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ARTICLE INFO ABSTRACT

Keywords: An effective prophylactic vaccine against human immunodeficiency virus (HIV) will likely require a potent
Antibodies antibody response that can neutralize the virus at the mucosal portal of entry. The elicitation of potent broadly-
Vaccines neutralizing anti-sera will be an iterative process, optimizing candidates that only block a fraction of potential
SIV

viral strains. This effect, termed “sieving”, is evidence of a partially efficacious vaccine. Understanding the
mechanisms of resistance of the breakthrough viruses is important for improving vaccines. We developed a high-
throughput assay that can be used on vaccine-elicited antisera or monoclonal antibodies. Using the SIVsmE660
swarm stock and sera from a large NHP vaccine/challenge study, our in vitro sieving assay identified the same
viral subspecies as in the animal study—those with a canonical C1 amino acid variants conferring global neu-
tralization resistance to antibodies. Using a genetically divergent swarm stock, we identified five other amino
acid variants that confer global resistance; the C1 mutations in this stock were not selected, also in agreement
with in vivo challenge studies. Thus, the in vitro sieving assay can be used with genetically diverse challenge
stocks to predict the coverage of a vaccine-elicited sera and possibly inform candidate vaccine development

Nonhuman primates

efforts.

1. Introduction

An effective prophylactic vaccine against human immunodeficiency
virus (HIV) will likely require a potent antibody response that can
neutralize the virus at the mucosal portal of entry. Both HIV and its
nonhuman primate (NHP) analog, simian immunodeficiency virus
(SIV), can be neutralized by monoclonal antibodies and polyclonal sera
in vitro (Mason et al., 2016). Traditional vaccines to date have failed to
elicit the breadth and potency likely required to impact the HIV epi-
demic, leading to efforts directed at engendering broadly neutralizing
antibodies (bNAbs) or delivering such bNAbs as preventive drugs.

Both HIV and SIV have an extraordinary range of virus sequence
diversity because of their propensity to rapidly mutate and escape im-
mune pressure (Allen et al., 2000; Borrow et al., 1997). Therefore, any
potential vaccine candidates being developed for clinical trials must
demonstrate protection by selectively blocking infection by the widest
range of viral isolates. However, as yet, assays that can predict such
selection have not been proven in clinical settings. As such, the NHP
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model has been a key part of this effort.

There have been a number of NHP vaccine/challenge studies de-
monstrating a range of vaccine efficacies (Bomsel et al., 2011; Hansen
etal., 2011; Letvin et al., 2011; Santra et al., 2010; Vaccari et al., 2016).
We carried out and published a large study as a model of a then-ongoing
clinical trial which showed partial efficacy against SIVSmE660 virus
swarm challenge (Roederer et al., 2014). By sequencing transmitted/
founder (T/F) viruses, we demonstrated “sieving” — that is, the vaccine
was particularly effective against viruses that carried a canonical amino
acid signature in the Env gene, and it was ineffective against viruses
with variants at these positions. Indeed, we found that the introduction
of just two amino acid variants could dramatically alter the neu-
tralization phenotype of E660-derived viruses in vitro.

However, a subsequent vaccine/challenge study using a related
SIVsmE660 swarm did not identify the same sieving effect (Smith et al.,
2016). In order to understand these apparently discrepant results, we
developed an in vitro sieving assay presented here. This assay can also
be adapted to test a wide range of HIV variants to identify the potential
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efficacy of vaccine elicited sera and/or bNAbs to inhibit infection.

