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INTRODUCTION: Antibodies that bind tightly
to targets of interest play central roles in bio-
logical research and medicine. Clusters of
antibodies, typically generated by fusing anti-
bodies to polymers or genetically linking
antibody fragments together, can enhance sig-

naling. Currently lacking are approaches for
making antibody assemblies with a range of
precisely specified architectures and valencies.

RATIONALE: We set out to computationally de-
sign proteins that assemble antibodies into

Designed proteins assemble antibodies intolarge symmetric acitectres. esined antibody-
clustering proteins (light gray) assemble antibodies (purple) into diverse nanocage architectures (top).
Antibody nanocages enhance cell signaling compared with free antibodies (bottom).
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precise architectures with different valencies
and symmetries. We developed an approach to
designing proteins that position antibodies
or Fe-fusions on the twofold symmetry axes of
regular dihedral and polyhedral architectures.
We hypothesized that such designs could ro-
bustly drive arbitrary antibodies into homoge-
neous and structurally well-defined nanocages
and that such assemblies could have pronounced
effects on cell signaling.

RESULTS: Antibody cage (AbC)-forming de-
signs were created by rigidly fusing antibody
constant domain-binding modules to cyclic
oligomers through helical spacer domains such
that the symmetry axes of the dimeric antibody
and cyclic oligomer are at orientations that
generate different dihedral or polyhedral (e.g.,
tetrahedral, octahedral, or icosahedral) archi-
tectures. The junction regions between the
connected building blocks were optimized
to fold to the designed structures. Synthetic
genes encoding the designs were expressed
in bacterial cultures; of 48 structurally char-
acterized designs, eight assemblies matched
the design models. Successful designs en-
compass D2 dihedral (three designs), T32
tetrahedral (two designs), 042 octahedral
(one design), and 152 icosahedral (two de-
signs) architectures; these contain 2, 6, 12, or
30 antibodies, respectively.

We investigated the effects of AbCs on cell
signaling. AbCs formed with a death receptor-
targeting antibody induced apoptosis of tumor
cell lines that were unaffected by the soluble anti-
body or the native ligand. Angiopoietin pathway
signaling, CD40 signaling, and T cell prolifera-
tion were all enhanced by assembling Fe-fusions or
antibodies in AbCs. AbC formation also enhanced
in vitro viral neutralization of a severe acute res-
piratory syndrome coronavirus 2 pseudovirus.

CONCLUSION: We have designed multiple anti-
body cage-forming proteins that precisely cluster
any protein A-binding antibody into nanocages
with controlled valency and geometry. AbCs can
be formed with 2, 6, 12, or 30 antibodies simply
by mixing the antibody with the corresponding
designed protein, without the need for any co-
valent modification of the antibody. Incorpo-
rating receptor binding or virus-neutralizing
antibodies into AbCs enhanced their biological
activity across a range of cell systems. We expect
that our rapid and robust approach for assembling
antibodies into homogeneous and ordered nanoc-
ages without the need for covalent modification
will have broad utility in research and medicine.
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Multivalent display of receptor-engaging antibodies or ligands can enhance their activity. Instead of
achieving multivalency by attachment to preexisting scaffolds, here we unite form and function by the
computational design of nanocages in which one structural component is an antibody or Fc-ligand
fusion and the second is a designed antibody-binding homo-oligomer that drives nanocage assembly.
Structures of eight nanocages determined by electron microscopy spanning dihedral, tetrahedral,
octahedral, and icosahedral architectures with 2, 6, 12, and 30 antibodies per nanocage, respectively,
closely match the corresponding computational models. Antibody nanocages targeting cell surface
receptors enhance signaling compared with free antibodies or Fc-fusions in death receptor 5 (DR5)-
mediated apoptosis, angiopoietin-1 receptor (Tie2)-mediated angiogenesis, CD40 activation, and T cell
proliferation. Nanocage assembly also increases severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) pseudovirus neutralization by a-SARS-CoV-2 monoclonal antibodies and Fc-angiotensin-

converting enzyme 2 (ACE2) fusion proteins.

ntibodies that bind with high specificity

and affinity to targets of interest are

widely used as therapeutics and biologi-

cal research tools. (I). For the purposes

of increasing binding avidity and en-
hancing agonism through receptor clustering,
high-valency antibody formats that present
more than two antigen-binding sites have been
explored. (2, 3). Current techniques for creat-
ing multivalent antibody-presenting formats
include chaining together multiple antigen-
binding fragments (4, 5), pentameric immu-
noglobulin M (IgM) or IgM derivatives such
as Fc domain hexamers (6), dimeric immu-
noglobulin G (IgG) attachment to inorganic
materials (7), or protein oligomers or nano-
particles (8-13). These approaches often re-
quire extensive engineering or multiple-step
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conjugation reactions for each desired anti-
body oligomer. In the case of nanoparticles
with flexibly linked IgG-binding domains, it
is difficult to ensure full IgG occupancy on
the particle surface and to prevent particle
flocculation, which is induced when multiple
nanoparticles bind to dimeric IgGs. Methods
for creating antibody-based protein nanopar-
ticles across multiple valencies with precisely
controlled geometry and composition that are
applicable to the many available IgG anti-
bodies could have very broad utility.

