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An oligomannose patch around the V3 base of HIV-1 envelope glycoprotein (Env) is recognized by multiple classes
of broadly neutralizing antibodies (bNAbs). Here, we investigated the bNAb response to the V3 glycan supersite
in an HIV-1-infected Chinese donor by Env-specific single B cell sorting, structural and functional studies, and
longitudinal analysis of antibody and virus repertoires. Monoclonal antibodies 438-B11 and 438-D5 were isolated
that potently neutralize HIV-1 with moderate breadth, are encoded by the V,41-69 germline gene, and have a
disulfide-linked long HCDR3 loop. Crystal structures of Env-bound and unbound antibodies revealed heavy
chain-mediated recognition of the glycan supersite with a unique angle of approach and a critical role of the
intra-HCDR3 disulfide. The mechanism of viral escape was examined via single-genome amplification/sequencing
and glycan mutations around the N332 supersite. Our findings further emphasize the V3 glycan supersite as a

prominent target for Env-based vaccine design.

INTRODUCTION

During HIV-1 infection, a small fraction of individuals mount ef-
fective antibody responses against coevolving viruses, which even-
tually become broadly neutralizing antibodies (bNAbs) capable of
countering diverse HIV-1 isolates with exceptional potency (I-3).
Most of the known HIV-1 bNAbs have unusual characteristics such
as selective germline gene usage, high degree of somatic hypermu-
tation (SHM), and long heavy-chain complementarity-determining
region 3 (HCDR3) loops. Precursors of bNAbs may emerge in the
early stage of infection and later achieve neutralization breadth and
potency through an extensive maturation process (4-7). Such bNAb
precursors often display low levels of autologous neutralization but
can initiate the process of recognizing conserved epitopes on the en-
velope glycoprotein (Env) in response to a constantly evolving viral
population (5, 6, 8). Multiple bNAb epitopes on HIV-1 Env have
been identified, such as the CD4 binding site (CD4bs), glycan-rich
epitopes at the V2 apex and V3 base, gp120-gp41 interface, fusion
peptide, and membrane-proximal external region (MPER) (9), in
addition to the silent face (10, 11).
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HIV-1 cohort studies found ~15% of individuals with broad serum
neutralizing activity and nearly half of these broad neutralizers
showing bNAbD responses to the oligomannose-rich patch centered
at Asn332 (12, 13), suggesting that the immune system can effec-
tively recognize this glycan-rich V3 epitope on the Env spike. Panels
of human antibodies to this site have been isolated that exhibit
moderate [PCDN lineage (6)] to high potency [PGT121 (13), PGT128
(14, 15),10-1074 (16), and BG18 (2)], as well as substantial breadth
(28 to 68%) (17). These bNAbs penetrate the glycan shield of the Env
spike usually with their light-chain CDR1/2 (LCDR1/2), HCDR2,
and long HCDR3 loops and interact with both oligomannose glycans
and peptide components of the N332/V3 supersite. Furthermore,
structural studies (18-21) have revealed various angles of approach
by which these bNAbs access the CCR5 coreceptor binding motif,
GDIR (22, 23). Env trimer-based immunogens RC1 (24) and N332-GT
(25) were designed to elicit human bNAD precursor antibodies tar-
geting the N332/V3-glycan patch. It has been reported that a common
mechanism used by HIV-1 to escape the N332/V3-specific bNAbs
is through mutations of Asn®* (6), Asn®’, and Asn®”! (26) that
eliminate N-linked glycans; a glycan shift from position 332 to 334
(4, 27); or an unusual elongation of the V1 loop with additional
glycans and disulfide bonds (28). However, some HIV-1-infected
individuals can develop broad serum neutralization against the
N332/V3 supersite by switching the glycan from position 334 to 332
(27). It is, therefore, imperative to study more elite donors to under-
stand how bNAbs recognize the shifting glycans at or around the
V3 base and how the coevolving viruses counter it. One of the key
questions is whether any other features could be used by bNAbs to
enhance the glycan epitope recognition and, hence, HIV-1 neutraliza-
tion, in addition to diverse angles of approach and long CDR loops.

In this study, we examined an N332/V3-directed bNAD response
in an HIV-1 subtype B-infected Chinese donor, CBJC438. This in-
dividual showed sustained plasma neutralizing activity over a period
of 8 years from 2005 to 2012. Using a heptad repeat 1 (HR1)-stabilized
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BG505 trimer (29) as bait, we isolated two monoclonal antibodies
(mAbs) (438-B11 and 438-D5) from the 2008 sample that exhibited
exceptional neutralizing potency with moderate breadth. To under-
stand how these two related bNAbs recognize and neutralize HIV-1,
we determined their structures in the unbound form and in complex
with an uncleaved prefusion-optimized (UFO) BG505 Env trimer.
Crystal structures revealed how these bNAbs approach the N332/V3
supersite on the trimer with a disulfide-locked HCDR3 loop and a
unique angle of approach relying on heavy chain-dependent recog-
nition. Longitudinal repertoire analysis uncovered a diverging bNAb
lineage that expanded and peaked in 2008 but diminished to only a
few clones in 2012 due to viral escape in and around the N332 su-
persite. These results depict a dynamic host-virus coevolution process
in which a Vy1-69-originated bNAD lineage emerged in the donor
B cell repertoire by targeting the N332/V3-glycan patch on the HIV-1
Env. The viruses responded by shifting the glycan from position 332
to 334 and minimizing the involvement of other glycans, such as
N301, in epitope recognition by bNAbs, thereby enabling the viruses
to successfully circumvent this bNAD lineage.

RESULTS

BNAbs 438-B11 and 438-D5 are isolated from a Chinese
donor, CBJC438

A Chinese donor, CBJC438, was diagnosed in the early 1990s with an
HIV-1 subtype B infection through a contaminated plasma donation.
A natural history study cohort of more than 400 HIV-1-infected
plasma donors with a CD4 count of more than 350 cells/ul was es-
tablished in 2005 and followed every 6 months to investigate the
HIV-1 disease progression correlates, including innate immunity,
cytotoxic T lymphocyte responses, and neutralizing antibodies. Patients
were followed until their CD4 count was below 200 (before 2008)
or 350 cells/ul (after 2012), reaching the criteria of World Health
Organization’s antiviral guideline for developing countries. As a
member of this cohort and after 15 years of infection without anti-
viral treatment, CBJC438 displayed a CD4" T cell count ranging from
345 to 827 cells/ul with a viral load from 18,700 to 225,000 copies/ml
during 2005 to 2012 (Fig. 1A). Serum neutralization was tested against
a global panel of 12 pseudoviruses (30) at all time points studied
(2005 to 2012). The neutralizing activity of the donor’s plasma from
different time points showed 100% breadth against the global virus
panel (Fig. 1B and table S1A). The average potency was between 50
and 352 geometric mean titers. The 2008 samples were used for anti-
body isolation by single cell-based sorting to identify Env-specific mAbs.
An HR1-redesigned BG505 trimer (29) was used as the sorting bait. The
same trimer was used previously (31) as the panning antigen to ana-
lyze the single-chain antibody fragment libraries derived from donor
17, the source of PGT121-class bNAbs (13). Here, this BG505 Env
bait was used to sort immunoglobulin G-positive (IgG") B cells from
CBJC438 peripheral blood mononuclear cells (PBMCs) with a set of
selected cell markers. Native trimer-specific single B cells with pheno-
type CD19*CD20"CD14 CD3 CD8 IgM IgG"BG505" were gated
and sorted into a 96-well polymerase chain reaction (PCR) plate
(Fig. 1C). The frequency of BG505" B cells was 0.024% (63 of 264,025)
in live CD19"CD20" cells. Four memory B cells were sorted, amplified
with matching heavy- and light-chain genes, and cloned into the full
IgG1 expression vectors. MAbs were expressed transiently in human
embryonic kidney-293F (HEK293F) cells. Of the four mAbs, 438-B11
and 438-D5 bound the BG505 bait with high affinity in enzyme-
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linked immunosorbent assay (ELISA), whereas 438-D6 and 438-F11
showed negligible binding (fig. S1A). Consistently, both 438-B11 and
438-D5 exhibited potent neutralizing activity [50% inhibitory con-
centration (ICsp) = 0.18 pg/ml] against the global panel with a
breadth of 67% (table S1B), whereas 438-D6 and 438-F11 failed to
neutralize any isolate on this panel. Therefore, 438-D6 and 438-F11
were most likely nonspecific mAbs as a result of high background in
the B cell sorting experiment. The neutralizing activity of 438-B11
was further characterized against a panel of 129 isolates (32), with
two N332-specific bNAbs (PGT121 and PGT128) included for com-
parison. On this large panel, PGT121 and PGT128 neutralized 62.8
and 68.2% of the isolates with ICsq values of 0.028 and 0.013 pg/ml,
respectively, whereas 438-B11 was able to neutralize 41.9% of the
isolates with an ICs of 0.027 pg/ml (Fig. 1D and table S1C). There-
fore, in terms of potency, 438-B11 is on par with the two extensively
studied bNADs targeting the N332/V3 supersite but shows a 20.9 to
26.3% reduction in breadth. Sequence analysis showed that 438-B11
and 438-D5 belong to the same clonal family, having a heavy chain
of IGHV1-69*01 allelic origin with ~25% SHM and a 21-amino
acid HCDR3 loop (Kabat numbering) and a light chain of IGKV3-
20*01 allelic origin with ~13% SHM and a 9-amino acid LCDR3
loop (Fig. 1E and table S1D). 438-B11 and 438-D5 differ by one
residue (Arg12 versus Lyslz) in framework region 1 (FR1) of the
heavy chain and one residue (Phe® versus Leu®) in FR3 of the light
chain (Fig. 1E). In addition, 438-B11 and 438-D5 both contain cys-
teines at positions 98 and 100a in HCDR3, suggesting the presence
of a disulfide bond. Notably, disulfide-linked HCDR3 loops have been
found in several somatic variants (VRC03/6/8) (33) and the inferred
unmutated common ancestor (34) of the VRCO1 lineage, the CAP256-
VRC26 lineage (35), and bovine bNAbs against the CD4bs (36).
Therefore, 438-B11 and 438-D5 represent another class of human
HIV-1 bNAbs containing an extra disulfide bond in HCDR3.

