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Deep mining of B cell repertoires of HIV-1-infected individuals has
resulted in the isolation of dozens of HIV-1 broadly neutralizing
antibodies (bNADbs). Yet, it remains uncertain whether any such
bNADbs alone are sufficiently broad and potent to deploy therapeu-
tically. Here, we engineered HIV-1 bNADbs for their combination on
a single multispecific and avid molecule via direct genetic fusion of
their Fab fragments to the human apoferritin light chain. The
resulting molecule demonstrated a remarkable median 1Cs, value
of 0.0009 pg/mL and 100% neutralization coverage of a broad
HIV-1 pseudovirus panel (118 isolates) at a 4 pg/mL cutoff—a
32-fold enhancement in viral neutralization potency compared to
a mixture of the corresponding HIV-1 bNAbs. Importantly, Fc incor-
poration on the molecule and engineering to modulate Fc receptor
binding resulted in IgG-like bioavailability in vivo. This robust
plug-and-play antibody design is relevant against indications
where multispecificity and avidity are leveraged simultaneously to
mediate optimal biological activity.
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espite decades of research, no effective vaccine or cure exists

for HIV type I (HIV-1). However, the fact that a small pro-
portion of HIV-1-infected individuals develop antibodies with
exceptional neutralization potency across circulating HIV-1 iso-
lates highlights the potential for antibody-mediated control of
HIV-1. Since the first generation of broadly neutralizing antibod-
ies (bNAbs) 2F5 (1), 4E10 (2, 3), 2G12 (4), and b12 (5, 6) were
isolated, the number of bNAbs has dramatically increased due to
implementation of new technologies such as Env-specific single B
cell sorting (7-9), antibody cloning and high-throughput neutrali-
zation assays (10-13), and, more recently, proteomic deconvolu-
tion (14). Several HIV-1 bNAbs have now been described that
primarily target six conserved sites on the trimeric HIV envelope
glycoprotein (Env), including the V1/V2 loops at the trimer apex,
V3 loop glycans, the CD4 binding site (CD4bs), the gp120-g41
interface, the Env silent face, and the membrane-proximal exter-
nal region (MPER) (7, 9, 11-20).

Interest in bNAbs as therapeutic agents in the fight against
HIV-1 arises from the potent antiviral activity observed in chal-
lenge studies in macaques (21-25) and humanized mice
(26-29), and from the reduced viremia achieved in infected
humans following infusion of bNAbs (30-34). In addition, anti-
bodies possess key advantages in comparison to oral antiretro-
viral therapy: they have longer circulating half-lives, and can
form immune complexes that enhance host immunity to the
virus. These observations have led to the clinical evaluation of
antibody-based therapies to confer protection against HIV-1
acquisition through passive administration of bNAbs (35), and
efforts to control and/or clear HIV-1 in infected individuals
(31-33).
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The recent Antibody Mediated Prevention (AMP) trials
explored the ability of bNAb VRCO1 to confer passive immu-
nity against HIV-1. In these studies, antibody breadth and
potency inferred from TZM-bl neutralization assays were pro-
posed as effective predictors of antibody efficacy in humans.
Specifically, inhibition of 80% of viral infection with a concen-
tration below 1 pg/mL (ICgy < 1 pg/mL) was established as the
potency threshold that a biotherapeutic needs to achieve in
order to confer protection against a specific HIV-1 strain (35).
VRCO1 only met that threshold against 30% of HIV-1 strains
in the trials and, hence, failed to confer broad protection,
highlighting a critical need for more potent and broadly acting
molecules. While such breadth of coverage could be achieved
by administration of multiple bNAbs, despite recent IgG engi-
neering efforts (36-40), potency may still limit the therapeutic
efficacy of antibody mixtures.

Here, we overcome the immense sequence diversity of HIV-
1 with extraordinary neutralization potency by engineering the
human apoferritin subunit to drive multimerization of three dif-
ferent HIV-1 bNADs on a single molecule. The resulting multi-
specific, multiaffinity antibody (Multabody) was able to achieve
pan-neutralization (100% virus coverage) with a median ICs,
value of 0.0009 pg/mL (0.4 pM). The Multabody design
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described herein represents a robust and powerful plug-and-
play platform to multimerize antibodies in order to enhance
their neutralization of HIV-1 across the broadest range of
isolates.