A general computational method for antibody
cage design

We sought to design proteins that drive the
assembly of arbitrary antibodies into symmet-
ric assemblies with well-defined structures.
Previous design efforts 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 those of a
target architecture. For example, an 152 icosa-
hedral assembly is built by bringing together
a pentamer and a dimer that align to the
icosahedral five- and twofold symmetry axes.
We reasoned that symmetric protein assem-
blies could be built directly from IgG anti-
bodies, which are twofold symmetric proteins,
by designing cyclic oligomers that bind the IgG
such that the symmetry axes of the antibody
and the designed oligomer generate a desired
target nanocage architecture. We designed
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such proteins by rigidly fusing together three
types of “building block” units: antibody Fc-
binding domains, helical repeat connectors,
and cyclic oligomer-forming modules. The
Fc-binding unit binds and positions the C2
antibody dimer, the cyclic homo-oligomer
forms the second cyclic symmetry axis in the
nanocage, and the helical repeat connector
links the antibody and cyclic homo-oligomer
symmetry axes together in the correct orien-
tation to form the antibody nanocages (here-
after, AbCs, for antibody cages).

Large sets of building blocks with many pos-
sible fusion sites per building block are key to
the success of this fusion approach, as rather-
stringent geometric criteria must be met to
precisely orient the symmetry axes of the anti-
body and cyclic oligomer to form the desired
symmetric architecture. We used protein A
(18), which recognizes the Fc domain of the
IgG constant region, as one of two antibody-
binding building blocks and designed a sec-
ond Fe-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 two Fc-
binding proteins (18), 42 de novo designed heli-
cal repeat protein connectors (19), and between
one and three designed cyclic homo-oligomers
depending on geometry (two C2s, three C3s,
one C4, and one C5) (20, 21). An average of
roughly 150 residues were available for fu-
sion per protein building block, avoiding all
positions at the Fc or homo-oligomer protein
interface, leading to on the order of 107 pos-
sible tripartite (i.e., Fc-binder-connector-
homo-oligomer) fusions. For each of these
tripartite fusions, the rigid body transform
between the internal homo-oligomeric inter-
face and the Fe-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 rap-
idly samples all tripartite 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 that summarizes the point group
symmetry and the cyclic symmetries of the
building blocks (16). For example, a T32 as-
sembly has tetrahedral point group symme-
try 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 twofold axis
in all architectures, the designed compo-
nent 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
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Fig. 1. Antibody nanocage (AbC)

A Specify geometry

B Align Fc to C2 axis C Fuse helices

D check geometry E Redesign side-chains

design. (A) Polyhedral geometry
is specified. Clockwise from

top left: icosahedral, dihedral,
octahedral, and tetrahedral
geometries are shown. (B) An
antibody Fc model from higGl is
aligned to one of the C2 axes

(in this case, a D2 dihedron is \\ =
X

shown). (C) Antibody Fc-binders
are fused to helical repeat

Oy

Q Monomer 1
Oligomer

connectors that are then fused to

the monomeric subunit of helical
cyclic oligomers. All combinations
of building blocks and building
block junctions are sampled
(gray-shaded bottom inset;
numbers in parentheses refer to
the number of building blocks
available). (D) Tripartite fusions

!

€2
b

Fuse

are checked to ensure successful
alignment of the C2 Fc symmetry

Fc-binders (2)

Connectors (42)  Oligomers (1-3)

F Express design and assemble with Fc (or IgG)

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 side-chain redesign, where, for example, amino acids are optimized to ensure that core-packing residues are nonpolar and closely packed
and that solvent-exposed residues are polar. (F) Designed AbC-forming oligomers are bacterially expressed, purified, and assembled with antibody Fc or IgG.

octahedral structures; and a homopentamer
in 152 icosahedral structures.

To generate the fusions, the protocol first
aligns the model of the Fc and Fe-binder pro-
tein along the C2 axis of the specified archi-
tecture (Fig. 1, A and B). The Fc-binder is then
fused to a helical repeat connector, 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, con-
tinuous alpha helix (Fig. 1C). To drive formation
of the desired nanocage architecture, helices
are fused such that the antibody twofold 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 042 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, respec-
tively (see the Materials and methods section).
Candidate fusion models were further filtered
on the basis of the number of contacts around
the fusion junction (to gauge structural rigid-
ity) and clashes between backbone atoms.
Next, the amino acid identities and confor-
mations around the newly formed building
block junction were optimized using the
SymPackRotamersMover in Rosetta to main-
tain the rigid fusion geometry required for
assembly (Fig. 1, E and F). After sequence
design, we selected for experimental charac-
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terization six D2 dihedral, eleven T32 tetrahed-
ral, four O32 octahedral, two 042 octahedral,
fourteen 132 icosahedral, and eleven 152 icosa-
hedral designs predicted to form AbCs.

Structural characterization

Synthetic genes encoding designed protein se-
quences appended with a C-terminal 6xhisti-
dine tag were expressed in Escherichia coli.
Designs were purified from clarified lysates
using immobilized metal affinity chromato-
graphy (IMAC), and size exclusion chromato-
graphy (SEC) was used as a final purification step.
Across all geometries, 34 of 48 AbC-forming
designs had a peak on SEC that roughly cor-
responded to the expected size of the design
model (fig. S2 and table S1). Designs were then
combined with human IgG1 (hIgG1) Fc, and
the assemblies were purified via SEC.

Eight of these AbC-forming designs read-
ily self-assembled after mixing with Fcinto a
species that eluted as a monodisperse peak
at a volume consistent with the target nano-
particle molecular size (Fig. 2, A and B; three
D2 dihedral, two T32 tetrahedral, one 042
octahedral, and two 152 icosahedral AbCs). For
the i52.6 design, adding 100 mM 1-arginine to
the assembly buffer prevented aggregation
after combining with Fc (23); all other designs
readily self-assembled in tris-buffered saline
(TBS). Of these eight AbC-forming designs,
all expressed well, with SEC-purified protein
yields between 50 and 100 mg of protein per
liter of bacterial culture. After combining with
Fc, at least 90% of the protein injected on SEC
is recovered in the assembly peak (Fig. 2B,
leftmost peak). SEC peaks for the T32 and 042

