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ABSTRACT

Extraordinary antibodies capable of near pan-neutralization of HIV-1 have been identified. One of the broadest is antibody 10E8,
which recognizes the membrane-proximal external region (MPER) of the HIV-1 envelope and neutralizes >95% of circulating HIV-1
strains. If delivered passively, 10E8 might serve to prevent or treat HIV-1 infection. Antibody 10E8, however, is markedly less soluble
than other antibodies. Here, we describe the use of both structural biology and somatic variation to develop optimized versions of 10E8
with increased solubility. From the structure of 10E8, we identified a prominent hydrophobic patch; reversion of four hydrophobic
residues in this patch to their hydrophilic germ line counterparts resulted in an �10-fold decrease in turbidity. We also used somatic
variants of 10E8, identified previously by next-generation sequencing, to optimize heavy and light chains; this process yielded several
improved variants. Of these, variant 10E8v4 with 26 changes versus the parent 10E8 was the most soluble, with a paratope we showed
crystallographically to be virtually identical to that of 10E8, a potency on a panel of 200 HIV-1 isolates also similar to that of 10E8, and a
half-life in rhesus macaques of �10 days. An anomaly in 10E8v4 size exclusion chromatography that appeared to be related to confor-
mational isomerization was resolved by engineering an interchain disulfide. Thus, by combining a structure-based approach with nat-
ural variation in potency and solubility from the 10E8 lineage, we successfully created variants of 10E8 which retained the potency and
extraordinary neutralization breadth of the parent 10E8 but with substantially increased solubility.

IMPORTANCE

Antibody 10E8 could be used to prevent HIV-1 infection, if manufactured and delivered economically. It suffers, however, from
issues of solubility, which impede manufacturing. We hypothesized that the physical characteristic of 10E8 could be improved
through rational design, without compromising breadth and potency. We used structural biology to identify hydrophobic
patches on 10E8, which did not appear to be involved in 10E8 function. Reversion of hydrophobic residues in these patches to
their hydrophilic germ line counterparts increased solubility. Next, clues from somatic variants of 10E8, identified by next-gen-
eration sequencing, were incorporated. A combination of structure-based design and somatic variant optimization led to
10E8v4, with substantially improved solubility and similar potency compared to the parent 10E8. The cocrystal structure of anti-
body 10E8v4 with its HIV-1 epitope was highly similar to that with the parent 10E8, despite 26 alterations in sequence and sub-
stantially improved solubility. Antibody 10E8v4 may be suitable for manufacturing.

Over the last 5 years, extraordinary antibodies capable of
effectively neutralizing human immunodeficiency virus

type 1 (HIV-1) have been identified (1–9). In addition to serv-
ing as potential templates for an antibody-based HIV-1 vac-
cine, the passive delivery of these antibodies could be used to
prevent HIV-1 infection or to treat those infected with HIV-1
therapeutically (10–13).

Such passive use of antibodies, however, would require their
economical manufacturing and delivery, and HIV-1-neutralizing
antibodies often have characteristics which make their manufac-
ture less than optimal. Antibody 10E8, which targets the mem-
brane-proximal external region (MPER) of the gp41 subunit (14,
15), is one of these: it neutralizes 98% of a panel of 181 diverse
HIV-1 isolates (14). Despite this extraordinary breadth, its poor
solubility impedes manufacturing. Other MPER antibodies, such
as 2F5 and 4E10 (8, 16–18), however, have greater solubility, sug-
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FIG 1 Epitope recognition, HIV-1 neutralization, polyreactivity, and turbidity of 10E8 variants with alterations of coplanar paratope residues. (A) Fab 10E8 is
shown in ribbon representation, with the MPER epitope in red and coplanar residues with the epitope highlighted. (B) Ninety-degree view of coplanar residues
selected for alteration to tryptophan. (C) Effect of single and double tryptophan/phenylalanine substitutions on neutralization. Numbers represent the ratio of
the IC50 or IC80 of variants to that of 10E8. (D) Cardiolipin binding assay with 4E10 and palivizumab (Synagis) as positive and negative controls, respectively;
polyreactive binding based on an ELISA criterion of being three times the background (0.18 OD at 450 nm) is indicated by yellow highlighting. (E) Breadth and
potency assessed on a panel of 20 HIV-1 isolates. (F) Turbidity of antibody 10E8 and HC6-S74Y/L3 variant.
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gesting that the poor solubility of 10E8 is not intrinsic to its func-
tion and could be improved.

Here we use a combination of structural biology and somatic
variant optimization to improve the solubility of antibody 10E8.
We hypothesized that the reduced solubility of antibody 10E8
reflected the aggregation of hydrophobic surfaces. From the struc-
ture of 10E8, we identified hydrophobic patches, which did not
appear to be required for function, and reverted residues in these
patches to their hydrophilic germ line counterparts. Similarly we
identified somatic variants which were more soluble but less po-
tent than the parent 10E8. In these variants, we tested somatic
alterations in the mature 10E8 that appeared to be of functional
relevance by altering residues in more soluble but less potent vari-
ants to their counterparts in the somatically mature 10E8. Overall,
we created several variants (see Table S1 in the supplemental ma-
terial) with increased solubility, all of which showed no polyreac-
tivity and retained the breadth and potency of the parent 10E8. Of
these, antibody 10E8v4 appeared to be the most soluble, and we
determined its cocrystal structure with its MPER epitope. We also
characterized the polyreactivity of 10E8v4, its bioavailability in
mice and rhesus macaques, and its behavior on size exclusion
chromatography (SEC). An anomaly in SEC behavior appeared
to be related to slow conformational isomerization, so we en-
gineered a disulfide linking the heavy and light chains of 10E8

to resolve this issue. Our findings show how a combination of
structural biology and somatic variant optimization can be
used to improve the manufacturing characteristics of an anti-
body, with 10E8v4 or its disulfide-locked variant potentially
suitable for manufacturing.

