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A variety of broadly neutralizing antibodies (bnAbs) have 
been isolated from HIV-1 infected individuals (1–3), but 
their potential to treat or prevent infection in humans may 
be limited by the potency or breadth of viruses neutralized 
(4, 5). The targets of these antibodies have been defined 
based on an understanding of the HIV-1 envelope structure 
(6–9). While bnAbs occur in selected HIV-1 infected individ-
uals, usually after several years of infection, it remains a 
challenge to elicit them by vaccination because broad and 
potent HIV-1 neutralization often requires unusual antibody 
characteristics, such as long hypervariable loops, interaction 
with glycans, as well as a substantial level of somatic muta-
tion. Strategies have thus shifted from active to passive im-
munization to both protect against infection and to target 
latent virus (10–14). We and others have begun to explore 
combinations of bnAbs that optimize potency and breadth 
of protection, thus reducing the likelihood of resistance and 
viral escape (15–17). Antibodies directed to the CD4bs, 
MPER, and variable region glycans are among the combina-
tions that so far provide optimal neutralization (18). In ad-
dition, alternative combinations have also been investigated 
for the immunotherapy of AIDS, by directing T lymphocytes 

to activate latent viral gene expression and enhance lysis of 
virally-infected cells (19, 20). Given that multiple antibodies 
may help to reduce the viral replication that sustains chron-
ic HIV-1 infection, we report here the generation of multi-
specific antibodies designed to increasing the efficacy of 
HIV therapy. 

 
Design of bispecific antibodies and evaluation of 
neutralization breadth 

Although individual anti-HIV-1 bnAbs can neutralize 
naturally occurring viral isolates with high potency, the per-
centage of strains inhibited by these mAbs varies (21, 22). In 
addition, resistant viruses can be found in the same patients 
from whom bnAbs were isolated, suggesting that immune 
pressure against a single epitope may not optimally protect 
or treat HIV-1 infection. We hypothesized that the breadth 
and potency of HIV-1 neutralization by a single antibody 
could be increased by combining the specificities against 
different epitopes into a single molecule. This strategy 
would be expected to not only improve efficacy, but also 
simplify both treatment regimens and the regulatory issues 
required for clinical development. To test this concept, we 
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The development of an effective AIDS vaccine has been challenging due to viral genetic diversity and the 
difficulty in generating broadly neutralizing antibodies (bnAbs). Here, we engineered trispecific antibodies 
(Abs) that allow a single molecule to interact with three independent HIV-1 envelope determinants: 1) the 
CD4 binding site, 2) the membrane proximal external region (MPER) and 3) the V1V2 glycan site. 
Trispecific Abs exhibited higher potency and breadth than any previously described single bnAb, showed 
pharmacokinetics similar to human bnAbs, and conferred complete immunity against a mixture of SHIVs 
in non-human primates (NHP) in contrast to single bnAbs. Trispecific Abs thus constitute a platform to 
engage multiple therapeutic targets through a single protein, and could be applicable for diverse diseases, 
including infections, cancer and autoimmunity. 
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initially incorporated prototype bnAbs to the CD4bs and 
MPER sites into a modified bispecific Ab. When two varia-
ble regions are linked in tandem, the distal site typically 
retains its ability to bind antigen while the proximal bind-
ing is markedly diminished. We therefore utilized an alter-
native configuration, termed CODV-Ig, which introduced 
linkers and inverted the order of the antibody binding site 
in light and heavy chains to alter the orientation of the vari-
able regions, allowing each region to interact with their tar-
get (23). Several known bnAbs were evaluated, including 
VRC01, 10E8, PGT121, and PGT128 [reviewed in (1)] for their 
ability to neutralize a select panel of viruses with known 
resistance or sensitivity to these antibodies (fig. S1). Initially, 
we determined whether the position of the variable regions 
from VRC01 and 10E8 in the proximal or distal positions 
(Fig. 1A) could affect neutralization breadth and potency. 
Inclusion of both variable regions in either orientation in 
the bispecific antibody reduced the number of resistant 
strains compared to the parental antibodies alone (Fig. 1B). 
Better potency was observed when VRC01 was proximal and 
10E8 distal, though neither bispecific antibody was as po-
tent as a mixture of the two antibodies alone. 

To explore whether other bnAbs could perform better in 
the bispecific format, we evaluated two different combina-
tions, namely VRC01 plus PGT121, or VRC01 plus PGT128. 
For PGT121, expression was observed only with VRC01 in 
the distal position. When this antibody was compared to the 
parental antibodies alone, it provided marginally better 
neutralization (Fig. 2A). In contrast, VRC01 could be ex-
pressed with PGT128 in both positions, with greater breadth 
observed when VRC01 was distal (Fig. 2B). Together, these 
data indicated that improvements in breadth could be 
achieved with a bispecific format; however, the potency was 
not consistently improved compared to each Ab alone. We 
therefore sought an alternative format to improve the po-
tency and breadth of neutralization. 

 
Generation and comparison of broad and potent 
trispecific antibodies 

To achieve our goal, we used a previously undescribed 
trispecific Ab format. Three specificities were combined by 
using knob-in-hole heterodimerization (24) to pair a single 
arm derived from a normal immunoglobulin (IgG) with a 
double-arm generated in the CODV-Ig. A panel of bnAbs 
was evaluated, including those directed against the CD4bs 
that included VRC01 and N6, as well as PGT121, PGDM1400 
and 10E8 (fig. S1). A modified version of the latter, termed 
10E8v4, was used because of its greater solubility (25). We 
first determined which bispecific arms showed the best po-
tency, breadth and yield. This screening analysis revealed 
that combinations which contained PGDM1400, CD4bs, and 
10E8v4 showed the highest level of production and greatest 

potency of neutralization (fig. S2). 
We then evaluated different combinations of single arm 

and double arm specificities from PGDM1400, CD4bs, and 
10E8v4 Abs for their expression levels and activity against a 
small panel of viruses (fig. S3), leading ultimately to the 
identification of trispecific antibodies VRC01/PGDM1400-
10E8v4 and N6/PGDM1400-10E8v4 as lead candidates. 
When analyzed against a panel of 208 viruses (18) and com-
pared to the parental antibodies alone, the highest neutrali-
zation potency and breadth was observed with 
N6/PGDM1400-10E8v4, with only 1 of the 208 viruses show-
ing neutralization resistance and a median IC50 of less than 
0.02 μg/ml (Fig. 3A). VRC01/PGDM1400-10E8v4 also dis-
played high potency and breadth, and only 4 resistant virus-
es were found. While some parental mAbs displayed either 
high breadth (e.g., 10E8, N6) or high potency (PGDM1400), 
none displayed a combination of breadth and potency as 
optimal as the trispecific Abs (Fig. 3B). For example, the 
most potent and broad parental mAb, N6, was around 5-fold 
less potent than the N6/PGDM1400-10E8v4 trispecific Ab 
and targeted only a single epitope, which could increase the 
chance of viral escape mutations. Importantly, as a single 
recombinant protein, the trispecific Abs demonstrated po-
tency and breath superior to any single antibody yet defined 
(Fig. 3 and fig. S4). We also determined the binding affinity 
of each component of the trispecific Ab and compared each 
to its parental Fab. The equilibrium binding constant, Kd, of 
each binding site in the trispecific Ab, determined by sur-
face plasmon resonance (SPR), was comparable to the affini-
ty of the parental Fab, with PGDM1400 showing a slight 
decrease (~3-fold), and VRC01 and 10E8v4 exhibiting ap-
proximately a log increase in affinity (fig. S5). In addition, 
the trispecific Ab was able to bind sequentially to each of 
the three antigens (Fig. 3C), indicating that there is inde-
pendent binding of each epitope. 

The N6 trispecific Ab also showed greater potency and 
breadth compared to three related bispecific Abs when test-
ed against a panel of 20 viruses that were selected for re-
sistance to bnAbs (table S1). This finding is consistent with 
previous studies comparing the efficacy of mixtures of two 
vs. three bnAbs (18) and provides additional support for the 
multi-targeting concept. In addition to their greater efficacy, 
the trispecific Abs also yielded higher protein levels and 
greater solubility than the bispecific model (see fig. S2A vs. 
fig. S3), facilitating large scale production and clinical trans-
lation. 