2 April 2021

designs were somewhat broader than other
designs, spanning 3 to 4 ml in retention vol-
ume, as observed in previous nanocage design
efforts (16). The 152 designs eluted in the void
volume, consistent with their predicted diam-
eters. 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 micros-
copy (EM). SAXS spectra, pair distance dis-
tribution [P(7)], 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 and table S2) (24, 25). The agreement to the
SAXS data for the d2.3 and t32.8 design mod-
els was somewhat poorer [higher R, values
and deviations in the SAXS Guinier (low-q)
region and P(r) distributions from those com-
puted from the design model] potentially
owing to alternate particle states, flexibility,
and/or particle aggregation during data collec-
tion. 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 two-dimensional (2D)
class averages that resemble the design models
(Fig. 2C and tables S3 and 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.
2,D and E); here, the 042.1 design with IgG
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Fig. 2. Structural characterization of AbCs. (A) Design models, with antibody ~ NS-EM representative micrographs with reference-free 2D class averages (E)

Fc (purple) and designed AbC-forming oligomers (gray). (B) Overlay of of the same designed antibody cages assembled with full human IgG1
representative SEC traces of assembly formed by mixing design and Fc (black)  (with the 2 Fab regions intact). In all EM cases shown in (C) and (E), assemblies
with those of the single components in gray (design) or purple (Fc). (C) EM were first purified via SEC, and the fractions corresponding to the leftmost

images with reference-free 2D class averages in inset; all data are from NS-EM,  peak were pooled and used for imaging to remove any excess design or Ig
with the exception of designs 042.1 and i52.3 (cryo-EM). (D and E) SEC (D) and ~ component. Scale bars, 200 nm.
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reproducibly elutes in the void owing to the
increased diameter from the added Fab do-
mains. There is considerably more evidence
of flexibility in the electron micrographs of
the IgG 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
IgG showed resolved density corresponding
to the Fc and the design portion of the assem-
bly (Fig. 2E).

Single-particle NS-EM and cryo-EM recon-
structed 3D maps of the AbCs formed with Fc
are in close agreement with the computational
design models (Fig. 3). NS-EM reconstructions
for the dihedral (d2.3, d2.4, and d2.7), tetrahe-
dral (t32.4 and t32.8), and one of the icosahe-
dral (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 reconstruc-
tion for the 042.1 design with Fc has clear den-
sity for the six designed tetramers at the C4
vertices, which twist along the edges of the
octahedral architecture to bind 12 dimeric Fcs,
leaving the eight C3 faces unoccupied. The 3D

D2 dihedral
d2.3

density map for 042.1 with Fc suggests that the
particle flexes outward compared with the de-
sign model, consistent with the SAXS R, data.
Cryo-EM density for i52.3 with Fc likewise
recapitulates the 20-faced shape of a regular
icosahedron, with 12 designed pentamers pro-
truding at the C5 vertices (owing to the lon-
ger length of the C5 building block compared
with the connector or Fc-binder), binding to
30 dimeric Fcs at the center of the edge, with
20 unoccupied C3 faces. Asymmetric cryo-EM
reconstructions of 042.1 with Fc and i52.3 with
Fc had similar overall features to their respec-
tive symmetrized maps (fig. S4,).

In a second design round, we sought to de-
sign both the homo-oligomeric building block
and the nanocage in one step, and we ob-
tained AbCs with D3 symmetry, although the
overall success rate was lower (fig. S5 and table
S5). SEC of assembled Fc AbCs, SAXS analysis,
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. Dy-
namic light scattering (DLS) readings re-

042 octahedral

042.1 , "
£ i
c
©
£
c
w©
152 icosahedral
£ i52.3
c
w0
£
c
Te)
Al
£
c
Te)
Al

mained constant over a period of 4 weeks for
all designs when incubated at room tempera-
ture, with the exception of 152.6, which showed
some broadening of the hydrodynamic radius
after 2 to 3 weeks (fig. S6 and table S6). Fc AbCs
also did not show any degradation according
to SDS-polyacrylamide gel electrophoresis
(SDS-PAGE). We investigated whether AbCs
formed with one Fc-fusion or IgG would ex-
change when incubated with excess Fc; this is
relevant to future in vivo applications of the
AbCs, where they would be in the presence of
a high concentration of serum IgG. We formed
042.1 AbCs with green fluorescent protein
(GFP)-Fc, then incubated these with 25-fold
molar excess of red fluorescent protein (RFP)-
Fc for up to 24 hours. SEC was used to sepa-
rate the AbCs, and fluorescence readings
were taken of the AbC peak fraction (fig. S7, A
to C). Although the RFP-Fc signal increased
slightly in the cage fraction (fig. S7, D and E,
and table S7), the GFP-Fc signal was very close
to that of the 042.1 GFP-Fc control, suggest-
ing minimal exchange of the Fc-containing
component out of the cage. Encouraged by
these stability results, we moved forward with