Crystallography reveals the epitope and angle of approach
for bNAb 438-B11

Before structural analysis, ELISA was performed to probe the 438-
B11 and 438-D5 epitopes on the HIV-1 Env (fig. S1A). Both bNAbs
showed high affinity for the BG505 UFO.664 trimer (29) and for the
gp120-ferritin nanoparticle but low to no affinity for the V1V2-ferritin
nanoparticle (37). These results suggest that the 438-B11/D5 epi-
topes are located in gp120 but are not part of the VI1V2 region and
the gp120-gp41 interface. We then determined the crystal structure
of antigen-binding fragments (Fabs) of 438-B11 and another bNAD,
35022 (38) (to aid in crystallization), in complex with the BG505
UFO.664 trimer (29) at 3.80 A resolution in a hexagonal (H32) crystal
lattice. The complex structure showed that three 438-B11 Fabs were
bound to one BG505 UFO.664 trimer (Fig. 2A) by recognizing the
N332/V3-glycan supersite involving both Asn*”* and Asn®32 (Fig. 2B,
upper inset). The heavy chain of 438-B11 interacts with almost all
glycan moieties of the oligomannose at Asn®”* and Asn*** and pro-
tects them from the partial deglycosylation of BG505 UFO.664 by
endoglycosidase H carried out before crystallization. Electron densi‘?
was visible for GIcNAc,Mang at Asn’*! and GIcNAc,Many at Asn>>2,
Both Asn®*'! and Asn3*? glycans were predominantly buried by the
heavy chain of 438-B11 (Fig. 2B, glycan schematics), except for the
D2 arm of Asn**? and the terminal glycan moieties of Asn®”' D1 and
D2 arms. Similar to PGT128 [Protein Data Bank (PDB) ID: 3TYG],
HCDR?2 of 438-B11 interacts with the predominantly apolar face of
the Asn®! glycan. Its hydrophobic tip (Val®, 33 A% Val*4, 8 A2) was
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Fig. 2. Structural epitope mapping of 438-B11 on HIV-1 Env. (A) Crystal structure at 3.8 A of the BG505 UF0.664 (gp120, blue; gp41, pink) Env trimer in complex with
Fabs 438-B11 (green) at the N332/V3 supersite and 35022 (yellow) at the gp120/gp41 interface. (B) Side view of one protomer of the BG505 UF0.664 trimer in complex
with Fab 438-B11 (HC, green; and LC, gray) and Fab 35022 (yellow) Fabs. The cartoon representation of the structure is overlaid on the transparent molecular surface. The
right inset shows the interaction of the 438-B11 Fab with Asn®*' and Asn®3? glycans (pink). The glycans are shown in sticks and overlaid on the transparent molecular
surface. Below the inset is a schematic of Asn>*" and Asn>>2 glycans observed in the structure with GIcNAc moieties as dark blue squares and mannose residues as green
circles. The surface area (A% on each glycan moiety that is buried by 438-B11 (HC, green; LC, gray) is shown. (C) Recognition of the GDIR motif (blue) at the base of V3 by
Fab 438-B11. The heavy chain (HC) 438-B11 is represented in cartoon and sticks with the CDRs and FRs (H1, green; H2, brown; H3, pink; FR1, cyan; and FR3, gray) that in-
teract with gp120 (blue). (D) Buried surface area (A% of residues on the CDR loops and FRs of 438-B11 when bound to gp120 on Env. (E) Comparison of the mode of
binding of N332/V3-class bNAbs to the surface of gp120 (blue) of HIV-1 Env. A distinct orientation of 438-B11 (HC, green; LC, gray) on HIV-Env is observed compared to
other bNAbs of this class. HCDR3 loops (pink) are shown in cartoon representation. (F) Alignment of the amino acid sequences of HCDR3 of various N332/V3-class bNAbs.
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slightly buried inside the Asn’' glycan pocket (fig. S1B). The 21-
amino acid-long HCDR3 loop enables 438-B11 to access the protein
surface around the base of the Asn®* glycan on gp120. Notably, the
extended, U-shaped HCDR3 loop differentiates 438-B11 from other
bNADbs directed to the N332/V3 supersite such as PGT121, PGT128,
10-1074, and BG18 (16, 21, 39, 40), whose HCDR3 loops adopt a
protruding, two-stranded B-hairpin conformation (fig. S1C). The
CCRS5 coreceptor binding motif, GDIR, is mainly recognized by
CDRI, CDR3, FR1, and FR3 of the 438-B11 heavy chain (Fig. 2C),
whereas both heavy- and light-chain CDRs are required by other
bNAbs [PGT121 (LCDR1/2/3 and HCDR3), 10-1074 (LCDR1/2/3
and HCDR3), and BG18 (LCDR2 and HCDR3)] except for PGT128
(HCDR3). The tip of 438-B11 HCDR3 (Tyr100c) is deeply buried
[buried surface area (BSA), 124 A] inside the Asn*** glycan pocket
similar to that observed for PGT121, 10-1074, and BG18 (Fig. 2D
and fig. S1C).

To define the angle of approach for 438-B11, we compared the
rotation of the heavy chains between 438-B11 and bNAbs PGT128
(PDB ID: 5C7K), PGT121 precursor (PDB ID: 5CEZ), 10-1074
(PDB ID: 60KP), BG18 (PDB ID: 6CH7), and PGT135 (PDB ID:
4JM2) (Fig. 2E). We observed differences between 438-B11 and
other bNAbs in terms of HCDR3 orientation and conformation using
the Env trimer as a reference in three-dimensional (3D) space
(Fig. 2E and fig. S2A). Their orientations differ substantially and are
rotated around the long axis of the Fab by approximately 90° to 120°
(PGT128, PGT121 precursor, and 10-1074) to 180° (BG18), where
the relative disposition of the heavy and light chains on the gp120
surface is reversed. PGT135 is also much more tilted compared to
the other bNAbs (Fig. 2E and fig. S2B). To engage both the N332/V3
glycan patch and the GDIR motif, a protruding two-stranded
B-hairpin HCDR3 and light-chain CDRs are vital for the PGT121
precursor, 10-1074, and BG18. As a result, both their heavy- and
light-chain CDRs are involved in targeting this epitope, as reflected
by their contributions to the buried surface area on the protein sur-
face of gp120 (fig. S2C). In contrast, bNAbs (438-B11, PGT128, and
PGT135), which mainly use their heavy chains to interface with
both the glycan patch and the GDIR motif, require a larger buried
surface area of their HCDRs on the protein surface of gp120 (Fig. 2
and fig. S2C). Notably, the heavy chain accounts for 83% of total
buried surface of 438-B11, similar to that of PGT128 (85%) (fig.
S2C). Of note, the hydrophobic residue at the tip of HCDR3 in all
bNADbs of the N332/V3 class (Phepgri21precursors Pheio-1074 Leugais,
and Tyrysg p1;) interacts with a “neutral face” in proximity to the
Asn®* glycan on the Env, except for Tyr100B at the tip of PGT128
HCDR3, which is positioned closer to the GDIR motif (fig. S2D).
Thus, the distinct angle of approach and the HCDR-mediated inter-
actions facilitate 438-B11 recognition of the N332/V3-glycan super-
site on the HIV-1 Env.

BG505 UF0.664 trimer has a similar architecture to BG505
SOSIP and NFL trimers

Previously, we determined the structure of a cleaved, HR1-redesigned
BG505 gp140 trimer (29). Here, we obtained a 3.8-A-resolution
structure for the BG505 UFQ.664 trimer, which contained both a
redesigned HR1 bend and a long 10-amino acid (G4S); linker at the
furin cleavage site. This atomic structure thus provided an opportunity
for comparison of all three native-like trimer platforms (41, 42): the
cleaved SOSIP.664 trimer, the uncleaved native flexible linker (NFL)
trimer, and the UFO trimer based on the same BG505 backbone

Kumar et al., Sci. Adv. 2020; 6 : eabb1328 16 September 2020

(fig. S3A). Upon superimposition, little difference was observed for
the protomer conformation or the overall trimer packing, with Ca
root mean square deviation (RMSD) ranging from 0.5 to 0.7 A, sug-
gesting that all three designs have preserved the native-like Env
structure. While UFO shares the same gp120-gp41 disulfide bond
(Ala501Cys-Ala605Cys) (43) with SOSIP and the long cleavage-site linker
with NFL (44), shortening of the 21-amino acid HR1 N-terminal
region (HR1y) to an 8—amino acid loop and its computational opti-
mization (fig. S3B) substantially improved trimer yield, purity, and
stability, supporting the notion that HR1y is the main determinant
of HIV-1 Env metastability (29, 45). The nearly identical trimer
structures in three complexes, SOSIP/PGT121 precursor (18), NFL/
PGT122 (46), and UFO/438-B11, suggest that 438-B11 would not
affect the Env conformation upon binding similar to the PGT121
class of bNAbs.

