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SUMMARY

While the search for an efficacious HIV-1 vaccine remains elusive, emergence of a new generation
of virus-neutralizing monoclonal antibodies (mAbs) has re-ignited the field of passive
immunization for HIV-1 prevention. However, the plasticity of HIV-1 demands additional
improvements to these mAbs to better ensure their clinical utility. Here, we report engineered
bispecific antibodies that are the most potent and broad HIV-neutralizing antibodies to date. One
bispecific antibody, 10E8y/, o/iMab, neutralized 118 HIV-1 pseudotyped viruses tested with a
mean 50% inhibitory concentration (ICsg) of 0.002 pug/mL. 10E8y,, o/iMab also potently
neutralized 99% of viruses in a second panel of 200 HIV-1 isolates belonging to clade C, the
dominant subtype accounting for ~50% of new infections worldwide. Importantly, 10E8y,, o/iMab
reduced virus load substantially in HIV-1-infected humanized mice, and also provided complete
protection when administered prior to virus challenge. These bispecific antibodies hold promise as
novel prophylactic and/or therapeutic agents in the fight against HIV-1.
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INTRODUCTION

RESULTS

The field of HIV-1 neutralizing antibodies has progressed rapidly in recent years (Mascola
and Haynes, 2013). Numerous potent and broad neutralizing mAbs have been isolated from
infected humans since 2009 (Blattner et al., 2014; Doria-Rose et al., 2014; Huang et al.,
2012; Mouquet et al., 2012a; Rudicell et al., 2014; Scheid et al., 2011; Sok et al., 2014;
Walker et al., 2011; Walker et al., 2009; Wu et al., 2010). Impressive anti-HIV-1 activity has
been noted with select mAb combinations in vitro (Klein et al., 2012; Kong et al., 2015; Sok
etal., 2014) and in vivo (Halper-Stromberg et al., 2014; Klein et al., 2012). Structure-based
modifications of antibodies have also resulted in further improvements in anti-HIV-1 activity
(Diskin et al., 2011). We (Pace et al., 2013b; Sun et al., 2014) and others (Gardner et al.,
2015) have engineered antibodies with dual specificity that showed marked enhancement of
virus-neutralization breadth and potency. It should be noted, however, that the
aforementioned anti-HIV-1 bispecific antibodies or antibody-like molecules deviate from the
normal antibody structure, thereby raising concerns about their potential immunogenicity,
unfavorable pharmacokinetic properties, and manufacturing challenges. One approach to
construct bispecific antibodies with normal architecture utilizes the so-called CrossMAb
technology (Schaefer et al., 2011). In this study, we used this technology to generate a
library of bispecific antibodies, which were then characterized for their activities against
HIV-1. Two bispecific antibodies, 10E8y/, o/iMab and 10E8,,1 1/P140, emerged that potently
neutralized the majority of circulating HIV-1 strains tested in vitro. 10E8,,, o/iMab was
advanced into proof-of-concept in vivo studies, demonstrating potent activity as a single
agent in humanized mouse models of HIV-1 treatment and prevention.

HIV CrossMAbs possess potent and broad antiviral activity against HIV-1

As schematically shown in Fig. 1A, the creation of a “knob” in one H-chain and a “hole” in
the other H-chain favors the formation of H-chain heterodimers, while the “crossover” of CL
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and CH1 sequences in one arm of the antibody favors correct H-L-chain pairings in both
arms. Each bispecific antibody was engineered, as shown in Fig. 1A, so that one arm
targeted either the human CD4 receptor via the Fab of ibalizumab (iMab) (Burkly et al.,
1992; Jacobson et al., 2009; Pace et al., 2013a; Reimann et al., 1997; Song et al., 2010;
Toma et al., 2011) or the human CCR5 co-receptor via the Fab of mAb PRO140 (P140)
(Tenorio, 2011; Trkola et al., 2001). The other arm targeted one of the five neutralizing
epitope clusters on the viral envelope glycoproteins using one of the recently isolated HIV-1-
neutralizing mAbs (Blattner et al., 2014; Huang et al., 2012; Scheid et al., 2011; Walker et
al., 2011). In this fashion, we created a library of 20 bispecific antibodies, including the
specific examples in Fig. 1A.

To confirm the dual specificity of the HIV CrossMAb format, we characterized the binding
activity of 3BNC117/iMab, for example, by surface plasmon resonance and ELISA. This
bispecific CrossMADb bound both soluble human CD4 and HIV-1 gp120 monomer with
affinities that are similar to those of the parental antibodies (Fig. S1A and data not shown).
Moreover, 3BNC117/iMab successively bound soluble human CD4 and monomeric gp120
(Fig. S1B), again confirming its dual specificity.

