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Abstract

Antibodies are widely used in biology and medicine, and there has been considerable interest in
multivalent antibody formats to increase binding avidity and enhance signaling pathway agonism.
However, there are currently no general approaches for forming precisely oriented antibody
assemblies with controlled valency. We describe the computational design of two-component
nanocages that overcome this limitation by uniting form and function. One structural component is
any antibody or Fc fusion and the second is a designed Fc-binding homo-oligomer that drives
nanocage assembly. Structures of 8 antibody nanocages determined by electron microscopy
spanning dihedral, tetrahedral, octahedral, and icosahedral architectures with 2, 6, 12, and 30
antibodies per nanocage match the corresponding computational models. Antibody nanocages
targeting cell-surface receptors enhance signaling compared to free antibodies or Fc-fusions in
DR5-mediated apoptosis, Tie2-mediated angiogenesis, CD40 activation, and T cell proliferation;
nanocage assembly also increases SARS-CoV-2 pseudovirus neutralization by a-SARS-CoV-2
monoclonal antibodies and Fc-ACE2 fusion proteins. We anticipate that the ability to assemble
arbitrary antibodies without need for covalent modification into highly ordered assemblies with
different geometries and valencies will have broad impact in biology and medicine.

One Sentence Summary:

Computationally designed proteins assemble antibodies into powerful biotechnological tools.

Antibodies are widely used therapeutic and diagnostic protein tools that are central to
modern biotechnology, with the market for antibody-based technologies reaching $150
billion in 2019 (1). To increase binding avidity, and to enhance agonism through receptor
clustering, there has been considerable interest in high valency antibody formats that
present more than two antigen-binding sites (2, 3). Current techniques for creating
multivalent antibody-presenting formats include chaining together multiple antigen-binding
fragments (4, 5), pentameric immunoglobulin M (IgM) or IgM derivatives such as fragment
crystallizable (Fc) domain hexamers (6), inorganic materials fused to multiple dimeric
immunoglobulin G (IgG) antibodies (7), or protein oligomers or nanoparticles to which
immunoglobulin (Ig) or Ig-binding domains are linked (8-13). While these approaches

are effective at multimerizing antibodies, they often require extensive engineering or
multiple-step conjugation reactions for each new desired antibody oligomer. In the case

of nanoparticles with flexibly linked Ig-binding domains, it is difficult to ensure full

IgG occupancy on the particle surface and to prevent particle flocculation induced when
multiple nanoparticles bind to dimeric 1gGs. To our knowledge, no methods currently exist
for creating antibody-based protein nanoparticles across multiple valencies with precisely-
controlled geometry and composition that are applicable to the vast number of off-the-shelf
IgG antibodies.

Science. Author manuscript; available in PMC 2021 November 15.



1duosnue Joyiny |IANHH 1duosnue Joyiny |ANHH

1duosnue Joyiny |ANHH

Divine et al.

Page 3

We set out to design proteins that drive the assembly of arbitrary antibodies into symmetric
assemblies with well-defined structures. Previous design efforts have successfully built
nanocages by computationally fusing (14, 15) or docking together (16, 17) protein building
blocks with cyclic symmetry so that the symmetry axes of the building blocks align with

a larger target architecture. For example, an 152 icosahedral assembly is built by bringing
together a pentamer and a dimer that align to the icosahedral five- and two-fold symmetry
axes, respectively. We reasoned that symmetric protein assemblies could also be built out of
IgG antibodies, which are two-fold symmetric proteins, by placing the symmetry axes of the
antibodies on the two-fold axes of the target architecture and designing a second protein to
hold the antibodies in the correct orientation.

A general computational method for antibody cage design

We set out to design an antibody-binding, nanocage-forming protein that precisely arranges
IgG dimers along the two-fold symmetry axes of a target architecture. We sought to
accomplish this by rigidly fusing together three types of “building block” proteins: antibody
Fc-binding proteins, monomeric helical linkers, and cyclic oligomers; each building block
plays a key role in the final fusion protein. The Fc-binder forms the first nanocage interface
between the antibody and the nanocage-forming design, the cyclic homo-oligomer forms
the second nanocage interface between designed protein chains, and the monomer links

the two interfaces together in the correct orientation for nanocage formation. The designed
cage-forming protein is thus a cyclic oligomer terminating in antibody-binding domains
that bind 1gG antibodies at the orientations required for the proper formation of antibody
nanocages (hereafter AbCs, for Antibody Cages).

Key to the success of this fusion approach is a sufficiently large set of building blocks to
fuse, and possible fusion sites per building block, to meet the rather stringent geometric
criteria (described below) required to form the desired symmetric architecture. We used
protein A (18), which recognizes the Fc domain of the 1gG constant region, as one of

two antibody-binding building blocks, and designed a second Fc-binding building block by
grafting the protein A interface residues onto a previously designed helical repeat protein
(Fig. S1) (18, 19). Our final library consisted of these 2 Fc-binding proteins (18), 42 de
novo designed helical repeat protein monomers (19), and between 1-3 homo-oligomers
depending on geometry (2 C2s, 3 C3s, 1 C4, and 1 C5) (20, 21). An average of roughly
150 residues were available for fusion per protein building block, avoiding all positions at
the Fc or homo-oligomer protein interface, leading to on the order of 107 possible tripartite
(i.e., Fc-binder/monomer/homo-oligomer) fusions. For each of these tripartite fusions, the
rigid body transform between the internal homo-oligomeric interface and the Fc-binding
interface is determined by the shapes of each of its three building blocks and the locations
and geometry of the “junctions” that link them into a single subunit.

We used a computational protocol that rapidly samples all possible fusions from our
building block library to identify those with the net rigid body transforms required to
generate dihedral, tetrahedral, octahedral, and icosahedral AbCs (14, 15). To describe the
final nanocage architectures, we follow a naming convention which summarizes the point
group symmetry and the cyclic symmetries of the building blocks (16). For example, a T32
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assembly has tetrahedral point group symmetry and is built out of a C3 cyclic symmetric
antibody-binding designed oligomer, and the C2 cyclic symmetric antibody Fc. While the
antibody dimer aligns along the two-fold axis in all architectures, the designed component is
a second homodimer in D2 dihedral structures; a homotrimer in T32 tetrahedral structures,
032 octahedral structures, and 132 icosahedral structures; a homotetramer in 042 octahedral
structures; and a homopentamer in 152 icosahedral structures.

To make the fusions, the protocol first aligns the model of the Fc and Fc-binder protein
along the C2 axis of the specified architecture (Fig. 1a—b). The Fc-binder is then fused

to a monomer, which is in turn fused to a homo-oligomer. Rigid helical fusions are made
by superimposing residues in alpha helical secondary structure from each building block;
in the resulting fused structure one building block chain ends and the other begins at the
fusion point, forming a new, continuous alpha helix (Fig. 1c). To drive formation of the
desired nanocage architecture, fusions are made such that the antibody two-fold axis and
the symmetry axis of the homo-oligomer intersect at specified angles at the center of the
architecture (Fig. 1d). To generate D2 dihedral, T32 tetrahedral, 032 or O42 octahedral, and
132 or 152 icosahedral nanocages, the required intersection angles are 90.0°, 54.7°, 35.3°,
45.0°, 20.9°, and 31.7°, respectively (22). We allowed angular and distance deviations from
the ideal architecture of at most 5.7° and 0.5 A, respectively (see Methods). Candidate
fusion models were further filtered based on the number of contacts around the fusion
junction (to gauge structural rigidity) and clashes between backbone atoms. Next, the
amino acid identities and conformations around the newly formed building block junction
were optimized using the SymPackRotamersMover in Rosetta to maintain the rigid fusion
geometry required for assembly (Fig. 1e). Following sequence design, we selected for
experimental characterization six D2 dihedral, eleven T32 tetrahedral, four O32 octahedral,
two O42 octahedral, fourteen 132 icosahedral, and eleven 152 icosahedral designs predicted
to form AbCs (Fig. 1f).

characterization

Synthetic genes encoding designed protein sequences appended with a C-terminal
6xhistidine tag were expressed in £. coli. Designs were purified from clarified lysates using
immobilized metal affinity chromatography (IMAC), and size exclusion chromatography
(SEC) was used as a final purification step. Across all geometries, 34 out of 48 AbC-forming
designs had a peak on SEC that roughly corresponded to the expected size of the design
model (Fig. S2,Table S1). Designs were then combined with human IgG1 Fc, and the
assemblies were purified via SEC.