30 nm

40 nm

40 nm

b

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 rotated to look down one of the C2 axes of symmetry
occupied by the Fc (right). Three-dimensional reconstructions from 042.1 and i52.3 are from cryo-EM analysis, all others are from NS-EM.
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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 signal-
ing pathway activation. Receptor dimerization,
trimerization, and higher-order association
have been implicated in transmembrane sig-
naling in different receptor systems, but sys-
tematically probing the influence on geometry
and valency on signaling has required consid-
erable system-specific engineering (26). The
combination of the wide range of receptor
binding antibodies and natural ligands with
the AbC methodology developed here in prin-
ciple allows 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 or Fe-ligand fusions
targeting a variety of signaling pathways into
nanocages and investigated their effects on
signaling. We used multiple cage geometries
in most applications; as the overall shapes of
D2 dihedra were similar, only one D2 dihedral
design was used, and design i52.6 was avoided
because of the 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 sur-
face 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 form alternative signaling
complexes that activate nonapoptotic signal-
ing pathways such as the nuclear factor «B
proinflammatory pathway and pathways pro-
moting proliferation and migration upon lig-
and binding (30). Because DR5 is overexpressed
in some tumors, multiple therapeutic candi-
dates have been developed to activate DR5,
such as o-DR5 monoclonal antibodies and re-
combinant TRAIL, but these have failed in
clinical trials owing to low efficacy and the
development of TRAIL resistance in tumor
cell populations (30, 31). Combining trimeric
TRAIL with bivalent 0-DR5 IgG leads to a
much stronger apoptotic response than either
component by itself, likely because of induc-
tion of larger-scale DR5 clustering via the for-
mation of 2D arrays on the cell surface (28).
‘We investigated whether a-DR5 AbCs formed
with the same IgG (conatumumab) could have
a similar antitumor effect without the forma-
tion 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 va-
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lencies and shapes (Fig. 4A). All o-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. 2, D and E). All a-DR5 AbCs
caused caspase-3 and -7 (caspase-3/7)-mediated
apoptosis at similar levels to TRAIL in a colo-
rectal tumor cell line (Colo205), whereas the
antibody alone or AbCs formed with bare hIgGl
Fc did not lead to caspase-3/7 activity or cell
death, even at the highest concentrations tested
(comparing molarity on a per-antibody basis)
(fig. S8A and table S8). In the TRAIL-resistant
renal cell carcinoma line RCC4, we found that
o-DR5 AbCs induced caspase-8 and caspase-3/
7 activity (Fig. 4B and fig. S8, B and C) and
designs t32.4, t32.8, and 04:2.1 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 4 days (Fig. 4, B to D, and fig. S8,
B to D). Because designs t32.4 and 042.1 acti-
vated caspase-3/7 at less than one-hundredth
of the concentration (1.5 nM) (Fig. 4B), we
tested prolonged 6-day treatment of RCC4
cells with these AbCs at 150 nM. Nearly all
cells were Killed after 6 days, suggesting that
RCC4 cells do not acquire resistance to the
nanocages (Fig. 4E). We next investigated
the downstream pathways activated by the
o-DR5 AbCs by analyzing their effects on
cleaved poly(ADP-ribose) polymerase (PARP),
a measure of apoptotic activity. In agree-
ment with the caspase and cell viability data,
0-DR5 AbCs increased cleaved PARP in RCC4
cells, whereas free a-DR5 antibody, TRAIL, or
042.1 Fc AbCs did not result in an increase in
cleaved PARP over baseline (Fig. 4, F and G,
shows 042.1 as a representative example; fig.
S8, C and E). The a-DR5 AbCs did not sig-
nificantly induce apoptosis in healthy primary
kidney tubular cells (fig. S8, F and 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 clus-
tered (32, 33). Scaffolding the F-domain from
angiopoietin-1 (A1F) onto nanoparticles in-
duces phosphorylation of AKT and extracellu-
lar signal-regulated kinase 1 and 2 (ERK1/2),
enhances cell migration and tube formation
in vitro, and improves wound healing after
injury in 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. To determine whether the AbC plat-
form could be used to generate such agonists,
we assembled 042.1 and i52.3 AbCs with Fec-
fusions to AIF (Fig. 4H and fig. S9, A and B).
The octahedral and icosahedral A1F-AbCs, but
not Fc-only controls or free Fc-AnglF, signifi-
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cantly increased AKT and ERK1/2 phospho-
rylation above baseline (Fig. 4, I and J) and
enhanced vascular stability (Fig. 4K; fig. S9,
C and D; and table S9), comparable to a A1F-
presenting octamer generated using a more
complex protein conjugation strategy (fig. S9C)
(33). The 042.1 A1F-Fc AbCs retained activity
following incubation for 24 hours in human
serum at 4° or 37°C (fig. SOE; precise quanti-
fication of the amount retained was compli-
cated by serum background).

a-CD40 nanocages activate B cells

CD40, 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). Nonagonistic a-CD40
antibodies can be converted to agonists by add-
ing cross-linkers such as FcyRIIb-expressing
Chinese hamster ovary (CHO) cells (34). We
investigated whether assembling a nonagonist
0-CD40 antibody (LOB7/6) into nanocages
could substitute for the need for cell surface
presentation; because of its promising data
in the DR5 and A1F experiments, we focused
on the 042.1 design. Octahedral AbCs were
assembled with o-CD40 LOB7/6 IgG (Fig. 5A);
SEC and DLS characterization showed these
AbCs to be monodisperse and of the expected
size (fig. S10, A and B). The octahedral 0-CD40
LOB7/6 AbCs induced robust CD40 activa-
tion in CD40-expressing reporter CHO cells
(J215A, Promega) at concentrations around
1/20 that of a control activating o -CD40 anti-
body (Promega), whereas no activation was
observed for the free LOB7/6 antibody or
octahedral AbC formed with non-CD40-binding
IgG (Fig. 5B and table S10). Thus, nanocage
assembly converts the nonagonist a-CD40 IgG
into a CD40 pathway agonist.

a-CD3/28 mosaic nanocages cause
T cell proliferation

T cell engineering technologies such as chi-
meric antigen receptor 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 a solid support for T cell activation
by using AbCs formed with both o-CD3 and
0-CD28 antibodies. Equimolar amounts of
0-CD3 and a-CD28 were premixed and then in-
cubated with the 042.1 design to form “mosaic”
octahedral cages (Fig. 5A and fig. S10, C and D).
Octahedral 0-CD3/28 AbC, but not free anti-
body or Fc nanocage, led to proliferation of
naive T cells sorted from healthy donor pe-
ripheral blood mononuclear cells (PBMCs), as
read out by expression of the T cell activation
marker CD25 (Fig. 5C) and proliferation assays
(Fig. 5D); activation levels were similar to tetra-
meric or plate-bound a-CD3/28 stimulation
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Fig. 4. AbCs activate apoptosis and angiogenesis signaling pathways.

