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ABSTRACT The goals of preclinical HIV vaccine studies in nonhuman primates are
to develop and test different approaches for their ability to generate protective im-
munity. Here, we compared the impact of 7 different vaccine modalities, all express-
ing the HIV-1 1086.C clade C envelope (Env), on (i) the magnitude and durability of
antigen-specific serum antibody responses and (ii) autologous and heterologous
neutralizing antibody capacity. These vaccination regimens included immunization
with different combinations of DNA, modified vaccinia virus Ankara (MVA), soluble
gp140 protein, and different adjuvants. Serum samples collected from 130 immu-
nized monkeys at two key time points were analyzed using the TZM-bl cell assay: at
2 weeks after the final immunization (week 40/41) and on the day of challenge
(week 58). Key initial findings were that inclusion of a gp140 protein boost had a
significant impact on the magnitude and durability of Env-specific IgG antibodies,
and addition of 3M-052 adjuvant was associated with better neutralizing activity
against the SHIV1157ipd3N4 challenge virus and a heterologous HIV-1 CRF01 Env,
CNE8. We measured neutralization against a panel of 12 tier 2 Envs using a newly
described computational tool to quantify serum neutralization potency by factoring
in the predetermined neutralization tier of each reference Env. This analysis revealed
modest neutralization breadth, with DNA/MVA immunization followed by gp140 pro-
tein boosts in 3M-052 adjuvant producing the best scores. This study highlights that
protein-containing regimens provide a solid foundation for the further development
of novel adjuvants and inclusion of trimeric Env immunogens that could eventually
elicit a higher level of neutralizing antibody breadth.

IMPORTANCE Despite much progress, we still do not have a clear understanding of
how to elicit a protective neutralizing antibody response against HIV-1 through vac-
cination. There have been great strides in the development of envelope immuno-
gens that mimic the virus particle, but less is known about how different vaccination
modalities and adjuvants contribute to shaping the antibody response. We com-
pared seven different vaccines that were administered to rhesus macaques and that
delivered the same envelope protein through various modalities and with different
adjuvants. The results demonstrate that some vaccine components are better than
others at eliciting neutralizing antibodies with breadth.
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The goals of preclinical human immunodeficiency virus (HIV) vaccine studies in
nonhuman primates (NHP) are to develop and test different approaches for their

ability to generate protective immunity, understand how these responses are elicited
and mediate protection, and translate the most efficacious approaches to human
populations at risk for HIV-1 infection. NHP studies provide opportunities to investigate
the impact of different types of vaccine vectors, immunogen forms, delivery routes,
adjuvants, timing, and dosage by facilitating direct comparisons of variables, the
synchronized collection of samples at optimal time points, and sampling more com-
prehensive than that which is possible in human subject cohorts (1, 2). NHP studies
designed for cross-comparison can therefore lead to a better mechanistic understand-
ing of protective immunity.

Heterologous vaccination strategies incorporating DNA prime and modified vaccinia
virus Ankara (MVA) boost platforms have shown promise in preclinical and clinical
testing of HIV vaccines (3). In humans, DNA/MVA approaches have exhibited excellent
safety and immunogenicity profiles in phase I (HVTN-065) and phase IIa (HVTN-205)
trials (4–6). Recombinant HIV-1 envelope (Env) protein gp120 immunizations have also
exhibited robust safety and immunogenicity in two large phase III efficacy trials,
VAX003 (7) and VAX004 (8). In addition, the more recently conducted RV144 phase III
efficacy trial safely delivered a regimen consisting of a recombinant canarypox virus
vector prime with bivalent Env gp120 protein boosts to over 8,000 individuals (9). This
trial showed some evidence of reduced acquisition that was associated with antibody
responses (10), although the interpretation of the statistical analysis remains under
debate (11, 12). Nevertheless, follow-up studies (HVTN-100, HVTN-114, HVTN-702) have
been undertaken to build upon the RV144 results by testing variables such as clade-
matched Env immunogens, delayed protein and vector boosts, and different adjuvants.
Thus, these established vaccination platforms that have been proven to be safe and
effective in humans lend themselves to improvement by optimizing the Env immuno-
gen, combining different vaccine modalities, and including novel adjuvants (13, 14).

To better understand how different vaccination modalities, immunogen forms, and
adjuvants shape the immune response and influence the potential to elicit protective
immunity, we previously performed a comparative analysis of the serum neutralizing
antibody responses elicited in four DNA/MVA/protein-based simian immunodeficiency
virus (SIV) vaccination challenge studies in rhesus macaques (trials M11, M12, M2, and
M15) which together included 10 different regimens that expressed the SIVmac239
envelope (Env) glycoprotein (15–21). Gag/Pol immunogens, when included, were also
derived from SIVmac239, and all trials used similar vaccine components and timelines,
providing a unique opportunity to understand which components contributed to
particular immune responses. For the comparative analysis, a panel of 14 genetically
diverse SIVsm Envs consisting of tiers 1 to 3 was generated and used to assess
neutralizing capacity in a manner similar to that used for neutralization of HIV-1 Envs
(22, 23). Overall, a key finding of that study was that the different vaccination regimens
predominantly elicited antibodies capable of neutralizing only the highly sensitive tier
1 SIVsm Envs (17). A conclusion from that study was that varying the antigen form,
adjuvant, and delivery parameters did not alter the neutralizing antibody profile in the
context of the SIVmac239 Env immunogen.

Subsequently, three additional vaccination trials in rhesus macaques that included
seven different vaccination regimens were implemented utilizing the HIV-1 1086.C
K160N Env immunogen instead of SIVmac239 (Fig. 1). The 1086.C Env was selected as
the immunogen because it was derived from a clade C HIV-1-infected individual during
acute infection (24). The immunogen Env sequence matched 12 of 25 Env sequences
derived from the 1086 donor using single-genome PCR amplification (SGA) and was
thus representative of the transmitted/founder (T/F) consensus sequence. This Env also
displayed a desirable antigenic profile and exhibited a greater capacity to elicit anti-
bodies with neutralization breadth in guinea pig immunization studies than a panel of
other HIV-1 acute and chronic Env variants (25). Furthermore, the 1086.C Env gp120
protein was selected for inclusion in the bivalent subtype C gp120/MF59 protein
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component of the phase III HVTN-702 trial ongoing in South Africa (26). For the current
study, all 1086.C Env immunogens encoded an N-linked glycan at position N160 (based
on the strain HXB2 numbering), which is part of the V1V2 apex-directed, quaternary,
broadly neutralizing antibody epitopes (27–29).

Like the previous SIVmac239 Env-based studies, the HIV-1 Env immunogen trials
M19, M21, and M22 also incorporated several novel approaches to enhance immuno-
genicity, with a particular focus on antibody responses. The M22 trial included the
membrane-anchored rhesus macaque CD40 ligand (CD40L) adjuvant, which is coex-
pressed with Env on the surface of Gag-based virus-like particles produced by the DNA
vaccine vector and which acts as a costimulatory molecule for dendritic cells and B
cells (19). The CD40L adjuvant was previously associated with enhanced protection
against SIVsmE660 challenge (19). One arm of the M22 trial also included an
immunogenically enhanced version of the MVA vector lacking four immunomodu-
latory genes (interleukin-8 [IL-8] binding protein, soluble IL-1� receptor, CC chemo-
kine binding protein, and a dominant negative Toll/IL-1 signaling adapter) (30). This
MVA vector was previously shown to increase the magnitude of cellular and
antibody immune responses against HIV-1 Env in rhesus macaques (30). Protein
boost immunizations were included in one or more arms of the M19, M21, and M22
trials and consisted of the HIV-1 Env 1086.C K160N soluble gp140 protein formu-
lated in one of two different adjuvants. The M22 trial utilized Adjuplex, which is
composed of lecithin (submicron-sized liposomes) and a biodegradable carbomer
homopolymer (31). Recent NHP studies of DNA/protein vaccination regimens dem-
onstrated that Adjuplex is associated with promising neutralizing antibody titers
and breadth (32, 33). The other adjuvant used in the M19 and M21 protein immuni-
zations was a small molecule, 3M-052, encapsulated in poly(lactic-coglycoylic) acid
(PLGA) nanoparticles. 3M-052 is a potent imidazoquinoline-based Toll-like receptor 7/8
(TLR7/8) agonist that results in prolonged retention of the adjuvant at the site of
administration (34, 35). Finally, one vaccine arm in M21 also included three heterolo-
gous SIVmac239 Gag-expressing viral vectors (vesicular stomatitis virus [VSV] serotype
New Jersey, the vaccinia virus [VV] WR strain, and adenovirus type 5 [Ad5]) to elicit
robust Gag-directed CD8 T cell responses, in addition to anti-Env responses (C. Petit-
demange, S. Kasturi, P. Kozlowski, R. Nabi, C. Quarnstrom, P. Reddy, C. Derdeyn, L.

