





FIG 7 Neutralization of the SIVsm Env panel by serum pools created from vaccinated monkeys. Serum pools were created from rhesus macaques immunized
in the M2, M11, M12, and M15 trials (details about the animals from which serum was collected are provided in Table S1 in the supplemental material). Serum
pools were serially diluted 5-fold and used to inhibit Env pseudovirus infection using the Tzm-bl cell assay, with luciferase activity being the readout. (A, C, E, and
G) The reciprocal serum dilution is presented on the x axis on a log,, scale, and the percent viral infectivity relative to that in the absence of test serum (100%)
is shown on the y axis. The Env pseudoviruses are grouped according to neutralization tier, which is indicated in the key. Each panel presents the results for pooled
serum from vaccinated animals in trials M2 (A; n = 37 monkeys), M11 (C; n = 23 monkeys), M12 (E; n = 12 monkeys), and M15 (G; n = 19 monkeys). (B, D,
F, and H) Percent residual infectivity against 1:100-diluted serum presented as a bar graph for each group of tiered Env pseudoviruses. A Kruskal-Wallis test was
used to compare tiers 1b, 2, and 3 against tier la, with Dunn’s correction used for multiple comparisons. *, P = 0.05 to 0.01; **, P = 0.01 to 0.001; ***, P = 0.001
to 0.0001; ****, P < 0.0001.
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FIG 8 Inhibition of the SIVsm Env panel by pools of serum from vaccinated monkeys organized by infection status after 12 challenges. Pools of serum from
immunized rhesus macaques that became infected after 12 challenges with SIVsmE660 (breakthrough) or did not become infected (protected) were created for
each trial. Details about the animals from which serum was collected are provided in Table S1 in the supplemental material. Serum pools were serially diluted
5-fold and used to inhibit pseudovirus infection using the Tzm-bl cell assay, with luciferase activity being the readout. The reciprocal dilution is presented on the
x axis on a log, , scale, and the percent viral infectivity relative to that in the absence of test plasma/serum (100%) is shown on the y axis. The Env pseudoviruses
were grouped according to tier, which is indicated in the legend. Closed symbols and solid lines, vaccinated animals that experienced breakthrough infections;
open symbols and dashed lines, vaccinated animals that were protected after 12 challenges. Each Env pseudovirus and serum combination was tested in duplicate

wells in at least two independent experiments. The standard error of the mean is shown for each point on the graph.

(Fig. 7B, D, F,and H; P < 0.001). Neutralization of the tier 1b Env
was also statistically significantly different from that of the tier 1a
Envsin 3 of the 4 cases (Fig. 7B, D, and F; P < 0.05). However, the
M15 trial appeared to have elicited moderately more potent neu-
tralization activity against the tier 1b Env, possibly distinguishing
it from the tier 2 and 3 Envs in that case (Fig. 7G and H). We next
asked whether there were any qualitative differences between the
pools of serum from vaccinated animals that became infected
(breakthrough) or remained protected after the 12 SIVsmE660
challenges within each trial. For this analysis, the Envs were again
grouped by tier and by whether the serum pool was from break-
through or protected animals (Fig. 8A to D). For all four trials, the
neutralization curves for the pools of serum from breakthrough
and protected animals were indistinguishable, suggesting that the
neutralizing activity elicited by the SIVmac239 Env immunogen
was not a major contributor to protection against SIVsmE660
challenge.