(A and B) Caspase-3/7 is activated by AbCs formed with o-DR5 antibody (A),

but not the free antibody, in RCC4 renal cancer cells (B). (C and D) o-DR5 AbCs (C),
but not Fc AbC controls (D), reduce cell viability 4 days after treatment. (E) o-DR5
AbCs reduce viability 6 days after treatment. (F and G) 042.1 0-DR5 AbCs
enhance PARP cleavage, a marker of apoptotic signaling; (G) is a quantification of
(F) relative to PBS control. (H) The F-domain from angiopoietin-1 was fused to

Fc (AlF-Fc) and assembled into octahedral (042.1) and icosahedral (i52.3) AbCs.
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042.1 A1F-Fc

i52.3 A1F-Fc

(I) Representative Western blots show that A1F-Fc AbCs, but not controls, increase
pAKT and pERKL/2 signals. (J) Quantification of (I): pAKT quantification is
normalized to 042.1 AlF-Fc signaling (no pAKT signal in the PBS control); pERK1/2
is normalized to PBS. (K) AlF-Fc AbCs increase vascular stability after 72 hours.
(Left) Quantification of vascular stability compared with PBS. (Right) Representative
images; scale bars, 100 um. All error bars represent means + SEM; means were
compared using analysis of variance and Dunnett post-hoc tests (tables S8 and S9).
*P < 0.05; **P < 0.01; ***P < 0.00L; ****P < 0.0001.
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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 premixed a-CD3 and o-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 biological replicates; ECsq values are reported in table S10. (C and D) T cell proliferation
and activation are strongly induced by a-CD3 o-CD28 mosaic AbCs compared with unassembled (soluble)
a-CD3 -CD28 antibodies. Representative plots (C) show the frequency of dividing, activated cells
(CPD'°CD25"). Mosaic AbC-induced proliferation is comparable to traditional positive controls, plate-bound or
tetrameric 0-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 the false discovery rate two-stage method (n = 4 to 8 biological replicates per condition).
Adjusted P values are shown in (D). CPD, Cell Proliferation Dye.

controls. Together with the a-CD40 activation,
these results demonstrate how readily specific
immune cell pathways can be activated by
simply swapping different antibodies into the
cage architecture.

Enhancing viral neutralization with AbCs

Considerable effort is currently being directed
toward the development of antibodies target-
ing the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) spike (S) protein
for prophylaxis and postexposure therapy for
the current COVID-19 pandemic (13, 38-43).
We hypothesized that assembling o-SARS-
CoV-2 antibodies into nanocages could po-
tentially increase their neutralization potency
by increasing avidity for viral particles, as

Divine et al., Science 372, eabd9994 (2021)

multivalency was recently found to increase
SARS-CoV-2 neutralization using apoferritin
to scaffold binding domains (73). Octahedral
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 median inhibitory
concentration (IC5,) by more than 200-fold
and around 2.5-fold, respectively (comparing
molarity at an antibody-to-antibody level)
(Fig. 6, A to C; fig. S11, A and B; and table
S11). The potency of a third non-neutralizing
antibody, CV3, was unchanged by assembly
into the nanocage format (fig. S11C). Assembly
into octahedral AbCs of Fc-ACE2, which di-

2 April 2021

rectly engages the receptor binding domain of
the spike protein (43), enhanced neutraliza-
tion around sevenfold compared with free Fc-
ACE2 fusion for SARS-CoV-2 pseudovirus and
2.5-fold for SARS-CoV-1 pseudovirus (Fig. 6D;
fig. S11, D and E; and table S11).

Discussion

Our approach goes beyond previous compu-
tational design efforts to create protein nano-
materials by integrating form and function;
whereas previous work has fused functional
domains onto assemblies constructed from
separate structural components (2-12, 27),
our AbCs use 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 gener-
alized to incorporate other homo-oligomers of
interest into cage-like architectures. For exam-
ple, for vaccine applications, nanocages could
be assembled with viral glycoproteins using
components terminating in glycoprotein bind-
ing domains, or from symmetric enzymes with
exposed helices available for fusion to maximize
the proximity of active sites working on suc-
cessive reactions. The AbCs offer considerable
advantages in modularity compared with pre-
vious fusion of functional domain approaches;
any of the thousands of known antibodies can
be used to form multivalent cages by mixing
with the appropriate design to form the desired
symmetric assembly, provided sufficient affin-
ity between protein A and Fc. EM and SEC
demonstrate monodispersity comparable to
IgM and control over binding domain valency
and positioning (44).

AbCs show considerable promise as signal-
ing 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.
Although antibody-mediated clustering has
been previously found to activate signaling
pathways (7, 28, 34), our approach has the
advantage of much higher structural homo-
geneity, allowing more precise tuning of
phenotypic effects and more controlled for-
mulation. 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 of bringing
together different receptors and comodulators
in different valencies and geometries. There
are exciting applications to targeted delivery,
as the icosahedral AbCs have substantial inter-
nal volume (~15,000 nm?, based on an esti-
mated interior radius of 15.5 nm) that could be
used to package nucleic acid or protein cargo,
and achieving different target specificity in
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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 IgGs or Fc-ACE2 fusion. (B and C) SARS-CoV-2 S pseudovirus
neutralization by octahedral AbC formed with a-CoV-2 S IgGs CV1 (B) or CV30 (C) compared with uncaged
IgG. (D) SARS-CoV-2 S pseudovirus neutralization by Fc-ACE2 octahedral AbC compared with uncaged
Fc-ACE2. Error bars represent means + SD, n = 2 biological replicates; ICsq values are reported in table S11.

principle is as simple as swapping one antibody
for another. An important next step toward
the possibility of augmenting antibody ther-
apeutics with our designed AbC-forming oligo-
mers will be investigating the pharmacokinetic
and biodistribution properties of these mol-
ecules, their immunogenicity, and whether
the Fc domains can still activate effector func-
tions [while the Fc hinge region is buried in
the cage interface, the AbC architecture should
not block Fey receptors or Clq from binding to
N-terminal residues in the Fc CH2 domains (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.

