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CORONAVIRUS

A multi-specific, multi-affinity antibody platform
neutralizes sarbecoviruses and confers protection
against SARS-CoV-2 in vivo

Clare Burn Aschner't, Krithika Muthuraman'%, Iga Kucharska', Hong Cui', Katherine Prieto’,
Manoj S. Nair®, Maple Wang?, Yaoxing Huang®, Natasha Christie-Holmes*, Betty Poon?,
Jessica Lam®*, Azmiri Sultana®, Robert Kozak®®, Samira Mubareka®>®7, John L. Rubinstein
Edurne Rujas"®'%"?, Bebhinn Treanor'*>"*'%, David D. Ho>"*>"°, Arif Jetha',
Jean-Philippe Julien"*'%*

American Association
for the Advancement

of Science. No claim to
original U.S. Government
Works. Distributed

under a Creative
Commons Attribution

1,2,8 A
’ License 4.0 (CC BY).

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of coronavirus disease 2019
(COVID-19), has been responsible for a global pandemic. Monoclonal antibodies (mAbs) have been used as an-
tiviral therapeutics; however, these therapeutics have been limited in efficacy by viral sequence variability in
emerging variants of concern (VOCs) and in deployment by the need for high doses. In this study, we leveraged
the multi-specific, multi-affinity antibody (Multabody, MB) platform, derived from the human apoferritin pro-
tomer, to enable the multimerization of antibody fragments. MBs were shown to be highly potent, neutralizing
SARS-CoV-2 at lower concentrations than their corresponding mAb counterparts. In mice infected with SARS-
CoV-2, a tri-specific MB targeting three regions within the SARS-CoV-2 receptor binding domain was protective
at a 30-fold lower dose than a cocktail of the corresponding mAbs. Furthermore, we showed in vitro that mono-
specific MBs potently neutralize SARS-CoV-2 VOCs by leveraging augmented avidity, even when corresponding
mAbs lose their ability to neutralize potently, and that tri-specific MBs expanded the neutralization breadth
beyond SARS-CoV-2 to other sarbecoviruses. Our work demonstrates how avidity and multi-specificity com-
bined can be leveraged to confer protection and resilience against viral diversity that exceeds that of traditional

monoclonal antibody therapies.

INTRODUCTION

Emerging infectious agents, including viruses such as severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), present enor-
mous challenges to global public health through the lack of pre-ex-
isting immunity in the population. Despite the availability of
vaccines against the disease caused by SARS-CoV-2, the causative
agent of coronavirus disease 2019 (COVID-19), global vaccine cov-
erage remains low, with only 29.3% of people in low-income
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countries having received at least one dose (I). Relatively short-
lived vaccine-mediated protection, coupled with the emergence of
new viral variants, further highlights the necessity for effective pro-
phylactic and treatment options (2—10). Monoclonal antibodies
(mADbs), which have been efficacious in the treatment of infectious
diseases, including respiratory syncytial virus (RSV) (11) and Ebola
virus (12), present a promising option. Some mAbs, including bam-
lanivimab and etesevimab delivered together (13), and the REGEN-
COV cocktail of casirivimab and imdevimab (14), received U.S.
Food and Drug Administration (FDA) authorization to treat
COVID-19 but have struggled to overcome viral diversity and are
limited by the requirement for high doses and intravenous admin-
istration (15). Both combinations had their authorization revoked
after the emergence of the Omicron BA.1 variant of concern
(VOC), which has 37 mutations within the spike and 15 mutations
within the receptor binding domain (RBD), the target of most clin-
ical antibodies against SARS-CoV-2 (16). Furthermore, with the
rise of Omicron BQ.1.1 and XBB.1 subvariants, even mAbs that
were capable of neutralizing the original Omicron VOC, including
bebtelovimab (17, 18), and a cocktail of tixagevimab and cilgavimab
(19, 20) have had their authorization revoked because of viral escape
(21). Despite these limited authorizations, a number of additional
antibodies targeting SARS-CoV-2 spike epitopes, including some
with broad neutralization against sarbecoviruses, have been identi-
fied (22-29). However, such increases in mAb breadth are often as-
sociated with a reduction in potency (26), highlighting the necessity
of identifying therapeutics that combine potency and breadth.
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Increasing antibody valency is a promising approach to enhanc-
ing apparent binding affinity (30-32), potentially lowering thera-
peutic dose, improving breadth, and allowing administration
through alternative routes, such as subcutaneous or intramuscular
delivery. Aiming to exploit avidity to enhance antibody functional
responses, a wide range of antibody engineering strategies have been
described (33). Among those, biologics assembled based on immu-
noglobulin G (IgM) (34), synthetic nanocages (35), and minibinder
(36) formats have demonstrated superior neutralization properties
against SARS-CoV-2 compared with conventional mAb formats. In
addition, the avid molecules GEN3009 (37), INBRX-106 (Inhibrx)
(38), and IGM-8444 (39) are being tested in phase 1/2 clinical trials
for the treatment of hematological and solid tumors, highlighting
the clinical benefit of multivalent antibody-presenting formats. Fol-
lowing a similar principle, but using the human light-chain apofer-
ritin protomer to drive oligomerization of antibody fragments, we
developed a platform called the Multabody (MB) to increase neu-
tralization potency of antibodies targeting SARS-CoV-2 (40) and
HIV-1 (41). Using this platform, enhanced affinity can be
coupled with multi-specificity—the inclusion of several antibody
fragments recognizing different epitopes—to result in antigen rec-
ognition that is more resistant to viral mutations (40, 41). This is
particularly relevant in light of immune pressure driving the contin-
ued emergence of new variants of SARS-CoV-2, including those
against which existing vaccines and drugs are less efficacious
(42-44).

