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Abstract
HIV-1 infection results in the development of a diverging quasispecies unique to each infected
individual. Envelope (Env)-specific neutralizing antibodies (NAbs) typically develop over months
to years after infection and initially are limited to the infecting virus. In some subjects, antibody
responses develop that neutralize heterologous isolates (HNAbs), a phenomenon termed
broadening of the NAb response. Studies of co-crystalized antibodies and proteins have facilitated
the identification of some targets of broadly neutralizing monoclonal antibodies (NmAbs) capable
of neutralizing many or most heterologous viruses; however, the ontogeny of these antibodies in
vivo remains elusive. We hypothesize that Env protein escape variants stimulate broad NAb
development in vivo and could generate such NAbs when used as immunogens. Here we test this
hypothesis in rabbits using HIV Env vaccines featuring: (1) use of individual quasispecies env
variants derived from an HIV-1 subtype A-infected subject exhibiting high levels of NAbs within
the first year of infection that increased and broadened with time; (2) motif optimization of envs to
enhance in vivo expression of DNA formulated as vaccines; and (3) a combined DNA plus protein
boosting regimen. Vaccines consisted of multiple env variants delivered sequentially and a simpler
regimen that utilized only the least and most divergent clones. The simpler regimen was as
effective as the more complex approach in generating modest HNAbs and was more efficient
when modified, motif-optimized DNA was used in combination with trimeric gp140 protein. This
is a rationally designed strategy that facilitates future vaccine design by addressing the difficult
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problem of generating HNAbs to HIV by empirically testing the immunogenicity of naturally
occurring quasispecies env variants.

1. Introduction
The generation of potent, broad neutralizing antibodies (NAbs) effective against HIV-1 from
diverse clades remains a key objective for HIV vaccines. Numerous Envelope (Env)
immunization studies have resulted in NAbs of limited potency and breadth [reviewed in [1,
2]] [3-5], and these observations are found both for subtype A and B Envs [6]. The extreme
variability of this protein renders empirical searches for an ideal Env immunogen virtually
impossible; thus a bioinformatics-based approach may be an attractive alternative [7]. Much
progress has been made in developing and validating predictive T- and B cell peptide
epitopes for HIV [8]. Furthermore, some improvements in NAb induction have been
achieved using rationally designed immunogens that display neutralization epitopes [5, 9].
Recent studies have shown that extremely broad NmAbs typically undergo a high degree of
affinity maturation [1, 10-13]. Using bioinformatics tools to compare the env genes in the
evolving quasispecies population in subjects who develop HNAbs [14-17] may reveal key
mutations involved in Env escape and increasing affinity. This knowledge could guide the
choice of variants that are more effective in generating broad NAbs.

HIV-1 Env is a membrane-bound trimer, rendering it technically challenging to produce an
authentic Env vaccine. A theoretical advantage of DNA vaccines expressing Env is the in
vivo expression of trimers that more closely mimic the native structure present on the virion
surface [18-20], and these vaccines can be delivered repeatedly, with no anti-vector
immunity. Despite limited immunogenicity in humans, DNA vaccines have elicited strong
immune responses in small mammals [19, 21] and modest responses in non-human primates
[22] [23]. Codon-optimization of DNA from non-mammalian sources increases
immunogenicity, and motif-optimization further addresses the problem by optimizing short
nucleotide motifs differentially found in viral and host genomes [24]. Immunogenicity of
DNA can also be enhanced by combining it with viral vectors [25] or proteins in prime-
boost strategies [26] [13].

We recently reported that Env quasispecies antigens derived from a SHIV-infected macaque
that developed moderate neutralization breadth partially replicated the response observed in
that animal [27]. The vaccine was a codon-optimized DNA-based immunization delivered in
the order that recapitulated the appearance of the natural variants. Here, we describe a
vaccine that incorporates naturally occurring env variants isolated from a Clade A-infected
human subject who developed HNAbs within the first year of infection, and who continued
to broaden and increase in potency over the next several years [17, 28]. We characterized the
mutational pathway of these envs and selected key variants to recapitulate the order of
presentation for vaccination. We compared the immunogenicity of vaccines delivered to
rabbits as a DNA prime followed by simultaneous protein plus DNA boosts. Vaccines
consisted of env variants delivered sequentially and a simpler regimen that utilized only the
least and most divergent clones. The simpler regimen was as effective as the more complex
approach in generating modest HNAbs and was more efficient when modified, motif-
optimized DNA was used.

