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ABSTRACT A prophylactic vaccine that confers durable protection against human
immunodeficiency virus (HIV) would provide a valuable tool to prevent new HIV/
AIDS cases. As herpesviruses establish lifelong infections that remain largely subclini-
cal, the use of persistent herpesvirus vectors to deliver HIV antigens may facilitate
the induction of long-term anti-HIV immunity. We previously developed recombinant
(r) forms of the gamma-herpesvirus rhesus monkey rhadinovirus (rRRV) expressing a
replication-incompetent, near-full-length simian immunodeficiency virus (SIVnfl) ge-
nome. We recently showed that 8/16 rhesus macaques (RMs) vaccinated with a
rDNA/rRRV-SIVnfl regimen were significantly protected against intrarectal (i.r.) chal-
lenge with SIVmac239. Here we investigated the longevity of this vaccine-mediated
protection. Despite receiving no additional booster immunizations, the protected
rDNA/rRRV-SIVnfl vaccinees maintained detectable cellular and humoral anti-SIV
immune responses for more than 1.5 years after the rRRV boost. To assess if these
responses were still protective, the rDNA/rRRV-SIVnfl vaccinees were subjected to a
second round of marginal-dose i.r. SIVmac239 challenges, with eight SIV-naive RMs
serving as concurrent controls. After three SIV exposures, 8/8 control animals
became infected, compared to 3/8 vaccinees. This difference in SIV acquisition was
statistically significant (P = 0.0035). The three vaccinated monkeys that became
infected exhibited significantly lower viral loads than those in unvaccinated controls.
Collectively, these data illustrate the ability of rDNA/rRRV-SIVnfl vaccination to pro-
vide long-term immunity against stringent mucosal challenges with SIVmac239.
Future work is needed to identify the critical components of this vaccine-mediated
protection and the extent to which it can tolerate sequence mismatches in the chal-
lenge virus.

IMPORTANCE We report on the long-term follow-up of a group of rhesus macaques
(RMs) that received an AIDS vaccine regimen and were subsequently protected
against rectal acquisition of simian immunodeficiency virus (SIV) infection. The vacci-
nation regimen employed included a live recombinant herpesvirus vector that estab-
lishes persistent infection in RMs. Consistent with the recurrent SIV antigen expres-
sion afforded by this herpesvirus vector, vaccinees maintained detectable SIV-specific
immune responses for more than 1.5 years after the last vaccination. Importantly,
these vaccinated RMs were significantly protected against a second round of rectal
SIV exposures performed 1 year after the first SIV challenge phase. These results are
relevant for HIV vaccine development because they show the potential of herpesvi-
rus-based vectors to maintain functional antiretroviral immunity without the need
for repeated boosting.
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The development of a prophylactic human immunodeficiency virus (HIV) vaccine
faces significant challenges. Not only must vaccine-induced immune responses

protect against diverse HIV isolates, but antiviral responses should also persist at pro-
tective levels without the need for regular boosting. A vaccine that elicits long-lasting
anti-HIV immunity would be particularly useful in regions with a high incidence of HIV/
AIDS where regular mass immunization campaigns would be too costly or impractical
to implement. To further complicate matters, anti-Envelope (Env) antibodies (Abs)
induced by nonpersistent vectors tend to decay rapidly following vaccination, and
strategies based on repeated boosting with HIV-1 gp120 subunit vaccines have had
limited success in extending the half-life of anti-Env Ab responses in humans (1–5).

In devising vaccine regimens against HIV, it may be instructive to consider some of
the properties of live-attenuated simian immunodeficiency virus (SIV) vaccines, as
they remain the most effective active immunization strategy against homologous SIV
challenge in nonhuman primates (6–8). Notably, a single inoculation of live-attenuated
SIV results in persistent and high levels of Env-specific Ab responses, as well as
broadly targeted effector-differentiated CD81 T cells, in rhesus macaques (RMs) (8–11).
Furthermore, the ability of live-attenuated SIV vaccines to persist in vivo is critical for
their protective efficacy. Indeed, protection against SIV challenge is inversely associ-
ated with the degree of attenuation of the vaccine strain, and it takes several months
after inoculation for vaccine efficacy to mature to fully protective levels (9, 12). These
observations are in line with the notion that persistent, low-level antigen expression
facilitates the generation of protective immunity against immunodeficiency virus infec-
tion (13, 14).

Because safety concerns have precluded the development of live-attenuated HIV
vaccines, there is considerable interest in creating vaccine strategies that safely extend
antigen availability in vivo, with the hope of recapitulating the protective effects of
live-attenuated SIV strains in monkeys. One approach that seems well suited for this
purpose is the use of live recombinant herpesviruses to deliver HIV antigens. Because
herpesviruses establish latent lifelong infections that remain largely subclinical in their
hosts, a herpesvirus-based HIV vaccine could promote chronic low-level expression of
HIV antigens in vivo. Another argument for using herpesviruses as vehicles for deliver-
ing HIV antigens is their capacity to accommodate large amounts of inserted DNA in a
stable fashion. We have taken advantage of these properties and generated live
recombinant (r) forms of the gamma2-herpesvirus rhesus monkey rhadinovirus (rRRV)
expressing a 9,343-bp, near-full-length SIVmac239 (SIVnfl) genome (15). SIVnfl is repli-
cation incompetent due to deletions of critical elements for viral replication. SIVnfl can
assemble noninfectious SIV particles and express all nine SIV gene products. Similar to
RMs inoculated with live-attenuated SIV strains, rRRV-SIVnfl-vaccinated monkeys de-
velop effector-differentiated T-cell responses against the entire SIV proteome and
durable anti-Env Abs. However, the overall magnitude of SIV-specific immune
responses induced by first-generation rRRV-SIVnfl vectors still fell short of what is seen
after live-attenuated SIV vaccination (15).