Here, we explored whether the increased in vitro SARS-CoV-2
neutralization previously reported for the MB could translate to
in vivo protection at low doses. In addition, we assessed whether
MBs could rescue the loss in neutralization potency observed for
conventional mAbs against different VOCs and expand breadth
beyond SARS-CoV-2. Our data provide proof of concept that the
MB is a tractable platform that harnesses avidity to provide gains
in both the in vitro and in vivo potency and breadth of antibody-
based molecules against SARS-CoV-2 and other coronaviruses.

RESULTS

The tri-specific 298-52-80 MB adopts its intended structural
disposition

We have previously reported the generation of tri-specific MB mol-
ecules using an engineered apoferritin split design (Fig. 1A) (40,
41), whereby the human apoferritin protomer was split into two
halves on the basis of its four-helical bundle fold: the two N-termi-
nal a helices (N-Ferr) and the two C-terminal a helices (C-Ferr).
The genetic fusion and transfection into mammalian cell expression
systems of a single-chain (sc) Fab or an scFc at the N terminus of
each apoferritin half and full apoferritin resulted in the secretion of
self-assembled, oligomeric molecules capable of ultrapotent neu-
tralization. Specifically, a tri-specific MB incorporating Fabs
derived from mAbs 298, 52, and 80 increased neutralization
potency by about 1000-fold compared with the corresponding
IgG cocktail (40). This tri-specific MB was described to have anti-
body-like biochemical properties, as assessed in biophysical charac-
terizations after purification and under accelerated thermal stress
(40). To obtain molecular insights into the assembly of the MB
design, we next characterized this tri-specific MB by cryo—electron
microscopy (cryo-EM) (fig. S1).
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Analysis of cryo-EM micrographs revealed the formation of
highly decorated and homogeneous nanocage-like particles
(Fig. 1B). Consistent with the presence of flexible (GGS), linkers
connecting the scFab and scFc components to the apoferritin scaf-
fold, the density of these antibody fragments is poorly resolved in
two-dimensional (2D) classes (Fig. 1C) and 3D reconstruction of
the tri-specific MB (Fig. 1D). However, manual picking of the
scFab and scFc particles, followed by template-based particle
picking, and subsequent refinement of these molecules confirmed
the proper assembly of Fab and Fc components on the MB to about
7 A resolution (Fig. 1, B to D, and figs. S1 and S2).

Three-dimensional reconstructions of the apoferritin scaffold of
the MB reached 2.4 and 2.1 A resolution, respectively, when no sym-
metry (C1; Fig. 1D and fig. S3, A to D) or octahedral symmetry (O;
fig. S3, E to H) was applied. The apoferritin scaffold in the tri-spe-
cific MB is virtually identical to that of the human apoferritin light
chain [Protein Data Bank (PDB) ID: 6WX6], with measured cross-
correlation coefficients between maps of 0.97 (C1) and 0.92 (O).
The N and C termini of the core MB scaffold are similarly disposed
in three- and fourfold symmetry axes as in the native human apo-
ferritin light chain (Fig. 1D), indicating minimal impact for scFab
and scFc genetic fusions. Data collection from a mixture of “split”
and “nonsplit” apoferritin units within the MB results in the aver-
aging of the split design site to closely resembles the nonsplit apo-
ferritin monomer, and the cryo-EM maps showed no evidence of
deviation from the apoferritin fold for structural elements at the
split design site (between residues Trp” and Gly®*; Fig. 1D,
bottom right, red arrow). In summary, our cryo-EM analysis of
the tri-specific 298-52-80 MB provided atomic-level details demon-
strating that the MB, built on the apoferritin split design scaffold,
adopted its intended structural disposition.

Neutralization potency correlates with in vivo protection
from SARS-CoV-2

Next, we investigated the ability of the tri-specific 298-52-80 MB to
confer in vivo protection against SARS-CoV-2. To specifically assess
the effect of neutralization potency on in vivo protection from lethal
SARS-CoV-2 challenge, we generated a tri-specific 298-52-80 MB
and the corresponding IgG cocktail with an IgG4 Fc containing mu-
tations (S228P, F234A, L235A, G237A, and P238S) (45) to ablate
binding to Fcy receptors (FcyRs), hereafter referred to as MB*
and IgG4*, respectively. As expected, replacement of the Fc
subtype from IgGl to IgG4* did not affect the neutralization
potency of the IgG or the MB, as previously reported (40). The
tri-specific MB* achieved a half-maximal inhibitory concentration
(ICsp) value of 0.0002 pg/ml, about 1000-fold more potent than its
corresponding cocktail IgG (Fig. 2A). Binding kinetics studies re-
vealed that both the tri-specific MB* and the IgG4* antibody cock-
tail displayed pH-dependent binding to mouse and human neonatal
Fc receptor (FcRn) (Fig. 2, B and C) and no binding to human and
mouse FcyR. This was in contrast to the FcyR binding observed for
the corresponding IgG1 antibody cocktail control (Fig. 2C and fig.
$4, A and B). The MB* and IgG4* antibody cocktail also displayed
no binding to mouse and human FcRn at physiological pH and
binding at acidic pH with no detectable off rate (fig. S4, A and B).
Antibody-dependent cell-mediated phagocytosis (ADCP) experi-
ments using fluorescently labeled beads coated with SARS-CoV-2
spike protein further confirmed the inability of the tri-specific
MB* and the IgG4* cocktail to engage Fc receptors, whereas the
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Fig. 1. cryo-EM characterization of the tri-specific MB. (A) Schematic representation of the elements that drive assembly of the tri-specific MB (298-52-80). The red
arrow indicates the split site between the first half (N-Ferr) and the second half (C-Ferr) of the human apoferritin light chain. (B) Representative cryo-EM micrograph of the
tri-specific MB with white and cyan circles highlighting the whole particles and scFab/scFc fragments, respectively. (C) Representative 2D classes of scFab (top), tri-specific
MB (middle), and Fc domains (bottom). (D) The left panels show cryo-EM maps of scFab at 6.7 A resolution (top), apoferritin nanocage scaffold at 2.4 A resolution (middle),
and scFc at 7.1 A resolution (bottom). The right panels show fitting of the human apoferritin light-chain model (PDB ID:6WX6) into the 2.4 A map, focusing on features
such as the N terminus of the apoferritin scaffold. The map shows weak density beyond Ser® due to the flexibility of the linker (top), the four-fold axis formed by four
adjacent subunits (middle), and residues 87 to 109 of the human apoferritin light chain (bottom). The red arrow points to the split site, between residues Trp®> and Gly®* in

