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ABSTRACT

Over the past 5 years, a new generation of highly potent and broadly neutralizing HIV-1 antibodies has been identified. These
antibodies can protect against lentiviral infection in nonhuman primates (NHPs), suggesting that passive antibody transfer
would prevent HIV-1 transmission in humans. To increase the protective efficacy of such monoclonal antibodies, we employed
next-generation sequencing, computational bioinformatics, and structure-guided design to enhance the neutralization potency
and breadth of VRCO1, an antibody that targets the CD4 binding site of the HIV-1 envelope. One variant, VRC07-523, was 5- to
8-fold more potent than VRCO01, neutralized 96% of viruses tested, and displayed minimal autoreactivity. To compare its protec-
tive efficacy to that of VRCO1 in vivo, we performed a series of simian-human immunodeficiency virus (SHIV) challenge experi-
ments in nonhuman primates and calculated the doses of VRC07-523 and VRCO1 that provide 50% protection (ECs,). VRC07-
523 prevented infection in NHPs at a 5-fold lower concentration than VRCO1. These results suggest that increased neutralization
potency in vitro correlates with improved protection against infection in vivo, documenting the improved functional efficacy of
VRCO07-523 and its potential clinical relevance for protecting against HIV-1 infection in humans.

IMPORTANCE

In the absence of an effective HIV-1 vaccine, alternative strategies are needed to block HIV-1 transmission. Direct administration of
HIV-1-neutralizing antibodies may be able to prevent HIV-1 infections in humans. This approach could be especially useful in individ-
uals at high risk for contracting HIV-1 and could be used together with antiretroviral drugs to prevent infection. To optimize the
chance of success, such antibodies can be modified to improve their potency, breadth, and in vivo half-life. Here, knowledge of the
structure of a potent neutralizing antibody, VRCO1, that targets the CD4-binding site of the HIV-1 envelope protein was used to engi-
neer a next-generation antibody with 5- to 8-fold increased potency in vitro. When administered to nonhuman primates, this antibody
conferred protection at a 5-fold lower concentration than the original antibody. Our studies demonstrate an important correlation
between in vitro assays used to evaluate the therapeutic potential of antibodies and their in vivo effectiveness.

Pathogen—speciﬁc antibodies can prevent infection by numer-
ous human viruses (1, 2). For HIV-1, neutralizing antibodies
to the gp120 and gp41 envelope glycoproteins (Env) can prevent
infection in the macaque simian/human immunodeficiency virus
(SHIV) model of infection (3-10). Initial studies suggested high
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levels of antibodies were required for protection, but more recent
studies suggest that lower, physiologically achievable levels of
plasma antibody can prevent infection by mucosal challenge (8, 9,
11). While no human passive prevention studies have been con-
ducted with HIV-1-specific neutralizing monoclonal antibodies
(MAbs) so far, the available animal model data suggest that neu-
tralizing antibodies induced by a vaccine or passive immunization
could prevent human HIV-1 infection (12, 13). Advances in B-cell
immunology and cloning techniques have led to the isolation of
numerous HIV-1 neutralizing MAbs with potency and breadth far
greater than those of earlier antibodies. These antibodies target
multiple sites of vulnerability on HIV-1 Env (14), including the
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CD4 binding site (CD4bs), the V1V2 region, a glycan V3 site of
gp120, the membrane-proximal external region of gp41, and three
newly described sites that include regions of both gp120 and gp41
(15-38).

Among these MAbs is VRCO01, a CD4-binding site-directed
antibody that neutralizes ~90% of HIV-1 strains with a 50% in-
hibitory concentration (ICs,) of less than 50 wg/ml and 72% of
HIV-1 strains with an IC,, of less than 1 pg/ml (19). The crystal
structure of VRCO01 bound to gp120 reveals a mode of antibody
recognition similar to the recognition of gp120 by the cell surface
receptor CD4 (20). Additional MAbs that share genetic and struc-
tural characteristics with VRCO1 have been discovered (24, 26,
39), and these MAbs have been collectively termed the VRCO1
class of neutralizing antibodies (14, 34, 40). VRCOLI is able to pro-
tect macaques against vaginal or rectal SHIV challenge (41), a
topical gel formulation is able to protect humanized mice from
HIV-1 challenge (42), and gene-based production of VRCO1 from
an adeno-associated virus vector is able to protect humanized
mice against HIV-1 infection (43, 44). Together, these data sug-
gest that VRCO1 may prevent infection in humans.

In addition to their potential to prevent infection, HIV-1
MAbs may have a role as therapeutic agents. Several recent studies
in NHP (45, 46) and humanized mouse models (47, 48) indicate
that combinations of potent HIV-1 MAbs substantially reduce
plasma viremia. These studies also suggested that the magnitude
of the in vivo therapeutic effect on viremia was related to the in
vitro neutralization potency of the antibodies. Prior NHP studies
also have suggested that infection could be prevented by passive
infusion of neutralizing, but not nonneutralizing, HIV-1-specific
antibodies (3, 49, 50).

We hypothesized that the in vitro neutralization potency of an
HIV-1-specific MAb would correlate with its ability to prevent
infection in vivo; therefore, we sought to improve the neutraliza-
tion potency and breadth of reactivity of antibody VRCO1. Al-
though various HIV-1 specific MADbs, including new, more potent
MADbs (11, 41), have been evaluated in NHPs, a direct comparison
between a wild-type and a higher potency engineered variant has
not been performed. Here, we used next-generation sequencing of
antibody gene transcripts to identify heavy-chain somatic variants
of VRCO1 with enhanced neutralization potency. The somatic
variant with highest potency, VRC07, was subjected to an iterative
process of computational and structure-guided optimization
which identified mutations that optimized neutralization potency
and minimized autoreactivity in vitro. This process led to the se-
lection of next-generation VRCO7 variants that allowed us to de-
termine whether increased virus neutralization in vitro conferred
greater protection against infectious challenge in vivo. The defini-
tion of the correlates and mechanisms of antibody-mediated pro-
tection has significant implications for the development of effec-
tive immunoprophylaxis against HIV-1 infection.

MATERIALS AND METHODS

Human specimens. The peripheral blood mononuclear cells (PBMCs)
used in this study were obtained from the HIV-1-infected donor 45 who
enrolled in Institutional Review Board-approved clinical protocols at the
National Institute of Allergy and Infectious Diseases (NIAID). The anti-
HIV-1 broadly neutralizing MAbs VRC01, VRC02, VRC03, NIH45-46,
NIH45-177, NIH45-243, VRC06, and VRC06b (19, 24, 51) were isolated
from this donor from PBMCs collected in 2008, which was 18 years after
his diagnosis of HIV-1 clade B infection in 1990. Donor 45 was a slow
progressor and remained antiretroviral treatment naive, with CD4 T-cell
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counts of over 500 cells/pl and plasma HIV-1 RNA loads of less than
15,000 copies/ml.

