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Simian immunodeficiency virus (SIV) challenge of rhesus macaques provides an invaluable
tool to evaluate the clinical prospects of HIV-1 vaccine concepts. However, as with any
animal model of human disease, it is crucial to understand the advantages and limitations
of this system to maximize the translational value of SIV vaccine studies. Here, we discuss the
importance of assessing the efficacy of vaccine prototypes using stringent SIV challenge
regimens that mimic HIV-1 transmission and pathogenesis. We also review some of the
cautionary tales of HIV-1 vaccine research because they provide general lessons for the
preclinical assessment of vaccine candidates.

GREAT DEBATES

What are the most interesting topics likely to come up over dinner or drinks with your
colleagues? Or, more importantly, what are the topics that don’t come up because they
are a little too controversial? In Immune Memory and Vaccines: Great Debates, Editors
Rafi Ahmed and Shane Crotty have put together a collection of articles on such ques-
tions, written by thought leaders in these fields, with the freedom to talk about the issues
as they see fit. This short, innovative format aims to bring a fresh perspective by encour-
aging authors to be opinionated, focus on what is most interesting and current, and avoid
restating introductory material covered in many other reviews.

The Editors posed 13 interesting questions critical for our understanding of vaccines
and immune memory to a broad group of experts in the field. In each case, several
different perspectives are provided. Note that while each author knew that there were
additional scientists addressing the same question, they did not know who these authors
were, which ensured the independence of the opinions and perspectives expressed in
each article. Our hope is that readers enjoy these articles and that they trigger many
more conversations on these important topics.

Editors: Shane Crotty and Rafi Ahmed
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The development of a new vaccine is an ex-
pensive and complex enterprise that can take

several years until an immunization protocol
can be finally approved for use in people. It
also entails great financial risks because the ma-
jority of candidates do not progress beyond ear-
ly clinical trials. In view of these obstacles,
new immunization regimens are thoroughly
screened during preclinical stages to ensure
that only the most promising ones advance
into costly and lengthy human trials. Because
the “go/no-go” criteria for prioritizing vaccine
prototypes depend primarily on in vivo mea-
sures, animal models provide an invaluable
resource for vaccine testing. In this regard, non-
human primates (NHPs) have been used when-
ever possible to inform and guide the develop-
ment of vaccines against human pathogens.
Compared with standard laboratory mouse
strains, NHPs are more genetically diverse and
evolutionarily closer to humans—features that
likely increase their translational value. Indeed,
numerous NHPs were used to assess the patho-
genicity and protective effects of the prototypes
of the inactivated (Salk) and live-attenuated
(Sabin) polio vaccines (Horstmann 1985).
Moreover, NHP studies also enabled the gener-
ation of vaccines against hepatitis B (Wieland
2015), yellow fever (Norrby 2007), and anthrax
(Friedlander et al. 2013). In the case of HIV,
vaccine candidates are primarily evaluated us-
ing the simian immunodeficiency virus (SIV)/
rhesus macaque model (Hatziioannou and
Evans 2012). Although this animal system has
yet to be validated, which can only be accom-
plished by the development of an effective HIV-
1 vaccine that also works in the animal model,
here we argue that properly designed SIV chal-
lenge studies can predict the outcomes of HIV-1
vaccine clinical trials. We also discuss some
of the historical milestones in HIV-1 vaccine
research that helped refine the SIV/rhesus ma-
caque model because broadly applicable lessons
can be learned from them.

Rhesus monkeys are not susceptible to HIV-
1 infection, so vaccine efficacy is assessed by
challenging animals with pathogenic viral sur-
rogates of HIV-1, including SIVs and artificial
simian/HIV (SHIV) chimeras. Many SIV and