Results

Potency of HIV-1 bNAbs Can Be Enhanced with Avidity. Apoferritin
is a spherical nanocage of ~6-nm hydrodynamic radius formed
by the self-oligomerization of 24 identical subunits (Fig. 14). To
investigate the impact of multivalency on neutralization
potency, we used the self-assembly properties of the light chain
of human apoferritin to multimerize fragments of antigen bind-
ing (Fabs) derived from the most potent and broad HIV-1
bNADbs, which target different HIV-1 Env epitopes. Apoferritin
subunits were genetically fused to single-chain Fabs (scFabs).
The scFabs were generated using flexible linkers between the
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light and heavy chains to ensure correct Fab heterodimeriza-
tion. Apoferritin self-assembly drove multimerization of the
scFab and displayed the antibody fragments at the nanocage
periphery (Fig. 1B). Different densities of multimerized Fabs
were achieved by cotransfection of scFab-human apoferritin—
encoding plasmids together with different ratios of nongeneti-
cally modified human apoferritin (Fig. 1C and SI Appendix, Fig.
S1). The ability of the scFab-apoferritin fusions to block HIV-1
infection was compared to the corresponding IgGs using a
small HIV-1 pseudovirus (PsV) panel (Fig. 1D). Strikingly,
PGDM1400, one of the most potent anti-HIV bNAbs described
to date, showed 10- to 40-fold higher neutralization potency
when multimerized via the light chain of apoferritin compared
to its conventional IgG format. The bNAb 10-1074 also showed
a considerable improvement in neutralization potency (4- to
40-fold), whereas bNAbs 10ES8, N49P7, and VRCO01 showed no
effect or more modest enhancements.
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Fig. 1. HIV-1 bNAb multimerization increases neutralization potency. Schematic of the self-assembly of (A) apoferritin (24 subunits) and (B) scFab-apoferritin
fusions. Fab light chain (LC) and heavy chain (HC) are shown in light and dark pink, respectively, and are connected to the N terminus of the light chain of
human apoferritin (gray) through a glycine-glycine-serine-like flexible linker (black). (C) Schematic representation of different Fab densities displayed on human
apoferritin. Cotransfection of scFab-human apoferritin-encoding plasmids together with unconjugated apoferritin at ratios of 1:4 (dark yellow), 1:1 (black), 4:1
(blue), and 1:0 (red) resulted in molecules with different scFab valency, as confirmed by elution volumes in size exclusion chromatography (SEC) and less uncon-
jugated apoferritin in sodium dodecyl sulfate polyacrylamide gel electrophoresis. Negative-stain electron micrographs of the samples with the lowest and high-
est scFab valency are shown. (Scale bar, 50 nm.) (D) Avidity effect on neutralization of five bNAbs against a five-PsV panel (PVO.04, JRCSF, BG505 T332N,
THROA4156.18, and t278-50). Fold potency increase was calculated as the parental I9G ICso (micrograms per milliliter) divided by the Fab-apoferritin fusion 1Csq
(micrograms per milliliter). Fold potency increase analyses were omitted in the following cases: N49P7-t278-50, VRC01-T278-50, and 10-1074-THRO4156.18 due
to neutralization resistance. Bars (+ SD) represent the mean value from n = 3 biologically independent samples.
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Fig. 2. Design, assembly, and neutralization profile of HIV-1 Multabodies against a 14-PsV panel. (A) Schematic of the human apoferritin split design
that drives heterodimerization of scFab-human apoferritin subunits. (B) Size exclusion chromatography in-line with multiangle light scattering of 24-mer
PGDM 1400 scFab-apoferritin particles (black) and T-01 MB (dark red). The molar mass of each elution peak (lines under ultraviolet [UV] absorbance) is
shown in megadaltons. (C) Negative-stain electron micrographs of T-01 MB. (Scale bar, 50 nm.) (D) Concentration-response curves for binding of T-01 MB
to multiple epitopes. PGDM1400, N49P7, and 10E8 binding sites are colored in red, blue, and pink, respectively, on the surface representation of the HIV-
1 Env trimer (gray). Red lines represent raw data; black lines represent global fits. (E) Breadth (cutoff ICs5o set at 10 pg/mL) and median ICsq values (micro-
grams per milliliter) of T-01 MB (red diamond), parental bNAbs (white circles), IgG combination (gray triangle), and the N6/PGDM1400x10E8v4 trispecific
antibody (black triangle). The 14-PsV panel was selected based on susceptibility and resistance to the parental 19Gs. (F) Individual 1Csq values (micrograms
per milliliter) to each PsV variant. The solid line denotes the median neutralization 1Cso of all 14 viral strains. Those pseudoviruses that show the highest
neutralization resistance are highlighted by a red box. ICso values in D and E were calculated from three biological replicates.

Multabodies Potently and Broadly Neutralize HIV-1. In view of
these results, we sought to increase the coverage of
PGDM1400 using our previously described Multabody platform
based on an apoferritin split design (41). The strategy consists
of the separation of the four-helix apoferritin subunit into two

halves (N-ferritin and C-ferritin) and their N-terminal fusion to
scFabs of different specificities (Fig. 24). This approach allows
inclusion of a higher number of Fabs on the surface of the
nanocage, resulting in a final molecule with higher avidity. In
addition, the design allows the efficient combination of three
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different antibody specificities as well as a fragment crystalliz-
able (Fc) to endow the molecule with IgG-like properties, such
as ease of purification leveraging protein A affinity (S/
Appendix, Fig. S2). Specifically, we combined scFab PGDM
1400 with scFabs of the near—pan-neutralizing antibodies
10E8v4 [a modified 10E8 with improved solubility (42)] and
N49P7, and the single-chain construct of the Fc (scFc) of
human IgG1 isotype (Fig. 24). To explore whether a Multabody
could also be designed that cross-targets the HIV-1 Env and its
primary receptor, CD4, we replaced N49P7 with Ibalizumab
(iMab), a CD4-directed postattachment inhibitor that has been
shown to effectively inhibit HIV-1 entry (43, 44) (SI Appendix,
Fig. S34). The resulting trispecific Multabodies, termed T-01
MB and T-02 MB, formed highly decorated and homogeneous
particles of around 2.4 MDa (Fig. 2 B and C and SI Appendix,
Fig. S3 B and C) with thermostability similar to the correspond-
ing IgGs (SI Appendix, Fig. S4). Epitope engagement by the
trispecific Multabodies was assessed in binding kinetics experi-
ments using epitope-specific molecules: BG505 SOSIP.664
D368R (PGDM1400), 93THO057 gp120/CD4 (N49P7/iMab),
and an MPER peptide (10E8v4) (SI Appendix, Fig. S5). Bind-
ing to the three epitope-specific antigens with high apparent
binding affinities and no detectable dissociation confirms the
presence of the three antibody specificities in the Multabodies
(Fig. 2D and SI Appendix, Fig. S3D).