some subunits. All cryo-EM maps in this figure were refined with no symmetry applied. Scale bars, 10 nm.

IgG1 antibody cocktail showed substantial uptake of SARS-CoV-2
spike protein-coated beads (Fig. 2D and fig. S4C).

To assess whether the increased neutralization potency achieved
with the MB resulted in improved in vivo protection against SARS-
CoV-2, human angiotensin-converting enzyme 2 (hACE2) and
human FcRn (hFcRn) double-transgenic mice were treated with
30 pg (1.5 mg/kg) of the FcyR binding—deficient IgG4* and MB*
molecules and challenged intranasally with a high dose of 1 x 10
50% tissue culture infectious dose (TCIDs,) of SARS-CoV-2 (46).
The tri-specific MB* provided significantly better protection (60%
survival, P < 0.0001) compared with the IgG4* cocktail, with all
cocktail-recipient animals succumbing to the challenge at days 6
to 7 after challenge (Fig. 2E). Improved protection was associated
with reduced weight loss and weight rebound after challenge (fig.
$4D), fewer clinical signs of disease throughout the course of
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infection (fig. S4E), and significantly (P < 0.0001) lower lung viral
titers, particularly in animals that survived the challenge (Fig. 2F).
Infection was confirmed by reverse transcription quantitative poly-
merase chain reaction using oropharyngeal swabs collected at day
—1 (before challenge) and day 2 after challenge (fig. S4F). In subse-
quent studies, we found that comparable in vivo protection was
achieved when the tri-specific MB* was delivered at 3 ug (1.4
pmol; 0.15 mg/kg) and the IgG4* cocktail at 90 pg (600 pmol; 4.5
mg/kg) (Fig. 2G). The difference in dose can be observed in circu-
lating serum concentrations of administered molecules at day 2 after
challenge (Fig. 2H). These data not only provide evidence of in vivo
protection from lethal challenge mediated by the MB but also illus-
trate that the increased neutralization potency conferred by the tri-
specific MB* format provides enhanced protection against SARS-
CoV-2 challenge compared with a corresponding IgG mixture.
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Fig. 2. MBs protect against SARS-CoV-2 challenge. (A) SARS-CoV-2 PsV neutralization potency of the tri-specific (289-52-80) MB* and the corresponding IgG1 and IgG4
cocktails. * indicates the use of lgG4 Fc bearing mutations (S228P, F234A, L235A, G237A, and P238S) that ablate FcyR binding. (B) Sensograms of samples shown in (A)
binding to human and mouse FcRn (association at pH 5.6 and dissociation at pH 7.4). (C) Binding [apparent Ky (dissociation constant)] of cocktail IgG1, cocktail lgG4*, and
tri-specific MB* particles to human (FcyRI, FcyRlla, FcyRllb, and FcRn) and mouse (FcyRI, FcyRIlb, FcyRIV, and FcRn) Fc receptors. NB and LOD denote no binding and limit
of detection, respectively. (D) ADCP was determined as the percentage of THP-1 cells with internalized SARS-CoV-2 spike protein—coated fluorescent microspheres. (E and
F) Mice expressing hACE2 and hFcRn were dosed (30 ug; 1.5 mg/kg) as indicated and challenged intranasally with 1 x 10° plaque-forming units of SARS-CoV-2 per mouse.
(E) Survival was monitored for 12 days after challenge. (F) Lung viral titers at the end of the experiment (open symbols) or at the time of death in the animals that
succumbed (closed symbols) were measured by viral outgrowth assay. TCIDso per gram of tissue is shown. (G and H) Mice were inoculated as in (E) and (F) and
treated with a lower dose of tri-specific MB* [3 pg (1.4 pmol); 0.15 mg/kg]. Survival (G) and serum IgG or MB concentrations at day 2 (H) after administration of low-
dose tri-specific MB* are shown compared with high-dose cocktail IgG4* [90 ug (600 pmol); 4.5 mg/kg]. Means + SD (A, C, and D) and representative data (B) for at least
three independent experiments are shown. In (E) and (F), n = 33 for tri-specific MB*, n = 30 for control IgG, and n = 10 for cocktail IgG4*; data are from two to six
independent experiments. In (G and H), n = 24 for tri-specific MB*, n = 10 for cocktail IgG4* mix, and n = 8 for control IgG; data are from two to five independent
experiments. For (D), *** indicates significance compared with no antibody control (P < 0.001) by analysis of variance (ANOVA). For (E), ****P < 0.0001 by Gehan
Breslow Wilcoxon test. For (F), ****P < 0.0001 and *P < 0.05 by Kruskal-Wallis test. For (G), *P < 0.05 and **P < 0.001 by Gehan Breslow Wilcoxon test. For (H), ****P <
0.0001 compared with all other groups by ANOVA.
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MBs display enhanced potency and breadth against SARS-
CoV-2 VOCs