Germline reversion shows differential effects of heavy
and light chains on function
Vh1-69 is a common germline gene for human bNAbs targeting the
conserved stalk region of influenza virus hemagglutinin and the
neutralizing face on glycoprotein E2 of hepatitis C virus (HCV)
(47, 48). Hydrophobic residues in HCDR?2 at positions 53 (mostly
Ile for influenza antibodies) and 54 (Phe for both influenza and HCV)
are crucial for the recognition of conserved viral epitopes by these
Vu1-69 bNAbs (47). HIV-1 antibodies of the Vy1-69 origin recognize
the MPER in gp41 [4E10 (49-51)], the receptor binding site [BANC195
(52)], the coreceptor binding site [17b (53)], and the CD4bs [VRC13
(54)]. All of these HIV-1 antibodies contain hydrophobic residues
at positions 53 and 54 except for VRC13 (Ser” and Thr*). In 438-B11
and 438-D5, Ile*® and Phe®* within the Vi;1-69 germline gene are sub-
stituted to smaller hydrophobic residues (Val) by somatic mutation,
suggesting a similar involvement of HCDR2 in epitope recognition.
To assess the functional role of 438-B11 heavy and light chains
in Env recognition, we created three 438-B11 variants by pairing
germline (gl) and mature (m) antibody chains, namely, mHC/gIKC,
glHC/mKC, and glHC/gIKC. The glHC and glKC constructs were
created by reverting the variable (V) and joining (J) genes to their
putative germline genes while retaining the CDR3 segments, as
found in the mature antibody (fig. S4A). These chimeric antibodies
would also inform on how much the CDR3 region, versus the rest of
the variable domain, contributes to the antibody function. A double-
cysteine mutant (Cys98Ala and Cys100aAla), termed ASS, was also
included to examine the functional role of the HCDR3 disulfide
bond. In a biolayer interferometry (BLI) assay, each 438-B11 variant
was tested against five UFO or UFO-BG trimers of diverse subtypes
(fig. S4B) (45). Overall, a strain-specific pattern was observed, with
clade A BG505 UFO and clade B H078.14 UFO-BG trimers recognized
by 438-B11 and variants more effectively than other trimers, consistent
with the moderate neutralizing breadth of 438-B11/D5 on the large
virus panel (Fig. 1D). Among the tested 438-B11 variants, mHC/
gIKC showed some degree of reduction in binding to BG505 UFO
compared to wild-type (WT) 438-B11, whereas no trimer binding
was observed for gIHC/gKC and glHC/mKC, confirming that the
heavy chain and HCDR3-mediated interactions are essential to the
438-B11 recognition of the N332/V3 supersite on the Env trimer.
Unexpectedly, the 438-B11ASS mutant showed comparable binding to
BG505 UFO and a substantially reduced, but still detectable, binding
to H078.14 UFO-BG, suggesting that the intra-HCDR3 disulfide
bond exerts a differential effect on epitope recognition depending
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on the Env. We also examined the effect of the maturation of indi-
vidual antibody chains on the neutralizing activity of 438-B11 using
the global panel (fig. S4C). Consistently, light-chain reversion ap-
peared to have less effect on antibody function than heavy-chain
reversion, with 438-B11 mHC/gIKC showing 17% reduction in
breadth and 2.5-fold reduction in potency compared to WT 438-
B11 or 438-B11 mHC/mKC. Of note, an S27N mutation from the
germline V gene of « light chain, IGKV3-20*1, produces an N-linked
glycan in 438-B11 LCDRI. In our structural analysis, no contacts
were observed between this glycan and the Env trimer, suggesting
that this glycan may not be directly involved in Env recognition.

Structural comparison of bound and unbound 438-D5

and 438-B11

To investigate whether 438-D5 and 438-B11 undergo conformational
changes during Env recognition, we determined crystal structures
of unbound 438-B11 and 438-D5 Fabs at resolutions of 2.05 and
2.70 A, respectively (Fig. 3, A and B). Of note, the unbound 438-B11
was stabilized using protein G to facilitate crystallization and
structure determination (Fig. 3B). Overall, the two bNAbs showed
highly similar structures with Co. RMSD of 0.5 A (Fig. 3C). The
amino acid differences between 438-B11 and 438-D5 in heavy-chain
FR1 (Fig. 3C, upper inset) and light-chain FR3 (Fig. 3C, lower inset)
had, therefore, little effect on the backbone structure. While the
variable regions (Fv) of 438-B11 and 438-D5 share a high degree of
structural similarity (<0.2 A), some flexibility was observed for
HCDR3 (Fig. 3D). One of the distinctive features of the 438-B11
and 438-D5 paratopes is the disulfide bond between Cys™® and Cys100a
in the long 21-amino acid HCDR3 (Fig. 3D), which forms an ex-
tended U-shaped loop (fig. S5A). Only a small deviation in the tip of
HCDR3 was observed for the unbound 438-B11 and 438-D5 upon
superimposition (5.5 A between Tyr100c Ca atoms), reflecting dif-
ferent crystal packing interactions (Fig. 3D, inset). A feature shared
by all bNAbs of the N332 class is a long HCDR3 loop, which forms
either a two-stranded B-hairpin [PGT121 (PDB ID: 4FQ1) and 10-
1074 (PDB ID: 4FQ2)] or an extended loop [PGT128 (PDB ID: 3TV3)
and BG18 (PDB ID: 5UD9)] to penetrate the oligomannose patch
around Asn®* and to recognize the GDIR motif. In comparison with
PGT121 and 10-1074, which have 24-amino acid HCDR3 loops,
438-B11 has a 3-amino acid shorter HCDR3 loop that is tilted toward
the variable region of immunoglobulin heavy chain (V) domain
for GDIR recognition (Fig. 3E). This tilting in 438-B11 closes a po-
tential gap between HCDR3 and HCDR1/2, whereas a cleft is ob-
served in this region for PGT121 and 10-1074 (16). While 438-B11
relies only on the heavy-chain recognition of the protein component
of the Env surface, PGT121 and 10-1074 recruit their light chains to
bind the GDIR motif. In terms of HCDR3 tilting toward the Vg
domain, resemblance can be seen with PGT128 (19, 40) and BG18
(2). Some variations in HCDR3 length (438-B11, 21 amino acids;
PGT128, 19 amino acids; and BG18, 21 amino acids) and HCDR2
length (438-B11, 17 amino acids; PGT128, 22 amino acids; and BG18,
9 amino acids) are also observed (Fig. 3E). The longer HCDR2s in
438-B11 and PGT128 facilitate antibody engagement with the N332/V3
glycan patch, as indicated by their increased BSA [438-B11, 35%
(385 of 1094 A%); PGT128, 51% (635 of 1240 A%)] (fig. S2C). All
LCDRs of BG18 (BSA, 262 A?) are involved in Env recognition,
whereas notably fewer but important light-chain interactions are
observed for PGT128 and 438-B11. Nevertheless, the long HCDR2 in
PGT128 and its noncanonical disulfide bond with HCDR1 are critical
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for recognizing glycans at Asn®”' and Asn>>>. For BG18, HCDR1/3
and LCDR?2 interact with the glycan at Asn®*, while LCDR3 inter-
acts with the D2 arm of the N392 glycan. For 438-B11, HCDR3 and
LCDR1/3 are responsible for the recognition of the Asn®* glycan,
with HCDR2 and LCDR3 interacting with the glycan at Asn’"". To-
gether, 438-B11 and 438-D5 predominantly use their HCDR loops
to achieve high potency and appreciable breadth with modest levels
of SHM (table S1D).

Previous studies have demonstrated the impact of somatic muta-
tions in antibody elbow and FRs on interdomain flexibility (55-57),
antigen affinity, potency, and breadth (58, 59). In particular, a Phe83Val
mutation was reported in the k light chain of human antibodies that
could increase both antigen affinity and stability (56). To examine
this possibility, we introduced the F83V mutation in the mature
438-B11 light chain and determined the thermostability of Fab
438-B11KC-F83V by differential scanning calorimetry (DSC). The
melting temperature (T,,) of 438-B11KC-F83V was 3°C greater than
that of 438-B11 (73.5° versus 70.5°C) (fig. S5B). In BLI assays, a slight
increase in trimer affinity was observed for 438-B11 KC-F83V
(K4 = 12.7 nM) with respect to the WT 438-B11 (K4 = 14.0 nM), with
slightly lower binding signals (fig. S5C). In TZM-bl assays, the
Phe83Val mutant showed almost identical neutralization profiles
against the 12-virus global panel (fig. S5D). Our analysis thus re-
vealed that the unbound 438-B11 and 438-D5, both containing a
disulfide bond in their HCDR3 loops, are highly similar in structure.