We recently evaluated the efficacy of SIVnfl vaccination against challenge with the
pathogenic, neutralization-resistant SIVmac239 clone in RMs. In order to increase vac-
cine immunogenicity, we vaccinated animals with rRRV vectors expressing SIVnfl and
SIV env in combination with SIVnfl-expressing rDNA plasmids. These rDNA plasmids
were administered by intramuscular electroporation as a primer or booster for the
rRRV vaccine. In one study, an rRRV/rDNA vaccine regimen induced robust SIV-specific
immune responses and conferred significant protection against intravenous (i.v.) acqui-
sition of SIVmac239 (16). In a separate study, priming with rDNA and then boosting
with rRRV were also highly immunogenic and afforded significant protection against
intrarectal (i.r.) challenges with SIVmac239 (17). Of note, it is unclear whether the rDNA
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vaccinations contributed to the efficacy of the rRRV/rDNA and rDNA/rRRV vaccine regi-
mens. Since 8 of the 16 rDNA/rRRV vaccinees from the latter experiment remained
uninfected after the i.r. SIVmac239 challenge series, we set out to investigate the lon-
gevity of this vaccine-mediated protection. To that end, we kept those protected ani-
mals alive for 1 year after the end of the first SIV challenge phase, during which time
we continued to monitor their vaccine-elicited T-cell and anti-Env Ab responses. At the
end of this 1-year period, we subjected these animals to a second round of i.r.
SIVmac239 challenges, with eight concurrent unvaccinated RMs serving as controls.
The present study reports the results of our immunogenicity measurements and the
outcome of the second i.r. SIVmac239 challenge series.

RESULTS
Experimental design. We recently showed that a rDNA/rRRV vaccine regimen

encoding SIVnfl conferred significant protection against rectal acquisition of SIVmac239
in RMs (17). After 6 repeated i.r. exposures to a marginal-dose of SIVmac239, 8/16 rDNA/
rRRV-vaccinated RMs remained uninfected, compared to 0/8 control animals. The 8 pro-
tected rDNA/rRRV vaccinees in question were kept alive after the conclusion of this first
round of SIV challenges and are the subject of the present study. Those animals are col-
lectively referred to as group A here (Fig. 1).

As part of previous attempts by our group to improve vaccine performance, we
tested two modifications to the rDNA/rRRV vaccine regimen. The first one was an addi-
tional rRRV booster, which was delivered to three animals in group A (referred to as
group A1) (Fig. 1). The remaining five RMs in group A were given only one booster
with rRRV at week 30 and are referred to as group A2 (Fig. 1). As we described in our
recent paper (17), the second rRRV booster had little or no effect on vaccine-induced
SIV-specific immune responses, likely as a result of preexisting anti-vector immunity.
The second modification consisted of i.v. infusions of the cytotoxic T-lymphocyte anti-
gen-4 (CTLA-4)-blocking monoclonal antibody (MAb) Ipilimumab (Ipi) after each rDNA
priming immunization (17). The original goal was to amplify vaccine-induced SIV-spe-
cific immune responses by transiently blocking CTLA-4 in vivo. One RM in group A1

FIG 1 Experimental design. The eight RMs in group A were used in a recent SIV vaccine trial conducted by our group (17). Those animals were part of a
larger cohort of 16 RMs that were primed with rDNA plasmids (delivered by intramuscular electroporation) and then boosted with a mixture of five rRRV
vectors expressing SIVnfl or SIV env. After six i.r. SIVmac239 challenges performed at weeks 53 to 64, eight of the 16 rDNA/rRRV-vaccinated RMs remained
aviremic, whereas all (8/8) contemporaneous controls became infected. This difference in SIVmac239 acquisition between controls and vaccinees was
statistically significant. To assess the durability of this vaccine-mediated protection, the eight rDNA/rRRV vaccinees that remained uninfected (referred to as
group A here) were kept alive for another year without further boosters and then subjected to a second round of i.r. SIVmac239 challenges beginning at
week 110. Eight additional unvaccinated RMs (group B) served as the concurrent controls for the second challenge phase, which utilized the same dose
(200 TCID50) of the same stock of SIVmac239 used in the first challenge round. As part of our previous efforts to optimize the performance of the rDNA/
rRRV vaccine regimen, three of the group A animals received two rRRV boosters (group A1), while the remaining five animals (group A2) were given one
booster.
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(r13053) and two in group A2 (r14070 and r15018) were treated with Ipi (Fig. 1). The
addition of Ipi to the rDNA/rRRV vaccine regimen resulted in modest and mostly tran-
sient effects on vaccine immunogenicity (17).

The first round of i.r. SIVmac239 challenges (spanning study weeks 53 to 64) unfolded
as follows: 5/8 rDNA/rRRV vaccinees and 3/8 rDNA1Ipi/rRRV vaccinees remained unin-
fected after six i.r. SIVmac239 challenges. Compared to the control group, these differences
were statistically significant for the rDNA/rRRV group (P=0.028) but not for the rDNA1Ipi/
rRRV group (P=0.199). Since there was no significant difference in the rate of SIV acquisi-
tion between the rDNA1Ipi/rRRV and rDNA/rRRV groups, we explored whether the rate of
infection in vaccinees from both groups combined (n=16) differed from that in the control
group. This analysis showed that vaccine efficacy remained statistically significant even
when RMs from the two groups were pooled (P=0.031). This finding is consistent with the
minor differences in vaccine-induced SIV-specific T-cell responses between the rDNA/rRRV
and rDNA1Ipi/rRRV regimens reported in our recent paper (17). Based on these similar-
ities, we combined the protected rDNA/rRRV (n=5) and rDNA1Ipi/rRRV (n=3) vaccinees
into one group (i.e., group A) for the follow-up study and analyses described here.