Eight of these AbC-forming designs readily self-assembled after mixing with Fc into

a species that eluted as a monodisperse peak at a volume consistent with the target
nanoparticle molecular size (Fig. 2a—b; 3 D2 dihedral, 2 T32 tetrahedral, 1 O42 octahedral,
and 2 152 icosahedral AbCs). For the i52.6 design, adding 100 mM L-arginine to the
assembly buffer prevented aggregation after combining with Fc (23); all other designs
readily self-assembled in Tris-buffered saline. Of these eight AbC-forming designs, all
designs expressed well, with SEC-purified protein yields between 50-100 mg protein/L of
bacterial culture. After combining with Fc, at least 90% of the protein injected on SEC
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is recovered in the assembly (left-most) peak (Fig. 2b). SEC peaks for the T32 and 042
designs were somewhat broader than other designs, spanning 3—4 mL in retention volume,
as observed in previous nanocage design efforts (16). The 152 designs eluted in the void
volume, consistent with their predicted diameters. Most other designs still bound Fc, as
evidenced by SEC or by visibly precipitating with Fc after combination, but did not form
monodisperse nanoparticles by SEC (Table S1), perhaps because of deviations from the
target fusion geometry.

We further characterized the eight Fc-AbCs with monodisperse SEC profiles by small-angle
X-ray scattering (SAXS) and electron microscopy (EM). SAXS spectra, P(r) distributions,
and radius of gyration (Rg) values were close to design models for d2.4, d2.7, t32.4, 042.1,
i52.3, and i52.6 Fc-AbCs (Fig. S3, Table S2) (24, 25). The agreement to the SAXS data

for the d2.3 and t32.8 design models was somewhat less good (higher Rq values, and
deviations in the SAXS Guinier (low-q) region and P(r) distributions from those computed
from the design model) potentially due to alternate particle states, flexibility, and (or)
particle aggregation during data collection. Cryo-EM of 042.1 and i52.3 AbCs, and negative
stain-EM (NS-EM) of the other six AbCs, showed monodisperse particle formation with
individual cages, and 2D class averages resemble the design models (Fig. 2c; Table S3-S4).

AbCs also formed when assembled with full IgG antibodies (containing both Fc and Fab
domains) again generating monodisperse nanocages as shown by SEC and NS-EM (Fig.
2d-e); here, the 042.1 design with 1gG reproducibly elutes in the void due to the increased
diameter from the added Fab domains. There is considerably more evidence of flexibility
in the electron micrographs of the 1gG-AbCs than the Fc-AbCs, as expected given the
flexibility of the Fc-Fab hinge. In all cases, 2D class averages obtained from the NS-EM
data of AbCs made with intact 1gG resolved density corresponding to the Fc and the design
portion of the assembly (Fig. 2e).

Single-particle NS-EM and cryo-EM reconstructed 3D maps of the AbCs formed with Fc
are in close agreement with the computational design models (Fig. 3). Negative-stain EM
reconstructions for the dihedral (d2.3, d2.4, d2.7), tetrahedral (t32.4, t32.8), and one of the
icosahedral (i52.6) nanocages clearly show dimeric “U”-shaped Fcs and longer designed
protein regions that fit together as computationally designed. A single-particle cryo-EM
reconstruction for the 042.1 design with Fc has clear density for the six designed tetramers
sitting at the C4 vertices, which twist along the edges of the octahedral architecture to

bind twelve dimeric Fcs, leaving the eight C3 faces unoccupied. The 3D density map for
042.1 with Fc suggests that the particle is flexing outwards compared to the design model,
consistent with the SAXS Ry data. Cryo-EM density for i52.3 with Fc likewise recapitulates
the 20-faced shape of a regular icosahedron, with 12 designed pentamers protruding at the
C5 vertices (due to the longer length of the C5 building block compared to the monomer or
Fc-binder), binding to 30 dimeric Fcs at the center of the edge, with 20 unoccupied C3 faces.
Asymmetric cryoEM reconstructions of 042.1 with Fc and i52.3 with Fc had similar overall
features to their respective symmetrized maps (Fig. S4).

In a second design round, we sought to design both the homo-oligomeric building block
and the nanocage in one step, and we obtained AbCs with D3 symmetry though the overall
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success rate was lower (Fig. S5, Table S5). SEC of assembled Fc-AbCs, SAXS analysis, and
NS-EM micrographs, 2D class averages, and 3D reconstructed maps are all consistent with
the shape and size of the corresponding design models.

We next assessed the stability of AbCs. Dynamic light scattering (DLS) readings remained
constant over a period of 4 weeks for all designs when incubated at room temperature, with
the exception of i52.6 which showed some broadening of the hydrodynamic radius after 2—-3
weeks (Fig. S6, Table S6). Fc AbCs also did not show any degradation according to SDS
gel electrophoresis. We investigated whether AbCs formed with one Fc-fusion or IgG would
exchange when incubated with excess Fc; this is relevant to future /n7 vivo applications of
the AbCs where they would be in the presence of high concentration serum IgG. We formed
042.1 AbCs with GFP-Fc, then incubated these with 25-fold molar excess of RFP-Fc for

up to 24 hours. SEC was used to separate the AbCs, and fluorescence readings were taken
of the AbC peak fraction (Fig. S7a—c). Although the RFP-Fc signal increased slightly in

the cage fraction (Fig. S7d—e, Table S7), the GFP-Fc signal was very close to that of the
042.1 GFP-Fc control, suggesting little exchange of the Fc-containing component out of the
cage. Encouraged by these stability results, we moved forward with characterization of the
biological impact of the AbCs.

Enhancing cell signaling with AbCs

Our designed AbCs provide a general platform for investigating the effect of valency and
geometry of receptor engagement on signaling pathway activation. Receptor dimerization,
trimerization and higher order association have been implicated in transmembrane signaling
in different receptor systems, but systematically probing the influence on geometry and
valency on signaling has required considerable system-specific engineering (26). The
combination of the wide range of receptor binding antibodies and natural ligands with the
AbC methodology developed here in principle allow ready and systematic probing of the
effect of geometry and valency of receptor subunit association on signaling for almost any
pathway.

To explore the potential of this approach, we assembled antibodies and Fc-fusions targeting
a variety of signaling pathways into nanocages and investigated their effects on signaling.
Where possible, we attempted to use as many different cage geometries in each application.
Typically, only one D2 dihedral design was used as the overall shapes of D2 dihedra were
similar, and design i52.6 was avoided due to stability issues described above.