Sample preparation for 454 pyrosequencing. The 454 library prepa-
ration and pyrosequencing of heavy-chain transcripts was performed at
the NIH Sequencing Center (NISC) as previously described (26). Briefly,
mRNA was extracted from 20 million PBMCs into 200 wl elution buffer
using the Oligotex direct mRNA minikit (Qiagen) and then concentrated
to 10 to 30 pl by centrifuging the buffer through a Microcon 30-kDa filter
(Millipore). Reverse transcription was performed in one or multiple 35-pl
reaction mixtures, each composed of 13 pl of mRNA, 3 pl of oli-
go(dT),, 5 at 0.5 pg/pl (Invitrogen), 7 pl of 5X first-strand buffer (In-
vitrogen), 3 pl of RNaseOut (Invitrogen), 3 pl of 0.1 M dithiothreitol
(DTT; Invitrogen), 3 pl of deoxynucleoside triphosphate (ANTP) mix
(each at 10 mM), and 3 pl of SuperScript II (Invitrogen). The reaction
mixtures were incubated at 42°C for 2 h. The cDNAs from each reaction
were combined, applied to the NucleoSpin extract II kit (Clontech), and
eluted in 20 pl of elution buffer. In this way, 1 pl of the cDNA comprised
transcripts from one million PBMCs. The immunoglobulin VHI gene
family PCR was set up in a total volume of 50 wl, using 5 pl of the cDNA
as the template (equivalent of transcripts from 5 million PBMCs). The
DNA polymerase system used was the Platinum Taq high-fidelity (HiFi)
system (Invitrogen). In accordance with the manufacturer’s instructions,
the reaction mix was composed of water, 5 ul of 10X buffer, I pl of
supplied MgSO,, 2 pl of ANTP mix (each at 10 mM), 1 to 2 .l of primers
at 25 pM, and 1 pl of Platinum Taq HiFi DNA polymerase. The forward
primers for VH1 gene amplification were a mix of the following: 5'L-VHI,
5'-ACAGGTGCCCACTCCCAGGTGCAG-3'; 5'L-VH1#2, 5'-GCAGCC
ACAGGTGCCCACTCC-3'; 5'L-VH1-24, 5'-CAGCAGCTACAGGCAC
CCACGC-3'; and 5'L-VH1-69, 5'-GGCAGCAGCTACAGGTGTCCAG
TCC-3'. The reverse primers were 3'Cy-CH1 (5'-GGGGGAAGACCGA
TGGGCCCTTGGTGG-3") and 3'Cu-CH1 (5'-GGGAATTCTCACAGG
AGACGA-3"). We should note that the VH1 forward primers used for this
PCR were based on the unmutated germ line human VH1 gene sequences,
annealing at the 3’ end of the leader region or at the first three residues in
the coding region. For heavily somatically hypermutated heavy-chain se-
quences, such as those found in the VRCO1 class, somatic hypermutations
in these regions will affect the PCR amplification efficiency as reported
previously (24). The PCRs were initiated at 95°C for 30 s, followed by 25
cycles of 95°C for 30 s, 58°C for 30 s, and 72°C for 1 min, and then a final
incubation at 72°C for 10 min. The PCR products at the expected size
(~500 bp) were gel extracted and purified (Qiagen), followed by further
phenol-chloroform extraction (52).

454 Library preparation and pyrosequencing. Sample preparation
and 454 pyrosequencing of heavy- and light-chain transcripts was per-
formed as previously described (26). The PCR product was quantified
using Qubit (Life Technologies, Carlsbad, CA). Following end repair, 454
adapters were added by ligation. Library concentrations were determined
using the KAPA Biosystems quantitative PCR (qPCR) system (Woburn,
MA) with 454 pyrosequencing standards provided in the KAPA system.
Pyrosequencing of the PCR products was performed on a GS FLX se-
quencing instrument (Roche 454 Life Sciences, Bradford, CT) using the
manufacturer’s suggested methods and reagents. Initial image collection
was performed on the GS FLX instrument, and subsequent signal process-
ing, quality filtering, and generation of nucleotide sequence and quality
scores were performed on an off-instrument Linux cluster using 454 ap-
plication software (version 2.5.3).

Bioinformatics analysis of 454 pyrosequencing reads. A general
bioinformatics pipeline was developed in-house to process and analyze
454 pyrosequencing reads. Specifically, each sequence read was (i) refor-
matted and labeled with a unique index number; (ii) assigned to the vari-
able (V) gene family and allele using an in-house implementation of
IgBLAST (http://www.ncbi.nlm.nih.gov/igblast/) (sequences with an E
value or >107> were rejected); (iii) compared to the germ line V gene and
known VRCO1-like antibodies using nucleotide sequences and a global
alignment module implemented in CLUSTALW2 (53), which provides
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the basis for identity/divergence-grid analysis; and (iv) subjected to a tem-
plate-based error correction scheme where 454 homopolymer errors in
the V gene were detected and corrected based on the alignment to the
germ line sequence. The VRCO07 heavy-chain sequence was identified
based on its 90% nucleotide sequence identity to the VRCO1 heavy chain.

Numbering of amino acid residues in antibody. We followed the
Kabat (54) or the IMGT (http://www.imgt.org/) nomenclature for amino
acid sequences in antibodies as indicated.

Generation of VRC07 and mutants. Plasmids encoding the heavy and
light chains of VRC07 and related variants were generated either by gene
synthesis (Genscript, Piscataway, NJ, or GeneImmune, Rockville, MD) or
site-directed mutagenesis (QuikChange II XL site-directed mutagenesis
kit or QuikChange lightning multisite-directed mutagenesis kit; Agilent).
All MAbs were expressed by transiently cotransfecting the heavy and light
chains into HEK 293F cells. Supernatants were harvested 5 to 6 days later,
and IgG was purified with protein A or protein G affinity chromatography
(GE Healthcare).