Neutralization potency and breadth of the Multabodies was
first assessed against a panel of 14 PsVs in a standardized
in vitro TZM-bl neutralization assay (45). The 14-PsV panel
was designed to include low-sensitivity PsVs, with at least one
PsV resistant to each bNAb being evaluated (cutoff ICs, set at
10 pg/mL). The ICsy value and breadth of the Multabodies
were compared to 1) each individual IgG, 2) an IgG mixture
that contains the same relative amount of each IgG present in
the Multabody and 3) the N6/PGDM1400x10E8v4 trispecific
antibody (46). T-01 MB and T-02 MB displayed 93% and 100%
breadth (cutoff ICsy set at 10 pg/mL) against this panel, with
median ICs, values of 0.009 pg/mL (3.9 pM) and 0.008 pg/mL
(3.5 pM), respectively (Fig. 2E and SI Appendix, Fig. S3E and
Table S1). As such, there was a decrease of approximately one
and two orders of magnitude in the median ICsy values when
calculated in micrograms per milliliter and nanomoles for the
Multabodies compared to the ICsy values of the IgG mixtures
and the trispecific antibody, respectively. Inspection of individ-
ual ICsy values revealed that PsVs that are resistant to
PGDM1400 IgG neutralization were also less sensitive to the
Multabodies (Fig. 2F and SI Appendix, Fig. S3E and Table S1).
These data suggested that the neutralization property of the
Multabodies is heavily dependent on one out of the three anti-
body specificities within the particle, in this case, PGDM1400.

Engineering the Apoferritin Scaffold. To further improve the neu-
tralization properties of the Multabody, we introduced some
modifications to its design and made a second-generation ver-
sion (MB.v2). In the original MB, the scFc is located at the N
terminus of the N-ferritin half, and only one Fab, either Fab2
or Fab3, is incorporated in the Multabody per each functional
Fc homodimer (Fig. 3 A, Top). In comparison, the optimized
MB.v2 contains a higher number of Fabs per Fc homodimer.
To attain this, a monomeric Fc fragment (i.e., one Fc chain)
and a scFab are positioned at the C terminus and the N termi-
nus, respectively, of the C-ferritin half (Fig. 3 A, Bottom and SI
Appendix, Fig. S64). As a result, dimerization of a functional
Fc homodimer drives assembly of the MB.v2 particle together
with split ferritin complementation and ferritin subunit oligo-
merization (Fig. 34 and SI Appendix, Fig. S6B). Importantly,
homodimerization to form one functional Fc ensures assembly
of four Fabs different from PGDM1400 (i.e., two Fab2 and two
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Fab3), thus favoring a more balanced avidity for each of the
three Fabs in the fully assembled MB.v2.

The optimized Multabody design was tested in the T-01 back-
ground (PGDM1400, N49P7, 10E8v4) that targets three epitopes
on HIV-1 Env. The resulting Multabody (T-01 MB.v2) assembled
into well-formed spherical particles with no significant differences
in morphology compared to the previously characterized T-01 MB
(Fig. 3B). Antigen binding to BGS505 SOSIP664 D368R,
93THO057 gp120, and MPER peptide confirmed correct folding of
the three Fab specificities in T-01 MB.v2 (Fig. 3C). In addition,
the new Multabody version preserves the same high thermal sta-
bility reported for T-01 MB, with an aggregation temperature
(Tage) of 67°C (Fig. 3D). Multabodies were concentrated to 10
mg/mL and subjected to an accelerated stability test by incubating
them at 40 °C for 4 wk. Assessment of the amount of soluble pro-
tein over time revealed that the Multabodies were highly stable
under these conditions, with over 70% of the sample remaining
soluble for 30 d. Stability was further confirmed by only a modest
loss in neutralization potency observed for the Multabodies at
week 4 in comparison to their potency at week 0 (Fig. 3E).

Pharmacokinetics of Multabodies Is Similar to Corresponding IgGs.
The antibody Fc domain has the capacity to interact with a vari-
ety of receptors, including Fc gamma receptors (FcyRs) and
the neonatal Fc receptor (FcRn), conferring effector functions
and in vivo half-life, respectively. However, Fc avidity can nega-
tively impact the circulation time of molecules with multiple Fc
fragments (41, 47). Indeed, T-01 MB showed strong binding to
Fc receptors, including to human FcRn at physiological pH
(Fig. 4 A and B), and high- and low-affinity FcyRs (Fig. 4C).
Hence, we introduced the unique combination of LALAP
(L234A, L235A, and P329G) and 1253A mutations in the Fc of
T-01 MB to decrease binding to FcyR and FcRn, respectively,
and achieve binding comparable to that observed for an IgG1
molecule (Fig. 4 A-C). T-01 MB.v2 showed a more similar
binding profile to IgG1, with comparable binding to human
FcRn at acidic pH and no binding at physiological pH, even in
the case of the half-life extension mutations LS (M428L/
N434S) (Fig. 4 A and B). Binding of T-01 MB.v2 to FcyRs
yielded a low binding profile similar to that obtained with the
LALAP FcR-silencing mutations in T-01 MB (Fig. 4C). The dif-
ferent binding patterns observed for the two MB versions are
likely due to the different arrangements of the Fc fragments
within the molecules (Fig. 34 and SI Appendix, Fig. S6A).
Despite low FcyRI binding, phagocytosis experiments using
antigen-coated beads showed that both Multabody formats
induced Fc-dependent internalization in THP-1 cells at levels
similar to those achieved with the corresponding IgG mixture
(Fig. 4D).

Next, we examined the in vivo bioavailability of both Multa-
body formats with and without engineered Fc. A single dose of
5 mg/kg was administered subcutaneously in NOD/Shi-scid/IL-
2Rynull (NCG) immunodeficient mice, and the amount of each
molecule in the sera was measured every 2 d for 15 consecutive
days. As expected from the in vitro characterization, only
Fc-engineered Multabodies that had an IgG-like binding profile
showed days of in vivo exposure with a similar rate of decay as
the parental IgG mixture (Fig. 4E). Multabody administration
was well tolerated, with no decrease in body weight (Fig. 4F) or
visible adverse effects.

Extraordinary Potency and Pan-Neutralization Breadth Achieved by
MB.v2. We assessed the neutralization profile of T-01 MB.v2
against a PsV panel generated through addition of 11 HIV-1
strains highly resistant to PGDM1400 to our previous panel.
The resulting 25-PsV panel contains 56% of PsV variants resis-
tant (cutoff ICsq set at 10 pg/mL) to PGDM1400 IgG neutrali-
zation (Fig. 5 4 and B). As expected, breadth and potency of
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Fig. 3.