Induction of tumor cell apoptosis by a-DR5 nanocages

Death Receptor 5 (DR5) is a tumor necrosis factor receptor (TNFR) superfamily cell surface
protein that initiates a caspase-mediated apoptotic signaling cascade terminating in cell

death when cross-linked by its trimeric native ligand, TNF-related apoptosis-inducing ligand
(TRAIL) (5, 6, 27-31). Like other members of the family, DR5 can also form alternative
signaling complexes that activate non-apoptotic signaling pathways such as the NF-xB
pro-inflammatory pathway and pathways promoting proliferation and migration upon ligand
binding (30). Because DR5 is overexpressed in some tumors, multiple therapeutic candidates
have been developed to activate DR5, such as a-DR5 1gG and recombinant TRAIL, but
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these have failed clinical trials due to low efficacy and the development of TRAIL resistance
in tumor cell populations (30, 31). Combining trimeric TRAIL with bivalent a-DR5 IgG
leads to a much stronger apoptotic response than either component by itself, likely due to
induction of larger-scale DR5 clustering via the formation of two-dimensional arrays on the
cell surface (28).

We investigated whether a-DR5 AbCs formed with the same IgG (conatumumab) could
have a similar anti-tumor effect without the formation of unbounded arrays. Five designs
across four geometries were chosen (d2.4, t32.4, t32.8, 042.1, and i52.3) to represent the
range of valencies and shapes (Fig. 4a). All a-DR5 AbCs were found to form single peaks
on SEC with corresponding NS-EM micrographs that were consistent with the formation of
assembled particles (Fig. 2d—e). All a-DR5 AbCs caused caspase 3/7-mediated apoptosis
at similar levels to TRAIL in a colorectal tumor cell line (Colo205), whereas the antibody
alone or AbCs formed with bare Fc did not lead to caspase-3/7 activity or cell death, even
at the highest concentrations tested (comparing molarity at an antibody to antibody level;
Fig. S8a, Table S8). On the TRAIL-resistant renal cell carcinoma line RCC4, we found that
a-DR5 AbCs induced caspase-8 and caspase-3,7 activity (Fig. 4b, Fig. S8b—c) and designs
t32.4, t32.8, and 042.1 greatly reduced cell viability at 150 nM concentration (Fig. 4c).
Free a-DR5 antibody, Fc-only AbCs, or TRAIL neither activated caspase nor decreased cell
viability after four days (Fig. 4b—d, Fig. S8b—d).

Because designs t32.4 and 042.1 activated caspase-3,7 at 100-fold lower concentrations (1.5
nM, Fig. 4b), we tested prolonged 6 day treatment of these at 150 nM with RCC4 cells,
which resulted in the killing of nearly all cells after six days, suggesting that RCC4 cells

do not acquire resistance to the nanocages (Fig. 4e). We next investigated the downstream
pathways activated by the a-DR5 AbCs by analyzing their effects on cleaved PARP, a
measure of apoptotic activity. Consistent with the caspase and cell viability data, a-DR5
AbCs increased cleaved PARP in RCC4 cells, while free a-DR5 antibody, TRAIL or 042.1
Fc AbCs did not result in an increase in cleaved PARP over baseline (Fig. 4e—f shows 042.1
as a representative example; Fig. S8c,e). The a-DR5 AbCs did not significantly induce
apoptosis in healthy primary kidney tubular cells (Fig. S8f-g).

Tie-2 pathway activation by Fc-Angiopoietin 1 nanocages

Certain receptor tyrosine kinases (RTKSs), such as the Angiopoietin-1 receptor (Tie2),
activate downstream signaling cascades when clustered (32, 33). Scaffolding the F-domain
from angiopoietin-1 (A1F) onto nanoparticles induces phosphorylation of AKT and
ERK1/2, enhances cell migration and tube formation /n vitro, and improves wound healing
after injury /n vivo (33). Therapeutics with these activities could be useful in treating
conditions characterized by cell death and inflammation, such as sepsis and acute respiratory
distress syndrome (ARDS). To determine whether the AbC platform could be used to
generate such agonists, we assembled 042.1 and i52.3 AbCs with Fc fusions to A1F (Fig.
49, Fig. S9a-b). The octahedral and icosahedral A1F-AbCs, but not Fc-only controls or
free Fc-AnglF, significantly increased AKT and ERK1/2 phosphorylation above baseline
(Fig. 4h—i) and enhanced vascular stability (Fig. 4j, Fig. S9c—d, Table S9), comparable to
a AlF-presenting octamer (Fig. S9c) (33). To further address particle stability upon AbC
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formation, 042.1 A1F-Fc AbCs were incubated for 24 hours with 100% human serum at 4
°C or 37 °C. If AbCs rapidly fell apart or exchanged with serum antibodies, we would likely
see a decrease in signal; nonetheless, 042.1 A1F-Fc AbCs in serum remained equally active
as control 042.1 A1F-Fc AbCs (Fig. S9e).

a-CD40 nanocages activate B cells

CDA40, a TNFR superfamily member expressed on antigen presenting dendritic cells and B
cells, is cross-linked by trimeric CD40 ligand (CD40L or CD154) on T cells, leading to
signaling and cell proliferation (34, 35). Non-agonistic a-CD40 antibodies can be converted
to agonists by adding cross-linkers such as FcyRI1b-expressing Chinese Hamster Ovary
(CHO) cells (34). We investigated whether assembling a non-agonist a.-CD40 antibody
(LOBY7/6) into nanocages could substitute for the need for cell surface presentation; we
focused on the 042.1 design given its promising data in the DR5 and AL1F experiments.
Octahedral AbCs were assembled with a.-CD40 LOB7/6 1gG (Fig. 5a); SEC and dynamic
light scattering (DLS) characterization showed these to be monodisperse and of the
expected size (Fig. S10a—b). The octahedral a-CD40 LOB7/6 AbCs were found to induce
robust CDA40 activation in CD40-expressing reporter CHO cells (J215A, Promega), at
concentrations around 20-fold less than a control activating a-CD40 antibody (Promega),
while no activation was observed for the free LOB7/6 antibody or octahedral AbC formed
with non-CD40 binding 1gG (Fig. 5b, Table S10). Thus nanocage assembly converts the
non-agonist a-CD40 IgG into a CD40 pathway agonist.

a-CD3/28 mosaic nanocages cause T cell proliferation

T cell engineering technologies such as chimeric antigen receptor (CAR)-T cell therapy
require the ex vivo expansion and activation of T cells, often carried out by presenting CD3-
and CD28-binding ligands on the surface of beads or a plate (36, 37). We sought to eliminate
the need for the solid support for T cell activation by using AbCs formed with both a-CD3
and a-CD28 antibodies. Equimolar amounts of a-CD3 and a-CD28 were pre-mixed and
then incubated with the 042.1 design to form “mosaic” octahedral cages (Fig. 5a, Fig. S10c—
d). Octahedral a-CD3/CD28 AbC, but not free antibody or Fc nanocage, led to proliferation
of naive T cells sorted from healthy donor peripheral blood mononuclear cells (PBMCs)

as read out by expression of the T cell activation marker CD25 (Fig. 5¢) and proliferation
assays (Fig. 5d); activation levels were similar to tetrameric or plate-bound a-CD3/CD28
stimulation controls. Together with the a-CD40 activation, these results demonstrate how
readily specific immune cell pathways can be activated by simply swapping in different
antibodies into the cage architecture.