 
Fc modification to extend half-life and crystal structure 

To identify the optimal candidate for further develop-
ment, we determined the half-life of the trispecific Abs in 
NHP. We previously showed that, in context of the VRC01 
mAb, mutations that increased binding to the neonatal Fc 
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receptor (FcRn), which recycles IgG in intestinal epithelial 
cells and increases levels in the serum, extended half-life 
enhanced mucosal localization and conferred more efficient 
protection against lentivirus infection compared to wild 
type antibody (26). One such mutation was incorporated 
into the trispecific Abs as well as the parental VRC01 and 
N6 Abs. Abs were then infused into rhesus macaques and 
serum levels analyzed over a 14 day time frame. Ab VRC01 
displayed a longer half-life over the more broad and potent 
N6, which was also directed to the CD4bs (Fig. 4, VRC01 vs. 
N6). Similarly, the trispecific Ab containing VRC01 showed 
greater persistence and a longer half-life (7.43 days, based 
on day 1-14 serum concentrations) than the N6 trispecific 
(4.79 days) in vivo (Fig. 4, VRC01/PGDM1400-10E8v4 and 
N6/PGDM1400-10E8v4). For this reason, and because the 
N6 trispecific Ab yielded less product with decreased solu-
bility, we studied the VRC01/PGDM1400-10E8v4 trispecific 
Ab further. 

Further characterization was performed by solving the 
crystal structure of the bispecific arm of the trispecific Ab, 
PGDM1400-10E8v4 CODV Fab, at 3.55Å resolution (Fig. 5, A 
and B). While the light chain was well resolved in the elec-
tron density (with the exception of the two most C-terminal 
residues), the heavy chain showed some regions of dynamic 
disorder. The most notable region consisted of part of 
PGDM1400 CDRH3 and the linker between PGDM1400 Fv 
and the heavy chain constant domain (residues 280-305). 
Similar to the anti-IL4/IL13 CODV Fab crystal structures 
(23), PGDM1400 and 10E8v4 Fvs opposed one another with 
the CDRs well exposed to the solvent. The distance between 
the CDRH3s of PGDM1400 and 10E8v4 is over 100Å. The 
PGDM1400 and 10E8v4 Fvs superposed very well with their 
respective parental Fv structures with RMSD (Cα) around 1 
Å (fig. S6) (25, 27), confirming that their antigen binding 
properties have been well preserved in the CODV format. 
Most importantly, the orientations of the CDRs in two Fv’s 
were 180 degrees from each other, suggesting that each an-
tibody combining site can independently engage it antigen 
without obstructing the other Fv structure. A model for the 
trispecific Ab was constructed by combining the 
PGDM1400-10E8v4 CODV Fab with VRC01 (6) and the in-
tact b12 (28) IgG crystal structures (Fig. 5C). Similar to a 
natural IgG, the distance between the monovalent fragment 
of antigen binding (Fab) and CODV Fab is about 150Å. Two 
out of three antigens (gp120 core and gp41 MPER) were also 
included in the model, though we do not have direct evi-
dence that all three HIV epitopes can be engaged simulta-
neously by a single trispecific Ab. 

 
Enhanced cross-protection and decreased viral escape 
in vivo 

The VRC01/PGDM1400-10E8v4 trispecific Ab was eval-

uated for its ability to protect against infection, using a mix-
ture of two SHIVs that each differed in neutralization sensi-
tivity to the parental bnAbs. In vitro assessment of the 
replication competent SHIV challenge stocks showed that 
SHIV BaL P4 was sensitive to VRC01 and the trispecific an-
tibody, however was resistant to PGDM1400 (Fig. 6A). In 
contrast, SHIV 325C virus was sensitive to PGDM1400 and 
the trispecific Ab, yet resistant to VRC01 (Fig. 6A). In a neu-
tralization assay with an equal mixture of SHIV BalP4 and 
SHIV 325c, we observed only the trispecific Ab could 
achieve complete neutralization of the viral mixture com-
pared to either VRC01 or PGDM1400 (fig. S7). When naïve 
rhesus macaques were infused with the half-life extended 
VRC01, PGDM1400 or VRC01/PGDM1400-10E8v4 (5 mg/kg) 
respectively, serum concentrations were maintained at lev-
els of ≥1 μg/ml for more than 14 days for all Abs (Fig. 6B). A 
decrease in serum levels at later time points for the 
trispecific Ab correlated with the development of monkey 
anti-human Abs but arose almost two weeks after the SHIV 
challenge. 

To ensure an adequate challenge dose, naïve animals 
were first challenged with each virus independently. For 
SHIV 325c, 4 naïve rhesus macaques were inoculated one 
time intrarectally with 1 ml of undiluted viral stock. All four 
animals were infected and showed persistent viremia for up 
to 90 days (fig. S8). For SHIV BaLP4, the same stock and 
dose of virus were used as described in several of our prior 
publications (26, 29, 30). In total, 30 control animals were 
previously challenged with a single 1ml intrarectal inocula-
tion of SHIV BaLP4 and all became infected. 

To assess in vivo protection, NHP were challenged mu-
cosally with a mixture of these differentially sensitive 
SHIVs, 5 days after Ab infusion in two separate experiments, 
with 4 animals in each group. In total, 6 of 8 macaques 
(75%) infused with VRC01 alone and 5 of 8 (62%) animals 
treated solely with PGDM1400 became infected. In contrast, 
none of the 8 animals in the trispecific-treated group were 
infected (Fig. 6C; p=0.0058 by two-tailed Fisher exact test). 
These data confirm that the improved breath and potency of 
the trispecific Ab conferred protection against viruses that 
otherwise show resistance to single bnAbs alone. 

 
Discussion 
 
Next generation HIV bnAbs 

A hallmark of HIV infection is the remarkable genetic 
diversity of the virus. Since 2010, significant progress has 
been made in the identification of bnAbs that show excep-
tional breadth and potency [reviewed in (1)]. Several of 
these antibodies have progressed into clinical trials for pre-
vention or treatment, and there is renewed interest in ex-
ploring their potential in the clinical management of HIV 
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infection (5, 12, 14). Here, we explored the potential of dif-
ferent bnAbs to combine into a single protein that confers 
protection against diverse HIV strains. Among the classes of 
bnAbs, we found that trispecific Abs derived from bnAbs 
with CD4bs, MPER, and V1V2 glycan specificities had broad 
specificity, were potent and could be produced in sufficient 
quantities to allow evaluation in NHP, and eventually in 
humans. When tested in NHPs with viruses resistant to in-
dividual parental bnAbs, the trispecific Ab demonstrated 
complete protection against both viruses whereas infection 
was established in most animals treated with individual 
parental antibodies VRC01 and PDGM1400. In addition, the 
ability of this trispecific Ab to target three independent 
epitopes may improve treatment efficacy in humans. 

In HIV-1 infected patients, reductions in viral load have 
been observed after one infusion of a single bnAb, thus 
demonstrating biological activity of HIV bnAbs (31–34). A 
modest extension of viral rebound was also observed when 
individual bnAbs were infused after antiretroviral drugs 
were discontinued in previously suppressed HIV-infected 
subjects (32, 33). NHP and human passive transfer studies 
have also suggested that such bnAbs can enhance anti-viral 
immunity that may contribute to improved viral control (35, 
36). In addition, NHP studies demonstrate the importance 
of mAb potency and prolonged antibody half-life in mediat-
ing protection against infection (26, 29). The generation of 
trispecific Abs with improved potency and breadth may fur-
ther enhance the efficacy of either passive immunity or pas-
sive-active immunization strategies. 

Although bnAbs show exceptional breadth and potency, 
resistant viral strains have been detected in patients who 
make these Abs (6, 37) and among natural viral isolates (38–
40), raising the concern that resistance and escape muta-
tions may arise. Such escape mutations are produced fre-
quently with antiviral drug therapy (41), and 
countermeasures to reduce the likelihood of escape would 
increase the likelihood of developing a globally relevant 
therapy. Such breadth of coverage might alternatively be 
generated by administering multiple bnAbs, and protective 
efficacy in a NHP model has recently been demonstrated 
against a mixture of SHIV viruses using an antibody cocktail 
(42), providing further support for the multi-targeting con-
cept. Combination mAb therapy increases the complexity, 
development pathway, cost, and regulatory burdens of their 
use for treatment or prevention, in contrast to a single bio-
logic therapy. The potency of the trispecific Abs described 
here also exceeds that of a broad and potent recombinant 
form of CD4 (43), termed eCD4-Ig (fig. S4), and this latter 
molecule is also directed to a single, albeit highly conserved, 
HIV Env epitope. The availability of a single protein that 
targets multiple independent epitopes on virus also reduces 
the potential generation of escape mutations. This ad-

vantage in part could relate to the presence of three inde-
pendent binding specificities at all times in contrast to mix-
tures of antibodies where selective pressure by individual 
mAbs with shorter half-lives may wane. 

