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Abstract

Viral glycoproteins are a primary target for host antibody responses. However, glycans on
viral glycoproteins can hinder antibody recognition since they are self glycans derived from
the host biosynthesis pathway. During natural HIV-1 infection, neutralizing antibodies are
made against glycans on HIV-1 envelope glycoprotein (Env). However, such antibodies are
rarely elicited with vaccination. Previously, the vaccine-induced, macaque antibody DH501
was isolated and shown to bind to high mannose glycans on HIV-1 Env. Understanding how
DH501 underwent affinity maturation to recognize glycans could inform vaccine induction of
HIV-1 glycan antibodies. Here, we show that DH501 Env glycan reactivity is mediated by
both germline-encoded residues that contact glycans, and somatic mutations that increase
antibody paratope flexibility. Only somatic mutations in the heavy chain were required for
glycan reactivity. The paratope conformation was fragile as single mutations within the
immunoglobulin fold or complementarity determining regions were sufficient for eliminating
antibody function. Taken together, the initial germline V,,DJ,, rearrangement generated con-
tact residues capable of binding glycans, and somatic mutations were required to form a
flexible paratope with a cavity conducive to HIV-1 envelope glycan binding. The requirement
for the presence of most somatic mutations across the heavy chain variable region provides
one explanation for the difficulty in inducing anti-Env glycan antibodies with HIV-1 Env
vaccination.
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Author summary

The viral pathogen HIV-1 uses sugar molecules, called glycans, from the host to densely
cover its envelope protein. Most broadly neutralizing HIV-1 antibodies interact with glycans
on the HIV-1 envelope protein. For this reason, the vaccine induction of anti-HIV-1 glycan
antibodies is a principal goal. Since vaccine-induced anti-HIV-1 glycan antibodies are rare,
it has not been determined how antibodies develop during vaccination to recognize HIV-1
glycans. Here, we elucidated the amino acids required for a primate antibody induced by
HIV-1 vaccination to interact with HIV envelope glycans. Genetic and functional analyses
showed the putative antibody germline nucleotide sequence encoded amino acids that were
required for glycan reactivity. Somatic mutation also introduced critical amino acids that
were required for glycan recognition. Unusually, the somatic mutations were not required
in order to form direct contacts with antigen, but instead functioned to improve antibody
flexibility and to form its glycan binding site. These results define the molecular develop-
ment of a vaccine-induced HIV-1 glycan antibody, providing insight into why vaccines
rarely elicit antibodies against the glycans on the HIV-1 outer coat protein.

Introduction

For many enveloped viruses the proteins on their surfaces are glycosylated by host enzymes
during protein folding and transport from the endoplasmic reticulum and Golgi apparatus [1,
2]. The glycans on viral envelope proteins are critical for virus infectivity [3], as removal of cer-
tain glycans can reduce envelope incorporation into virions and envelope binding to its host
cell receptors [3, 4]. Additionally, glycans on viral envelope glycoproteins provide a shield
against host immune recognition [4-8], since the host antibody repertoire has limited antibod-
ies specific for host glycans [9, 10]. Thus, envelope glycosylation is beneficial for virus infectiv-
ity, and it creates a formidable challenge for the development of humoral immunity against
viral envelope glycoproteins.

Human immunodeficiency virus subtype 1 (HIV-1) provides a model pathogen to study
glycan-specific antibody responses since its surface glycoprotein is one the most heavily glyco-
sylated proteins known [10-12]. On average the HIV-1 envelope (Env) glycoprotein contains
22 different N-linked glycosylation sites [11, 13, 14]. These sites can vary with respect to glycan
occupancy and composition [8, 15-17], which creates substantial heterogeneity among HIV-1
Env molecules. Moreover, the amino acid sequence of HIV-1 Env mutates to relocate glycosyl-
ation sites, contributing to Env diversity and immune escape variants [8].

Antibodies that bind to HIV-1 Env glycans arise during natural infection [18-23]. Crystal
structures have revealed that these antibodies bind to glycan as well as peptide [24-27]. One
exception is the neutralizing antibody 2G12, which binds only to glycans within the high man-
nose patch on Env [28, 29]. HIV-1 glycan-reactive antibodies are attractive vaccine targets.
Individual glycan-reactive antibodies or combinations of two of these antibodies can neutralize
80% or 90% of diverse, circulating HIV-1 isolates, respectively [20, 22]. Additionally, passive
transfer of glycan-reactive HIV-1 antibodies has shown them to be protective in macaque
models of mucosal HIV-1 infection [5, 6, 30, 31].

In contrast to natural HIV-1 infection, vaccine induction of glycan-reactive HIV-1 antibod-
ies has been rarely achieved [32-36]. In a previous HIV-1 vaccine study, we isolated a mono-
clonal antibody, DH501, from a group M consensus Env-immunized rhesus macaque [37].
DH501 typified a new type of HIV-1 glycan antibody that required the N301 glycan on Env for
neutralization and bound directly to high mannose glycans [37]. High mannose glycans are
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abundant on HIV-1 Env, but not normally found on human proteins [17, 38-40]. The crystal
structure of DH501 bound to ManyGIcNAc, showed that it bound to the terminal mannose
residues on ManyGlcNAc, with a deep cavity formed by its heavy chain complementarity
determining regions [CDRs; 37]. The somatic mutations required for DH501 glycan binding
activity are unknown, but appear to be important since its inferred germline precursor, the
unmutated common ancestor of DH501 (DH501 UCA), lacked glycan reactivity and Env
binding [37]. The disparate glycan reactivities of the DH501 UCA and DH501 provides an
opportunity to delineate the role of specific somatic mutations in antibody affinity maturation
to HIV-1 envelope glycans.

Here, we combined structural and site-specific mutational analyses to determine the amino
acids responsible for glycan reactivity in the DH501 antibody. The structural evolution of the
glycan-binding cavity was determined by solving the crystal structure of the DH501 UCA anti-
body. Reversion of DH501 somatic mutations to the unmutated common ancestor (UCA)
sequence showed that the glycan-binding cavity required simultaneous mutation of framework
regions (FWRs) and CDRs. These somatic mutations did not produce new contacts with anti-
gen, but instead generated a flexible paratope conducive for antigen recognition. Additionally,
germline-encoded amino acids were functionally important as they formed required contacts
with glycan. This study shows that vaccines elicit glycan-reactive antibodies by somatically
mutating CDRs and FWRs to increase the flexibility of variable regions that possess putative
germline amino acids capable of binding glycans.

Results

Somatic mutation of the DH501 heavy chain is sufficient for glycan
recognition

In the crystal structure of DH501 Fab bound to free ManyGlcNAc,, we found that the heavy
chain CDRs formed a glycan binding cavity into which the terminal glycans of the D2 arm of
the mannose inserted [Fig 1A; 37]. The crystal structure showed that the light chain did not
contact the glycan directly, and thus the requirement of somatic mutation in the light chain
was unclear (Fig 1A). To determine the role of light chain somatic mutation in glycan binding,
we reverted the somatic mutations in the variable region of the light chain (V1) back to their
inferred UCA sequence, creating a DH501 H/UCA L chimeric antibody. For comparison, we
also reverted the heavy chain variable region (Vi) mutations to UCA sequence to create the
UCA H/DH501 L chimeric antibody. We tested the binding of all four antibodies to Man,_
GlcNAc,, MangGlcNAc,, and MangGlcNAc, glycans (Fig 1B and S1 Fig). Both DH501 and
DH501 H/UCA L bound to high mannose glycans (Fig 1B), with the DH501 H/UCA L exhib-
iting higher binding magnitudes. Reversion of the Vy; mutations (UCA H/DH501 L) or revert-
ing all mutations (UCA) in the antibody eliminated glycan binding (Fig 1B).