Materials and methods
Computational design and testing of Fc-binder
helical repeat protein (DHR79-FcB)

The crystal structure of the B-domain from
Staphylococcus aureus protein A in com-
plex with Fc fragment [Protein Data Bank
(PDB) ID 1L6X] was relaxed with structure
factors using Phenix Rosetta (46, 47). The
RosettaScripts MotifGraft mover was used to
assess suitable solutions to insertions of the
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protein A binding motif extracted from 1L6X
into a previously reported designed helical
repeat protein (DHR79) (19). Specifically, a
minimal protein A binding motif was manu-
ally defined and extracted and used as a tem-
plate for full backbone alignment of DHR79
while retaining user-specified hotspot residues
that interact with the Fc domain in the crystal
structure at the Fc/DHR interface and retain-
ing native DHR residues in all other positions.
The MotifGraft alignment was followed by
five iterations of FastDesign and five iterations
of FastRelax in which the DHR side chain and
backbone rotamers were allowed to move while
the Fc context was completely fixed. The best
designs were selected on the basis of a list of
heuristic filter values. Figure S1A shows the
design model of DHR79-FcB.

Designs were initially assessed via yeast sur-
face display binding to biotinylated Fc protein;
yeast display procedures followed previously
published protocols (48). Upon confirmation
of a qualitative binding signal, the design was
cloned into a pET29b expression vector with a
C-terminal His-tag. The protein was expressed
in BL21 DE3 in autoinduction medium (6 g
tryptone, 12 g yeast extract, 10 ml 50xM, 10 ml
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50x5052, 1 ml IM MgSO,, 100 ul Studier Trace
metals, 50 ug kanamycin antibiotic, brought to
a final volume of 500 ml using filtered water)
for 20 hours at 27°C at 225 revolutions per
minute (rpm); 50xM, 50x5052, and Studier
trace metals were prepared according to pre-
viously published recipes (49). Cells were re-
suspended in lysis buffer [20 mM Tris, 300 mM
NacCl, 30 mM imidazole, 1 mM phenylmethylsul-
fonyl fluoride (PMSF), 5% glycerol (v/v), pH 8.0]
and lysed using a microfluidizer at 18,000 psi.
Soluble fractions were separated via centrifu-
gation at 24,000g. IMAC with Ni-NTA batch
resin was used for initial purification; briefly,
nickel-nitrilotriacetic acid (Ni-NTA) resin was
equilibrated with binding buffer (20 mM Tris,
300 mM NaCl, 30 mM imidazole, pH 8.0), solu-
ble lysate was poured over the columns, col-
umns were washed with 20 column volumes
(CVs) of binding buffer and eluted with 5 CVs
of elution buffer (20 mM Tris, 300 mM NaCl,
500 mM imidazole, pH 8.0). SEC with a Superdex
200 column was used as the polishing step (fig.
S1B). SEC buffer was 20 mM Tris/HCl pH 7.4,
150 mM NacCl.

Affinity of DHR79-FcB to biotinylated IgG1
and biotinylated Fc protein bound to strepta-
vidin plates was assessed using Octet Biolayer
Interferometry (BLI). Data were fit using a
1:1 binding mode. Both 1:1 and 2:1 binding
stoichiometries were assessed, and it was
determined that the 1:1 binding mode better
accounted for the noise in the experiment.
This was tested on the Fc binder monomer
before any Fc binder-oligomer fusions were
made. DHR79-FcB exhibits a 71.7 nM affinity
to IgG1 (full antibody) and a 113 nM affinity
to the IgG1 Fc protein (fig. S1C).

Computational design of antibody
nanocages (AbCs)

Input .pdb files were compiled to use as build-
ing blocks for the generation of antibody cages.
For the protein A binder model, the domain D
from S. aureus protein A (PDB ID 1DEE) was
aligned to the B-domain of protein A bound
to Fc (PDB ID 1L6X) (18, 46). The other Fc-
binding design structure, where protein A was
grafted onto a helical repeat protein, was also
modeled with Fc from 1L6X. PDB file models
for monomeric helical repeat protein linkers
(42) and cyclic oligomers (two C2s, three C3s,
one C4, and two C5s) that had at least been
validated via SAXS were compiled from pre-
vious work from our lab (19-21). Building block
models were manually inspected to determine
which amino acids were suitable for making
fusions without disrupting existing protein-
protein interfaces.

These building blocks were used as inputs,
along with the specified geometry and fusion
orientation, into the alpha helical fusion soft-
ware [“WORMS,” ran using instructions pro-
vided in Zenodo (50); also see supplementary

8 of 15

1202 ‘8 |udy uo /B0 Bewaduslds aoualds//:dny woly papeojumoqd


http://science.sciencemag.org/

RESEARCH | RESEARCH ARTICLE

materials for a description of how to operate
WORMS and see Zenodo (57) for examples]
(14, 15). Fusions were made by overlapping
helical segments at all possible allowed amino
acid sites. Fusions were then evaluated for
deviation for which the cyclic symmetry axes
intersect according to the geometric criteria:
D2, T32, 032, 042, 132, and 152 intersection
angles are 45.0° 54.7° 35.3° 45.0° 20.9° and
31.7° respectively (22), with angular and dis-
tance tolerances of at most 5.7° and 0.5 A
respectively. Postfusion .pdb files were manu-
ally filtered to ensure that the N-termini of the
Fc domains are facing outward from the cage,
so that the Fabs of an IgG would be external to
the cage surface. Sequence design was per-
formed using Rosetta symmetric sequence de-
sign (SymPackRotamersMover in RosettaScripts)
on residues at and around the fusion junctions
(52), with a focus on maintaining as many of
the native residues as possible. Residues were
redesigned if they clashed with other residues
or if their chemical environment was changed
after fusion (e.g., previously core facing resi-
dues were now solvent-exposed). Index res-
idue selectors were used to prevent design
at Fc residue positions. See data S4 for an
example .xml file used in postfusion design.

