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ABSTRACT
Passive transfer of broadly neutralizing antibodies is showing promise in the treatment and prevention of 
HIV-1. One class of antibodies, the VRC01 class, appears especially promising. To improve VRC01-class 
antibodies, we combined structure-based design with a matrix-based approach to generate VRC01-class 
variants that filled an interfacial cavity, used diverse third-complementarity-determining regions, reduced 
potential steric clashes, or exploited extended contacts to a neighboring protomer within the envelope 
trimer. On a 208-strain panel, variant VRC01.23LS neutralized 90% of the panel at a geometric mean IC80 
less than 1 μg/ml, and in transgenic mice with human neonatal-Fc receptor, the serum half-life of 
VRC01.23LS was indistinguishable from that of the parent VRC01LS, which has a half-life of 71 d in 
humans. A cryo-electron microscopy structure of VRC01.23 Fab in complex with BG505 DS-SOSIP.664 
Env trimer determined at 3.4-Å resolution confirmed the structural basis for its ~10-fold improved potency 
relative to VRC01. Another variant, VRC07-523-F54-LS.v3, neutralized 95% of the 208-isolated panel at 
a geometric mean IC80 of less than 1 μg/ml, with a half-life comparable to that of the parental VRC07- 
523LS. Our matrix-based structural approach thus enables the engineering of VRC01 variants for HIV-1 
therapy and prevention with improved potency, breadth, and pharmacokinetics.
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Introduction

Advances in B-cell sequencing and high-throughput neutrali
zation have enabled the isolation of potent and broadly neu
tralizing HIV-1 antibodies, with multiple animal models 
demonstrating their efficacy in preventing infection and with 
clinical studies beginning to demonstrate their ability to sup
press virus in infected donors.1–5 Among this new generation 
of neutralizing antibodies are PG9, PGDM1400, and 
VRC26.25, which target the V1V2 apex of the HIV-1 Env;6–8 

PGT121,10–1074, and BG18, that target the glycan-V3 
epitope;9–11 VRC01, N6, N49P7, 3BNC117, and 1–18 that 
target the CD4-binding site;12–16 4E10, 10E8, DH511, and 
VRC42, which target the membrane-proximal external 
region17–20; 35O22, PGT151 and 8ANC195 that target the 
gp120 and gp41 interface region;21–23 and SF12, which recog
nizes the silent face of HIV-1.24

Passive transfer of these antibodies has shown varying 
degrees of protection against SHIV challenges in nonhuman 
primates (NHPs),25–31 and suppression of viremia in HIV- 
1-infected donors.32–35 In NHP studies, the effective serum 
concentration of the antibodies required for protection 
in vivo was estimated to be ~200-fold higher than the geo
metric mean IC50 measured in the TZM-bl neutralization 

assay.1 Recently, results of two randomized trials, HVTN 704/ 
HPTN 085 and HVTN 703/HPTN 081, that evaluated anti
body-mediated prevention against HIV-1 exposure in humans 
were reported. In these studies, 10 or 30 mg/kg of VRC01 was 
administered to 2,699 men and 1,924 women every 8 weeks for 
ten infusions in total, and the results indicated that VRC01 
conferred protection effectively against strains with an IC80 less 
than 1 µ/ml.36 Altogether, accumulating data show a clear need 
for antibodies with high neutralization potency and breadth for 
antibody-mediated prevention and treatment.

Multiple approaches have been used to improve the potency 
and breadth of isolated antibodies, including structure-based 
design,37–39 surface-matrix screening,40 and library-based 
optimization.41 In this study, we sought to further increase 
the potency and breadth of VRC01-class antibodies, as they 
exhibit some of the best potencies and breadths against cur
rently circulating isolates. Moreover, VRC01-class antibodies 
such as 3BNC117, VRC01, VRC01LS, and VRC07-523LS have 
shown favorable safety profiles in clinical trials32,42–46 with the 
extended half-life variant VRC01“LS” reaching 71 ± 18 d.47–49 

We applied a structure-based matrix approach to generate 
variants of VRC01, VRC07-523LS, VRC08, N6, 3BNC117 and 
N49P7, and assessed neutralization potency and breadth, 
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polyreactivity, manufacturability, and pharmacokinetics in 
human neonatal Fc receptor (FcRn) transgenic mice. On 
a diverse cross-clade panel of 208 HIV-1 strains,50 the best of 
the obtained variants showed more than 10-fold higher 
potency than VRC01, with favorable pharmacokinetic 
properties.