2. Materials and Methods
2.1 Motif-Optimization of Env genes

The motif optimized (MO) HIV env sequences were generated through an application of the
information theoretic motif-finding Robins-Krasnitz algorithm [29]. Briefly, motifs of seven
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or fewer nucleotides are identified which are either under or over-represented in a subset of
genes from any organism’s genome, controlling for amino acid order and codon usage, and
these are ranked by degree of bias. The algorithm is iterative and has been mathematically
proven to converge. To generate the MO sequences, we applied the Robins-Krasnitz
algorithm to the set of highly expressed genes in rabbit genome. As a proxy, we took the
rabbit genes homologous to the 500 most highly expressed human genes. The top 100 under
and over-represented motifs were identified and ranked. The env sequence was replaced
with the set of sequences that maximizes the motif weights.

2.2. Sequence analysis
Full length envelope sequences from subject QA255, obtained from blood at multiple times
post-infection from 189 through 1729 days were described elsewhere [28]. In silico analyses
were performed on a total of 25 full-length envelope variants. Nucleotide sequences were
aligned using HIVAlign (http://www.hiv.lanl.gov/content/sequence/HMM/HmmAlign.html)
and manually annotated on Geneious Pro software 5.4.4 (Biomatters, Ltd). Sequences were
aligned after the signal sequence and labeled according to HXB2 Env numbering. Potential
N-linked glycosylation sites (PNGs) were identified using N-Glycosite
(http://www.hiv.lanl.gov/content/sequence/GLYCOSITE/glycosite.html). We tested for the
effects of directional selection pressure, estimating the ratio of nonsynonymous to
synonymous nucleotide substitutions [ω=dN/dS (also denoted KA/KS)] using Datamonkey
[30]. Positive selection is inferred when dN/dS > 1. Selecton Webserver
(http://selecton.tau.ac.il/) was used to detect adaptive codon substitutions [31] using the
HKY85 model of nucleotide substitution and performing a likelihood ratio test on the M8 +
beta [32] versus M8a [33]. Lineage-specific analysis was performed using the GA-Branch
program (http://www.datamonkey.org/) [30]. Diversity and Divergence analyses, and
prediction of the Most Recent Common Ancestral (MRCA) sequence were performed using
the DIVEIN program available from the University of Washington Center For AIDS
Research (http://indra.mullins.microbiol.washington.edu/DIVEIN/) [34].

2.3 DNA and trimeric protein vaccines
MO vaccine clones (n=19) were created by performing site-directed mutagenesis on a
synthesized MO consensus sequence (GenScript USA Inc. Piscataway, NJ) [27]. Wild type
recombinant gp140 derived from the most divergent clone 1729O (LCONS) was prepared as
described [35].

2.4. Immunizations
Twenty-four female New Zealand White rabbits (>2.5 kg) were housed at R&R Research,
Marysville, WA. All procedures followed IACUC-approved protocols by the Oregon Health
& Science University and R&R Research. DNA was delivered intradermally by Gene Gun
(Bio-Rad, Hercules, CA) [27]. All animals were vaccinated with either MO or WT DNA at
weeks 0, 4, 12, and 20. Boosts included 36 μg of 1729O (most divergent) plasmid DNA
concurrently with 50 μg recombinant LCONS gp140 protein mixed with an equal volume of
polyethylenimine (PEI, branched; Sigma-Aldrich, St. Louis, MO), were delivered
intramuscularly by needle injection at weeks 29 and 35. Blood was collected two weeks
after each immunization; serum was separated and heat inactivated (1-hour at 56°C).

2.4. Antibody Assays
Binding antibodies were quantified by kinetic ELISA using recombinant LCONS trimeric
gp140 (rgp140) protein. Avidity Indices was measured against recombinant LCONS trimeric
gp140 (rgp140) Env [12]. The IgG concentration/serum dilution necessary to block viral
infectivity by 50% was reported as IC50/ID50 (inhibitory concentration/dilution). In some
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cases, percent neutralization achieved by single serum dilutions was recorded. A pool of pre-
immune sera was used as a negative control. Values were calculated with respect to virus
only wells [(virus only - cells only) - (serum - cells only)] / (virus - cells only).