Dynamics of rDNA/rRRV-induced SIV-specific T-cell responses over a 2-year
period. We used peptide/major histocompatibility complex class I (pMHC-I) tetramer
staining to monitor vaccine-induced CD81 T-cell responses in peripheral blood mono-
nuclear cells (PBMC) from the three Mamu-A*011 vaccinees in group A1. At study week
53, just before the first round of SIV challenges, vaccine-elicited Gag CM9-specific
CD81 T cells constituted 0.17%, 0.38%, and 2.0% of peripheral CD81 T cells in r14019,
r14130, and r13053, respectively (Fig. 2A). One year later, prior to the second SIV chal-
lenge phase (week 107), these responses had remained virtually unchanged in r14019
(0.18%) and r14130 (0.31%) but decreased to 0.24% in r13053 (Fig. 2A and B). Similar to
their memory profile measured at week 53 (17), the majority of vaccine-elicited Gag
CM9-specific CD81 T cells in monkeys r13053 and r14130 were skewed toward an
effector memory (TEM) phenotype, with the fully differentiated TEM2 signature (CD282

CCR72) dominating the pMHC-I tetramer-positive population (Fig. 2B). Consistent with
this effector-differentiated phenotype, .60% of pMHC-I tetramer-positive CD81 T cells
in monkeys r13053 and r14130 expressed the cytotoxic marker granzyme B ex vivo
(Fig. 2B). We could not evaluate the functional profile of Gag CM9-specific CD81 T cells
in r14019 because of the low number of events in the pMHC-I tetramer gate.

We also employed intracellular cytokine staining (ICS) to characterize the breadth
and magnitude of vaccine-induced SIV-specific T-cell responses in the group A vaccin-
ees. The stimuli for these assays consisted of pools of peptides (15-mers overlapping
by 11 amino acids) spanning the entire SIVmac239 proteome. Consistent with the abil-
ity of SIVnfl to express all nine SIV gene products, vaccine-induced CD81 T cells against
the entire SIV proteome were detected, but not in every monkey (Fig. 3). Gag and Env
were the main targets of CD81 T cells, but the overall breadth and magnitude of CD81

T-cell responses also varied considerably among animals. On one side of the spectrum
was monkey r13037, whose Gag- and Env-specific CD81 T cells peaked at 16% to 22%
of peripheral CD81 T cells at week 26 and then remained in the 1.4%-to-5.6% range
until the second round of SIV challenges at week 110 (Fig. 3D). At that time, the sum of
all SIV protein-specific CD81 T-cell responses in r13037 accounted for 13% of its pe-
ripheral CD81 T-cell compartment (see Fig. 5A). In contrast, monkey r14130 displayed
low T-cell reactivity against SIV antigens during most of the vaccine phase, except for a
transient increase in Env-specific CD81 T cells in the weeks preceding the second SIV
challenge round (Fig. 3B). At week 110, the total frequency of SIV-specific CD81 T cells
in r14130 was 0.4% (see Fig. 5A).

The rDNA/rRRV vaccine regimen also elicited SIV-specific CD41 T-cell responses, but
at much lower frequencies than those seen for CD81 T-cell responses (Fig. 4). Although
broadly targeted CD41 T cells were detected in several animals prior to the first SIV
challenge phase, the repertoire of these responses became more restricted as time
passed, leaving Env-specific CD41 T cells as the dominant specificity prior to the sec-
ond SIV challenge round (Fig. 4).
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To assess whether vaccine-induced T-cell responses declined over time, we deter-
mined the sum of all SIV protein-specific T cells measured in each animal before each
SIV challenge phase (Fig. 5). On average, vaccine-elicited SIV-specific CD81 T cells con-
stituted 2.3% and 3.3% of peripheral CD81 T cells at weeks 53 and 110, respectively
(Fig. 5A). This difference was not statistically significant (P = 0.3). Likewise, there was no
significant difference between the total frequencies of SIV-specific CD41 T-cell
responses measured at weeks 53 (0.17%) and 110 (0.18%) (Fig. 5B) (P = 0.98). Taken to-
gether, these data show that SIV-specific T-cell responses induced by the rDNA/rRRV
vaccine regimen persisted for at least 80weeks without additional booster immuniza-
tions. Additionally, the observation that vaccine-elicited Gag-specific CD81 T cells

FIG 2 Kinetics and memory phenotype of vaccine-induced Gag CM9-specific CD81 T cells in Mamu-A*011 RMs. (A) The kinetics of vaccine-
induced Gag CM9-specific CD81 T-cell responses were monitored in PBMC from the three Mamu-A*011 animals in group A1 using peptide/
MHC-I tetramer staining. The time scale in the x axis matches that in Fig. 1. The times of each vaccination (vertical black lines) and i.r.
SIVmac239 exposures (vertical red lines) are shown in the graph. Background levels of tetramer staining on the day of the first rDNA priming
immunization averaged 0.02%. (B) Frequency, memory phenotype, and granzyme B expression levels of vaccine-induced Gag CM9-specific
CD81 T cells at week 110 in monkeys r13053 and r14130. The memory profile of tetramer-positive CD81 T cells is overlaid onto the bulk
CD31CD81 T-cell population to provide context for the distribution of central memory (TCM; CD28

1 CCR71) and effector memory (TEM)
subsets, which include the transitional memory (TEM1; CD28

1 CCR72) and fully differentiated (TEM2; CD28
2 CCR72) signatures. The frequencies

shown in red in the memory phenotype contour plots indicate the frequencies of each memory subset within the tetramer gate. Because the
number of events in the pMHC-I tetramer gate from monkey r14019 was too low, we could not evaluate the functional profile of Gag CM9-
specific CD81 T cells in this animal.

Durable Vaccine-Induced SIV Immunity in Rhesus Monkeys Journal of Virology

July 2021 Volume 95 Issue 14 e00330-21 jvi.asm.org 5

https://jvi.asm.org


measured at week 107 exhibited a TEM2 phenotype and expressed granzyme B suggests
that these responses remained functional over time.