2. Materials and methods
2.1. Virus expansion

PBMC were isolated from blood of rhesus macaques using Ficoll-
Paque PLUS (GE Heathcare). For virus expansion, we followed the
protocol developed by George Shaw (Li et al., 2016). Briefly, CD4 T
cells isolated from human or rhesus PBMC using a non-human primate
CD4+ T Cell Isolation Kit (Miltenyi Biotec) were stimulated with a T
Cell Activation/Expansion Kit (Miltenyi Biotec). Four days after sti-
mulation, cells were infected with viruses in the presence of 30 ug/ml of
DEAE-Dextran (Sigma) for 4h with gentle mixing every 30 min.
SIVsmE660 (2008) were expanded once on human CD4 T cells and
SIVsmE660 (2015) were expanded once on rhesus CD4 T cells
(matching the original innocula). After infection, cells were washed
with medium three times and resuspended in RPMI medium (Thermo
Fisher Scientific) supplemented with 15% Fetal Bovine Serum (FBS)
(Thermo Fisher Scientific) and Recombinant Human IL-2 Protein (R&D
SYSTEMS) at 30 IU/ml. Viruses were harvested every three days and
p27 concentration was measured by p27 Antigen Capture Assay (ABL,
Inc).

2.2. Virus titration for sieving assay

PBMC isolated from rhesus blood were stimulated with
Concanavalin A from Canavalia ensiformis (Jack bean) (SIGMA-
ALDLICH) at 25 pg/ml and IL-2 at 20 IU/ml in RPMI medium supple-
mented with 10% FBS (R-10). At 4 days post stimulation, viruses were
diluted with R-10 (IL-2: 20 IU/ml) at 1:4 for 10 serial dilutions. 100 pl
of virus diluents were transferred to a round bottom Corning® 96 Well
TC-Treated Microplate (SIGMA-ALDLICH) in four replicates and
2 x 10° cells in 100 pl of R-10 containing IL-2 at 20 IU/ml were added
to each well. Culture supernatants were collected every week up to
2 weeks post infection (p.i.). p27 concentrations in the culture super-
natant were measured by p27 Antigen Capture Assay and TCIDs, values
were calculated based on Spearman-Karber method (Kérber, 1931;
Spearman, 1903).

2.3. Preparation of target cells

CD8+ cells were depleted from rhesus PBMC using non-human
primate CD8 Microbeads (Miltenyi Biotec). CD8-depleted PBMC were
stimulated with ConA at 25ug/ml and IL-2 at 20 [U/ml in R-10. The
medium was replaced with R-10 containing IL-2 at 20 IU/ml the next
day. The assays were set up 4 days after stimulation in round bottom
Corning® 96 Well TC-Treated Microplates (SIGMA-ALDLICH). 40 pl of
viruses (ranging from 0.0006 to 0.02 M.O.1.) were mixed with 10 pl of
VRC332 sera diluted 1:2. For SIV mAb sieving assay, antibodies were
diluted at 50 ug/ml and 10 pl of antibodies were mixed with 40 ul of
virus. The mixtures were incubated at 37C, for 30 min. After incuba-
tion, 1.5 x 10° cells in 20 pl of R-10 containing IL-2 and 1 mM indinavir
(AIDS reagent program) were added to each well.

2.4. Cell harvest and amplification of env region by PCR

At 24 h after infection, cells were spun and genomic DNA was ex-
tracted using QIAamp 96 DNA Blood Kit (QIAGEN). Genomic DNA was
used as template for PCR and SIVsmE660 env region was amplified
using KAPA HiFi PCR Kit (supplier). PCR was carried out in MicroAmp
96 well reaction plates (Thermo Fisher Scientific) with the following
parameters: 1 cycle of 95C for 3 min, 30 cycles of a denaturing step of
98C for 205, an annealing step of 62.5C for 15s and an extension step
of 72C for 4 min followed by a final extension step of 72C for 4 min.
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2.5. PCR product purification and preparation for MiSeq

PCR products were purified using Agencourt AMPure XP (Beckman
Coulter). DNA concentrations were measured using Quant-iT™
PicoGreen™ dsDNA Assay Kit (Thermo Fisher Scientific). Purified PCR
products were diluted to 0.1 ng/pl and Illumina libraries were gener-
ated using the Nextera XT DNA Library Preparation Kit (Illumina). Final
products were measured on 2100 Bioanalyzer (Agilent) using High
Sensitivity DNA kit (Agilent) to check the quality of the library.

2.6. Sequencing

Libraries were sequenced by 2 x 150 base paired-end reads an
Illumina MiSeq sequencer. The final dataset comprised 1.7 x 107 read
pairs in total and each sample corresponded to 1.9 x 10° read pairs on
average.

