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Development of broadly neutralizing antibodies (bnAbs) against
HIV-1 usually requires prolonged infection and induction of Abs
with unusual features, such as long heavy-chain complementarity-
determining region 3 (HCDR3) loops. Here we sought to determine
whether the repertoires of HIV-1–naïve individuals contain Abs
with long HCDR3 loops that could mediate HIV-1 neutralization.
We interrogated at massive scale the structural properties of long
Ab HCDR3 loops in HIV-1–naïve donors, searching for structured
HCDR3s similar to those of the HIV-1 bnAb PG9. We determined
the nucleotide sequences encoding 2.3 × 107 unique HCDR3 amino
acid regions from 70 different HIV-1–naïve donors. Of the 26,917
HCDR3 loops with 30-amino acid length identified, we tested 30
for further study that were predicted to have PG9-like structure
when chimerized onto PG9. Three of these 30 PG9 chimeras bound
to the HIV-1 gp120 monomer, and two were neutralizing. In addi-
tion, we found 14 naturally occurring HCDR3 sequences that ac-
quired the ability to bind to the HIV-1 gp120 monomer when
adding 2- to 7-amino acid mutations via computational design. Of
those 14 designed Abs, 8 neutralized HIV-1, with IC50 values ranging
from 0.7 to 98 � g/mL. These data suggest that the repertoire of HIV-
1–naïve individuals contains rare B cells that encode HCDR3 loops
that bind or neutralize HIV-1 when presented on a PG9 background
with relatively few or no additional mutations. Long HCDR3 se-
quences are present in the HIV-naïve B-cell repertoire, suggesting
that this class of bnAbs is a favorable target for rationally designed
preventative vaccine efforts.
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Elicitation of broadly neutralizing Abs (bnAbs) against HIV
type 1 (HIV-1) is one of the greatest challenges in modern

vaccinology (1). A bnAb response occurs at various levels in most
HIV-1 –infected individuals and is extraordinarily broad and potent
in a minor subset of subjects (2, 3). These bnAbs typically arise only
a year or more after infection and peak at∼3–4 y after infection
(4). Recent advances in donor selection from cohorts of chronically
infected patients, novel screening methods, and Ab isolation tech-
nologies have allowed identification of dozens of new bnAbs specific
to the envelope glycoproteins gp120/gp41 of HIV-1 (5). Although
bnAbs of interest have been isolated using different strategies, the
genes encoding these bnAbs often share certain distinctive and
unusual features such as excessively large amounts of somatic mu-
tation or very long heavy-chain complementarity-determining region
3 (HCDR3) structures (6). The requirement for these unusual Ab
genetic features as the basis of formation of HIV-1 bnAbs is an
obstacle to vaccination, because conventional vaccines fail to induce
a high frequency of Abs with such characteristics.

Although studies based on bnAb isolation have revealed new
targets for immunogen design and have been useful for experi-
mental therapeutic efficacy (7), the design of an effective vaccine

against HIV-1 has remained elusive (8). There is a structural class
of bnAbs represented by PG9 and PG16 whose members have long
protruding anionic HCDR3 structures that form beta-sheet ham-
merheads and target the V1/V2 epitope (9–11). These bnAbs can
be very broad and potent, neutralizing up to∼80% of viral variants
tested (12). This class of Abs often has lower levels of somatic
mutation relative to other bnAbs, making them attractive targets
for a rational vaccine design strategy. However, the genetic basis
for formation of these types of long HCDR3s is poorly understood.
PG9 was isolated from an HIV-1–infected individual, but here we
sought to determine whether any Ab sequences in the HIV-1–naïve
donor B-cell repertoire encode long HCDR3 structures that can
bind and neutralize HIV-1 when presented in the context of the
naturally occurring PG9 antibody. The presence of such Abs in the
HIV-1 –naïve repertoire might suggest optimal paratope targets for
vaccine B-cell priming by rationally designed HIV-1 envelope
(Env) antigens. To search for HIV-1–reactive HCDR3 sequences
in the HIV-1 –naïve repertoire, we developed an experimental and
bioinformatics pipeline that coupled next-generation sequencing
with 3D structure prediction and functional design and then
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the variants did not neutralize the N160A knockout mutant (Fig.
3A and SI Appendix, Table S5).