Dynamics of rDNA/rRRV-induced anti-Env antibody responses over a 2-year
period. To characterize the longevity of Env-binding Abs induced by the rDNA/rRRV
vaccine regimen, we performed longitudinal enzyme-linked immunosorbent assays
(ELISAs) using a fixed dilution (1:1,000) of plasma collected at multiple time points
throughout the vaccine phase. This analysis showed that the rDNA/rRRV vaccine regi-
men induced durable gp140- and gp120-binding Abs in all RMs in groups A1 and A2
(Fig. 6A to D). In fact, after peaking following the rDNA prime or rRRV boost, vaccine-
induced anti-Env Abs remained detectable throughout the first (weeks 53 to 64) and

FIG 3 Kinetics of vaccine-induced CD81 T-cell responses against all nine SIV proteins. ICS was used to
quantify vaccine-induced CD81 T-cell responses against Gag, Pol, Vif, Vpx, Vpr, Tat, Rev, Env, and Nef
in PBMC at multiple time points for each group A animal. The time scale in the x axis matches that in
Fig. 1. The times of each vaccination (vertical black lines) and i.r. SIVmac239 exposures (vertical red
lines) are shown in the graph. The percentages of responding CD81 T cells shown in the y axes were
calculated by adding the background-subtracted frequencies of positive responses producing any
combination of IFN-g, TNF-a, and CD107a. Protein-specific CD81 T-cell responses are color coded
according to the legend. Panels A to C show the frequencies of protein-specific CD81 T cells in each
of the three group A1 vaccinees (r14019, r14130, and r13053). Panels D to H show the frequencies of
protein-specific CD81 T cells in each of the five group A2 vaccinees (r13037, r15017, r14070, r15018,
and r14113).
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second (week 110) rounds of SIV challenges (Fig. 6A to D). This pattern deviates from
the ones observed in previous clinical trials of HIV-1 gp120 subunit vaccines, where the
kinetics of anti-Env Abs resembled a sawtooth wave, increasing after each immuniza-
tion but then decaying rapidly in the ensuing months (1, 2, 18, 19). The longevity of
anti-Env Ab responses generated by the rDNA/rRRV vaccine regimen is consistent with
the ability of rRRV vectors to establish persistent infection in RMs and promote chronic
low-level Env expression in vivo.

The long-lasting anti-Env Abs elicited by the rDNA/rRRV vaccine regimen prompted
us to investigate whether these responses decayed over time. To do that, we set up
gp140 ELISAs using serially diluted sera collected at weeks 50 and 110 to determine

FIG 4 Kinetics of vaccine-induced CD41 T-cell responses against all nine SIV proteins. ICS was used to
quantify vaccine-induced CD41 T-cell responses against Gag, Pol, Vif, Vpx, Vpr, Tat, Rev, Env, and Nef
in PBMC at multiple time points for each group A animal. The time scale in the x axis matches that in
Fig. 1. The times of each vaccination (vertical black lines) and i.r. SIVmac239 exposures (vertical red
lines) are shown in the graph. The percentages of responding CD41 T cells shown in the y axes were
calculated by adding the background-subtracted frequencies of positive responses producing any
combination of IFN-g, TNF-a, and CD107a. Protein-specific CD41 T-cell responses are color coded
according to the legend. Panels A to C show the frequencies of protein-specific CD41 T cells in each
of the three group A1 vaccinees (r14019, r14130, and r13053). Panels D to H show the frequencies of
protein-specific CD41 T cells in each of the five group A2 vaccinees (r13037, r15017, r14070, r15018,
and r14113).
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the midpoint titers of gp140-binding Abs at these two time points. This analysis
revealed that the titers of gp140-binding Abs at week 50 (mean, 5,202) were signifi-
cantly higher than those at week 110 (mean, 1,955; P = 0.008) (Fig. 6E). This difference
remained significant even when an apparent outlier animal (r15018) was excluded
from the comparison (P = 0.0156).

Next, we assessed the ability of rDNA/rRRV-induced anti-Env Abs to neutralize SIV in
vitro. Since both the rDNA and rRRV vectors expressed the Env proteins of SIVmac239
(tier 3) and SIVmac316 (tier 1) (17), we screened sera from the group A vaccinees for
neutralizing Abs (nAbs) against these two SIV clones. Consistent with our previous
analysis of rDNA/rRRV-induced anti-SIV nAbs at week 53 (17), there was little neutraliz-
ing activity against the difficult-to-neutralize SIVmac239 in week 110 serum samples
(Fig. 6F). In four of the animals (r14130, r13053, r13037, and r15017), we detected
reductions in SIVmac239 infectivity that marginally exceeded 50% only at the lowest
dilution tested (1:12) (Fig. 6F). However, since complete confidence intervals could not
be calculated for the neutralization curves of those animals, we chose not to report
their interpolated 50% inhibitory dilution (ID50) titers. In contrast, nAbs against the
more readily neutralizable SIVmac316 were detectable in all animals, with ID50 titers
ranging from 949 to 9,477 (Fig. 6G). In keeping with previous reports by our group (17,
20), there was a strong positive correlation between the ID50 titers of anti-SIVmac316
nAbs and the midpoint titers of gp140-binding Abs (Fig. 6H). Collectively, these data
show that the rDNA/rRRV vaccine regimen elicited long-lasting anti-Env Ab responses.
Despite some contraction over time, vaccine-elicited anti-Env Abs in the group A animals
remained functional at study week 110, more than 1.5 years after the rRRV booster.

Outcome of the second round of i.r. SIVmac239 challenges. To assess the antivi-
ral efficacy of the persistent vaccine-induced SIV-specific immune responses in group
A, those animals were subjected to a second round of i.r. SIVmac239 challenges begin-
ning at week 110. A group of 8 unvaccinated control RMs (group B) served as controls.
Virus exposures occurred every 2 weeks and contained the same marginal dose (200
50% tissue culture infective doses [TCID50]) of the SIVmac239 stock utilized previously.
Plasma viral loads (PVLs) measured on days 6 to 10 after each SIV exposure were used
to determine whether RMs were rechallenged. Monkeys with a positive PVL on days 6
to 10 were no longer challenged, whereas animals that remained aviremic were re-
exposed to SIV on day 14. The SIV challenges were halted once all RMs in group B
became infected.