2.7. Sequence analysis

Trimmomatic (version 0.22) was used to remove adapters and low
quality bases. The trimmed paired-end reads were mapped to the re-
ference SIV genome (“SIVsmE660”) using blastn program (default
parameter except “-outfmt 6”) in BLAST + software package (“BLAST +
2.2.31”). We then wrote a Perl program “blast2vcf.pl” to extract all
variations based on the blast result and save them in “vcf” format. In
this process, only reads with alignment percentage > 80% (at least
80% of trimmed reads mapped to the SIV reference genome) and
identity score > 80% were considered. We wrote another Perl program
“vcfAnnot.pl” to annotate all the variations identified based on the
detailed annotation of “SivsmE660.gbk” file. Our interest was to find
the significant variations but not those rare ones supported by very few
reads. Here, we define the significant variation as those supported by
=10 reads and had frequency = 0.1 in at least one sample.

2.8. Pseudovirus production

One day before transfection, 1.8 x 10° 293 T cells in 20ml of
DMEM-Dulbecco's Modified Eagle Medium (Thermo Fisher Scientific)
supplemented with 10% FBS (D-10) 100 IU/mL of penicillin-strepto-
mycin (cDMEM) were seeded in T-75 SIGMA Corning® cell culture
flasks (SIGMA-ALDLICH). The next day, 10 pg of SG3 delta env plasmid
and 3ug of pcDNA3.1 expressing SIVsmE660.CR54 mutant env were
mixed and transfected to 293 T cells using X-tremeGENE™ Transfection
Reagents (SIGMA-ALDLICH). At 24h post transfection, the culture
medium was replaced with fresh cDMEM. At 48 h post transfection, the
culture supernatants were harvested and filtered with Steriflip-HV,
0.45um, PVDF, radio-sterilized (Millipore). Harvested viruses were
aliquoted and stored at —80C.

2.9. Virus titration for neutralization assay

Neutralization assays were performed as previously described (Li
et al., 2005). Briefly, viruses were made in 2-fold dilution, 10 times
with D-10. 10 ul of D-10 were dispensed to all wells in Greiner CELL-
STAR® 96 well plates black polystyrene wells flat bottom (SIGMA-AL-
DLICH). 40 pl of diluted viruses or D-10 were transferred to the plate
followed by the addition of trypsinized TZM-bl cells diluted at
1000 cells/20 ul in D10. Next day, 80 pl/well of D-10 was added to all
wells. At 48 h post infection, cells were harvested with 50 pl/well of
Steady-Glo® Luciferase Assay System (Promega) with shake on the
shaker for 20 min. Fluorescence was measured by SpectraMax L Mi-
croplate Reader (MOLECULAR DEVICES). Titer was calculated based on
Reed and Muench method. For neutralization assay, virus titer that
reaches 50,000 RLU was calculated.
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2.10. Pseudovirus neutralization assay

Neutralization assays were performed as previously described (Li
et al., 2005). In brief, viruses were diluted at a titer determined to result
in 50,000 relative light units (RLU) in a luciferase assay. For SIV-spe-
cific monoclonal antibodies (mAb) (Mason et al., 2016), 5-fold serial
dilutions starting at 50 pg/ml were made in duplicate and 10 ul/well of
diluted mAb and 40 ul/well of viruses were mixed in black, flat bottom
polystyrene CELLSTAR® 96 well plates and incubated at 37C for 30 min
in a humidified 5% C0O2-95% air environment. Freshly trypsinized
TZM-bl (10,000 cells in 20 ul cDMEM containing 75 pg/ml DEAE-dex-
tran) were added to the mAb-virus mixture and incubated at 37C in a
humidified 5% C02-95% air environment. The next day, 80 ul cDMEM
was added to each well and 48 h after infection, cells were harvested by
adding 80 pl Steadylite plus Reporter Gene Assay System (Perkin Elmer)
to each well. After a 2-min incubation at room temperature to allow cell
lysis, luminescence was measured using Perkin Elmer luminometer.