2.12. Statistical Analyses
Statistical analysis was performed using SAS statistical software, version 9.2. Binding
antibody titers were transformed using natural logarithm due to data skew. Repeated
measures ANOVA was used to explore differences in log titers between groups. First order
autoregressive covariance structure was used to account for within-subject correlation. Pre-
planned comparisons were performed using contrast t-test. Bonferroni method for multiple
comparison adjustment was applied to control overall type I error. Statistical significance
was inferred if p < 0.05. The association of the immunization strategy with the heterologous
variant neutralization was analyzed using an Area Under the Curve (AUC) approach, using
the neutralization value achieved by single dilution sera (1:20) at each time point and
computed using the trapezoid rule. The neutralization AUC of each subject was calculated
using the formula below: where D(Ti) is the baseline neutralization value at time point i, and
i=0, 2, 6, …, 37 (week) and negative data was considered zero. One-

 way ANOVA was used to explore if differences
in AUC exist between groups. Pair-wise comparisons with Bonferroni method for multiple
comparison adjustment were applied. For avidity analysis of rabbit sera, repeated measures
ANOVA was used to explore for differences in avidity indices between groups.

3. Results
3.1. Rational selection of immunogens using in silico analyses

Subject QA255 was identified as having the greatest NAb breadth among 70 women at five
years post-infection in a previous study [17]. We performed in silico analyses to identify
patterns in the molecular evolution of HIV quasispecies envs derived from this subject [28].
Analysis of diversity, divergence, and potential N-linked glycosylation site (PNG)
distribution between QA255 clones isolated at different time points showed that six
amplicons from the earliest and latest time points shared similar sequence characteristics to
each other, but not to other clones from their respective isolation times (data not shown).
These six amplicons were excluded. Relatedness of the remaining 19 clones is shown in the
phylogenetic tree (Figure 1a). These 19 clones and show a pattern of increasing diversity at
each time point as well as increasing divergence based on cumulative changes from the
theoretical most recent common ancestor (MRCA) (Figures 1b and c).

We next examined these clones to understand whether lineages evolved under differing
categories or intensities of selective pressure (58). Reconstruction of the evolutionary
history of dN/dS ratios along individual lineages showed a higher signal of response to
diversifying selection imposed on amplicons collected from later time points. Two
categories of diversifying and two categories of purifying selection were identified as the
best fitting (Figure 2a). Positive selection was detected on 34% of branches that were
segregated into two categories of dN/dS (dN/dS = 10000; dN/dS = 2.212). Similar to the ML
phylogeny, most of the early amplicons clustered together with an ancestral branch (node 5)
that showed neutral evolution. The branch leading to the cluster of late and intermediate late
amplicons showed a high probability of positive selection (node 19), although some late
amplicons were not positively selected after that point. We combined the lineage selection
analysis with an analysis of the accumulation of non-synonymous mutations of each
amplicon (Figure 3a) to infer a pattern of evolving neutralization escape, illustrated by
increasing diversifying selection and accumulating non-synonymous mutations. From these
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analyses, clones 189J and 1729O were confirmed to be the least and most divergent
amplicons. Several residues in env were evolving under strong positive selection, and these
were predominantly concentrated in the V1/V2 loops and C3 regions of gp120, with a few
occurring in the C1 and C4 regions, and in V3 and gp41 (Figure 2b).

3.2. Sequential inoculation of motif-optimized DNA elicits strong antibody responses
Three groups of eight rabbits were immunized with longitudinally isolated QA255 env
genes administered sequentially to mimic the gradual divergence in QA255 quasispecies
(Fig 3a). All rabbits received two immunizations with a combination of motif-optimized
(MO) DNA (most divergent d1729O) and cognate protein (trimeric LCONS) (Figure 3b).
Rabbits in the MO Multi-clone Sequential group were primed with the nineteen gp160 env
genes given sequentially in four timepoint-specific subgroups, and then boosted with the
DNA and protein combination described above. To assess the effects of motif optimization,
we immunized a group of rabbits with non-optimized DNA (WT Multi-clone Sequential)
using the same immunization regimen as the MO Multi-clone Sequential group. To
determine the impact of the intermediate clones on the development of NAbs, rabbits in the
MO Dual-clone Sequential group were primed with a single clone of least divergence
(relative to the MRCA) isolated early in infection (d189) and boosted as described.

