLA, SIVmac251-CX (challenge virus) and
SIVmac239. Prior to SIVmac251 challenge, we detected no NAb against SIVmac251-CX or
SIVmac239 (Fig. 4D–E). However, the vaccine regimen that included the RV-expressing
SIVmac239 Env did induce NAb response against SIVmac251-TCLA two weeks after boost,
reaching titers as high as 7.7 × 103 (Fig. 4C). A three-group comparison by Kruskal-Wallis
exact nonparametric test showed that the NAb levels were significantly different between
immunization groups at weeks 10, 12, and 20 (p=0.018, p=0.018, and p=0.012, respectively).
Pair-wise comparisons of GagPol/Env with empty vector at weeks 10 and 20 show that the
level of NAb in the GagPol/Env group was significantly higher (p=0.029, p=0.029,
respectively).

Following challenge, the NAb titers against SIVmac251 increased. After eight weeks, the
GagPol/Env and the GagPol immunized animals generated high NAb titers against
SIVmac251-TCLA (Fig. 4C). Furthermore, the GagPol/Env immunized animals had a
significantly faster NAb response compared to GagPol immunized and control animals 2 weeks
post challenge (p=0.029 and p=0.029, respectively). To distinguish the long-term trends in the
SIVmac251-TCLA NAb titers, LME modeling was performed [22](Tab. 1). The difference in
group average slope was significantly different between GagPol and empty vector immunized
animals (p=0.012) and between GagPol/Env and empty vector animals (p=0.009). Although
titers against SIVmac251-CX were lower than those seen for SIVmac251-TCLA, NAb titers began
to increase as early as 12 weeks post challenge in vaccinated animals (Fig. 4D).
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RV vaccine induced potent and poly-functional cellular immune responses in vaccinated
macaques

Antigen specific CD8+ T cell responses were determined by intracellular cytokine staining.
PBMCs were stimulated ex vivo with various peptides pools from SIVmac251 Gag, Pol, or Env.
Six weeks after th e first immunization with RV-vectors, we noted a greater percentage of
antigen specific IFN-γ producing CD8+ T cells in the GagPol/Env immunized animals when
compared to GagPol or empty vector immunized macaques. Additionally, the IFN-γ production
was induced in response to Gag, Env, and Pol stimulation in the GagPol/Env animals (Fig.
5A). Twelve weeks following the booster immunization, we reexamined antigen specific
CD8+ T cell responses. Interestingly, when comparing the GagPol immunized to the control
immunized macaques, we saw an increased response to Gag and Pol peptide pools in some
animals (Fig. 5B). This data indicates that RV-based vaccines did induce a broad range of
antigen-specific CD8+ T cells.

Likewise, two weeks following SIVmac251 challenge we detected a greater number of
peripheral blood CD8+ T cells producing IFN-γ in the GagPol/Env and GagPol immunized
animal cohorts as compared to control animals (Fig. 5C). Interestingly, the response to Pol
epitopes was principally observed in the GagPol/Env immunized animals, and only very low
levels of IFN-γ-secreting cells were seen in the GagPol immunized animals following
stimulation with Pol peptides. On the other hand, the response to Env peptide pools was equal
between the GagPol/Env and GagPol immunization groups 2 weeks post challenge. This data
indicate that both RV-based immunization regimens induce a broad CD8+ T cell response by
2 weeks post SIV challenge while the empty vector immunization does not. The CD8+ IFN-
γ+ T cell response was maintained in the GagPol/Env and GagPol macaques at 8 weeks post
challenge (Fig. 5D). The controls animals did not generate an IFN-γ response comparable to
vaccinated animals until 16 weeks post SIVmac251 challenge (Fig. 5E). However, this response
was inadequate, or too late, to control viral replication in control macaques.

It has been suggested that the induction of poly-functional T cells is an important parameter
for successful HIV vaccine [28,29]. Thus, in addition to IFN-γ we included TNF-α , Mip1-β
(CCL4), and IL-2 in the intracellular cytokine-staining panel. We saw that all three of the
immunization regimens induced poly-functional CD8+ T cells in peripheral blood and that the
Env peptide stimulus induced the greatest number of poly-functional cells (Fig. 6A–C).
However, there was no difference between GagPol/Env or GagPol immunization when
compared to empty vector controls following SIVmac251 challenge.

We also isolated intestinal lymphocytes, because the majority of SIV replication initially occurs
in the gastrointestinal tract [30,31]. At the time of challenge (week 0), the GagPol/Env and
GagPol immunized animals had more cells expressing a combination of two or three cytokines
in response to Gag stimulation than the empty vector controls. Furthermore, at two weeks post-
challenge, the GagPol/Env immunized animals had an appreciable population of cells that were
positive for all four cytokines (Fig. 6D). At twelve weeks post-challenge, both the GagPol/Env
and the GagPol immunized animals had a greater population of cells simultaneously expressing
IFN-γ , IL-2, Mip1-β , and TNF-α than the control immunized animals (Fig. 6D). This data
indicates that peripheral immunization with RV-based vaccines is a ble to efficiently induce
high-quality CD8+ T cells in the mucosa.