Each bispecific antibody in the library, along with its parental mAbs, was then tested for
HIV-1 neutralization in vitro against a panel of 118 HIV-1 pseudotyped viruses representing
diverse clades and geographic origins (Seaman et al., 2010). Most of the bispecific
antibodies were not evidently better in neutralizing HIV-1 than their parental mAbs. As
examples, 1C5g and maximum percent inhibition (MPI) results for PGT145/iMab, PGT145/
P140, 3BNC117/iMab, 3BNC117/P140, PGT128/iMab, PGT128/P140, PGT151/iMab, and
PGT151/P140 are shown in Fig. 1B. Likewise, ICgq results are displayed in a different
format in Figs. S2A to S2D. Two bispecific antibodies stood out, however, in their virus-
neutralizing activity. 10E8/P140 and 10E8/iMab were found to have mean ICgq of 0.001
pg/mL and 0.002 pg/mL, respectively, as well as neutralization breadth (as assessed by
>50% neutralization) of 99% and 100%, respectively (Fig. 1B). Both the mean ICgg and
maximum percent inhibition (MPI) for 10E8/P140 and 10E8/iMab were each significantly
different from the mean 1Csq and MPI of parental mAbs 10E8, P140, and iMab (P < 0.0003
for all pairs). The gain in HIV-1 neutralization activity was even more discernible when
comparing ICgq of these two bispecific antibodies to those of their parental mAbs (Fig.
S2E). Only three viruses in this HIV-1 panel were relatively resistant to neutralization by
10E8/P140 and 10E8/iMab. Analysis of envelope sequences for these three viral strains
(WEAU_d15 410 5017 in clade B, X2088 c9 in clade G and 3103.v3.c¢10 in clade ACD)
showed, as expected, substantial deviations from the known 10E8 epitope sequence (Huang
et al., 2012) in the membrane proximal external region (MPER) of gp41 (data not shown).

The remarkable HIV-1 neutralization profiles of 10E8/P140 and 10E8/iMab were readily
apparent when presented on an antiviral coverage plot (Fig. 1C), comparing favorably with
the antiviral coverage of penta-mix, a mixture of five distinct potent HI\-1-neutralizing
mAbs (Klein et al., 2012). Moreover, both 10E8/P140 and 10E8/iMab exhibited HIV-1
neutralization potencies that were orders of magnitude greater than their parental mAbs (Fig.
1C).
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Neutralization studies to elucidate the mechanism of action of a potent HIV CrossMAb

To better understand how the linkage of a host-cell-targeting antibody to a virus-envelope-
targeting antibody could mediate such a marked enhancement in antiviral activity, we
conducted a series of experiments using 10E8/P140, the antiviral potency of which was
hundreds of fold greater than those of its parental mAbs (Fig. 1C). We first asked whether
the enhancement in potency was due to P140 and 10E8 acting together synergistically or
whether the physical linkage of P140 and 10ES8 in a single antibody molecule was required.
As shown in the example in Fig. 2A, a 1:1 mixture of P140 and 10E8 mAbs neutralized
HIV-1 only as effectively as the more potent of the two parental mAbs, but no better. In
contrast, 10E8/P140 neutralized the virus more efficiently, indicating that the physical
linkage of the 10E8 and P140 moieties is important in the enhancement of potency.

We next asked what the relative contribution of each antibody arm was to the potency of
10E8/P140. To evaluate the P140 arm, we substituted it with one of a number of other host-
cell-binding mAbs or with a non-membrane-binding antibody control, while keeping the
10E8 arm constant. HIV-1 neutralization was weakest when 10E8 was linked to X19, the
non-membrane-binding control antibody, followed by linkage to 4D5 or 515H7, which
targeted HER2 or CXCR4, respectively, on the host cell membrane (Fig. 2B). The most
potent virus neutralization was observed with linkage to iMab or P140, which targeted cell
surface CD4 or CCR5, respectively. These findings suggest that the location on the host cell
membrane to which 10E8 is targeted is crucial to the potency enhancement of these
bispecific antibodies.

We then assessed the importance of the 10E8 arm of 10E8/P140 by substituting it with
another MPER-targeting mAb that is known to be less potent, 4E10 (Stiegler et al., 2001), or
with a 10E8 mutant containing a single point mutation that attenuated its binding to MPER,
A10ES8. In the representative results shown in Fig. 2C, all three of these MPER-binding
bispecific antibodies were capable of neutralizing HIV-1; however, 10E8/P140 was the most
potent. This finding suggests that the binding affinity of the 10E8 arm does contribute to the
overall potency of the bispecific antibody. Interestingly, although A10E8 and 4E10 had little
or no virus neutralizing activity on their own at the concentrations tested, substantial activity
was observed for A10E8/P140 and 4E10/P140 (Fig. 2C), demonstrating once again the
importance of specific targeting. Taken together, the findings from this series of experiments
suggest that the potency of 10E8/P140 is likely the outcome of concentrating 10E8 at the
right location on the cell surface, perhaps precisely at the site of viral entry. We reached a
similar conclusion previously after studying other anti-HIV-1 bispecific antibodies with a
different architecture (Pace et al., 2013b).