Engineering and biophysical characterization of Multabody v2. (A) The second-generation Multabody design displays two distinct features in

comparison to the original Multabody design: 1) The Fc (green) is fused to the C terminus of the second half of apoferritin in the split ferritin design, and
2) the scFc domain (green), fused to the C terminus of an apoferritin half protomer, is reverted to a monomeric Fc chain. Dimerization of each Fc in
MB.v2 drives assembly of four Fabs (two Fab2 and two Fab3, Bottom) while only one Fab is assembled per Fc into the previous MB version (Top). (B)
Negative-stain electron micrographs of T-01 MB.v2. (Scale bar, 50 nm.) (C) Concentration-response curves for binding of T-01 MB.v2 to multiple epitopes.
Red lines represent raw data; black lines represent global fits. (D) Comparison of T,gq and (E) long-term stability under temperature stress conditions (10
mg/mL; 40 °C) of the two different Multabody versions. PsV neutralization (mean values + SD for two technical replicates) comparison at week 0 vs. week

4 is shown.

the T-01 MB was greatly affected in the presence of
PGDM1400-resistant PsVs (Fig. 5 4 and B and SI Appendix,
Table S1). However, as engineered, the neutralization profile of
antibodies N49P7 and 10E8v4 were more dominant in T-01
MB.v2, allowing this optimized Multabody to achieve pan-
neutralization while preserving the enhanced neutralization
potency previously observed for this type of molecule (Fig. 5 4
and B and SI Appendix, Table S1). When tested against an
extended multiclade panel of 118 PsVs, T-01 MB.v2 matched
the pan-neutralization breadth of the corresponding IgG mix-
ture (100% virus coverage, cutoff ICs, set at 10 pg/mL), yet dis-
played a remarkable neutralization potency (Fig. 5 C and D
and SI Appendix, Fig. STA and Table S2). Specifically, the IgG
mixture and T-01 MB were only able to neutralize 9% and 8%,
respectively, of the PsVs with an ICs, value of 0.001 pg/mL,
while, in the case of T-01 MB.v2, 50% of the PsVs were still
neutralized with an ICsy value of only 0.001 pg/mL (Fig. 5C).
Remarkably, Multabodies achieved a median ICsj value of only
0.0009 pg/mL (0.4 pM) and hence achieved pan-neutralization
32- and 490-fold more potently in mass and molarity, respec-
tively, compared to the IgG mixture (Fig. 5D and SI Appendix,
Table S2). In addition, the ICgy of T-01 MB.v2 confirmed its
superior neutralization propensity over both the individual
IgGs and the IgG mixture, neutralizing 96% of all viral strains
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tested with a median ICg value of 0.005 pg/mL (2.2 pM) (Fig.
5 C and D and SI Appendix, Fig. S74 and Table S2). Impor-
tantly, Multabodies also blocked infection of primary periph-
eral blood mononuclear cells (PBMCs) with the replication-
competent CXCR4-tropic HIV-1 IIIB strain (SI Appendix, Fig.
S7B), showing enhanced potency over the matched IgG mix,
and without any impact on cell viability (SI Appendix,
Fig. S7C).

Discussion

The recent AMP clinical trials have highlighted the anticipated
importance of both potency and breadth of bNADs to be viable
therapeutics capable of protecting against HIV-1 infection.
Leveraging the principle of antibody avidity used in our previ-
ously described Multabody technology to improve the potency
of antibodies against severe acute respiratory syndrome corona-
virus 2 (41), here we have engineered a second-generation Mul-
tabody platform to deliver exceptional neutralization breadth
and potency against the vast sequence diversity of HIV-1.

The most distinctive feature of the optimized Multabody
design in comparison to the first-generation Multabody format
(41) is the relative number of Fabs that self-associate per func-
tional Fc domain. In contrast to the 1:1 Fc: 10E8v4/N49P7 ratio
imposed by the design of the previously described Multabody
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Fig. 4. Fine tuning of Fc on Multabody for IgG-like characteristics. (A) Concentration-response curves for pH-dependent binding to human FcRn by T-01
MB and T-01 MB.v2. (B) Comparison of the FcRn apparent binding affinities (Kp) at acidic pH between MBs and an 1gG1; n = 3 biologically independent
samples are shown. Apparent Kp lower than 1072 M (dotted black line) is beyond the instrument detection limit. (C) Concentration-response curves to
the high-affinity human FcyRI (Top) and low-affinity human FcyRIla (Bottom). (D) Dose-dependent phagocytosis determined as a percentage increase in
internalization of 93THO57 gp120-coated fluorescent microspheres compared to a no-antibody control. Anti-human FcR binding inhibitor antibody was
added to block Fc-mediated internalization (dark red). Data were analyzed by two-way ANOVA with Tukey’s multiple comparisons test. Each group was
compared to the IgG negative control. *P < 0.05, ***P < 0.001, and ****P < 0.0001. IgG and MB samples with no affinity for the antigen-coated beads
were added as control samples; n = 4 biologically independent samples. ns, not significant. (E) Serum levels after subcutaneous administration of 5 mg/kg
of Multabodies or parental IgG mixture in female NCG immunodeficient mice. (F) Body weight upon administration of 5 mg/kg of molecules in NCG mice.
Mean values + SD for n = 3 mice are shown in E and F.