DISCUSSION
The holy grail of the HIV field for the last 25 years has been the development of an effective
vaccine. It is important that candidate vaccines be tested against simian viruses with different
pathogenic properties in order to fully understand their protective potential. Like other potential
HIV-1 vaccines, RV-based vaccine vectors have been seen to be efficacious against
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SHIV89.6P challenge [5]. However, oftentimes a vaccine effective against SHIV89.6P challenge
fails to protect macaques from pathogenic SIVmac251 [32]. In this study we see increased
survival of vaccinated animals after SIVmac251 challenge.

Here we examine two different RV-based vaccines, Gag and Gag/Env, in order to determine
if the inclusion of Env in the vaccine design significantly increases the immune response. There
is up to 30% amino acid diversity in HIV-1 Env [33], thus using Env as a vaccine antigen may
not induce protection following a natural HIV infection. We see here that although the Gag/
Env vaccinees had a lower peak viral load and more rapid antibody induction, there was no
difference between vaccine cohorts in the ability to maintain a low viral set point and to prevent
disease. Thus, it appears that while Env may help immediately following infection, the long-
term benefits are minimal. Of note, SIVmac239 Env (which was used in our vaccine) and
SIVmac251 Env (which is expressed by the challenge virus) have strong sequence similarity.
Therefore, it will also be necessary to test the RV-based vaccine strategy after a pathogenic
challenge with a heterologous virus such as SIVmacE660.

The correlate of protection for HIV/SIV infection is, as of yet, unknown. However, evidence
suggests that both antibodies and CD8+ T cell responses are important. Passive transfer of a
variety of anti-HIV1-Env antibodies to macaques induces complete or partial protection
following vaginal SHIV challenge [34]. Additionally, the decrease of HIV levels in the blood
has been associated with high levels of HIV-specific CD8+ T cell activity [35,36] and CD8+

T cell depletion in SIV-infected rhesus macaques causes an increase in plasma viremia [37,
38]. Of note, following SIV infection of a natural host there is a general absence of chronic
immune activation and this may need to be emulated by candidate vaccine vectors in order to
generate appropriate immunity [39].

Using the RV-based vaccine vectors expressing GagPol or Env, SIVmac251-TCLA-specific NAb
titers were detected as early as 2 weeks after boost in the GagPol/ Env immunized cohort and
2 weeks post infection in all vaccinees. Furthermore, vaccinees generated more NAb against
SIVmac251-CX and SIVmac239. It is unclear if these responses were due to the vaccination
regimen or the challenge virus, however, the vaccinees clearly showed a greater humoral
immune response than the controls.

As noted above, the CD8+ T cell response also plays a central role in the control of HIV
infection. We saw that peripherally IFN-γ secreting CD8+ T cells are more rapidly induced in
the vaccinees as compared to the controls. Additionally, although the overall profile of poly-
functional cells in the blood was similar among all immunization groups, we did detect a larger
numbers of poly-functional cells in the CD8+ intestinal lymphocyte population for the
vaccinated animals. This may be significant for our protection because the mucosa is known
to be the primary site of viral replication following infection [30,31].

One critical marker for HIV vaccines is the ability to reduce viral load in vaccinated individuals.
Similar to other vaccine approaches, we saw that there was a significant decrease in peak viral
load in the GagPol/Env immunization group when compared with the controls. Although
similar decreases have been induced by DNA prime/ Ad5 boost vaccine strategies following
SIVmac239 challenge, viral loads in vaccinated animals began to increase 10 weeks post
challenge [40]. Following a RV-based vaccine, however, vaccinated animals maintain viral
loads 1.3 to 1.6 logs lower than control animals 29 weeks post challenge. Another Ad vaccine
strategy, in which serologically distinct Ad was tested, resulted in similar levels of
SIVmac251 viral load reduction as we see in our study [41]. However, it appears that currently
available vaccine technologies are not efficient to combat HIV infection [2,3] and thus, the use
of other viral vector vaccines needs to be revisited.
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In addition to lowering viral loads, our results indicate that the RV vaccine protects memory
T cells. It has been reported that HIV-infected individuals that maintain their CD4+ memory
cells do not progress to AIDS [27]. Likewise, restoration following initial destruction of the
CD4+CCR5+ cell compartment in the gut of SIVmac239 infected macaques is associated with
long term non-progression of an AIDS-like disease [42]. The RV-based vaccines had some
preservation of CD4+ cells expressing CCR5+CD45RA− or CD28+CD95+ with what appears
to be repeated cycles of partial restoration and loss of this population. Although the vaccine
did not completely protect against loss of intestinal target cells, it is important to note that the
primary loss of intestinal CD4+ T cells also occurs in non-progressive infections [43–45].
Furthermore, it is the restoration of these target cells after acute infection that is important in
disease outcome.