3. Results
3.1. Comparability of sieve effects in vivo and in vitro

Sieving effects in a preclinical or clinical vaccine trial are indicative
of partial vaccine efficacy. Defining mechanisms underlying differential
transmission of variant sequences from the available infectious clones
may help with vaccine development. As a prototype, we tested in vitro
sieving assay using a mixture of two infectious molecular clones (IMC)
with distinct neutralization profiles, SIVSmE660-FL14 and SIVsmE660-
FL14.AK. These two IMC differ only at positions 23, 45, 46, and 70 in
the C1 portion of Env (Roederer et al., 2014). The two viruses were
mixed and used as an artificial swarm to infect target cells in the pre-
sence of serially diluted CD4bs-specific SIVmAb, ITSO01. Based on
Sanger sequencing, we observed the expected selection of resistant
viruses in the presence of ITS01. (Fig. 1A, B).

Based on these promising results, we set out to determine if we
could recapitulate in vivo sieving using a high throughput in vitro assay
using sera from animals in a large vaccine/challenge study. The ex-
perimental workflow is shown in Fig. 1C. We selected sera from five
Gag vaccinated animals (for which no protection was observed in vivo),
and sera from five animals in four different Env vaccines (for which we
found a selection for viruses containing an “IAKN” signature in the C1
region). Viral inocula were incubated with antisera at 37C for 30 min,
followed by addition of CD8 depleted, activated rhesus PBMC (with
indinavir to prevent virus spreading). 24 h post infection, genomic DNA
was extracted, and the Env region was amplified by nested PCR. The
amplification largely eliminates the ability to quantify entry but
maintains the ratio of subspecies; i.e., by this assay, sera that uniformly
block all virus subtypes to the same degree would not be distinguished,
although that data is readily available by standard neutralization as-
says.

Sequences were mapped to SIVsmE660-FL14 (tier 1) Env(Wu et al.,
2012), a clone derived from the smE660 swarm. Based on these reads,
we quantified the frequency of the canonical IAKN sequence at residues
23, 45, 47 and 70 (neutralization-resistant genotypes) versus variant
VTRS sequence at the same residues (neutralization-sensitive geno-
types) in cell-associated DNA. These are from viruses able to infect cells
in the presence of vaccine sera and reverse transcribe. As shown in
Fig. 2A (left), in the presence of sera from the partially efficacious Env
vaccine, there was an over-representation of the IAKN sequences —
mimicking the in vivo sieving effect we observed with this swarm.

The initial PCR amplification used primers outside the Env coding
sequence in highly conserved regions. In the 2008 stock for which we
have a deep sequence analysis, the forward primer encompassed 3
positions with 50-75% variation (in the middle of the sequence), with
other positions highly conserved (< 1% variation). In the reverse
primer, only one position showed variation (5%) and all others were
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highly conserved. Thus, we did not expect a significant impact of PCR
efficiency on amplicon representation in the assay. Note that PCR bias
should not impact the results of this assay, since any systematic am-
plification bias would impact a variant in all wells equally. Importantly,
we do not compare any given variant directly against another variant;
we only compare a given variant's prevalence under different condi-
tions. If a given variant showed inefficient amplification, we presume
that inefficiency would be the same in all wells, and any reduction in
infection of that variant would be faithfully represented.

3.2. Identification of novel amino acid residues that modulate global
neutralization profile

A later study using a different smE660 swarm stock did not re-
produce this canonical sequence finding. To determine the potential
mechanisms for this discordance, we performed our sieving assay with
the same sera but the 2015 viral inoculum. As shown in Fig. 2A (right),
we were able to reproduce the lack of selection for the IAKN signature
in vitro; in fact, we found that the IAKN signature was selectively
blocked in this viral swarm. Thus, we were able to recapitulate, in vitro,
the apparently contradicting in vivo sieving effects observed in these
studies.

We hypothesized that the different sieving effects might be ex-
plained by the presence of other sequence variations within the same
Env. We expanded our in vitro sieving assay using 80 sera from four
vaccine groups, comparing the sequences selected by three Env vaccine
regimens to those selected by the Gag vaccine (n = 20 animals each).
Here, again, we used the 2015 stock of SIVsmE660 swarm. Across every
position in Env, we defined the amino acid sequence variants observed
in animals following Env or Gag vaccination and determined if differ-
ences were significant (Fig. 2B). With this larger sample size, we con-
firmed the selection of VTRS/IAKN variants at position 23, 45, 47, and
70 in Envv.