platform, in the design of T-01 MB.v2, two N49P7 Fabs and two  Indeed, despite a similar hydrodynamic radius and geometrical
10E8v4 Fabs are incorporated into the MB per homodimeric  size for the Multabody compared to an IgM (41), the Multa-
Fc. The higher number of these two Fabs in the optimized Mul-  body is ~10x heavier in molar mass compared to an IgG.
tabody favors their avidity and, consequently, their greater con-  Therefore, if molarity is the relevant in vivo measure associated
tribution to the neutralization signature of the particle. This is ~ with protection, then T-01 MB.v2 exhibits an extraordinarily
in contrast to the T-01 MB, which primarily relies on the neu- low median ICs, value of 0.4 pM. Correspondingly, a potency
tralization properties of PGDM1400. The more balanced con-  of ICgy below 6.7 nM (1 pg/mL molar equivalent for an IgG)
tribution of each of the antibodies is reflected in the better  was achieved in 96% of the 118 HIV-1 PsV strains. These
functional properties of T-01 MB.v2, which displayed cross- remarkable neutralization properties surpass those obtained
clade neutralization coverage of 100% at a median ICsy value  with previously described bispecific and trispecific antibodies
of 0.0009 pg/mL. In addition, viral infection by 83% of the 118 (46, 48-50). In these antibody formats, the limited avidity pre-
PsVs tested was blocked by T-01 MB.v2, with an ICgy value cludes combination of both high avidity and multispecificity,
below 1 pg/mL, which has been recently proposed as the and, consequently, potency and breadth are restricted to that of
potency threshold required to confer in vivo protection in  the parental mAbs.

humans (35). However, it remains unclear whether that predic- There is a growing trend in the field of biotherapeutics
tor of protection should be considered in mass or molarity. toward the development of molecules with high valency.
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Fig. 5.

Broad and potent neutralization by Multabody v2 against extended HIV-1 PsV panels. (A) Breadth and median 1Cs, values (micrograms per millili-

ter) of T-01 Multabody versions (different shades of red diamond), individual 1gGs (black circles), and IgG mixture (blue triangle) against a 25-PsV panel
with 56% of PsV variants resistant to PGDM1400 neutralization. (B) Individual ICso values (micrograms per milliliter) for each PsV variant. ICso values in A
and B were calculated from three biological replicates. (C) Potency (ICso)-breadth (Left) and potency (ICgo)-breadth (Right) curve comparison of T-01 Mul-
tabody versions, as well as parental IgGs and an IgG mixture against an extended multiclade panel of 118 HIV-1 PsV variants. (D) Individual ICso (Left) and
1Cgo (Right) values for each PsV variant in C. Yellow dots correspond to 1Cso values from PsVs that are highly resistant to PGDM1400 neutralization. The

solid line in B and D denotes the median ICso neutralization titer of all viral strains in each panel.

Strategies range from the generation of dodeca-valency IgM-
like molecules (51, 52) upon addition of the mu tailpiece of
IgM to the constant region of IgG to the design of alternative
antibody formats. Among them are fusions of Fabs in a linear
head-to-tail manner (53), appended IgGs (54-56), or diabody
combination in tandem (Tamdabs) (57) or fused to the CH3 of
an IgG (di-diabody) (58). In addition, the use of multimeriza-
tion scaffolds, such as p53 (59), leucine zipper helixes (60),
streptavidin (61), barnase-barstar modules (62), viral-like nano-
particles (63), and, more recently, de novo antibody cage-
forming proteins (64), has been employed to overcome the lim-
itation of IgG bivalency and improve the bioactivity of antibod-
ies. Although attractive, these approaches face different chal-
lenges for their successful development as therapeutic agents.
Multimeric antibody formats that rely on variable fragments of
antibodies are often associated with low stability and, conse-
quently, a high propensity to aggregate (65). Furthermore, dis-
sociation of noncovalent fusions dictated by the affinity cons-
tant of the complex can limit the in vivo long-term stability of
the molecule. In sharp contrast, Multabodies build on full IgG
components (Fab and Fc) that are fused to the thermostable,
functionally silent human apoferritin light-chain scaffold, and
thus are highly stable IgG-like molecules even under thermal
stress. A mouse surrogate Multabody previously administered
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subcutaneously in immunocompetent C57BL/6 mice showed
undetectable levels of antidrug antibodies, similarly to its par-
ent IgG, providing proof of principle for the potentially low
intrinsic immunogenicity of the Multabody platform (41).
Future studies in higher organisms will help determine the
immunogenicity of Multabodies encoded by human-derived
sequences, which we propose might be dictated predominantly
by the properties of the underlying antibody sequences.
Bioavailability of large biologics is an additional challenge
associated with engineered approaches to increase avidity (63).
Multabodies have been engineered to include Fc domains and
hence enable FcRn-mediated recycling of the molecule. As a
consequence of Fc avidity, binding of T-01 MB to FcRn at pH
6.0 was improved by orders of magnitude; however, the simul-
taneous affinity improvement at pH 7.4 limits the application of
this strategy toward enhancing half-life, and several mutations
were needed to decrease Fc binding to FcRn and FcyR in order
to not surpass the binding affinity observed for IgGs. Such
enhanced Fc receptor avidity was not observed in the case of
T-01 MB.v2, where fusion of the Fc chains at the C terminus of
apoferritin leads to the formation of particles with inverted and
more distantly located Fc domains and, consequently, reduced
Fc avidity. Similar to a previous study with a mouse surrogate
Multabody (41), Fc avidity modulation strategies successfully
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resulted in Multabody molecules with a rate of decay over time
that is remarkably similar to that of the parental IgG mixture.
In addition to the favorable pharmacokinetic profile, Multabod-
ies in both formats that possess residual binding to FcyR
induced Fc-mediated phagocytosis in vitro to levels similar to
the parental IgG mixture, at least in a THP-1 system that coex-
presses both FcyRI and FeyRIlIa (66). Future experiments will
be needed to fully characterize the capacity of the Multabodies
to trigger immune effector functions and their in vivo
implications.