MATERIALS AND METHODS
Antibody expression and purification. Mammalian codon-optimized
genes encoding either an antibody heavy chain or a light chain were syn-
thesized and cloned into mammalian expression vector pVRC8400 (VRC,
NIAID, Bethesda, MD). For small-scale preparation, 50 �g of antibody
heavy chain DNAs and 50 �g of light chain plasmid DNAs were combined
in 5 ml of Opti-MEM medium (Invitrogen, CA) and then mixed with 5 ml
of transfection medium containing 0.27 ml of ExpiFectamine 293 trans-
fection reagent (Invitrogen, CA) in Opti-MEM medium. The complex of
DNAs and ExpiFectamine 293 transfection reagent was incubated for 20
min at room temperature before being mixed with 80 ml of Expi 293S cell
culture (2.5 � 106 cells/ml) in a 250-ml shaking flask. The transfected cell
culture was returned to suspension incubation for 24 h at 37°C, 8% CO2,
and 125 rpm and then fed with 10 ml of the antibody expression enhance-
ment medium Ab Boost (ABI, VA). Six days posttransfection, the super-
natant was harvested by centrifugation and filtered through 0.22-�m fil-
ters. The antibody IgG was captured by an affinity column of protein A
(protein A plus agarose; Thermo Scientific, Rockford, IL) and further
purified by a size exclusion column (Superdex 200; GE Healthcare). Pu-

FIG 2 Cocrystal structure of 10E8 S74W in complex with HIV-1 MPER. The
variable domain is shown in C�-backbone representation in light blue. All
residues were superimposed with the parent 10E8 within a C� RMSD of 1Å,
except for the C� of residue Ile75 (in red) in the heavy chain. C� distances of
all residues between the parent 10E8 in the constant domain were greater than
1Å and are colored in red. Residues that are different from the 10E8v4 struc-
ture described in Fig. 10 are labeled.

TABLE 1 Crystallographic data and refinement

Parameter

Valuea for:

10E8-S74W–MPER
complex

10E8v4-MPER
complex

Data collection statistics
Space group C2221 P212121

Cell dimensions
a, b, c (Å) 135.76, 189.25, 71.72 65.02, 79.52, 211.36
�, �, � (°) 90, 90, 90 90, 90, 90

Resolution (Å) 50–3.29 (3.35–3.29) 50–2.40 (2.49–2.40)
Rsym 0.12 (0.59) 0.10 (0.46)
Rpim 0.042 (0.242) 0.073 (0.334)
CC1/2 0.983 (0.920) 0.956 (0.873)
I/�I 19.4 (2.7) 9.3 (2.2)
Completeness (%) 98.8 (86.9) 87.3 (91.1)
Redundancy 9.1 (5.1) 2.6 (2.5)

Refinement statistics
Resolution (Å) 37.5–3.29 36.4–2.40
No. of reflections 14,140 38,241
Rwork/Rfree 23.0/28.3 19.0/23.6
No. of atoms

Protein 3,640 6,986
Water 0 357

B-factors (Å2)
Protein 138.2 41.4
Water 42.8

Ramachandran plot
Favored regions (%) 92.92 96.85
Allowed regions (%) 7.08 3.15
Disallowed regions (%) 0 0

RMSD
Bond length (Å) 0.005 0.003
Bond angle (°) 0.697 0.535

PDB ID 5IQ7 5IQ9
a Numbers in parentheses are for the highest-resolution shell.
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rified antibodies were dialyzed against 1� phosphate-buffered saline
(PBS), and characterized with SDS-PAGE.

Structure-based engineering of antibody 10E8 variants. (i) Identifi-
cation of hydrophobic patches. To identify hydrophobic patches, we
used the DSSP program (19) to calculate the solvent-accessible surface
area (SASA) for each antibody residue. Hydrophobic residues with SASAs
of more than 20 Å2 that were not part of the known paratope and that were
not deemed to be essential for the stability of the paratope, the heavy
chain-light chain interface, or other antibody structural elements were
selected for further analysis. Candidate mutations were identified using
the OSPREY protein design suite of programs (20), as well as from next-
generation sequencing (NGS) data.

(ii) Identification of functionally important somatically altered res-
idues. To identify regions of 10E8 that were somatically altered and
important for neutralization, we aligned sequences of more potently
neutralizing somatic variants with those of less potently neutralizing
variants, selected residues that were in close proximity to the MPER
epitope, and if different, swapped the corresponding residues in com-
bination (e.g., single, double, triple, or quadruple mutations), and
then tested the neutralization potency against a nine-virus panel. The
nine-virus panel was selected to include strains representing (i) the
spectrum of neutralization sensitivity to wild-type 10E8 and (ii) di-
verse HIV-1 clades.

(iii) Creation of a disulfide-locked CDR H3. To create a disulfide-
locked heavy-chain third-complementarity-determining region (CDR
H3), we examined the gp41 MPER peptide-bound 10E8v4 Fab structure
and identified the C� of Tyr100e (this corresponds to insert “e” at posi-
tion 100 in Kabat numbering) in the CDR H3 region of the heavy chain
and the C� of Ser30 in the light chain as being separated by 5.8 Å, close to
the optimal C�-C� distance for a disulfide bond. Therefore, we replaced
these residues with cysteines to form a disulfide bond.