Following the first i.r. SIVmac239 challenge, half (4/8) of the animals in group B, but
only one vaccinee in group A (r14019), became productively infected (Fig. 7A and B).
Two additional control monkeys, but no other vaccinee, became viremic after the sec-
ond SIV exposure (Fig. 7A and B). It was only after the third SIV exposure that two addi-
tional group A vaccinees (r14070 and r14113) acquired SIV infection (Fig. 7B). However,

FIG 5 Vaccine-induced SIV-specific T-cell responses exhibit similar frequencies before the first and
second SIV challenge rounds. To assess the durability of anti-SIV cellular immunity induced by the
rDNA/rRRV vaccine regimen, the sum of all SIV protein-specific CD81 (A) and CD41 (B) T cells
measured in each group A monkey were compared between two time points: week 53 (i.e., the
beginning of the first SIV challenge phase) and week 110 (i.e., beginning of the second SIV challenge
phase). P values were calculated using the Wilcoxon matched-pairs signed-rank test.
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FIG 6 Vaccine-induced anti-Env antibody responses in group A remain detectable and functional for more than 1.5 years after the
last vaccination. (A to D) Env-binding antibodies (Abs) were measured by ELISA using plate-bound SIVmac239 gp140 (A and C)

(Continued on next page)
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since the third SIV exposure also infected the last two control monkeys in group B
(Fig. 7A), the SIV challenges were halted after this point. Overall, the rate of SIV acquisi-
tion in group A was significantly delayed compared to that in group B (P = 0.0035, log-
rank test) (Fig. 7C). The ratio of uninfected to infected animals at the end of the SIV
challenge phase was also significantly higher in group A (5/3) than in group B (0/8)
(P = 0.026; Fisher’s exact test) (Fig. 7C). Although three group A vaccinees acquired SIV
infection, they experienced significantly lower peak and set point PVLs than the group
B animals (Fig. 7D and E), consistent with vaccine-induced SIV-specific immune
responses mediating partial control of viral replication. Thus, while the protection
afforded by the rDNA/rRRV regimen was incomplete, significant vaccine efficacy could
still be demonstrated.1.5 years after the last immunization.

Importantly, the five protected vaccinees (r14130, r13053, r13037, r15017, and
r15018) remained aviremic for at least 10weeks after the third SIV exposure (Fig. 7B).
Vaccine efficacy in those animals was also evidenced by the lack of anamnestic expan-
sion of vaccine-induced gp120-binding Abs in the weeks that followed the second SIV
challenge phase (Fig. 8A to E). Furthermore, monkeys r14130, r13053, r15017, and
r15018 exhibited similar frequencies of Gag-specific CD81 T cells at week 110 (day of
first SIV challenge) and week 117 (3 weeks after the third SIV exposure) (Fig. 8I).
Although monkey r13037 displayed a marginal increase in its Gag-specific CD81 T-cell
response at week 117 (Fig. 8I), similar fluctuations in T-cell responses were observed in
this animal prior to the second SIV challenge phase (Fig. 3D). In contrast, postchallenge
levels of gp120-binding Abs and Gag-specific CD81 T cells were markedly increased in
the three nonprotected vaccinees (r14019, r14113, and r14070) (Fig. 8F to J), consistent
with productive SIV infection.

Lastly, we searched for immune correlates that could distinguish the group A
vaccinees that acquired SIV infection from those that did not. Neither the total fre-
quency of vaccine-induced SIV-specific T-cell responses nor the titers of gp140-binding
Abs at week 110 correlated with the outcome of the second SIV challenge phase. Anti-
SIVmac316 nAb titers also had no predictive value. Curiously, four of the five group A
vaccinees that resisted SIV infection exhibited borderline serological neutralizing activ-
ity against SIVmac239 at week 110, the time of the first challenge (Fig. 6F). Monkey
r15018 was the exception, as its serum reduced SIVmac239 infectivity by less than 50%
at the lowest dilution tested, and yet this animal remained aviremic following the sec-
ond SIV challenge phase. Week 110 sera from the three vaccinees that acquired SIV
infection also reduced SIVmac239 by less than 50% at the lowest dilution tested
(Fig. 6F). However, these differences were not statistically significant (P = 0.14). Thus,
conventional measures of anti-SIV immune responses did not fully explain the out-
come of the second SIV challenge phase.

DISCUSSION

We recently showed that a rDNA/rRRV vaccine regimen encoding SIVnfl conferred sig-
nificant protection against rectal acquisition of SIVmac239 in RMs (17). The present study
not only validates this finding but also expands upon it in important ways. We show here
that the protected vaccinees from our previous study maintained detectable SIV-specific
immune responses for .1.5 years after the rRRV boost. Critically, the efficacy the rDNA/

FIG 6 Legend (Continued)
and gp120 (B and D) at multiple time points throughout the vaccine phase. Straight 1:1,000 plasma dilutions were used for this
analysis. The time scale in the x axes matches that in Fig. 1. The times of each vaccination (vertical black lines) and i.r. SIVmac239
exposures (vertical red lines) are shown in the graph. (E) Comparison of vaccine-induced gp140-binding Ab titers measured at
weeks 50 and 110. Serial dilutions of sera collected prior to the first (week 50) and second (week 110) SIV challenge phases were
used to determine the midpoint titers of gp140-binding Abs at these time points. The P value was calculated using the Wilcoxon
matched-pairs signed-rank test. (F and G) Serially diluted sera from vaccinated animals collected at week 110 were used to
determine the lowest reciprocal dilution that results in 50% reduction of SIVmac239 (F) or SIVmac316 (G) infectivity in TZM-bl
assays (ID50). Internal controls included serum from an SIV-naive RM (negative control; orange line) and an RM that had been
infected with SIVmac239 for 15weeks (positive control; blue line). (H) The ID50 titers of anti-SIVmac316 nAbs measured at week
110 correlated positively with the midpoint titer of gp140-binding Abs measured at the same time point. The P value and
correlation coefficient (r) were calculated using Spearman’s rank correlation test.
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rRRV vaccine regimen was also long-lived, as 5/8 group A vaccinees resisted a second
round of i.r. SIVmac239 exposures performed 1 year after the first SIVmac239 challenge
phase. It is worth noting that protection against acquisition of SIVmac239 in RMs is a high
bar for evaluating preclinical AIDS vaccine concepts, considering the high replicative
kinetics of SIVmac239 and the unusual resistance of its Env protein to Ab-mediated neu-
tralization (21).