From the limited number of antibody specificities we charac-
terized in this study, we observed that antibodies targeting
epitopes located at the apex of the HIV-1 Env trimer such as
PGDM1400 seem to experience the greatest benefit to neutrali-
zation potency when formulated as Multabodies. This increase
in potency was less apparent as the epitope was located closer
to the viral membrane, as in the case of 10E8v4. The depen-
dence on epitope location for potency enhancement could be
further impacted by the low surface spike density (67), the
arrangement of those sparse Env trimers on the HIV-1 surface
(68), or the accessibility of certain epitopes that may be more
or less sterically occluded. In light of this, it will be interesting
to explore how the potency of antibodies against viruses with
higher surface densities and closely spaced spikes can be
enhanced by the Multabody platform, and further determine
the impact of epitope location on potency enhancement medi-
ated by avidity.

Replacement of N49P7 with iMab—a CD4-directed postat-
tachment inhibitor—resulted in a functional Multabody with
potent neutralization activity, demonstrating that cross-
targeting of viral epitopes and cellular receptors can be attained
with this type of particle. These data raise the interesting possi-
bility that the Multabody technology could also be implemented
in other fields that promote the binding of receptors across sep-
arate entities, such as cell-cell interactions in immunotherapy.
Overall, our protein engineering study demonstrates the versa-
tility of human apoferritin as a modular nanocage to build anti-
body avidity and multispecificity jointly toward enhanced
functionality.

Materials and Methods

Expression and Purification of Fab-Only Apoferritin Multimers. Genes encod-
ing the light chain of human apoferritin and the scFab-human apoferritin
fusions were synthesized and cloned by GeneArt (Life Technologies) into the
pHLsec expression vector; 200 mL of HEK 293F cells (Thermo Fisher Scientific)
were seeded at a density of 0.8 x 10° cells/mL in Freestyle expression media
and incubated with 125 rpm oscillation at 37 °C, 8% CO,, and 70% humidity in
a Multitron Pro shaker (Infors HT). Within 24 h of seeding, cells were tran-
siently transfected using 50 pg of filtered DNA preincubated for 10 min at
room temperature (RT) with the transfection reagent FectoPRO (Polyplus
Transfections) at a 1:1 ratio. Plasmids encoding scFab-human apoferritin and
human apoferritin were mixed at a ratio of 1:4, 1:1, 4:1, and 1:0. After6d to 7
d, cell suspensions were harvested by centrifugation at 5,000 x g for 15 min,
and the supernatants were filtered through a 0.22-pm Steritop filter (EMD
Millipore). The particles were purified by affinity chromatography to the Fab
and eluted after a wash. Fractions containing protein were pooled, concen-
trated, and loaded onto a Superose 6 10/300 GL size exclusion column (GE
Healthcare) in 20 mM sodium phosphate, pH 8.0, 150 mM Nacl.

Design, Expression, and Purification of Multabodies. Genes encoding scFab
and scFc fragments linked to half ferritin were generated by deletion of resi-
dues 1 to 90 (C-Ferritin) and 91 to 175 (N-Ferritin) of the light chain of human
apoferritin. Furthermore, protein L binding specificity for iMab-C-Ferritin was
disrupted by site-directed mutagenesis of alanine 12 of the antibody light
chain to a proline residue (69). Transient transfection of T-01 MB in HEK 293F
cells was obtained by mixing 66 ug of plasmids PGDM1400 scFab-human apo-
ferritin:scFc-N-Ferritin:N49P7  scFab-C-Ferritin:10E8v4 scFab-C-Ferritin in a
4:2:1:1 ratio. In the case of the T-02 MB, plasmid N49P7 scFab-C-Ferritin was
substituted by iMab scFab-C-Ferritin. In the case of the T-01 MB.v2, 63 ug of
plasmids PGDM1400 scFab-human apoferritin:N49P7 scFab-N-Ferritin:10E8v4
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scFab-C-Ferritin-Fc in a 3:1:1 ratio were used. The DNA mixture was filtered
and incubated at RT with 63 pL of FectoPRO before adding it to the cell cul-
ture. Based on the necessary heterooligomerization to drive self-assembly,
purification of Multabodies with the four components was achieved by a two-
step affinity purification: protein A HP column (GE Healthcare) with 20 mM
Tris pH 8.0, 3 M MgCl, and 10% glycerol elution buffer (Fc binding), and pro-
tein L (GE Healthcare) (PGDM1400 binding, as 10E8 and N49P7 do not bind to
protein L, and iMab-protein L binding was disrupted by the A12P mutation). A
buffer exchange step was performed between the two affinity chromatogra-
phy steps using a PD-10 desalting column (GE Healthcare). Fractions contain-
ing the protein were concentrated and further purified by gel filtration on a
Superose 6 10/300 GL column (GE Healthcare) in 20 mM sodium phosphate pH
8.0, 150 mM NacCl.

Negative-Stain Electron Microscopy. Three microliters of Multabody at a con-
centration of ~0.02 mg/mL was added to a carbon-coated copper grid for 30 s
and stained with 3 pL of 2% uranyl formate. Staining excess was immediately
removed from the grid using Whatman No. 1 filter paper, and an additional 3
uL of 2% uranyl formate was added for 20 s. Grids were imaged using a field
emission FEI Tecnai F20 electron microscope operating at 200 kV and
equipped with an Orius charge-coupled device camera (Gatan Inc).