Results

A matrix of structure-based designs focuses on hotspots 
dominating VRC01-class antibody recognition

To improve the potency and breadth of VRC01-class antibo
dies, we chose to start with antibody VRC01, as this antibody, 
especially the extended half-life version VRC01LS, has already 
demonstrated superior physical and pharmacokinetic 
properties47 (Figure 1). Studies to improve the function of 
VRC01-class antibodies by structure-based rational design 
have been reported previously. Four hotspots dominating 
recognition have been investigated: (1) Gly54 in the heavy 
chain; Diskin et al. showed filling a hydrophobic pocket at 
the interface between gp120 and antibody NIH45-46 by sub
stituting Gly54 with Trp (G54W) to improve its affinities to 
gp120s and neutralization potency by up to 4-fold and 10-fold, 
respectively37 (Figure 1a); (2) CDR H3; the CDR H3 of NIH45- 
46 and VRC07, four amino acids longer than the CDR H3 of 
VRC01, allows NIH45-46 and VRC07 to engage gp120 with 
greater contact surface than VRC0137,38 (Figure 1b); (3) light- 

chain N-terminus; truncation of VRC01 light-chain Glu1 and 
Ile2 with Val3 to Ser mutation (V3S) improve the potency of 
VRC07-523 variants38 (Figure 1c); and (4) VRC03-framework 
region 3 (03FR3) loop; addition of this region increases 
potency while reducing polyreactivity. Truncation of the 
03FR3 loop in VRC03 resulted in loss of its binding to BG505 
SOSIP.664 and reduced binding to JRFL SOSIP.66439 

(Figure 1d).
While each of these hotspots has been tested separately, 

antibodies containing mutations on these hotspots in combi
nation have not been assessed for their potency, breadth, and 
pharmacokinetics. We therefore generated a 4 × 3 matrix of 
VRC01 variants displaying four combinations of G54W, 
03FR3, or VRC07-CDR H3 mutation in the heavy chain with 
the light chain as (1) wild-type, (2) incorporating Glu1 and Ile2 
deleted and V3S mutation (2aa_del_V3S), or (3) incorporating 
a deletion of the first three residues (3aa_del) (Figure 2a and 
Table S1), and assessed their neutralization potency and 
breadth on a representative 12-virus panel (Figure 2b). We 
found VRC01.23LS containing G54W and 03FR3 mutation in 
the heavy chain and 3aa_del in the light chain to be the most 
potent among the 12 variants tested, with its geometric mean 
IC50 improved more than 50-fold compared to VRC01LS. 
Overall, the heavy-chain G54W mutation improved the 
potency about fivefold, and the breadth from 58% to 83% 
compared to the parental VRC01LS, and 03FR3 insertion 
improved the potency about twofold, and the breadth from 
83% to 91%. However, swapping the CDR H3 with that of 

Figure 1. Structure-based approach focuses on recognition hotspots for VRC01-class antibodies. (a) Heavy-chain Gly54 to Trp mutation to mimic Phe43CD4 

occupying a hydrophobic pocket on gp120. (b) Swap of VRC01 CDR H3 with VRC07 CDR H3 to increase binding surface between gp120 and the CDR H3. (c) Deletion of 
three residues of N-terminal light chain to better accommodate various lengths and conformations of the V5 region of gp120. (d) Replacement of framework region 3 
with VRC03 framework region 3 (03FR3) to extend its interaction to the neighboring protomer. The structure of core gp120 in complex with VRC07-G54W (PDB ID: 4OLZ) 
is shown, superimposed on the structure of BG505 DS-SOSIP in complex with VRC01 Fab (PDB ID: 6NNF).
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NIH45-46 did not increase the potency and breadth. In addi
tion, we observed a clear trend in rank-order for potency of the 
light-chain variants, with 3aa_del the most potent followed by 
2aa_del_V3S and by wild-type.

Next, we assessed the polyreactivity of the variants using 
HEp-2 cells and a cardiolipin enzyme-linked immunosorbent 
assay (ELISA). Contrary to what has been observed for anti
bodies NIH45-46 and VRC07, whose polyreactive was substan
tially increased by G54W mutation,38 G54W in antibody 
VRC01 did not induce much polyreactivity (see variants 
VRC01.11LS, VRC01.12LS and VRC01.13LS in Figure 2c). 
Notably, when both 03FR3 and G54W mutations were intro
duced, no detectable polyreactivity was observed in HEp-2 cell 
staining and cardiolipin-binding assay (Figure 2c and Table 
S2). Thus, a matrix of structure-based designs yielded 

VRC01.23LS, a variant with ~70-fold increased potency, as 
assessed on a 12-isolate panel versus the parent VRC01LS, 
along with low polyreactivity.