SHIV strains have been developed for in vivo
challenge studies but, importantly, not all
of these viruses effectively mimic the biology
and pathogenesis of HIV-1. The SHIV89.6P
strain, for example, is notorious in that vaccine
efficacy against this virus supported the deci-
sion to evaluate recombinant adenovirus type-
5 (rAd5) vectors encoding HIV-1 genes in
clinical trials. SHIV89.6P was a popular model
partly because of its exceptional virulence in
naı̈ve rhesus macaques, which resulted in
consistent virologic outcomes after infection
(Parker et al. 2001). Although this high patho-
genicity was initially seen as a stringent test of
vaccine performance, it soon became clear that
SHIV89.6P differs from HIV-1 in crucial ways.
For example, whereas most transmitted HIV-1
founder viruses are CCR5-tropic and replicate
in memory CD4þ T cells (Shaw and Hunter
2012), SHIV89.6P uses CXCR4 as its coreceptor
and targets naı̈ve CD4þ T lymphocytes (Zhang
et al. 2000). Additionally, the pathogenic profile
of SHIV89.6P infection does not emulate the
acute destruction of gut CD4þ T cells and ero-
sion of the immune system that precede AIDS
in most untreated HIV-1-infected individuals
(Reimann et al. 1999; Moir et al. 2011). Last,
and most important, vaccine containment
of SHIV89.6P infection is surprisingly easy
to achieve (Watkins et al. 2008), presumably
because of the unusual sensitivity of the
SHIV89.6P Env protein to autologous antibody
neutralization (Montefiori et al. 1998; Letvin
et al. 2004).

In response to the growing number of
SHIV89.6P challenge studies performed in the
early 2000s, Feinberg and Moore (2002) voiced
their concerns about the adequacy of this strain
for screening HIV-1 vaccines. At that time, de-
veloping a T-cell-based vaccine against HIV-1
was a priority in the field given the difficulty in
engendering HIV-1-specific broadly neutraliz-
ing antibodies by vaccination. Rather than af-
fording sterilizing immunity, vaccine-induced
HIV-1-specific T-cell responses were intended
to lower viremia in infected individuals as a
means to delay progression to AIDS. Priority
was given to rAd5 vectors because of their
safety profile and impressive immunogenicity
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in NHPs (Shiver and Emini 2004). Importantly,
although rAd5-vectored T-cell-based vaccines
resulted in significant control of viremia
in macaques challenged intravenously with
SHIV89.6P (Shiver et al. 2002), similar regi-
mens failed to durably control viral replication
after rectal challenges with SIVmac239 (Casi-
miro et al. 2005). Like most transmitted HIV-
1 founder viruses, SIVmac239 is CCR5-tropic
and refractory to immunological control (Hat-
ziioannou and Evans 2012), making it a more
realistic challenge virus than SHIV89.6P. Not-
withstanding these discordant results, the first
efficacy trial of an rAd5-vectored T-cell-based
HIV-1 vaccine (known as the “Step study”)
began enrolling participants in 2004 but was
then halted early in 2007 (Buchbinder et al.
2008). Unfortunately, neither Step nor any of
the trials of rAd5/HIV-1 vectors that followed
reported any protection against HIV-1 (Buch-
binder et al. 2008; Gray et al. 2011; Hammer
et al. 2013). In retrospect, the contradictory
performances of rAd5/SIV vaccines against
SHIV89.6P and SIVmac239 did not provide
clear criteria for judging the potential of
rAd5/HIV-1 vectors in humans. Nevertheless,
these inconsistent outcomes should have at least
prompted additional experiments to further
validate the rAd5 platform in monkeys before
advancing it into human efficacy trials. Indeed,
we and others subsequently showed that an
rAd5 vaccine regimen designed to mimic the
immunization protocol used in the Step study
did not substantially reduce viral replication af-
ter physiologically relevant SIV challenges
(Qureshi et al. 2012; Reynolds et al. 2012). Of
note, the use of intrarectal (IR) and penile SIV
challenges in these monkey studies more accu-
rately reflected the outcome of the Step trial.
Thus, properly designed SIV vaccine experi-
ments can inform and even predict the perfor-
mance of similar regimens in clinical trials. In
broader terms, these results also illustrate how
the use of stringent challenge regimens that
mimic the transmission route and disease course
of human pathogens might increase the predic-
tive value of animal models for vaccine research.