 
Clinical translation 

The trispecific Abs have not yet been evaluated for safe-
ty and efficacy in humans. While initial characterization of 
their half-life in NHPs suggests that they behave similarly to 
conventional antibodies, the question remains as to whether 
they could be immunogenic in vivo. The administration of a 
bispecific antibody to the human cytokines IL-4 and IL 13, 
which uses a related format and linkers (44), may provide 
guidance in this regard. This bispecific antibody has been 
evaluated in humans where single subcutaneous doses of 
SAR156597, ranging from 10-300 mg/kg, were well tolerated 
in healthy subjects, with low titers of ADA in only 4 of 36 
subjects (44). Importantly, it showed a mean half-life of 
about two weeks (44), similar to natural monoclonal anti-
bodies. While further human trials are needed to assess the 
full potential of the trispecific Ab platform, the data from 
the NHP challenge study described here, as well as the pre-
vious experience in humans with bispecific Abs (44), sug-
gests that the approach merits further clinical investigation. 
Studies in HIV-infected subjects, alone or in combination 
with other immune interventions, will address the potential 
of trispecific Abs to provide durable protective immunity 
against infection or sustained viral control in HIV infected 
subjects during drug holidays or in the absence of antiretro-
viral therapy. The recognition of independent target sites 
with multi-specific antibodies can also be applied to other 
infectious diseases, cancer, and autoimmunity. These anti-
bodies can promote recognition and binding to critical anti-
genic determinants on target cells and simultaneously allow 
engagement of immune cells that can stimulate relevant 
effector function without the complications and expense of 
delivering multiple recombinant proteins. 
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Fig. 1. CODV-Ig bispecific antibody 
design and neutralization titers of 
the VRC01/10E8 bispecific anti-
bodies. (A) CODV-Ig bispecific anti-
body design with two different 
orientations of 10E8 and VRC01. (B) 
Neutralization titers (IC50) in μg/ml 
of VRC01/10E8 bispecific Abs and 
parental Abs against a select panel of 
19 previously circulating HIV-1 
strains highlighted in red, yellow and 
grey indicating highest, medium and 
lowest potency respectively. 
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Fig. 2. Neutralization titers of 
VRC01/PGT121 and VRC01/PGT128 
based bispecific antibodies. Neutrali-
zation titers (IC50) in μg/ml of the 
VRC01/PGT121 (A) and VRC01/ 
PGT128 (B) bispecific Abs against a 
select panel of 20 circulating HIV-1 
strains, with highlights as in Fig. 1. 
 

Fig. 3. Neutralization titers of trispecific 
antibodies and broadly neutralizing anti-
bodies, and sequential binding of alter-
native Env epitopes. (A) The neutralization 
titers (IC50) of different bnAbs and trispecific 
Abs against a genetically diverse panel of 
208 circulating HIV-1 strains. The solid line 
denotes the median IC50 neutralization titer 
of sensitive viruses while the dotted line 
indicates median titers of all 208 viral 
strains. The percentage of resistant viruses 
are shown in the top line. (B) The breadth 
and potency of the trispecific Abs compared 
to other bnAbs. (C) Sequential binding of 
three antigens to the trispecific Ab, 
VRC01/PGDM1400-10E8v4 in the indicated 
order. The RSC3 (45) antigen represents 
monomeric gp120 optimized for the CD4 
binding site ab VRC01. MPER peptide 
interacts with 10E8 (7), and gp140 trimer for 
PGDM1400 was derived from the gp140ΔN6 
(BG505) protein. 
 

First release: 20 September 2017  www.sciencemag.org  (Page numbers not final at time of first release) 9 
 

on S
eptem

ber 20, 2017
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://www.sciencemag.org/
http://science.sciencemag.org/


  

Fig. 4. Serum antibody levels in rhesus 
macaques infused with parental and 
trispecific antibodies. The concentration of 
VRC01, N6 and the two trispecific Abs 
containing a Fc mutation to extend half-life, 
were measured in serum over the course of 14 
days after intravenous administration of a 
single 10 mg/kg dose of each antibody. Each 
data point represents the mean +/− SEM of 
the values from 2-6 animals per group 
(VRC01, n=6; N6, n=4; each trispecific Ab, 
n=2) and determined in replicates from two 
independent experiments. 
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Fig. 5. Crystal structure of the CODV Fab and a structure model of the trispecific 
antibody. (A) Configuration of the trispecific antibody, color-coded by parental antibody. 
Dark shades (red or green) refer to heavy chain while pastels indicate light chain peptides. (B) 
Crystal structure of the PGDM1400-10E8v4 CODV Fab in side and top views. CDRH3s from 
the two Fvs are labeled to highlight the antigen binding region gp41 MPER was modeled in by 
superposing PDB 5IQ9 on to the 10E8v4 Fv. (C) VRC01/gp120 structure (PDB 4LST) and the 
CODV Fab were modeled onto the b12 structure (PDB 1HZH) by overlaying the CH1-CL 
domains. Color codes are matched in (A), (B), and (C). 
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Fig. 6. Trispecific and broad neutralizing antibody sensitivity of SHIVs, plasma antibody levels and viremia in 
rhesus macaques. (A) The IC50 neutralizing titers (ug/ml) of VRC01, PGDM1400, and VRC01/10E8v4-
PGDM1400 against replication competent SHIV BaLP4 or SHIV 325c. (B) Plasma levels of VRC01, PGDM1400 and 
VRC01/PGDM1400-10E8v4 in rhesus macaques (n=8 on each arm, done in two separate experiments with 4 
animals each). All animals were administered 5 mg/kg of the indicated antibody intravenously. Each data point 
represents the mean +/− SEM of the values from all 8 animals per group. (C) Plasma viral loads in rhesus 
macaques (n=8 per group) challenged with a mixture of SHIV BaLP4 and SHIV 325c, 5 days after intravenous 
administration of either VRC01, PGDM1400 or VRC01/PGDM1400-10E8v4. 
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MATERIALS AND METHODS 

 
Development of the trispecific antibodies.  The format for the trispecific Ab was developed by 

integrating the previously described CODV-Ig bispecific antibody prototype (23) with a 

conventional antibody arm by heterodimerization using knob-in-hole (24) mutations in the CH3 

domain of IgG1 Fc region.  For CODV bispecific antibody design, two binding domains from 

any given antibodies can be linked together through various linkers in following order: light 

chain:  , heavy chain: .  More specifically, 

anti-HIV-1 neutralizing antibodies targeting CD4bs (VRC01, VRC07, N6), MPER (10E8), 

V1V2 glycan (PGT128, PGDM1400, VRC26.25), and V3 glycan (PGT121, 10-1074) were 

tested for possible combinations including each antibody position and linker type.  The 

combinations with the best ability retaining the neutralizing breadth/potency and good 

manufacturability were used for trispecific antibody development.  The following “Knob” 

(S354C/T366W) and “Hole” (Y349C /T366S/L368A/Y407V) mutations were engineered into 

CH3 domain of the monospecific or bispecific Fc region.  Co-transfection of expression vectors 

expressing one bispecific light chain, one bispecific heavy chain, one conventional light chain, 

and one conventional heavy chain allows the heterodimerization and trispecific antibody 

formation.  Homodimer of the monospecific antibody and homodimer of the bispecific antibody 

could also be produced, which were reduced to minimal level by using different ratios of the 

expression plasmids.  Heavy and light chain mismatch can also happen, but generally at low 

level due to significant difference between monospecific and bispecific antibodies.  Cationic 

exchange and size exclusion chromatography (SEC) protocols were developed to isolate the 

antibody of interest.  



Construction of expression plasmids.  Individual trispecific Abs were designed based on 5 

parameters: 1) Selection of antibody binding sites; 2) Consideration of the position of each 

binding site; 3) Choice of linkers for the bispecific binding arm (i.e., heavy chain/light chain B in 

FIG. 1C); 4). “Knob” and “Hole” mutation integration into respective halves of the antibody; 5.) 

Choice of Fc isotype (IgG1 or IgG4).  After assembly of the amino acid sequences for each 

trispecific molecule, four genes for each trispecific Ab were synthesized using human preferred 

codons (CambrY Applied Biosciences, Cambridge, MA, USA), and cloned into a eukaryotic 

expression vector. 

Production and purification of trispecific antibodies.  Trispecific antibodies were produced by 

transient transfection of 4 expression plasmids into Expi293 cells using ExpiFectamine™ 293 

Transfection Kit (Thermo Fisher Scientific) according to manufacturer’s protocol.  Briefly, 25% 

(w/w) of each plasmid was diluted into Opti-MEM, mixed with pre-diluted ExpiFectamine 

reagent for 20-30 minutes at room temperature (RT), and added into Expi293 cells (2.5x106 

cells/ml).  An optimization of transfection to determine the best ratio of plasmids was often used 

to produce the trispecific antibody with good yield and purity.  4-5 days after transfection, the 

supernatant from transfected cells was collected and filtered through 0.45 µm filter unit 

(Nalgene).  The trispecific antibody in the supernatant was purified using a 3-step procedure.  