Additional VRC01-class variants with improved potency 
and breadth

In light of the substantial improvement in potency of 
VRC01.23LS versus VRC01LS, we sought to apply the matrix- 
based approach to improve other VRC01-class antibodies such 
as 3BNC117, VRC07-523LS, N6, N49P713 and VRC08,51 some 
of which showed favorable clinical properties.42,44 Since we 
found that heavy-chain G54W and 03FR3 mutation yielded 
the most potent VRC01LS variant, we introduced both G54W 

Figure 2. A matrix of structure-based designs identifies a variant, VRC01.23LS, with improved potency and low HEp-2 reactivity. (a) Four different VRC01LS 
heavy chain variants were paired with three different VRC01LS light chains to generate 12 VRC01LS variants. (b) Neutralization IC50 values of 12 VRC01LS variants 
assessed on 12 diverse strains of HIV-1. Variant VRC01.23LS neutralized 11 out of 12 viruses with median IC50 of 0.34 μg/ml. (c) HEp-2 cell staining assay against VRC01LS 
variants was performed at a concentration of 25 μg/ml along with control antibodies, VRC01LS, 4E10, VRC07-523LS, and VRC07-G54W. Control antibodies were assigned 
a score between 0 and 3. Antibodies scored greater than 1 at 25 µg/ml were considered polyreactive.
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and 03FR3 mutations to the heavy chains of these antibodies 
and paired them with light-chain wild-type, 2aa_del, or 3aa_del 
(Figure 3a and Table S1).

As some VRC01-class antibodies have residues other than the 
germline-encoded Gly at position 54 in the heavy chain, 

mimicking Phe43CD4-gp120 interactions, (3BNC117, N6, and 
VRC07-523LS have Thr, Tyr, and His at position 54, respectively), 
we reasoned that a Trp mutation at residue 54 in these antibodies 
might not achieve a level of improvement similar to what has been 
observed with VRC01. Thus, we retained a tyrosine at position 54 

Figure 3. N49P7 and VRC07-523LS variants with improved potency and some HEp-2 reactivity. (a) Matrix of VRC01-class antibody variants. (b) Neutralization IC50 
values of N49P7 variants and VRC07-523LS variants against a 12-virus panel. (c) HEp-2 cell staining assay against N49P7 and VRC07 variants was performed in the 
concentration of 25 μg/ml along with control antibodies, VRC01LS, 4E10, VRC07-523LS, and VRC07-G54W. Control antibodies were assigned a score between 0 and 3. 
Test antibodies scored greater than 1 at 25 µg/ml were considered polyreactive.
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in N6 (Figure 3a), but changed Thr and His to Trp in both 
3BNC117 and VRC07-523LS. When tested, all variants with 
heavy-chain Trp54 and 03FR3 mutation showed improvements 
in potency, ranging from 1.4- to 6-fold, except for VRC08 
(Figure 3b). Improvements in potency as a result of light-chain 
mutations were observed for N49P7 and VRC07-523LS variants, 
with light-chain mutations in 3BNC117, N6 and VRC08 decreas
ing potency and breadth. Overall, N49P7.v2 and VRC07-523- 
W54-LS.v3 showed ~6- and ~4.5-fold improvement in potency, 
respectively (Figure 3b). These variants also showed a decrease in 
polyreactivity; specifically, while N49P7 showed a moderate 
degree of polyreactivity, N49P7.v1 and N49P7.v2 showed reduced 
HEp-2 cell binding in the presence of G54W mutation (Figure 3c). 
Likewise, the polyreactivities of VRC07-523-W54-LS variants 
were not elevated to the same level as shown in VRC07-G54W 
in the presence of the H54W mutation, indicating that the 03FR3 
insertion contributed to the reduced polyreactivity as reported 
previously.39 Overall, the structure-based matrix approach to 
optimize 3BNC117, N6, N49P7, VRC08, and VRC07-523LS 
yielded variants with about ~5-fold improvement (as low as 
median IC50 on the 12 virus-panel of 0.062 μg/ml for VRC07-523- 
W54-LS.v3 versus 0.344 μg/ml for VRC01.23LS), though the more 
potent variants did show some polyreactivity.