Viewed against the backdrop of previous clinical trials of HIV vaccines, the present
study stands out by the persistence of rDNA/rRRV-induced SIV-specific immune
responses. In the AIDSVAX trials, for example, which tested the efficacy of six doses of
an alum-adjuvanted HIV-1 gp120 subunit vaccine given at 6-month intervals, the
kinetics of vaccine-induced Env-specific Ab levels exhibited a sawtooth behavior,
increasing after each immunization but then decaying rapidly in the ensuing months
(18). McCormack et al. reported a similar pattern of anti-Env Ab responses in a phase I
trial of different adjuvant formulations of an HIV-1 gp120 subunit vaccine given at
weeks 0, 4, and 28 (19). The ALVAC-HIV/gp120 vaccine utilized in the RV144 trial also
induced short-lived Env-specific Ab responses, with half-lives ranging between 12 and
24weeks (22). While recent studies in RMs indicate that the durability of anti-Env Abs
elicited by Env protein vaccination can be enhanced by new adjuvants (23), more work
is needed to determine the safety of these compounds and their impact on vaccine ef-
ficacy. Although vaccine-induced gp140-binding Abs in group A decreased over time,

FIG 7 Outcome of SIV challenge. Beginning at study week 110, all vaccinees in group A were subjected to a second
round of i.r. SIVmac239 challenges utilizing the same dose (200 TCID50) of the same stock of SIVmac239 used in the
first challenge phase. The animals were exposed to SIV every other week. A monkey was rechallenged only if it
remained aviremic after each virus exposure. The challenge phase was halted after the third SIV exposure, since all
control RMs in group B had become infected by that point. (A and B) Plasma viral loads (PVLs) of RMs in group B (A)
and group A (B) after each of the three i.r. SIVmac239 exposures performed as part of the second SIV challenge
phase. Once infected, PVLs in each animal were followed for 10 to 12weeks. The time scale in the x axis matches that
in Fig. 1. The time of each i.r. SIVmac239 exposure is indicated by red arrowheads below the x axis of each panel.
LOD, limit of detection (15 vRNA copies/ml of plasma). (C) Kaplan-Meier survival analysis of SIV acquisition in group A
(vaccinees; n= 8) versus group B (controls; n= 8). The P value outside the parentheses was determined using the log-
rank test. The P value in parentheses was determined by Fisher’s exact test by comparing the numbers of infected
and uninfected animals in group A versus group B at the end of the second SIV challenge phase. (D and E)
Comparison of peak (D) and set point (E) PVLs between group A (vaccinees) and group B (controls). Peak PVLs were
determined as the highest PVL measurement within the first 4weeks postinfection. Set point PVLs were calculated as
the geometric means of all PVLs measured at week 8 postinfection and at subsequent time points. Lines correspond
to medians, and P values were calculated using the Mann-Whitney U test. The dashed lines in panels D and E are for
reference only and indicate a PVL of 106 vRNA copies/ml of plasma.
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these responses remained detectable and functional in all animals for .1.5 years after
the last vaccination.

RRV is a gamma2-herpesvirus that is closely related to the human Kaposi sarcoma-
associated herpesvirus (24). Since one of the hallmarks of herpesviruses is their ability
to establish persistent infections in their hosts, recurrent rRRV-driven expression of SIV
antigens was likely the primary factor underlying the durability of vaccine-elicited SIV-

FIG 8 Protected vaccinees show no evidence of anamnestic expansion of vaccine-induced SIV-specific immune responses after the
second SIV challenge phase. (A to H) ELISA was used to determine the profile of gp120-binding Abs in serially diluted plasma from
the group A animals. The samples used for this analysis were collected at week 110 (day of first SIV exposure), week 114 (day of
third SIV exposure), week 118, and weeks 122 to 126. Data for the five protected vaccinees are shown in panels A (r13037), B
(r15017), C (r15018), D (r13053), and E (r14130). Data for the three vaccinees that acquired SIV infection are shown in panels F
(r14019), G (r14070), and H (r14113). (I and J) ICS was used to quantify Gag-specific CD81 T-cell responses in PBMC from the group
A animals at week 117, 3 weeks after the third SIV exposure. Those responses were then compared to those measured at week
110 in protected (I) and nonprotected (J) vaccinees. The percentages of responding CD81 T cells shown on the y axes were
calculated by adding the background-subtracted frequencies of positive responses producing any combination of IFN-g, TNF-a, and
CD107a.
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specific immune responses in group A. A recent study by Hansen et al. (25) also illus-
trates the potential of herpesvirus-vectored vaccines to generate lasting antiviral
immune responses. Using recombinant versions of the 68-1 strain of the beta-herpesvi-
rus rhesus cytomegalovirus (RhCMV), the authors showed that RhCMV 68-1-induced
SIV-specific T-cell responses remained detectable and efficacious for ;3 years after the
last vaccination (25). Since the RhCMV 68-1 vector platform has attracted considerable
interest from the scientific community, a comparison between its performance and
that of rRRV seems appropriate. While both vectors induce TEM-biased responses, rRRV
does not share the ability of RhCMV 68-1 to elicit broadly targeting CD81 T-cell
responses restricted by MHC-II and MHC-E molecules (26, 27). Rather, rRRV induces
CD81 T cells that recognize immunodominant SIV epitopes restricted by classical MHC-
I molecules (16, 17, 20, 28–32). Furthermore, whereas the latest generation of Env-
expressing rRRV vectors can elicit anti-Env Abs in RMs (16, 17, 33), the same is not true
for RhCMV 68-1 constructs. In fact, several studies have shown that anti-Env Abs
remain below detection limits in RhCMV 68-1/Env-vaccinated RMs (25, 34, 35).
Additionally, although ;50% of RhCMV 68-1-vaccinated RMs stringently control and
eventually clear SIVmac239 infection, this vaccine modality does not block SIV acquisi-
tion (35, 36). In contrast, we show here and elsewhere that vaccination with SIVnfl uti-
lizing rRRV as a primer or as a booster for rDNA immunizations confers significant,
albeit partial, protection against i.v. and i.r. challenges with SIVmac239 (16, 17). Of
note, recombinant versions of the alpha-herpesviruses herpes simplex virus 1 and sim-
ian varicella virus (the monkey homolog of varicella-zoster virus) expressing SIV anti-
gens have also been described and tested in RMs (37–40). Collectively, these observa-
tions support continued study of recombinant herpesviruses as vectors for HIV
vaccines.