First, protein A affinity purification was used, and the bound Ab was eluted using IgG elution 

buffer (Thermo Fisher Scientific).  Second, the eluted product was dialyzed against PBS (pH7.4) 

overnight with 2 changes of PBS buffer.  Any precipitate was cleared by filtration through 0.45 

µm filter unit (Nalgene) before next step.  Third, SEC purification (Hiload 16/600 Superdex 

200pg, or Hiload 26/600 Superdex 200pg, GE Healthcare) was used to remove aggregates and 

different species in the preparation.  The fractions were analyzed on reduced and non-reduced 
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SDS-PAGE to identify the fractions that contained the monomeric trispecific antibody before 

combining them.  The purified antibody was then aliquoted and kept at -80°C for long term 

storage. 

Validation of trispecific antibody binding activities using ELISA.  The binding properties of 

the purified antibodies were analyzed either using ELISA or surface plasmon resonance (SPR) 

methods.  For ELISA, corresponding antigens for each binding site in the trispecific antibody 

were used to coat a 96-well Immuno Plate (Thermo Fisher Scientific) overnight at 4°C using 2 

µg/ml each antigen in PBS (pH7.4).  The coated plate was blocked using 5% skim milk+2% 

BSA in PBS for one hour at RT, followed by washing with PBS+0.25% Tween 20 three times 

(Aqua Max 400, Molecular Devices).  Serial dilution of antibodies (trispecific and control Abs) 

were prepared and added onto the ELISA plates (100 µl/well in duplicate), incubated at RT for 

one hour, followed by washing 5 times with PBS+0.25% Tween 20.  After washing, the HRP 

conjugated secondary anti-human Fab (1:5000, Cat. No. 109-035-097, Jackson ImmunoResearch 

Inc) was added to each well and incubated at RT for 30 minutes.  After washing 5 times with 

PBS+0.25% Tween 20, 100 µl of TMB Microwell Peroxidase Substrate (KPL, Gaithersburg, 

MD, USA) was added to each well.  The reaction was terminated by adding 50 µl 1M H2SO4, 

and OD450 was measured using SpectraMax M5 (Molecular Devices) and analyzed using 

SoftMax Pro6.3 software (Molecular Devices).  The final data was transferred to GraphPad 

Prism software (GraphPad Software, CA, USA), and plotted as shown. EC50 was calculated 

using the same software. 

Analysis of trispecific antibody binding using SPR.  Three antigens were chosen for these 

studies. RSC3 (45) was used to evaluate binding of VRC01 and N6.  Trimeric gp140ΔN6 

(BG505) probed PGDM1400 interactions, and MPER peptide was used as a target for 10E8v4 
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binding (7).   These antigens were used to measure the interaction of each determinant within the 

trispecific antibodies VRC01/PGDM1400-10E8v4 and N6/PGDM1400-10E8V4 and compared 

to the cognate parental Fab.  Binding kinetics was determined using SPR on a BIACORE S200 

(GE Healthcare).  Abs were captured with anti-human IgG1 Fc specific antibody (Abcam. 

catalog no. ab1927) immobilized to CM5 sensor chip at pH 5 to ~11000 RU using standard 

amine coupling chemistry.  An IgG1 isotope control (BioLegend; catalog no. 403102) was 

captured to the anti-IgG1 Fc specific antibody immobilized on the reference surface.  The 

amount of antibody captured was controlled so that the maximal binding of each antigen was no 

more than 30 RU.  All analyses were performed at a 30 µL/min flow rate with 1X PBS-P (GE 

Healthcare. catalog no. 28-9950-84) as running buffer.  Increasing concentrations of each antigen 

were injected for 180 sec followed by 300 sec dissociation.  For sequential binding of the three 

antigens to each trispecific Ab, saturating concentration (> 10 KD) of each antigen (740 nM 

RSC3, 1000 nM 10E8 peptide, 2000 nM BG505) was injected for 8 min followed by 5 min 

dissociation.  Surface regenerate was conducted by injecting 10 mM Glycine-HCl pH 2.5 for 60 

sec at 30 µl/min.  Data were fitted with 1:1 kinetic binding model and analyzed using Biacore 

S200 Evaluation Software v 1.0.  Equilibrium dissociation constant (KD) was calculated using 

association rate constant (kon) and dissociation rate constant (koff).  

HIV-1 neutralization assays.  Neutralization of replication-competent SHIV challenge stocks or 

single–round-of-entry Env-pseudoviruses (cross-clade) was evaluated in vitro by using Tzm-bl 

target cells and a luciferase reporter assay as described (19,46,47).  Briefly, HIV-1 Env 

pseudoviruses were generated by transfection in 293T cells of Env expression plasmids with full-

length, Env-defective HIV genome SG3dEnv. To assess neutralization sensitivity of replication 

competent SHIVs, we used the same SHIV challenge stocks that were used for in vivo infection.  
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The SHIV challenge stocks were produced by transfection of 293T cells with infectious 

molecular clone plasmids, followed by propagation in human (SHIV325c) or rhesus (SHIV 

BaLP4) PBMCs. SHIV stocks or HIV-1 pseudoviruses were incubated with the antibody for 30 

min at 37°C before Tzm-bl cells were added.  The protease inhibitor indinavir was added to 

assays with SHIV stocks to a final concentration of 1 μM to limit infection of target cells to a 

single round of viral replication.  Luciferase expression was quantified 48 h after infection upon 

cell lysis and the addition of luciferin substrate (Promega).  For the neutralization assays done 

with a mixture of two SHIVs, each individual SHIV contributed ~50% of total infectivity of 

target cells, as measured by luciferase activity.   

CODV Fab crystallization. Recombinant CODV-Fab containing PGDM1400-10E8v4 Fvs was 

expressed in ExpiHEK293 cells, purified and buffer exchanged into 20mM HEPES pH 7.0, 

150mM sodium chloride, 30mM arginine. The protein was concentrated to 21mg/ml and 

crystallized in 1.68M ammonium sulfate, 0.1M sodium cacodylate pH 6.1 at 4°C (previous 

crystals in a similar condition were used as a nucleation seed). These crystals were cryoprotected 

in 20% glycerol and mother liquor. X-ray diffraction data were collected at Advanced Photon 

Source LS-CAT 21-ID-D with the Eiger 9M detector and processed using XDS. Molecular 

replacement was performed using Phaser and 10E8v4 Fab (PDB: 5IQ9, variable domain and 

constant domain searched separately) and the PGDM1400 variable domain (PDB: 4RQQ). 

Model rebuilding was performed in Coot and refinement was completed using Phenix. Data 

collection and refinement statistics are listed (Table S2). The coordinates and structure factors 

were deposited in the PDB (code 5WHZ). 

NHP PK study and antibody half-life quantitation and dual SHIV Challenge.  Twenty-eight 

male and female rhesus macaques (M. mulatta) of Indian genetic origin were housed and cared 
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for in accordance with Guide for Care and Use of Laboratory Animals Report number NIH 82-

53 (Department of Health and Human Services, Bethesda, Maryland, USA, 1985) in a biosafety 

level 2 National Institute of Allergy and Infectious Diseases (NIAID) facility. All animal 

procedures and experiments were performed according to protocols approved by the Institutional 

Animal Care and Use Committee of the National Institute of Allergy and Infectious Diseases 

(NIH).  For PK studies, four Indian-origin Rhesus macaques were administered low-endotoxin 

antibody preparations (<1 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 post-

administration.  Antibody concentrations in serum were measured by a quantitative ELISA using 

HIV-1 resurfaced core envelope (RSC3)-coated microtiter plates to capture the trispecific 

antibodies followed by detection using a HRP-conjugated anti-human IgG antibody. 

Pharmacokinetic parameters were calculated in WinNonlin Software using the non-compartment 

model. 

For the dual challenge study, twenty four Indian-origin Rhesus macaques were 

administered low-endotoxin antibody preparations (<1 EU/mg) intravenously at 5 mg of Ab/kg 

of body weight.  Five days later, the animals were intra rectally challenged with a mixture of two 

SHIVs – SHIVBaLP4 and SHIV325c.  SHIVs were grown in rhesus macaque peripheral blood 

mononuclear cells (PBMC). Blood samples were obtained before and after challenge at periodic 

intervals to quantitate antibody levels and plasma viremia. Antibody levels were measured using 

quantitative ELISA based methods in which either a resurface core gp120 (RSC3) (45) (for 

VRC01 and VRC01\PGDM-10E8v4 with Fc mutations) or a chimeric CNE58-strandC-

CAP256.SU SOSIP trimer (for PGDM1400 with Fc mutations) coated microtiter plates were 

used to capture the administered antibodies followed by detection using a HRP-conjugated anti-

6 
 



human IgG antibody. Plasma viremia was quantitated using a PCR-based method to quantify 

SIV gag RNA levels with a detection limit of 15 copies/ml as described previously (48). 
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SUPPLEMENTARY FIGURES 
 
 

 

 

 

 

 