Truncation of Disordered Light-Chain N-termini Increases 
Potency, While Truncation of Ordered Light Chain 
N-termini Decreases Potency

To understand the mechanism underpinning the improved 
potency by light-chain truncation with only select antibodies, 

we analyzed the crystal structures of VRC01-class antibodies in 
complex with gp120. Notably, we observed the N-termini of 
the light chains of VRC01 (PDB ID: 3NGB), VRC07 (PDB ID: 
4OLU), and N49P7 (PDB ID: 6BCK), whose potencies were 
improved by N-terminal truncation, to be disordered, whereas 
we observed the N-termini of the light chains of VRC08 (PDB 
ID: 4XMP), 3BNC117 (PDB ID: 4JPV), and N6 (PDB ID: 
5TE6), whose potencies were impaired by N-terminal trunca
tion, to be well ordered (Figure 4). Thus, potency seemed to be 
improved only for VRC01 class antibodies for which the light 
chain was disordered, suggesting that ordered light chains 
could accommodate interactions with the V5 loop or that 
disordered light chains sterically clashed with the V5 loop. 
However, this proposition comes with two caveats: (1) the 
crystal structures of these VRC01-class antibodies in complex 
with clade A/E 93TH057 gp120, except VRC08 which is in 
complex with a clade A Q842.d12 gp120, do not represent all 
N-terminal states of the antibodies engaging different gp120s, 
and (2) lack of density at the N-termini of VRC01, VRC07, and 
N49P7 could arise because of the structures determined at 
relatively lower resolutions. Therefore, we further explored if 
stability of antibodies is associated with changes in potency, as 
it has been reported that improved antibody stability by opti
mizing contacts between variable heavy and light chains 
increased affinity and expression.52 We measured the thermal 
stability of the antibody variants using differential scanning 
fluorimetry (DSF) and found the melting temperature (Tm) 
of VRC08.v3 (VRC08-G54W+03FR3/3aa_del light chain), 
whose potency was impaired by light-chain truncation, to be 
about 10°C lower than that of VRC08.v1 (VRC08-G54W 

Figure 4. Truncation of disordered N-termini of VRC01-class light chains increased potency, while truncation of ordered light chains impaired potency. The 
N-termini of VRC01-class antibody light chains were shown in purple with 2fo-fc electron density maps in blue mesh contoured at 1 σ.
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+03FR3/wild-type (WT) light chain). However, the Tms of the 
rest of antibodies did not show any significant differences 
between 3aa_del-light chain variants and their wild-type coun
terparts, including 3BNC117.v3 and N6LS.v3, which showed 
reduced potency with the N-terminal truncation (Table S3). 
Thus, changes in potency due to truncation of light chain could 
not be fully explained by changes in thermal stability, suggest
ing either accommodability by light chain of V5 loops of 
diverse strains or loss of direct contact with gp120 to likely be 
the main attributor to changes in potency by light-chain 
truncation.

Large panel neutralization and serum half-life in human- 
FcRn transgenic mice

To confirm the improved neutralization potency and breadth 
observed with small panel and to better assess the suitability of 
their use in clinical trials, we tested the potency and breadth of 
VRC01.23LS, N49P7.v2, and VRC07-523-W54-LS.v3 on 
a cross-clade panel of 208-HIV-1 strains.50 VRC01.23LS neu
tralized 96% of the 208 viruses at a geometric mean IC50 of 
0.042 μg/ml, which amounted to a 6% improvement in breadth 
and 7.5-fold improvement in potency over VRC01 (Figure 5a). 
More importantly, VRC01.23LS neutralized 94% of the virus 
tested with a geometric mean IC50 of <1 μg/ml, while VRC01 
neutralized 74% of the viruses tested with a geometric mean 
IC50 of <1 μg/ml. Meanwhile, N49P7.v2 neutralized 97% of the 
viruses tested with a geometric mean IC50 of 0.082 μg/ml and 
93% of the breadth with a geometric mean IC50 of <1 μg/ml, 
while the parental N49P7 neutralized 93% of the viruses with 
a geometric mean IC50 of 0.27 μg/ml (Figure 5a, 5b, Table S4).

VRC07-523-W54-LS.v3 showed even greater improvement 
in potency and breadth. VRC07-523-W54-LS.v3 neutralized 
97% of the viruses tested with the geometric mean IC50 of 
0.024 μg/ml; remarkably, 96% of the viruses could be neutra
lized by VRC07-523-W54-LS.v3 with a geometric mean IC50 of 
<1 μg/ml. We also assessed a variant of VRC07-523-W54-LS. 
v3, VRC07-523-F54-LS.v3 (Table S1), in which the Trp at 
position 54 was replaced with Phe, as VRC07-523-F54-LS.v3 
was less polyreactive than VRC07-523-W54-LS.v3 (Figure S1). 
We observed VRC07-523-F54-LS.v3 to be almost as potent as 
VRC07-523-W54-LS.v3 (median IC50 of 0.027 μg/ml versus 
0.023 μg/ml) (Figure 5a).