10E8 mAb and 10E8-containing CrossMAbs exhibit physicochemical heterogeneity

Encouraged by their potent and broad antiviral activity, we initiated developability and
manufacturability studies on both 10E8/P140 and 10E8/iMab to evaluate their potential as
clinical candidates for HIV-1 prevention and/or treatment. Size exclusion chromatography
(SEC) was used to assess the purity of these bispecific antibody preparations, and we
observed physicochemical heterogeneity in both 10E8/P140 and 10E8/iMab, as evidenced
by double peaks in their chromatographs (Fig. 3A). The double peaks, however, could not be
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explained by antibody aggregation, since such aggregates would be detected at ~7.7 mL with
the SEC conditions utilized. To investigate the underlying cause of the physicochemical
heterogeneity, we analyzed another CrossMAb, 3BNC117/iMab, by SEC and observed a
single homogenous peak, suggesting that the heterogeneity was not necessarily the outcome
of the CrossMADb technology. We therefore conducted SEC analysis on the parental
antibodies of 10E8/P140 and 10E8/iMab: iMab, P140 and 10E8. As expected for mAbs
already in clinical development, both iMab and P140 exhibited a single homogenous peak,
although these antibodies, with comparable molecular weights, interacted differently with
the column resulting in differences in their elution profiles (Fig. 3B). In contrast, 10E8
exhibited double peaks similar to those observed for 10E8/P140 and 10E8/iMab. These
findings suggested that the 10E8 arm in both 10E8/P140 and 10E8/iMab was responsible for
the physicochemical heterogeneity. This conclusion was confirmed when 4E10 was
substituted for 10E8 in the bispecific antibody to yield 4E10/P140, which was found to be
homogeneous by SEC (Fig. 3A).

Engineering HIV CrossMAD variants with improved developability, activity and
manufacturability potential

The double peaks observed by SEC for 10E8, 10E8/P140, and 10E8/iMab could reflect
molecular species with either different masses or different column-interacting properties. To
discriminate between these possibilities, native mass spectroscopy (Rosati et al., 2014) was
performed on deglycosylated preparations of 10E8 and 10E8/P140, revealing in each a
single dominant molecular species of 146,823.1 + 0.4 Da and 146,723.2 + 0.6 Da,
respectively (data not shown). There was no evidence of a major degradation product. Also,
collecting fractions of 10E8/iMab after SEC and then re-analyzing these isolated 10E8/iMab
fractions by SEC again revealed that the separated fractions once again displayed
physicochemical heterogeneity (data not shown). These collective results raised the specter
that preparations of 10E8 and 10E8-based bispecific antibodies contained “isoforms” that
interacted with the SEC column differently.

It is known in the mAb field that antibodies can adopt more than one conformation (Liu et
al., 2008). Importantly, antibodies with physicochemical heterogeneity have typically faced
difficulties in clinical development, including poor pharmacokinetic properties (Goetze et
al., 2010). We therefore attempted to solve this problem by conducting a series of
experiments to examine the effect of antibody production and formulation conditions. These
experiments included producing the antibody in the presence of reagents such as EDTA,
acetic acid, L-lysine and copper (I1) sulfate, which have been reported to improve the quality
and yield of antibody production through the sequestration of metal ions, thereby decreasing
potential enzymatic activity, or through the prevention of antibody disulfide bond reduction
(Hutterer et al., 2013; Koterba et al., 2012; Mullan et al., 2011). Also included was an
assessment of a histidine buffer-based formulation at pH 6.0, which has the potential to
improve the stability of antibodies at the predicted isoelectric points of these bispecific
antibodies as compared to similar antibodies in a phosphate buffered saline solution at pH
7.4 (Haverick et al., 2014; Lowe et al., 2011; Salinas et al., 2010). These combined efforts,
however, failed to fix the physicochemical heterogeneity observed for 10E8/P140 and 10E8/
iMab (data not shown). We then turned our attention to the reported somatic and germline
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variants of 10E8 (Georgiev et al., 2014; Zhu et al., 2013) with the goal of finding variants
with better physicochemical properties while retaining their anti-HIV-1 activity. After
empirically testing 18 somatic and germline variants of 10E8, one variant, 10E8y/1 o (also
known as H6L10 (Zhu et al., 2013)), was identified that exhibited a single homogeneous
peak by SEC when produced as a mAb or as a bispecific antibody paired with P140 (Fig.
3C). Interestingly, the SEC profile of 10E8y/1 g paired with iMab continued to show double
peaks, revealing the complex, context-dependent nature of physicochemical interactions
mediated by certain residues in 10E8 or its variants. 10E8y/1 o/P140 was tested for its anti-
HIV-1 activity against the panel of 118 pseudotyped viruses, showing a 23-fold decrease in
potency as compared to 10E8/P140 (Fig. 3D). 10E8y/1 o/iMab showed a more modest 5-fold
decrease in potency as compared to 10E8/iMab, but its physicochemical heterogeneity
precluded its advancement.

We next created chimeras of 10E8 and 10E8y/1 o, generated point mutations within these
chimeras, and grafted the CDR regions of other MPER-binding mAbs into these chimeric
mutants, in order to find new variants that would restore anti-HIV-1 activity and retain
physicochemical homogeneity. Empirically, 38 variants were constructed and paired with
P140 or iMab (Table S1), and each new bispecific antibody was tested for virus
neutralization and physicochemical homogeneity. While most did not meet the desired
profile, two new bispecific antibodies showed promise. 10E8y,1 1/P140 and 10E8\,, o/iMab
demonstrated physicochemical homogeneity (Fig. 4A) as well as impressive antiviral
activity (Fig. 4B). Interestingly, the best 10E8 chimeric variant was different depending on
whether it was paired with P140 or iMab, highlighting again the context-dependent nature of
the physicochemical properties of these bispecific antibodies. 10E8y/1 1/P140 was ~8-fold
more potent than its predecessor, 10E8y/1 ¢/P140, but was still ~3-fold less potent than the
original 10E8/P140. 10E8,,, o/iMab, on the other hand, gained potency over the original
10E8/iMab (Fig. 4B). To further investigate their antiviral activities, we tested 10E8y/1 1/
P140 and 10E8y/ ¢/iMab in virus-neutralization assays against a panel of 200 viruses
belonging to HIV-1 clade C (manuscript in preparation), the dominant subtype spreading
throughout the world today. The virus-neutralizing potency and breadth observed for both
bispecific antibodies remained significant (Fig. 4C). While 10E8y,1 1/P140 was slightly less
active against clade C viruses, 10E8y/, g/iMab retained a similar potency against viruses of
this subtype.