FIG 1 Timeline of the vaccine studies in rhesus macaques. The immunization schedule for each vaccine trial (M19, M21, and M22) is shown on the timeline in
weeks, with key time points provided. The vaccination arm of each trial and the number of animals included are indicated to the left. The agents used for
immunization in each trial are indicated by colored boxes, highlighting similarities and differences between trials. Time points that were analyzed in this study
are indicated by a blue arrow (peak antibody response at week 40 or 41, which is 2 weeks after the final immunization) or green arrow (time of SHIV challenge,
week 58) above the timeline. Adjuvants that were used for the protein immunizations are indicated by gray boxes. Low-dose repeated mucosal challenges were
carried out either intravaginally (M19, M21) or intrarectally (M22) and are described elsewhere.
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Spicer, P. Patel, T. Legere, Y. Kovalenkov, C. LaBranche, F. Villinger, M. Tomai, J. Vasilakos,
B. Haynes, C. Kang, J. Gibbs, J. Yewdell, D. Barouch, J. Wrammert, D. Montefiori, E.
Hunter, R. Amara, D. Masopust, and B. Pulendran, unpublished data).

In the present study, we assessed whether these vaccine modalities could impact
the magnitude and durability of antigen-specific serum antibody responses and the
autologous and heterologous neutralizing antibody capacity in the context of the
widely used HIV-1 1086.C Env immunogen. Serum from two key time points was
analyzed for 130 immunized monkeys: 2 weeks after the final immunization (week
40/41), which represents the peak serum antibody response, and the day of challenge
(week 58), which occurred 17 to 18 weeks after the final immunization. The key findings
are that inclusion of a gp140 protein boost, regardless of adjuvant, had a major positive
impact on the magnitude and durability of Env-specific IgG antibodies. Protein boosts
delivered in 3M-052 also produced better neutralizing activity against the simian-
human immunodeficiency virus (SHIV) challenge virus and a heterologous HIV-1 Env,
CNE8. To further investigate heterologous neutralization breadth, we utilized a well-
characterized global panel of tier 2 Envs (23) and a newly described computational tool
to objectively quantify neutralization potency (NP) by factoring in the predetermined
sensitivity of the reference Envs (36). This analysis revealed that DNA/MVA immuniza-
tion followed by gp140 protein boosts in 3M-052 adjuvant produced better serum
neutralization breadth than the other vaccination regimens. Thus, in the context of
HIV-1 Env 1086.C K160N, a combination of three different vaccine components, which
each expressed a different form of Env, produced the broadest neutralization activity.
The study highlights that protein-containing regimens, in particular, DNA/MVA/protein,
provide a solid foundation for the development of novel adjuvants and trimeric Env
immunogens that can eventually elicit a higher level of neutralizing antibody breadth.

RESULTS
Three preclinical HIV-1 clade C Env-based immunization studies with seven

different regimens were carried out in rhesus macaques. Three preclinical vaccina-
tion studies were carried out in rhesus macaques of Indian origin (Macaca mulatta), as
depicted in Fig. 1. The M19 trial was comprised of two vaccination arms, both
consisting of DNA immunizations at weeks 0 and 8 and two MVA boosts at weeks 16
and 24. After the second MVA immunization, the M19 groups received either 1086.C
K160N Env gp140 protein in 3M-052 adjuvant at weeks 32 and 38 or an additional MVA
immunization at week 38. Each vaccination group in M19 contained 22 animals. The
M22 trial included three vaccination arms, all beginning with DNA immunizations at
weeks 0 and 8 using a plasmid similar to that used in M19 but including rhesus
macaque CD40 ligand (CD40L), which is incorporated into the virus particles produced.
The MVA vaccines were administered at weeks 16, 24, and 38 with either the wild type
or the MVAΔ4 deletion mutant, while a third arm received 1086.C K160N gp140 protein
in Adjuplex adjuvant at weeks 32 and 38 in place of the last MVA vaccine. The
vaccination groups in M22 contained either 14 or 15 monkeys. Finally, the M21 trial had
two arms, neither of which included DNA or MVA vaccine vectors. Each group received
1086.C K160N gp140 protein immunizations in 3M-052 adjuvant at weeks 13, 21, 29,
and 39; however, one arm also included immunization with three different heterolo-
gous viral vectors that expressed SIVmac239 Gag at weeks 0, 9, and 33. Each arm of the
M21 trial contained 21 or 22 monkeys.

An intra-vaginal, low-dose repeated SHIV1157ipd3N4 challenge was carried out in
M19 and M21 at week 58, which was 20 or 19 weeks after the final immunization,
respectively. The results of the challenges are described in detail in two separate
reports by V. Chamcha, P. Reddy, S. Kannanaganat, C. Wilkins, S. Gangadhara, V. Velu,
R. Green, G. Law, J. Chang, J. Bowen, P. Kozlowski, M. Lifton, S. Santra, T. Legere, L. Chea,
L. Chennareddi, M. Suthar, G. Silvestri, C. Derdeyn, M. Gale, Jr., F. Villinger, E. Hunter, and
R. Amara (unpublished) and C. Petitdemange et al. (unpublished). For M22, an intrar-
ectal, low-dose, repeated SHIV1157ipd3N4 challenge similar to that used in trials M19
and M21 was performed, and the results of the challenges are described in another
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report by T. Styles, S. Gangadhara, P. Reddy, S. Hicks, C. LaBranche, D. Montefiori, C.
Derdeyn, P. Kozlowski, V. Velu, and R. Amara (unpublished). Thus, while these immu-
nization regimens did not achieve the bar of protection, they did provide an oppor-
tunity to directly compare and contrast the responses elicited by distinct vaccine
components and adjuvants. To do this, Env-specific IgG and neutralizing antibodies in
serum were analyzed at two time points. Serum collected at week 40/41, 2 weeks after
the final immunization, was chosen to represent the peak antibody response. Serum
collected at week 58, the time of challenge, was also analyzed, as the response at this
time point represents the serum antibody response closest to that encountered by the
challenge virus.