Next we investigated whether the DH501 variants that had lost glycan reactivity were capa-
ble of binding to trimeric Env in surface plasmon resonance and virus neutralization assays.
The antibodies with somatically mutated Vi regions bound to stabilized CON-S chimeric DS.
SOSIP.664. This binding was expected since CON-S gp140 was the immunogen that elicited
DH501 in macaques [37]. Additionally, the antibodies with somatically mutated Vy; regions
bound to a heterologous Env gp140, BG505 6R.SOSIP.664 (Fig 1C). In contrast, antibodies
lacking Vi somatic mutations alone or lacking Vi and V somatic mutations did not bind to
either trimeric HIV-1 Env gp140 (Fig 1C). The binding of each antibody to native fusion-com-
petent Env gp160 on JR-FL pseudoviruses was examined in neutralization assays. JR-FL was
treated with kifunensine to restrict glycosylation to ManyGlcNAc, [42, 43]. ManyGlcNAc,
enrichment of JR-FL makes it sensitive to DH501 neutralization, while not changing its overall
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Fig 1. DH501 heavy chain somatic mutations, but not light chain mutations, are required for glycan reactivity and trimeric
HIV-1 envelope recognition. (A) Crystal structure of DH501 Fab (PDB: 5T4Z) bound to the terminal mannose residues of the
D2 arm of ManyGlcNAc,. The Fab is shown in cartoon form with the ManyGIcNAc, shown by stick structures. Magnified
images in the middle and right show mannose residues contacting only heavy chain amino acids (blue). Image created in Pymol
[41]. (B) Antibody binding to Man,GIcNAc, D1, MangGlcNAc, D1D3, MangGlcNAc, D1D2, MangGlcNAc,, which are denoted
as 7, 8a, 8b, and 9 respectively. Throughout Fig 1 functional data is shown for the antibody listed at the top of the column.
Antibody functions were assessed for DH501 with somatic mutations in both the heavy and light chain (DH501), with no
somatic mutations (DH501 UCA), with somatic mutations only in the heavy chain (DH501 H/ UCA L), and with somatic
mutations only in the light chain (UCA H/DH501 L). The mean and standard error are shown for independent triplicate
experiments. DH501 H/ UCA L reached the upper limit of detection (fluorescence intensity of 31,000). Positive binding based
on negative control antibody binding is shown as a filled bar. Open bars indicate negative binding values. Positivity thresholds
for 7, 8a, 8b, and 9 are 0.6x10% 0.90x10%, 0.67x10% 0.64x10* respectively. (C) Binding of various DH501 IgG variants to soluble,
cleaved HIV-1 CON-S and BG505 SOSIP gp140 envelope. Dotted lines show binding to blank flow cells as a negative control.
Values are representative of two independent experiments. (D) In vitro HIV-1 pseudovirus neutralization of kifunensine-treated
(ManyGlcNAc,-enriched) JR-FL in the TZM-bl neutralization assay. Neutralization titers (IC50 in pg/mL) are shown for
antibodies that neutralized virus replication 50% or greater.

https://doi.org/10.1371/journal.ppat.1008165.g001

neutralization sensitivity [37]. DH501 potently neutralized JR-FL glycosylated with Mang.
GIcNAc, (IC50 = 0.09 pg/mL), whereas the UCA did not (Fig 1D). The DH501 antibody with
somatic mutations only in the VH also potently neutralized the virus (IC50 = 0.06 ug/mL) (Fig
1D). In concordance with Env gp140 binding, antibodies with somatic mutations only in the
V. failed to neutralize HIV-1 (Fig 1D). Thus somatic mutation of the DH501 heavy chain was
necessary and sufficient for conferring Env binding and HIV-1 neutralization.

Crystal structure of the DH501 UCA

We hypothesized that the Vi somatic mutations could orient the CDRs such that the glycan-
binding cavity could be formed. To determine whether somatic mutation was required for the
formation of the glycan-binding cavity, we determined the crystal structure of the unliganded
DH501 UCA Fab to 2.10 A resolution (Fig 2A and 2B). The structure had one Fab in the
asymmetric unit (AU) compared to two Fab/AU for the somatically-mutated DH501 Fab in
both its unliganded and liganded structures [Fig 2A; 37]. In a superposition, the DH501 UCA
Fv regions had a RMSD of 0.70 A compared to affinity-matured DH501 (Fig 2C). The HCDR3
was disordered in the DH501 UCA structure (Fig 2C). All six CDRs oriented to a moderately
large solvent channel, possibly conferring steric freedom in contrast to both mature DH501
structures where the majority of residues in the paratopes of both Fabs in the AUs were
involved in non-crystallographic and/or crystallographic contacts [37]. This difference in crys-
tal formation may explain the difficulty in resolving the DH501 UCA HCDR3.

In the portions of the UCA that were ordered, we analyzed how somatic mutation affected
the structure of the glycan-binding cavity. In examining the mutations accrued with affinity
maturation in the DH501 lineage, a cluster of six mutations was found to have occurred in the
C” beta strand across the junction of the IMGT-defined HCDR2 and FWR3 (Fig 3A). The side
chains of V56ycpr2 and H58pwrs in the Vi somatic mutation cluster were oriented toward
bound mannose moieties [37]. Though they were not involved in specific polar interactions
with glycan, they were critical in forming the glycan-binding pocket with good shape comple-
mentarity to the ligand. The analogous residues in the DH501 UCA, D56ycpr, and Y58 3rwr3
(Fig 2E), were appropriately positioned to create the rudimentary glycan-binding pocket.
However, the wall of the cavity formed by UCA HCDR2 was collapsed inward as compared to
the mature DH501 (Fig 2D and 2E). In total, the initial VD] recombination event formed
an initial cavity whose shape near the HCDR2 and HFWR3 was optimized by somatic
mutation.
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A DH501 B DH501 UCA

Fig 2. The crystal structure of the DH501 UCA. (A,B) Top view of the crystal structures of (A) DH501 (blue; PDB: 5T4Z) and the inferred (B) DH501 UCA (green; PDB:
6P3B). The variable region of the heavy chain (V) is shown in dark colors and the variable region of the light chain (V1) is shown in the light color. Portions of the
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HCDR3 in DH501 UCA were disordered, therefore, HCDR3 was omitted in the surface representation of the Fv structure. (C) A superposition of the Fv regions of the
DH501 UCA (dark green heavy chain, light green light chain) and mature DH501 (dark blue/light blue). Inserted into the DH501 glycan-binding cavity is the stick
structure of the terminal mannose on the D2 arm of MangGlcNAc;, (yellow sticks). Zoomed in views of the HCDR3 and LCDR3 are shown in the boxes on the left and
right side respectively. The disordered HCDR3 in DH501 is marked with asterisks. (D, E) Zoomed-in view of the glycan-binding cavity in (D) DH501 and (E) DH501
UCA antigen binding sites. Somatic mutation at position 56 and 58 are labeled with the corresponding amino acids. Note the side chain of Y58ywr3 pointing down into
the glycan-binding cavity as compared to H58 that forms a smooth, round-shaped roof of the cavity with its side chain oriented differently. Image created in Pymol [41].