Enhancing viral neutralization with AbCs

There is considerable current effort directed at development of antibodies targeting

the SARS-CoV-2 spike (S) protein for prophylaxis and post-exposure therapy for the
current COVID-19 pandemic (13, 38-43). We hypothesized that assembling a-SARS-
CoV-2 antibodies into nanocages could potentially increase their neutralization potency
by increasing avidity for viral particles, as multivalency was recently found to increase
SARS-CoV-2 neutralization using apoferritin to scaffold binding domains (13). Octahedral
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AbCs (042.1) formed with the SARS-CoV-2 S-binding antibodies CV1 or CV30 (38)

were more effective at neutralizing pseudovirus entry into angiotensin-converting enzyme 2
(ACE2)-expressing cells than free CV1 or CV30, dropping the apparent I1Cgg over 200-fold
and around 2.5-fold, respectively (comparing molarity at an antibody to antibody level; Fig.
6a—c, Fig. S11la-b, Table S11). The potency of a third non-neutralizing antibody, CV3, was
unchanged by assembly into the nanocage format (Fig. S11c). We found that assembly

into octahedral AbCs of Fc-ACE2, which directly engages the receptor binding domain of
the spike protein (43), enhanced neutralization around 7-fold compared to free Fc-ACE2
fusion for SARS-CoV-2 pseudovirus and 2.5-fold for SARS-CoV-1 pseudovirus (Fig. 6d,
Fig. S11d-e, Table S11).

Discussion

Our approach goes beyond previous computational design efforts to create functional
nanomaterials by integrating form and function; whereas previous work has fused functional
domains onto assemblies constructed from separate structural components (2-12, 27), our
AbCs employ antibodies as both structural and functional components. By fashioning
designed antibody-binding, cage-forming oligomers through rigid helical fusion, a wide
range of geometries and orientations can be achieved. This design strategy can be
generalized to incorporate other homo-oligomers of interest into cage-like architectures. For
example, nanocages could be assembled with viral glycoprotein antigens using components
terminating in helical antigen-binding proteins, or from symmetric enzymes with exposed
helices available for fusion to maximize the proximity of active sites working on successive
reactions. The AbCs offer considerable advantages in modularity compared to previous
fusion of functional domain approaches; any of the thousands of known antibodies can be
used “off-the-shelf” to form multivalent cages by mixing with the appropriate design to
form the desired symmetric assembly, provided sufficient protein A/Fc affinity. EM and
SEC demonstrate monodispersity comparable to IgM and control over binding domain
valency and positioning that is not (to our knowledge) attained by other antibody-protein
nanoparticle formulations (44).

AbCs show considerable promise as signaling pathway agonists. Assembly of antibodies
against RTK- and TNFR-family cell-surface receptors into AbCs led to activation

of diverse downstream signaling pathways involved in cell death, proliferation, and
differentiation. While antibody-mediated clustering has been previously found to activate
signaling pathways (7, 28, 34), our approach has the advantage of much higher structural
homogeneity, allowing more precise tuning of phenotypic effects and more controlled
formulation. Two or more different receptor engaging antibodies or Fc-fusions can be
readily incorporated into the same cage by simple mixing, allowing exploration of the
effects on downstream signaling by bringing together different receptors and comodulators
in different valencies and geometries. There are exciting applications to targeted delivery,
as the icosahedral AbCs have substantial internal volume (around 15,000 nm3, based on

an estimated interior radius of 15.5 nm) that could be used to package nucleic acid or
protein cargo, and achieving different target specificity in principle is as simple as swapping
one antibody for another. An important next step towards the possibility of augmenting
antibody therapeutics with our designed AbCs-forming oligomers will be investigating the
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pharmacokinetic and biodistribution properties of these molecules, their immunogenicity,
and whether the Fc domains can still activate effector functions. For effector functions, in
theory the AbC architecture should not block Fc gamma receptors or C1q from binding to
previously-determined N-terminal residues in the Fc CH2 domains, but the full C1 complex
would appear to be unable to form without AbC disassembly (45). We anticipate that the
AbCs developed here, coupled with the very large repertoire of existing antibodies, will be
broadly useful across a wide range of applications in biology and medicine.
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Refer to Web version on PubMed Central for supplementary material.

Acknowledgements:

We thank Yang Hsia and Rubul Mout for help with computational design, Brooke Fiala, Natalie Brunette, Elizabeth
Kepl, Michelle DeWitt, Lauren Carter, Michael Murphy, and Colin Correnti for providing protein materials used

at various stages of the project. We thank Alexis Courbet for his help collecting micrographs for D3-08 and

D3-36 designs, and Joel Quipse for his help in maintaining and operating the electron microscopes used. We thank
Olivier Poncelet for technical help. We would like to thank Amgen for providing the AMG-655 antibody used
herein. The SAXS work was conducted at the Advanced Light Source (ALS), a national user facility operated by
Lawrence Berkeley National Laboratory on behalf of the Department of Energy, Office of Basic Energy Sciences,
through DOE BER IDAT grant (DE-AC02-05CH11231) and NIGMS supported ALS-ENABLE (GM124169-01)
and National Institute of Health project MINOS (R01GM105404). We thank the staff at the Advanced Light Source
SIBYLS beamline at Lawrence Berkeley National Laboratory, including K. Burnett, G. Hura, M. Hammel, J.
Tanamachi, and J. Tainer for the services provided through the mail-in SAXS program, which is supported by the
DOE Office of Biological and Environmental Research Integrated Diffraction Analysis program DOE BER IDAT
grant (DE-AC02-05CH11231) and NIGMS supported ALS-ENABLE (GM124169-01) and National Institute of
Health project MINOS (RO1GM105404).

Funding:

This work was supported by NSF grant CHE 1629214 (N.P.K., D.B.), HHMI (W.S., D B), the Audacious Project
at the Institute for Protein Design (R.D., I.V., M.R.T., A.R.), The Washington Research Foundation (F.S., J.L.), The
Nordstrom-Barrier Directors Fund at the Institute for Protein Design (A.E.), Washington State General Operating
Fund for the Institute for Protein Design (L. Stewart), Wu Tsai Translational Investigator Fund (G.U.), and Nan
Fung Life Sciences Translational Investigator Fund (J.A.F.). This work was supported by generous donations to
Fred Hutch COVID-19 Research Fund (M.F.J., L.J.H., Y.W., A T.M., L. Stamatatos). This work was also supported
by NIH grant RO1AI127726 (P.A.M., M.L.F,, and D.J.C). This work was also supported by the NIAID / NIH
(DP1AI158186 and HHSN272201700059C to D.V.) NIGMS/NIH (R01GM120553 to D.V.), a Pew Biomedical
Scholars Award to D.V., and a Burroughs Wellcome Investigators in the Pathogenesis of Infectious Diseases award
to D.V,, Fast Grants (D.V.), the University of Washington Arnold and Mabel Beckman cryoEM center.

Data and materials availability:

3D maps from EM will be uploaded to the Electron Microscopy Data Bank (EMDB)

with accession numbers to be determined. WORMS code is available at https://github.com/
willsheffler/worms. All other data is available is available in the main text or the
supplementary materials.

References and Notes:

1. Lu R-M, Hwang Y-C, Liu I-J, Lee C-C, Tsai H-Z, Li H-J, Wu H-C, Development of therapeutic
antibodies for the treatment of diseases. J. Biomed. Sci. 27, 1-30 (2020). [PubMed: 31894001]

2. Cuesta AM, Sainz-Pastor N, Bonet J, Oliva B, Alvarez-Vallina L, Multivalent antibodies: when
design surpasses evolution. Trends Biotechnol. 28, 355-362 (2010). [PubMed: 20447706]

Science. Author manuscript; available in PMC 2021 November 15.


https://github.com/willsheffler/worms
https://github.com/willsheffler/worms

1duosnue Joyiny |IANHH 1duosnue Joyiny |ANHH

1duosnue Joyiny |ANHH

Divine et al.