Interestingly, we also observed that the physicochemical heterogeneity of 10E8/iMab and
10E8/P140 was associated with poor antibody bioavailability when administered to mice
(Fig. 4D). The engineered HIV CrossMADb variants 10E8y/, ¢/iMab and 10E8,,; 1/P140,
which demonstrated physicochemical homogeneity by SEC, exhibited a ~2-fold increase in
bioavailability in mice as compared to their non-engineered counterparts, 10E8/iMab and
10E8/P140. Thus, in addition to improved physicochemical homogeneity and satisfactory or
improved HIV-1-neutralizing activity in vitro, the engineered variants 10E8,/, ¢/iMab and
10E8y/1 1/P140 resulted in increased serum concentrations after administration in vivo.
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HIV CrossMAb 10E8y,, o/iMab exhibits therapeutic efficacy in vivo

To ascertain its antiviral activity in vivo, we tested 10E8,,, o/iMab in a humanized mouse
model of HIV-1 infection (Berges and Rowan, 2011). Immunodeficient NSG mice
(NOD.Cg-PrkdcSc@ [/2rg"™IWilSz3) were reconstituted with human hematopoietic stem
cells, as evidenced by the detection of human CD4 and CD8 T cells in blood. In the first
series of experiments, the humanized mice were infected with the tier 2 clade B
HIV-1;r_csF; the sensitivity of which to 10E8y/, g/iMab and the parental antibodies was first
assessed in vitro (Fig. S3). Once infection was documented for = 4 weeks, the mice were
divided into four groups and treated with weekly intraperitoneal administrations of

10EB8y, o/iMab (0.5 mg), or with placebo (PBS), iMab (0.5 mg), or 1:1 mixture of iMab
(0.25 mg) + 10E8y/» g (0.25 mg) as comparators. A weekly antibody dose of 0.5 mg was
chosen to compare the efficacy of 10E8y/, o/iMab to that of other antibodies used in previous
treatment studies in the humanized mouse model (Klein et al., 2012; Luo et al., 2010), and
blood was drawn from mice before each weekly antibody administration to confirm that
detectable trough levels of antibody were present in vivo throughout the experiment (Fig.
S4). While no to modest viral load reductions were observed in the comparator groups, mice
receiving 10E8y/; o/iMab demonstrated a significantly greater viral load reduction (Figs. 5A
and 5B). The mean reduction of ~1.7 log at week 2 is not dissimilar to the degree of virus
suppression reported for humanized mice treated with a penta-mix of potent neutralizing
mADbs given at a dose of 4.5 mg weekly (Klein et al., 2012). After the initial virus
suppression, HIV-1 rebounded in all but two of the 10E8y,, o/iMab-treated mice. Sequencing
of the rebounding viruses in iMab-treated or iMab+10E8y,, o-treated mice showed evidence
of Env mutations known to confer iMab resistance (Pace et al., 2013a; Toma et al., 2011)
(Figs. 5C and S5), indicating that the observed antiviral pressure, at the doses given, was
primarily exerted by iMab. In contrast, the viral rebound in mice treated with 10E8y,, o/iMab
was principally associated with mutations within the known 10E8 epitope in gp41 MPER
(Huang et al., 2012) (Figs. 5C and S5). When a selection of these mutations (W672G,
W672L, F673L) were each introduced into a molecular clone of HIV-1;r_csk, the resultant
viruses were indeed substantially resistant to 10E8y/, o and 10E8y/; o/iMab (Fig. 5D).
Alternatively, the mutations found in the C3 or V5 regions (N339D, S463N), once
introduced in the JR-CSF backbone, gave resistance to iMab, and a non-relevant mutation
(G410R) did not give any resistance to any of the antibodies. These findings showed that the
antiviral activity of 10E8y/; g/iMab was mainly mediated by the 10E8y/5 ¢ arm.

HIV CrossMADb 10E8y,, o/iMab protects humanized mice against repeated systemic HIV-1

challenges

In the second series of in vivo experiments, we examined whether 10E8y/, g/iMab could be
used as pre-exposure prophylaxis (PrEP) against HIV-1 infection. Humanized mice were
given PBS (controls) or 10E8y/, g/iMab intraperitoneally at a dose (0.2 mg) known to
completely coat CD4 receptors on circulating human T cells in the mice for at least seven
days (Fig. S6). One day later, all mice were challenged with HIV-1;r_cse (200,000 TCIDsgq)
intraperitoneally, and the same dose of 10E8,,, o/iMab was given weekly for another 8
weeks to the treated group. By two weeks post virus challenge, 3 of 19 control mice
remained aviremic, whereas 7 of 7 treated mice showed no evidence of infection when
followed to week 4 (Fig. 6A). Two more virus challenges were therefore given (200,000
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TCIDsg on week 4 and 250,000 TCIDsgg on week 6) to the 10E8y/, ¢/iMab-treated mice, but
these animals remained aviremic for the duration of the experiment (Fig. 6A), even long
after the bispecific antibody was no longer detectable (Fig. 6B). The above findings
strengthen the notion that 10E8,,, o/iMab is a potent HIV-1-neutralizing agent with potential
clinical utility.