Nomenclature of designs. Sequences for structure-based designs are
shown in Table S1 in the supplemental material. The nomenclature is as
follows: HC6-S74Y, somatic variant heavy chain HC6 with S74Y muta-
tion; HC6-S74Y-DKTT, heavy chain HC6-S74Y with L72D, I75K, F77T,
and M84T mutations; H6-DTKT, somatic variant heavy chain H6 with
L72D, S74T, I75K, and F77T mutations; H6-DTKT-DNTY, heavy chain
H6-DTKT with N28D, D31N, S52T, and H98Y mutations; H8-DYKT,
somatic variant heavy chain H8 with L72D, S74Y, I75K, and F77T muta-
tions; L3-ASPAKQ, somatic variant light chain L3 with S1A, Y2S, T8P,
G9A, G16K, and R17Q mutations; 10E8v1, heavy chain HC6-S74Y-DKTT
plus light chain L3; 10E8v4, heavy chain H6-DTKT-DNTY plus light
chain L3-ASPAKQ; 10E8v5, heavy chain HC6-S74Y-DKTT plus light
chain L3-ASPAKQ.

Assessment of antibody-mediated neutralization of HIV-1. Neutral-
ization was measured using single-round-of-infection HIV-1 Env pseu-
doviruses and TZM-bl target cells, as described previously (21). Neutral-
ization curves were fit by nonlinear regression using a five-parameter Hill
slope equation. The 50% and 80% inhibitory concentrations (IC50 and
IC80) were reported as the antibody concentrations required to inhibit
infection by 50% and 80%, respectively.

Assessments of solubility. To measure the turbidity of 10E8 variants
in PBS, each variant in IgG elution buffer (pH 2.8; Thermo Scientific,
Rockford, IL) was subjected to buffer exchange by either direct dilution
with PBS or dialysis in PBS. For the direct dilution method, we concen-
trated antibodies in IgG elution buffer to 10 optical densities (OD) at 280
nm, diluted them 20-fold with PBS, and incubated them overnight at
room temperature; we then loaded 90 �l of the diluent onto a 96-well
microplate (Corning, NY) and measured the absorbance at 350 nm using
a SPECTRAmax PLUS 384 spectrophotometer (Molecular Devices,
Sunnyvale, CA). For the dialysis method, 1 ml of 10E8 variants (1 OD at
280 nm, in elution buffer, pH 2.8; Thermo Scientific) was dialyzed against
1� PBS overnight at 20°C using a Slide-A-Lyzer dialysis cassette (10,000
molecular weight cutoff; Thermo Scientific). The contents of the dialysis
bag were resuspended thoroughly by pipetting up and down, 90 �l of the
contents was loaded onto a 96-well microplate, and absorbance was mea-
sured at 350 nm. As a control, the elution buffer was diluted 20-fold with
PBS or dialyzed in PBS.

Kinetic concentration. Three milliliters of 10E8 variant (0.35 OD at
280 nm) in PBS was centrifuged at 4,000 � g for 20 min using Amicon
Ultra-4 centrifugal filter units (30,000 nominal molecular weight limit;
EMD Millipore). Prior to concentration, the 10E8 variants were first
passed through a 0.22-�m filter to remove aggregates. The concentrated
volume of each variant after centrifugation was measured by weighing it,
and its concentration was measured at 280 nm using NanoDrop technol-
ogy (Thermo Scientific, Rockford, IL).

DLS. Dynamic light scattering (DLS) measurements were performed
at 25°C using a DynaPro Plate Reader II (Wyatt Technology, Santa Bar-
bara, CA). The samples were dialyzed with 1� PBS, adjusted to 0.5 mg/ml,
and filtered with 0.22-�m filters prior to analysis. The data were analyzed
using DYNAMICS version 7.1.7 software (Wyatt Technology).

Assessment of antibody polyreactivity. Antibodies were assessed for
autoreactivity on two platforms: antinuclear antibodies by staining on
HEp2 cells (Zeus Scientific catalog no. FA2400; ANA HEp2 test sys-
tem) and anti-cardiolipin ELISA (Inova Diagnostics catalog no.
708625; QUANTA Lite ACA IgG III) per the manufacturers’ instruc-
tions. On HEp2 cells, antibodies were tested at 50 and 25 �g/ml. Con-
trol antibodies VRC01-LS, 4E10, and VRC07-G54W were included in

TABLE 2 Anti-cardiolipin antibody-binding properties of 10E8 HC6/L3 variants with alterations at
position 74a

a Values in the far left column are the concentrations of the 10E8 variants. Values in the table body are ELISA OD450 results
from cardiolipin binding, with yellow and green highlighting intermediate autoreactive.
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each slide and assigned a score between 0 and 3	. Test antibodies that
scored greater than 1	 at 25 �g/ml were considered autoreactive. In
the cardiolipin binding assay, monoclonal antibodies (MAbs) that
scored greater than three times the background at 33 �g/ml were con-
sidered autoreactive.