Importantly, the cautionary tale of SHIV
89.6P and the Step study must not be taken as

an indication that all SHIVs are inadequate for
screening HIV-1 vaccine regimens. For instance,
the pathogenic CCR5-tropic SHIVAD8 strain has
been generated following serial passaging in
rhesus macaques and appears to be a suitable
surrogate of HIV-1 (Nishimura et al. 2010).
Indeed, SHIVAD8-infected monkeys experience
sustained viremia, gradual CD4þ T-lymphocyte
loss, and AIDS-like symptoms. Furthermore,
new chimeric strains bearing minimally adapted
CCR5-tropic HIV-1 envs have been shown to
replicate and cause AIDS-defining illnesses in
rhesus macaques (Del Prete et al. 2014). Thus,
these new SHIVs provide new tools for evaluat-
ing antibody-based vaccine regimens against
HIV-1 in the preclinical stage.

Despite great efforts to approximate clini-
cally relevant HIV-1 exposures, even the best
SIV challenge models will be inherently flawed
because new HIV-1 infections do not originate
from atraumatic exposures to tissue-culture-
produced viruses. Indeed, human intercourse
often results in microabrasions of the genital
mucosae caused by friction, which can facilitate
virus entry into the tissue (Hladik and McElrath
2008). Furthermore, factors such as concurrent
sexually transmitted diseases and needle shar-
ing also increase the risk of HIV-1 transmission
(Galvin and Cohen 2004; Patel et al. 2014).
Because these variables are difficult (if not
impossible) to recapitulate in NHPs, we should
be cautious when considering the clinical pros-
pects of successful SIV vaccines. This concern is
particularly relevant for partially effective SIV
vaccines because their clinical versions might
turn out to be futile when faced against the
reality of the aforementioned risk factors. In
this regard, the recent announcement by the
National Institute of Allergy and Infectious
Diseases (NIAID) to move forward with the
HVTN 702 phase 2b/3 HIV-1 vaccine trial mer-
its discussion because the data on which this
decision was based (NIAID 2016) is unpersua-
sive. HVTN 702 is set to take place in South
Africa, where the incidence of HIV-1 infection
among the adult population is as high as 18%
(UNAIDS 2014). HVTN 702 aims to build on
the results of the RV144 trial (Rerks-Ngarm
et al. 2009), the only report of vaccine protec-
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tion against HIV-1 to date. RV144 was conduct-
ed in low-risk communities in Thailand where
HIV-1 prevalence among Thai adults is 1.4%
(UNAIDS 2014). The immunization protocol
in RV144 consisted of four inoculations of
the canarypox vector ALVAC-HIV expressing
Gag-Pro and a truncated form of gp120. The
two last immunizations also included boosts
with a bivalent gp120 subunit protein adju-
vanted in alum. Although this ALVAC-HIV/
gp120 (alum) regimen appeared to reduce
HIV-1 infection rates among vaccinees, the ef-
fects were modest and did not reach statistical
significance in an intention-to-treat analysis,
including all randomized participants (Rerks-
Ngarm et al. 2009). Similarly, no significant
protective effects were detected in the per-
protocol group, which comprised only the in-
dividuals who received all immunizations and
remained uninfected through the vaccine phase
(Rerks-Ngarm et al. 2009). However, when
seven volunteers who tested positive for HIV-1
at baseline were excluded (out of 16,495 subjects
enrolled in the RV144 trial) as part of a modified
intention-to-treat analysis, the ALVAC-HIV/
gp120 (alum) regimen showed a 31.2% reduc-
tion in the rate of HIV-1 acquisition (P ¼ 0.04)
(Rerks-Ngarm et al. 2009). Finally, the observed
difference between HIV-1 acquisition in the
vaccinees and placebo recipients took place
soon after initiation of the trial. Inexplicably,
the placebo group showed a sudden increase
in numbers infected during the first year
and this difference largely accounted for the
observed effect (Rerks-Ngarm et al. 2009).
The outcome of RV144 was also surprising,
given the poor immunogenicity of ALVAC-
HIV in previous trials and the failure of the
bivalent gp120 component by itself to confer
any protection against HIV-1 (Flynn et al.
2005; Pitisuttithum et al. 2006; Pantaleo et al.
2010). Furthermore, a post hoc statistical anal-
ysis of the data concluded that there was at most
a 78% chance that the vaccine efficacy reported
in RV144 was real (Gilbert et al. 2011).