Protein expression for AbC-forming designs and
Fc constructs

Bacterial expression of

AbC-forming designs

Genes were codon optimized for bacterial
expression of each designed AbC-forming
oligomer, with a C-terminal Gly-Ser linker
and 6x C-terminal histidine tag appended.
Synthetic genes were cloned into pet29b+
vectors between Ndel and Xhol restriction
sites; the plasmid contains a kanamycin-
resistant gene and T7 promoter for protein
expression. Plasmids were transformed into
chemically competent Lemo21(DE3) E. coli
bacteria using a 15-s heat shock procedure as
described by the manufacturer (New England
Biolabs). Transformed cells were added to
auto-induction expression media, as described
above, and incubated for 16 hours at 37°C and
200 rpm shaking (49). Cells were pelleted by
centrifugation at 4000g and resuspended in
lysis buffer (150 mM NacCl, 25 mM Tris-HCI,
PH 8.0, added protease inhibitor and DNAse).
Sonication was used to lyse the cells at 85%
amplitude, with 15 s on/off cycles for a total
of 2 min of sonication time. Soluble material
was separated by centrifugation at 16,000g.
IMAC was used to separate out the His-tagged
protein in the soluble fraction as described
above. IMAC elutions were concentrated to
~1 ml using 10K MWCO spin concentrators,
filtered through a 0.22 uM spin filter, and run
over SEC as a final polishing step (SEC run-
ning buffer: 150 mM NaCl, 25 mM Tris-HCI,
pH 8.0).
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Production of Fc and Fc-fusions

Synthetic genes were optimized for mamma-
lian expression and subcloned into the CMV/R
vector (VRC 8400) (53). Xbal and AvrII restric-
tion sites were used for insertion of the target
gene (Fc, GFP-Fc, RFP-Fc, or A1F-Fc). Gene syn-
thesis and cloning was performed by GenScript.
Expi293F cells were grown in suspension using
Expi293 Expression Medium (Thermo Fisher
Scientific) at 150 rpm, 5% CO,, 70% humidity,
37°C. At confluency of ~2.5 x 10 cells/ml, the
cells were transfected with the vector encoding
the Fc or Fe-fusion (1000 ug per liter of cells)
using PEI MAX (Polysciences) as a transfection
reagent. Cells were incubated for 96 hours,
after which they were spun down by centrif-
ugation (4000g, 10 min, 4°C) and the protein-
containing supernatant was further clarified
by vacuum-filtration (0.45 um, Millipore Sigma).
In preparation for nickel-affinity chroma-
tography steps, 50 mM Tris, 350 mM NacCl,
pH 8.0 was added to the clarified super-
natant. For each liter of supernatant, 4 ml
of Ni Sepharose excel resin (GE) was added
to the supernatant, followed by overnight
shaking at 4°C. After 16 to 24  hours, resin was
collected and separated from the mixture
and washed twice with 50 mM Tris, 500 mM
NacCl, 30 mM imidazole, pH 8.0 before elution
of desired protein with 50 mM Tris, 500 mM
NacCl, 300 mM imidazole, pH 8.0. Eluates were
purified by SEC using a Superdex 200 Increase
column.

Structural evaluation of AbC-forming designs

Designs that produced monodisperse SEC
peaks around their expected retention volume
were combined with Fc from hIgGl. Cage com-
ponents were incubated at 4°C for a minimum
of 30 min. During assembly, 100 mM r-arginine
was added to AbCs formed with the i52.6 de-
sign, as this was observed to maximize the for-
mation of the designed AbC 152 and prevent
the formation of visible “crashed out” aggre-
gates (23). Fe-binding and cage formation were
confirmed via SEC; earlier shifts in retention
time (compared with either component run
alone) show the formation of a larger struc-
ture. NS-EM was used as described below to
confirm the structures of designs that passed
these steps.

For confirming AbC structures with intact
IgGs, hIgGl was combined with AbC-forming
designs following the same protocol for making
Fc cages. This assembly procedure was also
followed for all IgG or Fe-fusion AbCs reported
hereafter. The data in Fig. 2, D and E, show
AbCs formed with the o-DR5 antibody AMG-
655 (23) for the following designs: d2.3, d2.4,
d2.7, t32.4, t32.8, 042.1, and i52.3. The data for
the i52.6 design shown in Fig. 2, D and E, are
from AbCs formed with the hIgGl antibody
mpe8 (54); this was simply because of limited
AMG-655 availability at the time of the experi-
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ment and not a reflection on i52.6/AMG-655
assembly competency. Tables S12 and S13 show
the list of IgGs and Fc-fusions that have been
formed into AbCs. Table S14: lists the amino
acid sequences of all successful AbC-forming
designs. Table S15 lists the amino acid se-
quences of Fc and Fe-fusions used in the fol-
lowing experiments.