Protein-containing vaccination regimens elicit higher-magnitude, more dura-
ble Env-specific IgG in serum. Figure 2 demonstrates the relative levels of 1086.C
K160N Env gp140-specific IgG in serum detected by enzyme-linked immunosorbent
assay (ELISA) across the seven different vaccination regimens. At the peak time point,
which was week 40 for M19 and M22 and week 41 for M21, the median relative number
of absorbance units (AU) for each group ranged from 10,263 for the group that received
two DNA immunizations (weeks 0, 8) and three MVA immunizations (weeks 16, 24, 38)
(DDMMM) to 230,286 for the vector-protein group (Fig. 2A). For the statistical analysis,
the DDMMM vaccination group, which lacked protein and CD40L, and which utilized
wild-type MVA, was used as a baseline comparator to test for differences in Env-specific
serum IgG titers using a nonparametric Kruskal-Wallis test. This analysis revealed that
the four regimens that included gp140 protein immunizations induced significantly
higher Env-specific IgG levels than DDMMM (P � 0.0001 in all cases), while IgG levels in
the non-protein-containing regimens with CD40L and the MVAΔ4 vector were not
different from those in the DDMMM regimen. While a few animals in the two DNA/
MVA/protein regimens had higher Env-specific IgG than animals in the protein-only

FIG 2 Immunogen-specific serum IgG levels induced by vaccination. The levels of IgG present in heat-inactivated,
vaccinated monkey serum collected during the peak antibody response at week 40/41 (A) and on the day of challenge at
week 54 or 58 (B) with the capacity to bind to the Env 1086.C K160N gp140 protein were quantified by ELISA. The relative
absorbance units (AU) of Env-specific IgG was calculated for each sample by multiplying the OD450 of replicate wells by
the serum dilution. The AU value is plotted on the y axis on a log10 scale. The vaccination modalities for each arm, as shown
in Fig. 1, are indicated below the graph, organized by inclusion of protein boost. A horizontal bar indicates the median for
each group. A Kruskal-Wallis test was performed to determine whether the levels of immunogen-specific serum IgG in each
vaccination group were significantly different from those in the animals that received DDMMM, and significant differences
are indicated by asterisks (****, P � 0.0001). The adjuvant used with the protein immunizations is indicated as Adjuplex
(ADJ) or 3M-052. Week 54 samples were used instead of week 58 samples for 4 animals in the DDMMM, DDMMPP, protein,
and vector-protein groups due to necropsy.
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regimens at week 40/41, the differences between the DNA/MVA/protein and protein-
only groups were not significant.

Overall, the protein-containing regimens produced, on average, 12-fold higher peak
Env-specific IgG antibody levels than the DDMMM regimens. At week 58, the peak
Env-specific IgG antibody levels in the four protein-containing regimens were again
significantly higher than those in the DDMMM group (P � 0.0001), while those in the
CD40L and the MVAΔ4 regimens were not different (Fig. 2B). However, the IgG levels
for the DNA/MVA/protein regimens at week 58 had contracted more than those for the
protein-only regimens. Overall, the protein-containing regimens at week 58 had Env-
specific IgG levels that were 16-fold higher than those for the DDMMM regimens. The
Env-specific IgG levels elicited by the protein-containing regimens declined by an
average of 87% over the intervening 17- to 18-week period between the peak level and
the level on the day of challenge, while the decline for the DNA/MVA regimens was
slightly higher at an average of 90%. The protein-only regimen elicited the most stable
Env-specific IgG levels, with IgG levels declining the least (75%) between the peak level
and that on the day of challenge. In fact, using multiple pairwise comparisons at week
58, the level in the protein-only group was significantly higher than that in the group
that received two MVA immunizations (weeks 16, 24) and two protein immunizations
with HIV-1 1086.C K160N Env gp140 in Adjuplex vaccine adjuvant (D40LD40LMMPP)
(P � 0.0027) and the group that received two DNA immunizations (weeks 0, 8), two
MVA immunizations (weeks 16, 24), and two protein immunizations (weeks 32, 38) with
HIV-1 Env 1086.C K160N gp140 in 3M-052 encapsulated in a PLGA-based nanoparticle
adjuvant (DDMMPP) (P � 0.0001) but was not significantly different from that in the
vector-protein group (P � not significant). Overall, these analyses demonstrate that the
gp140 protein-containing regimens generated significantly higher peak Env-specific
IgG levels that were more durable than the DNA/MVA-based regimens did. However,
the decline in Env-specific IgG levels in all groups fell within the range for Env-specific
serum IgG levels in rhesus macaques or human subjects vaccinated with similar
regimens, which decreased from approximately 50% to 90% during the 12- to 20-week
period following the final immunization and the peak antibody response in previous
studies (5, 6, 16, 21, 37–39). Furthermore, the inclusion of CD40L in the DNA vaccine or
the use of an immune-enhanced MVA vector did not have a positive or negative impact
on the antigen-specific binding antibody responses in this context.

Low to moderate neutralizing activity against SHIV1157ipd3N4 Env was pres-
ent at the peak but waned prior to challenge. We next evaluated neutralization
activity using an Env clone derived through single-genome PCR amplification (SGA) of
the env gene from the clade C SHIV1157ipd3N4 heterologous challenge stock. This Env,
designated SHIV1157ipd3N4 Env G13.10, was selected as its sequence is identical to the
consensus sequence of the challenge stock and exhibited a single amino acid differ-
ence from the SHIV1157ipd3N4 sequence entry in GenBank (accession number
DQ779174) that was present in all SGA-derived Env sequences (Fig. 3). Using a 1:50
dilution of week 40/41 serum from each monkey in the TZM-bl cell assay (Fig. 4), none
of the serum samples were capable of complete neutralization; however, several did
reduce infectivity to 50% or less. For comparison, the residual infectivity of murine
leukemia virus (MLV) Env was above 79% for all vaccinated monkey serum samples,
shown in aggregate in Fig. 5A, and naive monkey serum samples generated a very low
background against all of the HIV-1 Envs tested, including SHIV1157 (Fig. 5B). The
moderate levels of neutralization against SHIV1157ipd3N4 Env G13.10 were observed
most consistently in 3 of the 4 protein-containing groups: the DDMMPP, protein, and
vector-protein groups (Fig. 4A). These three groups were significantly different from the
DDMMM group in their neutralization capacity (P � 0.001). Interestingly, the neutral-
ization capacity of the other protein-containing regimen, D40LD40LMMPP, was not
different from that of DDMMM, which indicated that the protein boost in this context
did not elicit the same profile or magnitude of neutralization activity. This could be due
to the delivery of the gp140 protein in Adjuplex instead of 3M-052 or other factors that
have yet to be defined. Most of the neutralization activity against the challenge SHIV
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Env had waned by week 58, although interestingly, this activity in the protein-only
immunization group appeared to be slightly greater, and this group was the only arm
in which the activity was significantly different from that in the DDMMM arm (Fig. 4B).
Overall, these findings demonstrate that the 1086.C K160N Env immunogens are
capable of eliciting antibodies with neutralizing activity against SHIV1157ipd3N4; how-
ever, these antibodies lack potency and durability in serum, and it is unknown whether
they were present at mucosal surfaces relevant to challenge.

Low to moderate neutralizing activity against heterologous tier 2 Envs from
the global reference panel, but not the autologous Env, was present to varying
degrees. We next assessed the serum neutralization activity elicited by the different
vaccination modalities against the autologous 1086.C K160N Env and a heterologous
tier 2 Env, CNE8, in the TZM-bl cell assay. CNE8 is a CRF01_AE Env from the global

FIG 3 Highlighter plot of Env amino acid sequences derived from the SHIV1157pd3N4 challenge stock. A highlighter plot was generated (https://www.hiv
.lanl.gov/content/sequence/HIGHLIGHT/highlighter_top.html) using 25 SGA-derived sequences (Genbank accession numbers MK364746 through MK364771),
the sequence of cloned Env G13.10, and the GenBank-derived Env sequence DQ779174 of the SHIV1157pd3N4 infectious molecular clone (as the master
sequence). Ticks represent amino acid sequence differences from the master sequence and are defined in the key by color.
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reference panel that was isolated in China (Fig. 6) (23, 40). While CNE8 exhibits a tier 2
phenotype using HIV-positive serum samples in the TZM-bl cell assay, it is on the more
sensitive side of the spectrum, providing an opportunity to detect antibody specificities
different from those of the 1086.C K160N Env (23). Figure 6 shows that the serum

FIG 4 Neutralization of a SHIV1157ipd3N4 Env pseudotype by vaccinated monkey serum. Dot plots were generated
to show the residual percent infectivity of the SHIV1157ipd3N4 Env G13.10 by 1:50-diluted, heat-inactivated monkey
serum collected at week 40/41 (A) and week 58 (B) arranged by vaccination group. The vaccination modalities for each
arm are indicated below the graph. A horizontal bar indicates the median percent infectivity for each group. A
Kruskal-Wallis test was performed to determine whether the levels of neutralization in each vaccination group were
significantly different from those for the animals that received DDMMM, and significant differences are indicated by
asterisks (***, P � 0.001; ****, P � 0.0001). The results for the protein-only groups that received 3M-052 adjuvant in
trials M19 and M21 were significantly different from those for the DDMMM group. The adjuvant used with the protein
immunizations is indicated as Adjuplex (ADJ) or 3M-052.