Assessment of bioavailability in mice. BALB/c mice were divided
into three groups containing three mice per group, and the mice in
each group were administered intraperitoneally 100 �g of 10E8,
10E8v4, or 10E8v5 antibody. Blood was drawn from all animals at 1, 2,
4, 7, and 10 days after antibody administration, and serum was isolated
and analyzed for levels of antibody in individual mice. Costar 96-well
enzyme immunoassay/radioimmunoassay plates (Corning, NY) were

coated with 100 ng per well of goat anti-human IgG Fc-� fragment
(Jackson ImmunoResearch) overnight at 4°C. The plates were washed
three times with PBS plus Tween and blocked with PBS containing 5%
milk and 0.5% bovine serum albumin (BSA) for 2 h at room temper-
ature. Mouse serum from the treated animals and purified 10E8,
10E8v4, or 10E8v5 MAb in PBS for the standard curves were added to
the wells in 1:2 serial dilutions in PBS containing 2% milk and 0.2%
BSA and incubated for 2 h. After washing, peroxidase-conjugated goat
anti-human IgG (Jackson ImmunoResearch) was incubated for 1 h at
room temperature. Samples were detected by a TMB (3,3=,5,5=-te-
tramethylbenzidine) liquid substrate system (Sigma), and spectropho-
tometric readings were performed at 450 nm. All animals were bred

FIG 3 Reversion to germ line of hydrophobic residues in the framework region 3 of the 10E8 heavy chain variant (HC6-S74Y) enhances solubility. (A) Fab 10E8
in surface representation, with colors indicating electrostatic potential: red, electronegative; blue, electropositive; white, hydrophobic. A hydrophobic patch is
formed by Leu72, Ile75, and Phe77. (B) Alteration of four hydrophobic residues to their germ line counterparts to create heavy chain variant 10E8v1. Sequences
are shown based on the Kabat numbering scheme. (C) Turbidity of 10E8v1. (D) Neutralization potency of 10E8v1 versus the wild type.
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and maintained at the Comparative Bioscience Center of The Rocke-
feller University in accordance with the regulations of its Institutional
Animal Committee Care and Use Committee (IACUC). All animal
studies were conducted under protocols approved by this committee.

Assessment of bioavailability in rhesus macaques. Rhesus macaques
of Indian origin were administered low-endotoxin antibody preparations
(
1 endotoxin unit [EU]/mg) intravenously at 10 mg of Ab/kg of body
weight. Whole-blood samples were collected prior to injection and at
multiple time points until week 4 after administration. Antibody concen-
trations in serum were measured by ELISA as described previously (22),
with the exception that plates were coated with 200 ng/well of MPER
peptide. Pharmacokinetic parameters were calculated in WinNonlin Soft-
ware using the two-compartment model.

Crystallization, structure determination, and refinement. Purified
10E8-S74W Fab in buffer containing 5 mM Tris-HCl, pH 7.5, 150 mM
NaCl, and 0.02% NaN3 was complexed to an MPER peptide composed of
gp41 residues 656 to 683 flanked by terminal solubility tags (RRR656NEQ
ELLELDKWASLWNWFDITNWLWYIR683RRR) in a 1:3 protein-to-
peptide molar ratio, concentrated to �10 mg/ml, and set up in vapor
diffusion hanging-drop crystallizations using the same conditions that
were used to obtain the 10E8 wild-type (WT) MPER crystal structure:
40% polyethylene glycol (PEG) 400, 0.1 M Na citrate, 0.1 M Tris (pH 7.5).
Purified 10E8v4 Fab in buffer containing 5 mM Tris-HCl, pH 7.5, 150
mM NaCl, and 0.02% NaN3 was also complexed to the same MPER pep-
tide composed of gp41 residues 656 to 683 flanked by terminal solubility

tags (RRR656NEQELLELDKWASLWNWFDITNWLWYIR683RRR) in a
1:3 protein-to-peptide molar ratio. This complex was set up in crystal-
lization screens composed of 576 initial conditions adapted from the
commercially available Hampton (Hampton Research), Precipitant
Synergy (23), and Wizard Classic (Rigaku) screens using a Honeybee
963 robot. Crystallizations were set up at 20°C using vapor diffusion
hanging drops, and trays were imaged with a Rockimager (Formula-
trix). Crystal hits were hand optimized with additive screens (Hamp-
ton Research). X-ray diffraction data were collected at the Advanced
Photon Source, using insertion device 22, and extended to 2.4-Å res-
olution for crystals grown in a condition composed of 25% isopropa-
nol, 15% PEG 3350, 0.1 M Tris (pH 8.5), and 10% Jeffamine (Hamp-
ton Research). Data were processed using HKL-2000 (24), and the
structures were solved with molecular replacement using the parent
10E8 structure as a search model (PDB ID 4G6F) in Phaser (25). Re-
finement of the structures was undertaken with Phenix (26), with it-
erative model building in Coot (27). All graphics were prepared with
PyMOL (PyMOL Molecular Graphics System).

Time-resolved size exclusion chromatography. A 2� PBS mobile
phase was prepared with a 4:1 (vol/vol) dilution of water (JT Baker catalog
no. 9831-03) and 10� PBS (Lonza catalog no. 17-517Q). The solution was
stored in a 1-liter polyethylene terephthalate glycol modified (PETG)
Biotainer bottle at room temperature. Fifty microliters (3.8 mg/ml) of
10E8v4 was injected onto the Acquity BEH SEC column (P/N, 186005225;
4.6- by 150-mm inside diameter; particle size, 1.7 �m; pore size, 20 nm) of