Fig. S1. Neutralization activity of bnAbs used to develop multi-specific Abs.  (A) Parental 

bnAbs were tested against a panel of 208viral strains from diverse clades.  (B) a panel of 20 

selected viral isolates used to test neutralization of bispecific Abs. Viruses resistant (R) or 

sensitive (S) to the indicated bnAb are highlighted in blue and red respectively. 
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Fig. S2. Design of expanded set of bispecific Abs and virus screening panel.  Combinations of 

mAb for bispecific Ab generation with high (++), medium (+), low (+/-) expression 

yield/solubility and relative good (red) or average (yellow) neutralization potency.   – indicates 

that the Ab was not developed. 
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Fig. S3. Design of combinations of antibody binding sites into the trispecific format. The 

indicated combination of trispecific antibodies were produced with the antibody fragment 

making up the single arm of the trispecific shown horizontally along top and the double arms 

shown vertically along left. Solubility/yield of each trispecific is presented in ++ (highest), + 

(medium) or +/- (low).  Relative potency against the virus panel in Fig. S1 is indicated as highest 

(red), medium/low (yellow). – indicates that the Ab was not developed. 
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Fig. S4. Breadth and potency of trispecific Abs compared to parental bnAbs and eCD4-Ig 

against a representative panel of 208 HIV-1 strains.  (A) The breadth and potency of the 

trispecific Ab VRC01/PGDM1400-10E8v4 compared to parental Abs. (B) Summary of 

neutralization results for the indicated monoclonal and trispecific antibodies presented as the 

percentage of viruses neutralized at IC50 of <50 µg/ml and IC50 of <1 µg/ml, the median IC50 and 

geometric mean for each Ab against all viruses, and the median IC50 and geometric mean for 

each Ab against viruses sensitive at IC50<50 µg/ml.  
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Fig. S5. Binding affinity of individual components in the trispecific Ab in comparison to 

parental bnAbs. Binding constants were determined by SPR as described in Materials and 

Methods. Dose dependent binding to the indicated antigens was performed and KD for each Fab 

from the parental mAb, the trispecific Ab or its double-KO mutant was calculated using 

association rate constant (kon) and dissociation rate constant (koff).   
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Fig. S6. Superposition of the PGDM1400-10E8v4 CODV Fab with parental antibody 

crystal structures. PGDM1400-10E8v4 CODV Fab structure is colored the same as in Figure 6. 

(A) PGDM1400 Fv structure from PDB 4RQQ (colored in grey) is overlaid on the same Fv in 

the CODV Fab. (B) 10E8 Fv structure from PDB 4G6F and 10E8v4 Fv structure from PDB 

5IQ9 (colored in two different shades of grey) are superposed on the same Fv in the CODV Fab. 

The gp41 MPER peptide from the two PDBs are colored in two shades of red.   
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Fig. S7. Neutralization activity of VRC01, PGDM1400 and trispecific Ab against a dual 

SHIV mix. The neutralizing activity of VRC01, PGDM1400, and VRC01/PGDM1400-10E8v4 

against an equal mixture of replication competent PBMC-derived SHIVs BaLP4 and SHIV 325c. 

As expected, individual parental mAbs could block only about 50% of the infection in vitro, 

while the trispecfic conferred complete neutralization.   
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Fig. S8. SHIV 325c NHP infectivity study. Plasma viral loads in four naïve rhesus macaques 

challenged via intra rectal route with a single dose of SHIV 325c as described in Materials and 

Methods. The dashed line indicated the limit of detection for the assay (15 copies/ml). 
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SUPPLEMENTARY TABLES 

 

 

 

Table S1. Neutralizing breadth and potency of bispecific and trispecific antibodies against a 

panel of 20 viruses selected for resistance to bnAbs. Values shown are neutralization IC80 

concentrations (µg/ml). The percent of viruses neutralized is also shown along bottom, along 

with the median geometric mean IC80  for each A. 
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Table S2.  Data collection and refinement statistics. 

 

 
Statistics for the highest-resolution shell are shown in parentheses. 
 

17 
 



References 

1. D. R. Burton, L. Hangartner, Broadly neutralizing antibodies to HIV and their role in vaccine 
design. Annu. Rev. Immunol. 34, 635–659 (2016). doi:10.1146/annurev-immunol-
041015-055515 Medline 

2. J. R. Mascola, B. F. Haynes, HIV-1 neutralizing antibodies: Understanding nature’s pathways. 
Immunol. Rev. 254, 225–244 (2013). doi:10.1111/imr.12075 Medline 

3. P. D. Kwong, J. R. Mascola, Human antibodies that neutralize HIV-1: Identification, 
structures, and B cell ontogenies. Immunity 37, 412–425 (2012). 
doi:10.1016/j.immuni.2012.08.012 Medline 

4. L. E. McCoy, D. R. Burton, Identification and specificity of broadly neutralizing antibodies 
against HIV. Immunol. Rev. 275, 11–20 (2017). doi:10.1111/imr.12484 Medline 

5. D. M. Margolis, R. A. Koup, G. Ferrari, HIV antibodies for treatment of HIV infection. 
Immunol. Rev. 275, 313–323 (2017). doi:10.1111/imr.12506 Medline 

6. T. Zhou, J. Zhu, X. Wu, S. Moquin, B. Zhang, P. Acharya, I. S. Georgiev, H. R. Altae-Tran, 
G. Y. Chuang, M. G. Joyce, Y. D. Kwon, N. S. Longo, M. K. Louder, T. Luongo, K. 
McKee, C. A. Schramm, J. Skinner, Y. Yang, Z. Yang, Z. Zhang, A. Zheng, M. 
Bonsignori, B. F. Haynes, J. F. Scheid, M. C. Nussenzweig, M. Simek, D. R. Burton, W. 
C. Koff, J. C. Mullikin, M. Connors, L. Shapiro, G. J. Nabel, J. R. Mascola, P. D. 
Kwong, Multidonor analysis reveals structural elements, genetic determinants, and 
maturation pathway for HIV-1 neutralization by VRC01-class antibodies. Immunity 39, 
245–258 (2013). doi:10.1016/j.immuni.2013.04.012 Medline 

7. J. Huang, G. Ofek, L. Laub, M. K. Louder, N. A. Doria-Rose, N. S. Longo, H. Imamichi, R. T. 
Bailer, B. Chakrabarti, S. K. Sharma, S. M. Alam, T. Wang, Y. Yang, B. Zhang, S. A. 
Migueles, R. Wyatt, B. F. Haynes, P. D. Kwong, J. R. Mascola, M. Connors, Broad and 
potent neutralization of HIV-1 by a gp41-specific human antibody. Nature 491, 406–412 
(2012). doi:10.1038/nature11544 Medline 

8. J. S. McLellan, M. Pancera, C. Carrico, J. Gorman, J. P. Julien, R. Khayat, R. Louder, R. 
Pejchal, M. Sastry, K. Dai, S. O’Dell, N. Patel, S. Shahzad-ul-Hussan, Y. Yang, B. 
Zhang, T. Zhou, J. Zhu, J. C. Boyington, G.-Y. Chuang, D. Diwanji, I. Georgiev, Y. D. 
Kwon, D. Lee, M. K. Louder, S. Moquin, S. D. Schmidt, Z.-Y. Yang, M. Bonsignori, J. 
A. Crump, S. H. Kapiga, N. E. Sam, B. F. Haynes, D. R. Burton, W. C. Koff, L. M. 
Walker, S. Phogat, R. Wyatt, J. Orwenyo, L.-X. Wang, J. Arthos, C. A. Bewley, J. R. 
Mascola, G. J. Nabel, W. R. Schief, A. B. Ward, I. A. Wilson, P. D. Kwong, Structure of 
HIV-1 gp120 V1/V2 domain with broadly neutralizing antibody PG9. Nature 480, 336–
343 (2011). doi:10.1038/nature10696 Medline 

9. A. B. Ward, I. A. Wilson, The HIV-1 envelope glycoprotein structure: Nailing down a moving 
target. Immunol. Rev. 275, 21–32 (2017). doi:10.1111/imr.12507 Medline 

http://dx.doi.org/10.1146/annurev-immunol-041015-055515
http://dx.doi.org/10.1146/annurev-immunol-041015-055515
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27168247&dopt=Abstract
http://dx.doi.org/10.1111/imr.12075
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23772623&dopt=Abstract
http://dx.doi.org/10.1016/j.immuni.2012.08.012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22999947&dopt=Abstract
http://dx.doi.org/10.1111/imr.12484
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28133814&dopt=Abstract
http://dx.doi.org/10.1111/imr.12506
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28133794&dopt=Abstract
http://dx.doi.org/10.1016/j.immuni.2013.04.012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23911655&dopt=Abstract
http://dx.doi.org/10.1038/nature11544
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23151583&dopt=Abstract
http://dx.doi.org/10.1038/nature10696
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22113616&dopt=Abstract
http://dx.doi.org/10.1111/imr.12507
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28133813&dopt=Abstract


10. B. F. Haynes, J. R. Mascola, The quest for an antibody-based HIV vaccine. Immunol. Rev. 
275, 5–10 (2017). doi:10.1111/imr.12517 Medline 