To more directly investigate the ability of adjuvants to alter the
antibody profile and enhance neutralization breadth, we analyzed
pools of serum collected at the time point at which the antibody
titer peaked for the individual vaccine groups in the M2 and M15
trials (Fig. 1). Four new serum pools (protein plus alum, protein
plus NPs, VLPs plus alum, VLPs plus NPs) were created for trial
M2 and two new serum pools (DDMM and DgDgMM) were cre-
ated for trial M15 on the basis of the individual immunization
regimens. The neutralization activity of the serum pools against
six SIVsm Envs that represented the spectrum of the three neu-
tralization tiers was evaluated (Fig. 4 and Table 3). Figure 9A dem-
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onstrates that delivery of the SIVmac239 gp140 protein or VLP
immunogen with the NP adjuvant produced a moderate increase
in neutralization of the tier la E660.11 Env compared to that
achieved with alum (Fig. 9A). However, the GM-CSF adjuvant did
not augment the neutralization capacity against E660.11 elicited
by the DDMM regimen alone (Fig. 9A). None of the adjuvants
produced a measurable increase in neutralization capacity against
the tier 1b, 2, and 3 Envs (Fig. 9B to F). Adjuvants may therefore
increase the titers of specific antibodies that neutralize tier la
SIVsm Envs in some contexts, but they do not consistently alter
antibody specificities such that tier 1b, 2, and 3 SIVsm Envs are
more effectively neutralized.

It is possible that the development of broader neutralizing ac-
tivity within one or more of the trials was not detected because we
analyzed pooled serum or samples from only a single time point in
each trial. It is therefore conceivable that individual animals
within the trials could have possessed vaccine-induced neutraliza-
tion activity against the tier 1b, 2, or 3 Envs; however, as discussed
above, the results obtained with serum and plasma pools generally
show good concordance with those obtained with the individual
constituents, unless there are marked synergy or inhibitory effects.
Even if tier 2 or 3 neutralizing activity was present in some of the
individual serum samples, it arguably did not constitute the major
antibody response induced by the vaccines and adjuvants. Fur-
thermore, this analysis did not reveal any evidence for major dif-
ferences in the antibody profiles driven by GM-CSF, CD40L, or
nanoparticles. In contrast, the neutralizing antibody responses
were remarkably consistent across trials and vaccine groups, given
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FIG 9 Inhibition of representative tier 1a, 1b, 2, and 3 SIVsm Envs by pools of serum from monkeys vaccinated with novel adjuvants in trials M2 and M15. Pools
of serum from immunized rhesus macaques that received different regimens within the M2 and M15 trials were created. For the M2 trial, four serum pools
corresponding to the vaccine groups (protein plus alum, protein plus NP, VLP plus alum, VLP plus NP; Fig. 1) were tested, where prot is the gp140 protein
immunogen VLP is the virus-like particle immunogen and NP is the nanoparticle adjuvant. For the M15 trial, two serum pools (DDMM and DgDgMM,; Fig. 1)
were tested. DDMM, DNA/MVA-vectored immunogens; DgDgMM, the GM-CSF adjuvant was delivered with the DNA. Serum pools were serially diluted 5-fold
and used to inhibit pseudovirus infection using the Tzm-bl cell assay, with luciferase activity being the readout. The reciprocal dilution is presented on the x axis
on a log,, scale, and the percent viral infectivity relative to that in the absence of test serum (100%) is shown on the y axis. Each Env pseudovirus and serum
combination was tested in duplicate in at least two independent experiments. The standard error of the mean is shown for each point on the graph. (A to F)
Neutralization of six Env pseudoviruses from the SIVsm Env panel representing tiers 1a, 1b, 2, and 3 (Fig. 4). The SIVsm Env (neutralization tier) is indicated at
the top of each panel. Immunogens are indicated by color (black, protein; blue, VLPs; purple, DDMM). Closed symbols and solid lines, alum or no adjuvant; open
symbols and dashed lines, immunization with a novel adjuvant.

the various forms of Env and immunomodulatory adjuvants that model and dissect the requirements of antibody-mediated protec-
were included. The aforementioned caveats notwithstanding, the  tion; however, success will be contingent on the model accurately
data argue that vaccines expressing the SIVmac239 Env mainly  reproducing the induction of antibodies against HIV-1 Env im-
elicit antibodies capable of neutralizing tier la EHVS, regardless of munogens and mechanisms of protection against HIV-1 infec-
the vaccination regimen or adjuvant. While this finding may have  tjon. For neutralizing antibodies, this is complicated by the inher-
been implied by previous studies, to our knowledge ithasnotbeen  ent immune evasion tactics and vast diversity of the HIV-1 Envs
shown directly. The results therefore strongly emphasize the im-  (33) Thys, the genetically diverse SIVsm Env panel developed and
portanc.e'of the Env immunogen when the goal is to broaden the  ;seq here, in combination with sera from immunized macaques
neutralizing antibody response. from four coordinated preclinical trials, provided a unique oppor-
tunity to better understand what type of neutralizing antibodies
against SIVmac239 Env are elicited across various immunization
regimens, possibly shedding new light upon mechanisms of neu-
tralizing antibody induction that could be translated to HIV-1.
Neutralizing antibodies against HIV-1 were first described al-
most 30 years ago (81), leading to the idea that a protective vaccine
could be readily developed. However, it was reported shortly
thereafter that HIV-1-neutralizing antibodies were strain specific,