DISCUSSION

In summary, we have engineered two architecturally normal bispecific antibodies, 10E8y/1 1/
P140 and 10E8y, o/iMab, with exquisite potency and breadth in neutralizing multiple clades
of HIV-1. About 98% of the viruses tested were neutralized by each antibody (Fig. 4C), with
a geometric mean 1Csq of ~0.002 pg/mL (Table S2). In terms of in vitro neutralization
against a large panel of diverse HIV-1 strains, both 10E8,,1 1/P140 and 10E8y/; o/iMab
compared quite favorably against other anti-HIV-1 antibodies in clinical development, as
shown in Fig. 7, including select Env-directed mAbs (Doria-Rose et al., 2014; Mouquet et
al., 2012a; Rudicell et al., 2014; Scheid et al., 2011; Sok et al., 2014; Walker et al., 2011;
Wau et al., 2010), an antibody-like construct with dual specificities (Gardner et al., 2015), and
two- or four-antibody mixtures (Kong et al., 2015; Sok et al., 2014). In short, both bispecific
antibodies appear to be the broadest and most potent HIV-1-neutralizing biologic agents
described to date.

Moreover, 10E8y/; g/iMab has been shown to be active in both treating and preventing HIV-1
in a humanized mouse model (Figs. 5 and 6). Our treatment study demonstrated that using a
low dose of 0.5 mg per week of 10E8y/, g/iMab in humanized mice could lead to a
substantial reduction of 1.7 log in viral load two weeks after beginning treatment. Using a
mAb as monotherapy, leading to a transient decline in plasma viremia, has been described
previously in humanized mice using a range of different Abs (Klein et al., Nature 2012), as
was observed in rhesus macaques treated with 3BNC117 Ab (Barouch et al., Nature 2013).
These findings suggest that an antibody combination therapy would be needed for sustained
viral suppression. Two recent clinical trials using VRCO01 and 3BNC117 monotherapy also
demonstrated only transient decline in viremia in HIV-infected participants (Caskey et al.,
Nature 2015; Lynch et al., Sci Transl Med. 2015). Likewise, our results demonstrated that
infusions of the bispecific 10E8y,, ¢/iMab lead to a transient viral reduction. However, the
peak viral reduction we have observed is greater than previously described for single mAbs
or combination of three mAbs (Klein et al., Nature 2012). Moreover, it should be noted that
two 10E8y, o/iMab-treated mice had viral load reductions of nearly 2 logs without any
evidence of a viral rebound (Fig. 5A). We showed that the antiviral activity of 10E8y o/
iMab was mainly mediated by the 10E8y/, g arm (Figs. 5C and D), which is consistent with
an earlier conclusion that the exquisite potency of our bispecific antibody is due to
concentrating 10E8 on the cell membrane at the site of viral entry (Fig. 2B). By anchoring
10ES at the right place on the cell surface, we have transformed a broad and weak HIV-
neutralizing mAb into a broad and potent one.

Regarding the use of 10E8,, o/iMab in a prevention setting, our results are unprecedented in
that all mice were protected from repeated systemic challenges with a relatively low dose of
antibody injection. The only complete protection against systemic challenge in a humanized
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mouse model reported to date was achieved against the tier 1 X4 virus, NL4.3 (Balazs et al.,
2012; Gardner et al., 2015), whereas passive administration of 10E8/, ¢/iMab could protect
mice against the tier 2 R5 virus, JR-CSF. Using a vectored immunoprophylaxis system
where a HIV antibody was continuously expressed at plasma concentrations greater than 100
ug/mL did not protect all mice against one systemic JR-CSF challenge (Balazs et al., 2014).

We believe these bispecific antibodies are candidates for clinical development, particularly
as PrEP agents against HIV-1 transmission. There is now no doubt that PrEP with daily oral
antiretroviral drug(s) works in preventing virus infection in humans, but the overall efficacy
is limited by subject non-adherence (Baeten et al., 2013). Therefore, the use of long-acting
antiviral agents could improve PrEP efficacy. The clinical development of a long-acting
formulation of cabotegravir (Andrews et al., 2014) is well underway. Our lead bispecific
antibodies could become useful additions to the armamentarium for HIV-1 prevention.

EXPERIMENTAL PROCEDURES

Reagents

MPER peptide and TZM-bl cells were obtained through the NIH AIDS Research and
Reference Reagent Program, Division of AIDS, NIAID, NIH. Plasmids encoding a
derivative 1gG1 version of iMab were kindly provided by TaiMed Biologics, Inc.