Crystallization, data collection, and structure determination. The
VRCO07 heavy-chain gene with an HRV3C cleavage site (GLEVLFQGP)
after Lys 235 was synthesized and cloned into the pVRC8400 vector. The
VRCO1 light-chain gene was synthesized and cloned into the same vector,
and an Asn72Thr mutation was introduced to remove a glycosylation site.
Antigen binding fragments (Fabs) were prepared by digestion of IgGs with
HRV3C protease as described previously (22). Clade A/E 93TH057 gp120
extended core (core,) was prepared as reported previously (55). Fab-
93THO057gp120 core, complexes were further purified using Superdex 200
16/60 (GE Healthcare) and concentrated to ~10 mg/ml in buffer contain-
ing 2.5 mM, Tris-HCl, pH 7.5, 350 mM NaCl, 0.02% NaNj. Initial crys-
tallizations were performed using a Honeybee 963 robot and a commer-
cially available Hampton screen (Hampton Research), Precipitant
Synergy screen (Emerald Biosystems), and Wizard screen (Emerald Bio-
systems). Crystallization conditions were further optimized manually.
Crystals suitable for diffraction grew in a vapor diffusion hanging-drop
setup by mixing 0.5 wl of protein and 0.5 i of reservoir solutions con-
taining 10 to 14% polyethylene glycol (PEG) 4000, 0.2 M sodium acetate,
0.1 M Tris-HCI, pH 8.5. X-ray diffraction data were collected at the syn-
chrotron beamlines (Advanced Photon Source, Argonne National Labo-
ratory) SER-CAT ID22 and BM22 from crystals in cryoprotectant con-
taining 15% ethylene glycol, 15% glycerol, and 7.5% 2R,3R-butanediol
and then supplemented with reservoir solutions. Data were processed
using HKL2000 (56). The structures were determined by molecular re-
placement using Phaser (57) and VRCO1-bound 93TH057gp120 (PDB
entry 3NGB) as the search model. Models were rebuilt manually using
COOT (58), and refinement was performed with PHENIX (59). The pro-
gram PISA (60) was used to calculate binding surfaces.

Structure-guided optimizations. (i) Design of VRC07 heavy-chain
interface mutants. All VRC07-gp120 interface residues of the Ab were
considered for mutation. For each amino acid position, a structure-based
design was conducted using OSPREY (61, 62). The top-ranked OSPREY
mutants were visualized for gained interface interactions using Probe (63)
and selected for mutagenesis.

(ii) Design of VRCO7 partial framework reversions to germ line. A
method for partial reversion of antibody residues to the germ line was
used as described previously (64). Specific amino acids in the variable
heavy- and variable light-framework regions were chosen for reversion to
germ line. Structural analysis and structure-based design were performed
using OSPREY (61, 62), MolProbity (65), and PyMOL (PyMOL Molecu-
lar Graphics System, version 1.5.0.4; Schrédinger, LLC).

(iii) Design of VRC07 mutants with altered hydrophobic residues.
Hydrophobic residues that were exposed on the VRCO07 surface but that
were not part of the antibody-gp120 interface were selected for muta-
tion. The solvent-accessible surface area for each residue was com-
puted using ASA-View (66), and antibody-antigen analysis was per-
formed using PISA (60). Additional mutations to Asp or Glu in the
heavy-chain second complementarity determining region (CDR H2)
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and CDR L1 were introduced to improve biophysical properties (67).
Structure-based antibody redesign and mutation scoring was per-
formed using OSPREY (61, 62).

(iv) Redesign of VRCO7 light-chain—heavy-chain interface. The fol-
lowing VRCO7 light-chain residues at the interface with the antibody
heavy chain, but not proximal to gp120, were selected for redesign: Ala34,
Ala43, Leu46, Ala55, and Ala56. The OSPREY protein redesign software
(61, 62) was used to search for and select mutations at these residue posi-
tions that may stabilize the VRCO07 light-chain—heavy-chain interface.

(v) Design of G54 mutants. Initially, G54 variants were selected based
on information gained from previous reports (19, 26, 68) and current
structural studies. The rationale was to select residues with bulky hy-
drophobic side chains, such as Phe, Trp, or Tyr, that will allow mim-
icry of the gp120-Phe 43, interaction. The initial G54F, G54W, and
G54Y variants showed increased potency and breadth but also showed
strong autoreactivity. Thus, we generated variants with all possible
amino acids at this location and tested their neutralization potency/
breadth and autoreactivity.

(vi) Design of light-chain N-terminal modifications. A close inspec-
tion of the previous (20) and current VRC07-bound gp120 structures re-
vealed that the most N-terminal region of the VRCOL1 light chain was disor-
dered and did not contact gp120. Furthermore, it was likely that the N
terminus of the light chain would encounter a clash with HIV-1 strains pos-
sessing a long V5 region. To negate the potential structural clashes, we de-
signed the light-chain variants with various N-terminal residues truncated
and/or replaced with Gly or Ala. At later stages, we also generated the light-
chain variants with Ser or Glu replaced at position 3 to reduce autoreactivity.

(vii) Analyses of variants. All variants were expressed as IgG1 and
tested for neutralization breadth/potency and/or autoreactivity. Results
were used to generate new rounds of mutations. Promising modifications
were down-selected and combined.

Neutralization analysis. Neutralization was measured using single-
round-of-infection HIV-1 Env pseudoviruses and TZM-bl target cells
(HeLa cells engineered to express CD4 and CCR5), as described previ-
ously (19, 70-72). Neutralization curves were fit by nonlinear regression
using a 5-parameter Hill slope equation. The 50% and 80% inhibitory
concentrations (ICs, and ICy,) were reported as the antibody concentra-
tion or serum dilution required to inhibit infection by 50% and 80%,
respectively.

VRCO07 G54 variant ELISA. The binding of VRC07 G54 variants to
HIV-1 gp120 protein (consensus sequence protein for clade Al; Immune
Technology Corp., New York, NY) was detected with enzyme-linked im-
munosorbent assay (ELISA). Briefly, Nunc MaxiSorp plates (Thermo
Fisher) were coated overnight with 2 ug/ml of HIV-1 gp120 protein
(Con_Al; Immune Technology Corp., New York, NY) in phosphate-
buffered saline (PBS) (pH 7.4). Coated plates were blocked with PBS-
Tween 20 (PBS-T) buffer containing 5% skim milk (Thermo Fisher) and
2% bovine albumin fraction V (MP Biomedicals, Santa Ana, CA) for 1 h at
room temperature (RT) or overnight at 4°C, followed by incubation with
antibody serially diluted in PBS-T buffer for 1 h at RT. Horseradish per-
oxidase-conjugated sheep anti-human IgG antibody (GE Healthcare) at
1:5,000 was added for 1 h at RT. All volumes were 100 pl/well, except that
200 pl/well was used for blocking. Plates were washed five times between
each step with PBS-T. After a final wash, plates were developed using 100
pl/well of 3,3',5,5'-tetramethylbenzidine (TMB) (Kirkegaard & Perry
Laboratories, Gaithersburg, MD), stopped using 50 pl/well of 0.5 M
NaOH, and read at 450 nm.