HVTN 702 will also use an ALVAC-HIV/
gp120 regimen but the vaccine content has
been changed to match the most prevalent
HIV-1 clade in South Africa and the vaccine

protocol has been modified to enhance Env-
specific humoral responses (NIAID 2016).
One of these modifications is the replacement
of alum with the oil-in-water emulsion MF59 as
the adjuvant for the gp120 boosters. Interesting-
ly, a recent monkey study compared the efficacy
of ALVAC-SIV/gp120 adjuvanted with either
alum or MF59 against repeated low dose IR
challenges with SIVmac251, a biological isolate
that is closely related to SIVmac239 (Hatziioan-
nou and Evans 2012). Whereas the ALVAC-SIV/
gp120 (alum) regimen partially reduced the risk
of SIV infection per exposure, the ALVAC-SIV/
gp120 (MF59) protocol conferred no protection
(Vaccari et al. 2016). Of note, the first SIVexpo-
sure in this study occurred only 4 weeks after the
last immunization and the challenge virus was
largely homologous to the vaccine-encoded an-
tigens. If the ALVAC-SIV/gp120 (MF59) proto-
col failed under such controlled conditions, its
clinical version may not be effective against
HIV-1 among South African participants. In
light of these data and the uncertainty regarding
the efficacy reported in RV144, we are skeptical
that an ALVAC-HIV/gp120 (MF59) vaccine reg-
imen will substantially reduce the incidence of
HIV-1 infection in South Africa.

Because the primary goal of an HIV-1 vac-
cine is to prevent infection altogether, what then
must be the criteria for deciding whether or not
an SIV vaccine regimen warrants clinical evalu-
ation? Unfortunately, in the absence of clear
immune correlates of protection against HIV-
1, this question cannot be answered accurately.
However, instructive inferences can be made
from what is known about HIV-1 transmission
and epidemiology. For instance, HIV infection
is most commonly acquired through unprotect-
ed sex (Shaw and Hunter 2012), so vaccine pro-
totypes must show substantial efficacy against
mucosal challenges with SIV before being
considered for clinical trials. These challenges
should consist of IR and intravaginal virus ex-
posures because these routes are the most rele-
vant portals of virus entry (Shaw and Hunter
2012). The size of the challenge inoculum is
also important because exposing monkeys to
high doses of SIV might overwhelm immune
defenses and thereby mask potential protective
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effects afforded by vaccination (Vaccari et al.
2013). Furthermore, not every infectious expo-
sure results in productive HIV-1 infection, con-
sidering the stochastic and selective forces that
govern the population bottleneck of mucosal
HIV-1 transmission (Joseph et al. 2015). In
this regard, SIV stocks should be titrated first
in naı̈ve monkeys to determine a dose that reli-
ably infects only a fraction of animals per chal-
lenge. To emulate the diversity of circulating
HIV-1 isolates, there should also be some degree
of sequence mismatch between vaccine-encod-
ed antigens and the challenge virus (Watkins
et al. 2008). However, in designing such heter-
ologous SIV challenges, special attention must
be given to the neutralization profile of the
selected SIV strain because vaccine protection
against easy-to-neutralize viruses has little
translational value. For example, the biological
isolate SIVsmE660, which has been used as a
heterologous SIV challenge strain in previous
experiments (Letvin et al. 2011; Patel et al.
2013; Roederer et al. 2013), is sensitive to anti-
body neutralization (Lopker et al. 2013). By
comparison, the genetically close SIVmac239
and SIVmac251 strains display highly resistant
neutralization profiles (Lopker et al. 2013). The
relevance of these differences is illustrated by
the discordant performances of an rDNA/
rAd5 vaccine encoding SIVmac239 env and
gag-pol against IR challenges with either
SIVsmE660 or SIVmac251 (Letvin et al. 2011).
Although this regimen significantly delayed ac-
quisition of the former strain, it had no effect
against the latter. Notably, this failure to prevent
SIVmac251 infection was later recapitulated in
the HVTN 505 trial in which a similar rDNA/
rAd5 protocol did not protect men who have sex
with men against infection with HIV-1 (Ham-
mer et al. 2013). To circumvent the issue of neu-
tralization sensitivity of the challenge strain
and still keep it heterologous to the vaccine,
recent experiments have immunized monkeys
with SIVsmE543-3 sequences and subsequently
challenged the animals with SIVmac251 (Ba-
rouch et al. 2012, 2015). The Env proteins of
these two strains differ by �18%, which is
comparable to the expected diversity of HIV-1
isolates within the same clade (Gaschen et al.