10

11.

12.

13.

14.

15.

16.

17.

Page 11

. Nufiez-Prado N, Compte M, Harwood S, Alvarez-Méndez A, Lykkemark S, Sanz L, Alvarez-Vallina

L, The coming of age of engineered multivalent antibodies. Drug Discov. Today. 20, 588-594
(2015). [PubMed: 25757598]

. Laursen NS, Friesen RHE, Zhu X, Jongeneelen M, Blokland S, Vermond J, van Eijgen A, Tang C,

van Diepen H, Obmolova G, van M, Kolfschoten der Neut, Zuijdgeest D, Straetemans R, Hoffman
RMB, Nieusma T, Pallesen J, Turner HL, Bernard SM, Ward AB, Luo J, Poon LLM, Tretiakova AP,
Wilson JM, Limberis MP, Vogels R, Brandenburg B, Kolkman JA, Wilson IA, Universal protection
against influenza infection by a multidomain antibody to influenza hemagglutinin. Science. 362,
598-602 (2018). [PubMed: 30385580]

. Seifert O, Plappert A, Fellermeier S, Siegemund M, Pfizenmaier K, Kontermann RE, Tetravalent

antibody-scTRAIL fusion proteins with improved properties. Mol. Cancer Ther. 13, 101-111
(2014). [PubMed: 24092811]

. Rowley TF, Peters SJ, Aylott M, Griffin R, Davies NL, Healy LJ, Cutler RM, Eddleston A, Pither

TL, Sopp JM, Zaccheo O, Fossati G, Cain K, Ventom AM, Hailu H, Ward EJ, Sherington J,
Brennan FR, Fallah-Arani F, Humphreys DP, Engineered hexavalent Fc proteins with enhanced
Fc-gamma receptor avidity provide insights into immune-complex interactions. Commun Biol. 1,
146 (2018). [PubMed: 30272022]

. Riley RS, Day ES, Frizzled7 Antibody-Functionalized Nanoshells Enable Multivalent Binding for

Whit Signaling Inhibition in Triple Negative Breast Cancer Cells. Small. 13 (2017), doi:10.1002/
smll.201700544.

. Kang HJ, Kang YJ, Lee Y-M, Shin H-H, Chung SJ, Kang S, Developing an antibody-binding

protein cage as a molecular recognition drug modular nanoplatform. Biomaterials. 33, 5423-5430
(2012). [PubMed: 22542610]

. Kim H, Kang YJ, Min J, Choi H, Kang S, Development of an antibody-binding modular

nanoplatform for antibody-guided targeted cell imaging and delivery. RSC Advances. 6 (2016),
pp. 19208-19213.

. Lim SI, Lukianov CI, Champion JA, Self-assembled protein nanocarrier for intracellular delivery
of antibody. J. Control. Release. 249, 1-10 (2017). [PubMed: 28069555]

Uhde-Holzem K, McBurney M, Tiu BDB, Advincula RC, Fischer R, Commandeur U, Steinmetz
NF, Production of Immunoabsorbent Nanoparticles by Displaying Single-Domain Protein A on
Potato Virus X. Macromol. Biosci. 16, 231-241 (2016). [PubMed: 26440117]

Miller A, Carr S, Rabbitts T, Ali H, Multimeric antibodies with increased valency surpassing
functional affinity and potency thresholds using novel formats. MAbs. 12, 1752529 (2020).
[PubMed: 32316838]

Rujas E, Kucharska I, Tan YZ, Benlekbir S, Cui H, Zhao T, Wasney GA, Budylowski P, Guvenc F,
Newton JC, Sicard T, Semesi A, Muthuraman K, Nouanesengsy A, Prieto K, Bueler SA, Youssef
S, Liao-Chan S, Glanville J, Christie-Holmes N, Mubareka S, Gray-Owen SD, Rubinstein JL,
Treanor B, Julien J-P, Multivalency transforms SARS-CoV-2 antibodies into broad and ultrapotent
neutralizers, do0i:10.1101/2020.10.15.341636.

Vulovic I, Yao Q, Park Y-J, Courbet A, Norris A, Busch F, Sahasrabuddhe A, Merten H, Sahtoe
DD, Ueda G, Fallas JA, Weaver SJ, Hsia Y, Langan RA, Plickthun A, Wysocki VH, Veesler

D, Jensen GJ, Baker D, Generation of ordered protein assemblies using rigid three-body fusion.
bioRxiv (2020), p. 2020.07.18.210294.

Hsia Y, Mout R, Sheffler W, Edman NI, Vulovic I, Park Y-J, Redler RL, Bick MJ, Bera AK,
Courbet A, Kang A, Brunette TJ, Nattermann U, Tsai E, Saleem A, Chow CM, Ekiert D, Bhabha
G, Veesler D, Baker D, Hierarchical design of multi-scale protein complexes by combinatorial
assembly of oligomeric helical bundle and repeat protein building blocks (2020).

Bale JB, Gonen S, Liu Y, Sheffler W, Ellis D, Thomas C, Cascio D, Yeates TO, Gonen T, King
NP, Baker D, Accurate design of megadalton-scale two-component icosahedral protein complexes.
Science. 353, 389-394 (2016). [PubMed: 27463675]

Ueda G, Antanasijevic A, Fallas JA, Sheffler W, Copps J, Ellis D, Hutchinson G, Moyer A,
Yasmeen A, Tsybovsky Y, Park Y-J, Bick MJ, Sankaran B, Gillespie RA, Brouwer PJM, Zwart
PH, Veesler D, Kanekiyo M, Graham BS, Sanders R, Moore JP, Klasse PJ, Ward AB, King N,
Baker D, Tailored Design of Protein Nanoparticle Scaffolds for Multivalent Presentation of Viral
Glycoprotein Antigens. bioRxiv (2020), p. 2020.01.29.923862.

Science. Author manuscript; available in PMC 2021 November 15.



1duosnue Joyiny |IANHH 1duosnue Joyiny |ANHH

1duosnue Joyiny |ANHH

Divine et al.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Page 12

Graille M, Stura EA, Corper AL, Sutton BJ, Taussig MJ, Charbonnier JB, Silverman GJ, Crystal
structure of a Staphylococcus aureus protein A domain complexed with the Fab fragment of a
human IgM antibody: structural basis for recognition of B-cell receptors and superantigen activity.
Proc. Natl. Acad. Sci. U. S. A. 97, 5399-5404 (2000). [PubMed: 10805799]

Brunette TJ, Parmeggiani F, Huang P-S, Bhabha G, Ekiert DC, Tsutakawa SE, Hura GL, Tainer JA,
Baker D, Exploring the repeat protein universe through computational protein design. Nature. 528,
580-584 (2015). [PubMed: 26675729]

Fallas JA, Ueda G, Sheffler W, Nguyen V, McNamara DE, Sankaran B, Pereira JH, Parmeggiani
F, Brunette TJ, Cascio D, Yeates TR, Zwart P, Baker D, Computational design of self-assembling
cyclic protein homo-oligomers. Nat. Chem. 9, 353-360 (2017). [PubMed: 28338692]