Binding antibodies were detected during the DNA primes using MO DNA only but not with
WT prime (Figure 3c). Despite differences in responses to the prime, the first combined MO
DNA plus protein boost increased antibody responses in all three groups to nearly
comparable levels. The most notable increase between the final DNA prime (week 22) and
first DNA plus protein boost (week 31) was in the WT Multi-clone Sequential group than
either of the MO groups (p<0.0006 and p<0.0024 versus MO Dual-clone and MO Multi-
clone Sequential, respectively), suggesting that the boosting strategy combining MO DNA
and trimeric protein could greatly enhance the poor priming by WT DNA. Significant
differences in binding antibody responses were only observed between the MO Dual-clone
Sequential and WT Multi-clone Sequential group (p<0.0062); the difference between the
two Sequential groups trended towards significance (p=0.0811, unadjusted p-value =
0.0270). Thus MO DNA was a more effective priming agent than WT, and two
immunizations with combined MO DNA plus protein was as effective at raising Env-
specific antibodies as four MO DNA primes followed by two combined MO DNA plus
protein boosts. Immunizing with the least and most divergent clones led to similar levels of
Env-specific binding Abs as immunizations with all clones given sequentially.

Modest heterologous NAbs were elicited against neutralization-sensitive Clade A and Clade
B viruses and, to a lesser degree, against a subset of viruses from a more resistant
heterologous panel. NAbs against HIV-1Q461d1 and HIV-1SF162 were detectable after the
third DNA immunization and thereafter in the MO- but not WT-primed groups (Figure 4).
The first combination MO DNA plus protein immunization boosted week 31 titers above
50% neutralization in 13/16 MO primed rabbits (Fig. 4A-F). The second combined MO
DNA plus protein boost resulted in similar levels of NAbs in all immunization groups. MO
Dual-clone- and MO Multi-clone Sequential immunization groups had stronger NAbs
against Q461d1 than the WT Multi-clone Sequential group (p<0.0001 and p<0.001,
respectively), thereby showing the advantage of using MO sequences. These groups also had
significantly stronger SF162-NAbs than the WT Multi-clone Sequential (Table 1, P=0.0001
and P<0.05, respectively).

We did not detect neutralization ID50 titers against an extended panel of 16 heterologous
viruses (data not shown). Although not reaching 50% neutralization, there was increasing
neutralization activity in longitudinal samples of rabbit antisera. The area under the curve
(AUC) of percent neutralization achieved by single-dilution (1:20) rabbit antisera against
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three subtype A and one subtype D viruses were calculated from week 0 to week 37 and
shown in Table 1. This analysis shows significant differences between all three
immunization groups against a subset of HIVIG-C sensitive clones [36]. The Dual-clone
Sequential strategy was consistently the most effective when tested against this panel of
heterologous viruses (Table 1), with higher AUC values in all cases.

3.3. MO DNA in Sequential inoculations elicit increasingly high avidity antibodies
We compared the antibody avidity indices following the fourth MO DNA prime (week 22)
and the second MO DNA plus protein boost (week 37) for MO Multi-clone and MO Dual-
clone Sequential Groups (Figure 5a). Since no Env-specific antibodies were detectable after
the fourth WT DNA prime for the WT Multi-clone Sequential Group, we compared
responses following the first and second MO DNA plus protein boost (week 31 and 37).
Both of the MO-primed groups have a higher avidity index at week 22 after only DNA than
that of the WT-primed rabbits at week 31 after receiving DNA plus protein (p<0.005, Dual-
clone Sequential; p<0.05, Sequential). However, no differences in avidity indices were
identified between the two MO-primed groups after two DNA plus protein boosts. The
avidity index of WT Multi-clone Sequential sera determined at week 37 increased
significantly, surpassing that of MO Dual-clone Sequential group (p<0.01) (Figure 5b, top).
A comparison of the change in avidity index between week 22 and 37 for MO-primed
groups and week 31 and 37 for WT-primed groups shows that only the WT Multi-clone
Sequential group increased significantly (p<0.001) (Figure 5b). Consistent with binding
antibody and NAb data, combination DNA plus protein immunization induces high avidity
after just two immunizations that is greater than that observed in the MO Dual-clone
Sequential group.