https://doi.org/10.1371/journal.ppat.1008165.9002

DH501 HCDR1 and HCDR?2 somatic mutations are required for glycan
reactivity and Env trimer recognition

The crystal structure of the DH501 UCA provided insight for the role of HCDRI and HCDR2
in the formation of the glycan binding cavity. However, the disordered HCDR3 limited our
understanding of the role of somatic mutations in glycan reactivity in this HCDR. In an effort
to define the minimal mutations that would be necessary for a vaccine to elicit glycan-reactive
antibodies, we refined the somatic mutation reversion experiments by examining individual
CDRs and individual FWRs. We focused only on the heavy chain since DH501 H paired with
UCA L was still able to bind to glycans and neutralize HIV-1 (Fig 1). This result indicated that
the most important somatic mutations were in the heavy chain. The heavy chain of DH501
possessed 28 (23%) amino acid changes compared to its putative precursor immunoglobulin
chain (Fig 3A). Ten of the amino acid changes were within the IMGT-defined CDR loops and
the remaining 18 changes were present in FWRs. We reverted the five somatic mutations in
HCDRI (Fig 3A) and measured glycan reactivity, trimeric SOSIP gp140 binding, and HIV-1
neutralization. Although none of the somatic mutations in HCDR1 directly contact glycan in
the crystal structure, reversion of the HCDR1 mutations abrogated mannose reactivity (Fig
3B). HCDR2 contains one glycan contact residue [37], which is germline encoded. Despite the
glycan contact residue being present, HCDR2 reversion of the two somatic mutations in
HCDR2, V56 and E57, (Fig 3A) also eliminated glycan reactivity. The HCDR3 results from
VuDJy recombination, and was inferred here with the Cloanalyst software using a Bayesian
probability statistical model [44]. As with any inference there is a degree of uncertainty in the
V-D and D-]J junctions formed by the recombination event. The crystal structure of DH501
indicated that G100a, Y100c, D100e, all contacted glycan directly, with T100d providing con-
tacts through water molecules [37]. Interestingly, none of these contact residues were somatic
mutations based on our UCA inference (Fig 3A). Nonetheless, the inferred UCA HCDR3 did
differ from DH501 by three amino acids (Fig 3A). When all three of these amino acids were
reverted in DH501 to the inferred UCA sequence, glycan reactivity was maintained (Fig 3B).
Each of the CDR-reverted antibodies were also tested for HIV-1 envelope engagement. Similar
to glycan reactivity, HCDR1 and HCDR2 somatic mutations were required for antibody bind-
ing to recombinant soluble Env trimers, CON-S DS.SOSIP and BG505 6R.SOSIP.664, and for
neutralization of kifunensine-treated JR-FL pseudovirus (Fig 3C and 3D). In contrast, somatic
mutation of HCDR3 was not required for either of these functions (Fig 3C and 3D). Taken
together, somatic mutation of HCDR1 and HCDR2 was required for antibody function, but
somatic mutation of HCDR3 was not required.

HCDR2 mutations V56D and E57K are required for Man7, 8, and 9
reactivity

Reversion of all HCDRI or all HCDR2 somatic mutations dramatically reduced glycan reactiv-
ity. We generated single reversion mutations for each of the somatic mutations in HCDR1 and
HCDR?2 to determine which somatic mutations were functionally important. The binding to

glycan by each single mutant was measured and compared to the wildtype DH501 antibody to
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Fig 3. Somatic mutation of HCDR1 and HCDR?2 is required for glycan reactivity and HIV-1 Env reactivity. (A) Clustal W
alignment of amino acids of DH501 and DH501 UCA V. HCDRs are denoted based on the IMGT definition and color-coded.
Identical residues are shown as dots. Amino acids resulting from somatic mutation are specified for DH501. Black circles above
the sequence alignment denote amino acids that contact glycan in the crystal structure of DH501 in complex with ManyGlcNAc,.
(B) Antibody binding to glycan was assessed for Man,GIcNAc, D1 (7), MangGlcNAc, D1D3 (8a), MangGlcNAc, D1D2 (8b),
ManyGIcNAG, (9). Binding was assessed for DH501 with the HCDR1 (red), HCDR?2 (light blue), or HCDR3 (purple) somatic
mutations reverted to the UCA sequence. Column titles indicate the antibody analyzed in each functional assay. Antibodies are
color-coded the same in B-D. The mean and standard error are shown for independent triplicate experiments. Positive binding
based on negative control antibody binding is shown as a filled bar. Open bars indicate negative binding values. Positivity
thresholds for 7, 8a, 8b, and 9 are 0.18x10%, 0.32x10%, 0.19x10% 0.18x10* respectively. (C) Trimeric HIV-1 envelope reactivity of
DH501, DH501 UCA, and HCDR-reverted antibodies. IgG binding to CON-S SOSIP (dashed line) or BG505 6R.SOSIP.664 (solid
line) was determined by SPR. IgG binding response measured with the buffer only control is represented as dotted lines.
Representative data from two independent experiments are shown. (D) In vitro HIV-1 neutralization of kifunensine-treated,
ManyGlcNAc,-enriched JR-FL in the TZM-bl assay. For antibodies with detectable neutralization titers, the IC50s in ug/mL are
shown. (E) Single somatic mutations in the HCDR1 and 2 were reverted to the UCA sequence and binding to the free glycans as in
B was assessed. The reversion mutations are color-coded based on their location shown in A. The heatmap shows the fold decrease
in binding upon reversion of the single mutation. The ranges of fold decrease in glycan binding are color-coded as indicated in the
legend.

https://doi.org/10.1371/journal.ppat.1008165.g003

generate relative binding values. Interestingly, not all somatic mutations within the HCDR1
were required for glycan binding. Across the five mutations within HCDR1, only S31T and
T34M conferred decreased binding to all four glycans tested (Fig 3E). MangGIcNAc, recogni-
tion was hindered the most by reverting the S31 and T34 to germline. A35 in the HCDR1 also
contributed to MangGlcNAc, D1D3 binding, but had minimal effect on binding to other gly-
cans (Fig 3E). The two mutations V56 and E57 were shown in the crystal structure to form the
glycan-binding cavity [Fig 2; 37]. Reversion of both of these single mutations conferred dra-
matic reductions in glycan binding. The reversion mutation V56D reduced Man,;GIcNAc,,
MangGlcNAc,D1D2, and ManyGlcNAc, binding by greater than 100-fold (Fig 3E). E57K
reduced binding by greater than 100-fold for Man,GlcNAc, and MangGlcNAc, D1D2 (Fig
3E). Interestingly, reversion of the HCDR2 somatic mutations had a moderate effect on Mang.
GlcNAc, D1D3 binding. Instead, DH501 binding to this glycan appeared to be mostly deter-
mined by the S31T, T34M, and A35G mutations in HCDRI. These results indicate HCDR2
somatic mutations determined binding to Man;GIcNAc, D1, MangGlcNAc, D1D2, and Man,.
GlcNAc,, whereas HCDR1 mutations mostly contributed to MangGlcNAc, D1D3 binding.