FIG 5 Negative controls for neutralization using 1:50-diluted serum. (A) Residual infectivity of the MLV Env pseudo-
virus in the TZM-bl cell assay using all vaccinated monkey serum samples diluted 1:50, organized by trial (M19, M21,
M22) and the time of sample collection (week 40/41 or 58), as indicated. The medians for all of the groups shown
ranged from 98% to 108% residual infectivity. Of the 246 serum-Env combinations analyzed, 15 fell between 80% and
90% residual infectivity (6%) and 1 fell below 80% residual infectivity (0.4%). (B) Residual infectivity of a pool of naive
rhesus macaque monkey serum diluted 1:50 against the global panel of reference Envs, the SHIV1137ipd3N4 Env, and
the MLV Env. The monkey serum pool was included in each set of serum samples (see the heat maps in Fig. 8)
according to the trial (M19, M21, M22) and the time of sample collection (weeks 40/41 and 58). Thus, the pool was
run 6 times against each Env. The median residual infectivity for the HIV-1 Envs ranged from 96.5% to 109.5%. Of the
78 naive pooled serum–HIV-1 Env combinations analyzed, only 2 fell below 90% residual infectivity (2.5%).
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neutralization activity against 1086.C K160N Env, presented as the 50% inhibitory dose
(ID50) titer, was very low in all vaccination groups and was not significantly different
from that against the MLV Env pseudovirus negative control. However, various levels of
neutralization against CNE8 were observed. The individual ID50 titers calculated from
the virus inhibition curves for CNE8 ranged from �1:20 to 1:552, and the median titers
were significantly higher than those against MLV Env for all vaccination groups,
determined using a Kruskal-Wallis test (P � 0.05). The highest titers against CNE8 were
achieved in the four protein-containing regimens, with, again, higher responses being
seen in the three groups that utilized the 3M-052 adjuvant, DDMMPP, protein, and
vector-protein (Fig. 6A) (P � 0.0001). The DNA/MVA-based regimens also elicited CNE8-
neutralizing activity that was above the background but that was at a lower level and
less consistent than that in the protein-only groups (Fig. 6B).

The consistent presence of moderate heterologous neutralizing activity against
HIV-1 CNE8 prompted us to measure neutralization against the remaining 11 Envs in
the global reference panel. Recently, a new computational tool was developed that
assigns a quantitative potency score to serum samples, based on the predetermined
tier of Envs that are neutralized, facilitating comparison across vaccination regimens
(36). This tool, available on the Los Alamos HIV Database website at https://www.hiv
.lanl.gov/content/sequence/NI/ni.html, accepts ID50 titers as well as binary data. We
therefore utilized a single 1:50 dilution of serum to assess neutralization activity instead
of a full dilution series, as complete neutralization and a reliable widespread calculation
of ID50 titers were not expected. The threshold for neutralization was defined as less
than 50% residual pseudovirus infectivity. The global panel was chosen to represent a
range of diverse HIV-1 subtypes (Fig. 7) with a broad spectrum of neutralization
sensitivities (Table 1) to provide the most informative outcomes (36).

The neutralization heat maps displayed in Fig. 8A show that low but quantifiable
levels of heterologous neutralization breadth were consistently detected against HIV-1
Envs 398 F1 (clade A), 25710 (clade C), and CNE8 (CRF01) in week 40/41 serum. These

FIG 6 Determination of neutralization ID50 titer by vaccinated monkey serum against HIV-1 Env CNE8, HIV-1 Env 1086.C K160N, and MLV Env. Dot plots were
generated to depict the neutralizing capacity of heat-inactivated, immunized monkey serum collected at week 40 for M19 and M22 and week 41 for M21. The
TZM-bl cell assay was utilized to generate an infectivity curve in the presence of serially diluted serum, which was then used to calculate the 50% inhibitory
dose (ID50) titer using Prism software. Each serum sample was evaluated in two independent assays with duplicate wells against HIV-1 Envs CNE8 and 1086.C
K160N, while MLV Env was analyzed in a single assay with duplicate wells. The data are presented according to each vaccine arm, with the Env indicated
below the graphs. The ID50 titer calculated in Prism (v.7) software is shown on the y axis for vaccination arms that included the 1086.C K160N protein
boost (A) and the DNA/MVA-based vaccination arms without protein (B). A Kruskal-Wallis test was used to determine whether the neutralization of CNE8
or 1086.C K160N Env was significantly different from that for the negative control, MLV Env, for each panel, and significant P values are indicated below
the graphs by asterisks (*, P � 0.05; **, P � 0.01; ****, P � 0.0001). The adjuvant used with the protein immunizations is indicated as Adjuplex (ADJ) or
3M-052.
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three Envs, while classified as tier 2, are on the more neutralization-sensitive side of
the spectrum (23, 41). Less consistent neutralization of other, more resistant Envs in the
panel was also observed at levels that were clearly distinguishable from those for the
negative controls (MLV Env pseudovirus and naive monkey serum; also see Fig. 5).
Overall, neutralizing antibody responses appeared to be the strongest in the three
groups that received protein in 3M-052 adjuvant (M19 DDMMPP, M21 vector-protein,
M21 protein), paralleling the neutralization of the SHIV Env and CNE8, which was also
shown in this experiment. As expected, neutralization activity was stronger at week
40/41 than at week 58. We next set out to more objectively quantify the neutralization
capacity of each serum sample, taking into account the tier or neutralization index (NI)
of each Env (Table 1), in order to illuminate any potential differences between the
vaccination regimens.

FIG 7 Phylogenetic tree of envelope variants used in the study. A neighbor-joining phylogenetic tree of Env amino
acid sequences was generated for the 12 Env variants in the global reference panel, Env 1086.C, and
SHIV1157ipd3N4 Env G13, using Geneious (v.9.0.4) software. The tree was exported and annotated in the FigTree
(v.1.4.3) program. The horizontal bar indicates genetic distance. Clades are indicated by color: purple, clade C
(African sequences); light blue, CRF07; green, clade G; red, CRF01; blue, clade A (subgroup 1); and orange, clade B.
Mgroup.anc refers to the ancestral sequence for HIV-1 group M; CON_OF_CONS refers to the consensus of
consensus sequences for subtypes A, B, C, D, F, G, and H. Both were generated using the Los Alamos National
Laboratory HIV Database. Note that 25710 (pink) is a clade C sequence derived from India and 246F3 (black) is an
HIV-1 clade A and C recombinant sequence.
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To briefly illustrate how the serum neutralization potency (NP) scores were calcu-
lated, representative plots generated at https://www.hiv.lanl.gov/content/sequence/NI/
ni.html are shown in Fig. 9. Each individual serum sample was scored based on the Envs
that it neutralized and the ranking on the neutralization index, shown on the x axis. All
of the NP scores had well-supported P values for a nonzero slope (P � 0.1, chi-square
likelihood-ratio test). The lowest NP score generated for our data set, 0.92, was

TABLE 1 Common names, neutralization indexes, GenBank accession numbers, and clades
of HIV-1 global panel reference Envs

Env Common name NIa GenBank accession no. Clade

398_F1_F6_20 398F1 1.8 HM215312 A
25710-2.43b 25710 2.0 EF117271 C
CNE8 CNE8 2.2 HM215427 CRF01
BJOX002000.03.2 BJOX2000 2.4 HM215364 CRF07
X2278_C2_B6 X2278 2.4 FJ817366 B
TRO.11 TRO11 2.5 AY835445 B
X1632_S2_B10 X1632 2.6 FJ817370 G
CE1176_A3 CE1176 2.6 FJ444437 C
246_F3_C10_2 246F3 2.6 HM215279 AC
CH119.10 CH119 2.6 EF117261 CRF07
CE703010217_B6 CE0217 3.0 FJ443575 C
CNE55 CNE55 3.0 HM215418 CRF01
aNI, neutralization index. The neutralization index values were obtained from reference 36.