2002). Encouragingly, these studies have report-
ed that Env-specific antibody responses in-
duced by recombinant adenovirus/poxvirus
or adenovirus/Env protein vaccine regimens
can reduce the per-exposure risk of acquiring
infection by 80%–90% after repeated IR chal-
lenges with SIVmac251. Phase 1/2a clinical
trials aimed at investigating the safety and im-
munogenicity of these immunization strategies
are already under way.

Most of the SIV vaccine experiments con-
ducted in our laboratory have used repeated
marginal dose IR challenges with SIVmac239
for three main reasons. First, the viral load
dynamics in SIVmac239-infected rhesus ma-
caques show clear parallels with primary HIV-
1 infection in humans (Fig. 1) (Dang and
Hirsch 2008; Robb et al. 2016), underscoring
the translational use of this animal model.
Second, receptive anal intercourse carries the
highest risk of sexually transmitting HIV-1 (Pa-
tel et al. 2014). As a result, preclinical vaccine
studies focused on preventing SIV acquisition
via the IR route are relevant for the still-growing
number of HIV-1 infections among gay and
bisexual men in several parts of the world
(UNAIDS 2014). Additionally, they may also
be directly relevant for heterosexual transmis-
sion because it is difficult to estimate the role of
anal intercourse in acquisition of HIV in het-
erosexual couples. Third, substantial vaccine-
mediated containment of SIVmac239 infection
is exceedingly hard to achieve, even in the set-
ting of homologous challenges (Wilson et al.
2006; Bilello et al. 2011; Martins et al. 2014).
In fact, live-attenuated SIV vaccines remain
the best option for protection against challenge
with SIVmac239 (Koff et al. 2006), although
safety concerns preclude the deployment of
this concept in humans. Thus, any immuniza-
tion regimen that effectively contains SIV-
mac239 infection deserves further investigation.
In this regard, a recent vaccine modality using
live rhesus cytomegalovirus (RhCMV) vectors
engineered to express SIV genes is noteworthy
given its remarkable performance against SIV-
mac239 challenges. RhCMV is a member of
the Herpesviridae family and, similar to live-
attenuated SIV vaccines, establishes a persistent
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Figure 1. Log-transformed viral loads over the courses of untreated HIV-1 and SIVmac239 infections. (A)
Longitudinal viral loads (VLs) are plotted against the number of days since the first blood draw tested positive
for HIV-1 RNA in 50 HIV-1-infected subjects (based on data in Robb et al. 2016). (B) Longitudinal VLs from 24
rhesus macaques that were rectally infected with SIVmac239 as part of previous and ongoing studies conducted
by our laboratory (Martins et al. 2014; M Martins, unpubl.). Peak VL was defined as the highest plasma viral
(v)RNA measurement within the initial 42 days since the first positive HIV-1 VL (A) or since the monkeys were
infected with SIVmac239 (B). Nadir VL was defined as the lowest plasma vRNA measurement after peak viremia
through day 42 in both A and B. The HIV-1 setpoint was calculated as the average VL of all samples collected after
day 42 and until antiretroviral therapy was initiated up to 1 year after the first positive VL. The simian
immunodeficiency virus (SIV) setpoint was calculated as the average VL of all measurements performed within
days 42 and 112 postinfection. Log-transformed medians of peak (dashed vertical line), nadir (dotted vertical
line), and setpoint VLs are shown in each graph. The time to peak VL is shown in parenthesis after the median
peak VL in each panel and corresponds to the median number of days since HIV-1 vRNA was first detected in
plasma (A) or since the establishment of productive SIV infection (B). The solid black line in each panel denotes
the median of VLs measured at each time point.