The disulfide bond in 438-B11/D5 HCDR3 is important

for binding and neutralization

To examine the role of the HCDR3 disulfide bond, the structure of
the unbound disulfide mutant, 438-B11ASS (Cys98Ala/Cys100cAla),
was determined at 2.10 A (Fig. 3F). 438-B11ASS HCDR3 could not
be modeled because of the weak electron density for this region,
indicating increased flexibility of the HCDR3 loop without the di-
sulfide bond (Fig. 3F, inset). Disulfide bonds have been found to
stabilize ultra-long HCDR3 loops in human HIV-1 bNAbs such as
CAP256-VRC26 (35) and the VRCO1 lineage from donor 45 (33), as
well as in bovine bNAbs (33, 36, 60). Little structural difference was
observed (RMSD, 0.2 A) upon superposition of unbound 438-B11
and 438-B11ASS crystal structures except for HCDR3 (Fig. 3F). Al-
though 438-B11 and 438-B11ASS IgGs showed little difference in
trimer binding profiles in BLI when trimers were used in solution as
the analyte (fig. S4B), an 85-fold reduction in binding affinity
(mainly caused by a faster off-rate) was observed because of the di-
sulfide mutation when Fabs were used as analytes and trimers were
immobilized on the BLI biosensors (Fig. 3G, top). Consistently, a
notable reduction in the neutralizing potency was observed for
438-B11ASS on the global panel (Fig. 3G, bottom). To determine
whether and how the disulfide mutation affects the 438-B11-Env
interactions, we determined the crystal structure of the BG505
UFO.664 trimer in complex with 438-B11ASS and 35022 Fabs at
low resolution (6.50 A) (fig. S6A and table S3E). Despite the low
resolution, the crystal structure shows no difference in the angle of
approach for the 438-B11 mutant. However, a small upward dis-
placement (~1 A) was observed for the 438-B11 mutant upon su-
perimposition of 438-B11- and 438-B11ASS-bound Envs (fig. S6B,
left inset). This movement may explain the reduced trimer binding
observed for the 438-B11 mutant (Fig. 3G, top). The loss of potency
observed for 438-B11ASS (Fig. 3G, bottom) is likely caused by the
disruption of critical hydrogen bonds (Fig. 2C) between HCDR3
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Fig. 3. Structural analysis of unbound 438-B11 and 438-D5. (A) Crystal structure of 438-D5 Fab at 2.0 A is shown in cartoon. The variable domain of the 438-D5 Fab is
shown with HCDR loops labeled and colored for H1 (orange), H2 (blue), and H3 (pink) and LCDR loops for L1 (yellow), L2 (cyan), and L3 (green). The right inset shows the
2F, — F. composite omit map (contoured at 1.0c) of HCDR3. V|, variable region of immunoglobulin light chain. (B) Crystal structure of 438-B11 Fab in complex with protein
G (gray) at2.7 A shown in cartoon. The right inset shows the 2F, — F. composite omit map (contoured at 1.0 s) of HCDR3. (C) Superposition of 438-B11 (green) and 438-D5
(blue) Fab crystal structures with single-residue differences in heavy-chain FR1 and light-chain (LC) FR3 (see insets). (D) Superposition of variable domains of protein
G-bound 438-B11 (green) and 438-D5 (blue) illustrates some differences at the HCDR3 apex that may be due to differences in crystal packing (see insets). (E) The variable
domains from the various N332/V3-class bNAbs are shown with HCDR loops labeled and colored for H1 (blue), H2 (green), and H3 (red) and LCDR loops for L1 (light blue),
L2 (light green), and L3 (light pink). (F) Crystal structure of 438-B11ASS Fab at 2.1 A shown in cartoon and overlaid with transparent molecular surface representation of
heavy chain (HC; green) and light chain (LC; gray). The right panel shows the superposition of unbound 438-B11 (blue) and 438-B11ASS (green). The inset shows the
superposition of HCDR3. The disordered HCDR3 tip is shown as a dashed line. (G) (Top) Binding kinetics of 438-B11 and 438-B11ASS Fabs to soluble BG505 UFO.664.
(Bottom) Neutralization breadth (%) and potency (ug/ml) of 438-B11 and 438-B11ASS on a global panel.
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and the GDIR. Our analysis reveals that the disulfide bond is essential
to the conformational rigidity of HCDR3 and Env recognition via a
“lock-and-key” model, consistent with the high potency but moderate
breadth of 438-B11 and 438-D5.

Longitudinal analysis of CBJC438 B cell repertoires over

8 years

Previously, we used next-generation sequencing (NGS) and unbiased
repertoire capture (61) to probe the memory B cell repertoire of an
HIV-1-infected Chinese patient, DRVIO1 (who developed VRCO01-
like bNAbs), across three time points (3). Here, we followed a similar
strategy to generate B cell repertoire profiles for CBJC438 at time
points 2005, 2008, and 2012. For each time point, the total RNA
obtained from 10 million to 20 million PBMCs was used to prepare
antibody H, x, and A chain libraries using 5'-rapid amplification of
c¢DNA ends (RACE) PCR and reverse primers (61). Antibody NGS
was performed on the Ion GeneStudio S5 system (62) that generated
more than 14 million raw reads (table S1E). After data processing
with the Antibodyomics 2.0 pipeline (31), 3.73 to 4.15 million anti-
body chains were obtained for the three time points studied. In terms
of germline gene usage, we observed a substantial change in gene
frequency over time (fig. S7A). The 2005 HC repertoire was highly
skewed toward three germline genes, IGHV1-2 (11.2%), IGHV3-21
(27.2%), and IGHV3-7 (15.0%), while IGHV1-69, the germline family
0f 438-B11/D5 HC, only accounted for 5.0% of the total population.
Notably, IGHV1-69 was predominantly used at the 2008 time point,
representing 11.4% of the HC repertoire, and then decreased to
6.2% at 2012. The high frequency of IGHV1-69 suggests that the
438-B11/D5 lineage might have undergone a significant expansion
by 2008, which coincided with the lowest viral load around the same
time (Fig. 1A). Consistently, the KC repertoire exhibited a similar
pattern to the HC repertoire, with 2005 having a significantly differ-
ent germline gene distribution than in 2008 and 2012. IGKV3-20,
the germline family of 438-B11/D5 KC, increased in the repertoire
over time from 6.7% at 2005 to 11.1% at 2012. The LC repertoire
showed relatively steady distributions across three time points, with
the frequency of IGLV2-14 notably increasing from 9.1% at 2005 to
16.0% at 2012. In terms of germline divergence or degree of SHM
(fig. S7B), the repertoire appeared to contain more germline-like
antibodies at 2008 and 2012 than at 2005. The frequency of germline-
like HCs peaked at 2008, while k and A light chains showed an elevated
frequency of germline-like sequences at 2012, suggesting that HC
may take precedence in antibody maturation as it is often more es-
sential to antigen interactions. IGHV1-69 and IGKV3-20 exhibited
SHM patterns consistent with those observed for their respective
repertoires, indicating a repertoire-level preference for antibody
maturation. In terms of HCDR3 loop length (fig. S7C), we observed
a rapid change in distribution between 2005 and the latter two time
points, with an average length of 13.2, 13.5, and 12.5 amino acids at
the repertoire level and 13.4, 14.2, and 14.1 amino acids in the
IGHV1-69 family for 2005, 2008, and 2012, respectively. The greater
frequency of 19— to 21-amino acid HCDR3 loops at 2008 compared
to 2005 and 2012 is consistent with the finding that 438-B11 and
438-D5 were isolated from 2008 and had 21-amino acid HCDR3
loops. In summary, antibody NGS demonstrated a dynamic B cell
repertoire in CBJC438 similar to DRVIO01 (3), even though bNAbs
elicited in these two HIV-1-infected donors were targeting two dis-
tinct epitopes (glycan supersite versus CD4bs). However, it is possi-
ble that bNAbs of other epitope specificities were developed in these
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two patients since the neutralizing mAbs could not fully recapitu-
late the serum neutralization breadth (Fig. 1B) (3).

Longitudinal tracing reveals rapid 438-B11/D5 lineage
development in the donor repertoire

As 438-B11 and 438-D5 were isolated from 2008, the repertoire data
obtained from 2005, 2008, and 2012 offered an opportunity to in-
vestigate the development of this N332-directed bNAb lineage over
an 8-year time period (Fig. 4A). The HC and KC repertoires with
respect to 438-438-B11 are visualized using the standard identity/
divergence two-dimensional (2D) plots (3, 63-65). Here, the 438-B11/D5
lineage was defined by a combined metrics of V/] gene usage and
HCDR3 identity (for HCs only), in addition to sequence identity and
germline divergence. D gene was not used because of the ambiguity in
gene assignment. For time point 2005 (Fig. 4A, left), we observed a
distinct island on the 2D plot of HCs with a germline divergence of
18.6 to 31.5% (on average 20.7%) and identity to 438-B11 from 75.1
to 83.3% (on average 80.6%). Most of the HCs from this island
showed the same HCDR3 loop length (21 amino acids) as 438-B11
despite an HCDR3 identity of 85% or lower, suggesting that they
may share the same B cell precursor as 438-B11. On the 2D plot of
IGHV1-69 HCs, 1602 have HCDR3 loops of 20 to 25 amino acids,
with 796 of these HCs overlapping with this sequence island and
using the same J gene (JH3*01) as 438-B11/D5, suggesting that ~50%
of the long HCDR3 antibodies in this germline family at 2005 were
related to 438-B11/D5. While no separate island was observed on
the 2D plot of total KC repertoire, a group of 743 KCs of the IGKV 3-
20 origin showed a 438-B11 KCDR3 identity of 85% or greater and
could be recognized on the 2D plot of the IGKV3-20 family. For
2008 (Fig. 4A, middle), the presence of two 438-B11/D5-related
sublineages in the donor repertoire was evident. Two distinct se-
quence islands were found on the 2D plot of HCs: The top island,
which is closely related to 438-B11 and 438-D5, shows a germline
divergence of 24.2 to 34.8% (on average 26.7%) and 438-B11 identity
of 86.9 to 99% (on average 96.7%), while the bottom island, which
resembles the island on the 2005 2D plot, shows a divergence of 23.3
to 38.3% (on average 26.8%) and 438-B11 identity of 75.1 to 83.6%
(on average 81.0%). Further analysis of the IGHV1-69 family re-
vealed a large group of HCs (9036) with long HCDR3 loops (20 to
25 amino acids), of which 1038 contain 21-amino acid HCDR3
loops with a 438-B11 HCDR3 identity of 90% or greater and overlap
with the top island on the 2D plot. In addition to HCDR3 similarity,
all HCs from these two islands shared the same germline genes,
IGHV1-69 and IGHJ3*01, with 438-B11/D5 HCs, confirming that
they belong to the same lineage. The 2008 KC repertoire, as well as
the IGKV3-20-derived KCs, demonstrated a pattern consistent with
their HC counterparts. For example, KCs with a 438-B11 KCDR3
identity of 85% or greater can be found in two visually separate pop-
ulations, one occupying the top island, which is closely related to
438-B11/D5, while the other forms an extension from the main
sequence population, which corresponds to a sublineage more re-
motely related to 438-B11/D5. However, the dramatic lineage ex-
pansion and diversification observed for 2008 was not sustained. As
a result, the 438-B11/D5 lineage could not be detected in the 2012
repertoire using the current NGS protocol (Fig. 4A, right). Only two
438-B11/D5-related HCs, with an SHM of 26 to 27% but notably
different 438-B11 identities (97.4 versus 80.3%, corresponding to two
sublineages), were identified from 1516 IGHV1-69-derived HCs with
20 to 25-amino acid HCDR3 loops. Similarly, only six KCs with a
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Fig. 4. Longitudinal analysis of the 438-B11/D5 lineage development. (A) Identity-divergence analysis of the unbiased heavy-chain (H) and light-chain (k) repertoires
of donor CBJC438 at time points 2005, 2008, and 2012. For the whole-repertoire analysis (rows 1 and 3), sequences are plotted as a function of sequence identity to 438-
B11 and sequence divergence from putative germline genes. Color coding denotes sequence density. For analysis of the 438-B11-encoding germline gene families
(rows 2 and 4), sequences are plotted as a function of sequence identity to 438-B11 and sequence divergence from IgHV1-69 and IgKV3-20 for the heavy and light chains,
respectively. The germline gene family distribution is presented as black contour lines. 438-B11 and sequences identified on the basis of various criteria (see legend below
figure) are shown on the black contours with the number of sequences labeled accordingly. (B) Dendrograms of functionally tested heavy and light chains are rooted by
their respective germline allelic genes, IgHV1-69 and IgKV3-20, respectively. Heavy chains from 2005, 2008, and 2012 are presented in three separate dendrograms, while
light chains from all three time points are shown in one dendrogram. (C) Neutralization breadth (%) and potency (ug/ml) of NGS-derived heavy and light chains paired
with their respective 438-D5 partner chains on a global panel. The color-coding scheme is based on their potency.