Polyreactivity analysis of antibodies. Antibody binding to cardioli-
pin was determined as previously described (73). Briefly, using the
QUANTA Lite ACA IgG III ELISA kit (Zeus Scientific) per the manufac-
turer’s protocol, each antibody was diluted to 100 pg/ml in the kit sample
diluent and tested in 3-fold serial dilutions. Results shown are represen-
tative of at least two independent ELISAs. Positive and negative controls
were included on each plate, and values three times above the background
were considered positive. Antibody reactivity to a human epithelial cell
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FIG 1 VRCO07 is a more potent clonal relative of VRCO1. (A) An alignment of VRCO01, NIH45-46, and VRC07 heavy-chain variable regions highlights the
four-amino-acid insertion in the CDR H3 (red). Additional amino acid changes from VRCO1 are highlighted in green (NIH45-46) and blue (VRCO07). (B) VRC07
neutralization was assessed on a panel of 179 viral strains. For comparison, b12, VRCO01, and NIH45-46 also were analyzed. Potency-breadth curves show the
fraction of viruses neutralized at increasing IC;, cutoff values. (C) The percentage of viruses neutralized with an IC,, of less than 50 pg/ml and less than 1 pg/ml
are listed for VRCO1, NIH45-46, and VRC07. (D) Superposition of the VRCO1 and VRCO07 antibody-bound gp120 structures. The VRC07 heavy chain is in
purple, the VRCO1 heavy chain is shown in green, and both light chains are shown in light purple. VRC01 and VRC07 adopt the same modes of gp120 recognition,
while the four-amino-acid insertion (highlighted in red) in the CDR H3 of VRCO07 makes additional contacts with gp120 (gray). (E) Closeup view of interactions
(marked as a square box in panel D) between gp120 and the CDR H3 loop of VRCO07. Hydrogen bonds and electrostatic interactions (dashed line in red) were
found between gp120 and R100a, D100b, and Y100c of VRCO07.

line (HEp-2) was determined with the ANA/HEp-2 cell culture immuno-
fluorescence assay (IFA) test system (Zeus Scientific) per the manufactur-
er’s protocol and as previously described (73). Antibodies were diluted to
50 pg/ml and 25 pg/ml in ZOBRA-NS diluent. Positive and negative
controls were included on each slide. Antibodies were scored negative or
positive (1+ to 4+) at each dilution. Results are representative of at least
two independent experiments.

Animals. Male Macaca mulatta animals of Indian origin were used
in these studies. All animal experiments were reviewed and approved by
the Animal Care and Use Committee of the Vaccine Research Center,
NIAID, NIH, and all animals were housed and cared for in accordance
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with local, state, federal, and institute policies in an American Association
for Accreditation of Laboratory Animal Care-accredited facility at
the NIH.

Pharmacokinetics in nonhuman primates. Indian rhesus macaques
were infused intravenously with 10 mg of MAb/kg of body weight.
Endotoxin levels were measured for each antibody preparation by the
QCL-1000 endpoint chromogenic Limulus amebocyte lysate (LAL) as-
say (Lonza), and all were below 0.5 EU/mg. Whole-blood samples were
collected prior to injection and at time points 0, 30 min, 6 h, 12 h, and days
1,2,4,7, 14, 21, and 28. Plasma was separated by centrifugation. Plasma
samples were heat inactivated at 56°C for 30 min, and lipoproteins were
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pelleted. Plasma MADb levels were determined by RSC3 (resurfaced stabi-
lized gp120 core, derivative 3) ELISA (described below).

ELISA to determine plasma antibody concentration. Plasma MAb
levels were quantified using plates coated with RSC3 (19). Briefly, Nunc
MaxiSorp (Thermo Fisher) plates were coated overnight with 200 ng/well
of RSC3 in PBS, washed with PBS-T five times, and blocked with a block-
ing buffer of Tris-buffered saline-Tween 20 (TBS-T) with 5% milk and 2%
bovine serum albumin (BSA) for at least 1 h. Five-fold serial dilutions
ranging from 1:5 to 1:62,500 of plasma were made in blocking buffer. For
each sample, three consecutive serial dilutions were plated in duplicate.
An antibody-specific standard curve (starting at 200 ng/ml with eight
2.5-fold serial dilutions) and positive, negative, and spiked controls were
included on each plate. Plasma was incubated on the plate for 1 h at RT,
followed by a PBS-T wash. Bound MAbs were probed with a horseradish
peroxidase-labeled goat anti-human IgG (1:5,000 dilution; Jackson Lab-
oratories) for 30 min at RT. The plate was washed, and 100 .l SureBlue
TMB (Kirkegaard & Perry Laboratories, Gaithersburg, MD) substrate was
added. Once color was developed (typically 15 to 20 min), stopping buffer
(100 wl IN H,SO,) was added and the optical density at 450 nm was read.
Softmax Pro V5.2revC (Molecular Devices) software was used to calculate
MAD concentrations.

Pharmacokinetic calculations. Pharmacokinetic parameters were
calculated by WinNonlin software (Pharsight) using a noncompartmen-
tal model.

Mucosal sampling. Rectal mucosal samples were collected by Weck-
Cel sponges (Beaver Visitec) (5). Three samples were collected per animal
per time point, and sponges were stored at —80°C until processing. All
samples with visible blood were discarded. To elute mucosal samples,
sponges were placed in Spin-X columns (Corning) on ice, 300 pl chilled
elution buffer (PBS with protease inhibitor, 10% IGEPAL, and 0.25%
BSA) was added, and samples were spun at 13,000 X g for 15 min at 4°C.
MAD levels in eluted mucosal samples were quantified by RSC3 ELISA.

Passive transfer experiments. Endotoxin-free VRCO1-LS (0.3 mg/kg,
n = 12), VRC07-523-LS (0.2 mg/kg, n = 4, and 0.05 mg/kg, n = 4), or
control IgG (purified, pooled human IgG; Sigma) (0.2 mg/kg, n = 4) was
administered intravenously into male rhesus macaques that were intrar-
ectally challenged 5 days later with 1 ml of undiluted SHIV BaLP4 stock
virus (50% infective dose [TCID,,] titer of 12,800/ml in the TZM-bl as-
say) (41, 74), which routinely infects animals after a single dose. Plasma
from blood collected just prior to challenge was used to determine the
concentration of MAb at the time of challenge. After challenge, weekly
blood samples were collected to determine infection status by viral load
analysis. Of note, all four control animals became infected.

Plasma viral RNA. Plasma viral RNA (copies/ml) was determined by
the Duke Human Vaccine Institute Immunology and Virology Quality
Assessment Center using a Qiagen QIAsymphony Virus/Pathogen Midi
Kit and a QIAgility Applied Biosystems StepOne quantitative real-time
PCR.