We also identified a significant sieving effect at a number of other
residues by our in vitro sieving assay which were not identified by T/F
analysis of infected animals. We chose five new residues that showed
the strongest sieving effect to characterize their impact on virus neu-
tralization. These included positions 274 (between V2 and V3), 433
(V4), and 602, 756 and 760 (all in gp41). We introduced these in-
dividually into the SIVSmE660.CR54 clone, which has a tier 2 pheno-
type and contains the IAKN neutralization-resistant signature present in
the C1 region. Using pseudotyped virus neutralization assay on TZM-bl,
we evaluated neutralization sensitivities of these mutant viruses to a
variety of mAbs against SIV, including ITSO1 (CD4-binding site),
ITS06.02 (V1) and ITS52 (V3) (Fig. 2C). All single mutations changed
the “global” neutralization profile, altering the ability of all of these
viruses to escape control.

Against multiple distinct mAbs, the T274A and T602A mutations
increased sensitivity to neutralization by increasing the neutralization
sensitive fraction by 21-32% and 5-22%, respectively (Fig. 2D). In
contrast, Q433R, G759E and E760D conferred increased neu-
tralizationresistance, by decreasing the neutralization fractions by 30%,
17%, and 16-23%, respectively. These results demonstrate that there
are a range of amino acid variants across SIV Env that can impact the
global neutralization profile to a range of mAbs in an epitope-in-
dependent manner.

The variants we found to confer these effects in the 2015 stock were
not found in the 2008 challenge stock. In addition, the prevalence of the
AK variants was much higher in the 2015 inoculum. These results
suggest that the later stock had evolved away from the earlier stock
both by expanding the AK variants as well as selecting for novel var-
iants.

3.3. Neutralization profile of Env mutants by monoclonal antibodies

We investigated how each single mutation affects neutralization
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Fig. 1. In vitro sieving assay using artificial mixtures of molecular clones, and schema of the assay using deep sequence. (A) in vitro sieving assay using mixture of tier
1 (VTRS) and tier 2 (IAKN) SIVsmE660 IMC after infection in the presence of various concentrations of ITSO1. Peaks in Sanger sequence at 45th and 47th residues in
Env are shown. (B) The ratios of Tier 1:Tier 2 variants at the 4 positions in ENV are graphed for each condition. The proportions show an expected selection for
(enrichment) neutralization-resistant, Tier 2 viruses, in the presence of higher amounts of ITS01. (C) Schema of in vitro sieving assay and deep sequence analysis.

profiles against various SIVmAbs against a range of epitopes, including
the CD4bs (ITSO1, ITS103.01), gpl20 core (ITS61.01), quaternary
epitope (ITS92.02), MPER (ITS113.01) variable loops V1 (ITS06.02),
V2 (ITS09.01) and V3. SIV mAbs ITS01, ITS06.02, ITS09.01, ITS52 and
ITS61.01 are so-called “1st generation” mAbs because although they
mediate nearly 100% neutralizing activity against Tier 1 SIV, they show
incomplete neutralization of Tier 2 SIV and no neutralization of Tier 3
SIV. This is consistent with what has generally been observed for SIV
vaccine-elicited sera. We have since isolated additional “2nd genera-
tion” or SIV broadly neutralizing antibodies (bnAbs), such as ITS92.02,
ITS103.01 and ITS113.01, which show complete neutralization against
Tier 1, 2 and 3 SIV, including the highly neutralization-resistant
SIVmac239.