Kumar et al., Sci. Adv. 2020; 6 : eabb1328 16 September 2020 90f18

0202 ‘2T Jaqwiaidas uo /610’ Bewadusios saoueape//:dny wolj papeojumoq


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

438-B11 KCDR3 identity of more than 80% were found in the 2012
KC repertoire, but none was 438-B11/D5-like.

In our previous study, longitudinal lineage analysis revealed how
a VRCO1-class antibody, DRVIA7, emerged in a Chinese patient (3).
Here, we observed a rather different lineage pattern for 438-B11 and
438-D5, which target the N332 supersite. While 438-B11 and 438-D5
were isolated from a 2008 donor sample, they were not the direct
descendants of antibody lineages found in the analysis of 2005 donor
repertoire; instead, they belonged to a branch, or sublineage, that
diverged from the main lineage after 2005. Unexpectedly, while at
2008, the 438-B11/D5 sublineage and main lineage shared the same
level of SHM (~27%), the difference in their nucleotide sequences
can be as significant as 20% or greater, suggesting that these diverged
rapidly from their common ancestor within only 3 to 4 years of the
process of antibody maturation. Despite the high mutational rate,
the disulfide bond within HCDR3 remained conserved in both sub-
lineages, confirming the functional importance of this relatively rare
structural feature (Fig. 2). The expansion of the N332-directed 438-
B11/D5 lineage and the presence of more germline-like HCs at 2008
(fig. S7B) suggest an actively evolving B cell repertoire in response
to chronic HIV-1 infection. The fact that the 438-B11/D5-like anti-
bodies became almost undetectable in the 2012 donor repertoire
suggested a drastic shift in B cell repertoire response, in which the
decline of the 438-B11/D5 lineage must be accompanied by the rise
of other antibody lineages that were better suited to cope with the
escaping viruses. This is evident from the large population of near-
germline light chains observed for the 2012 repertoire (fig. S7B).
Limited by sample availability, we cannot trace this antibody lineage
before 2005 and can only speculate that, on the basis of the high
degree of SHM (~21%) at 2005, this lineage must have existed in the
donor repertoire for an extended period.

Functional characterization of antibodies identified

from the NGS-derived repertoire

To investigate the functional variation within the rapidly evolving
438-B11/D5 lineage, we devised a bioinformatics approach to select
HC and KC sequences from the NGS-derived repertoire at each time
point to cover both sublineages (fig. S8 and table S2). Of note, the
most representative clusters within the main population of IGHV1-69
and IGKV3-20 sequences were also selected for synthesis (fig. S8).
While some of these sequences may not be evolutionarily related,
dendrograms were generated using phylogenetic tools to cluster
these HCs and KCs. Three dendrograms rooted by IGHV1-69*01
were constructed for 10 HCs from 2005, 35 HCs from 2008, and
9 HCs from 2012, with 438-B11 and 438-D5 HCs included as an-
chors (Fig. 4B, top). A single dendrogram rooted by IGKV3-20*01
was constructed for a total of 12 KCs (5 from 2005, 5 from 2008, and
2 from 2012) with 438-B11 and 438-D5 KCs included as anchors
(Fig. 4B, bottom). After pairing HCs and KCs with the respective
partner chains from WT 438-D5, the reconstituted antibodies were
tested for neutralization against a global panel of 12 primary isolates
and two tier 1 isolates, SF162 and MW965 (table S3, A and B). Neu-
tralizers with the most notable activity against the global panel ap-
peared to arise from both sublineages identified in the 2D analysis,
with more KC variants showing WT-like neutralization than HC
variants (Fig. 4, B and C). In the 2005 HC dendrogram, all five HC
variants derived from the low 438-B11 identity sublineage could
neutralize primary isolates and tier 1 isolates, albeit weakly. In the
2008 HC dendrogram, multiple HC variants showed WT-like po-
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tency, including one (08-04HC) with a low 438-B11 identity of 81.5%
(Fig. 4, B and C). Notably, an HC (08-33HC) with a low SHM of
9.1% and 438-B11 identity of 70% neutralized four primary isolates
on the global panel and tier 1 SF162 weakly, suggesting that other
IGHV1-69-origin NAb lineages might be present in the 2008 repertoire.
In the 2012 HC dendrogram, two germline-like HCs, 12-04HC
(with a disulfide bond in HCDR3 at a similar position) and 12-07HC
(with a similar HCDR loop to 438-B11 but without the disulfide
bond), neutralized clade A p398F1 on the global panel and tier 1 SF162
weakly with an ICsg value of 16.1 to 47.4 ug/ml. In contrast, multiple
KC variants from different time points exhibited WT-like neutraliza-
tion potency, suggesting that the antibody function of this bNAb
lineage is more sensitive to HC mutation. Together, antibody syn-
thesis not only validated the function of both 438-B11/D5 sublineages
but also confirmed HC-mediated Env recognition, consistent with
the structural analysis (Fig. 2).

SGA and mutational analyses reveal viral diversity

and potential escape mechanism

Following our previously reported strategy (3), we used single ge-
nome amplification (SGA) (66) to investigate viral diversity and virus-
antibody coevolution in donor CBJC438. A total of 53 full-length
Envs were amplified and sequenced from plasma viral RNA at years
2006 (16), 2008 (19), and 2009 (18). Of note, the 2012 sample failed
to produce any usable Env sequences for this analysis. All of the Env
sequences were used to construct a neighbor-joining (NJ) phylogenetic
tree. Overall, we observed rapid diversification of HIV-1 Env sequences
from 2006 to 2009, as indicated by large genetic distances (Fig. 5A,
left). This simple phylogenetic analysis also revealed the emergence
and evolution of multiple viral subpopulations at each time point,
as represented by distinct branching patterns (Fig. 5A, right).

We then analyzed the 438-B11 neutralization data derived from
alarge panel of 129 viruses to understand how viruses within CBJC438
escaped this potent N332-restricted NAD lineage (Fig. 5B). As ex-
pected, all 36 viruses on the panel that have glycans at N334 or lack
the N332 glycan were resistant to 438-B11. More than half (57%) of
the remaining 93 viruses contain an N-linked glycan at N332 and
could be neutralized by 438-B11. Together, the results clearly indi-
cated the indispensable role of N332 in the 438-B11/D5 recognition
of HIV-1 Env but also suggest potential involvement of other gly-
cans and amino acids (Fig. 5B). Our crystal structure of BG505
UFO.664 in complex with Fab 438-B11 also supports the notion
that glycans at N332 and N301 are crucial for epitope recognition
by 438-B11 (Fig. 5C). We then determined the frequency of N-X-
S/T sequon at both N332 and N334 for potential N-glycosylation
site by aligning the SGA-derived Env sequences obtained from three
time points (Fig. 5D). Unexpectedly, an N-X-T sequon shift from
N332 to N334 was observed at all three time points. To validate this
observation, we created a UFO.664 trimer on the basis of a full-
length Env sequence (Env08-4) selected from the 2008 subset. A
double mutation, D332N/N334S, was introduced to mimic the Env
of an autologous viral ancestor that might be sensitive to the N332-
directed bNAbs. This inferred ancestral Env bound 438-B11 at a
modest level compared to previous antigenic profiling for 10 Envs
of five HIV-1 subtypes (45), whereas the WT Env trimer, which had
presumably escaped, was not recognized by 438-B11 (Fig. 5E, two left-
most panels). While this result appeared to indicate that N332 is the key
determinant for 438-B11 recognition and neutralization of HIV-1, the
rapid 438-B11/D5 lineage expansion in the 2008 repertoire suggested
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Fig. 5. Virus escape through glycan shift revealed by SGA and mutations. (A) NJ phylogenetic tree of 53 HIV-1 Env sequences isolated from donor CBJC438 by SGA.
(B) Percent neutralization breadth and median ICsg in ug/ml were determined at an ICsq cutoff of 10 ug/ml for 438-B11. Viruses were separated into those containing an
N-linked glycan at N332 but not N334 (N332¥N334"), at N334 but not N332 (N3327N334%), at both N332 and N334 (N332N334"), and at neither N332 nor N334
(N3327N3347). NA, not applicable. (C) Interaction of 438-B11 with the N332 and N301 glycans. (D) Sequence logo of the V3 region from three time points. (E) Binding
affinity of 438-B11 antibodies to glycan mutants of CBJC438 UFO Env trimer and BG505 UFO Env trimer. Sensorgrams were obtained from an Octet RED96 instrument
using a trimer titration series of six concentrations (200 to 6.25 nM by twofold dilution). For the CBJC438 Env, the D332N/N334S mutation restored the N332 supersite,
whereas for the BG505 Env, the T332N mutation restored the N332 supersite. For BG505, a panel of glycan mutants was used to determine which glycan(s) surrounding
the N332 supersite may be involved in epitope recognition. (F) Glycans surrounding the N332 supersite on the surface of BG505 Env trimer. A top view of the BG505
UFO.664 trimer surface with the GDIR motif colored pink. Glycans N137, N156, N295, N301, and N332 are represented with stick models and labeled.
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that other Env elements might be involved. To explore this possibility,
we first tested three glycan variants of the BG505 UFO.664 Env trimer,
namely, T332N (N332-senstive Env), WT (Env without the N332
glycan), and a double mutant (5334N/A336T to mimic the N332-
to-N334 glycan shift). As expected, the BG505.T332N Env bound
438-B11 strongly with a fast on-rate and a plateaued dissociation
curve in BLI. Unexpectedly, WT Env (without N332) and the N332-
to-N334 glycan shift Env could still bind 438-B11 but at a notably
reduced level, with a fast on-rate and a dissociation curve in BLI (Fig. 5E,
three rightmost panels), suggesting that glycans other than N332 may be
involved in Env recognition by 438-B11. To this end, we tested another
five BG505 Env mutants including N137A, N156A, N295A, N301A,
and T332A (as a control). While N137A, N156A, and N295A bound to
438-B11 with WT-equivalent profiles, N301A showed a reduction in
binding signal and visible dissociation curves (Fig. 5E, bottom right).
Together, our analyses suggest that viruses within CBJC438 likely es-
caped the 438-B11/D5 lineage by mutating N332 to N334 and by im-
peding the 438-B11/D5 recognition of other glycans in the N332 V3
supersite such as N301 (Fig. 5F), which led to the marginalization of
this lineage in the donor repertoire. However, patient samples before
2005 would be needed to capture these critical events to validate our
hypothesis. Nonetheless, such an escape mechanism with cooperative
viral mutations may be common to HIV-1-infected patients who de-
velop a serum NADb response to the N332/V3-glycan supersite.