In terms of serum half-life, which we assessed in transgenic 
mice with human FcRn, VRC01.23LS showed the serum half- 
life to be comparable to VRC01LS. VRC07-523-W54-LS.v3, 
however, exhibited a shorter serum half-life than VRC01LS 
and VRC07-523LS, which was not surprising as it was more 
polyreactive than VRC01LS (Figure 5c). But it is very encoura
ging to find the serum half-life of VRC07-523-F54-LS.v3 to be 
comparable to its parental VRC07-523LS (Figure 5c), which in 
humans shows a half-life of 38 d after intravenous infusion.42

Cryo-EM structure revealed functional relevance of 
VRC01.23LS design components

To visualize the recognition of each design component in 
VRC01.23LS, we determined the cryo-EM structure of the 
VRC01.23LS antigen-binding fragment (Fab) in complex 

with BG505 DS-SOSIP.664 at 3.4-Å resolution (Figure 6 and 
Table S5). Three VRC01.23 Fab molecules bound to three 
CD4-binding sites in the BG505 DS-SOSIP Env trimer 
(Figure S2), which contained the prefusion-stabilizing muta
tions C201 and C433 (DS).53 This mode of recognition 
resembled the crystal structure of BG505 DS-SOSIP in com
plex with VRC01 scFv and 35O22 scFv and 3H/109L Fab 
complexes (PDB ID: 6NNF), except for heavy-chain position 
54 where Gly was replaced with Trp (Figure 6a) and the light 
chain N-terminal where 3aa of position 1 to 3 were deleted 
(Figure 6b). The cryo-EM structure clearly showed Trp54 
with its side chain filling the entrance to the Phe43 cavity54 

on gp120 and the first N-terminal light-chain residue, Leu4, 
to be 9.5-Å (Cα-Cα distance) from the closest residue on 
gp120, Thr461 (Figure 6b). The former could allow 
VRC01.23LS to bind the Env trimer with increased affinity 
and the latter may enable VRC01.23LS to better accommo
date divergent V5 loops.

The extension of VRC03 framework 3 loop (03FR3) inser
tion was evident in the reconstruction density, as it protruded 
to reach the neighboring gp120 protomer (Figure 6c). The 
inserted loop provided an additional contact surface of 106- 
Å2 on gp120. However, no specific hydrogen bonds or charge– 
charge interactions between the insert and the gp120 were 
observed. In addition to the specific design components, the 
cryo-EM structure revealed an interesting interaction between 
Arg66 of the light chain of VRC01.23 and the N-linked glycan 
core emanating from Asn276 of the BG505 Env; an extensive 
hydrogen bonding network was observed that differed from 
what has been observed previously55 (Figure S3), suggesting 
Arg66, in addition to the other identified recognition hotspots, 
to be a key site for Env-trimer recognition (Figure 6d).

Manufacturing and biophysical risk assessment

Lastly, as the improved VRC01-class antibodies described in 
this study may need to be manufactured, we assessed the 
biophysical properties for two of the most promising variants, 
VRC01.23LS and VRC07-523-F54-LS.v3 (Table S6). Some 
properties of VRC01.23LS, particularly, its melting tempera
ture, as determined by differential scanning calorimetry, and its 
colloidal stability were compromised compared to VRC01LS, 
as these properties were assessed with VRC01.23LS in phos
phate-buffered saline (PBS), at pH 7.4, which is not an ideal 
buffer and pH. The antibody in optimized buffer, comprising 
10 mM acetate-phosphate at pH 5.5, 50 mM arginine, and 
50 mM glutamic acid, allowed us to concentrate the antibody 
up to 120 mg/ml with no visible particles. Furthermore, we 
were able to develop a stable Chinese hamster ovary cell line 
that yielded 4.5–5.5 g/L of a VRC01.23LS variant. As such, the 
variants demonstrated acceptable characteristics to advance for 
product development.

Discussion

An ideal HIV-1 antibody for passive immunization should 
possess high neutralization potency and breadth, long serum 
half-life, and good manufacturability. In this study, we sought 
to improve the potency and breadth of VRC01-class antibodies 
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by screening a matrix of variants with mutations identified by 
structure-based rational design.