Calculations of the probability of protection. The probability of pro-
tection is modeled as a function of the logarithm of MAb concentration at
the day of challenge using generalized linear models with probit link func-
tions (75). Separate models were fit for VRC01-LS and VRC07-523-LS,
with an additional model combining data from both antibodies to test for
a difference between the two. Ninety percent pointwise confidence curves
for each model are built from empirical quantiles based on refitting the
individual models to 10,000 bootstrapped samples.

Accession numbers. The coordinates and structure factors for the
gp120-VRCO7 antibody complex structures reported in this paper have
been deposited with the Protein Data Bank (PDB codes 40LU, 40LV,
40LW, 40LX, 40LY, 40LZ, 40MO0, and 40M1). We have also deposited
deep-sequencing data for donor 45 used in this study to the NCBI Se-
quence Read Archive (SRA) under accession no. SRP04860. Relevant vari-
able region sequences for VRC07, VRC07-501, VRC07-508, VRC07-523,
and VRC07-544 were deposited with GenBank (accession numbers
KM408142 and KM408147 to KM408150), as were sequences 45-08-
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110497H, 45-08-212510H, 45-08-511533H, and 45-08-541880H in Fig.
S1 (accession numbers KM408143 to KM408146).

RESULTS

VRCO7 is a clonal relative of VRCO1 with increased neutraliza-
tion potency. Our prior studies indicated that VRCOI, isolated
from donor 45, was a member of a clonal family of antibodies that
included VRCO02 and VRCO3 (26, 34). To identify more potent
variants of this clonal lineage, we performed 454 pyrosequencing
of antibody-gene transcripts (26, 76) from peripheral blood B cells
of donor 45, the source of VRC01-03 (19, 26). VH1 gene family-
specific primers yielded mostly heavy-chain transcripts related to
VRCO03, but four sequences were similar to VRCO1 (26) (see Fig.
S1 in the supplemental material). Two of these were identical,
revealing a heavy-chain sequence that shared 90% nucleotide se-
quence identity to VRCO1 but differing at 15 amino acid positions
and containing a four-amino-acid insertion in the heavy-chain
third complementarity determining region (CDR H3) (Fig. 1A).
While the natural light-chain partner of this sequence was not
obtained from heavy-chain PCR amplification and pyrosequenc-
ing, our previous studies demonstrated efficient light-chain com-
plementation among VRCO1 class antibodies (26). Thus, this
heavy chain was paired with the original VRCOI light chain for
protein expression as a full IgG1. The resulting MAb was named
VRCO07.

The neutralization activity of VRCO07 was assessed on a panel of
179 diverse HIV-1 Env pseudoviruses that included 20 VRC01-
resistant strains. MAb NIH45-46, another clonal variant of
VRCO1, was included for comparison because it also contains a
four-amino-acid CDR H3 insert (24) similar to that of VRC07
(Fig. 1A). VRCO7 neutralized a greater fraction of viruses than
VRCO1 or NIH45-46 at all tested concentrations (Fig. 1B). Over-
all, VRCO7 neutralized 93% of strains with an IC,, of less than 50
pg/mland 83% of strains with an IC5, ofless than 1 pg/mland was
able to neutralize 8 of 20 VRCO1-resistant viruses (Table 1; also see
Fig. S2 in the supplemental material). Among the viruses that were
neutralized, VRC07 displayed ~2-fold higher potency than
VRCO1, with a geometric mean ICs, of 0.11 g/ml (Fig. 1C; also
see Fig. S2).

To understand VRCO7 binding at the atomic level, we deter-
mined the crystal structure of VRC07 in complex with a clade A/E
core gp120 (see Table S1 in the supplemental material). An over-
lay of the VRC07-gp120 structure with that of the VRC01-gp120
structure (20) revealed that these antibodies have the same modes
of gp120 recognition (Fig. 1D). However, similar to what was
described for NTH45-46 (48), the extended CDR H3 of VRC07
created new contacts between gp120 and residues R100a, D100b,
and Y100c of VRCO7 (Fig. 1D and E), doubling the CDR H3-
mediated contact area relative to that of VRCO1 (see Fig. S3 in the
supplemental material).

Structure-guided optimizations improve the neutralization
potency of VRCO7 in vitro. Although VRCO07 was potent in HIV-1
neutralization assays (see Fig. S2 in the supplemental material), we
sought to engineer additional increases in neutralization potency
and breadth (Fig. 2). Previously, Diskin et al. altered a single
heavy-chain glycine residue to tryptophan (G54W) (68) to mimic
the interaction between the phenylalanine (F43) of CD4 and a
hydrophobic binding pocket region on gp120 (77). This modifi-
cation increased the potency and breadth of NIH45-46 (68). Our
structural studies on the clonal variant VRCO03 also showed that
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TABLE 1 Virus neutralization characteristics at IC5, and ICq

Titer of:
No. (%) of viruses tero

neutralized at: Neutralized viruses” All viruses”
No. of <50 <1 Geometric Fold improvement Geometric Fold improvement

Antibody viruses pg/ml png/ml Median mean from VRCO1 Median mean from VRCO1

Value(s) determined at ICg,
VRCO1 179 159 (89) 138 (77) 0.23 0.221 0.297 0.434
VRCO07 179 166 (93) 149 (83) 0.119 0.114 1.9 0.129 0.187 2.3
VRC07-501-LS 179 171 (96) 164 (92) 0.05 0.041 5.4 0.052 0.058 7.5
VRC07-508-LS 179 168 (94) 159 (89) 0.04 0.043 5.1 0.051 0.069 6.3
VRC07-523-LS 179 171 (96) 165 (92) 0.046 0.039 5.6 0.047 0.055 7.9
VRC07-544-LS 179 170 (95) 162 (91) 0.058 0.05 4.4 0.065 0.073 59

Value(s) determined at ICg,
VRCO1 179 156 (87) 78 (44) 1.013 0.98 1.3 1.775
VRC07 179 164 (92) 122 (68) 0.41 0.414 2.4 0.462 0.656 2.7
VRC07-501-LS 179 169 (94) 154 (86) 0.193 0.16 6.1 0.208 0.229 7.7
VRC07-508-LS 179 165 (92) 146 (82) 0.188 0.178 5.5 0.211 0.291 6.1
VRC07-523-LS 179 170 (95) 152 (85) 0.229 0.197 5 0.242 0.269 6.6
VRCO07-544-LS 179 169 (94) 146 (82) 0.236 0.209 4.7 0.269 0.292 6.1

“ Median and geometric mean titers were calculated only for samples with an ICy, or ICg, of <50 pg/ml.
b Median and geometric mean titers were calculated for all viruses, and values of >50 pg/ml were set to 100 pg/ml.

position 54 contained a natural tryptophan that mimicked the
gp120-F43 ., binding (26). Thus, we began by adding this tryp-
tophan mutation to VRC07. Consistent with the observations for
NIH45-46 (68), we observed an increase in binding to gp120 by
ELISA and enhanced neutralization potency for VRC07-G54W
(see Fig. S4a in the supplemental material). We crystallized the
VRCO07-G54W variant with an HIV-1 gp120 core and confirmed
that the tryptophan residue increases the contact area with gp120
(see Fig. S4b). Unfortunately, the VRC07-G54W variant reacted
positively in two assays of autoreactivity (73), antinuclear anti-
body staining of human epithelial (HEp-2) cells and binding to
cardiolipin (Fig. 3).