The essential role of putative germline-encoded amino acids in DH501
glycan binding

The crystal structure of DH501 in complex with mannose glycan showed five amino acids that
contacted the terminal mannose residues on the D2 arm of the glycan. Four of the contact resi-
dues were in the HCDR3 and the remaining residue was in the HCDR2. All five of the amino
acids were encoded by germline nucleotide sequence based on our inference, which has a
degree of uncertainty. To determine whether all of these contacts were required for glycan reac-
tivity, we individually changed each residue to alanine. Antibodies encoding Y52aA, G100aA,
Y100cA, T100dA, or D100eA lost glycan binding (Fig 4A). Likewise, a mutant DH501 bearing
all four HCDR3 alanine changes also lacked glycan binding (Fig 4A). Each of the glycan contact
residues was also required for antibody binding to recombinant HIV-1 Env gp140 (Fig 4B).
This lack of Env reactivity translated to a loss of neutralization activity against kifunensine-
treated JR-FL virus (Fig 4C). Therefore, changing a single germline-encoded amino acid elimi-
nated antibody function. While the germline-encoded amino acids were required for binding
glycan, they were not sufficient for monomeric IgG binding to glycan (Fig 1B). Avidity did not
improve glycan binding by the DH501 UCA either, since when overexpressed in multiple copies
on the cell surface the DH501 UCA did not bind to MangGIcNAc, (S2 Fig).
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(B) HIV-1 CON-S SOSIP gp140 binding, and (C) MangGlcNAc,-enriched JR-FL neutralization activity for each antibody is shown as in Fig
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https://doi.org/10.1371/journal.ppat.1008165.9004

HCDR2 amino acids at position 54, 55, and 57 contribute to envelope
recognition

Analysis of the electrostatic surface potentials of DH501 and DH501 UCA showed both anti-
bodies possessed a negatively-charged HCDR?2 (Fig 5A and 5B). For the DH501, a cluster of
negatively-charged amino acids D54, D55, and E57 contributed to the negative charge of the
HCDR?2 (Figs 3A, 5A and 5C). The negative charge was also present in the DH501 UCA
HCDR?2 due to the presence of amino acids D54, D55, and D56 (Figs 3A, 5B and 5C). To
determine whether these amino acids in the HCDR2 were important for DH501 function, we
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antibody has a negative charge. The terminal mannose residues of the D2 arm of ManyGIcNAc; are shown in yellow.
The electrostatic potentials are oriented with the paratope facing towards the viewer. (C) Amino acid alignment of
HCDR2 of DH501 and the DH501 UCA. Dots indicate identical residues. The negatively-charged residues within the
HCDR?2 of DH501 were changed to positively-charged arginine residues (RRVR). (D) DH501 wildtype (WT) and the
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7, 8a, 8b, and 9 was 1.8x10° for each glycan. (E) DH501 and DH501_RRVR IgG binding to soluble, trimeric CON-S
SOSIP gp140s (solid line). Dashed lines show binding magnitudes in the absence of Env. Images are representative of
two independent experiments. (F) DH501 and DH501_RRVR IgG in vitro HIV-1 neutralization of MangGlcNAc,-
enriched JR-FL.

https://doi.org/10.1371/journal.ppat.1008165.9005

introduced D54R, D55R, and E57R substitutions in the HCDR2 (Fig 5C). DH501 containing
these mutations (termed DH501_RRVR) bound weaker to MangGlcNAc, and ManyGIcNAc,
glycans than wildtype DH501 (Fig 5D). This result was consistent with the knockout of glycan
binding found with the single E57K change (Fig 3E). DH501_RRVR lost reactivity with
recombinant trimeric HIV-1 Env gp140 and native trimeric Env on virions (Fig 5E and 5F).
Hence, the D54, D55, and E57 was required for optimal binding to Env, MangGlcNAc,, and
MangGlcNAc,.
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Somatic mutations within the framework regions confer antibody function

For most antibodies, antigen engagement is primarily governed by the CDRs of the antibody
[45]. However, for HIV-1 broadly neutralizing antibodies, somatic mutations in the FWRs are
critical for antibody neutralization activity [46-49]. We determined the effects of HFWR
somatic mutations in DH501 on glycan reactivity by reverting the somatic mutations in
FWR], 2, 3, and 4 individually. HFWRI possessed three somatic mutations including the
introduction of a phenylalanine and proline (Fig 6A). HFWR2 contained two somatic muta-
tions. HFWR3 possessed eleven mutations, which was the most mutations among all of the
HFWRs. Lastly, HFWR4 included two somatic mutations (Fig 6A). Reversion of the somatic
mutations in HFWRI, 2, or 3 knocked down glycan reactivity to the levels observed with the
DH501 UCA (Fig 6B). Similarly, binding to recombinant soluble Env trimers and kifunen-
sine-treated JR-FL neutralization was abrogated by reverting the HFWR1, 2, or 3 somatic
mutations (Fig 6C and 6D). Conversely, reversion of HFWR4 did not eliminate all antibody
function. Reverting the proline to glutamine and leucine to valine in the HFWR4 eliminated
glycan binding (Fig 6B), but did not eliminate trimeric recombinant Env binding (Fig 6C).
HIV-1 neutralization was still detectable, but had decreased from 0.09 pug/mL to 4.34 ug/mL.
Thus, DH501 with reverted HFWR4 somatic mutations had reduced function, but its function
was not reduced to the same level as the UCA.

Analysis of the DH501 FWR amino acid sequence showed an abundance of somatic muta-
tions that encoded prolines. Since prolines result in kinks in the polypeptide chain, we rea-
soned that these mutations may be necessary for orienting the CDRs to create a stable glycan-
binding cavity [50, 51]. Therefore, we mutated the four prolines individually or in combina-
tion to determine their functional significance. DH501 glycan reactivity was lost upon rever-
sion of each proline to UCA sequence (Fig 7A). P74 and P105 could be reverted to UCA
sequence without completely knocking out Env reactivity and virus neutralization (Fig 7B and
7C). In contrast, P17 in FWR1 and P61 in FWR2 were required for Env reactivity and virus
neutralization (Fig 7B and 7C). Thus, all of the prolines were functionally important for glycan
binding, with P17 and P61 being the principal determinants of antibody function.

We attempted to define the minimal number of somatic mutations required for glycan
binding. We created four variants of DH501 that contained different combinations of frame-
work prolines somatic mutations and somatic mutations from CDR1, CDR2, FWR2, and
FWR3. However, none of the four combinations resulted in a DH501 variant that was glycan
reactive (S3 Fig).

Somatic mutation of DH501 reduces the thermostability of the antigen
binding fragment

Since multiple somatic mutations were critical for antibody function, we hypothesized that they
must exert a global effect on the paratope of DH501. To determine whether somatic mutation
affected the overall folding and stability of DH501, we compared the melting temperatures (T,)
of the DH501 UCA and DH501 antibodies using differential scanning calorimetry. The full-
length IgG of the DH501 UCA had a T,,, of 79.8°C, which was 5.7°C higher than the T, of the
somatically-mutated DH501 IgG (Fig 8A and 8B). In contrast to the DH501 UCA, the melting
curves of the DH501 IgG possessed multiple transitions indicating multiple domains in the anti-
body melted at different temperatures. To focus on the differences in T, that were due to the Fab
of DH501 and its UCA we produced recombinant Fabs and measured their melting tempera-
tures. The DH501 UCA Fab had a T, that was 8.6°C higher than the somatically mutated
DH501 Fab—confirming the results observed with IgG (Fig 8A and 8B). While IgG tends to
have transitions associated with Fab, CH2, and CH3 domains [52], DH501 was unique in that
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sequence alignment denote somatic mutations that introduce a proline substitution in HFWRs. (B) Binding of DH501 HFWR reverted antibodies to Man;GlcNAc, D1
(7), MangGlcNAc, D1D3 (8a), MangGlcNAc, D1D2 (8b), ManyGlcNAc; (9). The reverted antibodies are color-coded the same throughout B-D. Mean values + standard
error are shown for triplicate experiments. Positive glycan binding based on negative control antibody binding is shown as a filled bar. Open bars indicate negative binding
values. Positivity thresholds for 7, 8a, 8b, and 9 are 0.6x10%, 0.90x10%, 0.67x10*, 0.64x10* respectively. (C) DH501, DH501 UCA, and HFWR-reverted IgG binding to
CON-S SOSIP gp140 Env trimers (dashed line), BG505 6R.SOSIP.664 Env trimers (solid line), or buffer only was determined by SPR. Representative data from two
independent experiments are shown. (D) In vitro HIV-1 neutralization of kifunensine-treated, ManyGlcNAc,-enriched JR-FL in the TZM-bl assay. IC50 neutralization

titers are shown in pg/mL as in Fig 4D.