FIG 4 Somatic 10E8 variants showed increased solubility but reduced potency versus 10E8. (A) Sequences of 10E8 and somatic variants (residues in red indicate
reversion to germ line); (B) turbidity; (C) neutralization potency.
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the Waters Acquity UPLC H-class system consisting of a sample manager-
FTN (model code SDI), a quaternary solvent manager (model code
QSM), and a tunable UV detector (model code TUV). An isocratic, 2�
PBS mobile phase (pH 7.4) was run at a flow rate of 0.4 ml/min for 8 min.
UV absorbance was detected at 280 nm using Empower 3 software. Three
distinct fractions were isolated and collected by hand, in 1.7-ml micro-
centrifuge tubes, at the outlet end of the flow path immediately following
the UV detector. Fraction collection times were estimated by visual in-
spection, using a historical data set to approximate when the peaks would
elute. For this study, three fractions were isolated (F1, �3 to 3.3 min; F2,
�3.9 to 4.3 min, and F3, �5.8 to 6.4 min). Upon collection, 50 �l of each

fraction was reinjected back onto the column within a 30-min time frame
from elution (t � 0) for confirmation of the fractionated peaks. The re-
maining aliquot of each fraction was stored at 4°C for 22 h. At t � 22 h, 50
�l of fractions 1, 2, and 3 were separately reinjected onto the column, and
chromatograms for t � 0 and t � 22 were compared for each fraction.

Accession numbers. Atomic coordinate and structure factors for
10E8-S74W in complex with HIV-1 gp41 MPER and for 10E8v4 in com-
plex with HIV-1 gp41 MPER have been deposited in the Protein Data
Bank under accession numbers 5IQ7 and 5IQ9, respectively. Sequences
for10E8 variants have been deposited in GenBank under accession num-
bers KU951246 to KU951253.

FIG 5 Swaps of variant heavy chain residues proximal to epitope and pairing with L3 light chain enhanced neutralization potency. (A) Structure of 10E8
highlighting location of residues altered to improve potency; (B) sequence of 10E8 heavy chain variants and alterations to improve potency; (C) turbidity of the
variants in PBS; (D) neutralization potency.
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RESULTS
Initial attempts to optimize 10E8 suggested solubility to be a
critical limiting factor. We and others previously showed MPER-
directed antibodies to recognize epitopes comprising not only the
MPER, but also the hydrophobic viral membrane itself (28–35).
To improve the function of antibody 10E8, we first asked whether
replacement by Trp of surface-exposed 10E8 residues coplanar
with the MPER would enhance neutralization (Fig. 1A and B; see
Table S1 in the supplemental material). A number of substitutions

increased potency, although generally in an isolate-specific fash-
ion (Fig. 1C). A Ser74Trp substitution in the 10E8 heavy chain,
however, showed a general increase in potency, both in 50% in-
hibitory concentration (IC50) and in 80% inhibitory concentra-
tion (IC80) (Fig. 1C), and the crystal structure of 10E8-S74W con-
firmed that 74W did not interact with MPER (Fig. 2 and Table 1).
Once we identified that the Ser74Trp mutation increased potency,
we introduced this mutation to a somatic heavy chain variant
named HC6 (see Table S1), which neutralized the select viruses

FIG 6 Swaps of variant light chain residues further improved solubility. (A) Structure of 10E8 highlighting location of residues altered to improve potency; (B)
sequence of 10E8 light chain variants and alterations to improve solubility; (C and D) turbidity of 10E8 light chain variants; (E) neutralization potency.
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more potently than the parent 10E8 when paired with a somatic
light chain variant named L3 (see Table S1) (36).

Characterization of the cardiolipin-binding properties of
the HC6-Ser74Trp variant of 10E8, however, indicated poten-
tial polyreactivity (Fig. 1D). We substituted all 18 other amino
acids at position 74 and assessed the polyreactivity. A Ser74Tyr
variant was observed not to be polyreactive (Table 2) while
retaining increased potency (Fig. 1E). Turbidity measure-
ments, however, of protein A-eluted antibody in PBS, pH 7.4,
indicated the Ser74Tyr variant of 10E8 to be even less soluble
than the wild-type 10E8 (Fig. 1F). Together, these results indi-
cated that prior to attempting to enhance potency, it might be
best to increase 10E8 solubility.

Enhancement of solubility through alteration of a hydro-
phobic surface patch and use of somatic variants. To increase the

solubility of 10E8 and its variants, we searched for hydrophobic
surface patches. A number of such patches were observed, and the
largest of these included the heavy-chain third-complementarity-
determining region (CDR H3), which showed extensive interac-
tions with the MPER. We did not alter this patch, as its hydropho-
bicity was likely related to MPER recognition and therefore critical
for function. However, a second hydrophobic patch comprising
Leu72, Ile75, and Phe77 in the framework region 3 of the heavy
chain was spatially separated from the MPER (Fig. 3A), and we
tested the effect of reverting these three residues as well as Met84
(which displayed a large SASA) to their germ line counterparts
(Fig. 3B); we paired this 4-reverted-residue heavy chain, named
HC6-S74Y-DKTT, with the L3 light chain and named the variant
10E8v1. Assessment of the turbidity of 10E8v1 indicated an �10-
fold decrease (Fig. 3C), while assessment of the neutralization po-

FIG 7 10E8v1, 10E8v4, and 10E8v5 retain extraordinary breadth and potency of the parent 10E8. (A) Breadth-potency curve for a panel of 200 HIV-1 isolates;
(B) aggregate IC50s (the percentage of viruses resistant to neutralization [IC50 � 50 �g/ml] is shown at the top of each column).
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tency of 10E8v1 indicated an �2-fold increase on an eight-isolate
panel (Fig. 3D).