We first chose to improve the potency and breadth of anti
body VRC01LS because it has shown optimal biophysical 
properties for manufacturing, polyreactivity, and pharmacoki
netics among the VRC01-class antibodies we have developed. 
Diskin et al. first showed that G54W mutation, a mimic of the 
Phe43CD4-gp120 interaction, enhanced the potency of NIH45- 
46 ~10-fold.37 However, increased potency by G54W was 
accompanied with increased polyreactivity. Likewise, the 
G54W mutation in antibody VRC07 improved the potency 
about fourfold but with substantially increased polyreactivity, 
indicating that Trp at position 54 is associated with increased 
polyreactivity, and therefore should be avoided. Nevertheless, 
we explored G54W mutation to improve VRC01-like antibo
dies because it improved the potency of NIH45-46 substan
tially, and we also found polyreactivity induced by G54W 
mutation to be antibody specific – some VRC01-class antibo
dies with Trp or residues other than Gly at position 54 are not 

polyreactive. Furthermore, Liu et al. demonstrated that 03FR3 
insertion reduces polyreactivity.39 Indeed, G54W at VRC01LS 
showed substantially lower polyreactivity against HEp-2 cells 
than VRC07-G54W (Figure 2c), with a potency improved 
more than ~8-fold against a 208-virus panel. Polyreactivity 
was further reduced with 03FR3 insertion. However, replacing 
the CDR H3 of VRC01 with that of VRC07 did not improve the 
potency. For light-chain variants, the 3aa-del consistently 
increased the potency more than the 2aa-del or light chain 
wild-type, regardless of the heavy chains to which it was paired. 
Overall, the VRC01.23LS variant, incorporating G54W muta
tion and 03FR3 insertion in heavy chain with 3aa_del at the 
light-chain N-terminus displayed potency about tenfold 
increased relative to VRC01. More importantly, VRC01.23LS 
did not show any detectable polyreactivity with nearly the same 
serum half-life as that of VRC01LS.

The same mutations, G54W and the 03FR3 insertion, incor
porated into the VRC07-523LS heavy chain along with 3aa-del 
mutation in light chain, yielded the even more potent VRC01- 

Figure 5. VRC01-class antibodies: neutralization potency and breadth against multiclade panel of viruses and serum half-life in human FcRn transgenic 
mice. (a) Summary of neutralization potency and breadth of VRC01-class antibodies against a panel of 208 pseudoviruses (b) Scattered plots of neutralization potency 
and breadth with black bars representing median IC50s. A horizontal dotted line extending from the median IC50 of VRC07-523-W54-LS.v3 was drawn as a reference for 
comparison. (c) Pharmacokinetics of VRC01-class antibodies in human FcRn transgenic mice. Error bars represent SD.
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class antibody, VRC07-523-W54-LS.v3, which neutralized 98% 
of 208 viruses tested at a geometric mean IC50 of 0.024 μg/ml. 
As has been observed in VRC01.23LS, the 03FR3 insertion 
reduced the polyreactivity of VRC07-523-W54-LS.v3 to 
a level similar to that of VRC07-523LS (Figure 3c and Table 
S2). However, polyreactivity of VRC07-523-W54-LS.v3 was 
noticeably higher than that of VRC01LS and VRC01.23LS; 
therefore, we replaced its Trp 54 with Phe in an attempt to 
reduce polyreactivity. Indeed, VRC07-523-F54-LS.v3 showed 
reduced polyreactivity (Figure S1) with nearly the same 
potency and breadth of VRC07-523-W54-LS.v3 (Figure 5a). 
Furthermore, VRC07-523-F54-LS.v3 showed a markedly 
enhanced serum half-life over VRC07-523-W54-LS.v3 
(Figure 5c), as expected from the correlation between reduced 
polyreactivity and increased serum half-life.54

Antibody N49P7 with G54W and the 03FR3 insertion also 
displayed about a fivefold increase in potency against a 12-virus 
panel. The 2aa- or 3aa-del mutations in light chain further 
increased the potency. Overall, N49P7.v2 showed about three
fold improvement in potency with a geometric mean IC50 of 
<1 μg/ml against 93% of 208 viruses tested, while the parental 
N49P7 neutralized 79% of the panel with a geometric mean IC50 
of <1 ug/ml (Figure 5a). VRC08, 3BNC117, and N6, however, 
did not show as much improvement in potency as VRC01.23LS, 
VRC07-523-W54-LS.v3, and N49P7 did, which was not surpris
ing given that 3BNC117 and N6 have the naturally occurring 
Thr and Tyr at position 54, respectively. Contrary to what was 
observed in VRC01.23LS, VRC07-523-W54-LS.v3, and N49P7, 
light-chain deletion mutations in VRC08, 3BNC117, and N6 
caused impaired potency and breadth. Interestingly, we observed 
that improvement in potency by light-chain truncation is 