Huang P-S, Oberdorfer G, Xu C, Pei XY, Nannenga BL, Rogers JM, DiMaio F, Gonen T, Luisi B,
Baker D, High thermodynamic stability of parametrically designed helical bundles. Science. 346,
481-485 (2014). [PubMed: 25342806]

Yeates TO, Liu Y, Laniado J, The design of symmetric protein nanomaterials comes of age in
theory and practice. Curr. Opin. Struct. Biol. 39, 134-143 (2016). [PubMed: 27476148]

Baynes BM, Wang DIC, Trout BL, Role of arginine in the stabilization of proteins against
aggregation. Biochemistry. 44, 4919-4925 (2005). [PubMed: 15779919]

Schneidman-Duhovny D, Hammel M, Tainer JA, Sali A, Accurate SAXS profile computation

and its assessment by contrast variation experiments. Biophys. J. 105, 962-974 (2013). [PubMed:
23972848]

Dyer KN, Hammel M, Rambo RP, Tsutakawa SE, Rodic I, Classen S, Tainer JA, Hura GL,
High-throughput SAXS for the characterization of biomolecules in solution: a practical approach.
Methods Mol. Biol. 1091, 245-258 (2014). [PubMed: 24203338]

Mohan K, Ueda G, Kim AR, Jude KM, Fallas JA, Guo Y, Hafer M, Miao Y, Saxton RA, Piehler
J, Sankaran VG, Baker D, Garcia KC, Topological control of cytokine receptor signaling induces
differential effects in hematopoiesis. Science. 364 (2019), doi:10.1126/science.aav7532.

Siegemund M, Schneider F, Hutt M, Seifert O, Miiller I, Kulms D, Pfizenmaier K, Kontermann
RE, 1gG-single-chain TRAIL fusion proteins for tumour therapy. Sci. Rep. 8, 1-11 (2018).
[PubMed: 29311619]

Graves JD, Kordich JJ, Huang T-H, Piasecki J, Bush TL, Sullivan T, Foltz IN, Chang W,
Douangpanya H, Dang T, O’Neill JW, Mallari R, Zhao X, Branstetter DG, Rossi JM, Long

AM, Huang X, Holland PM, Apo2L/TRAIL and the death receptor 5 agonist antibody AMG 655
cooperate to promote receptor clustering and antitumor activity. Cancer Cell. 26, 177-189 (2014).
[PubMed: 25043603]

Naval J, de Miguel D, Gallego-Lleyda A, Anel A, Martinez-Lostao L, Importance of TRAIL
Molecular Anatomy in Receptor Oligomerization and Signaling. Implications for Cancer Therapy.
Cancers. 11 (2019), doi:10.3390/cancers11040444.

de Miguel D, Lemke J, Anel A, Walczak H, Martinez-Lostao L, Onto better TRAILSs for cancer
treatment. Cell Death Differ. 23, 733-747 (2016). [PubMed: 26943322]

Tuthill MH, Montinaro A, Zinngrebe J, Prieske K, Draber P, Prieske S, Newsom-Davis T, von
Karstedt S, Graves J, Walczak H, TRAIL-R2-specific antibodies and recombinant TRAIL can
synergise to kill cancer cells. Oncogene. 34 (2015), pp. 2138-2144. [PubMed: 24909167]
Leppénen V-M, Saharinen P, Alitalo K, Structural basis of Tie2 activation and Tie2/Tiel
heterodimerization. Proc. Natl. Acad. Sci. U. S. A. 114, 4376-4381 (2017). [PubMed: 28396439]
Zhao YT, Fallas JA, Saini S, Ueda G, Somasundaram L, Zhou Z, Xavier I, Ehnes D, Xu C, Carter
L, Wrenn S, Mathieu J, Sellers DL, Baker D, Ruohola-Baker H, F-domain valency determines
outcome of signaling through the angiopoietin pathway. Cold Spring Harbor Laboratory (2020), p.
2020.09.19.304188.

Kornbluth RS, Stempniak M, Stone GW, Design of CD40 agonists and their use in growing B cells
for cancer immunotherapy. Int. Rev. Immunol. 31, 279-288 (2012). [PubMed: 22804572]
Vonderheide RH, Glennie MJ, Agonistic CD40 Antibodies and Cancer Therapy. Clinical Cancer
Research. 19 (2013), pp. 1035-1043. [PubMed: 23460534]

Science. Author manuscript; available in PMC 2021 November 15.



1duosnue Joyiny |IANHH 1duosnue Joyiny |ANHH

1duosnue Joyiny |ANHH

Divine et al.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 13

Steenblock ER, Wrzesinski SH, Flavell RA, Fahmy TM, Antigen presentation on artificial acellular
substrates: modular systems for flexible, adaptable immunotherapy. Expert Opin. Biol. Ther. 9,
451-464 (2009). [PubMed: 19344282]

Kim JV, Latouche J-B, Riviere |, Sadelain M, The ABCs of artificial antigen presentation. Nat.
Biotechnol. 22, 403-410 (2004). [PubMed: 15060556]

Seydoux E, Homad LJ, MacCamy AJ, Parks KR, Hurlburt NK, Jennewein MF, Akins NR,

Stuart AB, Wan Y-H, Feng J, Whaley RE, Singh S, Boeckh M, Cohen KW, McElrath MJ,
Englund JA, Chu HY, Pancera M, McGuire AT, Stamatatos L, Analysis of a SARS-CoV-2-
Infected Individual Reveals Development of Potent Neutralizing Antibodies with Limited Somatic
Mutation. Immunity. 53, 98-105.e5 (2020). [PubMed: 32561270]

Wang C, Li W, Drabek D, Okba NMA, van Haperen R, Osterhaus ADME, van Kuppeveld FJM,
Haagmans BL, Grosveld F, Bosch B-J, A human monoclonal antibody blocking SARS-CoV-2
infection. Nat. Commun. 11, 2251 (2020). [PubMed: 32366817]

Tortorici MA, Beltramello M, Lempp FA, Pinto D, Dang HV, Rosen LE, McCallum M, Bowen

J, Minola A, Jaconi S, Zatta F, De Marco A, Guarino B, Bianchi S, Lauron EJ, Tucker H, Zhou

J, Peter A, Havenar-Daughton C, Wojcechowskyj JA, Case JB, Chen RE, Kaiser H, Montiel-Ruiz
M, Meury M, Czudnochowski N, Spreafico R, Dillen J, Ng C, Sprugasci N, Culap K, Benigni

F, Abdelnabi R, Foo S-YC, Schmid MA, Cameroni E, Riva A, Gabrieli A, Galli M, Pizzuto MS,
Neyts J, Diamond MS, Virgin HW, Snell G, Corti D, Fink K, Veesler D, Ultrapotent human
antibodies protect against SARS-CoV-2 challenge via multiple mechanisms. Science (2020),
doi:10.1126/science.abe3354.