To determine whether an alternative amino acid at position 54
could increase potency without increasing autoreactivity, we per-
formed a comprehensive mutational analysis for position 54, test-
ing all 20 amino acids (see Fig. S4 and Table S2 in the supplemen-
tal material). Many VRCO07 variants with hydrophobic or
positively charged amino acids at position 54 showed enhanced
binding to gp120 (see Fig. S4a), but most of these substitutions
also resulted in autoreactivity similar to that of the G54W muta-
tion. However, the alteration of G54 to a histidine resulted in
increased potency and breadth with minimal levels of autoreac-
tivity (see Fig. S4c and d). Further, the crystal structure of VRC07-
G54H with gp120 revealed that this histidine interacted with the
target hydrophobic pocket in the gp120 CD4bs (Fig. 2A). Addi-
tional analysis of the interface between VRC07 and gp120 revealed
that the N-terminal residues of the light chain of VRC07 were in
close proximity to variable region 5 (V5) of gp120 and were dis-
ordered (Fig. 2A). This suggested that the N terminus of the light
chain did not make critical contacts with gp120 and that the light
chain encounters steric hindrance with V5. The V5 region often
contains both sequence and length variations, suggesting that di-
vergent HIV-1 strains with V5 insertions also could clash with the
VRCO7 light-chain N terminus. Therefore, we generated antibody
variants with modifications of the four most N-terminal residues
of the VRCO7 light chain. These variants included amino acid
deletions, changes to amino acids with smaller side chains, and
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combinations of both (see Fig. S5 and Table S2 in the supplemen-
tal material). Most of the deletions increased neutralization po-
tency, but many also increased autoreactivity. A two-amino-acid
deletion (E1 and I2) along with a change of the third residue from
valine to serine (V3S) increased potency ~2.5-fold (~7-fold in-
crease over that of VRCO1) on a representative 20-virus neutral-
ization panel without altering autoreactivity (see Fig. S5).

Additionally, we explored mutations that altered the heavy-
chain-light-chain interface, the antibody-antigen interface, the
hydrophobicity profile of the antibody, sites of N-linked glycosy-
lation, and reversions to germ line residues (64) (see Table S2 in
the supplemental material). From these analyses, we identified
two sets of mutations to include in the lead-optimized candidates:
framework region germ line reversions in the heavy chain (muta-
tions I37V/T93A) and a combination of five mutations in the light
chain, named hpL02, designed to increase solubility (four hydro-
phobic to hydrophilic amino acid mutations on the surface of the
antibody, namely, mutations 120T, W67S, V106Q, and I108N,
plus a mutation to remove an N-linked glycosylation site, N72T)
(Fig. 2c). Bjorkman and colleagues (48) identified a light chain
mutation (S28Y) in NIH45-46-G54W that increases potency;
however, a tyrosine was present already in this position in VRC07
(and VRCO1).

From initial neutralization and autoreactivity screening as-
says, we selected four optimized candidates for detailed char-
acterization (Fig. 2 and 3), including the assessment of autore-
activity and neutralization breadth and potency on a large
panel of 179 viral strains (see Fig. S6 in the supplemental ma-
terial). All four VRCO07-optimized antibodies demonstrated in-
creased breadth and potency compared to VRCO1 and VRC07
(Fig. 2C; also see Fig. S6). These changes improved the overall
breadth to 96% and, based on geometric mean IC,, and ICg,
values, increased potency 4.4- to 7.9-fold compared to that of
VRCO1 (Table 1). VRC07-523, the most potent of the engi-
neered variants, was 7.9-fold more potent than VRCO1 on the
basis of geometric mean ICs,, titers (Table 1). VRC07-501 and
VRC07-508 both displayed moderate autoreactivity (scoring
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FIG 2 Structure-guided optimizations of VRC07 increase potency and breadth. (A) The structure of VRCO07 (heavy chain, purple; light chain, light purple)
bound to gp120 (gray; bridging sheet, blue; V5 loop, cyan). The insets show the series of mutations that were engineered into VRCO07 to increase neutralization
potency and breadth while maintaining minimal autoreactivity. Top left, alteration of the heavy-chain G54 to H increases binding to gp120 (gray) by mimicking
the F43p, binding to gp120. The crystal structure confirmed that the VRC07-G54H MAD and gp120 interaction resembles the CD4-gp120 interaction. Top
right, modification of the N terminus of the light chain. Poor resolution (shown by a lack of electron density [dark blue mesh]) in the crystal structure of the
N-terminal end of the VRCO07 light chain suggests that this region is disordered. Modeling the N-terminal residues (yellow) reveals a potential clash with the V5
loop (cyan). Deletion of light-chain residues E1 and 12 along with a V3S mutation minimized the potential clash with the V5 loop. Bottom left, two somatically
mutated residues (I37 and T93, green) were reverted to their germ line amino acids (V and A, respectively), resulting in improved potency. Bottom right,
replacement of selected hydrophobic residues (highlighted in yellow and labeled) in the light chain with hydrophilic residues were designed to enhance solubility
and resulted in increased potency. An additional mutation (N72T) removed the N-linked glycosylation site in the light chain. (B) Mutations included in each of
the optimized VRC07 MAD are summarized. (C) Antibodies were tested against a panel of 179 HIV-1 strains. The fraction of viruses neutralized at the given ICs,
is shown. The optimized VRCO07 variants (VRC07-501, VRC07-508, VRC07-523, and VRC07-544) were tested in an IgG1 format containing the FcRn binding
site LS mutation. The constant region LS mutation has no effect on neutralization.