Since the early discovery of mAbs 298, 52, and 80 in 2020, extensive
research efforts worldwide have focused on the identification of
potent antibodies against SARS-CoV-2 (47). In this context, 2-7
(48), 2-36 (25), 2-38 (48), 10-40 (49), and 11-11 (49) have
emerged as RBD-binding mAbs displaying both potency and
breadth against SARS-CoV-2 and its variants. To assess whether
the neutralization properties of these mAbs could be further im-
proved, we expressed mono-specific MBs and evaluated their neu-
tralization potency and breadth compared with their corresponding
mADbs against SARS-CoV-2 wild-type (WT) and five VOCs (Alpha,
Beta, Gamma, Delta, and Omicron BA.1). Five of the eight mAbs
(52, 80, 2-36, 11-11 and 10-40) showed 100% breadth with an
ICs, cutoff value of 5 ug/ml. However, when using an ICs cutoff
value of 0.01 pg/ml to resemble the potency of REGEN-COV
(50), only two mAbs (11-11 and 10-40) showed neutralization
against two of the five VOCs tested (Fig. 3A and fig. S5). In contrast,

A
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Fig. 3. MBs are potent and broad SARS-CoV-2 neutralizers. (A) IgG neutraliza-
tion potency (teal bars) and breadth are shown against a six PsV panel using a
cutoff 1Csq value of 5 pg/ml (gray bars) or 0.01 ug/ml (red bars). (B) Heatmap
showing the neutralization potency of mono-specific MBs displaying Fab specific-
ities from (A) against each PsV variant in the panel. Individual ICs, values are dis-
played. (C) Neutralization potency and breadth of mono-specific MBs are shown as
in (A). The PsV panel includes WT, Alpha, Beta, Gamma, Delta, and Omicron BA.1.
Data from three biological replicates are shown, and bars indicate the means.
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when displayed as mono-specific MBs, three specificities (2-7, 80,
and 52) reached 100% neutralization breadth using an ICs, cutoff
value of 0.01 pg/ml. The remaining MBs lose potency against
Omicron BA.1 but, apart from 298 and 2-38 MBs, still neutralize
with an ICs, below 0.3 pg/ml, the pseudo-virus (PsV) neutralization
potency of sotrovimab (51) against WT SARS-CoV-2 (Fig. 3, B and
C, and fig. S5). The superior ability of these molecules to overcome
viral sequence diversity is likely due to their enhanced potency
against WT SARS-CoV-2, which ranges from 0.005 to 0.0002 pg/
ml (Fig. 3B). These increases in potency and breadth were not asso-
ciated with increases in binding to antigens commonly used as mea-
sures of polyreactivity, namely, cardiolipin, insulin, double-
stranded DNA, and keyhole limpet antigen (fig. S6).

The MB format can confer resilience to overcome antigenic
shift even when antibody interacts with mutated residues
Next, we sought to understand the molecular basis of binding of
mAb 80, because its structure had remained elusive. We solved
the crystal structure of 80 Fab in complex with the RBD at 3.1 A
resolution (Fig. 4A, fig. S7, and table S1). Epitope recognition is me-
diated by 20 residues that form the interface with the RBD, 14 of
which are involved in ACE2 binding (table S2). This illustrates
how mAb 80 inhibits SARS-CoV-2 infection through receptor
blockade, preventing the interaction of ACE2 with the receptor
binding motif (Fig. 4A). The heavy chain of mAb 80 is primarily
responsible for the interaction with the RBD, contributing 10 of
the 11 hydrogen bonds found in the binding interface (fig. S8, A
and B, and table S2). In addition, interaction of F54 of the antibody
heavy chain with Y489 from the RBD results in the formation of a
new triple pi-stacking within the RBD structure, between residues
Y473, F456, and Y421 (fig. S8C).

Detailed analysis of the RBD-80 Fab interface revealed that res-
idues $477 and T478 of the RBD form hydrogen bonds with Y** and
D' of the antibody, burying 124 A* of its surface area and ac-
counting for 15% of the total buried surface area (BSA) of the
RBD (Fig. 4, B and C, and table S2). These residues are mutated
in several VOCs, including Omicron (BA.1 and BA.2), which
reduces the binding affinity of the antibody to the Omicron BA.1
RBD (Fig. 4, D and E); however, the increased avidity achieved
with the MB format compensates for this weaker binding. Conse-
quently, the interaction of 80 MB with the mutated Omicron
BA.1 RBD has a high apparent binding affinity with no detectable
off-rate (Fig. 4, D and E), which likely contributes to resilient neu-
tralization potency against Omicron BA.1 (Fig. 3B). The potency of
the 80 MB against Omicron BA.2 was additionally confirmed using
the replication-competent virus. As expected, considerably reduced
potency against Omicron BA.2 live virus is observed for the 80
mAb, but high neutralization potency is retained in the MB
format (Fig. 4F).