FIG 8 Serum neutralization of the global HIV-1 Env reference panel. Heatmaps were generated to portray the neutralizing capacity of heat-inactivated
immunized monkey serum from the peak response at week 40 for M19 and M22 and week 41 for M21 (A) and on the day of challenge at week 58 (B). A pool
of naive monkey serum was included as a negative control against each Env (the last row in each heat map). Each heat-inactivated serum sample was diluted
1:50 and analyzed in duplicate against the HIV-1 Env pseudoviruses indicated at the top of each heat map using the TZM-bl cell assay. The Envs included the
global reference panel, listed from the most to the least sensitive, as described previously (23) (n � 12); a representative Env cloned from the SHIV1157ipd3N4
challenge stock; and the MLV Env as a negative control. The trials are indicated at the top of the figure. For each heat map, the Envs are indicated at the top,
and the vaccination arms are indicated to the left. The key presents the percent residual infectivity of each Env pseudovirus in the presence of each serum
sample, represented as color. The color scale is the same for each heat map and indicates the potency of neutralization: red, good potency (1 to 25% residual
infectivity); blue, fair potency (26 to 50% residual infectivity); green, weak potency (51 to 75% residual infectivity); and black, poor potency (greater than 76%
residual infectivity). White boxes with an X, a serum-Env combination was not analyzed due to limited availability, necropsy, or poor sample quality. Vec, vector.
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calculated for serum samples that did not neutralize any of the 12 global reference Envs
using the defined threshold (less than 50% residual infectivity at a 1:50 serum dilution)
(Fig. 9A). The majority of serum samples at both time points fell into this category (Fig.
8). These serum samples would be expected to neutralize some heterologous tier 1
Envs but not tier 2 Envs. Neutralization of one of the more sensitive reference Envs,
such as 25710 or 398F1, resulted in an NP score of 1.78 or 1.92 (Fig. 9B and C), which
would indicate the capacity to neutralize most tier 1 Envs and a few tier 2 Envs.
Neutralization of different combinations of sensitive and resistant Envs, such as 398F1,
CNE8, BJOX2000 (BJOX), or CH119, resulted in NP scores of 2.18 and 2.23 (Fig. 9D and
E), while neutralization of 398F1, 25710, and CNE8 produced an NP score of 2.32 (Fig.
9F). These serum samples could be expected to neutralize a subset of tier 2 Envs;
however, no serum sample was able to neutralize an Env above a neutralization index
of 2.6 (Table 1). Furthermore, none of the vaccine monkey serum samples analyzed here
would be expected to have consistent and potent neutralization against tier 2 Envs.
These NP scores are consistent with those for a panel of serum samples from rabbits
immunized with various trimeric Env immunogens that was analyzed in a similar
manner against a panel of tier 2 and 3 HIV-1 Envs determined using the Los Alamos
online tool (36). Most of the serum samples in that study had no heterologous
neutralization breadth and were assigned an NP score of 1.05; however, a subset (11

FIG 9 Representative serum neutralization potency graphs generated in the neutralization index tool. Each graph (A to F) shows the results of an analysis of
6 representative vaccinated monkey serum samples against the global reference panel of Envs. The Envs appear corresponding to their neutralization index,
from 1 to 4, shown on the x axis. The calculated neutralization potency (NP) score indicates the virus tier that each serum can be expected to neutralize. NP
is defined as the value for the fitted logistic function with an equal probability of neutralizing and not neutralizing a virus. Graphically, the NI value is where
the fitted curve intersects 50% probability (equal odds of neutralizing and not neutralizing Envs tested). The P value gives the false-positive probability of
rejecting the null hypothesis of no slope in the inferred logistic curve. NP scores in this study ranged from 0.92 (A), where none of the Envs were neutralized,
to 2.32 (F), where 3 Envs at the lower side of the spectrum were neutralized. P values of �0.1 indicate a nonzero slope (chi-square likelihood-ratio test).
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out of 50, 22%) had NP scores greater than 2, resulting from neutralization of a few tier
2 Envs, generally on the more sensitive side of the NI. For further comparison, we
calculated serum NP scores using neutralization data from rhesus macaques immunized
with various BG505 SOSIP.664 regimens, published in a previous study (42). The 9
vaccinated animals with the best antibody responses had a median NP score of 2.25
against the same global panel that was used here, with the NP scores ranging from 1.23
to 2.25. Those serum samples tended to show the best neutralization activity against 2
or 3 Envs with lower NIs. In our study, serum samples collected at week 40/41 from 17
immunized monkeys out of a total of 130 (13%) had NP scores of greater than 2, and
this was also generally directed against Envs that fell closer to 2 than 3 on the NI scale.

Using this computational approach, Fig. 10A demonstrates that the DDMMPP
regimen at week 40 elicited the highest median NP score of 1.92. Only the score for the
DDMMPP group was significantly different from that for the DDMMM group (P � 0.01).
A substantial portion of the DDMMPP group serum samples (10 out of 22, 45%)
achieved an NP score of 2.0 or greater. For comparison, only 3 DDMMM-immunized
monkeys (13%) had NP scores of greater than 2.0. The remaining vaccination regimens
elicited mainly tier 1 neutralizing capacity (median NP score, 0.92) at week 40/41, with
a few exceptions. At week 58, the DDMMPP group also had the best heterologous
neutralization capacity, followed by the protein-only group, with both groups having a
median NP score of 1.92 (Fig. 10B). However, there were only two animals at this time
point with NP scores greater than 2.0, and both were in the DDMMPP group. Thus, this
approach revealed that the DDMMPP regimen generated a quantitatively greater and
more frequent tier 2 neutralization capacity, albeit moderate, than the other regimens.
A caveat to the study is that neutralization was measured at a single serum dilution, as
opposed to a dilution series, which would have yielded a more precise quantitation of
neutralization activity. Understanding the underlying mechanisms, including the con-
tributions of the DNA and MVA immunizations, subsequent protein boosts, and adju-
vant, could provide avenues for improvement, particularly by including stabilized Env
trimers or rationally designed, epitope-based immunogens.

FIG 10 Comparison of serum neutralization potency across vaccination regimens. The neutralization potency (NP) of each
serum sample collected at week 40/41 (A) and week 58 (B) was calculated using the neutralization index tool from the Los
Alamos HIV Database and is plotted on the y axis. The tool considers the neutralization susceptibility of each of the 12
reference Envs, as shown in Fig. 9. Each symbol represents the NP score of an individual monkey serum sample. An NP
score of �1 indicates that a serum sample can be expected to neutralize only tier 1 Envs, while serum with increasing NP
scores can be expected to neutralize more resistant tier 2 and 3 Envs. Most of the serum samples in this analysis had
NP scores of 0.92 or 1.92, with a subset having NP scores exceeding 2. A Kruskal-Wallis test was used to determine whether
the NP scores were significantly different from those found in the DDMMM-immunized animals. The DDMMPP immuni-
zation group was significantly different from the DDMMM group at both week 40 and week 58; the protein-only group was
significantly different from the DDMMM group only at week 58 (*, P � 0.05; **, P � 0.01; ****, P � 0.0001). The adjuvant
used with the protein immunizations is indicated as Adjuplex (ADJ) or 3M-052.
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DISCUSSION

Numerous SIV/HIV vaccination platforms have been developed and tested in NHP
for immunogenicity and protection, using different immunization routes, some of
which were designed to elicit a particular type of immunity by systemic means or by
targeting mucosal surfaces (1, 2). Here we compared several immunization approaches
carried out under the Consortium for Non-Human Primate Models for AIDS Vaccine
Research using a recently developed quantitative comparative tool to define neutral-
ization breadth, in addition to standard comparative measurements. There is broad
consensus in the field that inclusion of Env to induce an antibody component will be
necessary to achieve high levels of protection. This is based in part on the observations
that antibodies that neutralize in vitro using the standard TZM-bl cell assay have
consistently shown strong, titer-dependent protection when passively administered to
NHP (1). In contrast, passively administered nonneutralizing antibodies have not con-
sistently mediated in vivo protection. Nevertheless, the only vaccination regimen
associated with reduced HIV-1 acquisition in human subjects elicited antibodies that
did not exhibit in vitro neutralizing capacity (10). Thus, it seems likely that multiple
antibody effector functions can contribute to reduced acquisition, although it remains
unclear how to purposefully direct the humoral immune response toward one or
multiple effector functions. The RV144 trial also delivered Env in multiple forms,
expressing Env proteins endogenously via a canarypox virus vector and as a bivalent
soluble gp120 protein boost. Here, the best regimen for eliciting heterologous neu-
tralizing capacity, DDMMPP, delivered the 1086.C K160N Env endogenously as gp160
(DNA) and as a cytoplasmic tail-truncated version, gp150 (MVA), on the surface of
Gag-based particles and as soluble gp140. Understanding how the delivery of Env
immunogens in different forms impacts antibody maturation and function or interferes
with this process warrants further investigation.