dependent on the degree of order of the light-chain N-termini. 
The crystal structures of the antibodies in complex with gp120 
showed the N-termini of antibodies with improved potency by 
light-chain truncation were disordered, while the antibodies that 
decreased potency by light-chain truncation had ordered 
N-termini. We also observed that the first three residues of 
VRC08 and N6 light-chain contact neighboring residues more 
substantially compared to VRC01, VRC07, and N49P7 (Figure 
S4), whose potencies were improved by light-chain truncation. 
However, determining the exact mechanism underpinning the 
reduced potency of 3BNC117 and N6 variants by light-chain 
truncation has been complicated by the presence of Trp54 or 
03FR3 mutation, as Liu et al. found the 03FR3 insertion to 
3BNC117 reduced the potency.

In summary, we have engineered VRC01-class antibodies, 
VRC01.23LS and VRC07-523-F54-LS.v3, with improved 
potency and breadth without compromising either physical 
properties or pharmacokinetics by designing and testing 
a matrix of antibody variants generated by structure-based 
design. Such an approach may be applicable to the optimization 
of broadly neutralizing antibodies of different classes, such as 
against the V2-apex or glycan-V3 supersites of vulnerability on 
gp120, or the membrane-proximal or fusion peptide supersites 
of vulnerability on gp41, by exploiting the critical sites that each 
of these antibody classes uses to neutralize HIV-1. With VRC01- 
class antibodies, we also demonstrated that the serum half-life of 
an antibody could be extended by reducing polyreactivity. The 
highly favorable potency, breadth, and half-life of these newly 
obtained matrix-optimized VRC01-class antibodies suggest that 
they may have increased prophylactic efficacy for HIV-1 pre
vention versus prior generations of VRC01-class antibodies.

Figure 6. Cryo-EM structure of VRC01.23 Fab in complex with BG505 DS-SOSIP trimer at 3.4-Å resolution. (a) Heavy-chain Gly54 to Trp in its electron density map 
(b) The N-terminus of light chain VRC01.23LS starting at Leu4 in its electron density map. Cα-Cα distance of 9.5 Å between Leu4 and Thr461 in gp120 was shown in 
a dotted line. (c) The protruding loop region of the 03FR3 was shown in stick representation. (d) The hydrogen bonding networks between glycan at position 276 of 
gp120 and Arg66 of VRC01.23 light chain were shown in red dotted lines.
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Materials and methods

Construct design, protein expression, and purification

Plasmids encoding heavy-chain or light-chain variant genes 
were generated by site-directed mutagenesis or overlapping 
PCR using pVRC8400 vectors containing WT heavy-chain or 
light-chain genes as templates. The variants were expressed by 
transient transfection in EXPI293 cells (Thermo Fisher) using 
Turbo293 transfection reagent (SPEED BioSystems) according 
to the manufacturer’s recommendation. The plasmid encoding 
heavy-chain or light-chain variant genes were mixed with the 
transfection reagents, added to 100 ml of cells at 2.5 × 106/ml, 
and incubated in a shaker incubator at 120 rpm, 37°C, 9% CO2 
overnight. Cell cultures were incubated at 120 rpm, 37°C, 9% 
CO2 for additional 4 d. At 5 d post-transfection, cell culture 
supernatant was harvested and purified with a Protein A (GE 
Healthcare) column. The eluted variants were brought to neu
tral pH with 1 M Tris-HCl, pH 8.0 and were dialyzed against 
PBS overnight, and were confirmed by SDS-PAGE before use.

Neutralization

Single-round-of-replication Env pseudoviruses were prepared, 
titers were determined, and the pseudoviruses were used to 
infect TZM-bl target cells as described previously.56 

Neutralization of monoclonal antibodies was determined 
using a multiclade panel of 12 HIV-1 Env-pseudoviruses 
including clade A (2), clade AG (1), clade B (4), clade C (4), 
and clade D (1), and using a 208-isolate panel.50 Each antibody 
was assayed at fivefold dilutions starting at 50 μg/ml. The 
neutralization titers were calculated as a reduction in lumines
cence units compared with control wells, and reported as 50% 
or 80% inhibitory concentration (IC50 or IC80) in micrograms 
per milliliter.