A tri-specific MB broadly neutralizes sarbecoviruses.

Although mono-specific MBs show potent neutralization and can
rescue loss in potency compared with their mAb counterparts,
mono-specificity still carries the risk of viral escape should sufficient
mutations emerge to overcome the benefit conferred by binding
avidity. The 80 mono-specific MB loses neutralization against
Omicron BA.5 (fig. S9A), highlighting the need for an improved ap-
proach to tackling evolving viral variants and achieve exquisite neu-
tralization breadth that could potentially also extend to other
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Fig. 4. The MB format confers resilient SARS-CoV-2 neutralization despite viral evolution. (A) Three-dimensional structure of the 80 Fab—RBD complex. The heavy
and kappa light chains (HC and KC, respectively) of 80 Fab are colored in dark and light purple, respectively. RBD is shown as surface representation (gray), with the
footprint of ACE2 depicted in salmon. (B) Secondary structure cartoon representation of RBD, with residues mutated in the different variants of concern highlighted as red
spheres. Inset: Close-up view of the RBD area recognized by 80 Fab. Critical residues for binding are colored in pink according to their BSA. Mutated residues in the VOCs
are indicated and shown in red in the BSA plot. (C) Molecular modeling displays the possible conformation adopted by the side chains of the mutated RBD residues T478K
and S477N (gray) upon 80 Fab (pink) binding. Hydrogen bonds are shown as dashed black lines. (D) Sensograms of 80 Fab, 80 IgG, and 80 MB binding to WT and Omicron
BA.1 RBD. Red lines represent raw data, and black lines represent global fit. (E) Comparison of the binding kinetic parameters of 80 as a Fab, IgG, and MB for binding to WT
and Omicron BA.1 RBDs. The data shown are averages from two independent experiments. The dotted horizontal lines indicate the LOD. (F) Authentic virus neutralization
of 80 IgG and 80 MB against WT and Omicron BA.2 is indicated in gray and red, respectively. The means + SD for two technical replicates are shown in each neutrali-

zation plot.

sarbecoviruses beyond SARS-CoV-2. On the basis of this and the
results from the mono-specific MB screening (Fig. 3B), we chose
mAb specificities 2-7, 10-40, and 11-11 to design a tri-specific mol-
ecule to explore neutralization gains made by combining next-gen-
eration mAbs of different epitope specificities on the MB. Similar to
mAD 80, previous structural data on mAb 2-7 revealed that RBD
mutations found in VOCs form part of its binding interface (fig.
S9, B and C) (52), leading to the neutralization potency loss ob-
served for this IgG against Omicron BA.1. However, 2-7 binding
and neutralization potency were rescued in the MB format
(Fig. 5A and fig. S9, D and E), including potent neutralization
against Omicron BA.5 (fig. S9A), demonstrating again the benefit

Burn Aschner et al., Sci. Transl. Med. 15, eadf4549 (2023) 24 May 2023

of avidity to overcome viral escape. mAbs 10-40 and 11-11 have
been shown to target conserved epitopes on the RBD and conse-
quently confer broad neutralization that expands to other sarbeco-
viruses (49).

The resulting tri-specific (2-7-10-40-11-11) MB potently neu-
tralized WT and six SARS-CoV-2 VOCs (Alpha, Beta, Gamma,
Delta, Omicron BA.1, and Omicron BA.5) in PsV neutralization
assays, with a mean ICs, of 0.002 ug/ml (Fig. 5B and fig. S10A).
These experiments were expanded using other viruses dependent
on ACE2 as an entry receptor, including live Omicron BA.2 virus
and a SARS-CoV-1-related bat sarbecovirus panel. To better
assess the benefit of combining multi-specificity, the mono-specific
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Fig. 5. A tri-specific MB potently and broadly neutralizes sarbecoviruses. (A) PsV virus neutralization of 2-7 IgG (solid line) and 2-7 MB (dashed lines) against WT (gray)
and Omicron (BA.1, red). The means + SD for two technical replicates are shown in each neutralization plot. (B) Neutralization potency (gray bars) and breadth of the 2-7—
10-40-11-11 tri-specific MB against SARS-CoV-2 PsV and six VOCs are shown. *The dashed line indicates IC5, of the REGN IgG mix against WT SARS-CoV-2 PsV. (C) Shown is
a phylogenetic tree with branch lengths representing sarbecovirus divergence. The heatmap shows the neutralization potency of the 2-7-10-40-11-11 tri-specific MB and
its corresponding monospecific MBs against Omicron (BA.2) live virus and three SARS-CoV-1-related bat coronaviruses’ (labeled in blue) PsVs. Individual ICs, values are
shown. (D) Bar graphs indicating the percentage accessible surface area on the RBD (gray) covered by the tri-specific MB (green) and respective components, 2-7 (teal)
(PDB ID: 7LSS), 10-40 (purple) (PDB ID: 7SD5), and 11-11 (yellow) (EMD: 25167). Mutations found in SARS-CoV-2 VOCs [Alpha, Beta, Gamma, Delta, and Omicron (BA.1,

BA.2)] that are part of each antibody binding interface are shown in red.