Biolayer Interferometry. Binding kinetics measurements were conducted
using an Octet RED96 BLI system (Pall ForteBio) in phosphate-buffered saline
(PBS) pH 7.4, 0.01% bovine serum albumin (BSA) and 0.002% Tween. A unique
His-tagged ligand for each of the Multabody components and Fc receptors
was selected and loaded onto nickel nitrilotriacetic acid (Ni-NTA) biosensors to
reach a signal response of 0.8 nm. Association rates were measured by trans-
ferring the loaded biosensors to wells containing serial dilutions of the Multa-
bodies (10, 5, 2.5, 1.25, 0.65, and 0.32 nM) or IgGs (500, 250, 125, 62.5, 31.2,
and 15.6 nM). Dissociation rates were measured by dipping the biosensors
into buffer-containing wells. The duration of each of these two steps was 180
s. To achieve selective binding to PGDM1400, a D368R mutation in the CD4bs
of the BG505 SOSIP.664 trimer was introduced, and, consequently, binding of
N49P7 to this antigen was disrupted. Similarly, the gp120 subunit 93TH057,
soluble CD4, and hFcRn in complex with f2-microglobulin were produced as
the ligands for N49P7, iMab, and Fc, respectively. Binding to 10E8v4 was
tested using a His-tagged MPER peptide (HHHHHHNEQELLELDKWASLWNWEF-
NITNWLWYIKKKK, purchased from GenScript). Recombinantly expressed
hFcyRI and hFcyRIla were used to measure binding affinities of the IgGs and
Multabodies. Ni-NTA purification followed by size exclusion chromatography
in 20 mM phosphate, pH 8.0, 150 mM NaCl buffer was used for purification of
BG505 SOSIP.664 D368R, CD4, 93THO57, hFcRn, hFcyRl, and hFcyRlla.

Size Exclusion Chromatography in Line with Multiangle Light Scattering. A
MiniDAWN TREOS and an Optilab T-rEX refractometer (Wyatt) were used
in-line with an Agilent Technologies 1260 infinity Il HPLC. Fifty micrograms of
24-mer PGDM1400 scFab-ferritin fusion, T-01 MB, and T-02 MB were loaded
onto a Superose 6 10/300 (GE Healthcare) column in 20 mM sodium phos-
phate, pH 8.0, 150 mM NaCl. Data collection and analysis were performed
using the ASTRA software (Wyatt).

Stability Measurements. The melting temperature (T,) and T,gq of Multabod-
ies, parental IgGs, the 12-mer homo-oligomeric Fabs and Fc, and the
N6/PGDM1400x10E8v4 trispecific antibody were determined using a UNit sys-
tem (Unchained Labs). T, was obtained by measuring the barycentric mean
fluorescence, while T,qq was determined as the temperature at which 50%
increase in the static light scattering at a 266-nm wavelength relative to base-
line was observed. Samples were concentrated to 1.0 mg/mL and subjected to
a thermal ramp from 25°C to 95 °C with 1°C increments. The average and the
SE of three independent measurements were calculated using UNit analy-
sis software.

Stability was further analyzed under accelerated stress conditions.
Multabodies diluted in 20 mM sodium phosphate pH 8.0, 150 mM NaCl,
were concentrated to 10 mg/mL and incubated at 40°C for 4 wk. Each
week, the percentage of properly folded protein was calculated based on
the soluble content from SEC. A sample before (week 0) and after (week
4) the incubation period was assessed in a PsV neutralization assay to
compare the functional activity of the molecules.

Virus Production and TZM-bl Neutralization Assays. A panel of 14 HIV-1 pseu-
dotyped viruses was generated by cotransfection of 293T cells with the HIV-1
subtype B backbone NL4-3.Luc.R"E plasmid (AIDS Research and Reference
Reagent Program [ARRRP]) and the plasmid encoding the full-length Env
clone, as previously described (45). HIV isolates X2088.c09, ZM106.9, and
3817.v2.c59 were kindly provided by the Collaboration for AIDS Vaccine
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Discovery (CAVD), and pCNE8, 1632_S2_B10, THRO4156.18, 278-50,
ZM197M.PB7, SF162, 1257-31, Du422.1, and BG505 were from NIH ARRRP.
Mutation T332N in the BG505 Env expression vector was introduced by site-
directed mutagenesis using the KOD-Plus mutagenesis kit (Toyobo). The
extended 25 HIV-1 pseudotyped panel was generated by adding HIV-1 isolates
p1054.TC4.1499, 6535, ZM214M.PL15, AC10.29, p16845, P6244_13.B5.4576,
pM246F_C1G, TRJO4551, QH0692, and pCAAN5342 obtained from NIH ARRRP.
Neutralization was determined in a single-cycle neutralization assay using the
standard TZM-bl neutralization assay (45). Briefly, IgGs and Multabodies were
incubated with a 10 to 15% tissue culture infectious dose of PsV for 1 h at 37 °C
prior to a 44- to 72-h incubation with TZM-bl cells. Virus neutralization was
monitored by adding Britelite plus reagent (PerkinElmer) to the cells and mea-
suring luminescence in relative light units using a Synergy Neo2 Multi-Mode
Assay Microplate Reader (BioTek Instruments). HIV-1 Env PsVs in the extended
multiclade panel of 118 PsVs were generated by transfection in 293T cells of
Env expression plasmids with full-length, Env-defective HIV genome SG3dEnv.
HIV-1 PsVs were incubated with Multabodies (primary concentration of 10 pg/
mL and titrated sixfold seven times) for 1 h at 37 °C before TZM-bl cells were
added. Luciferase expression was quantified 48 h after infection upon cell lysis
and the addition of luciferin substrate (Promega). For the neutralization assays
done with parental IgGs, historical data at the Center for Virology and Vaccine
Research, Harvard Medical School was used (primary concentration of 50 pg/
mL and titrated fivefold seven times). A cutoff limit of 10 pg/mL was used to
determine antibody breadth.

Antibody-Dependent Phagocytosis. Five microliters of red fluorescent Neutra-
vidin microspheres (Invitrogen, F8775) were washed twice with PBS + 0.1%
BSA and incubated with 10 pg of biotinylated 93THO57 gp120 antigen. Bioti-
nylation was performed using the EZ-link Sulfo-NHS biotinylation kit (Thermo
Scientific, 2143) following the manufacturer’s instructions. The final volume
was brought to 200 pL with PBS/0.1% BSA and incubated overnight with rota-
tion at 4 °C. Beads were washed twice before use to remove unbound protein,
and resuspended in 200 pL per 5 uL of unlabeled bead volume.