A major goal of NHP vaccine studies is to identify strategies to elicit antibodies that
can potently neutralize globally representative heterologous Env variants in vitro and
then translate those approaches to humans. To date, there are relatively few examples
of heterologous tier 2 neutralization breadth being raised in immunized rhesus ma-
caques, and all of these successful studies have utilized optimized or purposefully
selected Env immunogens. In one study, a DNA/gp140 coimmunization approach was
used in rhesus macaques to deliver two strategically selected Env variants, which were
each recovered from an HIV-1-infected individual at the onset of the development of
neutralization breadth (33, 43). Using this strategy, heterologous neutralization activity
against a small panel of tier 2 clade B and C Envs was observed using the A3R5
cell-based neutralization assay (44). Other studies have immunized rhesus macaques
with stabilized, trimeric Env gp140 immunogens. In one case, a DNA plasmid vaccine
encoding membrane-anchored, cleaved JR-FL Env, boosted by matching gp140-Foldon,
which forms a stable trimer, elicited modest heterologous tier 2 neutralization activity
detectable in the TZM-bl cell assay (32). The neutralization breadth was greater when
assayed via the more sensitive A3R5 cell assay. In an additional study in which rhesus
macaques were immunized with multiple BG505 SOSIP.664 trimer versions via numer-
ous delivery routes, moderate neutralization breadth was observed in a subset of
animals using the same global reference panel that we employed here (42). Although
that study was focused primarily on autologous neutralization, heterologous neutral-
ization breadth was observed primarily against reference Envs 398F1, 25710, CE1176,
and X1632, which have NI values of 1.8, 2.0, 2.6, and 2.6, respectively. We also observed
the most consistent neutralization activity against Envs 398F1 and 25710. A recent
immunization study employed a rationally designed Env immunogen based on the
HIV-1 Env gp41 fusion peptide that was administered to rhesus macaques in a regimen
that included BG505 SOSIP.664 (45). Cross-clade neutralization breadth was observed
against a panel of 58 HIV-1 variants that were matched for the vaccine’s fusion peptide
amino acid sequence. Remarkably, serum from one of the five immunized rhesus
macaques neutralized 41 of the 58 variants tested with variable ID50 titers, and the
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neutralization activity appeared to be directed at the fusion peptide. These studies
collectively provide a proof of principle that levels of serum neutralization breadth can
be generated using different Env immunogens and vaccination regimens, suggesting
that it is important to pursue multiple vaccine approaches.

Our study, which generated weak tier 2 neutralization breadth that varied with the
regimen, was based on the immunogenicity of the clade C Env 1086.C modified to
contain the N160 glycan associated with V1V2/apex-directed broadly neutralizing
antibodies (bnAbs) (46). Interest in using 1086.C Env as an immunogen began with an
earlier study carried out in guinea pigs to identify promising HIV-1 Env immunogens in
terms of inducing neutralizing antibody breadth (25). A goal of that study, which
utilized gp140 immunogens, was to determine whether T/F Envs as a group had
advantages over chronic or consensus Env variants in terms of eliciting neutralizing
antibody breadth. Liao et al. found that T/F Envs tended to elicit antibodies that
exhibited breadth and that could neutralize tier 1 and tier 2 Env variants (25). They also
found that T/F Envs had a significantly higher binding affinity to monoclonal antibody
(MAb) 17b, which recognizes a CD4-inducible (CD4i) epitope, even in the absence of
soluble CD4 (sCD4). Env 1086.C was also recognized by MAbs A32, VRC01, and 19b and
various V2 antibodies but was not bound by PG9 or PG16 due to the lack of N160. The
authors assessed the strength of positive serum neutralization responses in immunized
guinea pigs and found that 1086.C ranked as the second most effective immunogen.
Because of its favorable antigenicity profile, it was included as one part of the bivalent
clade C gp120 boost for the HVTN-100 phase I/II randomized, double-blind, clinical
vaccine trial carried out in South Africa (47) and is also included in the subsequent
ongoing phase IIb/III efficacy trial, HVTN-702 (26, 48). Overall, the subtype C bivalent
gp120 immunogen has exhibited differences in antigenicity from the gp120s used in
the RV144 regimen, in particular, for elicitation of responses directed at V1V2 (47). The
1086.C Env gp120 protein, when produced in CHO cells, also exhibited an unusually
high occupancy of high-mannose glycans, which could favorably impact its antigenicity
(26). Thus, while antigenicity cannot predict what type of antibody responses will be
elicited by an Env immunogen, 1086.C possesses a number of desirable qualities
supporting its broad use in antibody-based vaccination studies (49–51).

The 1086.C-based vaccine studies compared here elicited the most consistent
neutralization activity against global reference Envs 398F1, CNE8, and, to a lesser
extent, 25710 (Fig. 8). The NI for each of these Envs was 1.8, 2.2, and 2.0, respectively,
putting them on the more susceptible side of the 1-to-4-NI spectrum (Table 1) (36) (see
the neutralization index tool at https://www.hiv.lanl.gov/content/sequence/NI/ni.html).
However, none of these Envs are particularly susceptible to neutralization by the CD4i
MAb 17b, as discussed above, although 398F1 and CNE8 are susceptible to neutraliza-
tion by high concentrations of this MAb in the absence of sCD4 (ID50 titers, 14 and
10 �g/ml, respectively) (23). Env 398F1 is also sensitive to a number of V3 MAbs and
CD4 binding site (CD4bs) MAbs that typically have limited neutralization against other
members of the global panel (23). Likewise, Env CNE8 is sensitive to gp41 cluster
I-directed MAbs and a number of V1V2 MAbs with limited tier 2 neutralizing capacity
(23). In contrast, Env 25710 does not exhibit any unusual sensitivity to nonneutralizing
antibody specificities. Occasional neutralization of other Env variants, such as BJOX and
CH119, with NIs of 2.4 and 2.6, respectively, was observed and could have also been
mediated by recognition of poorly neutralizing epitopes in V3 or the CD4bs (23). Serum
samples with peak antibody levels diluted 1:50 were capable of about 75% neutraliza-
tion in the best cases, indicating that they could potentially reach complete neutral-
ization in vitro at a lower dilution. Furthermore, ID50 titers assessed against Env CNE8
reached over 1:200 in a few cases. The observed neutralization breadth, while modest,
could be directed at epitopes that are exposed in some Envs but not others and likely
involves a polyclonal population, as opposed to a single neutralizing antibody speci-
ficity, such as the CD4bs. These studies therefore suggest that the 1086.C K160N Env,
delivered through multiple vectored and protein boost strategies, does elicit some
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antibodies capable of neutralizing bona fide tier 2 variants at a moderate level in the
TZM-bl cell assay.