The impact of each mutation on the 1st generation antibodies was
highly concordant (Fig. 3a). Irrespective of the targeted epitope, each
mutation conferred the same neutralization phenotype on the virus:
either increasing neutralization sensitivity (T274A, T602A) or re-
sistance (R184K, Q433R, G759E, E670D). Indeed, even the magnitude
of these effects was similar. On the other hand, the SIV bnAbs were
differently impacted by the same mutations; in particular, for ITS92
(targeting an unmapped quaternary epitope), the effect was nearly
opposite to that observed for 1st generation SIV mAbs. By comparison,
ITS103.01 (CD4bs) was able to mediate complete neutralization all
mutants while all of these mutants increased resistance to ITS113.01
(MPER). That these mAbs are so distinct in their responses to these
same mutations speaks to the unusual paths taken to elicit these mAbs,
much like the case in humans with HIV, where only a minority generate
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bnAbs, and usually only after a several years post-infection.

3.4. Correspondence of Sieved sequences by vaccine sera and monoclonal
antibodies

We then tested whether our assay could identify antibody-mediated
sieving effects on the SIVsmE660 swarm by setting up the in vitro
sieving assay using SIV mADb with different specificities, including ITSO1
(CD4bs), ITS06.02 (V1), ITS09.01 (V2), ITS52 (V3), ITS61.01 (gp120
core) and ITS113.01 (MPER). All mAbs were tested at 10 ug/ml in eight
replicates, and the sieve effect compared against cultures with no mAb.
As a comparison of sieving effect with polyclonal vaccine sera, we used
20 sera from the vaccine study, and compared Gag- (control, n = 5) to
Env-vaccinated (n = 15) sera.

This approach would be expected to identify epitope-specific mu-
tations that confer resistance, as demonstrated previously by Dingens
et al. (2017), using artificial mixtures of point mutants in HIV Env.
However, we observed the same “global” sieve effect in response to the
different SIV mAbs as well as the polyclonal vaccine sera. Indeed, as
shown in Fig. 4, there was a high degree of correlation between the p
values (used here as an estimate of the selection) between a range of our
1st generation SIV mAbs and the vaccine-elicited sera. As was proposed
by Georgiev et al. (Doria-Rose et al., 2017), the different neutralization
profiles of the antisera and monoclonals might be used to identify the
dominant neutralization response types of the sera.
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Fig. 2. In vitro sieving assay using VRC332 sera. (A) IAKN to VTRS ratios in SIVsmE660 (2008) and SIVsmE660 (2015) sieving assay. Blue boxes show ratios in Gag

vaccinated sera and red boxes shows ratios in Env vaccinated sera. P-values: ** < 0.01 < *

< 0.05 (Mann-Whitney). (B) The bar graph shows amino acid residues

with p-values < .05 between Gag and Env vaccinated groups. The table is the list of amino acid variants with uncorrected p values < 6 x 107°. Other than the first
four, these variants were not found in the 2008 stock. (C) Neutralization curves of CR54 single mutants against ITSO1 (CD4bs), ITS06.02 (V1) and ITS52 (V3). Black:
CR54, Red: T274A, Blue: Q433R, Orange: T602A, Violet: G759E and Green: E760D (D) Vmax of single CR54 mutants calculated based on the neutralization curves.

3.5. Interaction of Env mutations

Finally, we asked whether the mutations in SIV Env could be

combined to elicit a more pronounced effect on the viral neutralization
phenotype. As shown in Fig. 5, combinations of mutations can indeed

altered the phenotype of the viruses compared to single mutations. In
general, a mutation that increases “global” resistance is silenced by a
mutation that increases susceptibility — that is, the “global” sensitivity
mutations are dominant. Thus, the explanation for the lack of selection
of “IAKN” variants in the E660 challenge studies using a different
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Fig. 3. One-point neutralization assay of SIVsmE660.CR54 single mutants by various SIVmAbs. Percentage of neutralization was assessed at 10 pg/ml of SIVmAbs in
eight replicates. (A) Neutralization by 1st generation SIVmAbs. (B) Neutralization by 2nd generation SIVmADbs. Statistical differences in percent neutralization against
original SIVsmE660.CR54 were analyzed by Mann-Whitney U test. P-value: ** < 0.01 < * < 0.05. Mutations that increased sensitivities to NAb are shown in
magenta and mutations that made virus more resistant to NAb are shown in blue.

swarm can be explained by an, as yet unidentified, difference in the Env
sequence that confers dominance over these variants (Fig. 5A).