The mechanism of protection against challenge in vaccine recipients is not clear for the RV
vectors, however it may be due to the collaborative activity of NAb and CD8+ T cells. The
high level of NAb present in the GagPol/Env vaccinees at the time of challenge may be
responsible for the significant reduction in peak viral load observed in these animals. However,
the initial decrease observed in this vaccine cohort may also have been caused by Env specific
CD8+ T cells, which were present in GagPol/Env vaccinated animals at 6 weeks post-prime.
To delineate the importance of NAb in RV-vaccine induced protection, a further challenge
experiment using the highly neutralization resistant SIVmac239 strain may be used.

To further evaluate the RV-based vaccine it may be important to consider similarities and
differences it has with other ongoing vaccine approaches. A related rhabdovirus, VSV, was
seen to be efficacious against SHIV89.6P [46] but it has not yet been shown to protect against
a highly pathogenic SIV strain. It will be interesting to see if there are differences between the
highly cytotoxic VSV and the non-cytotoxic RV. Of note, for both VSV and RV there is no
preexisting immunity in the human population. This may prove to be important, as one factor
contributing to the failure of the Ad5-based STEP vaccine trial was pre-existing vector
immunity [2,3]. Additionally, the simplicity of the RV vector immunization schedule (two
inoculations) should be highlighted. Furthermore, it is not unlikely that the combination of RV
vectors with other vectors may increase the observed immune responses further. This study
indicated RV-vaccines induce strong humoral immune responses, and thus we suspect that RV-
vectors will be well suited to express novel designed Env antigens, when they become available.

In summary, the results presented here indicate that both of the RV-based vaccines induced
potent cellular and humoral immune responses in macaques and an increase in immunogenicity
against SIV. The anti-SIV immune responses induced by RV- vaccines can be translated into
increased protection from an AIDS-like disease for the challenged animal.
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Figure 1. Rabies virus vectors and immunization schedule
(A) Timeline of experimental design: Rhesus macaques were primed i.m. at week 0 and boosted
i.m. at week 8. All animals were challenged i.v. at week 20 with SIVmac251. (B) Schematics
of the recombinant RVs used for the prime and boost immunizations.
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Figure 2. CD4+ T lymphocyte counts in the three immunization groups over time
The change in percentage of CD4+ T cells was monitored in the CD3+ PBMC (A) or in the
CD3+ jejunal lymph node (B) populations. The population of CCR5+CD45RA- memory cells
(C) and central memory CD95+CD28+ cells (D) in the CD4+CD3+ PBMC population was also
monitored.
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Figure 3. SIV viral loads and survival of animals
(A) Viral loads were sampled various days after challenge and viral bDNA copies are plotted
over time. (B) A viral load trajectory was estimated from the NLME model for each group
(blue line). The animal-specific viral load trajectories are also shown (red line). (C) Two weeks
post SIVmac251 challenge, peak viral loads were compared for each immunization group. (D)
SIV viral set point at 16 weeks post challenge was compared for each immunization group.
(E) Percent survival of monkeys was also monitored in days post challenge. Comparison among
groups was done by a two-sided Wilcoxon’s rank-sum test and (*) indicates a p-value of less
than 0.05.

Faul et al. Page 15

Vaccine. Author manuscript; available in PMC 2010 December 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Neutralization antibody titers for vectors and SIVmac251
Serum from rhesus macaques was tested for the presence of neutralizing antibodies throughout
the course of this study. Neutralizing antibody titers for RV (A) and VSV-G (B) are shown
here for each animal. Neutralization of TCLA SIVmac251 (C) or SIVmac239-CX (D) was
measured using 5.25.EGFP.Luc.M7 cells. Alternatively, neutralization of SIVmac239 (clone
23) was measured on TZM-bl cells (E). Titers are indicated by the dilution at which a 50%
reduction was seen as compared to the control virus.
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Figure 5. CD8+ T cell response to vaccine antigens following SIV challenge
PBMC were isolated from rhesus macaques at experimental week 6, 20, 22, 28, or 36 (A–E,
respectively). Cells were stimulated with overlapping Gag, Pol, or Env peptide pools ex vivo
and then stained for the presence of IFN-γ. The average percentage of CD3+CD8+ IFN-γ
secreting cells in each group is shown here.
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Figure 6. Poly-functional CD8+ T cell response to vaccine antigens
PBMC were isolated from rhesus macaques 2, 8, 12 and 16 weeks post-challenge with
SIVmac251. Cells were stimulated ex vivo with overlapping Gag peptide pools (A), Env peptide
pools (B), or Pol peptide pools (C). Alternatively, jejunal lymphocytes were isolated from
rhesus macaques pre-challenge (week 0) or 2 and 12 weeks post-challenge with SIVmac251 and
then stimulated with overlapping Gag peptide pools ex vivo (D). Following stimulation, cells
were then stained for the presence of IFN-γ, IL-2, Mip1-b and TNF-α. Each segment in the pie
chart indicates the proportion of CD3+CD8+ cells secreting multiple cytokines.
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