Piccoli L, Park Y-J, Tortorici MA, Czudnochowski N, Walls AC, Beltramello M, Silacci-Fregni
C, Pinto D, Rosen LE, Bowen JE, Acton OJ, Jaconi S, Guarino B, Minola A, Zatta F, Sprugasci
N, Bassi J, Peter A, De Marco A, Nix JC, Mele F, Jovic S, Rodriguez BF, Gupta SV, Jin F,
Piumatti G, Lo Presti G, Pellanda AF, Biggiogero M, Tarkowski M, Pizzuto MS, Cameroni E,
Havenar-Daughton C, Smithey M, Hong D, Lepori V, Albanese E, Ceschi A, Bernasconi E,

Elzi L, Ferrari P, Garzoni C, Riva A, Snell G, Sallusto F, Fink K, Virgin HW, Lanzavecchia

A, Corti D, Veesler D, Mapping Neutralizing and Immunodominant Sites on the SARS-CoV-2
Spike Receptor-Binding Domain by Structure-Guided High-Resolution Serology. Cell. 183, 1024—
1042.e21 (2020). [PubMed: 32991844]

Pinto D, Park Y-J, Beltramello M, Walls AC, Tortorici MA, Bianchi S, Jaconi S, Culap K,

Zatta F, De Marco A, Peter A, Guarino B, Spreafico R, Cameroni E, Case JB, Chen RE, Havenar-
Daughton C, Snell G, Telenti A, Virgin HW, Lanzavecchia A, Diamond MS, Fink K, Veesler

D, Corti D, Cross-neutralization of SARS-CoV-2 by a human monoclonal SARS-CoV antibody.
Nature. 583, 290-295 (2020). [PubMed: 32422645]

Walls AC, Park Y-J, Tortorici MA, Wall A, McGuire AT, Veesler D, Structure, Function, and
Antigenicity of the SARS-CoV-2 Spike Glycoprotein. Cell. 181, 281-292.e6 (2020). [PubMed:
32155444]

Hiramoto E, Tsutsumi A, Suzuki R, Matsuoka S, Arai S, Kikkawa M, Miyazaki T, The IgM
pentamer is an asymmetric pentagon with an open groove that binds the AIM protein. Sci Adv. 4,
eaaul199 (2018). [PubMed: 30324136]

Ugurlar D, Howes SC, de Kreuk B-J, Koning RI, de Jong RN, Beurskens FJ, Schuurman J, Koster
AJ, Sharp TH, Parren PWHI, Gros P, Structures of C1-1gG1 provide insights into how danger
pattern recognition activates complement. Science. 359, 794-797 (2018). [PubMed: 29449492]
Idusogie EE, Presta LG, Gazzano-Santoro H, Totpal K, Wong PY, Ultsch M, Meng YG, Mulkerrin
MG, Mapping of the C1q binding site on rituxan, a chimeric antibody with a human IgG1 Fc. J.
Immunol. 164, 4178-4184 (2000). [PubMed: 10754313]

DiMaio F, Echols N, Headd JJ, Terwilliger TC, Adams PD, Baker D, Improved low-resolution
crystallographic refinement with Phenix and Rosetta. Nature Methods. 10 (2013), pp. 1102-1104.
[PubMed: 24076763]

Boder ET, Wittrup KD, Optimal screening of surface-displayed polypeptide libraries. Biotechnol.
Prog. 14, 55-62 (1998). [PubMed: 10858036]

Studier FW, William Studier F, Protein production by auto-induction in high-density shaking
cultures. Protein Expression and Purification. 41 (2005), pp. 207-234. [PubMed: 15915565]

Science. Author manuscript; available in PMC 2021 November 15.



1duosnue Joyiny |IANHH 1duosnue Joyiny |ANHH

1duosnue Joyiny |ANHH

Divine et al.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 14

Leman JK, Weitzner BD, Lewis SM, Adolf-Bryfogle J, Alam N, Alford RF, Aprahamian M,
Baker D, Barlow KA, Barth P, Basanta B, Bender BJ, Blacklock K, Bonet J, Boyken SE, Bradley
P, Bystroff C, Conway P, Cooper S, Correia BE, Coventry B, Das R, De Jong RM, DiMaio F,
Dsilva L, Dunbrack R, Ford AS, Frenz B, Fu DY, Geniesse C, Goldschmidt L, Gowthaman R,
Gray JJ, Gront D, Guffy S, Horowitz S, Huang P-S, Huber T, Jacobs TM, Jeliazkov JR, Johnson
DK, Kappel K, Karanicolas J, Khakzad H, Khar KR, Khare SD, Khatib F, Khramushin A, King
IC, Kleffner R, Koepnick B, Kortemme T, Kuenze G, Kuhlman B, Kuroda D, Labonte JW, Lai
JK, Lapidoth G, Leaver-Fay A, Lindert S, Linsky T, London N, Lubin JH, Lyskov S, Maguire J,
Malmstrém L, Marcos E, Marcu O, Marze NA, Meiler J, Moretti R, Mulligan VK, Nerli S, Norn
C, O’Conchir S, Ollikainen N, Ovchinnikov S, Pacella MS, Pan X, Park H, Pavlovicz RE, Pethe
M, Pierce BG, Pilla KB, Raveh B, Douglas Renfrew P, Roy Burman SS, Rubenstein A, Sauer MF,
Scheck A, Schief W, Schueler-Furman O, Sedan Y, Sevy AM, Sgourakis NG, Shi L, Siegel JB,
Silva D-A, Smith S, Song Y, Stein A, Szegedy M, Teets FD, Thyme SB, Wang RY-R, Watkins A,
Zimmerman L, Bonneau R, Macromolecular modeling and design in Rosetta: recent methods and
frameworks. Nat. Methods. 17, 665-680 (2020). [PubMed: 32483333]

Barouch DH, Yang Z-Y, Kong W-P, Korioth-Schmitz B, Sumida SM, Truitt DM, Kishko MG,
Arthur JC, Miura A, Mascola JR, Letvin NL, Nabel GJ, A human T-cell leukemia virus type 1
regulatory element enhances the immunogenicity of human immunodeficiency virus type 1 DNA
vaccines in mice and nonhuman primates. J. Virol. 79, 8828-8834 (2005). [PubMed: 15994776]
Corti D, Bianchi S, Vanzetta F, Minola A, Perez L, Agatic G, Guarino B, Silacci C, Marcandalli J,
Marsland BJ, Piralla A, Percivalle E, Sallusto F, Baldanti F, Lanzavecchia A, Cross-neutralization
of four paramyxoviruses by a human monoclonal antibody. Nature. 501, 439-443 (2013).
[PubMed: 23955151]

Moore PB, Small-angle scattering. Information content and error analysis. Journal of Applied
Crystallography. 13 (1980), pp. 168-175.

Suloway C, Pulokas J, Fellmann D, Cheng A, Guerra F, Quispe J, Stagg S, Potter CS, Carragher
B, Automated molecular microscopy: the new Leginon system. J. Struct. Biol. 151, 41-60 (2005).
[PubMed: 15890530]

Lander GC, Stagg SM, Voss NR, Cheng A, Fellmann D, Pulokas J, Yoshioka C, Irving C, Mulder
A, Lau P-W, Lyumkis D, Potter CS, Carragher B, Appion: an integrated, database-driven pipeline
to facilitate EM image processing. J. Struct. Biol. 166, 95-102 (2009). [PubMed: 19263523]
Grant T, Rohou A, Grigorieff N, TEM, user-friendly software for single-particle image processing.
Elife. 7 (2018), doi:10.7554/eL ife.35383.