4. Discussion
During HIV-1 infection, the appearance of broad NAbs follows that of the autologous
response, which is a primary driving force in the divergence of the host quasispecies [37].
The specific amino acid sequences that accompany the broadening of this response are
intensively studied in an effort to identify neutralization determinants [16, 38-43]. We
hypothesize that one or more of these escape variants could effectively stimulate the
development of heterologous NAbs. We thus chose multiple immunogens from the
quasispecies of a subject who developed modest neutralization breadth. Selection of
individual envs was guided by analyzing both lineage- and population-specific selection
pressures, which showed that they represent a predominant population of the viral
quasispecies.

The env genes selected by this strategy were highly immunogenic in rabbits when delivered
as MO DNA vaccines, resulting in moderate levels of heterologous Tier 1 NAbs after DNA
vaccines alone that were boosted when with combined MO DNA plus trimeric gp140
protein. These levels are similar to those obtained in vaccine studies with a poxvirus prime,
protein boost approach using the most immunogenic of the subtype A early transmitted Envs
[6]. Similar to that study, this sequential DNA and protein strategy was only effective in
eliciting NAbs against sensitive heterologous Tier 1 viruses in the absence of significant
autologous NAbs. The inherent neutralization resistance of these clones may explain these
results; we confirmed that these variants were neutralization resistant, typical of recently
isolated HIV-1 [44] and observed in prior vaccine studies [4]. Because these immunization
regimens are not effective in generating NAbs that are as potent as those seen in infection,
only responses against the most sensitive isolates can be measured. The MO Dual-clone
Sequential approach was more immunogenic than the Multi-clone Sequential approach
based on NAbs against four additional subtype A and D heterologous viruses. Both MO and
WT Multi-clone Sequential vaccines resulted in higher avidity following the combination
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DNA plus protein boosting. Although the WT DNA did not elicit any NAbs, the strong
boosting of binding antibodies by the MO DNA plus protein in all groups revealed the
effectiveness of delivering these components concurrently. A caveat of this analysis is that
trimeric gp140 on an ELISA plate may not recapitulate the Envelope spike on the virion;
however, observing similar results in the neutralization activity of rabbit antisera confirms
the benefit of co-immunizing with MO DNA and protein. We are currently examining these
effects to understand the mechanisms involved.

This study shows the potential to exploit natural evolutionary variants to generate HNAb
development in vivo. Moreover, a streamlined vaccine regimen using only two env clones to
represent the quasispecies evolutionary divergence that occurred in vivo was as effective as
the multi-clone presentation of groups of diverging envs for this subject. At this level of
resolution, there is no apparent advantage to the multicomponent vaccine using these
specific sequences. Other differences between these immunization strategies may also be
occluded by the enhanced expression achieved by motif optimization of the vaccine clones.
Taken together, our results indicate that modest NAbs can be elicited by a relatively simple
vaccine strategy combining DNA and trimeric Env. Further work is clearly needed to predict
the relationships between antigenicity and immunogenicity of Env vaccines in vivo and to
understand the role of individual Env proteins in influencing B cell maturation and the
development of NAbs. This strategy may hold significant promise when incorporated with
Env immunogens from subjects with greater neutralization potency.
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Highlights

• Immunization with naturally evolving env genes, given sequentially, is
promising

• Motif-optimized env sequences were superior to wild type for neutralizing
antibodies

• Simultaneous boosting with DNA and protein at different sites enhanced
antibodies