Immune complexes were formed by incubating 93TH057 gp120-coated
fluorescent beads (10 pL per sample) with 10 uL of 1, 5, and 10 pg of Multa-
body or antibody preparations for 2 h at 37°C. THP-1 cells (ATCC TIB-202)
were maintained at fewer than 5 x 10° cells/mL in RMPI + 10% fetal bovine
serum (FBS; Wisent), and added to immune complexes at a concentration of 5
x 10* cells per well (in 200 pL) before incubation for 16 h at 37°C, 5% CO..
After incubation, cells were pelleted and washed with PBS before staining
with Live Dead Fixable Violet stain (Invitrogen, L34995) according to the man-
ufacturer’s protocol. Cells were washed with PBS and fixed with 2% parafor-
maldehyde for 20 min at RT. Fixed cells were pelleted and washed once with
fluorescence-activated cell sorter (FACS) buffer [PBS + 10% FBS, 0.5 mM (ethyl-
enedinitrilo)tetraacetic acid] and analyzed on an LSRIl Flow Cytometer (BD
Biosciences). Data were analyzed in FlowJo (BD Biosciences), and phagocytosis
was quantified as a percentage increase in phagocytosis compared to
93THO057 gp120-coated beads in the absence of antibody. Anti-human FcR
binding inhibitor antibody (Invitrogen, 14-9161-73) was added to the indi-
cated samples at the recommended concentration as an additional control.

PBMC Infection. PBMCs were obtained from three healthy blood donors, with
all donors providing written informed consent. The study was approved by the
University of Toronto's Research Ethics Board (protocol #00037384). Blood was
collected in heparinized vacutainers (BD Biosciences), and PBMCs were subse-
quently isolated using density centrifugation with Lymphoprep (StemCell Tech-
nologies, Cat#07861). PBMCs were activated with phytohemagglutinin (PHA;
Gibco) in the presence of recombinant human IL-2 (50 U/mL) in complete Ros-
well Park Memorial Institute (RPMI) medium (Wisent), containing 10% FBS
(Wisent), streptomycin at 100 pg/mL, and penicillin at 100 U/mL for 72 h prior
to HIV-1 infection. After 3 d of activation, HIV-1 infection of cells was per-
formed by addition of the CXCR4-tropic laboratory isolate 1B (150 pg of p24
Gag antigen per well) to triplicate cultures of activated PBMCs in round-
bottom 96-well plates seeded with 2 x 10° cells per well in RPMI + 10% FBS +
25 U/mL of IL-2. Before overlaying the cells with virus, Multabodies (T-01 MB
and T-01 MB.v2) or IgG mixture were preincubated with virus for 1 h at RT.
Infected cells were cultured in the presence/absence of Multabody or antibody
controls at doses ranging from 0.01 pg/mL to 10 pg/mL, as indicated. The levels
of HIV-1 replication were assessed by measuring the extracellular release of
p24 Gag protein in cell-free culture supernatants tested at day 7 postinfection
using a high-sensitivity AlphaLISA p24 detection kit (PerkinElmer) on a BioTek
Synergy Plate Reader, according to the manufacturer’s protocols.

Cell Viability and Flow Cytometry. On day 7 of infection, cells were fixed in
2% paraformaldehyde (PFA) and harvested for viability testing via absolute
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counting by flow cytometry performed using a BD LSRFortessa (Becton Dickin-
son). Cell viability was determined by comparison of the total live-gated cell
counts in Multabody- or antibody-treated wells to the number of cells recov-
ered from untreated control wells. Cell viability data were analyzed
using FACSDiva.

Pharmacokinetic Studies. In vivo studies were performed using three 6-wk-old
female NCG (NCG strain code 572, Charles River Laboratories) immunodefi-
cient mice per group. Mice were hosted by groups of four or six. Each mouse
was uniquely identified. Animals were housed in a ventilated cage (type Il [16
x 19 x 35 c¢m, floor area = 500 cm?]) under the following controlled condi-
tions: 22 °C, 55% humidity, and 12:12-h light dark cycle 7 AM:7 PM. This study
was reviewed and approved by the local committee in charge of the ethics of
animal experimentation (CELEAG). T-01 MB composed of the scFab of anti-
bodies PGDM 1400, N49P7, and 10E8v4 and scFc fragments of IgG1 Fc contain-
ing 1) no mutations and 2) the effector function silencing mutations L234A,
L235A, and P329G (LALAP) and the 1253A mutation were used in the study. In
addition, T-01 MB.v2 composed of the same antibody specificities with 1) no
Fc mutations and 2) with the half-life extension mutations (M428L/N434S) in
the IgG1 Fc were included. Mice received a single subcutaneous injection of 5
mg/kg of Multabodies or the control samples (an IgG mixture matching the
Fab specificity of the Multabody) in 200 pL of PBS (pH 7.5). Blood samples
were collected at multiple time points, and serum samples were assessed for
levels of circulating antibodies by enzyme-linked immunosorbent assay.
Briefly, 96-well Pierce Nickel-Coated Plates (Thermo Fisher) were coated with
50 pL at 0.5 pg/mL of each of the Hise-tagged antigens recognized by the
MB—BG5050 D368R SOSIP.664 trimer, gp120 subunit 93THO057, and MPER
peptide—to determine circulating sample concentrations using reagent-
specific standard curves for IgGs and Multabodies. HRP-Protein A (Invitrogen)
was used as a secondary molecule, and the chemiluminescence signal was
quantified using the Epoch 2 Microplate spectrophotometer with the soft-
ware BioTek Gen5 3.03.

Data Availability. All study data are included in the article and/or S/ Appendix.
Requests for material can be directed to J.-P.J. (jean-philippe.julien@sickkids.
ca). All materials and reagents will be available upon establishing a material
transfer agreement.
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