https://doi.org/10.1371/journal.ppat.1008165.9006

the Fab fragment of the antibody melted with multiple transitions as well. Since the CH1 and
light constant regions were the same between the DH501 and DH501 UCA antibodies, the multi-
ple transitions are due to differences in melting of the variable region of the Fab domain [53]. We
examined whether the somatic mutations in the HCDRs or HFWRs led to the increase in insta-
bility of the DH501 IgG. We reverted the somatic mutations in each HCDR and each HFWR
individually and measured their T,,. Despite reversion of each HCDR or HFWR, the T, did not
increase to the temperature of the DH501 UCA (Fig 8C and 8D). Thus, no one set of somatic
mutations in the FWRs or CDRs mediated the reduction in stability; instead the collective set of
somatic mutations led to the conformational flexibility of the variable region (Fig 8C and 8D).

Neutralization by glycan-dependent broadly neutralizing HIV-1 antibodies
requires light chain mutation events

DH501 showed a strong dependence on heavy chain somatic mutations for recognition of the
HIV-1 envelope V3-glycan site. We determined whether V3-glycan-specific broadly neutraliz-
ing HIV-1 antibodies also required only heavy chain somatic mutation. Understanding the
role of somatic mutation in each immunoglobulin chain of glycan-dependent broadly neutral-
izing antibodies would help focus vaccine design efforts on a particular immunoglobulin
chain. PGT121, PGT128, and DH270 have characteristic long HCDR loops, which crystal
structures have shown contact glycan and envelope peptide [27, 54-56]. To delineate the role
of somatic mutation in neutralization activity, we expressed five V3-glycan antibodies with
either the V1 or Vi reverted back to germline sequence. Two of the antibodies were from the
PGT128 lineage (PGT128 and PGT130) [20], two of the antibodies were from the PGT121
lineage (PGT121, and PGT124) [20], and the last antibody was from the DH270 lineage [22].
Neutralization activity was assessed against difficult to neutralize HIV-1 isolate JR-FL. Rever-
sion of either the Vy; or the Vi mutations of DH270 abolished JR-FL neutralization when mea-
sured as the concentration that inhibits 80% of virus replication (IC80; Fig 9). The same
requirement for mutation of the Vi and the V was observed for the clonally-related antibod-
ies PGT128 and PGT130 (Fig 9). In contrast, Vy somatic mutation of PGT121 and PGT124
was dispensable for JR-FL neutralization, and loss of neutralization activity occurred only
when the light chain was reverted to germline sequence (Fig 9). Kifunensine-treatment to
enrich MangGlcNAc, glycosylation on JR-FL resulted in more potent neutralization by man-
nose-reactive antibodies PGT128, DH270 and PGT124 (Fig 9 open bars). The enrichment of
MangGlcNAc, or ManyGlcNAc, by kifunensine treatment had the opposite effect on PGT121
and PGT130 (Fig 9 open bars). The effects of kifunensine treatment on neutralization is con-
sistent with the reported crystal structures and glycan array analyses of these antibodies.
PGT128, DH270, and PGT124 all have been shown to bind directly to MangGlcNAc, or Mang.
GlcNAc, [20, 22, 27, 56], whereas PGT121 and PGT130 have been shown to bind processed
glycans in addition to high mannose [57, 58]. When we examined neutralization potency by
the germline reverted antibodies, enriching for ManyGlcNAc, did not change the require-
ments for somatic mutations for most of the antibodies. The one exception was that kifunen-
sine treatment enabled weak neutralization (IC80 = 22 pg/mL) of JR-FL by PGT128 lacking V7,
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https://doi.org/10.1371/journal.ppat.1008165.9007

somatic mutations, which was not seen for untreated virus (Fig 9). In total, the requirement
for Vy or Vi mutation varied across different glycan-reactive HIV-1 antibody lineages, but
was consistent within a given lineage. Additionally, DH501 differed from the broad neutraliz-
ing glycan-reactive antibodies in that none of them were solely dependent on heavy chain
mutation for neutralization activity despite their use of HCDR loops to mediate glycan and
peptide contact.
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https://doi.org/10.1371/journal.ppat.1008165.9g008

Discussion

The investigation of antibody recognition of glycan can elucidate the genetic changes and bio-
chemical features of antibodies that have the potential to clear or prevent infection by human
pathogenic viruses. Such human viruses include hepatitis C, HIV-1, and influenza, which all

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008165 December 16,2019

16/29


https://doi.org/10.1371/journal.ppat.1008165.g008
https://doi.org/10.1371/journal.ppat.1008165

o ®
@ : PLOS ‘ PATHOGENS Antibody somatic mutation and glycan reactivity

DH270.6 PGT12 PGT124

100+ 100+ 1005 100+ 100+

E 104 10+ 10+ 10+

—

<)

= 1- 1- 14

o

o]

Q 5.1- 0.14 0.1- 0.1-

0.01- L. 9.01- L \:J‘l\« 0.01- L ool 11 211 201
v \ » > S N
S o < & ® & &S
& ¢ 9 o )
Q & Q R «\"’Qg

(ONEN
& 79
Q
Antibody
Il JRFL 1 JR FL-kifunensine

Fig 9. Light chain somatic mutation is required for glycan reactivity of V3-glycan HIV-1 broadly neutralizing antibodies. In vitro HIV-1 pseudovirus neutralization
of JR-FL (filled bars) and kifunensine-treated (MangGlcNAc,-enriched; open bars) JR-FL in the TZM-bl neutralization assay. Neutralization titers are shown in pg/mL as
the concentration that inhibits 80% of virus replication (IC80). The antibody tested for neutralization is listed in the graph title. Variants of each antibody are listed on the
x-axis. The unmutated common ancestors (UCA) of DH270 and PGT121 lack somatic mutation. For PGT128 the previously published germline reverted antibody (gl)
was characterized [57]. PGT121 and PGT124 (reds) are from the same lineage and have the same UCA shown. PGT128 and PGT130 (greens) are clonally related and have
the same germline (gl) antibody shown [20, 57].

https://doi.org/10.1371/journal.ppat.1008165.9009

express glycosylated envelope proteins [2, 59]. Here we show that somatic mutations in the Vg
cooperate with germline-encoded residues to enable glycan reactivity and antigen recognition
for the vaccine-induced, macaque HIV-1 antibody DH501. The Vg somatic mutations did not
make direct antigen contacts, but instead increased the flexibility of the antibody variable
region. Moreover, the germline-encoded amino acids that contacted glycan were not somati-
cally mutated showing antibody evolution preserved this solution for glycan contact.