MB components were also tested. The mono-specific 2-7 MB did
not show neutralization against the sarbecovirus panel, whereas
10-40 and 11-11 MBs were not able to block infection of live
Omicron BA.2 (Fig. 5C and fig. S10, B and C). In contrast, the
tri-specific MB of these specificities combined on a single molecule
displayed both potent SARS-CoV-2 neutralization across the VOCs,
including live Omicron BA.2, and pan-sarbecovirus neutralization
of this panel (Fig. 5, B and C, and fig. S10, A to C). We further tested
the 2-7-10-40-11-11 tri-specific MB and the corresponding IgG
cocktail against the recent BQ.1.1 and XBB.1 Omicron subvariants
to assess potency in PsV neutralization assays. The potency of the
IgG cocktail falls below the ICs, range of clinically authorized anti-
bodies [0.3 pg/ml, sotrovimab (51) and 0.01 pg/ml, REGEN-COV
(50) against WT SARS-CoV-2 PsV] and does not reach 100% neu-
tralization even at 100 pg/ml (fig. S10, D and E). In contrast, the tri-
specific MB neutralized the BQ.1.1 and XBB.1 subvariants at a
potency of 0.06 and 0.18 ug/ml, respectively, which still falls
within the dosing range of FDA-authorized therapeutics against
WT SARS-CoV-2 (fig. S10, D and E).

Burn Aschner et al., Sci. Transl. Med. 15, eadf4549 (2023) 24 May 2023

To gain insight into the molecular coverage of the tri-specific 2-
7-10-40-11-11 MB, we analyzed the individual and combined RBD
BSA of each antibody specificity on the basis of their previously
published three-dimensional structures. Binding of mAbs 2-7, 10-
40, and 11-11 to the RBD covers about 8, 9, and 11% of the RBD-
accessible BSA, respectively, whereas, in the case of the 2-7-10-40—
11-11 tri-specific MB, 23% of the RBD accessible BSA is covered
with a single molecule (Fig. 5D). Correspondingly, the tri-specific
2-7-10-40-11-11 MB contains 62 contact residues in the RBD com-
pared with 23, 27, and 37 residues in the case of individual mAbs 2-
7, 10-40, and 11-11, respectively. Therefore, by targeting three par-
tially overlapping functional epitopes on the RBD, and through the
potency gain provided by avidity, the tri-specific 2-7-10-40-11-11
MB provides proof of concept for potent, broad, and resilient neu-
tralization across sarbecoviruses by a single molecule.

7 of 13

£202 ‘62 fe N uo B10°80us 10s'Mmm//:sdny WoJy pepeojumod



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

DISCUSSION
The rapid emergence of new SARS-CoV-2 VOCs has stymied mAb
therapeutics and driven antibody discovery efforts focused on ex-
panding the breadth of viral sequences recognized by a single anti-
body (22, 23, 53). The evidence that all FDA-authorized mAb
therapies have successively lost efficacy against the Omicron VOC
and its subvariants (16, 20, 54) supports the urgent need for addi-
tional therapeutic interventions with improved breadth. In addi-
tion, strategies to propel the potency of such mAbs have the
potential to reduce the therapeutic dose and enable more practical
routes of administration, which could reduce manufacturing costs
and enable global availability. We have previously described a MB
platform capable of delivering highly potent and broadly acting
molecules in vitro (40, 41). Despite being developed from three
early-identified mAbs of modest potency, the tri-specific 298-52-
80 MB has extremely potent neutralizing activity (ICs, of 0.0002
pg/ml). Here, we have demonstrated that potent in vitro neutraliza-
tion of SARS-CoV-2 translates into in vivo protection at a low dose
and that combination of avidity and multi-specificity can yield mol-
ecules with broad neutralization coverage against sarbecoviruses.
The MB platform offers multiple advantages as a next-genera-
tion multivalent biologic, including high stability, efficient assem-
bly, ease of production and purification, and plug-and-play genetic
fusion of antibodies of choice (40, 41). Here, we further confirmed
the proper assembly of a tri-specific MB by cryo-EM. This structural
technique has been useful for the characterization of large and
complex biological designs such as subunit vaccines, including
self-assembling protein nanoparticles presenting the ectodomains
of influenza and RSV viral glycoprotein trimers (55), two-compo-
nent protein nanoparticles displaying a stabilized HIV-1 Env trimer
(56), or a COVID-19 vaccine candidate nanoparticle using Spy-
Catcher multimerization of the SARS-CoV-2 spike protein RBD
(9). Although simultaneous visualization of both nanoparticle scaf-
fold and molecules displayed at their periphery can be challenging
because of the flexibility of linkers, recent advances in cryo-EM data
processing allow for independent analysis of different nanoparticle
components (57, 58). By adopting this strategy, we were able to
confirm the proper folding of scFabs and scFcs at the periphery
of the MB. Furthermore, we confirm at 2.1 A resolution the
proper assembly of the human light-chain apoferritin scaffold of
the MB in the context of the engineered split design, on which
the assembly of multi-specific antibody components is built.
These analyses are important because they further support a
central role for structure-guided protein engineering in the rational
design of biologics and substantiate the MB as a uniform biologic.
Next, we investigated the ability of the MB to confer protection
from lethal challenge in vivo. The specific role of increased neutral-
ization potency in mediating in vivo protection was assessed with a
tri-specific MB* molecule expressing a mutant IgG4 Fc that is de-
fective for FcyR binding. In attempts to retain IgG-like bioavailabil-
ity as previously described (40), we maintained the ability of the MB
Fc to interact with FcRn, a receptor associated with antibody recy-
cling and half-life extension (59, 60). In vivo, the marked increase in
neutralization potency of the tri-specific MB relative to the IgG4*
cocktail resulted in better protection against the lethal SARS-
CoV-2 challenge and facilitated a reduction in the dose required
for protection. Comparable in vivo efficacy was obtained with
about 430x less molar amount of the MB compared with the IgG.