• Antibodies that neutralized heterologous HIV-1 isolates were obtained in rabbits
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Figure 1. Phylogenetic analysis of QA255-derived Env quasispecies
(A) Maximum Likelihood (ML) phylogeny illustrating the inferred relationships between
env variants isolated from subject QA255 and chosen as vaccines. Wild type nucleotide
sequences of the gp160 envelope were codon aligned, manually annotated, and used to
reconstruct the phylogeny rooted using a Clade A sequence. Variants from different time
points are color-coded as day 189: purple; day 560: red; day 662: blue; day 1729: green. (B)
Genetic diversity between clones within each time point was calculated as number of
nucleotide substitutions per site between each pair of sequences (i.e. pairwise distance) (C)
Genetic divergence based on pairwise distance between clones from each time point and the
theoretical Most Recent Common Ancestor illustrates the evolution of subject QA255’s
quasispecies over time.
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Figure 2. QA255 quasispecies variants evolving under diversifying selection
(A) Codon-specific analysis of positive selection. The red * indicates a posterior probability
greater than 95% of dN/dS >1 (dN/dS described as Ka/Ks). Variable regions are highlighted
in yellow. Boundary between gp120 and gp41 regions of gp160 is outlined beneath graph.
(B) Phylogeny showing the distribution of estimated dN/dS per lineage. Four categories of
dN/dS values (10000, 2.212, 0.633, and 0.219) were approximated according to the best-
fitting model. Lineages are color-coded based on their assignment to each of these dN/dS
categories and the percentage represents the posterior probability that dN/dS > 1.
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Figure 3. QA255 Env vaccine sequences, immunization approaches, and Env-specific binding
antibodies
(A) Highlighter plot illustrates accumulating non-synonymous changes in the sequence
occurring longitudinally in the WT quasispecies variants incorporated in the various
immunizations. Nucleotide differences from the Most Recent Common Ancestor sequence
are indicated by tick marks (green, silent; red, non-silent; grey, gap). Codon location of the
env gene is shown on the X-axis. Brackets to the right outline clones used for immunization
on respective weeks. (B) Immunization Strategies. Rabbits were vaccinated with four either
MO or WT DNA primes at weeks (brown arrows) 0, 4, 12, and 20, followed by two
combination MO 1729O DNA plus LCONS protein boosts in the presence of PEI adjuvant
(green arrows) on weeks 29 and 35. (C) LCONS Envelope-specific binding antibodies
elicited by the immunization strategies. Relative antibody concentrations of serum samples
collected two weeks after each immunization were measured by kinetic ELISA against
trimeric LCONS gp140. MO Dual-clone Sequential (MO Dual-clone), black; MO Multi-
clone Sequential (MO Multi-clone), blue; WT Multi-clone Sequential (WT Multi-clone),
red. Dotted line represents 2.5× pre-immune titers.
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Figure 4. Heterologous rabbit humoral response against sensitive Clades A and B viruses
Serial dilutions of sera from week 31 (post first DNA plus protein boost) was tested for
neutralization against sensitive Clades A and B heterologous clones HIV-1Q461d1 (A-C)
and HIV-1SF162 (D-F). Individual rabbit samples are shown with different symbols for
inter-virus comparison. Thick broken line indicates pool pre-immune serum neutralization
values. Thin dotted line demarks 50% neutralization. (G & H) Mean ± SEM neutralization
values obtained at single dilution (1:40) of rabbit sera was plotted longitudinally. Columns:
MO Dual-clone Sequential, black/left; MO Multi-clone Sequential, blue/middle; WT Multi-
clone Sequential, red/right. Black arrows represent DNA immunizations, gray arrows
represent DNA plus protein boosts.blue/middle; WT Multi-clone Sequential, red/right.
Black arrows represent DNA immunizations, gray arrows represent DNA plus protein
boosts.
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Figure 5. Qualitative assessment of rabbit humoral responses
(A) Avidity ELISA. Avidity indices against LCONS gp140 in samples collected after the
final DNA prime for MO groups (week 22) and after the first DNA plus protein boost for
WT Multi-clone Sequential (week 31) and after the final DNA plus protein boost (week 37).
(B) Comparison of avidity indices between week 37 and week 22 (MO-primed group) and
between week 37 and week 31 (WT-primed group) in samples as in top to determine affinity
maturation. Asterisks indicate P<0.05 using tests described in the Methods.
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TABLE 1
Neutralization of selected heterologous isolates measured by area under the curve

Area under the curve analysis was performed on longitudinal percent neutralization values taken from single
dilution (1:20) rabbit sera. Numerical IC50 values for mNAb VRC01 and Clade C pooled polyclonal IgG from
chronic infection are included for comparison. Letters in parentheses indicate clade of HIV-1 virus tested.
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