Zhang K, Gctf: Real-time CTF determination and correction. J. Struct. Biol. 193, 1-12 (2016).
[PubMed: 26592709]

Punjani A, Rubinstein JL, Fleet DJ, Brubaker MA, cryoSPARC: algorithms for rapid unsupervised
cryo-EM structure determination. Nat. Methods. 14, 290-296 (2017). [PubMed: 28165473]
Tegunov D, Cramer P, Real-time cryo-electron microscopy data preprocessing with Warp. Nat.
Methods. 16, 1146-1152 (2019). [PubMed: 31591575]

Scheres SHW, Chen S, Prevention of overfitting in cryo-EM structure determination. Nat.
Methods. 9, 853—-854 (2012). [PubMed: 22842542]

Rosenthal PB, Henderson R, Optimal determination of particle orientation, absolute hand, and
contrast loss in single-particle electron cryomicroscopy. J. Mol. Biol. 333, 721-745 (2003).
[PubMed: 14568533]

Chen S, McMullan G, Farugi AR, Murshudov GN, Short JM, Scheres SHW, Henderson R,
High-resolution noise substitution to measure overfitting and validate resolution in 3D structure
determination by single particle electron cryomicroscopy. Ultramicroscopy. 135, 24-35 (2013).
[PubMed: 23872039]

DeCicco-Skinner KL, Henry GH, Cataisson C, Tabib T, Gwilliam JC, Watson NJ, Bullwinkle EM,
Falkenburg L, O’Neill RC, Morin A, Wiest JS, Endothelial cell tube formation assay for the in
vitro study of angiogenesis. J. Vis. Exp, 51312 (2014). [PubMed: 25225985]

Crawford KHD, Eguia R, Dingens AS, Loes AN, Malone KD, Wolf CR, Chu HY, Tortorici

MA, Veesler D, Murphy M, Pettie D, King NP, Balazs AB, Bloom JD, Protocol and Reagents

for Pseudotyping Lentiviral Particles with SARS-CoV-2 Spike Protein for Neutralization Assays.
Viruses. 12 (2020), doi:10.3390/v12050513.

Science. Author manuscript; available in PMC 2021 November 15.



1duosnuey Joyiny [INHH 1duosnuey Joyiny [INHH

1duosnuely Joyiny IINHH

Divine et al.

Page 15

A. Specify geometry B. Align Fc to C2 axis C. Fuse helices D. Check geometry E. Redesign sidechains
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€ 35 ,
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Fe-binders (2)  Monomers (42) Oligomers (1-3)

Fig. 1. Antibody nanocage (AbC) design.
A, Polyhedral geometry is specified. Clockwise from top left: icosahedral, dihedral,

octahedral, and tetrahedral geometries are shown. B, An antibody Fc model from higG1

is aligned to one of the C2 axes (in this case, a D2 dihedron is shown). C, Antibody
Fc-binders are fused to helical repeat proteins that are then fused to the monomeric subunit
of helical cyclic oligomers. All combinations of building blocks and building block junctions
are sampled (below inset, grey). D, Tripartite fusions are checked to ensure successful
alignment of the C2 Fc symmetry axes with that of the polyhedral architecture (in the case
of the D2 symmetry shown here, the C2 axes must intersect at a 90° angle). E, Fusions
that pass the geometric criteria move forward with sidechain redesign, where e.g. amino
acids are optimized to ensure that core-packing residues are nonpolar and solvent-exposed
residues are polar. F, Designed AbC-forming oligomers are bacterially expressed, purified,
and assembled with antibody Fc or IgG.
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Fig. 2. Structural characterization of AbCs.
A, Design models, with antibody Fc (purple) and designed AbC-forming oligomers (grey).

B, Overlay of representative SEC traces of assembly formed by mixing design and Fc
(black) with those of the single components in grey (design) or purple (Fc). C, EM images
with reference-free 2D class averages in inset; all data is from negative-stain EM with the
exception of designs 042.1 and i52.3 (cryo-EM). D-E, SEC (D) and NS-EM representative
micrographs with reference-free 2D class averages (E) of the same designed antibody cages
assembled with full human 1gG1 (with the 2 Fab regions intact). In all EM cases shown

CECEC
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in C and E, assemblies were first purified via SEC, and the fractions corresponding to the
left-most peak were pooled and used for imaging; this was mainly done to remove any
excess of either design or Ig component.
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Fig. 3. 3D reconstructions of AbCs formed with Fc.
Computational design models (cartoon representation) of each AbC are fit into the

experimentally-determined 3D density from EM. Each nanocage is viewed along an
unoccupied symmetry axis (left), and after rotation to look down one of the C2 axes of
symmetry occupied by the Fc (right). 3D reconstructions from 042.1 and i52.3 are from
cryo-EM analysis; all others, from NS-EM.
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Fig. 4. AbCsactivate apoptosis and angiogenesis signaling pathways.
A-B, Caspase-3,7 is activated by AbCs formed with a-DR5 antibody (A), but not the

free antibody, in RCC4 renal cancer cells (B). C-D, a-DR5 AbCs (C), but not Fc AbC
controls (D) reduce cell viability 4 days after treatment. E, a-DR5 AbCs reduce viability
6 days after treatment. F-G, 042.1 a-DR5 AbCs enhance PARP cleavage, a marker of
apoptotic signaling; G, quantification of F relative to PBS control. H, The F-domain

from Angiopoietin-1 was fused to Fc (A1F-Fc) and assembled into octahedral (042.1) and
icosahedral (i52.3) AbCs. |, Representative Western blots show that A1F-Fc AbCs, but not
controls, increase pAKT and pERK1/2 signals. J, quantification of I: pAKT quantification

Science. Author manuscript; available in PMC 2021 November 15.



1duosnue Joyiny |IANHH 1duosnue Joyiny |ANHH

1dudsnueiy Joyiny IINHH

Divine et al.

Page 20

is normalized to 042.1 A1F-Fc signaling (no pAKT signal in the PBS control); pERK1/2
is normalized to PBS. K, A1F-Fc AbCs increase vascular stability after 72 hours. Left:
quantification of vascular stability compared to PBS. Right: representative images; scale
bars are 100 pm. All error bars represent means + SEM; means were compared using
ANOVA and Dunnett post-hoc tests (Tables S8, S9).
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Fig. 5. Activation of immune cells by a-CD40 and a-CD3/28 AbCs.
A, Octahedral AbCs are produced with either a-CD40 or pre-mixed a-CD3 and a.-CD28

antibodies. B, CD40 pathways are activated by a-CD40 LOB7/6 octahedral nanocages but
not by free a-CD40 LOB7/6 or controls. Error bars represent means + SD, n=3; EC50s
reported in Table S10. C-D, T cell proliferation and activation is strongly induced by a-CD3
a-CD28 mosaic AbCs compared to unassembled (soluble) a-CD3 a-CD28 antibodies.
Representative plots (C) show the frequency of dividing, activated cells (CPD!°CD25%).
Mosaic AbC-induced proliferation is comparable to traditional positive controls, platebound
or tetrameric a-CD3 a-CD28 antibody bead complex (Immunocult). Gated on live CD4*

T cells. Summary graph (D) shows mean + SD. Significance was determined by Kruskal-
Wallis tests correcting for multiple comparisons using FDR two-stage method (n=4-8 per
condition). Adjusted p values are reported. CPD, Cell Proliferation Dye.
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Fig. 6. Nanocage assembly enhances SARS-CoV-2 pseudovirus neutralization.

A, Octahedral AbCs are produced with either a-CoV-2 S 1gGs or Fc-ACE2 fusion. B-C,

SARS-CoV-2 S pseudovirus neutralization by octahedral AbC formed with a-CoV-2 S
IgGs CV1 (B) or CV30 (C) compared to un-caged 1gG. D, SARS-CoV-2 S pseudovirus
neutralization by Fc-ACE?2 octahedral AbC compared to un-caged Fc-ACE2. Error bars

represent means + SD, n=2; IC50s reported in Table S11.
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