Burn Aschner et al., Sci. Transl. Med. 15, eadf4549 (2023) 24 May 2023

Previous studies have shown that some mAbs targeting SARS-CoV-
2 require Fc-mediated effector functions for optimal efficacy (61—
65). Our data illustrate that gains in neutralization potency are suf-
ficient to confer protection from lethal challenge, even in the
absence of effector function, and support the use of avidity-based
increases in potency to facilitate dose-sparing of antibody-based
therapeutics. Further studies will investigate whether MB potency
can be further enhanced through the addition of effector functions,
by incorporating WT Fc or engineering the Fc to introduce specific
functions. We have previously shown that the MB format is capable
of triggering ADCP in vitro, indicating that the format itself does
not preclude incorporating effector function into the molecule (41).

Single-specificity MBs showed an elevated degree of resilience
against viral sequence variability through improvements in their ap-
parent binding affinity compared with IgGs, allowing these mole-
cules to retain neutralization capabilities even when mAbs lose
potency. Not all Fabs experience an equivalent boost in potency
when expressed as a MB, the basis of which is likely attributed to
multiple Fab-epitope factors and continues to be investigated in
ongoing work. In the case of both mAbs 80 and 2-7, mutations
within the RBD epitope found in the VOCs cause a loss in
potency by the mAbs. In contrast, when these specificities are dis-
played as MBs, mutations present in the VOCs minimally alter the
high apparent binding affinity and potent neutralization profiles of
these molecules. The ability of the MB to better tolerate sequence
variability presumably stems from the reduced off-rate that drives
increased avidity, which might be favored by the spike density on
the virion surface (66-68). The potential for avid antibody technol-
ogies to endure viral sequence variability can provide benefits to an-
tibody discovery timelines by boosting the longevity of early-
identified mAbs with the ability to neutralize emerging VOCs
without appreciable increases in self-reactivity. Despite these data,
we observed that single-specificity avid molecules can have a limit in
terms of how much resilience against viral diversity they can
provide, as seen by the loss of neutralization potency by the
mono-specific 80 MB against the Omicron BA.5 VOC. To overcome
this, multiple best-in-class antibodies can be combined into a multi-
specific MB to retain even more resilient potency in the face of rapid
viral evolution.

The identification of potent broadly neutralizing antibodies can
take years or even decades of antibody discovery and engineering
efforts, as exemplified in the cases of HIV-1 and influenza. Here,
we demonstrate that a tri-specific MB incorporating the specificities
2-7, 10-40, and 11-11 has potent in vitro neutralization across all
SARS-CoV-2 VOCs tested, including recent BQ.1.1 and XBB.1
Omicron subvariants, and expand its neutralization breadth to
other sarbecoviruses at neutralization potencies within the range
of FDA-authorized therapeutics against SARS-CoV-2 (51). The
continuous monitoring and screening of emerging variants will
be required to confirm the persistence of neutralization; however,
the larger footprint of the RBD covered by a tri-specific MB com-
pared with conventional mAbs provides a unique advantage for the
MBs in remaining resilient against future VOCs compared with
mADbs alone. Furthermore, the ability to combine multiple specific-
ities into a single molecule might offer the additional potential
benefit of ensuring the bioavailability of all components throughout
the course of therapy, which has been a limiting feature of mAb
cocktail combinations (46, 69).
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Our study has some limitations. Further studies of the pharma-
cokinetics and tissue distribution of the MBs compared with corre-
sponding cocktails of mAbs in higher-order species will be required
to fully evaluate the potential applications of this emerging modal-
ity. In time, it will also be important to compare the efficacy of the
MB platform with the efficacy of other experimental modalities that
harness the power of avidity. The MB is restricted by the rate and
quality of antibody discovery, and ongoing efforts will explore the
potential of combining the most potent broadly neutralizing anti-
bodies that continue to emerge from discovery efforts on an avid
antibody platform to evaluate the full potential of this approach
against betacoronaviruses. The MB platform may further present
a promising avenue to explore also in the context of other viral path-
ogens of high genetic diversity to further enhance the breadth and
potency of antibody therapeutics against indications of global
health importance.

MATERIALS AND METHODS

Study design

The objective of this study was to further validate and develop the
use of the MB format to overcome viral diversity through the incor-
poration of newly identified potent antibodies and to determine
whether the MB could provide in vivo protection against SARS-
CoV-2 challenge. Correct MB assembly was verified by cryo-EM,
and molecular details of Fab interactions with the RBD were deter-
mined by x-ray crystallography. Binding was determined by biol-
ayer interferometry. Potency was determined by neutralization
assays using PsV or authentic SARS-CoV-2 and sarbecoviruses. In
vitro studies of binding and neutralization potency determined
which molecules progressed to in vivo testing in mice. Animal
sample sizes were determined using power calculations estimating
80% power to detect differences in survival and were based on effect
sizes from preliminary studies. Age- and weight-matched animals
were randomly assigned to experimental groups by ear tag
number, and personnel were blinded to their group assignments
during the course of the study. Animals were weighed and moni-
tored daily for signs of disease and sacrificed according to the ap-
proved ethical endpoint—lack of provoked movement, rapid
breathing, hunching, and reduced grooming or >20% body
weight loss. Sample sizes and experimental replicates are indicated
in the figure legends.