11. A. S. Fauci, An HIV vaccine: Mapping uncharted territory. J. Am. Med. Assoc. 316, 143–144 
(2016). doi:10.1001/jama.2016.7538 Medline 

12. A. Pegu, A. J. Hessell, J. R. Mascola, N. L. Haigwood, Use of broadly neutralizing 
antibodies for HIV-1 prevention. Immunol. Rev. 275, 296–312 (2017). 
doi:10.1111/imr.12511 Medline 

13. J. M. Brady, D. Baltimore, A. B. Balazs, Antibody gene transfer with adeno-associated viral 
vectors as a method for HIV prevention. Immunol. Rev. 275, 324–333 (2017). 
doi:10.1111/imr.12478 Medline 

14. M. Caskey, F. Klein, M. C. Nussenzweig, Broadly neutralizing antibodies for HIV-1 
prevention or immunotherapy. N. Engl. J. Med. 375, 2019–2021 (2016). 
doi:10.1056/NEJMp1613362 Medline 

15. M. Asokan, R. S. Rudicell, M. Louder, K. McKee, S. O’Dell, G. Stewart-Jones, K. Wang, L. 
Xu, X. Chen, M. Choe, G. Chuang, I. S. Georgiev, M. G. Joyce, T. Kirys, S. Ko, A. Pegu, 
W. Shi, J.-P. Todd, Z. Yang, R. T. Bailer, S. Rao, P. D. Kwong, G. J. Nabel, J. R. 
Mascola, Bispecific antibodies targeting different epitopes on the HIV-1 envelope exhibit 
broad and potent neutralization. J. Virol. 89, 12501–12512 (2015). 
doi:10.1128/JVI.02097-15 Medline 

16. S. Bournazos, A. Gazumyan, M. S. Seaman, M. C. Nussenzweig, J. V. Ravetch, Bispecific 
anti-HIV-1 antibodies with enhanced breadth and potency. Cell 165, 1609–1620 (2016). 
doi:10.1016/j.cell.2016.04.050 Medline 

17. Y. Huang, J. Yu, A. Lanzi, X. Yao, C. D. Andrews, L. Tsai, M. R. Gajjar, M. Sun, M. S. 
Seaman, N. N. Padte, D. D. Ho, Engineered bispecific antibodies with exquisite HIV-1-
neutralizing activity. Cell 165, 1621–1631 (2016). doi:10.1016/j.cell.2016.05.024 
Medline 

18. R. Kong, M. K. Louder, K. Wagh, R. T. Bailer, A. deCamp, K. Greene, H. Gao, J. D. Taft, 
A. Gazumyan, C. Liu, M. C. Nussenzweig, B. Korber, D. C. Montefiori, J. R. Mascola, 
Improving neutralization potency and breadth by combining broadly reactive HIV-1 
antibodies targeting major neutralization epitopes. J. Virol. 89, 2659–2671 (2015). 
doi:10.1128/JVI.03136-14 Medline 

19. A. Pegu, M. Asokan, L. Wu, K. Wang, J. Hataye, J. P. Casazza, X. Guo, W. Shi, I. Georgiev, 
T. Zhou, X. Chen, S. O’Dell, J.-P. Todd, P. D. Kwong, S. S. Rao, Z. Y. Yang, R. A. 
Koup, J. R. Mascola, G. J. Nabel, Activation and lysis of human CD4 cells latently 
infected with HIV-1. Nat. Commun. 6, 8447 (2015). doi:10.1038/ncomms9447 Medline 

20. D. D. Sloan, C. Y. Lam, A. Irrinki, L. Liu, A. Tsai, C. S. Pace, J. Kaur, J. P. Murry, M. 
Balakrishnan, P. A. Moore, S. Johnson, J. L. Nordstrom, T. Cihlar, S. Koenig, Targeting 

http://dx.doi.org/10.1111/imr.12517
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28133795&dopt=Abstract
http://dx.doi.org/10.1001/jama.2016.7538
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27404178&dopt=Abstract
http://dx.doi.org/10.1111/imr.12511
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28133803&dopt=Abstract
http://dx.doi.org/10.1111/imr.12478
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28133808&dopt=Abstract
http://dx.doi.org/10.1056/NEJMp1613362
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27959740&dopt=Abstract
http://dx.doi.org/10.1128/JVI.02097-15
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26446600&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2016.04.050
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27315478&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2016.05.024
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27315479&dopt=Abstract
http://dx.doi.org/10.1128/JVI.03136-14
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25520506&dopt=Abstract
http://dx.doi.org/10.1038/ncomms9447
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26485194&dopt=Abstract


HIV reservoir in infected CD4 T cells by dual-affinity re-targeting molecules (DARTs) 
that bind HIV envelope and recruit cytotoxic T cells. PLOS Pathog. 11, e1005233 
(2015). doi:10.1371/journal.ppat.1005233 Medline 

21. F. Gao, M. Bonsignori, H. X. Liao, A. Kumar, S. M. Xia, X. Lu, F. Cai, K. K. Hwang, H. 
Song, T. Zhou, R. M. Lynch, S. M. Alam, M. A. Moody, G. Ferrari, M. Berrong, G. 
Kelsoe, G. M. Shaw, B. H. Hahn, D. C. Montefiori, G. Kamanga, M. S. Cohen, P. 
Hraber, P. D. Kwong, B. T. Korber, J. R. Mascola, T. B. Kepler, B. F. Haynes, 
Cooperation of B cell lineages in induction of HIV-1-broadly neutralizing antibodies. 
Cell 158, 481–491 (2014). doi:10.1016/j.cell.2014.06.022 Medline 

22. N. A. Doria-Rose, C. A. Schramm, J. Gorman, P. L. Moore, J. N. Bhiman, B. J. DeKosky, 
M. J. Ernandes, I. S. Georgiev, H. J. Kim, M. Pancera, R. P. Staupe, H. R. Altae-Tran, R. 
T. Bailer, E. T. Crooks, A. Cupo, A. Druz, N. J. Garrett, K. H. Hoi, R. Kong, M. K. 
Louder, N. S. Longo, K. McKee, M. Nonyane, S. O’Dell, R. S. Roark, R. S. Rudicell, S. 
D. Schmidt, D. J. Sheward, C. Soto, C. K. Wibmer, Y. Yang, Z. Zhang, J. C. Mullikin, J. 
M. Binley, R. W. Sanders, I. A. Wilson, J. P. Moore, A. B. Ward, G. Georgiou, C. 
Williamson, S. S. Abdool Karim, L. Morris, P. D. Kwong, L. Shapiro, J. R. Mascola, 
Developmental pathway for potent V1V2-directed HIV-neutralizing antibodies. Nature 
509, 55–62 (2014). doi:10.1038/nature13036 Medline 

23. A. Steinmetz, F. Vallée, C. Beil, C. Lange, N. Baurin, J. Beninga, C. Capdevila, C. Corvey, 
A. Dupuy, P. Ferrari, A. Rak, P. Wonerow, J. Kruip, V. Mikol, E. Rao, CODV-Ig, a 
universal bispecific tetravalent and multifunctional immunoglobulin format for medical 
applications. MAbs 8, 867–878 (2016). doi:10.1080/19420862.2016.1162932 Medline 

24. A. M. Merchant, Z. Zhu, J. Q. Yuan, A. Goddard, C. W. Adams, L. G. Presta, P. Carter, An 
efficient route to human bispecific IgG. Nat. Biotechnol. 16, 677–681 (1998). 
doi:10.1038/nbt0798-677 Medline 

25. Y. D. Kwon, I. S. Georgiev, G. Ofek, B. Zhang, M. Asokan, R. T. Bailer, A. Bao, W. Caruso, 
X. Chen, M. Choe, A. Druz, S. Y. Ko, M. K. Louder, K. McKee, S. O’Dell, A. Pegu, R. 
S. Rudicell, W. Shi, K. Wang, Y. Yang, M. Alger, M. F. Bender, K. Carlton, J. W. 
Cooper, J. Blinn, J. Eudailey, K. Lloyd, R. Parks, S. M. Alam, B. F. Haynes, N. N. Padte, 
J. Yu, D. D. Ho, J. Huang, M. Connors, R. M. Schwartz, J. R. Mascola, P. D. Kwong, 
Optimization of the solubility of HIV-1-neutralizing antibody 10E8 through somatic 
variation and structure-based design. J. Virol. 90, 5899–5914 (2016). 
doi:10.1128/JVI.03246-15 Medline 