Since the group A vaccinees had been rectally exposed to SIVmac239 prior to the
present study, and given our inability to identify a clear correlate of protection for
the rDNA/rRRV vaccine regimen, we point out the following potential weaknesses to
the present study. The first one is the possibility that host factors other than adaptive
immune responses contributed to the group A vaccinees’ resistance to SIV infection.
Certain combinations of TRIM5 alleles, for example, are associated with intrinsic resist-
ance to mucosal challenge with SIVsmE660 in RMs (41, 42). However, because the
SIVmac239 capsid protein is refractory to TRIM5a-mediated restriction, expression of
SIVsmE660-restrictive TRIM5 alleles has not been linked to delayed SIVmac239 acquisi-
tion in rectally challenged RMs (42). A homozygous 32-bp deletion in the CCR5 chemo-
kine receptor gene (i.e., the CCR5D32 allele) that abrogates cell surface expression of
CCR5 is also known to confer potent resistance to R5-tropic HIV infection in humans
(43). However, an RM equivalent of the CCR5D32 allele has not yet been identified (44).
Although the aforementioned studies suggest that polymorphisms in the TRIM5 and
CCR5 genes did not affect the outcome of the present study, we cannot rule out the
possibility that unknown factors modulated the susceptibility of the group A and
group B animals to rectal SIVmac239 infection.

The second caveat is the possibility that the first round of i.r. SIVmac239 challenges
resulted in occult SIV infections in some of the group A vaccinees, thereby increasing
their resistance to subsequent virus exposures. Although we cannot formally exclude
this possibility, it seems unlikely considering that none of group A animals exhibited PVL
“blips” during or after the first round of i.r. SIVmac239 challenges. Of note, transient vire-
mia is often observed in RMs experiencing abortive or subclinical infections following
mucosal SIV challenges (45–47). Furthermore, such atypical infection outcomes would
be expected to trigger anamnestic SIV-specific immune responses in vaccinated RMs,
but that did not seem to occur. In fact, there was no significant difference in the magni-
tude of vaccine-induced SIV-specific T-cell responses measured in PBMC before and after
the first round of i.r. SIVmac239 challenges (17). Although the frequencies of SIV protein-
specific T-cell responses fluctuated in some of the group A vaccinees in the weeks pre-
ceding the second SIVmac239 challenge phase, those changes coincided with a period
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of frequent sampling and could have resulted from sporadic reactivations of the rRRV
vectors. Consistent with this notion, herpesvirus-specific CD81 T-cell responses in PBMC
from humans persistently infected with CMV and Epstein-Barr virus display similar oscilla-
tions over time, especially during times of virus reactivation (48–52). Thus, notwithstand-
ing possible contributing factors as described above, it seems clear that persistent, vac-
cine-induced SIV-specific immune responses were principally or exclusively responsible
for the protective effects against SIVmac239 infection reported here.

A few questions remain unanswered by the current study. First, is there an immune
signature that predicts vaccine efficacy? As mentioned above, we have so far been
unable to identify immune correlates of protection in SIVnfl vaccinees. Second, consider-
ing the partial efficacy of SIVnfl vaccination, can the rDNA/rRRV and rRRV/rDNA regimens
be optimized to match the apparent sterilizing immunity afforded by live-attenuated SIV
strains against homologous SIVmac239 challenge? Third, would an optimized SIVnfl vac-
cine regimen confer protection against heterologous SIV challenges? Fourth, do the
rDNA vaccinations contribute significantly to the protection? Addressing these questions
could provide new insights into how to elicit protective immunity against HIV.

MATERIALS ANDMETHODS
Research animals. The Indian-origin RMs (Macaca mulatta) utilized in this study were housed at the

Wisconsin National Primate Research Center (WNPRC). All animals were cared for in accordance with the
guidelines of the Weatherall report and the principles described in the National Research Council’s
Guide for the Care and Use of Laboratory Animals (53) under a protocol approved by the University of
Wisconsin Graduate School Animal Care and Use Committee. Vaccinations were performed under anes-
thesia (ketamine administered at 5 to 12mg/kg depending on the animal), and all efforts were made to
minimize suffering. Euthanasia was performed at the end of the study in accordance with the recom-
mendations of the Panel on Euthanasia of the American Veterinary Medical Association. The MHC-I
genotype, sex, and age of each monkey at the beginning of the second SIV challenge phase are shown
in Table 1.

Vaccinations. A detailed description of vaccine vectors and immunization protocols used in this
study can be found elsewhere (17).

SIVmac239 challenges. The RMs in Groups A and B were subjected to the same i.r. SIVmac239 chal-
lenge regimen described in our previous study (17). Briefly, the animals were exposed to 200 TCID50

(4.8� 105 viral RNA [vRNA] copies) of an in vivo-titrated SIVmac239 stock every 2 weeks.
SIV RNA viral load measurements. PVLs were measured using 0.5ml of EDTA-anticoagulated RM

plasma based on a modification of a previously published method (54). Total RNA was extracted from
plasma samples using Qiagen DSP virus/pathogen midikits, on a QIASymphonyXP laboratory automa-
tion instrument platform. Six replicate two-step reverse transcription-PCRs (RT-PCRs) were performed
per sample using a random primed reverse transcription reaction, followed by 45 cycles of PCR using
the following primers and probe: forward primer, SGAG21 [59-GTCTGCGTCAT(dP)TGGTGCATTC-39];
reverse primer, SGAG22 [59-CACTAG(dK)TGTCTCTGCACTAT(dP)TGTTTTG-39]; probe, PSGAG23 [59-FAM-