Cell lines and viruses

Human embryonic kidney (HEK) 293T-ACE2 cells (BEI NR2511),
HEK 293T (ATCC, American Type Culture Collection) and VeroE6
(Green Monkey Kidney cell line, ATCC) cells were grown in Dul-
becco’'s modified Eagle’s medium (DMEM; Thermo Fisher Scien-
tific). For HEK 293T and HEK 293T-ACE2 cells, DMEM was
supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 5% 1 M Hepes, and 1% gentamicin (all Thermo Fisher Sci-
entific). For VeroE6 cells, DMEM was supplemented with 10% FBS
(HyClone, Logan, UT) and 1% penicillin-streptomycin (Invitrogen,
Thermo Fisher Scientific). HEK 293F and HEK 293S cells (Thermo
Fisher Scientific) were cultured in FreeStyle 293 Expression
Medium (Thermo Fisher Scientific) at 125-rpm oscillation, 37°C,
and 8% CO,. SARS-CoV-2/SB2-P4-PB Clone 1 (46) titers were de-
termined by TCIDs, per milliliter using cell supernatants as previ-
ously described (69, 70).

Burn Aschner et al., Sci. Transl. Med. 15, eadf4549 (2023) 24 May 2023

Protein expression and purification

Genes encoding human apoferritin fusions, Fabs, Fcs, and IgGs
were synthesized and cloned by GeneArt (Thermo Fisher Scientific)
in the pcDNA3.4 expression vector and transiently expressed in
HEK 293F cells. IgG1 and IgG4* versions of Fc were used, where
IgG4* indicates the inclusion of the following mutations in the
IgG4 Fc to ablate FcyR binding: S228P, F234A, L235A, G237A,
and P238S (45). Cells were cultured at a density of 0.8 x 10° cells
per ml and transfected with 50 pg of DNA per 200 ml of cells
using FectoPRO (Polyplus Transfections, Strasbourg, France) as
previously described (40). After 6 to 7 days of incubation with os-
cillation (Multitron-Pro shaker, Infors HT, 125-rpm oscillation,
37°C, 8% CO,, and 70% humidity), cells were harvested by centri-
fugation at 5000 rpm for 20 min, and supernatants were filtered
through a 0.22-pm Steritop filter (EMD Millipore). Fabs and IgGs
were expressed by transiently cotransfecting 90 pg of heavy and light
chain at a 2:1 ratio and purified using KappaSelect affinity and
HiTrap Protein A HP columns, respectively (both GE Healthcare),
eluted with 100 mM glycine (pH 2.2), and neutralized with 1 M tris-
HCI (pH 9.0). IgG fractions were further purified by size exclusion
chromatography (Superdex 200 Increase, GE Healthcare), and Fab
fractions were further purified by cation exchange chromatography
(MonoS, GE Healthcare). His-tagged WT RBD (BEI NR52309) and
human and mouse Fc receptors (hFcyRI, hFcyRIIa, hFcyRIIb,
hFcRn, mFcyRI, mFcyRIIb, mFcyRIV, and mFcRn) were purified
using a HisTrap nickel-nitrilotriacetic acid column followed by
size exclusion chromatography (Superdex 200 Increase column;
both GE Healthcare) using 20 mM phosphate (pH 8.0) and 150
mM NaCl buffer.

Expression and purification of MBs

MBs were designed, expressed, and purified as previously described
(40). Briefly, genes encoding scFab and scFc linked to human apo-
ferritin light-chain monomers were synthesized and cloned by
GeneArt (Thermo Fisher Scientific) into the pcDNA3.4 expression
vector. MBs were expressed by transient transfection of 66 ug of
plasmid (scFab-apoferritin: scFc-N-Ferr: scFab-C-Ferr at a 2:1:1
ratio for mono-specific MBs; or a 4:2:1:1 ratio of scFabl-apoferritin:
scFc-N-Ferr: scFab2-C-Ferr: scFab3-C-Ferr for tri-specific MBs)
into HEK 293F cells using FectoPRO (Polyplus Transfections).
MBs were purified by affinity chromatography using a HiTrap
Protein A HP column (GE Healthcare) and eluted with 20 mM
tris (pH 8.0), 3 M MgCl,, and 10% glycerol. Fractions were concen-
trated and further purified by gel filtration (Superose 6 10/300 GL
column, GE Healthcare). For the tri-specific MB (298-52-80), an
IgG1 or IgG4* scFc was used, where MB* indicates the use of an
IgG4 with the FcyR binding mutations specified above (45). For
in vivo studies, all IgGs and MBs were quality-controlled to
ensure endotoxin concentrations below 3.5 EU/ml at a 1 mg/ml
concentration of protein (71).

Statistical analysis

Statistical analyses were performed using Prism version 9.3.1 soft-
ware (GraphPad Software Inc.). A P < 0.005 was considered statisti-
cally significant unless adjusted for multiple testing using the
Bonferroni correction. Survival curves were compared using the
Gehan-Breslow-Wilcoxon test, ADCP effector function data were
compared by analysis of variance (ANOVA), and viral outgrowth
data (not normally distributed) were compared using the Kruskal-

9 of 13

£202 ‘62 AN Uuo 610°80Us 195" MMM//:SANY WO} popeojuMod



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

Wallis test. Data are shown as means + SEM unless otherwise
indicated.
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