Construction, Expression and Purification of HIV CrossMAbs and Variants

Bispecific HIV CrossMADbs utilizing the knob-into-hole and light chain crossover formats
were constructed as previously reported (Schaefer et al., 2011). Antigen targeting sequences
for each HIV CrossMADb pair were synthesized (GeneArt Gene Synthesis and Life
Technologies) using sequence information from previous reports3-2:21.46:47 ‘and each
synthetic region was cloned into the pVAX expression plasmid (Life Technologies).
Antibody-encoding DNA plasmid sequences were transiently transfected into Expi 293 cells
(Life Technologies) using a 1:1:1:1 ratio by mass of the heavy-chain and light-chain
plasmids encoding iMab or P140 and the heavy-chain and light-chain plasmids encoding the
indicated HIV envelope targeting mAb. After overnight transfection, cells were cultured in
serum-free hybridoma medium (Thermo Fisher Scientific). Cell culture supernatants were
collected at 5 days post-transfection and purified as previously reported, with the
modification that antibodies were quantified and purity was assessed using a NanoDrop Lite
Spectrophotometer (ThermoFisher Scientific) (Pace et al., 2013b). Variants of parental HIV
CrossMADbs were created by chimeric cloning using overlapping PCR or by using the Quik-
Change Il Site-Directed Mutagenesis Kit as per the manufacturer’s instructions (Agilent
Technologies).

Surface Plasmon Resonance

Binding affinity analyses of HIV CrossMAb 3BNC117/iMab for its respective ligands
(monomeric gp120 HXBc2 and soluble human CD4) were performed in separate
experiments with a Biacore 3000 optical biosensor (GE Healthcare) as previously described
(Mougquet et al., 2012b) with the following additional modifications. Soluble human CD4
(Progenics Pharmaceuticals, Inc.) or gp120 HXBc2 (Sino Biological, Inc.) was immobilized
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to CM5 sensor chips and binding kinetics were analyzed by flowing various concentrations
of 3BNC117/iMab over the chip and monitoring association, then monitoring dissociation of
bound 3BNC117/iMab while the surface was washed with buffer for 10 minutes. To
investigate the interaction of both soluble CD4 and gp120 with 3BBNC117/iMab, soluble
human CD4 was immobilized to CM5 sensor chips, 3BBNC117/iMab (flow sample 1) was
flowed over the chip, then gp120 HXBc2 (flow sample 2) was flowed over the chip-
sCD4-3BNC117/iMab complex.

Pseudovirus Preparation and In Vitro Neutralization Assays

Pseudoviruses were prepared as previously described (Sun et al., 2014). Virus neutralization
was assessed with a single cycle assay using TZM-bl cells and HIV-1 pseudoviruses as
described previously (Seaman et al., 2010).

Size Exclusion Chromatography

Size exclusion chromatography (SEC) was used to assess physicochemical homogeneity and
to resolve monomers from non-monomeric species. Antibodies (20 ug) were analyzed using
an AKTA purifier FPLC (GE Healthcare) with column, flow rate and mobile phase
previously described (Pace et al., 2013b).

Animal Studies

Animal Ethics Statement—All animals were bred and maintained at the Comparative
Bioscience Center of The Rockefeller 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.

Antibody Evaluation in Wild-Type Mice—BALB/c mice were divided into groups of
three, and mice in each group were administered intraperitoneally with 100 pg of the
indicated antibody. Blood was drawn from all animals at days 1, 2, 4, and 7 post antibody
administration and serum was isolated and analyzed for levels of antibody in individual
mice. For those animals in which antibody was detected at day 7, an additional blood
collection at day 10 was performed and analyzed for antibody levels in serum. CoStar 96-
Well EIA/RIA plates (Corning) were coated with 100 ng per well of goat anti-human IgG
Fc-y fragment (Jackson ImmunoResearch) overnight at 4°C. Plates were washed three times
with PBS + Tween and blocked with PBS containing 5% milk and 0.5% BSA for 2 hours at
room temperature. Mouse serum from the treated animals, and purified antibody 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 hours. After washing, peroxidase-conjugated goat
anti-human 1gG (Jackson ImmunoResearch) was incubated for 1 hour at room temperature.
Samples were detected by TMB Liquid Substrate System (Sigma) and spectrophotometric
readings were performed at 450 nm.

Generation of Humanized Mice—Generation of humanized mice was conducted as
previously reported (Klein et al., 2012) with modifications. NSG (NOD.Cg-Prkdcsc'?
12rg"™IWjSz2]) mice were obtained from The Jackson Laboratory. Newborn mice between
day 1 and 5 were irradiated with 100 rads and then injected intrahepatically with 0.2x10¢
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human hematopoietic CD34* stem cells 6 hours later. The level of human engraftment was
assessed 8 weeks after transplantation. Mice with = 65% huCD45" cells of total CD45™ cells
in peripheral blood were used for the studies; the average level of engraftment was 80.7 %
for our experimental mice.

HIV-1 Treatment and Prevention Studies in Humanized Mice—HIV-1;r.csg Was
produced in Expi 293 cells and collected 5 days after transfection, and 50% tissue culture
infectious dose (TCIDsg) was determined in TZM-bl cells and calculated by the Reed and
Muench method (Reed and Muench, 1938). For the treatment experiment, mice were
infected intraperitoneally at a dose of 250,000 TCIDsg per animal, which corresponded to a
100% animal infectious dose. For the prevention experiment, mice receiving 10E8,, o/iMab
were challenged by intraperitoneal injection at 200,000 TCIDsg one day after the first
antibody administration and 4 weeks after the first antibody administration, and 250,000
TCIDsg 6 weeks after the first antibody administration. The animals were considered
infected when two consecutive viral load measurements were above the limit of detection.