DISCUSSION

The HIV-1 Env is covered by N-linked glycans, many of which are of
the oligomannose type (67, 68). With long HCDR3 loops and diverse
angles of approach, the N332 class of bNAbs recognizes the conserved
“GDIR” motif at the base of the V3 loop (22). However, this motif is
shielded by a glycan patch centered around the position Asn** and,
thus, was termed the N332 glycan supersite (69). Here, we investigated
the antibody-virus coevolution in a Chinese donor (CBJC438), who
was infected by subtype-B HIV-1 and developed potent bNAD re-
sponses to the N332/V3 supersite. Using single B cell sorting, we isolated
two N332 bNADbs from CBJC438 and characterized their structure and
function before antibody NGS, which revealed a dynamic B cell re-
sponse. However, analyses of both antibody and virus repertoires
suggested that the viruses within this donor escaped the 438-B11/D5
lineage even before the first time point (2005). In addition, since the
neutralization breadth of 438-B11/D5 could not fully recapitulate that
of the patient sera, other bNAD lineages might be present in the patient
repertoire that were not identified in B cell sorting using a clade A Env
probe. Nonetheless, our study shows that the N332/V3-glycan supersite
can be recognized by B cell receptors of a common germline gene,
Vu1-69, which may acquire unusual features such as a long, disulfide-
locked HCDR3 loop to potently neutralize HIV-1.

The high-resolution crystal structure of 438-B11 bound to the
BG505 UFO trimer reveals how its 21-amino acid-long HCDR3 loop
penetrates a glycan patch involving N332, N301, N386, N392, N137,
and N156. 438-B11 engages N301 and N332 glycans in Env binding,
similar to PGT128 (40) and bNAbs of the PCDN lineage (6). The
only other N332 bNAb from a clade B donor, BG18, requires the
N332 glycan but not the N301 glycan (2). Nonetheless, 438-B11
binds this supersite with a unique angle of approach and relies mainly
on its heavy chain to mediate Env interaction, similar to PGT124
and PGT128. However, the intra-HCDR3 disulfide bond has not been
seen in other N332-directed bNAbs. This disulfide bond stabilizes
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the HCDR3 of 438-B11 in a U-shaped conformation and plays a
critical role in Env binding and HIV-1 neutralization. Such intra-
HCDR3 disulfide bonds have been found in somatic variants and
the inferred precursor of VRCO1 (33, 34). In mature VRCO1 and
NIH45-46 bNADbs, Cys” in HCDR3 forms a disulfide bond with a
cysteine in HCDR1 (70, 71), suggesting an increased structural ri-
gidity of HCDR3 and the paratope. While intra-HCDR3 disulfide
bonds have been found for a panel of human NAbs against viral
pathogens (table S3C), 438-B11 and 438-D5 represent only the third
class of such human HIV-1 bNAbs. In addition to antibody analysis,
the first high-resolution structure of BG505 UFO.664 trimer has also
enabled a detailed comparison of native-like Env trimers across
design platforms.

Unbiased longitudinal NGS analysis (3, 61, 72) revealed a dynamic
B cell repertoire from 2005 to 2012, first with a shift in germline
gene usage and then with increased germline antibodies at the later
time points likely to cope with rapidly evolving viruses that had es-
caped the previous generation of bNADs (fig. S7B). This repertoire
dynamics coincided with the 438-B11/D5 lineage development, with
a notable lineage expansion at 2008 followed by a sharp decline at
2012 (Fig. 4A), as indicated by the frequency of 438-B11/D5-like
HCs within the IGHV1-69 family (2005, 1.57%; 2008, 6.30%; and
2012, 0.002%). 438-B11 and 438-D5 appeared to be from a sublin-
eage that was not present or had a low frequency in the 2005 reper-
toire. The rapid maturation (~6%) of the 438-B11/D5 lineage from
2005 to 2008 is reminiscent of the VRCO01-like DRVIA?7 lineage (3),
suggesting a common pattern in chronic HIV-1 infections. However,
while the use of 5'-RACE PCR and a single reverse 3’ primer in
antibody NGS can eliminate primer bias and other issues associated
with multiplex PCR, sequencing errors still occur and may lead to
artificially increased lineage diversity (61, 72). To this end, NGS-
derived antibodies were synthesized to validate their function. The
SGA analysis of Envs isolated from CBJC438 suggested that the
N332-t0o-N334 glycan shift most likely occurred before 2005, which
explained the continuous decline of the 438-B11/D5 lineage. A similar
viral escape mechanism has been reported for subtype C infections
(27). Further analysis of 438-B11 binding to diverse Env mutants
revealed that glycans other than Asn*** may be involved in Env recog-
nition, consistent with the 438-B11/D5 lineage expansion at 2008
despite the glycan shift from N332 to N334 in all SGA-identified Envs.

In summary, we have identified two novel bNAbs that target the
N332/V3-glycan supersite with high potency, modest breadth, and
a markedly different disposition. The detailed analyses of this bNAb
lineage provided valuable information for vaccine design targeting
this glycan supersite. While the Vy1-69 germline gene is readily
available in the human B cell repertoire, the generation of a disulfide-
linked long HCDR3 loop may pose the most significant challenge for
eliciting a 438-B11/D5-like bNAb response. Nonetheless, future in-
vestigations may be directed to the evaluation of a V31-69 germline—
targeting vaccine strategy (73) in a bNAb knock-in mouse model
(74). Such vaccines could be native-like trimers, N332-focused im-
munogens [e.g., epitope scaffolds (75)], or a combination of both in a
prime-boost strategy (76) to enhance the bNAb responses.

MATERIALS AND METHODS

Chinese donor CBJC438 samples

The sera and PBMCs described in this study were collected from a
Chinese patient (CBJC438) in an HIV-1-infected former plasma
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donor study cohort, which was established by the Chinese National
Natural Science Foundation and the National Major Project on In-
fectious Disease. This study has been reviewed and approved by the
Institutional Review Board of the National Center for AIDS/STD
Control and Prevention, Chinese Center for Disease Control and
Prevention. A detailed analysis of serum neutralization has been re-
ported for the samples collected from this study cohort (77).

Cell lines

HEK293F cells and ExpiCHO cells (Thermo Fisher Scientific) were
used to produce HIV-1 Env proteins, Fabs, and IgGs. HEK293T/17
cells (American Type Culture Collection) were used to produce
HIV-1 pseudoviruses. TZM-bl cells (National Institutes of Health
AIDS Reagent Program; www.aidsreagent.org/) were used to test
the neutralizing activity of sera and antibodies.

HIV-1 neutralizing assay

Neutralizing activity of the plasma and the mAbs was measured using
a TZM-bl/pseudovirus neutralizing assay as previously described
(78, 79). Briefly, plasma samples or mAbs were serially diluted in
10% Dulbecco’s modified Eagle’s medium (DMEM), and 100 pl per
well was added into 96-well flat bottom plate. Pseudovirus of
200 TCIDsy (median tissue culture infectious dose) in 50-ul volume
was added to each well of the plate. The plate was then incubated at
37°C, 5% CO, for 1 hour. TZM-bl cells were added at 1 x 10* per well
(in 100-ul volume) in 10% DMEM growth medium containing
DEAE-dextran (7.5 pg/ml). Cell controls (TZM-bl cell only) and
virus controls (TZM-bl and pseudovirus) were included in the
assay. The plates were then incubated at 37°C, 5% CO, for 48 hours.
After 150 pl of the supernatant was removed, 100 pl of Bright-Glo
luciferase reagent (Promega, Madison, WI) was added to each well.
Last, after lysis, the luminescence was measured for the cell lysate
using a PerkinElmer VICTOR3 luminometer or a BioTek micro-
plate reader. The 50% inhibitory dose (IDsg) or ICsy was calculated
as the plasma dilution or mADb concentration that resulted in a 50%
reduction in relative luminescence units, with the cell control sub-
tracted from both the sample and the virus control. All neutralizing
assays were conducted following the standard operating procedure
according to the Good Clinical Laboratory Practice compliance.