In contrast to DH501, somatic mutation of the heavy chain of V3-glycan HIV-1 broadly
neutralizing antibodies (bnAbs) DH270.6, PGT121, PGT124, PGT128, and PGT130 was not
always sufficient for antibody function. Rather, the immunoglobulin chain that possessed the
rare nucleotide insertion/deletion (indel) event was required [20]. For bnAbs PGT130 and
DH270, which lacked such indels, somatic mutations in both heavy and light chains were
required [20, 22, 57]. DH501 is the only one of these antibodies that binds to glycan with a
deep cavity in its heavy chain paratope [37], perhaps explaining why it was different from
some of the human V3-glycan antibodies tested here. These results were significant for vaccine
design in that they showed whether somatic mutations in the heavy or light chains were neces-
sary for neutralization activity. Given this information immunogens can be designed that opti-
mally bind and select for amino acid changes in the immunoglobulin chain that was shown to
be important.

In the structure of DH501 bound to the terminal mannose residue of ManyGIcNAc,, the
residues that contacted glycan were all germline-encoded [37]. Here, we show that each of the
five germline-encoded residues are essential for DH501 reactivity with glycan. The require-
ment of germline-encoded residues is similar to previous observations for other virus-specific
antibodies. For example, the nucleotide sequences of HIV-1 CD4 binding site antibodies
encode germline residues Arg71, Trp50, and Asn58, which all make critical contacts within the
CD4 binding site of HIV-1 Env [60]. Additionally, multiple neutralizing influenza antibodies
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are derived from the IGVH1-69 gene segment [61, 62], which facilitates binding to influenza
hemagglutinin via germline-encoded residues Ile53 and Phe54 in HCDR2 [63]. The presence
of functional germline-encoded amino acids has been hypothesized to be the underlying bio-
logical reason for shared gene usage among neutralizing antibodies against influenza and
HIV-1 [60, 63]. Prior to any somatic mutation, the DH501 precursor was composed of germ-
line gene segments capable of contacting glycan, suggesting that the usage of V2 and J4
gene segments may be a genetic mechanism to engender an antibody with glycan reactivity.
More DH501-like antibodies need to be isolated in order to determine whether V2 and Jy4
gene segments are a common solution for glycan reactivity. Among the 14 known V3-glycan
bnAD lineages that have been isolated from infected humans there has not been a certain V or
J gene segment known to have intrinsic glycan affinity. However, there is an abundance of
V3-glycan antibody light chains derived from V3-20 or V3-15 recombined with Jx1 or Jx3
among the 14 most well-characterized V3-glycan bnAbs. Future studies could explore the bio-
chemical basis for why 6 of 14 V3-glycan bnAb lineages utilize these Vi and Jx gene segments.

The initial ViyDJy recombination event facilitated DH501 glycan reactivity because four of
the required germline-encoded glycan contact residues utilized by DH501 were present in its
HCDR3. HCDR3 recombination requires joining of Vi, D, and Ji; gene segments, which
when combined with junctional diversity provides a degree of uniqueness to each heavy chain
variable region made by the immune system [64-68]. Next generation sequencing of antibody
repertoires has shown 1-6% of heavy chain clonotypes can be shared between two unrelated
humans [69]. Therefore, identical or very similar VyDJy recombination events can occur in
different humans [70, 71], which results in HCDR3s with the similar functionality [70]. These
results suggest that antibodies with HCDR3 sequences similar to DH501 could be observed in
multiple unrelated individuals. Future sequencing experiments could investigate the frequency
of HCDR3s similar to DH501 among the human population.

The thermostability of the antibody is generally determined by the stability of the Ig fold.
Upon somatic mutation, DH501 showed a decrease in thermostability suggesting somatic
mutation likely destabilized the Ig fold. This hypothesis is consistent with accumulation of
somatic mutations in the FWRs of DH501 Vy, as the FWRs provide the overall structure of
the antibody variable region [72]. Among the somatic mutations within the FWRs, four amino
acid changes were prolines. One of these prolines was located at position 61 in the C”  strand
[72]. The C” B strand joins the two B sheets of the v-type Ig fold, and would be predicted to be
important for the structure of the v-region [72, 73]. Also, the C” strand is outside of the core Ig
fold and is known to be more flexible than other beta strands in the Ig fold suggesting its posi-
tion could be changed upon somatic mutation [72, 73]. A Pro61 somatic mutation also occurs
in the HIV-1 CD4 binding site bnAb 3BNC60 [48]. The crystal structure of 3BNC60 showed
that Pro61 did not contact Env, but instead caused a kink in the B strand that eliminated
hydrogen bonds between C’ and C” f strands [48]. The elimination of the hydrogen bonds
reoriented the CDR loop such that it would be predicted to contact HIV-1 envelope [48]. It is
conceivable that the four prolines observed in DH501 FWRs, including Pro61, function simi-
larly in DH501. Prolines cause kinks in alpha-helices [51], and are usually not found in B sheets
since they lack the appropriate hydrogen bonding pattern [50]. Prolines are also favorable for
B turns in which the peptide backbone abruptly changes direction [74]. Together, the presence
of four prolines in the f sheets of FWRs suggests they are present due to selection during affin-
ity maturation of DH501, and likely contribute to the structure of the paratope. Indeed, the
four prolines were required for glycan reactivity, supporting the notion that they were selected
for during affinity maturation. Hence, the role of the prolines in the FWRs of DH501 may be
to destabilize the Ig fold such that the FWR B strands can reorient the CDR loops into the posi-
tions necessary to form the deep glycan-binding cavity.
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This loss-of-function study identified that free glycan reactivity was dependent on many of
the heavy chain somatic mutations present in DH501. In contrast to the light chain where all
somatic mutations were not required, only the somatic mutations in the HCDR3 could be
reverted to putative germline sequence and retain glycan binding. Thus, we found that the
addition of the somatic mutations in HCDR1, HCDR2, HFWR1, HFWR2, HFWR3, and
HFWRA4 to the germline antibody were sufficient for glycan binding. We did not observe a
smaller subset of mutations that conferred DH501 glycan binding. This relatively large number
of somatic mutations was likely necessary since the somatic mutations changed the overall
flexibility of the antigen binding fragment—as opposed to making more productive contacts.
It should be noted that binding to free glycan is more sensitive to changes in the antibody
sequence than envelope binding. For example, DH501 with the HFWR4 reverted to germline
sequence bound to envelope, but lost binding to free glycans. In general, antibody:carbohy-
drate interactions are thought to be in the micromolar affinity range, compared to nanomolar
affinity ranges for antibody:protein interactions [12]. Since antibody:carbohydrate interactions
are weak, it is not surprising that the reversion of multiple somatic mutations across the para-
tope would reduce DH501 glycan binding to levels below the limit of detection.

In summary, this study shows the complex genetic and biochemical events that would need
to occur during vaccination for DH501-class anti-glycan antibodies to be routinely elicited. The
requirement for a VyDJy rearrangement encoding glycan contact residues, somatic mutations
that increase variable region flexibility, and somatic mutations that encode atypical proline resi-
dues present challenges for eliciting glycan-dependent antiviral antibodies. We hypothesize vac-
cine immunogens will need to persist in germinal centers to prolong affinity maturation by
somatic mutation in order to overcome these challenges. Nonetheless, these types of glycan-
dependent antibodies may be more readily induced than the broadly neutralizing antibodies
that require rare nucleotide insertion and deletion events in order to react with glycan-depen-
dent epitopes. Thus, vaccine regimens that use mannosylated immunogens to affinity mature
DH501-like antibodies to bind and neutralize diverse HIV-1 isolates warrant further study.