This study provides new information about combinations of the Env immunogen,
adjuvant, and delivery platform that could be used to elicit serum neutralization
breadth. First, we consistently observed that including soluble gp140 protein boosts
produces a higher magnitude of serum Env-specific IgG antibody responses with
greater durability. All protein-containing regimens in our study, regardless of whether
Adjuplex or 3M-052 adjuvant was used, elicited better serum Env-specific IgG responses
than the DNA/MVA-based regimens. Second, groups with protein boosts were also
associated with better neutralization of the challenge SHIV and low levels of heterol-
ogous neutralization breadth; however, this was limited to regimens that included the
3M-052 adjuvant, as the protein group that received Adjuplex was not different from
the group that received DNA/MVA-based regimens in these contexts. Third, this study
did not provide any evidence that inclusion of rhesus macaque CD40L in the DNA
vaccine vector or the use of a modified MVA vector enhanced antibody responses in
terms of magnitude, durability, or neutralizing activity. This finding is consistent with
that of our previous study in the context of an SIV vaccine, where CD40L did not alter
the serum neutralizing antibody profile (17); however, CD40L has been previously
associated with enhanced protection against a mucosal SIV challenge and is worthy of
further exploration and optimization (19). Furthermore, it is important to note that the
CD40L-containing DNA/MVA/protein regimen cannot be directly compared to the
DNA/MVA/protein regimen because two different adjuvants were used with the protein
boosts. Fourth, neutralization of the autologous Env 1086.C K160N was poor in all
vaccine groups. This Env has an NI of 2.4 and thus shares typical characteristics with
Envs that are more resistant to neutralization. Finally, while moderate SHIV neutraliza-
tion activity was present in some animals at week 40/41, these were low to undetect-
able in serum by the time of challenge at week 58. Protection generally requires serum
antibody concentrations that are at least a log fold higher than the ID50 measured in
vitro (1). These parallel comparisons of different vaccination regimens demonstrate that
DDMMPP provides a promising foundation. This is consistent with the hypothesis that
endogenous production of Env, Gag-Env particle formation, soluble protein boost, and
adjuvant could all contribute in different ways to drive neutralizing antibody produc-
tion. Furthermore, this vaccination platform has been used safely in human subjects to
elicit antibody responses (4–6) and presents a strong foundation for improving
neutralization breadth by strategies such as incorporating next-generation Env
immunogens (52–55), extended vaccine delivery routes (42), and novel adjuvants
(56). In conclusion, elicitation of modest serum neutralizing antibody responses
against a subset of tier 2 HIV-1 Envs in NHP provides a step toward the goal of
achieving protection against globally representative viral variants.

MATERIALS AND METHODS
Ethics statement. The Emory University Institutional Animal Care and Use Committee (IACUC; AWA

number A3180-01) approved these studies of nonhuman primates under protocols YER-2002540 and
YER-2002761. These studies were performed in strict accordance with the United Stated Department of
Agriculture regulations and the recommendations set forth in the Guide for the Care and Use of
Laboratory Animals of the National Research Council (57). Animals were housed in pairs in standard
nonhuman primate cages and received standard primate feed, as well as fresh fruit and enrichment daily.
The animals had continuous and free access to water and enrichment resources, including objects for
perching and other manipulanda. Animal welfare was monitored daily. Appropriate procedures were
performed to ensure that potential distress, pain, or discomfort was alleviated. The sedative ketamine (5
to 10 mg/kg of body weight) or tiletamine and zolazepam (Telazol; 3 to 5 mg/kg) was administered
before blood draws, which were performed by trained research staff.

Immunizations and samples. Serum samples were obtained from a total of 130 Indian rhesus
macaques (Macaca mulatta) immunized during three vaccine trials carried out at the Yerkes National
Primate Research Center (designated M19 [n � 44], M21 [n � 43], and M22 [n � 45]; Fig. 1). M19 and M21
utilized only female monkeys, while each of the three groups in the M22 trial contained 10 males
and 5 females. The M19 trial consisted of two vaccine groups. One group received two DNA
immunizations (weeks 0, 8) and three MVA immunizations (weeks 16, 24, 38) (DDMMM), and the
other group received two DNA immunizations (weeks 0, 8), two MVA immunizations (weeks 16, 24),
and two protein immunizations (weeks 32, 38) with HIV-1 Env 1086.C K160N gp140 in 3M-052
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encapsulated in a PLGA-based nanoparticle adjuvant (DDMMPP). The M21 trial consisted of two
vaccine groups. One group received immunizations with heterologous recombinant viral vectors
expressing full-length SIVmac239 Gag. These viral vectors were recombinant vesicular stomatitis
virus (rVSV; serotype New Jersey) Gag (week 0) (58, 59), recombinant vaccinia virus (rVV; WR strain)
Gag (week 9) (60, 61), and recombinant adenovirus type 5 (rAd5) Gag (week 37) (62), whichj were
administered as four immunizations with HIV-1 Env 1086.C K160N gp140 in 3M-052 encapsulated in
PLGA-based nanoparticle adjuvant (weeks 15, 21, 29, 39) (vector-protein); the second group received
four immunizations of HIV-1 Env 1086.C K160N gp140 (weeks 15, 21, 29, 39) with no viral vectors
(protein only). The M22 trial consisted of three vaccine groups. All three vaccine groups received two
immunizations with DNA expressing rhesus macaque CD40 ligand (CD40L) (19) (weeks 0, 8). In addition,
one group received MVA immunizations (weeks 16, 24, 38) (D40LD40LMMM); the second group received
two MVA immunizations (weeks 16, 24) and two protein immunizations with HIV-1 1086.C K160N Env
gp140 in Adjuplex vaccine adjuvant (catalog number A0362; Sigma) (weeks 32, 38) (D40LD40LMMPP); and
the third group received three immunizations with an MVA deletion mutant (MVAΔ4) (30) (weeks 16, 24,
38) (D40LD40LMΔMΔMΔ). The DNA plasmid vector delivers the entire 1086.C K160N Env gp160 coding
region along with the SIVmac239 Gag-, PR-, reverse transcriptase (RT)-, Tat-, and Rev-coding sequences.
The MVA vector also encodes SIVmac239 Gag, RT, and PR but expresses the 1086.C K160N Env with the
C-terminal 146 amino acids of the cytoplasmic tail truncated (gp150) to enhance stability and surface Env
expression.

Immunization with a pGA-based DNA plasmid (20, 63) harboring SIVmac239 Gag/Pol and HIV-1
1086.C K160N Env gp160 (with or without the rhesus macaque CD40L-coding sequence) was carried out
via intramuscular injection using a hypodermic needle at a 3-mg/dose; MVA expressing SIVmac239
Gag/Pol and HIV-1 1086.C K160N Env gp150 (64–66) was administered via intramuscular injection with
1 � 108 PFU/dose. Recombinant HIV-1 1086.C K160N Env gp140 protein was derived from an env gene
cloned from an acutely infected clade C HIV-1-infected individual (24, 25). The cleavage site between
gp120 and gp41 was mutated (R503E and R511E, HXB2 numbering), and the codon encoding lysine at
position 160 was mutated to encode an asparagine, restoring the N-linked glycan. The protein was
obtained from the Duke Human Vaccine Institute, where it was produced in 293F cells by transient
transfection, purified by lectin chromatography, filtered using a 0.2-�m-pore-size filtration unit, and
stored in phosphate-buffered saline (PBS; pH 7.4) at �80°C. Protein immunizations were also carried out
subcutaneously and consisted of 100 �g/dose of 1086.C Env gp140 mixed with Adjuplex vaccine
adjuvant in M22 (catalog number A0362; Sigma-Aldrich ) or the TLR7/8 agonist 3M-052 encapsulated in
poly(lactic-coglycolic) acid (PLGA)-based nanoparticles in M19 and M21. The 3M-052 molecule was
provided by 3M Drug Delivery Systems (St. Paul, MN, USA), poly(lactic-coglycolic) acid (PLGA; Mw,
�12,000) polymer (Resomer RG502H) was procured from Boehringer Ingelheim (now supplied by Evonik
Industries, AL), and poly(vinyl alcohol) (PVA; Mw, 31,000 to 50,000) was purchased from Sigma-Aldrich.
3M-052 encapsulated in PLGA nanoparticle formulations was synthesized using an oil-in-water (O/W)
single emulsion, followed by a solvent evaporation process, previously described, with slight modifica-
tions (67). Nanoparticles were verified for size distribution using a dynamic light scattering (DLS)-based
particle sizer (Brookhaven Instruments, NY). The encapsulation efficiency of 3M-052 was estimated using
a UV-visible scan, with the peak being noted at 327 nm, as described before (9), and a standard curve was
established with known amounts of 3M-052. rVV Gag and recombinant vaccinia virus (WR strain), each
expressing full-length SIVmac239 gag, were generated as previously described (68–70). Heterologous
viral vector immunizations included a 1-ml intravenous injection of 5 � 107 PFU of rVSV Gag at week 0.
At 9 weeks, animals were boosted with a 1-ml intravenous injection of 1 � 107 PFU of rVV Gag. At
37 weeks, animals were then boosted with a 1-ml intravenous injection of 7.2 � 1010 viral particles
of rAd5.