Polyreactivity

Polyreactivity was determined by ANA HEp-2 Staining 
Analysis (ZEUS Scientific Cat. No: FA2400) and anticardio
lipin ELISA (Inova Diagnostics Cat. No.: 708625). For the 
HEp-2 assay, all antibodies were tested at 25 and 50 μg/ml as 
per manufacturer’s protocol and imaged on a Nikon Ts2R 
microscope for 500 ms. Scores from 0 to 3 were defined with 
four control antibodies VRC01-LS, 4E10, VRC07-523LS, and 
VRC07-G54W. Test antibodies were scored by visual estima
tion of staining intensity in comparison to the control anti
bodies. Scores equal to or greater than 1 at 25 μg/ml were 
classified as polyreactive, and between 0 and 1 as mildly 
polyreactive. In the cardiolipin ELISA, antibodies were 
tested at a starting concentration of 100 μg/ml, followed by 
threefold dilutions. IgG phospholipid (GPL) units were cal
culated from the standard curve. GPL score < 20 was con
sidered as not reactive, 20–80 as low positive and >80 as 
high positive.

Serum half-life in human FcRn transgenic mouse model

Human FcRn transgenic mice (C57BL/6, B6.mFcRn−/− 
hFcRn Tg32 line from The Jackson Laboratory) were used 

to assess the pharmacokinetics of VRC01 and VRC07 variant 
antibodies. Each animal was infused intravenously with 5 mg 
antibody/kg of body weight. Whole blood samples were 
collected at d 1, 2, 5, 7, 9, 14, 21, 28, and 35. Serum was 
separated by centrifugation. Serum antibody levels were 
measured by ELISA as described previously.38 All mice 
were bred and maintained under pathogen-free conditions 
at an American Association for Assessment and 
Accreditation of Laboratory Animal Care International- 
accredited animal facility at the National Institute of 
Allergy and Infectious Diseases and housed in accordance 
with the procedures outlined in the Guide for the Care and 
Use of Laboratory Animals. All mice were between 6 and 
13 weeks of age. The study protocol was evaluated and 
approved by the National Institutes of Health Animal Care 
and Use Committee (ASP VRC-18-747).

Cryo-EM data collection and processing

BG505 DS-SOSIP.664 was prepared as previously described53 and 
incubated with molar excess of antibody Fabs and 2.3 μl of the 
complex at 1 mg/ml concentration was deposited on a C-flat grid 
(protochip.com). The grid was vitrified using an FEI Vitrobot 
Mark IV with a wait time of 30 s, blot time of 3 s and blot force of 
1. Automated data collection on a Titan Krios electron micro
scope was performed with Leginon57 with a Gatan K2 Summit 
direct detection device. Exposures were collected in movie mode 
for a 10 s with the total dose of 70.41 e–/Å2 fractionated over 50 
raw frames. Images were preprocessed using Appion58,59; indivi
dual frames were aligned and dose-weighted using 
MotionCor2.60 CTFFind461,62 was used to estimate the CTF and 
DoG Picker58,59 was used for particle picking. RELION63 was 
used for particle extraction. CryoSPARC 2.1264 was used for 2D 
classifications, ab initio 3D reconstruction, homogeneous refine
ment, and nonuniform 3D refinement. Initial 3D reconstruction 
was performed using C1 symmetry, confirming 3 Fab molecules 
per trimer, whereupon C3 symmetry was applied for the final 
reconstruction and refinement. Coordinates from PDB ID 
6NNF39 was used for initial fit to the reconstructed map. This 
was followed by simulated annealing and real space refinement in 
Phenix65 and then iteratively processed with manual fitting of the 
coordinates in Coot.66 Geometry and map fitting were evaluated 
throughout the process using Molprobity67 and EMRinger.68 

PyMOL (www.pymol.org) was used to generate figures.

Manufacturability assessment

Manufacturability for VRC01.23LS and VRC07-523-F54-LS.v3 
was assessed by visual inspection, dynamic light scattering, 
thermal transitions by dynamic light scattering, differential 
scanning calorimetry, circular dichroism, and isothermal che
mical denaturation as previously described.40

Nano differential scanning fluorimetry

The thermal stability of antibody variants was determined by 
using Prometheus NT.48 instrument (NanoTemper 
Technologies). Variants were diluted to the concentration of 
0.5 mg/ml in PBS, pH 7.4, loaded into capillaries, and placed on 
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the sample holder. The temperature gradient was set from 30°C 
to 90°C with an increment of 1°C/min, and the intrinsic fluor
escence intensity at wavelengths of 330 and 350 nm was mea
sured. Data were analyzed using NanoTemper software.

Statistical analysis and the antibody numbering scheme

The statistical analyses were performed using GraphPad Prism. 
The Kabat numbering scheme was used for the numbering of 
amino acid residues in antibodies.
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