DISCUSSION

Vaccine-elicited antibodies against HIV-1 and SIV. The goal of
all SIV-based vaccine studies performed in nonhuman primates is
to develop and test immunization regimens that can subsequently
be administered to human populations to protect against acquisi-
tion of HIV-1. Evidence based on currently licensed vaccines and
a small number of phase IIb and IIT HIV vaccine trials strongly
suggests that an HIV vaccine will need to elicit an effective anti-
body response, which will probably include neutralizing antibod- ~ Posing a substantial obstacle to protecting against genetically di-
ies, to protect against acquisition (2, 79, 80). The burden of cur- ~ verse HIV-1 strains (82, 83). Another significant early observation
rent nonhuman primate SIV-based vaccine studies is therefore to  was that vaccine-induced antibodies typically could neutralize
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only tissue culture-adapted strains of HIV-1, which were atypi-
cally susceptible to neutralization (i.e., tier la viruses), and could
not neutralize circulating patient-derived viral isolates (generally
tier 2 or 3) (84-86). The neutralization resistance of the latter was
attributed to the conformational masking of conserved receptor-
binding surfaces that is lost during in vitro tissue culture adapta-
tion (87, 88). Together, these observations established the para-
digm that a vaccine should be able to elicit antibodies that can
neutralize clinically relevant, genetically diverse HIV-1 strains (30,
31, 89, 90), including those isolated during acute/early HIV-1 in-
fection (91-93). The field unanimously reached the conclusion
that neutralization of a limited set of highly sensitive laboratory
strains was not a viable indicator of protective immunity (94).

Conversely, for SIV models, measuring vaccine-elicited neu-
tralizing antibody responses against a limited set of highly neutral-
ization-susceptible Envs in nonhuman primates is commonplace.
Our study is among the first to evaluate whether antibodies with
neutralization breadth against diverse tier 2 or 3 SIVsm Envs were
elicited by vaccination, in a manner similar to that used for HIV-1
studies. Our results indicate that, like HIV-1 Envs, most SIVsm
Envs are moderately to highly resistant to SIV-infected pooled
plasma or serum and MAbs that target the conserved receptor-
binding surfaces (V3, CD4i, and CD4bs). However, the lack of
broadly neutralizing reagents for SIV leaves open the question of
whether antibodies that can neutralize the most resistant tier 3
Envs exist in any context. Our data suggest that further investiga-
tion will be required to determine whether tier 3 SIVsm Envs are
relevant for detecting vaccine-induced protective immunity and
whether the tier 2 SIVsm Envs are ultimately more informative
targets in the immediate future.