Materials and methods

Crystallography

Fab fragments of DH501 UCA were produced recombinantly as previously described [75].
Briefly, Fab chains were generated by PCR using light and heavy chain genes as templates with
appropriate primer pairs and cloned into pcDNA3.1/hygro (+) [76]. Recombinant Fabs were
produced in Freestyle 293 (Invitrogen) cells by transient transfection then purified using meth-
ods described previously [75]. Fabs were further purified via size exclusion chromatography
(SEC) using a GE HiLoad 26/60 Superdex 200pg 26/60 column at 3.2 mL/min with a buffer of
10 mM HEPES pH 7.2, 50 mM NacCl, 0.02% NaNj. Peak protein-containing fractions were
concentrated, buffer exchanged to ddH20, and brought to 15.0 mg/ml.

All protein samples were tested against commercially available screens (Qiagen, Molecular
Dimensions) in SBS format sitting drop plates via automation (Douglas Instruments Ltd) with
60 ul reagent reservoirs and drops composed of 0.2 pl protein with 0.2 pl reservoir. DH501
UCA was crystallized over a reservoir of 0.095 M sodium citrate pH 5.6, 20% isopropanol, and
20% PEG 4,000. All crystals were briefly soaked in reservoir supplemented with 20% ethylene
glycol. Crystals were then cryocooled in liquid nitrogen.

Diffraction data for all crystals were collected at SER-CAT with an incident beam of 1 A in
wavelength. Data were reduced in HKL-2000 [77]. The DH501 UCA Fab structure was phased
by molecular replacement in PHENIX [78] using the DH501 Fab structure separated into Fv
and constant domains as search models [37].
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For the DH501 UCA structure, rebuilding and real-space refinements were performed in
Coot [79] with reciprocal space refinements in PHENIX [80] and validations in MolProbity
[81]. It was noted that the average B factor for protein atoms (69.71 A% Table 1) was higher
than that for solvent atoms (50.66 A*), an inversion of what is observed for typical crystal
structures. In fact the entire paratope of the DH501 UCA Fab showed elevated B factors. This
could be due to an intrinsic mobility of the CDRs in the UCA antibody as noted in the results
section however, it may also be a consequence of packing in the crystal lattice. Specifically, the
paratope of the Fab was oriented toward a large solvent channel, thus lacking any potentially
stabilizing crystal contacts. In support, the crystal structure of the mature DH501 had two Fab
molecules in its asymmetric unit; one had similarly elevated B factors about residues in its
paratope that were oriented toward a solvent channel but not in the same residues that were
stabilized by crystal contacts in the other Fab [37]. Moreover, the solvent content of the mature
DH501 lattice was modestly lower than that of the UCA- 46% compared to 50%, albeit it dif-
ferently distributed throughout the crystals. The coordinates and structure factors for DH501
UCA unliganded Fab are deposited in the Protein Data Bank (PDB: 6P3B). Figures were gen-
erated in PyMol [41] with electrostatic potential surface calculations performed using the
CHARMM solver [82].

Recombinant IgG production

Antibody was produced as previously described [37, 83]. Briefly, recombinant IgG1 were
expressed in Expi293 cells (Invitrogen) by transient transfection with Expifectamine (Invitro-
gen). Five days after transfection cell culture media was cleared of cells by centrifugation and

Table 1. Crystallographic data collection and model refinement statistics.

Space group Cl121

Unit cell parameters a, b, ¢ (A) 80.18, 71.82, 87.69
Unit cell parameters a, 3, ¥ (*) 90, 110.09, 90
Resolution (A) 50.0-2.02 (2.05-2.02)"
No. of reflections collected 110034

No. of unique reflections 29777 (1161)
CC1/2 0.968 (0.838)

ccr 0.992 (0.955)
Mean /ol 15.36 (1.71)

Rpim 0.063 (0.321)
Completeness (%) 96.2 (75.5)
Redundancy 3.7 (2.0)

Ryork/ Riree (%) 21.84/27.19 (32.16 / 35.72)
Number of protein atoms (non-hydrogen) 3210

Number of solvent atoms (non-hydrogen) 100

Average B value for protein atoms (A) 69.71

Average B value for solvent atoms (A% 50.66

RMSD bond lengths (A) 0.003

RMSD bond angles (°) 0.690

Clashscore 6.59
Ramachandran favored (%) 91.9
Ramachandran outliers (%) 1.7

"Values in parentheses correspond to the highest resolution shell.

https://doi.org/10.1371/journal.ppat.1008165.t001
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0.8 pm filtration. IgG1 was purified from cell culture supernatant with protein A (Thermo-
Fisher) affinity chromatography. Purified protein was buffer exchanged into PBS with succes-
sive rounds of centrifugation, filtered, and stored at -80°C.

Differential scanning calorimetry

Antibody thermal denaturation profiles were determined as previously described [84]. Anti-
body profiles were generated in HEPES Buffered Saline (HBS; 10 mM HEPES, 150 mM NaCl
pH 7.4) at concentrations ranging from 0.2-0.4 mg/mL using the NanoDSC platform (TA
instruments; New Castle, DE). The observed, irreversible denaturation profiles were buffer
subtracted, converted to molar heat capacity, baseline corrected with a 6™-order polynomial,
and fit with three Gaussian transition models using the NanoAnalyze software (TA Instru-
ments). The primary transition temperature (T,,) is reported as the temperature at the maxi-
mum observed heat capacity.

In vitro HIV-1 neutralization

Antibody-mediated HIV-1 neutralization was measured using Tat-regulated luciferase (Luc)
reporter gene expression in TZM-bl cells as described previously [85]. TZM-bl cells were
obtained from the NIH AIDS Research and Reference Reagent Program, as contributed by
John Kappes and Xiaoyun Wu. Pseudoviruses were produced by transient transfection of
293T cells. To enrich for ManyGIcNAc, glycosylation on HIV-1 envelope, the 293T producer
cells were cultured in the presence of 25 pM kifunensine [42, 43]. The monoclonal antibody
was pre-incubated with virus (~150,000 relative light unit equivalents) for 1 h at 37°C, and
TZM-bl cells were subsequently added. After 48 h, cells were lysed and Luc activity determined
with BriteLite Plus Reagent (Perkin Elmer) and a microtiter plate luminometer. Neutralization
titers are the inhibitory concentration at which relative luminescence units (RLU) were
reduced by 50% or 80% compared to RLU in virus only control wells after subtraction of back-
ground RLU in uninfected cell only control wells (IC50 and IC80 respectively).