Identification of antigen-specific mAbs by single

B cell sorting

Single B cell sorting was followed as previously described (3, 71).
Briefly, PBMCs from donor CBJC438 were incubated with an
antibody cocktail consisting of CD19-PE-Cy7, CD8-PerCP,
IgM-PE-Cy5, IgG-FITC (all from BD Biosciences), CD20-ECD
(Beckman), CD3-Pacific Orange (Invitrogen), CD14-eFluor 450
(eBioscience), BG505-APC (purified in laboratory), and LIVE/
DEAD Fixable Dead Cell Stain Kit (Invitrogen) to exclude dead cells.
The PBMC:s were first stained with 50 pl of phosphate-buffered saline
(PBS) with LIVE/DEAD at 4°C in the dark for 30 min and then
stained with 50 ul of PBS with an antibody cocktail for 1 hour at 4°C
in the dark. The stained cells were washed and resuspended in PBS
and then passed through a 70-um cell mesh (BD Biosciences).
Antigen-specific single B cells were gated as CD19"CD20"CD8 CD3~
CD14 IgM IgG"BG505" and sorted into a 96-well PCR plate con-
taining 20 ul of lysis buffer: 5 pl of 5x first-strand buffer, 0.5 ul of
RNaseOUT, 1.25 pl of 0.1 M dithiothreitol (all from Invitrogen),
and 0.0625 pl of IGEPAL (Sigma-Aldrich) per well. The sorted plate
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was snap-frozen on dry ice and stored at —80°C before reverse tran-
scription (RT) reaction.

Single B cell PCR, cloning, and expression of mAbs

The variable heavy- and light-chain genes were amplified and cloned
into expression vectors to produce full IgG1 antibodies as previously
described (3, 63, 80, 81). Briefly, RT-PCR was used to acquire the
cDNA of each clone: 3 ul of random hexamers (150 ng/ul) (Promega),
2 ul of deoxynucleotide triphosphate (ANTP) mix (10 mM each)
(Invitrogen), and 1 ul of SuperScript III (Invitrogen), following
the program: 42°C for 10 min, 25°C for 10 min, 50°C for 60 min,
and 94°C for 5 min. Nested PCR was used to amplify antibody
variable genes: 2.5 pl of 10x buffer, 0.5 pl of 10 mM dNTP mix, 0.5 pl
of 25 mM MgCl,, 0.5 ul of 25 uM 5’ primers and 0.5 pl of 25 pM
3’ primers (Liao et al., 2009; Tiller et al., 2008), 0.2 ul of HotStarTaq
Plus (Qiagen), 17.8 pl of H,0, and 2.5 pl of cDNA, following the
program: 94°C for 5 min, 50 cycles of 94°C for 30 s, 52°C for 45 s,
and 72°C for 1 min, and 1 cycle of 72°C for 10 min. Next, 1.75 ul of
first-round PCR product was mixed with 2.5 pl of 10x CL buffer,
0.5 ul of 10 mM dNTP mix, 5 ul of 5x Q-solution, 0.5 ul of 25 uM
5’ primers and 0.5 pl of 25 uM 3’ primers (Liao et al., 2009; Tiller
et al., 2008), 0.2 pl of HotStarTaq Plus (Qiagen), and 14.3 ul of H,O
for second-round PCR, following the program: 94°C for 5 min,
50 cycles of 94°C for 30 s, 52°C for 45 s,and 72°C for 1 min, and 1 cycle
of 72°C for 10 min. The paired heavy- and light-chain PCR prod-
ucts were sequenced with 5" and 3’ primers of second-round PCR
(Beijing Tianyi Huiyuan Life Science and Technology Inc.). Synthe-
sized specific 5" and 3’ primers with restriction digest sites (heavy
chain, 5'-Age I/3’-Sal I; k chain, 5'-Age 1/3'-Bsi WI; A chain, 5'-Age
I/3'-Xho I) were used to reamplify second-PCR products: 10 pl of
5x PrimeSTAR buffer (Mg** Plus), 4 ul of 2.5 mM dNTP mix, 1 ul of
each 5'- and 3’-specific primer (25 uM), 0.5 pl of PrimeSTAR HS DNA
Polymerase (TAKARA), 1.5 pl of first-PCR product, and 32 ul of H,0,
following the program: 98°C for 15 s, 30 cycles of 98°C for 10 s, 52°C
for 15 s, and 72°C for 45 s, and 1 cycle of 72°C for 7 min. The spe-
cific PCR products were cloned into full-length IgG1 expression
vectors. MAbs were expressed by transient transfection of 293 F
cells (Life Technologies) with equal amount of paired heavy- and
light-chain plasmids and purified from culture supernatants after
5 days using protein A columns (National Engineering Research
Center for Biotechnology, Beijing) according to the manufacturer’s
protocol.

Germline gene usage of mAbs

The program IMGT/V-QUEST (www.imgt.org/IMGT_vquest/vquest)
was applied to analyze gene germline. The CDR3 length was deter-
mined on the basis of the Kabat numbering. The SHM frequency
was calculated from the mutated nucleotides.

ELISA binding of mAbs to the BG505 sorting probe

The BG505 sorting probe was diluted in PBS at a final concentra-
tion of 2 ug/ml and added to 96-well ELISA plates (100 pl per well).
The plates were coated at 4°C overnight, washed five times with
PBS-T (PBS containing 0.05% Tween 20), and blocked at room
temperature for 1 hour with blocking buffer (PBS containing 5%
skim milk and 2% BSA). MAbs were serially fivefold diluted from
10 pg/ml in blocking buffer and added into wells (100 pl per well)
and incubated at 37°C for 1 hour. The plates were washed five times
with PBS-T, and 100 pl per well of horseradish peroxidase—conjugated
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goat anti-human IgG antibodies (ZSGB-BIO, Beijing) (diluted 1:5000 in
blocking buffer) was added and incubated at 37°C for 1 hour. The
wells were washed five times with PBS-T, and 100 pl of trimethylboron
substrate (Kinghawk, Beijing) was added and incubated at room
temperature for 20 min, and the reaction was stopped by the addi-
tion of 2 M H,SO, to each well. The readout was measured at a
wavelength of 450 nm.

Synthesis and production of antibody variants selected

from repertoire sequencing

Briefly, the selected heavy- and light-chain genes from the deep se-
quence analysis were synthesized (Beijing Tianyi Huiyuan Life Science
and Technology Inc.) and cloned into the full-length IgG1 expres-
sion vectors containing the constant regions. Antibody produc-
tion was performed using a previously described protocol (3, 81).
The heavy chains selected from donor CBJC438 were paired with
the 438-D5 light chain, and the selected light chains were paired
with the 438-D5 heavy chain. MAbs were expressed by cotrans-
fection of 293 F cells with equal amount of paired heavy- and
light-chain plasmids and purified from culture supernatants using
protein A columns after 5 days (National Engineering Research
Center for Biotechnology, Beijing) according to the manufacturer’s
instructions.

Expression, purification of HIV-1 Env, bNADbs,

and complex formation

Clade A isolate BG505 UFO.664 WT HIV-1 Env was expressed in
FreeStyle HEK293S cells. Secreted protein was harvested from media and
purified with a 2G12-coupled affinity matrix followed by size exclusion
chromatography (SEC) on a Superdex 200 column (GE Healthcare).
All Fabs of bNAbs and their variants [438-B11, 438-D5, 438-B11ASS,
438-B11KC-F83V, and 35022 (38)] were produced by transient transfec-
tion of FreeStyle HEK293F cells (Invitrogen) and purified first using
either a k or A capture select column (GE Healthcare), which was
followed by ion-exchange chromatography (GE Healthcare) and SEC on
a Superdex 75 column. Of note, the 438-B11ASS mutant (with the
Cys98Alaand Cys100aAla substitutions in 438-B11) was generated using
a PCR-based mutagenesis approach. Domain III of protein G with a
C-terminal Hise-tag was cloned into the pet22b vector and expressed
in BL21 Star (DE3) (Thermo Fisher Scientific) cells. Cells were har-
vested at 4000g for 20 min and lysed three times at 15,000 psi in PBS
using an Avestin Emulsiflex C3 cell disruptor, followed by centrifu-
gation at 10,000 rpm in a JLA10.5 rotor for 1 hour. The supernatant
was filtered and purified using affinity (Ni-NTA) and SEC on a
Superdex 75 column (GE Healthcare). The unbound Fabs 438-B11,
438-D5, and 438-B11ASS proteins were subjected to crystallization
trials with and without protein G to minimize the flexibility of the
constant domain of the Fabs with respect to the variable domain.

Crystallization and data collection

Two BG505 UFO.664 antibody complexes were formed by mixing
Env with 438-B11 or 438-B11ASS and 35022 Fabs in a molar ratio
of 1:3.5:3.5 (UFO:438-B11 or 438-B11ASS:35022) at room tempera-
ture for 30 min to form a complex. These complexes were then partially
deglycosylated using endoglycosidase H digestion (New England
Biolabs) (82) at 37°C for 1 hour and then purified on a Superdex 200
column. Both trimer complexes were SEC-purified in 50 mM tris-HCl
and 150 mM NaCl (pH 7.4) and concentrated to ~10 mg/ml before
sending to crystallization trials. Samples were set up at both 4° and
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20°C using our Rigaku CrystalMation robotic system (83). High-
quality crystals of Fabs 438-B11 and 35022 bound to BG505
UFO.664 were obtained in 0.2 M NaCl, 36% PEG-400 (polyethylene
glycol 400), and 0.1 M potassium phosphate-sodium phosphate
(pH 5.7) at 20°C. However, crystals of Fabs 438-B11ASS and 35022
bound to BG505 UFO.664 were obtained in 12% 1-propanol, 0.1 M
MES (pH 6.5), 20% PEG monomethyl ether 5000, and 25% glycerol
at 4°C. The unbound SEC-purified Fabs 438-D5 (~6 mg/ml),
438-B11ASS (~25 mg/ml), and 438-B11 (~6 mg/ml) in 50 mM tris-
HCl and 150 mM NacCl (pH 7.4) were concentrated. PG was mixed
with unbound concentrated Fab 438-B11 in a 1:1 molar ratio at
37°C for 30 min before subjected to crystallization trials. The un-
bound Fab 438-D5 crystallized in 16% 2-propanol, 5% glycerol,
17% PEG-4000, and 0.095 M sodium citrate—citric acid (pH 6.2) at
20°C. The unbound Fab 438-B11ASS crystallized in 0.1 M sodium
acetate (pH 4.16), 0.2 M lithium sulfate, and 40% PEG-400 at 4°C.
The PG bound to the constant domain of Fab 438-B11 crystallized
in 0.085 M sodium acetate (pH 4.0), 0.17 M ammonium acetate, 5%
glycerol, 27.88% PEG-4000, and 15% glycerol. Data were collected
at Advanced Photon Source 23-IDD and 23-IDB and Stanford Syn-
chrotron Radiation Lightsource beamline 12-2.