Interestingly, the broadly-neutralizing SIV mAbs do not necessarily
follow these patterns, illustrating that their dependence on alternative
Env structures is mechanistically different. ITS103.01, a CD4bs-directed
mAb that completely neutralizes nearly all SIVs, was essentially un-
affected by the mutations (Fig. 5B) — although statistically significant,
the loss in neutralization sensitivity averaged only 2%. In contrast,
ITS92.02, an unmapped quaternary antibody, and ITS113.01, an MPER
mADb, were nearly always much less potent against most combinations
of mutations.

4. Discussion

We developed an in vitro “sieving” assay that can recapitulate in vivo
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sieving. Using a tissue-culture-expanded stock of the same SIVsmE660
“swarm” challenge virus used in our vaccine/challenge study (ref 9),
together with sera from vaccinated animals, we identified several of the
same amino acid mutations in SIV Env identified by T/F analysis of
vaccinated and infected animals that correlated with neutralization
sensitivity. We propose that this assay may be used in the future to
characterize the potential potency of clinical vaccines and monoclonal
antibodies, by rapidly assessing the neutralization resistance of a wide
range of sequence variants simultaneously.

In this assay, we focused on comparing proviral sequence between
control and vaccinated groups to have the best chance of identifying
neutralization variants. It is conceivable that this assay could be con-
figured to identify mutations impacting infectivity (e.g., by comparing
variant representation in cells to that in the swarm). This would be
hampered by the presence of a large fraction of non-infectious particles



N. Iwamoto et al.

Journal of Immunological Methods 464 (2019) 64-73

A
o 25 ITSO1 -25+ ITS06.02 ° 28
c x 45
L + o 47
@ 20 20 70
o) v 184
©
[N -154 - 274
5 * 433
o 107 -10- 2 + 602
= R =0.732 < 759
g 5 | : 4 760
& |
D
3 0 T T T T T T 1 0 T T T T 1
4 15 2 25 3 35 -4 -45 2 -4 ] 8 -10
Log(p-value) SIVmAb vs No Ab
ITS09.01 ITS52

251 257
>
]
» 20 * 01
>
4
& 157 15
S
/&)\ -104 -104
= 2
? 54 R =0.967 54
o
8) 0 0
- 5 4 s 5 0 2 5 4 s 8 10

Log(p-value) SIVmAb vs No Ab
z 25 ITS61.01
wi
2 -204
(@]
©
G -154
k)
@ -104
>
©
>
a5
>
o
_I 0 T T T T
2 -4 6 -8
Log(p-value) SIVmAD vs No Ab

B
. ITS92.02 251 ITS113.01
C
w20 -20
[2]
>
& 154 -154
S
3 -104 -104
()
=
S -5 -5
RS
g o . . ‘ 0 . . .
- -1.5 2 25 -3 2 -3 -4

Log(p-value) SIVmAb vs No Ab
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(Moore et al., 2006). We note that in our original in vivo study, the
variant frequencies in transmitted/founders infecting non-Env vacci-
nated animals were represented at equal proportions as in the challenge
stock itself (Roederer et al., 2014, Fig. 2d).

A related method was published for antibody epitope mapping using
mixtures of amino acid mutations in a single HIV strain (Dingens et al.,
2017). By comparison, our in vitro sieving assay can simultaneously
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detect all possible amino acid variants within a swarm virus in response
to immune selection pressure exerted by mAbs or polyclonal vaccine
sera. Importantly, we observed the same mutations selected by 1st
generation SIV mAbs as we previously observed in response to vaccine
elicited sera. That our in vitro sieving assay reliably recapitulates the in
vivo sieving effect on swarm virus highlights the utility of this assay in a
clinical setting where single or multiple mAb combinations could be
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assessed for their in vitro efficacy against a diverse SIV swarm to predict
in vivo efficacy against primary HIV infection. Alternatively, sieving
effect against a large mixture of multiple HIV (or HIV pseudo-typed
virus) strains could be evaluated (Decamp et al., 2014; Hraber et al.,
2017). This assay is well-suited to high-throughput analysis, and po-
tentially enables simultaneous testing of multiple serum samples
against numerous viruses or mixtures of viruses. Given sera from re-
cipients of different vaccine regimens (e.g. phase I safety trial or pre-
clinical testing), our in vitro assay might be used to rank the potential
protective effect in a more physiological setting, ie., exposure to a range
of viruses rather than a clonal challenge.