Multiplex oligomannose microsphere immunoassay

Oligomannose binding immunoassays were performed as described elsewhere [37]. Briefly,
Lumavidin microspheres (Luminex) were coupled with 16 uM of biotinylated glycan. Biotiny-
lated glycans were synthesized as described previously [37]. To reduce non-specific binding,
Lumavidin microspheres were blocked with 3% BSA prior to coupling to glycans. Lumavidin
microspheres were washed 3 times with 1% BSA in PBS, sonicated for 20 s, and vortexed for
20 s. The Lumavidin microspheres were mixed with 16 pM glycan in a final volume of 250 uL
for 2 h at 2000 rpm at room temperature covered from light. Uncoupled glycan was washed
away with 3 washes of 3% BSA in PBS and resuspended in 250 uL of PBS-BN (1% BSA, 0.05%
NaNj; in PBS). The beads were sonicated for 20 s and vortexed for 20 s and were counted on a
hemocytometer. Each bead set was diluted to the same Lumavidin microspheres concentra-
tion. For short-term storage the beads were kept at 4°C. For storage greater than 1 week the
beads were stored at -80°C for up to 6 weeks.

Antibody binding was determined in 96-well filter plates (Millipore). 200 pg/mL of anti-
body was mixed with 0.5 pL of each Lumavidin microsphere in BSA-PBS-T (1% BSA, 0.05%
Tween-20 in PBS). The antibodies were incubated in the dark with the microspheres for 1.5 h
while shaking at 60 rpm on a microtiter plate shaker. The HIV-1 antibody 19B and anti-influ-
enza antibody CH65 were used as negative controls. PGT128 and ConA were used as a positive
control. Lumavidin microspheres were washed five times and antibody bound to glycan-cou-
pled microsphere was detected with 100 pL of 2 pg/mL mouse anti-IgG-PE (Southern Biotech)
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or anti-ConA-PE for 1h. The secondary antibody was washed away with 5 washes of
BSA-PBS-T, and binding of antibody to glycan was determined with a Bio-Plex 200 HTS (Bio-
Rad) and Bioplex manager software (Bio-Rad). The values were represented as fluorescence
minus fluorescence in wells with beads coupled with no glycan. Positive glycan binding was
determined as values greater than 1800 and three-fold greater than values for anti-influenza
antibody CH65 and linear HIV-1 peptide-reactive antibody 19B. 1800 was chosen as the lower
bound for positivity based on the mean values from the negative controls over time.

Site-directed mutagenesis

Single mutations were introduced into the DH501 heavy chain gene using the QuikChange
Lightning Multi Site-Directed Mutagenesis Kit (Agilent). Oligonucleotides were synthesized
and purified by standard desalting (IDT). Fifty nanograms of purified DNA was used as the
template for mutagenesis and reactions were conducted per the manufacturer’s instructions
except the volume of Dpnl was doubled, and the Dpnl digestion was conducted for 1 h.

Recombinant HIV-1 gp140 SOSIP production

SOSIP gp140s were expressed, purified and characterized as previously described with minor
modifications [83]. The BG505 SOSIP was designed as stated previously [86], and the design
of the CON-S SOSIP gp140 will be described in a separate study. SOSIP gp140 was expressed
in Freestyle293 cells (Invitrogen). On the day of transfection, Freestyle293 cells were diluted to
1.25x10° cells/mL with fresh Freestyle293 media (Invitrogen) up to 1L total volume. The cells
were co-transfected with plasmid DNA complexed with 293Fectin (Invitrogen). For each 1L
transfection, 650 pg of SOSIP expressing plasmid and 150 pug of furin expressing plasmid were
used. On day 6, cell culture supernatants were harvested by centrifugation of the cell culture
for 30 min at 3500 rpm. The cell-free supernatant was filtered through a 0.8 pm filter and con-
centrated to less than 100 mL with a single-use tangential flow filtration cassettes and 0.8 um
filtered again. SOSIP protein was purified with PGT145 affinity chromatography. One hun-
dred mg of PGT145 IgG1 antibody was conjugated to 10 mL of CnBr-activated Sepharose
FastFlow resin (GE Healthcare). Coupled resin was packed into a Tricorn column (GE Health-
care), and stored in PBS plus 0.05% sodium azide. Cell-free supernatant was applied to the col-
umn at 2 mL/min using an AKTA Pure (GE Healthcare), washed, and protein was eluted off
the column with 3M MgCl,. The eluate was immediately diluted in 10 mM Tris pH 8, 0.2 pm
filtered, and concentrated down to 2 mL for size exclusion chromatography. Size exclusion
chromatography was performed with a Superose6 16/600 column (GE Healthcare) in 10 mM
Tris pH 8, 500 mM NaCl. Fractions containing trimeric HIV-1 Env protein were pooled
together, sterile-filtered, snap frozen, and stored at -80°C. The formation of trimers was deter-
mined by negative stain electron microscopy, blue native-PAGE, and analytical size exclusion
chromatography.

Surface plasmon resonance (SPR)

SPR experiments were performed on a BIACore T200 as described in detail previously [37,
84]. Approximately 300 RU (range 310-321 RU) of each antibody was captured on an anti-
human IgFc immobilized Series S CM5 sensor chip (GE Healthcare). SOSIP Env was flowed
over immobilized antibody for 200 s in HEPES buffered saline, and dissociation was measured
for 200 s. In between injections of each Env, the surface was regenerated by injecting glycine
pH2 for 30 s. Curve fitting analysis was performed with BiaEvaluation software (GE Health-
care) using a 1:1 Langmuir model or heterogeneous ligand depending on the curve fit. Back-
ground binding was determined as binding signal obtained for the anti-influenza virus
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antibody CH65 binding to SOSIP gp140. Background binding was subtracted from the values
obtained for each DH501 antibody variant. Spikes in binding responses when analyte flow was
stopped or started were removed.

Statistical analyses

Statistical comparisons of antibody functions or antibody characteristics were not performed
because the sample size is too small for parametric testing (i.e., t-test) and nonparametric test-
ing (i.e., an exact Wilcoxon test based on the ranked values) could lead to statistically signifi-
cant findings that are not biologically relevant. Therefore, only descriptive statistics are
provided based on calculations from Prism v8.0 (Graphpad).

Supporting information

S1 Fig. Glycan binding of anti-influenza antibody CH65 and HIV-1 linear peptide anti-
body 19B. Both antibodies serve as negative controls in each glycan binding assay. Mean bind-
ing values observed for CH65 and 19B are considered background and positivity thresholds
are set to be 3-fold above the background binding value. Representative graphs are shown for
each control antibody or the positive control lectin ConA.

(TIF)

$2 Fig. Membrane bound DH501 IgG binds ManyGIcNAc,-glycosylated HIV-1 peptide,
but DH501 UCA does not. Flow cytometric analysis of DH501 UCA IgG and DH501 IgG (A)
cell surface expression, (B) ManyGlcNAc,-glycosylated peptide binding, and (C) aglycone pep-
tide binding. Mock indicates cells transfected without DNA encoding an antibody. Bar graphs
show the mean percentage of positive cells from two independent experiments.

(TTF)

$3 Fig. DH501 with a minimal number of somatic mutations lack detectable glycan reac-
tivity. (A) Amino acid alignment of the Viy of DH501 and minimally somatically-mutated
DH501 variants (DH501.min1-4). The set of amino acids in green and red were added to
DH270.minl individually or together to generate DH270.min2-4 (B) Binding of DH501 and
DH501.min variants to Man,GIcNAc, D1 (7), MangGlcNAc, D1D3 (8a), MangGIcNAc,
D1D2 (8b), ManyGlcNAc, (9). Mean and standard error are shown for triplicate experiments.
Positive glycan binding based on negative control antibody binding is shown as a filled bar.
Open bars indicate negative binding values. Positivity thresholds for 7, 8a, 8b, and 9 are
0.2x10% 0.15x10%, 0.15x10%, 0.2x10" respectively.

(TIF)
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