We explored the molecular basis for the functional and structural
convergence of the clones on mimicry of PG9. Surprisingly, there
was little sequence homology between the HCDR3s of HIV-1–
naïve donor-reactive clones and that of PG9wt (Fig. 3B). With the
exception of positions 93–95, 100C–E, and 100O–103, the sequence
of each variant used a unique set of mutations that were predicted
to achieve the hammerhead HCDR3 configuration and enable
binding to HIV-1 gp120. We considered the success of the design
process used here to introduce a minimal number of beneficial
mutations into HCDR3 regions with suboptimal interaction, a
process that mimics affinity maturation through somatic hyper-
mutation. For instance, the Ab encoded by thewt HCDR3 clone
for cluster E, termed VU11631,was found to express poorly in
culture. In contrast, several minimally designed variant Abs, termed
VU28693_2MUTB and VU28693_5MUT, were found to express,
bind gp120, and neutralize HIV-1. VU28693_Y100DN was pre-
dicted to pack more densely and form hydrogen bonds with K168
of the CAP45 V1/V2 interface, which mimics the interaction of
PG9wt. VU28693_L100GH exposes a polar group to the solvent

face while retaining burial of the hydrophobic portion, and
VU28693_L100LN uses the terminal amine group to point toward
solvent space and create a hydrogen bond with T163 of the V1/V2
interface (SI Appendix, Fig. S11A). VU15053_W100BR is predicted
to form two hydrogen bonds with the V1/V2 glycan at position
N160, whereas VU15053_R100LD forms an additional three hy-
drogen bonds that are out of the range of thewt arginine
(SI Appendix, Fig. S11B).

Discussion
A protective vaccine against HIV-1 likely will need to elicit a
broadly neutralizing serum Ab response (24–29). Here we in-
terrogated the long HCDR3 repertoire, before infection, using
samples from a cohort of HIV-1–naïve donors, maximizing the
sequence pool and diversity. The combination of computational
modeling with bioinformatically driven heuristics allowed the
screening of a large number of HIV-1–naïve Ab sequences. Al-
though computational modeling of all 26,917 sequences might be
feasible in principle, we sought to establish a method that could be
extended to an orders-of-magnitude greater number of sequences
that will result from the rapidly growing output of evolving
amplicon sequencing technologies (30). We found that three out of
the sevenwt sequences we tested bound to HIV gp120, and each of
these was derived from a unique donor. We chose the recombinant
gp120 monomer to test the binding of these Abs. Note that some
neutralizing Abs in this class fail to bind the gp120 recombinant
monomer. This finding has been attributed to the fact that the
epitope for Abs interacting with two protomers in the intact HIV
BG505 trimer on the envelope is not fully recapitulated in a gp120
monomer (31). In addition, the gp120 monomer is differentially
glycosylated from the native trimeric envelope (32). PG16, a long
HCDR3-type Ab related to PG9, has been found to be more se-
lective in the glycan types to which it binds and neutralizes (33).
This finding is attributed to subtle mutations that interact with the
branched sugars at positions 156 and 160.

Many Abs capable of adopting a PG9-like structure might be
missed by a sequence-only search strategy. Instead, we sought to
use structure-based homology prediction as a metric to assess
predicted PG9-like HCDR3 activity. We attribute this finding to
the many sequence-independent interactions found in PG9 and
PG16 Ab complexes (11). In this way, a sequence may only need
to adopt the rigid secondary structure found in the HCDR3
hammerhead structure.

We note the limitations of using only HCDR3 sequences rather
than the full VH gene sequence or paired heavy–light chain variable
gene sequences. We chose a method with shorter read length to
achieve sequencing depth, as30-amino acid-length HCDR3 se-
quences are infrequent in the human repertoire, and a large Ab
sequence pool would be needed to find HCDR3 sequences with
anything resembling predicted PG9-like HCDR3 activity. Indeed,
we found two wt HCDR3 sequences with neutralizing activity, de-
rived from 26,917 sequences that were potential candidates based
on length from the HCDR3 repertoire. In the scope of this study,
only 26,917 possible sequences were tested. We expect that the
typical B-cell repertoire has more HCDR3 sequences containing
a 30-amino acid-length HCDR3 than this representative sam-
pling. With the exception of two Abs (VU30400_G_7MUT and
VU2383_3MUTD), all of the predicted PG9-like HCDR3 se-
quences failed to neutralize RHPA.N160A, a PG9 epitope knock-
out mutation that removes the N160 glycan site. From this, we
hypothesize that the HCDR3 sequences from the HIV-naïve rep-
ertoire work synergistically withthe mature heavy- and light-chain
mutations of PG9 by contributingto binding or neutralization.