We had previously identified somatic variants of 10E8 by next-
generation sequencing (NGS) of B cell transcripts of donor N152,
the source of antibody 10E8. Three of the heavy chain-light chain
mixtures lacked polyreactivity (37). These variants, derived from
heavy chains H6_dN152 and H8_dN152 (these heavy chains are
termed H6 and H8 throughout this paper), both retained the hy-
drophobic framework region 3 patch (Fig. 4A). We tested the
turbidity of the two 10E8 variants, and when paired with light
chain L10, both H6/L10 and H8/L10 showed less than half the
turbidity of the wild-type 10E8 (Fig. 4B). We reverted the frame-
work region 3 hydrophobic patch in both H6 and H8, expressed
the resulting antibody variants, and tested their turbidity. We ob-
served that the H6-reverted (H6-DTKT)/L10 and H8-reverted
(H8-DYKT)/L10 had substantially improved turbidity, approach-
ing the level observed for antibody VRC01 (Fig. 4B). However, the
neutralization potency for both H6-DTKT/L10 and H8-DYKT/
L10 was almost 10-fold weaker than that of wild-type 10E8 (Fig.
4C). Thus, while somatic variants and reversion to germ line as-
sisted in reducing solubility, the somatic variants were often of
substantially lower potency.

Enhancement of potency through transplantation of
paratope-proximal alterations of 10E8. We focused on improv-
ing the potency of H6-reverted (H6-DTKT)/L10 and analyzed
positions in the H6 heavy chain which differed from the more
potent HC6-S74Y. We observed four changes in close proximity
to the MPER, at residues 28, 31, 52, and 98 (Fig. 5A), and altered
the sequence of the H6-reverted heavy chain to that of their HC6-
S74Y counterparts at these four positions (Fig. 5B). We also ob-
served the L3 light chain to have increased neutralization potency
in comparison to the L10 light chain and the combination of H6
with L3 not to be polyreactive and therefore created variants with
alterations at residues 28, 31, 52, and 98 (H6-DTKT-DNTY) of the
H6-reverted heavy chain (H6-DTKT) with the L3 light chain. The
turbidity of these H6/L3-optimized variants remained substan-
tially lower than that of the parent 10E8 (Fig. 5C). Moreover, on a
nine-isolate panel, these 10E8 variants exceeded the neutralization
potency of the parent 10E8 (Fig. 5D).

We further analyzed the sequence of L3 for differences from
L10 (Fig. 6A and B). We created a series of variants in which these
residues were altered individually or in combination and charac-
terized the turbidity of these variants (Fig. 6C). Alteration of six
residues at the N terminus of the light chain resulted in the lowest
turbidity (Fig. 6C and D) with retained potency (Fig. 6E). We
paired the residue 28-, 31-, 52-, and 98-altered variant (H6-
DTKT-DNTY) of the H6-reverted heavy chain (H6-DTKT) with

the 6-residue-altered L3 light chain (L3-ASPAKQ) and named the
variant 10E8v4. We also paired the HC6-S74Y-DKTT heavy chain
with the 10E8v4 light chain (L3-ASPAKQ) and named this variant
10E8v5.

Characteristics of 10E8v1, 10E8v4, and 10E8v5. We assessed
the neutralization of 10E8v1, 10E8v4, and 10E8v5 on a panel of
200 diverse HIV-1 isolates. Overall, the neutralization of these
three 10E8 variants recapitulated well the extraordinary
breadth and potency of the parent 10E8 (Fig. 7A). While
10E8v1 was slightly more potent than the others at a lower
concentration, overall the neutralization breadth-potency
curves were extremely similar, as were the overall IC50s (Fig. 7A
and B and Table 3).

We also assessed the solubility of these 10E8 variants. In the
turbidity assay, 10E8v1 was the least soluble, whereas 10E8v4
and 10E8v5 were of comparable solubilities (Fig. 8A and B). We
also tested the ease by which antibody could be concentrated,
through the use of a kinetic concentration assay, whereby 3 ml
of 10E8 or 10E8 variant at 0.35 optical density (OD) at 280 nm
was placed over an Amicon Ultra-4 centrifugal filter unit (EMD
Millipore) and centrifuged for 20 min at 4,000 � g. By this
“ease-of-concentration” assay, 10E8v4 concentrated the most
easily, 10E8v5 the next most easily, and 10E8v1 similarly to the
parent 10E8 (Fig. 8C). We also used dynamic light scattering to
analyze the particle size distribution and polydispersity of the
10E8 variants. While the parent 10E8 displayed polydisperse
characteristics, 10E8v1, 10E8v4, and 10E8v5 all appeared
monodisperse (Fig. 8D).

When analyzed for HEp2 cell reactivity, neither the parent
10E8 nor the three 10E8 variants showed reactivity at 50 or 25
�g/ml (Fig. 9A). 10E8 and all three variants were also negative on
cardiolipin (Fig. 9B) (we note that Chen and colleagues did ob-
serve 10E8 to bind cardiolipin [29], a difference that likely reflects
differences in cardiolipin preparations). When analyzed in a
mouse intraperitoneal infusion model, both 10E8v4 and
10E8v5 showed increased bioavailability compared to the par-
ent 10E8 (Fig. 9C). When dosed at 10 mg/kg in a rhesus ma-
caque intravenous infusion model, 10E8v4 showed a substan-
tial increase in bioavailability, with an estimated half-life of
�10 days, roughly twice that of the parent 10E8 (�5 days) (Fig.
9D). When we added the LS mutation (see Table S1 in the
supplemental material), which has been reported to extend
antibody serum half-life by improving affinity for the neonatal
Fc receptor (FcRn) (38, 39), to 10E8v4, we observed an addi-
tional increase in half-life (Fig. 9D). Together, the results indi-
cate 10E8v4 to be substantially more soluble than the parent
10E8, with substantially increased half-life.