1+ on the HEp-2 assay when tested at a concentration of 25
pg/ml), although they were less autoreactive than VRCO07-
G54W (which scored 2+ at the same concentration), while
VRC07-523 and VRCO07-544 both had minimal autoreactivity
(and scored negative when tested at 25 pg/ml) (Fig. 3).
Pharmacokinetics of VRC07 variants in nonhuman pri-
mates. We investigated the plasma half-life of the optimized
VRCO7 variants in Indian-origin rhesus macaques (Fig. 4A and D;
also see Fig. S7a in the supplemental material). While the infusion
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of human antibodies into monkeys generally results in a shorter
half-life (78) than the typical 21-day average half-life of IgG1 in
humans (79), the NHP model often is used for comparative phar-
macokinetic studies as a guide to the selection of agents for human
testing. Published data suggested that antibody autoreactivity re-
duces circulating plasma half-life (80). Therefore, we first com-
pared the pharmacokinetics of wild-type VRCO7 to the highly au-
toreactive variant VRC07-G54W. Using standard measures of
antibody plasma half-life, area under the curve, and clearance,
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FIG 3 Autoreactivity of optimized VRC07 MAbs. (A) The reactivity of VRCO07 variants to HEp-2 human epithelial cells was analyzed with an immunofluores-
cence cell staining assay. The autoreactive antibody 2F5 also was included in the analysis. Antibodies were tested at 50 pg/ml and 25 pg/ml, and scores are
summarized in panel B. neg, negative. (C) MAb binding to cardiolipin, a mitochondrial membrane phospholipid, was assessed by ELISA. VRC07 variants and
2F5 were tested at 100 pg/ml and 3-fold serial dilutions. In both assays, the optimized VRCO07 variants (VRC07-501, VRC07-508, VRC07-523, and VRC07-544)
were tested in an IgG1 format containing the FcRn binding site LS mutation (described in the legend to Fig. 4). The constant region LS mutation does not affect

autoreactivity results. OD, optical density.

VRCO07-G54W displayed circulating levels ~2-fold lower than
that of wild-type VRCO07.

To improve the plasma half-life of VRC07, we incorporated a
previously described set of two amino acid mutations (M428L/
N434S; referred to as LS) that increase half-life by increasing af-
finity for the neonatal Fc-receptor (FcRn), which results in the
recirculation of functional IgG (74, 78). The VRC07-LS mutant
displayed a 2- to 3-fold increase in plasma half-life compared to
wild-type VRCO7 in rhesus macaques (Fig. 4B and D). Based on
these data, the four optimized VRCO07 variants were constructed
with this LS mutation, and the pharmacokinetic properties of
these antibodies were assessed in vivo. Among the four variants,
VRC07-523-LS displayed a longer half-life (9.8 days) than the
other three variants, close to the half-life of VRC07-LS (11.6 days).
For all four optimized variants, the plasma MADb levels and half-
lives in rhesus macaques were intermediate between that of
VRCO07 and VRCO07-LS (Fig. 4C and D). When MADb levels in rectal
mucosal secretions were measured, antibody VRC07-523-LS was
detectable for at least 14 days (see Fig. S7b in the supplemental
material).

Optimized VRCO7 protects against infection at lower plasma
concentrations. To determine if an antibody with increased neu-
tralization potency in vitro would confer greater in vivo protec-
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tion, we compared the ability of VRC01-LS and VRC07-523-LS to
protect rhesus macaques from intrarectal challenge with SHIV
BaLP4. We assessed the neutralization sensitivity of the SHIV
BaLP4 challenge stock to both antibodies. VRC07-523-LS neutral-
ized SHIV BaLP4 at a 5.6-fold lower concentration than VRCO01
(IC54s 0£ 0.005 pg/ml and 0.028 pg/ml, respectively) (Fig. 5A and
B). Challenge experiments were designed using varied antibody
infusion doses to allow a calculation of the plasma MAb concen-
tration that provides 50% protection (plasma ECs,). MAbs were
administered intravenously, and animals were challenged muco-
sally 5 days later. This approach allowed us to compare the effec-
tive plasma concentration of VRC07-523-LS and VRCO1-LS at the
time of SHIV challenge irrespective of the infusion dose. When
VRCO07-523-LS was administered at doses of 0.2 mg/kg and 0.05
mg/kg, 3 of 4 animals and 0 of 4 animals were protected, respec-
tively. For VRCO1-LS, 5 of 12 animals were protected at a dose of
0.3 mg/kg (Fig. 5C; also see Fig. S8 in the supplemental material).
We measured plasma antibody levels at the time of SHIV chal-
lenge and used a binary (probit) regression model to calculate the
ECs,s: the ECs, titers for VRC07-523-LS and VRCO1-LS were 0.47
pg/mland 2.5 pg/ml, respectively, and the 90% confidence inter-
vals for these values did not overlap (Fig. 5D). This difference in
the regression curves for VRC01-LS and VRC07-23-LS trended
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FIG 4 Optimized VRC07 MADbs with the LS mutation have extended plasma
half-lives. Pharmacokinetic studies were performed in male rhesus macaques.
All MAbs were administered at 10 mg/kg intravenously, and plasma levels were
monitored by a gp120 core (RSC3) ELISA. The number of NHPs is indicated,
and means * standard deviations are plotted. (A) The pharmacokinetics of
VRC07 and VRC07-G54W are shown. (B) An FcRn binding site mutation (LS)
was added to VRC07 and improved plasma half-life by ~2-fold. (C) VRCO07-
508-LS and VRC07-523-LS also had increased plasma levels and extended
half-lives compared to wild-type VRC07, while VRC07-501-LS and VRCO07-
544-LS had pharmacokinetics similar to those of VRC07. (D) Terminal ()
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toward significance (P = 0.07). Therefore, optimized antibody
showed a >5-fold increase in potency compared to the parental
antibody, consistent with its ability to better neutralize virus in
vitro. No significant difference in peak viral loads or time to
viremia was observed between any of the treatment groups.

DISCUSSION

Growing evidence in animal model studies suggests that potent
HIV-1 MAbs can prevent infection (11, 42—44) or reduce viremia
during chronic infection (45, 46, 81). These successes have re-
newed interest in testing MAbs in clinical trials (13, 82, 83). The
overall efficacy of an HIV-1 MAD likely depends on several char-
acteristics, including the breadth of reactivity (i.e., the fraction of
circulating virus strains neutralized), the neutralization potency
(i.e., the concentration of antibody needed to prevent infection),
and the pharmacokinetic properties (e.g., circulating half-life and
tissue localization). Here, we sought to improve the potency and
breadth of antibody VRCO1 and used the resulting antibody to
demonstrate a relationship between in vitro neutralization po-
tency and in vivo efficacy. Additionally, we improved the half-life
both by minimizing autoreactivity and by adding Fc-region mu-
tations that increase circulating plasma MAD levels. Thus, our lead
candidate, VRC07-523-LS, was engineered to have in vitro and in
vivo characteristics likely to increase clinical protective efficacy.