We used our in vitro sieving assay to explore the partial or in-
complete neutralization phenotype of SIV. Although less pronounced
than for SIV, incomplete neutralization of HIV by glycan-targeting
bnAbs is well documented (Bonsignori et al., 2011; Cale et al., 2017;
Doria-Rose et al., 2014; Mason et al., 2016). However, incomplete
neutralization by glycan-targeting mAbs may be best described as a
“local” neutralization effect, in that this particular effect is only
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observed for viruses by glycan-targeting mAbs but not mAbs directed to
other epitopes. On the other hand, particular SIV strains, unlike HIV,
often show a “global” incomplete neutralization phenotype that im-
pacts a wide range of antibodies across many epitope specificities. This
phenomenon was first demonstrated using 1st generation SIV mAbs as
well as vaccine-elicited sera from our NHP vaccine efficacy trial in a SIV
Env pseudotype-based neutralization assay (ref 80 animal study) and
then recapitulated in vitro here using the same SIVsmE660 swarm
challenge stock used in the vaccine efficacy trial. Using our in vitro
sieving assay, we identified the same 4 amino acid positions mediating
“global” neutralization resistance (IAKN) or sensitivity (VTRS) in the
SIVsmE660 strain.

However, our sieving assay revealed that this is not a universal
neutralization signature amongst all SIV strains. All SIVmac251 lineage
viruses have the “IAKN” neutralization-resistant signature, irrespective
of how neutralization sensitive they are (Kilgore et al., 2015). In ad-
dition, more recent challenge studies also did not find this signature
amongst the vaccinated animals (Burton et al., 2015; Kilgore et al.,
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2015; Smith et al., 2016). Indeed, when we tested the SIVSmE660
challenge stock in our in vitro sieving assay using NHP vaccine efficacy
trial animal sera (ref 80 animal study), we also did not reproduce the
same sequence signatures observed from the in vivo T/F analysis; in-
deed, we found an opposite dependence, that “VTRS” variants were the
more resistant genotype. In addition, we identified multiple additional
variant sequences conferring global neutralization resistance.

To better understand the effect of each virus variant on neu-
tralization sensitivity, we constructed pseudotyped viruses for each
variant. We found that there are multiple postions in SIV Env where
mutation can have a significant impact on the “global” virus neu-
tralization phenotype, and importantly, that combinations of mutations
can either enhance or diminish the impact on “global” virus neu-
tralization. However, we also observed that sensitizing mutations are
often dominant over resistance mutations. We hypothesize that the
SIVsmE660 swarms used in challenge studies subsequent to ours have a
predominance of these mutations in trans, that silences the neutraliza-
tion-resistant phenotype of the “IAKN” signature with the C1 region of
SIV Env. Interestingly, these sites were still selected in our assay when
we used the 2015 challenge stock — but in that stock, in vitro, they in-
creased sensitivity. Thus, the structure alterations that the SIV Env
undergoes to achieve this altered phenotype must rely on these sites as
a fulcrum - and the result is either increased or decreased resistance to
1st generation and vaccine-elicited antibodies depending on the context
of other amino acid mutations.

In summary, we have designed a high throughput in vitro sieving
assay that can recapitulate the in vivo sieving in preclinical animal
models. We used these data to identify a new set of amino acids sig-
natures in SIV Env that confer the structural alterations underlying the
“global” neutralization resistance phenotype. Furthermore, we de-
termined that the impact of any single amino acid is dependent on the
backbone context of the virus - i.e., mutation at a given amino acid
position in the context of a particular viral sequence can lead to in-
creased neutralization resistance but the same mutation can have the
opposite effect in the context of another viral sequence. Overall, our in
vitro sieving assay will be useful for screening antibody responses to
understand the interactions between HIV/SIV Env and antibodies and
to assess vaccine- and antibody-mediated protection against HIV.
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