TABLE 3 Neutralization of 10E8 variants on a 200-or 203-isolate panela

10E8 or
variant

Total no. of
viruses in
panel

No. of viruses neutralized at IC50 (IC80) of: % of viruses neutralized at IC50 (IC80) of:

Median
IC50 (IC80)

Geometric
mean IC50

(IC80)

50
�g/ml


10
�g/ml


1
�g/ml


0.1
�g/ml


0.01
�g/ml


50
�g/ml


10
�g/ml


1
�g/ml


0.1
�g/ml


0.01
�g/ml

10E8 200 195 (195) 194 (186) 145 (57) 38 (9) 9 (5) 98 (98) 97 (93) 73 (29) 19 (5) 5 (3) 0.392 (1.76) 0.315 (1.52)
10E8v1 200 196 (195) 195 (190) 148 (57) 53 (15) 17 (6) 98 (98) 98 (95) 74 (29) 27 (8) 9 (3) 0.397 (2.03) 0.228 (1.42)
10E8v4 200 196 (195) 194 (181) 143 (49) 46 (11) 13 (5) 98 (98) 97 (91) 72 (25) 23 (6) 7 (3) 0.435 (2.50) 0.276 (1.94)
10E8v5 200 196 (195) 194 (185) 146 (51) 42 (11) 12 (6) 98 (98) 97 (93) 73 (26) 21 (6) 6 (3) 0.418 (2.07) 0.307 (1.70)
10E8v4 203 198 (198) 198 (185) 146 (54) 39 (10) 11 (3) 98 (98) 98 (91) 72 (27) 19 (5) 5 (1) 0.428 (2.23) 0.329 (1.67)
10E8v4-DS 203 171 (146) 148 (125) 93 (40) 29 (7) 11 (3) 84 (72) 73 (62) 46 (20) 14 (3) 5 (1) 0.706 (2.41) 0.641 (2.06)

a Numbers in parentheses are results for IC80.
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Crystal structure of 10E8v4 with MPER peptide. To provide a
characterization of 10E8v4 at the atomic level, we determined
its crystal structure in complex with an MPER peptide (Fig. 10).
Despite 26 alterations, the variable domain of the 10E8v4 struc-
ture was virtually identical to that of the parent 10E8. Specifi-
cally, the average C� root mean square deviation (RMSD) was
0.52 Å, and the 10E8v4 paratope structure was even more
highly preserved, with a C� RMSD of 0.12 Å. Interestingly, the

first helical region of the 10E8 epitope in the parent 10E8 struc-
ture (MPER residues 656 to 669) was mostly disordered in the
10E8v4 structure, consistent with differences observed in this
helix in the two asymmetric unit complexes of the parent 10E8
structure (14) as well as the PGT151-soluble micelle context
(15). In contrast, the C-terminal MPER helix was substantially
ordered in the 10E8v4 structure, with clear electron density
from residue 670 through residue 683. Within these ordered

FIG 8 10E8v1, 10E8v4, and 10E8v5 are soluble and monodisperse. (A) Solubility of 10E8 and 10E8 variants after dialysis in PBS, pH 7.4; (B) turbidity in PBS;
(C) kinetic concentration assay, with the volume after centrifugation (left) and the absorbance at 280 nm (right); (D) dynamic light scattering indicating 10E8
to be polydispersed, whereas 10E8v1, 10E8v4, and 10E8v5 were monodispersed.
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residues, an RMSD of 0.17 Å was observed relative to the MPER
in the parent 10E8 structure. Together, the structural charac-
teristics reveal 10E8v4 to have the same overall structure and
direct MPER interactions as the parent 10E8, despite 26 alter-
ations in sequence.

Slow conformational isomerization of the 10E8v4 paratope
and its disulfide fixation. Analytical size exclusion chromatogra-
phy revealed 10E8v4 to elute as three peaks (Fig. 11A, top chro-
matogram). If any of the three peaks (F1 to F3) was pooled and
immediately assessed again by size exclusion chromatography,
the elution profile was characterized by a single peak, skewed
toward the position of the original peak (Fig. 11A, bottom left
chromatograms). However, if each of the three peaks was al-
lowed after separation to incubate at 4°C for 22 h, then rerun-

ning each of these equilibrated peaks resulted in the same three
original peaks (Fig. 11A, bottom right chromatograms).

The dramatic difference in chromatograms between an imme-
diately run sample and an equilibrated sample suggests slow con-
formational isomerization as a likely mechanism. Because each of
the peaks gave a similar molecular weight when analyzed by size
exclusion chromatography with multiangle light scattering
(SEC-MALS) (Fig. 11B), the difference in size exclusion mobility
likely related to different degrees of hydrophobic interaction with
the matrix. The most hydrophobic portion of the structure was the
CDR H3, which suggested slow conformational isomerization of
the CDR H3 (which contained a diproline motif) as the likely
source of the multiple size exclusion chromatography peaks. To
test this idea, we analyzed the CDR H3 region of the 10E8v4