M.A. Martins and D.I. Watkins

6 Cite this article as Cold Spring Harb Perspect Biol 2018;10:a029504



infection in monkeys, leading to intermittent
low-level antigen exposure. This type of im-
mune stimulation favors the generation of
effector memory T-cell (TEM) responses that
recirculate through extra lymphoid tissues and
are endowed with immediate antiviral activity
(Masopust and Picker 2012). Remarkably, ap-
proximately half of RhCMV-vaccinated ma-
caques control viral replication shortly after
SIVmac239 infection (Hansen et al. 2011). Ex-
cept for occasional viral load “blips” in the
ensuing weeks, these successful vaccinees re-
main aviremic in the chronic phase and ulti-
mately clear SIVmac239 infection (Hansen
et al. 2013a). The 68.1 RhCMV strain used in
these experiments elicits CD8þ TEM responses
of unconventional MHC restriction that are
only now beginning to be characterized (Han-
sen et al. 2013b, 2016). Although vaccination
with 68.1 RhCMV vectors did not block acqui-
sition of SIV infection, the profound virologic
control afforded by this vaccine modality and its
potential to eradicate SIV infection are novel
and warrant clinical testing. Indeed, a phase 1
trial of a human CMV-vectored vaccine against
HIV-1 is slated to begin in 2017.

CONCLUDING REMARKS

Ultimately, there is no substitute for clinical
data for determining the efficacy of a vaccine
regimen. Nonetheless, given the high costs of
human trials and the consequences of failure,
we must ensure that only the most promising
concepts progress to phase 2b/3 trials. In the
case of HIV-1, the SIV/rhesus macaque model
provides an invaluable tool for screening and
prioritizing vaccine candidates at the preclinical
stage, although it is worth noting that we will
not know the true predictive value of this system
until new HIV-1 vaccine regimens start showing
reliable levels of protection in people. Mean-
while, however, we should rely on repeated mu-
cosal challenges with in vivo–titrated doses of
pathogenic neutralization-resistant SIV strains
as a stringent and realistic test of the clinical
prospects of HIV-1 vaccine prototypes.

Lastly, it is important to highlight that the
experience accrued from the SIV/rhesus ma-

caque model can also inform vaccine develop-
ment against other human infectious diseases.
The recent outbreak of Zika virus (ZIKV) in the
Americas, for example, has been declared an
international health emergency by the World
Health Organization, prompting the generation
of ZIKV NHP models for testing vaccines and
other prophylactic approaches. The expertise
acquired from SIV challenge studies in rhesus
macaques has been directly relevant for this en-
terprise as shown by the significant contribu-
tions made by HIV/SIV researchers in tackling
ZIKV. Indeed, Dudley et al. (2016) have devel-
oped a rhesus macaque model of ZIKV infec-
tion in which they described the kinetics of
viral replication in pregnant and nonpregnant
monkeys, the in vivo impact of different ZIKV
challenge doses, and the susceptibility of ZIKV-
infected animals to reinfection. The ontogeny
of immune responses after infection and the
extent to which the virus replicated in anatomic
locations other than blood were also evaluated
(Dudley et al. 2016), analogous to the impor-
tance of these immunological and virologic
parameters for the outcome of primate lentivi-
rus infections (Dang and Hirsch 2008; Moir
et al. 2011). Encouragingly, recent experiments
have shown that ZIKV Env-specific antibodies
elicited by clinically relevant vaccine platforms
have completely protected rhesus macaques
from ZIKV challenge (Abbink et al. 2016;
Dowd et al. 2016; Larocca et al. 2016). These
results are completely different from almost all
SIV challenge studies conducted to date, sug-
gesting that engendering protective immunity
against ZIKV in humans might be relatively
straightforward. Furthermore, our group has
also initiated monkey experiments designed to
test whether monoclonal antibody prophylaxis
can prevent ZIKV infection. The challenge virus
for this experiment will consist of a minimally
passaged Brazilian ZIKV isolate in an attempt to
avoid confounding factors related to the passage
history of virus strains, as previously reported
for HIV-1 and SIV (Sawyer et al. 1994; Moore
and Ho 1995; Langlois et al. 1998). In conclu-
sion, the extensive knowledge generated by
honing the SIV/rhesus macaque model is ap-
plicable not only to the field of HIV-1/AIDS
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research, but also to the development of
immune interventions against globally relevant
human pathogens.
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