Furthermore, like some tier 1 HIV-1 Envs, each tier 1a SIVsm
Env has some atypical feature or adaptation that potentially con-
tributes to unmasking and greater epitope accessibility. In these
respects, HIV-1 and SIVsm Envs are similar, despite their low
sequence conservation, lack of antigenic cross-reactivity, and dis-
tinct evolutionary lineages (72, 95). However, SIVsm is the ances-
tor of HIV-2 (96, 97), and substantial antibody cross-reactivity
does exist between these two viruses (17, 72). Yet, most patient-
derived HIV-2 Envs exhibit tier 1-like neutralization sensitivity to
pooled plasma and to MAbs derived from patients with HIV-2
infection that target the V3, CD4bs, V4, and CD4i epitopes (50).
Thus, HIV-2 Envs may exhibit less glycan shielding and/or a more
open conformation than HIV-1 or SIVsm Envs (50). Indeed, the
V3 loops of both HIV-1 and HIV-2 are immunogenic, but HIV-1
Envs are almost always more resistant to neutralization by anti-V3
antibodies (30, 70, 98-100) because of conformational masking
(88). In terms of vulnerability to neutralizing antibodies, most of
the SIVsm Envs in the panel seemed to behave more similarly to
HIV-1 than HIV-2 Envs. The driving force for masking of con-
served epitopes during natural infection with SIVsm is not imme-
diately clear, given evidence of lower diversifying selection in Env
gp120 (101) and lower autologous neutralizing antibody titers in
naturally infected sooty mangabeys (39) than individuals infected
with HIV-1. Unfortunately, the determinants of neutralization
pan-resistance in some of the tier 3 SIVsm Envs or the identifica-
tion of reagents that neutralize them will require further investi-
gation.

SIVmac239 Env as a surrogate for HIV-1 Envimmunogens.
HIV-1Envimmunogens in macaques and human subjects pre-
dominantly elicit tier 1 neutralizing antibodies, regardless of
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the immunization platform, Env genotype, or modifications to
the Envimmunogen (2, 35-37, 90, 102—110). These tier 1 neu-
tralizing antibodies include those targeting V3, CD4i, and the
CD4bs (35-37, 109). As more information about the putative
germ line and mutated forms of broadly neutralizing antibod-
ies against HIV-1 has become available, strategies to modify
and deliver Env immunogens are under development to elicit
neutralizing antibodies against targets known to confer
breadth, such as the CD4bs (34, 111-114). The STVmac239 Env
is derived from a molecular clone that establishes a persistent
infection in rhesus macaques, resulting in rapid progression to
a fatal AIDS-like disease (115-118). STVmac239 Env is com-
monly used for vaccination of nonhuman primates; it is known
to be inherently resistant to antibody neutralization (6-9) and,
like HIV-1 Envs, masks receptor-binding surfaces (119-121).
Furthermore, SIVmac239 Env is more dependent on the CD4
level and is less macrophage-tropic than many other SIV iso-
lates, resembling HIV-1 Envs. White et al. demonstrated that
the molecular architecture of SIVmac239 Env trimers is com-
parable to that of HIV-1 Env trimers (122); however, there are
apparent differences in conformational changes following CD4
binding (123).

The analysis using our panel of SIVsm Envs did not reveal any
evidence that the immunizations carried out here consistently
elicited antibodies capable of potently neutralizing tier 2 or 3 SIV
strains. Instead, immunization with the SIVmac239 Env in differ-
ent forms and with novel adjuvants elicited predominantly tier la
Env-neutralizing antibodies that may be targeted to epitopes, in-
cluding V3, CD4i, and CD4bs, regardless of the vaccination regi-
men. Indeed, other vaccine trials have shown that SIVmac239
elicits antibodies capable of neutralizing pseudoviruses with tier 1
SIVsmE660-derived Envs, but these studies did not address
whether neutralization breadth was present and did not compare
neutralization profiles across such varied vaccine regimens in a
systematic fashion. Accordingly, we provide new information that
the SIVmac239 Envimmunogen appears to be the primary deter-
minant of a tier 1 Env-neutralizing antibody profile, which is not
superseded by the addition of adjuvants. However, adjuvants may
increase the titer of these antibodies. Improving neutralization
breadth against SIV will therefore likely require modification or
careful selection of the Env immunogen to direct neutralizing an-
tibodies away from tier 1 Env antibody targets, and once neutral-
ization breadth has been achieved, the use of adjuvants to further
enhance the titer may be considered later.