Neutralization assays. Neutralization against HIV-1 Envs 1086.C K160N and CNE8 was measured
using serially diluted, heat-inactivated immunized rhesus macaque serum in the TZM-bl cell assays as
previously described, using cells that had been plated 1 day prior to the assay (15, 17, 30, 41, 71–80). In
brief, Env pseudoviruses were generated by transfecting the Env-expressing plasmid DNA alongside the
HIV-1 SG3ΔEnv proviral backbone DNA into 293T cells, collecting the supernatant 48 to 72 h later,
clarifying it by centrifugation, and storing it in small aliquots at �80°C. Luciferase was quantified using
a BioTek Synergy multimode microplate reader and Gen5 (v.3.02) software. Background luciferase activity
was subtracted using the average for multiple control wells. The 50% inhibitory dose (ID50) titers were
calculated from infectivity curves generated using Prism (v.7) software and the following method: log10

transformation of x values, normalization of y values from 0% to 100%, and nonlinear regression using
a log(inhibitor)-versus-normalized response with variable slope function using a least-squares (ordinary)
fit. Each assay was run with duplicate wells and repeated independently at least one time.

Neutralization was also measured against an SHIV1157ipd3N4 Env and a panel of 12 global reference
HIV-1 Env clones (including CNE8) representative of the group M pandemic (23) using the same approach
described above but with a higher throughput and a different format. A 1:50 dilution of each heat-
inactivated serum sample was tested against each Env pseudovirus in duplicate wells, instead of using
a dilution series. All assays were run in at least two independent assays, and the results were averaged.
All neutralization results in the 1:50 dilution format are depicted in heat maps, generated in Prism (v.7)
software, in Fig. 8. To quantitate the magnitude and breadth of neutralization, each serum-Env combi-
nation was assigned a binary score of 0 if residual viral infectivity was less than 50%, indicating sensitivity
to neutralization; all others were assigned a score of 1, indicating resistance to neutralization. This assay
was then used to calculate the neutralization potency score for each serum sample using the neutral-
ization index tool at https://www.hiv.lanl.gov/content/sequence/NI/ni.html (36). Negative controls for
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serum neutralization activity included (i) a naive monkey serum pool and (ii) simian virus amphotropic
murine leukemia virus (MLV) Env pseudovirus (Fig. 5).

1086.C K160N gp140-specific IgG ELISA. Flat-bottom 96-well plates (catalog number 44-2404-21;
Nunc MaxiSorp) were coated with 1 �g/ml of 1086.C K160N gp140 protein in carbonate-bicarbonate
buffer (1.5 g Na2CO3, 2.9 g NaHCO3, 1 liter H2O) at 4°C overnight. The plates were then washed twice with
PBS and blocked with 5% whey, 0.05% Tween in 1� PBS or 1% bovine serum albumin (BSA)– distilled
H2O (dH2O) (10% BSA diluent/blocking solution; catalog number 50-61-10; KPL) for 2 h at room
temperature. The plates were washed six times with PBS-Tween (diluted to 1� in dH2O; catalog number
50-63-00; KPL), and 100 �l of serum samples serially diluted in blocking buffer was added to the wells.
The plates were incubated for 2 h at room temperature and then washed 6 times in PBS-Tween.
Horseradish peroxidase-conjugated anti-monkey IgG (1 mg/ml; catalog number 70021; Alpha Diagnostic
International) was diluted 1:10,000 in blocking buffer and added to each well, followed by incubation
for 1 h at room temperature. The plates were washed 6 times in PBS-Tween, and then tetrameth-
ylbenzidine SureBlue 1-component microwell peroxidase substrate (catalog number 52-00-03; KPL)
was added. The plate was covered with foil or placed in a drawer and incubated at room
temperature for 15 min, at which time H2SO4 stop solution (4 N; catalog number SA818-1; Fisher
Scientific) was added. The optical density at 450 nm (OD450) was determined by reading the
absorbance on an Epoch microplate reader (BioTek), and the data were analyzed using Gen5
software. Quantitation of Env-specific serum IgG was performed by multiplying the absorbance
reading at OD450 by the corresponding dilution factor and then calculating the average number of
absorbance units (AU) from replicate wells for each sample.

Generation of an SHIV1157ipd3N4 Env clone. An aliquot of the SHIV1157ipd3N4 challenge stock,
which was obtained through the NIH AIDS Reference and Reagent Program (catalog number 11689) from
Ruth Ruprecht, was used to isolate viral RNA using a Qiagen QIAamp viral RNA isolation kit (Germantown,
MD) following the manufacturer’s instructions. cDNA was synthesized via RT-PCR using Superscript III
reverse transcriptase (Thermo Fisher Scientific, Waltham, MA) and the reverse primer SIVsm/macEnvR1
(5=-TGTAATAAATCCCTTCCAGTCCCCCC-3=) following the manufacturer’s instructions. Nested PCR was
performed using procedures established in the Derdeyn lab for single-genome PCR amplification (SGA)
(15, 18, 41, 73, 74, 76, 79, 81, 82). Briefly, the first round of PCR was performed in a 15-�l volume using
Phusion HotStart II high-fidelity DNA polymerase (Thermo Scientific, Waltham, MA) and the following
primers: SIVsm/macEnvF1 (5=-CCTCCCCCTCCAGGACTAGC-3=) and SIVsm/macEnvR1 (5=-TGTAATAAATCC
CTTCCAGTCCCCCC-3=). PCR was performed in a Bio-Rad C1000 Touch system with the following
conditions: 94°C for 2 min; 35 cycles of 94°C for 15 s, 55°C for 30 s, and 68°C for 4 min; 68°C for 10 min;
and a 4°C hold. The second round of PCR was performed in a 10-�l volume using Phusion HotStart II
high-fidelity DNA polymerase (Thermo Scientific) and the following primers: SIVmacEnvF2 (5=-TATAATA
GACATGGAGACACCCTTGAGGGAGC-3=) and SIVsmEnvR2 (5=-ATGAGACATRTCTATTGCCAATTTGTA-3=).
PCR was performed in a Bio-Rad C1000 Touch system with the following conditions: 94°C for 2 min; 45
cycles of 94°C for 15 s, 55°C for 30 s, and 68°C for 4 min; 68°C for 10 min; and a 4°C hold. The PCR products
were visualized on 0.8% agarose gels in 1� TAE (Tris-acetate-EDTA) and extracted for DNA purification
using a Qiagen QIAquick gel extraction kit (Germantown, MD) following the manufacturer’s instructions.
The nucleotide sequence was determined using the BigDye Terminator technology at Sequetech
(Mountain View, CA), and contigs were assembled using the Sequencher (v.5.4.1) program (Gene Codes,
Ann Arbor, MI). Confirmed sequences were imported into Geneious (v.9.0.4) software (Newark, NJ) to
translate nucleotide sequences into amino acid sequences and create alignments. One PCR amplicon,
G13.10, was deemed representative of the consensus sequence and was selected for directional one-step
cloning into a cytomegalovirus-driven expression plasmid, pCDNA3.1V5HisTOPO/TA (catalog number
K480040; Thermo Fisher), using established methods (41, 73, 74, 76, 79, 83).
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