Our studies started with the well-characterized MAb VRCO1,
which has high in vitro potency and breadth and currently is being
evaluated in phase I clinical trials. Using deep sequencing and
bioinformatics, we identified a heavy-chain VRCO1 clonal variant
from donor 45 with moderately improved potency and breadth.
Structure-based analyses were used to design variants with im-
proved neutralization activity. Numerous mutations were ex-
plored, and mutations focused on the heavy-chain G54 residue
and the N terminus of the light chain were found to have the most
favorable in vitro characteristics. In combination, a G54H point
mutation on the heavy chain, a deletion of the two N-terminal
light-chain amino acids (E1 and 12), and a V3S point mutation on
the light chain led to a 5- to 8-fold increase in neutralization po-
tency (based on geometric mean ICs, and ICg, values) and im-
proved breadth (93% for VRCO07 to 96% for VRC07-523).

Notably, these mutations improved potency without causing
substantial autoreactivity. This feature was particularly important
because autoreactivity and off-target binding may decrease
plasma MAD levels and promote unwanted immunopathology.
For example, in human clinical trials, the infusion of a combina-
tion of the gp41 MAbs 4E10 and 2F5, which are both autoreactive
(73), and 2G12, which is not autoreactive, was associated with a
prolonged in vitro blood-clotting time (partial thromboplastin
time) (84). In the same studies, MAbs 4E10 and 2F5 both had
shorter half-lives than the nonautoreactive MAb 2G12 (73, 84—
86). Additionally, during the development of motavizumab, a sec-
ond-generation anti-RSV MAD, autoreactivity (broad tissue bind-
ing and cross-reactivity) also was associated with lower circulating
plasma levels (87).

To compare pharmacokinetic properties, including circulating
plasma half-life, VRCO7 variants were analyzed in rhesus ma-

phase half-life was calculated through day 21 using a noncompartmental
model. Mean areas under the curve and clearance rates also are shown for each
MADb. All calculations were performed with WinNonlin software (Pharsight).
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FIG 5 Improved protective efficacy of VRC07-523-LS compared to VRCO1-
LS. (A) Neutralization assays were performed with the SHIV-BaLP4 challenge
stock and antibody VRCO01-LS or VRC07-523-LS using TZM-bl target cells.
(B) VRC07-523-LS is about 5-fold more potent than VRC01-LS against the
SHIV-BaLP4 stock in vitro. (C) Rhesus macaques were administered either 0.2
mg/kg or 0.05 mg/kg of VRC07-523-LS (n = 4 each) or 0.3 mg/kg of
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later. Plasma concentrations of VRC07-523-LS and VRCO1-LS at the time of
challenge were determined by RSC3 ELISA. Plasma MAD levels of animals that
became infected are graphed with closed icons, and plasma levels of animals
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caques. These experiments confirmed that the autoreactive MAb
VRCO07-G54W had a shorter half-life than VRCO07. These in vivo
data suggested an association between antibody autoreactivity and
shorter half-life and provided further rationale for pursuing
VRCO07 variants with the heavy-chain G54H mutation that
showed low levels of autoreactivity. We constructed the optimized
VRCO07 variants (VRC07-501, VRC07-508, VRCO07-523, and
VRC07-544) with a two-amino-acid LS mutation in the IgG Fc
region that has been shown to increase affinity for FcRn and to
increase antibody half-life in vivo (78). We recently demonstrated
that MAb VRCO1-LS, with enhanced FcRn binding, displayed in-
creased gut mucosal tissue localization, which improved protec-
tion against SHIV infection in the NHP model (74). Our preferred
variant, VRC07-523-LS, displayed a >2-fold improved half-life
compared to that of the wild-type VRCO07 without the LS muta-
tion.

In vitro neutralization often is assumed to be the most impor-
tant predictive factor in protection against in vivo lentiviral infec-
tion; however, some studies have suggested a role of Fc-mediated
effector functions, such as antibody-dependent cellular cytotoxic-
ity (ADCCQC), in protection (88, 89). Of note, the LS mutations
introduced into the CH3 domain do not affect ADCC activity (74,
78). While we did not address the role of ADCC here, we were able
to directly address the relationship of in vitro neutralization po-
tency and in vivo efficacy. Thus, we compared the ability of
VRCO1-LS and the optimized VRC07-523-LS to protect NHPs
from mucosal SHIV challenge. VRCO01-LS and VRC07-523-LS
were administered at low doses to monkeys that then were chal-
lenged with SHIV BaLP4. VRC07-523-LS was able to protect at
levels 5 times lower than that of VRCO1-LS. Although the differ-
ences in protection were slightly above the threshold for statistical
significance, we believe our results strongly suggest a relationship
between in vitro and in vivo potency. Notably, the ~5-fold differ-
ence in protection was comparable to that seen in neutralization
assays in vitro.

In summary, we show that a process of iterative structure-
based design and in vitro analyses improved the neutralization
activity of VRCO01, a MAD that targets the CD4bs of the HIV-1
envelope glycoprotein gp120. VRCO1 is able to neutralize 89% of
HIV-1 strains with a geometric mean ICs, of 0.22 pg/ml. The
optimized VRC07-523 neutralized 96% of HIV-1 strains and was
5- to 8-fold more potent than VRCO1. This improvement in po-
tency in vitro correlated with increased protective efficacy against
SHIV challenge in vivo. Importantly, VRC07-523 displayed min-
imal autoreactivity, and its half-life was further extended with the
addition of the LS mutations in the FcRn binding site. These in
vitro and preclinical data suggest that it is possible to improve the
efficacy of naturally occurring broadly neutralizing HIV-1 anti-
bodies and that this approach could be applied to other anti-
HIV-1 antibodies. Therefore, these modifications optimize bio-

that were protected are graphed with open icons. (D) The probability of pro-
tection from SHIV challenge can be predicted using a probit regression model
based on the plasma MAD concentration at the time of challenge. Curves for
VRCO1-LS (green) and VRC07-523-LS (blue) graph the calculated probability
of protection (y axis) at increasing plasma MADb levels (x axis). The EC5, for
VRCO07-523-LS was 0.47 wg/ml (90% confidence interval [CI], 0.31 to 0.96
pg/ml), and the VRCO1-LS EC,, was 2.54 pg/ml (90% CI, 1.86 to 2.96 pg/ml).
Ninety percent confidence intervals are shown for each curve with horizontal
lines, and these do not overlap.
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logical properties of such anti-HIV-1 broadly neutralizing
antibodies that will increase the likelihood for protection against
HIV-1 infection in humans.
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