Detection of HIV CrossMADb 10E8y, g/iMab in Plasma from Humanized Mice—
CosStar 96-Well EIA/RIA plates (Corning) were coated with 20 ng sCD4 protein per well
overnight at 4°C. Plates were washed three times with PBS + Tween and blocked with PBS
containing 5% milk and 0.5% BSA for 2 hours at room temperature. Mouse plasma was
inactivated by incubating in 1% Triton X-100 (Sigma) at room temperature for 5 minutes.
Inactivated plasma was then added in 1:3 serial dilutions in PBS containing 2% milk and
0.2% BSA and incubated for 2 hours. Triton-inactivated 10E8,, ¢/iMab was used in
duplicate for the standard curve. After washing, peroxidase-conjugated goat anti-human IgG
(Jackson ImmunoResearch) was incubated for 1 hour at room temperature. Samples were
detected by TMB Liquid Substrate System (Sigma) and spectrophotometric readings were
performed at 450 nm.

Receptor Occupancy Assay—>50 pL of blood was collected retro-orbitally in EDTA-
tubes from mice having received an i.p. administration of 10E8y,, ¢/iMab. The blood of each
mouse was then divided into two conditions. The first was spiked with 0.5 ug of 10E8y, o/
iMab for 30 min at room temperature (RT) for the 100% receptor occupancy (RO) control,
while the second was left untouched. All samples were then washed two times with PBS

+ 1% FBS and then stained with anti-human CD45 Pacific Orange, anti-human CD3 FITC,
anti-human CD4 PerCP (ThermoFisher Scientific) and biotin anti-human Ig lambda light
chain (BioLegend) for 30 minutes at room temperature. After one washing step, streptavidin
PE (BiolLegend) was added for 20 minutes, followed by 1X Lysing Buffer (BD Biosciences)
for 20 min. Cells were then pelleted and resuspended in 1X CytoFix Buffer (BD
Biosciences). The RO percentage was calculated as 100 * (Mean Fluorescence Intensity
(MFI) of sample PE signal / MFI of spiked sample PE signal).

Quantitative Reverse Transcription PCR Assay—Plasma HIV-1 RNA was quantified
every week as previously reported (Klein et al., 2012) with modifications. RNA was
extracted from 100 pL of plasma using the Qiagen MinElute Virus Spin Kit (Qiagen) and
eluted in 55 pL. The RT-PCR was performed in one step in 30 pL reaction containing 10 pL
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of RNA, 1X TagMan PCR mix, 1X TagMan RT-enzyme mix (TagMan RNA-to-Ct 1-Step
Kit, Life Technologies), 500 mM of primers targeting a conserved region of Pol and 140 nM
of probe. Cycling conditions were 15 min at 48°C, 17 min at 94°C, followed by 50 cycles at
95°C for 30 seconds and 60°C for 60 seconds. Samples were run in duplicate in a 7500 Fast
Real-Time PCR System (Applied Biosystems) and the limit of detection was 200 copies/mL
plasma.

HIV-1 Envelope Sequence Analysis—cDNA was generated following the
SuperScript™ I11 Reverse Transcriptase (Thermo Fisher Scientific) manufacturer’s
instructions using the primer sequence 5’-TTGCTACTTGTGATTGCTCCATGT-3’. The env
sequence was amplified by PCR using 0.5 U of HiFi Tag Polymerase and 200 nM of primers
(5’-TAGAGCCCTGGAAGCATCCAGGAAG-3’ and 5’-
TTGCTACTTGTGATTGCTCCATGT-3’). The cycling conditions were 2 minutes at 94°C,
followed by 35 cycles at 94°C for 15 seconds, 58°C for 30 seconds and 68°C for 4 minutes,
followed by 10 minutes at 68°C. The product was used for nested PCR using 0.5 U of HiFi
Taq Polymerase and 200 nM of primers (5’-TTAGGCATCTCCTATGGCAGGAAGAAG-3’
and 5’-GTCTCGAGATACTGCTCCCACCC-3’). The same cycling conditions were used for
45 cycles. PCR products were sequenced by Genewiz, Inc. using a set of eight primers
designed to cover the whole envsequence, and the sequences were analyzed and assembled
using Geneious software (version 7.1.4) and aligned to JR-CSF sequence (GenBank:
U45960.1). The mutations were numbered according to the HXB2 sequence using the Los
Alamos Sequence Locator tool.

Calculations and Statistical Analyses

ICs0 and maximum percent inhibition summary values across the panel of 118 Tier-2 HIV-1
Env pseudoviruses in Figure 1B indicate median + interquartile ranges, and differences
between pairs were calculated by student’s t-test. Differences in viral load decreases
between treated and PBS groups of humanized mice in Figure 5B were assessed by Mann-
Whitney test. Statistical significance was achieved at P < 0.05. For the prevention study in
Figure 6A, statistics were calculated by log-rank test. For the in vivo pharmacokinetic study
in Figure 6B, data points represent the mean 10E8y/, o/iMab plasma concentrations from
seven mice at each time point indicated, and the error bars represent the standard deviation.
The mean ICgq value for any particular antibody against the 118 multi-clade or 200 clade C
pseudovirus panel presented throughout the text represents the geometric mean of the ICsg
values of that particular antibody against each pseudovirus in its respective panel. Fold
increase or decrease in potencies for any set of antibodies presented throughout the text was
calculated using the geometric mean ICsq values of the antibody set against the pseudovirus
panel stated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. HIV CrossMAbs possess potent and broad antiviral activity against a diverse panel of
118 Tier-2 HIV-1 Env pseudoviruses