Structure determination and refinement

Two BG505 UFO.664 complexes with Fabs 438-B11 or 438-B11ASS
and 35022 and unbound Fabs 438-D5, 438-B11+PG, and 438-B11ASS
crystals were diffracted to 3.8-, 6.5-, 2.0-, 2.7-, and 2.1-A resolutions
and were processed (indexed, integrated, and scaled) with HKL2000
(84) in H32, H3, P2,2,2,, P2;, and P2, space groups, respectively.
The 438-D5 Fab structure was determined by molecular replacement
(MR) using the program Phaser (85) with Vi1-69 germline anti-
body CR9114 (PDB ID: 5WL2) as the initial MR model. The BG505
UFO.664 complex with Fabs 438-B11 and 35022 was determined
by using PDB 5CEZ (18) for Env BG505 UFO.664 gp140, PDB 4TOY
(38) for 35022, and the Fab 438-D5 structure for Fab 438-B11 as
MR search models. For the Fab 438-B11ASS-bound UFO.664 trimer
complex, the WT 438-B11-bound UFO.664 complex crystal struc-
ture was used as the MR search model. Given the limited resolution
of the datasets, grouped B-factor refinement for each residue and
positional coordinate refinement were enforced using a reference
model set of restraints. The Fab 438-D5 structure was also used as
the initial MR model for unbound Fabs 438-B11+PG and 438-B11ASS
and PDB 1UWX (86) for PG. Model building was carried out with
Coot, and refinement was carried out with Phenix (87, 88). The
UFO.664-bound Fab 438-B11 complex crystal structure was refined to
an Reryst/ Reree Of 29.9%/31.7% and an overall completeness of 99.6%
(table S3D). The Fab 438-B11ASS-bound UFO.664 trimer crystal
structure was refined to an Reryst/Rfree Of 30.7%/35.5% and an overall
completeness of 97.5% (table S3E). The unbound 438-D5 crystal struc-
ture was refined to an R ryst/Reree 0f 20.0%/24.5% and a completeness of
99.8% (table S3D). The unbound 438-B11+PG crystal structure was
refined to an Reryst/Rree Of 22.7%/26.0% and a completeness of 96.6%
(table S3D). The unbound 438-B11ASS crystal structure was refined to
an Reryst/ Reree 0f 22.9%/26.8% and a completeness of 99.9% (table S3D).
Structure quality was determined by MolProbity (89). For the Fabs,
residues were numbered according to the Kabat numbering scheme
(90), and Env was numbered according to the HXB2 system (91).
Structure validation was performed using the wwPDB Validation
Service (validate.wwpdb.org), pdb-care (92), and Privateer (93). Data
collection and refinement statistics are shown in table S3 (D and E).
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Biolayer interferometry

BLI assays were performed using an Octet RED96 instrument (FortéBio)
with agitation set to 1000 rpm in FortéBio 1x kinetic buffer. The
final volume for all the solutions was 200 ul per well. Assays were
performed at 30°C in solid black 96-well plates (Geiger Bio-One).
To determine Kq values for antibody-Env interactions, soluble BG505
UFO.664 (containing an Avi tag at the C terminus) was loaded onto
streptavidin biosensors at a concentration between ~10 and 50 pg/ml in
kinetics buffer [1x PBS (pH 7.4), 0.01% BSA (bovine serum albumin), and
0.002% Tween 20]. The binding kinetics for the association of the Fabs
were measured in a dilution series between 800 and 50 nM for 438-B11
and 438-B11KC-F83V, and between 10,000 and 312 nM for 438-B11ASS.
Octet data were processed by FortéBio’s data acquisition software
v.8.1 and fit with a 1:1 global fitting model to calculate the Kq values.
To estimate antibody binding to trimers derived from different sub-
types or with mutations at the N332 supersite, 5 ug ml™ of IgG anti-
body in 1x kinetics buffer was loaded onto the surface of anti-human
Fc Capture Biosensors (AHC) for 300 s. A 60-s biosensor baseline
step was applied before the analysis of the association of the anti-
body on the biosensor to the antigen in solution for 200 s. A twofold
concentration gradient of untagged soluble trimer, starting at 200 nM,
was used in a dilution series of six. The dissociation of the interac-
tion was followed for 300 s. Correction of baseline drift was per-
formed by subtracting the mean value of shifts recorded for a sensor
loaded with IgG antibody but not incubated with trimer and for a
sensor without IgG antibody but incubated with trimer. Octet data
were also processed by FortéBio’s data acquisition software v.8.1 and
fitted with a 2:1 model to achieve the optimal fitting results. Because
of the avidity effect caused by the presence of two Fabs within each
IgG, the K4 values cannot be determined and the sensorgrams serve
as a qualitative assessment of antibody-Env interaction.

Differential scanning calorimetry

The thermal stability of unbound Fabs 438-B11, 438-B11ASS, and
438-B11KC-F83V in TBS buffer from 20° to 120°C was measured
using a MicroCal VP-Capillary calorimeter (Malvern) at a scanning
rate of 90°C/hour. Data were analyzed using the VP-Capillary DSC
automated data analysis software. The resulting data were fit to a
non-two-state model.

Antibody sequencing library preparation using 5'-RACE PCR

To ensure the unbiased analysis of the donor B cell repertoires
(3,61, 72), an improved version of the 5'-RACE PCR protocol for sam-
ple preparation has been reported in our recent study (31). Here, total
RNA was extracted from 1 million to 5 million PBMCs into 30 ul of
water with RNeasy Mini Kits (Qiagen, Valencia, CA). For unbiased
repertoire analysis, 5'-RACE was performed with SMARTer RACE
c¢DNA Amplification Kit (Clontech, Mountain View, CA). The cDNA
was purified and eluted in 20 ul of elution buffer (NucleoSpin PCR
Clean-up Kit, Clontech). The immunoglobulin PCRs were set up with
Platinum Taq High-Fidelity DNA Polymerase (Life Technologies,
Carlsbad, CA) in a total volume of 50 ul, with 5 ul of cDNA as template,
1 ul of 5'-RACE primer or gene-specific forward primers, and 1 pl of
10 uM reverse primer. To facilitate NGS on the Ion GeneStudio S5
system, the forward 5’-RACE primer contained a P1 adaptor, while the
reverse primer contained an A adaptor and an Ion Xpress barcode (Life
Technologies) to differentiate libraries from different time points.
A total of 25 cycles of PCRs were performed, and the 5'-RACE PCR
products at ~600 base pairs were gel-purified (Qiagen, Valencia, CA).
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NGS and antibodyomics analysis

Antibody NGS has been adapted to the Ion GeneStudio S5 system
(31, 62). Briefly, the antibody heavy-chain and light-chain (x and A)
libraries were quantitated using a Qubit 2.0 Fluorometer with the Qubit
dsDNA HS Assay Kit. Equal amounts of heavy (H), k, and A chain
libraries (1:1:1) from various time points were mixed and loaded
onto an Ion 530 chip to increase the sequencing depth and to elim-
inate run-to-run variation. Template preparation and Ion 530 chip
loading were performed on the Ion Chef system using the Ion 530 ExT
Kit, followed by S5 sequencing with the default settings. Raw se-
quencing data were processed without 3’-end trimming in base call-
ing to extend the read length. The human Antibodyomics pipeline
version 1.0 (3, 61, 63) has been modified to improve computational
efficiency and data accuracy (31, 62). This new pipeline was used to
process and annotate the CBJC438 antibody NGS data for repertoire
profiling and lineage tracing. The distributions of germline genes,
germline divergence or degree of SHM, and CDR3 loop length were
derived from antibody NGS data as general repertoire profiles. The
divergence/identity 2D plots were constructed to visualize 438-B11
lineages in the context of CBJC438 antibody repertoire. A stepwise
screening approach was devised to identify sequences from germline
gene families of 438-B11 and 438-D5 (IGHV1-69 and IGKV3-20)
for antibody synthesis and functional characterization. Dendrograms
were generated in phylogenetic analysis using the software PHYLIP
as previously described (3).

SGA and sequencing

HIV-1 RNA was isolated from plasma using the QIAamp viral RNA
minikit (Qiagen, Valencia, CA) and reverse-transcribed to cDNA
using the SuperScript III reverse transcriptase (Invitrogen Life
Technologies, Grand Island, NY). The HIV-1 envelope SGA was
performed as previously described (3, 66). PCR products were gel-
purified by using a QIAquick gel extraction kit (Qiagen, Valencia,
CA) and then sequenced on an ABI 3770 sequencer (Applied
Biosciences). The full-length envelope sequences were assembled
and edited using Sequencher 4.7 (Gene Codes, Ann Arbor, MI). Se-
quences were aligned using Gene Cutter (www.hiv.lanl.gov/content/
sequence/ GENE_CUTTER/cutter.html) and CLUSTALW together
with selected subtypes and then additionally edited by hand when
needed. Phylogenetic analysis of envelope sequences was performed
as previously described (3).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/38/eabb1328/DC1

View/request a protocol for this paper from Bio-protocol.
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