Properties of SIVsmE660 challenge virus. SIV vaccine models
should faithfully model the biology of HIV-1 acquisition (1). To
mimic HIV-1 transmission, current SIV-based nonhuman pri-
mate vaccine approaches, including those studied here, generally
utilize a low- to moderate-dose repeat mucosal challenge with a
viral quasispecies, such as neutralization-sensitive SIVsmE660 or
neutralization-resistant STVmac251 (124, 125). SIVsmE660 serves
as a heterologous challenge virus for SIVmac239 immunogens,
because, unlike SIVmac251, it is genetically distinct from
SIVmac239. However, SIVsmE660 challenge virus stocks arose
from in vivo and in vitro passage of virus, leading to the original
SIVsmE660 isolate that was derived from the spleen of a termi-
nally ill SIV-infected rhesus macaque by in vitro coculture (126,
127). It follows that this in vitro adaptation may have contributed
to the unusual neutralization sensitivity of some SIVsmE660 vari-
ants, often several orders of magnitude greater than the sensitivity
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of HIV-1 (17, 18) and most other SIVsm variants (Fig. 4; see also
Fig. S1 in the supplemental material) (17).

Furthermore, the finding that the Env clone E660.11 is highly
CD4 independent raises the possibility that this feature is shared
with other SIVsmE660 variants. CD4 independence in SIVsm
Envs is not uncommon and correlates with sensitivity to anti-V3,
anti-CD4bs, and anti-CD4i neutralizing antibodies (119). In con-
trast, CD4-independent HIV-1 strains infrequently occur in na-
ture (72, 73). The sequence of Env clone E660.11 analyzed here is
98% identical to the consensus sequence of the SIVsmE660 chal-
lenge stock from which it was derived (data not shown). The
SIVsmE660 challenge stock consensus sequence contains a serine
at position 166 in V2 (as in Fig. 3) that is part of a PNLG site;
however, the E660.11 Env contains a SI66N substitution that de-
stroys the PNLG site and has been associated with the CD4 inde-
pendence of SIVsm (128). Approximately 20% of single-genome
amplification (SGA) sequences derived from SIVsmE660 chal-
lenge stocks lack this PNLG site in V2, indicating that as many as
one in five variants could carry this potential signature (data not
shown). Indeed, Roederer et al. noted that immunization resulted
in a significant selection against an analogous V1V2 PNLG site in
macaques subsequently challenged with SIVsmE660 variants (18).
Interim in vitro growth of the SIVsmE660 isolate in human cells or
under other growth and adaptation conditions could have altered
the dependence on rhesus macaque CD4 in some variants, such as
E660.11 (119). In addition, there is evidence that CD4-indepen-
dent variants emerge more readily in SIV-infected macaques that
progress to disease rapidly, probably because they often fail to
develop antibody responses. The rhesus macaque from which
SIVsmE660 was derived had transient antibody responses against
Env and died 52 days after infection (126). Paradoxically, then, it
may be that SIVsm Envs selected for their high virulence in vivo
also exhibit greater sensitivity to neutralizing antibodies (45).
HIV-1 quasispecies circulating within a patient would not usually
contain variants with such extreme neutralization sensitivity (63—
65, 129, 130) or CD4 independence (131, 132), and SIVsmE660
could be misleading in terms of modeling of HIV-1 transmission
and mechanisms of protection.

The use of a novel SIVsm Env panel to analyze samples from
four coordinated nonhuman primate trials expressing SIVmac239
Env provides strong evidence that these vaccination platforms in-
corporating cytokine- and TLR ligand-stimulating adjuvants did
not consistently elicit antibodies with breadth that were capable of
rigorously neutralizing SIVsm isolates with tier 2 or 3 Envs, fur-
ther highlighting the known difficulties in eliciting broadly neu-
tralizing antibodies through vaccination. Optimization of SIVsm
Env immunogens to preferentially expose certain targets and in-
teract with germ line B-cell receptors may be necessary to elicit a
broader antibody profile, as has been suggested for HIV-1 Envs.
Despite similarities between SIVsm and HIV-1 Envs, there are also
important differences that could affect their immunogenicity, an-
tigenicity, and mucosal transmissibility, particularly differences
involving interactions with CD4 (73, 119, 123, 133-141). These
findings highlight our limited understanding of how well SIVsm
Env immunogens, challenge viruses, and neutralization panels
model features of HIV-1 Envs that are desirable for vaccines and
underscore the need to identify and characterize broadly neutral-
izing antibodies against STVsm if this immunization model is go-
ing to continue to be pursued.
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