(A) Schematic of an HIV CrossMADb and list of examples of parental antibodies from which
each CrossMADb was derived. (B) ICsq (top panel) and maximum percent inhibition (MPI,
bottom panel) comparison of select HIV CrossMAbs and their parental mAbs. Asterisks
refer to data obtained from other sources (3BNC117 MPI data from personal communication
with Michel Nussenzweig and PGT151 ICsq and MPI data from Blattner et al., 2014). Error
bars indicate median + interquartile range. (C) Percent of viruses neutralized (based on ICgq
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values) by 10E8/P140 and 10E8/iMab, and their parental mAbs. Neutralization by penta-mix
is included as a reference (Klein et al., 2012).
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Figure 2. Neutralization studies to elucidate the mechanism of action of a potent HIV CrossMAb
(A) Neutralization of the representative HIV-1 pseudovirus 246F C1G by 10E8/P140,

parental mAbs individually, or parental mAbs in combination. (B) Neutralization of the
representative pseudovirus TF7 by bispecific antibodies comprised of a 10E8 antibody
moiety and one of several host cell receptor targeting antibody moieties. (C) Neutralization
of the representative HIV-1 pseudovirus TF4 by MPER-binding mAbs or CCR5-anchored
MPER-binding bispecific antibodies.
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Figure 3. 10E8 mAb and 10E8-containing CrossMAbs exhibit physicochemical heterogeneity
(A) SEC analysis of 10E8/P140, 3BNC117/iMab, 4E10/P140 and 10E8/iMab. (B) SEC

analysis of parental mAbs iMab, 10E8 and P140. (C) SEC analysis of 10E8y/1 o/iMab and
10E8y/1 o/P140 and mAb variant 10E8y/ o. (D) Percent of viruses of a 118 Tier-2 HIV-1 Env
pseudovirus panel neutralized (based on ICsg values) by 10E8/iMab and 10E8/P140 and
engineered variants 10E8y/q o/iMab and 10E8y,1 o/P140.
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Figure 4. Engineering HIV CrossMADb variants with improved developability, activity and
manufacturability potential

(A) SEC analysis and (B) percent of a 118 Tier-2 HIV-1 Env pseudovirus panel neutralized
by the originally identified 10E8/iMab and 10E8/P140 and engineered variants 10E8/; of
iMab and 10E8,,1 1/P140. (C) Percent of a panel of 200 clade C Env pseudoviruses
neutralized by 10E8\/ o/iMab and 10E8y,1 1/P140. The neutralization profiles of these two
candidates against the 118 virus panel from Figure 1D are overlaid for ease of comparison.
(D) Serum concentration of the indicated HIV CrossMADb after 100 g intraperitoneal
administration to mice. Error bars represent standard error of mean.
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Figure 5. HIV CrossMAb 10E8y/ g/iMab exhibits therapeutic efficacy in vivo
(A) Changes in plasma viral RNA from baseline at week 0. Grey lines represent data from

each mouse, whereas the red lines represent the mean for each group. NSG humanized mice
were infected with JR-CSF at week —4 and the antibody treatment consisting of weekly 500
ug antibody injections (arrows) began at week 0. (B) Comparison of the therapeutic efficacy
of 10E8y, o/iMab with the comparator groups. Columns represent changes in viral load. * p
<0.05, ** p < 0.01, *** p < 0.001 as determined by the Mann-Whitney test. (C) Mutations

in HIV-1 Env associated with resistance after viral rebound. Colored amino acids and dashes
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indicate the positions of mutations and deletions, respectively. All mutations are aligned to
the JR-CSF sequence and numbered according to the HXB2 sequence. (D) 1Csq
concentrations (ug/mL) of the antibodies listed in the top row against wild-type HIV-13r.cse
or mutants containing the indicated mutations in the HIV-1r.csr envelope shown in the left
column. Red indicates ICgq < 0.2 ug/mL, orange indicates 1Cgg between 0.2 and 2 pg/mL,
yellow indicates ICsg between 2 and 20 pg/mL and white indicates 1Cgg > 20 pg/mL.
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Figure 6. HIV CrossMAb 10E8y/» o/iMab protects humanized mice against repeated systemic
HIV-1 challenges

(A) Kaplan-Meier plot depicting the percentage of aviremic mice in 10E8y/; ¢/iMab-treated
versus PBS-treated challenged mice. Mice received 200 pg of 10E8y/, o/iMab every week
from week 0 to week 8 (black arrows) and were challenged at day 1 and weeks 4 and 6 (blue
arrows). PBS control mice were challenged once at day 1 (red arrow). Statistics were
calculated by log-rank test. (B) Quantification of 10E8,,, o/iMab plasma concentration by
ELISA. The dashed line represents the limit of detection at 0.11 pg/mL. Values below the
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limit of detection are arbitrarily plotted at 0.09 pg/mL. Error bars represent the standard
deviation.
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Figure 7. Percent of large panels of multi-clade HIV-1 Env pseudoviruses neutralized by

antibodies currently in development for HIV-1 prevention

Antiviral coverage of 10E8y/, o/iMab and 10E8y/; 1/P140 are reported in this manuscript;
antiviral coverage of all other molecules presented are from previously published data
(Gardner et al., 2015; Kong et al., 2015; Mouquet et al., 2012a; Rudicell et al., 2014; Scheid

etal.,, 2011; Sok et al., 2014; Wu et al., 2010).
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