26. S. Y. Ko, A. Pegu, R. S. Rudicell, Z. Y. Yang, M. G. Joyce, X. Chen, K. Wang, S. Bao, T. D. 
Kraemer, T. Rath, M. Zeng, S. D. Schmidt, J.-P. Todd, S. R. Penzak, K. O. Saunders, M. 
C. Nason, A. T. Haase, S. S. Rao, R. S. Blumberg, J. R. Mascola, G. J. Nabel, Enhanced 
neonatal Fc receptor function improves protection against primate SHIV infection. 
Nature 514, 642–645 (2014). doi:10.1038/nature13612 Medline 

http://dx.doi.org/10.1371/journal.ppat.1005233
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26539983&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2014.06.022
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25065977&dopt=Abstract
http://dx.doi.org/10.1038/nature13036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24590074&dopt=Abstract
http://dx.doi.org/10.1080/19420862.2016.1162932
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26984268&dopt=Abstract
http://dx.doi.org/10.1038/nbt0798-677
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9661204&dopt=Abstract
http://dx.doi.org/10.1128/JVI.03246-15
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27053554&dopt=Abstract
http://dx.doi.org/10.1038/nature13612
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25119033&dopt=Abstract


27. D. Sok, M. J. van Gils, M. Pauthner, J. P. Julien, K. L. Saye-Francisco, J. Hsueh, B. Briney, 
J. H. Lee, K. M. Le, P. S. Lee, Y. Hua, M. S. Seaman, J. P. Moore, A. B. Ward, I. A. 
Wilson, R. W. Sanders, D. R. Burton, Recombinant HIV envelope trimer selects for 
quaternary-dependent antibodies targeting the trimer apex. Proc. Natl. Acad. Sci. U.S.A. 
111, 17624–17629 (2014). doi:10.1073/pnas.1415789111 Medline 

28. E. O. Saphire, P. W. Parren, R. Pantophlet, M. B. Zwick, G. M. Morris, P. M. Rudd, R. A. 
Dwek, R. L. Stanfield, D. R. Burton, I. A. Wilson, Crystal structure of a neutralizing 
human IGG against HIV-1: A template for vaccine design. Science 293, 1155–1159 
(2001). doi:10.1126/science.1061692 Medline 

29. A. Pegu, Z. Y. Yang, J. C. Boyington, L. Wu, S. Y. Ko, S. D. Schmidt, K. McKee, W. P. 
Kong, W. Shi, X. Chen, J.-P. Todd, N. L. Letvin, J. Huang, M. C. Nason, J. A. Hoxie, P. 
D. Kwong, M. Connors, S. S. Rao, J. R. Mascola, G. J. Nabel, Neutralizing antibodies to 
HIV-1 envelope protect more effectively in vivo than those to the CD4 receptor. Sci. 
Transl. Med. 6, 243ra88 (2014). doi:10.1126/scitranslmed.3008992 Medline 

30. K. O. Saunders, A. Pegu, I. S. Georgiev, M. Zeng, M. G. Joyce, Z. Y. Yang, S. Y. Ko, X. 
Chen, S. D. Schmidt, A. T. Haase, J.-P. Todd, S. Bao, P. D. Kwong, S. S. Rao, J. R. 
Mascola, G. J. Nabel, Sustained delivery of a broadly neutralizing antibody in nonhuman 
primates confers long-term protection against simian/human immunodeficiency virus 
infection. J. Virol. 89, 5895–5903 (2015). doi:10.1128/JVI.00210-15 Medline 

31. R. M. Lynch, E. Boritz, E. E. Coates, A. DeZure, P. Madden, P. Costner, M. E. Enama, S. 
Plummer, L. Holman, C. S. Hendel, I. Gordon, J. Casazza, M. Conan-Cibotti, S. A. 
Migueles, R. Tressler, R. T. Bailer, A. McDermott, S. Narpala, S. O’Dell, G. Wolf, J. D. 
Lifson, B. A. Freemire, R. J. Gorelick, J. P. Pandey, S. Mohan, N. Chomont, R. 
Fromentin, T. W. Chun, A. S. Fauci, R. M. Schwartz, R. A. Koup, D. C. Douek, Z. Hu, 
E. Capparelli, B. S. Graham, J. R. Mascola, J. E. Ledgerwood, Virologic effects of 
broadly neutralizing antibody VRC01 administration during chronic HIV-1 infection. Sci. 
Transl. Med. 7, 319ra206 (2015). doi:10.1126/scitranslmed.aad5752 Medline 

32. K. J. Bar, M. C. Sneller, L. J. Harrison, J. S. Justement, E. T. Overton, M. E. Petrone, D. B. 
Salantes, C. A. Seamon, B. Scheinfeld, R. W. Kwan, G. H. Learn, M. A. Proschan, E. F. 
Kreider, J. Blazkova, M. Bardsley, E. W. Refsland, M. Messer, K. E. Clarridge, N. B. 
Tustin, P. J. Madden, K. Oden, S. J. O’Dell, B. Jarocki, A. R. Shiakolas, R. L. Tressler, 
N. A. Doria-Rose, R. T. Bailer, J. E. Ledgerwood, E. V. Capparelli, R. M. Lynch, B. S. 
Graham, S. Moir, R. A. Koup, J. R. Mascola, J. A. Hoxie, A. S. Fauci, P. Tebas, T. W. 
Chun, Effect of HIV antibody VRC01 on viral rebound after treatment interruption. N. 
Engl. J. Med. 375, 2037–2050 (2016). doi:10.1056/NEJMoa1608243 Medline 

33. J. F. Scheid, J. A. Horwitz, Y. Bar-On, E. F. Kreider, C. L. Lu, J. C. Lorenzi, A. Feldmann, 
M. Braunschweig, L. Nogueira, T. Oliveira, I. Shimeliovich, R. Patel, L. Burke, Y. Z. 
Cohen, S. Hadrigan, A. Settler, M. Witmer-Pack, A. P. West Jr., B. Juelg, T. Keler, T. 

http://dx.doi.org/10.1073/pnas.1415789111
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25422458&dopt=Abstract
http://dx.doi.org/10.1126/science.1061692
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11498595&dopt=Abstract
http://dx.doi.org/10.1126/scitranslmed.3008992
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24990883&dopt=Abstract
http://dx.doi.org/10.1128/JVI.00210-15
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25787288&dopt=Abstract
http://dx.doi.org/10.1126/scitranslmed.aad5752
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26702094&dopt=Abstract
http://dx.doi.org/10.1056/NEJMoa1608243
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27959728&dopt=Abstract


Hawthorne, B. Zingman, R. M. Gulick, N. Pfeifer, G. H. Learn, M. S. Seaman, P. J. 
Bjorkman, F. Klein, S. J. Schlesinger, B. D. Walker, B. H. Hahn, M. C. Nussenzweig, M. 
Caskey, HIV-1 antibody 3BNC117 suppresses viral rebound in humans during treatment 
interruption. Nature 535, 556–560 (2016). doi:10.1038/nature18929 Medline 

34. M. Caskey, T. Schoofs, H. Gruell, A. Settler, T. Karagounis, E. F. Kreider, B. Murrell, N. 
Pfeifer, L. Nogueira, T. Y. Oliveira, G. H. Learn, Y. Z. Cohen, C. Lehmann, D. Gillor, I. 
Shimeliovich, C. Unson-O’Brien, D. Weiland, A. Robles, T. Kümmerle, C. Wyen, R. 
Levin, M. Witmer-Pack, K. Eren, C. Ignacio, S. Kiss, A. P. West Jr., H. Mouquet, B. S. 
Zingman, R. M. Gulick, T. Keler, P. J. Bjorkman, M. S. Seaman, B. H. Hahn, G. 
Fätkenheuer, S. J. Schlesinger, M. C. Nussenzweig, F. Klein, Antibody 10-1074 
suppresses viremia in HIV-1-infected individuals. Nat. Med. 23, 185–191 (2017). 
doi:10.1038/nm.4268 Medline 

35. T. Schoofs, F. Klein, M. Braunschweig, E. F. Kreider, A. Feldmann, L. Nogueira, T. 
Oliveira, J. C. Lorenzi, E. H. Parrish, G. H. Learn, A. P. West Jr., P. J. Bjorkman, S. J. 
Schlesinger, M. S. Seaman, J. Czartoski, M. J. McElrath, N. Pfeifer, B. H. Hahn, M. 
Caskey, M. C. Nussenzweig, HIV-1 therapy with monoclonal antibody 3BNC117 elicits 
host immune responses against HIV-1. Science 352, 997–1001 (2016). 
doi:10.1126/science.aaf0972 Medline 

36. Y. Nishimura, R. Gautam, T. W. Chun, R. Sadjadpour, K. E. Foulds, M. Shingai, F. Klein, A. 
Gazumyan, J. Golijanin, M. Donaldson, O. K. Donau, R. J. Plishka, A. Buckler-White, 
M. S. Seaman, J. D. Lifson, R. A. Koup, A. S. Fauci, M. C. Nussenzweig, M. A. Martin, 
Early antibody therapy can induce long-lasting immunity to SHIV. Nature 543, 559–563 
(2017). doi:10.1038/nature21435 Medline 