Recently, Andrabi et al. reported work on viral variants that
bind PG9 variant Abs with VH/VL reverted mutations. Results in
those studies show that the common VH germ-line genes in PG9
and CAP256.09 Abs play a vital role in the neutralization of sen-
sitive viruses and that their ability to neutralize these viruses is not a
function of HCDR3 alone. Instead, neutralization appeared to
derive from interactions mediated by both the HCDR3 (especially
the YYD amino acid motif from the common germ-line D gene)
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Fig. 3. Experimental characterization of HIV-1–naïve donor HCDR3 sequences
that bind and neutralize HIV. (A) A blue–yellow–red heat map corresponding
to the EC50 or IC50 for binding or neutralization, respectively. Values in white
indicate an EC50 or IC50 higher than the top concentration of 100 μg/mL, and
are shown for all characterized Ab variants that expressed at sufficient con-
centration for analysis. The viral variants used in binding and neutralization
assays are shown at the top whereas the HCDR3 variants and parental Ab
clusters are shown on the side. (B) The Ab variants that bound at a con-
centration less than 20 μg/mL are shown in a multiple sequence alignment.
The black–gray scale indicates similarity to PG9. The EC50 value is shown.
All underlined amino acid sequences were redesigned from the parental
Ab sequence.
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and residues in VH-encoded regions (including residues that are
both germ line-encoded and somatic mutations). These investiga-
tors found that 16 of 26 mutationsare necessary to bind a majority
of the viral variants they tested, suggesting that some but not all of
the somatic mutations outside of the HCDR3 of PG9 are required
for recognition of HIV (34).

This work has several implications for HIV-1 vaccine design. The
data reveal that some HIV-1–naïve donors possess B cells in the
preimmune repertoire whose HCDR3 structure is predicted to
mimic that of a class of V1/V2 binding Abs that is known to exhibit
broad and potent HIV-1 neutralizing activity, when configured in
the context of the naturally occurring PG9 antibody. Recently, a
genetic pathway for the development of V1/V2 binding Abs with
long HCDR3s has been elucidated for potent bnAbs (22), revealing
a very large number and diversity of mutations from the unmutated
common ancestor in the HCDR3 associated with neutralization
breadth of diverse strains. That study suggests a large range of Ab
sequence diversity in clonal lineages that can converge onto one
epitope while maximizing breadthand potency. In the scope of this
study, only 2 out of the 26,917 sequences from two different donors
were found to have neutralizing activity against HIV. However, only
26,917 HCDR3 sequences of 30-amino acid length were identified
in the deep-sequencing reactions used here, a much smaller number

than the pool size of such antibodiesthat is estimated for the entire
naïve B-cell repertoire in a person. Targeting the diverse repertoire
of Abs with PG9-like HCDR3 structures and function in the pre-
immune repertoire may offer a more tractable focus for vaccination,
because lower numbers of somatic mutations may be required for
HIV-1 recognition by these clones. The data suggest that induction
of B cells encoding long HCDR3s from the HIV-naïve repertoire is
an attractive target for structure-based vaccine design.

Materials and Methods
HCDR3 amplicons were generated from RNA that was extracted from the white
blood cells of 70 HIV-uninfected individuals. Use of deidentified cells obtained
from discarded leukofiltration filters was approved by the Vanderbilt and Red
Cross Institutional Review Boards. Reads (5.14 × 107) were obtained from using
the Illumina HiSeq platform. Sequence tolerance for PG9 was modeled using
the PG9 complex with scaffolded V1/V2 CAP45 (PDB ID code 3U4E) and the
modeling suite R OSETTA. Additional HCDR3 sequences were designed using
ROSETTA, starting with healthy donor HCDR3 sequences as template. Four
HCDR3 sequences were synthesized and chimerized with the mature PG9 se-
quence. Chimeric Abs were tested for binding or neutralization using a gp120
ELISA or luciferase reporter TZM-bl assay, respectively. For full methods, see SI
Appendix , Materials and Methods .
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