FIG 9 10E8v1, 10E8v4, and 10E8v5 showed no polyreactivity, with increased bioavailability in mice and macaques for 10E8v4 and 10E8v4-LS. (A) HEp2 cell
staining assays on 10E8 variants. (B) Anti-cardiolipin ELISA. (C) BALB/c mice were divided into groups of three, and the mice in each group were administered
intraperitoneally (IP) 100 �g of 10E8, 10E8v4, or 10E8v5 antibody on day 0. The serum antibody levels shown are the mean values for each group of mice, and
error bars indicate standard deviations. (D) Serum antibody level assessment for rhesus macaques. IV, intravenous. “LS” indicates alteration of the heavy chain
to increase affinity for neonatal Fc receptor.
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structure for residues which could accommodate an intro-
duced disulfide to lock the CDR H3 in place. Modeling sug-
gested Tyr100e in the CDR H3 and Ser30 in the light chain to be
close to optimal for disulfide formation, and we created this
interchain 100eC-30C double cysteine variant (10E8v4-DS)
(Fig. 11D). Comparison of the 10E8v4-DS mutant on SDS-
PAGE under reducing and nonreducing conditions indicated
the near 100% formation of an interchain disulfide, with the
10E8v4-DS variant neutralizing HIV-1 being less potent than
10E8v4 (Fig. 11C and Table 3). Notably, when we analyzed the
10E8v4-DS mutant by size exclusion chromatography, we ob-
served it to elute as a single dominant peak (Fig. 11E).

DISCUSSION

With its near pan-neutralization of HIV-1, antibody 10E8 over-
comes one of the most challenging aspects of neutralizing HIV-1,
its diversity. Moreover, assessment of its protective capacity in
rhesus macaques (40) demonstrates protection from simian-hu-
man immunodeficiency virus (SHIV) BalP4 challenge at a similar
dose as antibody VRC01 (0.3 mg/kg), despite 10E8 having an IC80

that is �100-fold lower than that of VRC01 against SHIV BalP4 in
the TZM-bl assay. These highly positive qualities of antibody 10E8
were, however, offset by its less than optimal solubility. Here we
show how a combination of structure-based design and incorpo-
ration of natural variation from somatic variants of the 10E8 lin-
eage provides a means to increase solubility, without sacrificing
breadth or potency.

Because biological molecules are complex, with mobile surface
residues, complicated domain isomerizations, and heuristic temper-
ature-dependent behaviors, their solubility is more than can be de-
scribed by a single number delineating a maximum concentration in
a physiological buffer. For example, we could concentrate antibody
10E8 to over 10 mg/ml; however, once a small amount of 10E8 pre-
cipitated, additional precipitate tended to accumulate until a substan-
tial portion of the antibody was no longer in solution. Similarly, we
observed accumulating 10E8 precipitate to occur at 4°C, with sub-
stantially higher solubility at 37°C. Moreover, when antibody 10E8
was eluted from a protein A column at pH 2.8 and brought to neutral
pH, a substantial amount of precipitate often formed. Such precipi-
tation can substantially impede manufacturability.

To improve the solubility of antibody 10E8, we chose to
measure a step closely linked to a common manufacturing step
(transitioning from pH 2.8 to neutral pH) with an easy-to-
measure readout (turbidity or the absorbance of the solution at
350 nm). For a control, we used antibody VRC01, which we had
previously manufactured and formulated at 100 mg/ml (41,
42). By mutational alteration of hydrophobic surface patches
and incorporation of specific residues found in somatic vari-
ants with higher solubility, we succeeded in engineering a 10E8
variant with turbidity similar to that of antibody VRC01 (Fig.
4B). The most soluble variants unfortunately showed reduced
potency, but we did succeed in creating 10E8v4, which has
potency and breadth nearly indistinguishable from that of the
parent 10E8 (Fig. 7); 10E8v4 behaved in turbidity assessments
and kinetic concentration assays comparably to antibody
VRC01 (Fig. 8).

The near doubling of half-life in the rhesus macaque from the
�5 days for the parent 10E8 to �10 days for 10E8v4 was an un-
anticipated bonus. Was this a lucky coincidence? While turbidity
generally does not correlate well with half-life (e.g., the half-lives
of antibodies 10E8 and VRC01 are similar despite the latter having
much lower turbidity), within each lineage there did appear to be
modest correlation. As turbidity is much easier to measure than
antibody half-life, a potential correlation even with only some
lineages may be worth further investigation.

Broad HIV-1-neutralizing antibodies generally arise in
highly diverse lineages with substantial somatic hypermutation
(43); for example, the lineage of antibody VRC01 comprises at
least four clades with sequence differences that could exceed
50% (44). Such lineage diversity provides a pool of somatic
variants with distinct biological characteristics. Structure-
based design, meanwhile, provides both a functional context
and the ability to stitch diverse alterations gleaned from diver-
gent lineage variants into an improved chimera. We previously
used a mixture of somatic variation and structure-based opti-
mization to improve the potency of antibody VRC01, and spe-
cifically to create the chimeric improved antibody VRC07-523
(22). Here we used similar methodologies, but instead of po-
tency, we focused on improving antibody solubility. Whether
with potency, as with VRC07-523-LS, or with solubility, as with
10E8v4, overall the results demonstrate the power of coupling
rational design with somatic variation to improve selected
traits of a target antibody. Of the variants obtained, both
10E8v4 and 10E8v4-DS are potentially of interest for manufac-
ture. We note that if the slow conformational isomerization of
10E8v4 is not an issue for licensure, then it may be preferred
because of its higher potency; other considerations include the

FIG 10 Cocrystal structure of 10E8v4 in complex with HIV-1 MPER. Resi-
dues that differ between 10E8v4 and the parent 10E8 are highlighted in stick
representation, labeled, and colored cyan.
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efficacious dose of 10E8v4 (or 10E8v4-DS) required in vivo to
inhibit HIV-1, whether such a dose can be practically delivered
by subcutaneous injection, and the degree to which additional
surface alteration might improve 10E8v4 potency.
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