37. X. Wu, Z. Zhang, C. A. Schramm, M. G. Joyce, Y. D. Kwon, T. Zhou, Z. Sheng, B. Zhang, 
S. O’Dell, K. McKee, I. S. Georgiev, G. Y. Chuang, N. S. Longo, R. M. Lynch, K. O. 
Saunders, C. Soto, S. Srivatsan, Y. Yang, R. T. Bailer, M. K. Louder, J. C. Mullikin, M. 
Connors, P. D. Kwong, J. R. Mascola, L. Shapiro, Maturation and diversity of the 
VRC01-antibody lineage over 15 years of chronic HIV-1 infection. Cell 161, 470–485 
(2015). doi:10.1016/j.cell.2015.03.004 Medline 

38. H.-X. Liao, R. Lynch, T. Zhou, F. Gao, S. M. Alam, S. D. Boyd, A. Z. Fire, K. M. Roskin, C. 
A. Schramm, Z. Zhang, J. Zhu, L. Shapiro, J. C. Mullikin, S. Gnanakaran, P. Hraber, K. 
Wiehe, G. Kelsoe, G. Yang, S. M. Xia, D. C. Montefiori, R. Parks, K. E. Lloyd, R. M. 
Scearce, K. A. Soderberg, M. Cohen, G. Kamanga, M. K. Louder, L. M. Tran, Y. Chen, 
F. Cai, S. Chen, S. Moquin, X. Du, M. G. Joyce, S. Srivatsan, B. Zhang, A. Zheng, G. M. 
Shaw, B. H. Hahn, T. B. Kepler, B. T. Korber, P. D. Kwong, J. R. Mascola, B. F. 
Haynes, J. C. Mullikin, S. Gnanakaran, P. Hraber, K. Wiehe, G. Kelsoe, G. Yang, S.-M. 
Xia, D. C. Montefiori, R. Parks, K. E. Lloyd, R. M. Scearce, K. A. Soderberg, M. Cohen, 
G. Kamanga, M. K. Louder, L. M. Tran, Y. Chen, F. Cai, S. Chen, S. Moquin, X. Du, M. 
G. Joyce, S. Srivatsan, B. Zhang, A. Zheng, G. M. Shaw, B. H. Hahn, T. B. Kepler, B. T. 

http://dx.doi.org/10.1038/nature18929
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27338952&dopt=Abstract
http://dx.doi.org/10.1038/nm.4268
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28092665&dopt=Abstract
http://dx.doi.org/10.1126/science.aaf0972
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27199429&dopt=Abstract
http://dx.doi.org/10.1038/nature21435
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28289286&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2015.03.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25865483&dopt=Abstract


M. Korber, P. D. Kwong, J. R. Mascola, B. F. Haynes, Co-evolution of a broadly 
neutralizing HIV-1 antibody and founder virus. Nature 496, 469–476 (2013). 
doi:10.1038/nature12053 Medline 

39. P. L. Moore, D. Sheward, M. Nonyane, N. Ranchobe, T. Hermanus, E. S. Gray, S. S. Abdool 
Karim, C. Williamson, L. Morris, Multiple pathways of escape from HIV broadly cross-
neutralizing V2-dependent antibodies. J. Virol. 87, 4882–4894 (2013). 
doi:10.1128/JVI.03424-12 Medline 

40. J. N. Bhiman, C. Anthony, N. A. Doria-Rose, O. Karimanzira, C. A. Schramm, T. Khoza, D. 
Kitchin, G. Botha, J. Gorman, N. J. Garrett, S. S. Abdool Karim, L. Shapiro, C. 
Williamson, P. D. Kwong, J. R. Mascola, L. Morris, P. L. Moore, Viral variants that 
initiate and drive maturation of V1V2-directed HIV-1 broadly neutralizing antibodies. 
Nat. Med. 21, 1332–1336 (2015). doi:10.1038/nm.3963 Medline 

41. World Health Organization, WHO HIV Drug Resistance Report 2012 (2012); 
www.who.int/hiv/pub/drugresistance/report2012/en/. 

42. B. Julg, P.-T. Liu, K. Wagh, W. M. Fischer, P. Abbink, N. B. Mercado, J. B. Whitney, J. P. 
Nkolola, K. McMahan, L. J. Tartaglia, E. N. Borducchi, S. Khatiwada, M. Kamath, J. A. 
LeSuer, M. S. Seaman, S. D. Schmidt, J. R. Mascola, D. R. Burton, B. T. Korber, D. H. 
Barouch, Protection against a mixed SHIV challenge by a broadly neutralizing antibody 
cocktail. Sci. Transl. Med. 10.1126/scitranslmed.aao4235 (2017).  

43. M. R. Gardner, L. M. Kattenhorn, H. R. Kondur, M. von Schaewen, T. Dorfman, J. J. 
Chiang, K. G. Haworth, J. M. Decker, M. D. Alpert, C. C. Bailey, E. S. Neale Jr., C. H. 
Fellinger, V. R. Joshi, S. P. Fuchs, J. M. Martinez-Navio, B. D. Quinlan, A. Y. Yao, H. 
Mouquet, J. Gorman, B. Zhang, P. Poignard, M. C. Nussenzweig, D. R. Burton, P. D. 
Kwong, M. Piatak Jr., J. D. Lifson, G. Gao, R. C. Desrosiers, D. T. Evans, B. H. Hahn, 
A. Ploss, P. M. Cannon, M. S. Seaman, M. Farzan, AAV-expressed eCD4-Ig provides 
durable protection from multiple SHIV challenges. Nature 519, 87–91 (2015). 
doi:10.1038/nature14264 Medline 

44. C. Soubrane et al., paper presented at the 18th International Colloquium on Lung and Airway 
Fibrosis, Mont Tremblant, Quebec, September 2014. 

45. X. Wu, Z. Y. Yang, Y. Li, C. M. Hogerkorp, W. R. Schief, M. S. Seaman, T. Zhou, S. D. 
Schmidt, L. Wu, L. Xu, N. S. Longo, K. McKee, S. O’Dell, M. K. Louder, D. L. Wycuff, 
Y. Feng, M. Nason, N. Doria-Rose, M. Connors, P. D. Kwong, M. Roederer, R. T. 
Wyatt, G. J. Nabel, J. R. Mascola, Rational design of envelope identifies broadly 
neutralizing human monoclonal antibodies to HIV-1. Science 329, 856–861 (2010). 
doi:10.1126/science.1187659 Medline 

46. M. Li, F. Gao, J. R. Mascola, L. Stamatatos, V. R. Polonis, M. Koutsoukos, G. Voss, P. 
Goepfert, P. Gilbert, K. M. Greene, M. Bilska, D. L. Kothe, J. F. Salazar-Gonzalez, X. 

http://dx.doi.org/10.1038/nature12053
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23552890&dopt=Abstract
http://dx.doi.org/10.1128/JVI.03424-12
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23408621&dopt=Abstract
http://dx.doi.org/10.1038/nm.3963
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26457756&dopt=Abstract
http://dx.doi.org/10.1038/nature14264
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25707797&dopt=Abstract
http://dx.doi.org/10.1126/science.1187659
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20616233&dopt=Abstract


Wei, J. M. Decker, B. H. Hahn, D. C. Montefiori, Human immunodeficiency virus type 1 
env clones from acute and early subtype B infections for standardized assessments of 
vaccine-elicited neutralizing antibodies. J. Virol. 79, 10108–10125 (2005). 
doi:10.1128/JVI.79.16.10108-10125.2005 Medline 

47. D. C. Montefiori, Measuring HIV neutralization in a luciferase reporter gene assay. Methods 
Mol. Biol. 485, 395–405 (2009). doi:10.1007/978-1-59745-170-3_26 Medline 

48. D. L. Bolton, A. Pegu, K. Wang, K. McGinnis, M. Nason, K. Foulds, V. Letukas, S. D. 
Schmidt, X. Chen, J.-P. Todd, J. D. Lifson, S. Rao, N. L. Michael, M. L. Robb, J. R. 
Mascola, R. A. Koup, Human immunodeficiency virus type 1 monoclonal antibodies 
suppress acute simian-human immunodeficiency virus viremia and limit seeding of cell-
associated viral reservoirs. J. Virol. 90, 1321–1332 (2015). doi:10.1128/JVI.02454-15 
Medline 

http://dx.doi.org/10.1128/JVI.79.16.10108-10125.2005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16051804&dopt=Abstract
http://dx.doi.org/10.1007/978-1-59745-170-3_26
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19020839&dopt=Abstract
http://dx.doi.org/10.1128/JVI.02454-15
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26581981&dopt=Abstract

	Xu-suppl.pdf
	Table S2.  Data collection and refinement statistics.
	aan8630Xu-Refs-UPDATED.pdf
	References

	Xu-SM.cover.page.pdf
	Trispecific broadly neutralizing HIV antibodies mediate potent SHIV protection in macaques