TABLE 1 Animal characteristics

Exptl group Animal ID Relevant MHC-I allele Age (yrs)a Sex
A1 r14019 Mamu-A*01 5.2 Male
A1 r14130 Mamu-A*01 4.5 Female
A1 r13053 Mamu-A*01 5.9 Female
A2 r13037 6.0 Female
A2 r14113 Mamu-A*01 4.6 Male
A2 r15017 4.0 Male
A2 r14070 4.8 Male
A2 r15018 4.0 Male

B r07053 Mamu-A*01 11.5 Male
B r13086 Mamu-A*01 5.6 Male
B r08007 Mamu-A*02 11.1 Male
B r11083 Mamu-A*02 7.6 Female
B r14028 Mamu-B*08 5.1 Female
B r08042 Mamu-B*08 10.1 Male
B r13014 Mamu-B*17 6.2 Male
B r14083 Mamu-B*17 4.8 Male
aAge at the time of the second i.r. SIVmac239 challenge phase.
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CTTC(dP)TCAGT(dK)TGTTTCACTTTCTCTTCTGCG-BHQ1-39]. The threshold of detection on an input vol-
ume of 0.5ml of plasma was 15 vRNA copies/ml.

ELISA measurements. The kinetics of vaccine-induced gp140- and gp120-binding Ab responses
were measured by ELISA using plasma samples collected at several time points during the vaccine
phase, as part of the analysis presented in Fig. 6. These plasma samples were used at a fixed dilution of
1:1,000. The midpoint titers of vaccine-induced gp140-binding Abs were also determined by ELISA,
except that serially diluted serum was used for this analysis. The plasma samples used in the analysis
presented in Fig. 8 were serially diluted in the same way as the aforementioned sera, except that the
plasma samples were centrifuged through 0.22-mm filters prior to the ELISA to remove debris. The puri-
fied SIVmac239 gp140 and gp120 proteins used in ELISAs were obtained from Immune Technology
Corp. A detailed description of the ELISAs can be found elsewhere (17).

SIV neutralization assays. Sera from the group A animals were screened for neutralizing activity
against SIVmac239 and SIVmac316 by the luciferase-based TZM-bl assay, as described previously (55).
Stocks of replication-competent SIVmac239 and SIVmac316 were produced by transfecting HEK293T
cells (ATCC) with full-length DNA using jetPRIME technology (Polyplus-transfection). Supernatant was
harvested after 72 h and stored at 280°C until use. Neutralization was tested by incubating SIVmac239
or SIVmac316 and monkey sera for 1 h at 37°C before transferring them onto TZM-bl cells (AIDS
Research and Reference Reagent Program, Division of AIDS, NIAID, NIH). Neutralization was measured in
duplicate wells within each experiment. The ID50 titer was defined by the log(inhibitor) versus response
(three parameters) equation in Prism (GraphPad Software).

Quantification of pMHC-I tetramer-positive CD8+ T cells. The Mamu-A*01/Gag CM9 (amino acids
181 to 189) tetramer used in this study was obtained from MBL International and was labeled with allo-
phycocyanin (APC). A detailed description of the pMHC-I tetramer staining assays employed here can be
found elsewhere (56). MAbs against the following molecules were used in the pMHC-I tetramer staining
assays: CD3 (clone SP34-2; labeled with peridinin chlorophyll protein [PerCP-Cyanine5.5; BD
Biosciences), CD8a (clone RPA-T8; BV785; BioLegend), CD14 (clone M5E2; BV510; BioLegend), CD16
(clone 3G8; BV510; BioLegend), CD20 (clone 2H7; BV510; BioLegend), CD28 (clone 28.2; phycoerythrin
[PE]-Cyanine7; BioLegend), CCR7 (clone 150503; FITC; BioLegend), and granzyme B (clone GB12; PE; Life
Technologies). An amine-reactive dye (ARD; LIVE/DEAD fixable aqua dead cell stain; Life Technologies)
was included in the surface staining MAb cocktail. FlowJo v9.9 and FlowJo v10.7 (FlowJo, LLC) were
used to analyze the data according to a workflow described previously (17). All tetramer frequencies
mentioned in this paper correspond to percentages of live CD142 CD162 CD202 CD31 CD81 tetramer-
positive lymphocytes.

ICS assay. ICS assays were performed in freshly isolated PBMC as described previously (17). The
MAbs against CD3, CD8a, CD14, CD16, and CD20 described above were used in the ICS assays. The ARD
aqua reagent was also included, although cells were stained with it prior to the surface staining step.
MAbs against the following molecules were also used in the ICS assays: CD28 (clone L293; unconjugated;
BD Biosciences), CD49d (clone 9F10; unconjugated; BD Pharmingen), CD107a (clone H4A3; PE;
BioLegend, Inc.), CD4 (clone OKT4; BV605; BioLegend), gamma interferon (IFN-g) (clone 4S.B3; BV421;
BioLegend), tumor necrosis factor alpha (TNF-a) (clone Mab11; APC; BD Biosciences), and CD69 (clone
FN50; PE-Cy7; BioLegend). Details about sample acquisition and analysis can be found elsewhere (17).
Two criteria were used to determine whether a response was positive. First, the frequency of gated
events had to be $2-fold higher than their corresponding values in background-subtracted negative-
control tests. Second, the gates for each response had to contain $10 events. These calculations were
performed with Microsoft Excel, and results are presented as the percentages of responding CD41 or
CD81 T cells, that is, live CD142 CD162 CD202 CD31 lymphocytes of either subset producing any combi-
nation of IFN-g, TNF-a, or CD107a.

Statistics. We used Kaplan-Meier survival analysis to determine whether the rate of SIVmac239 ac-
quisition differed between vaccinees and control animals. The P value for this comparison was calcu-
lated using the log-rank (Mantel-Cox) test. Differences between two immune parameters were assessed
by the Wilcoxon matched-pairs signed rank test. Differences in PVLs between groups A and B were
determined by the Mann-Whitney U test. The correlation between titers of gp140-binding Abs and anti-
SIVmac316 nAbs in Fig. 6 was determined by the Spearman rank correlation method. A significance
threshold of 0.05 was used for each statistical test. All P values reported in this paper are two tailed.
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