SAXS

Samples were prepared for SAXS analysis by
first expressing and purifying AbCs with Fc
as described above. Fc AbCs were purified via
SEC into 150 mM NacCl and 25 mM Tris-HCI at
pH 8.0. Fractions corresponding to the Fc AbC
peak after SEC were combined, and glycerol
was added at 2% final concentration. Samples
were concentrated to between 1 and 3 mg/ml
using a 10K molecular weight cut-off (MWCO)
benchtop spin concentrator. The flow-through
was used as a blank for buffer subtraction
during SAXS analysis. Proteins were then passed
through a 0.22-um syringe filter (Millipore).
These proteins and buffer blanks were shipped
to the SIBYLS High Throughput SAXS Ad-
vanced Light Source in Berkeley, California,
to obtain scattering data (25). Scattering traces
were fit to theoretical models using the FOXS
server (https://modbase.compbio.ucsf.edu/foxs/)
(24). ScAtter3 was used for Ry, dinas, Gmax and
pair distance distribution [P(7)] analyses (https://
bl1231.als.Ibl.gov/scatter/). For the P(r) distribu-
tions, the Kullback-Leibler divergence (D) of
the experimental data from the design model
was calculated; Shannon sampling was used
to determine the number of points from which
to calculate D (55).

NS-EM specimen preparation and data
collection of Fc and IgG AbCs

For all samples except 042.1 Fc and i52.3 Fc,
3.0 ul of each SEC-purified sample between
0.008 and 0.014 mg/ml in TBS pH 8.0 was
applied onto a 400- or 200-mesh Cu grid glow-
discharged carbon-coated copper grids for 20 s,
followed by 2x application of 3.0 ul 2% nano-W
or UF stain.

For 14 samples (d2.3 Fc, d2.4 Fc, d2.7 Fc,
t32.4 Fc, t32.8 Fc, i52.6 Fc, d2.3 Fc, d2.4 1gG,
d2.71gG, t32.4 1gG, t32.8 IgG, 042.1 1gG, 152.3
1gG, and i52.6 IgG samples), micrographs were
recorded using Leginon software (56) on a
120 kV FEI Tecnai G2 Spirit with a Gatan
Ultrascan 4000 4k x 4k CCD camera at 67,000
nominal magnification (pixel size: 1.6 A per
pixel) or 52,000 nominal magnification (pixel
size: 2.07 &) at a defocus range of 1.0 to 2.5 um
(table S3).

For d3.08 Fc and d3.36 Fc samples, micro-
graphs were recorded via manual acquisition
on a 120 kV FEI L120C Talos TEM with a 4K x
4K Gatan OneView camera at 57,000 nominal
magnification (pixel size: 2.516 A per pixel) ata
defocus range of 1.0 to 2.5 um.
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NS-EM data analysis of Fc and IgG AbCs
Particles were picked either with DoGPicker
within the Appion interface (57) or cisTEM
(58); both are reference-free pickers. Contrast-
transfer function (CTF) was estimated using
GCTF (59) or cisTEM. 2D class averages were
generated in cryoSPARC (60) or in cisTEM.
Reference-free ab initio 3D reconstruction
using particles selected from 2D class averages
from each dataset was performed in cryoSPARC
or in ciSTEM (table S4:).

Cryo-EM specimen preparation and data
collection of 042.1 and i52.3 AbCs

Three microliters of 042.1 Fc sample at 0.8 mg/
ml in TBS pH 8.0 with 100 mM arginine was
applied onto glow-discharged 1.2-uym C-flat
copper grids. Three microliters of i52.3 Fc
sample at 0.1 mg/ml in TBS pH 8.0 was applied
onto glow-discharged 1.2-um C-flat copper grids
coated with a thin layer of continuous home-
made carbon. Grids were then plunge-frozen
in liquid ethane and cooled with liquid nitrogen
using an FEI MK4 Vitrobot with a 6-s blotting
time and O force for 042.1 Fc, and 2.5-s blotting
time and -1 force for i52.3 Fc. The blotting pro-
cess took place inside the Vitrobot chamber at
20°C and 100% humidity. Data acquisition was
performed with the Leginon data collection
software on an FEI Glacios electron microscope
at 200 kV and a Gatan K2 Summit camera. The
nominal magnification was 36,000 with a pixel
size of 1.16 A per pixel. The dose rate was ad-
justed to 8 counts per pixel per second. Each
movie was acquired in counting mode fraction-
ated in 50 frames of 200 ms per frame.

Cryo-EM data analysis of 042.1 and
i52.3 AbCs

For both 042.1 Fc and i52.3 Fc datasets, micro-
graphs were motion-corrected using Warp (61)
and exported to cryoSPARC for CTF estima-
tion with CTFFIND4. A manually picked set
of particles was used to generate 2D class
averages that were subsequently used (after
low-pass filtering to 20-A resolution) for
Template Picker in cryoSPARC on the whole
dataset. Particles were extracted with a box
size of 648 pixels and subjected to reference-
free 2D classification in cryoSPARC.

For the 042.1 Fc dataset, particles from se-
lected 2D classes were classified using ab initio
reconstruction in cryoSPARC with default pa-
rameters, four classes, and no symmetry im-
posed. Micrographs containing particles from
two classes out of four resulting ab initio
classes were subjected to Manually Curate
Exposures function in cryoSPARC to remove
bad micrographs. This set of particles, after
manual curation in cryoSPARC, underwent
another round of ab initio reconstruction in
cryoSPARC with default parameters, four
classes, and no symmetry imposed. One class
(4032 particles) from these four resulting ab
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initio classes was selected for Non-uniform
refinement (NUR) in cryoSPARC with no sym-
metry applied or with O symmetry applied.
The NUR map with no symmetry has a 17.7-A
resolution, and the NUR map with O sym-
metry applied has a 11.14-A resolution; both
maps were similar, justifying imposing O sym-
metry for the final reconstruction.

For the i52.3 Fc dataset, after one round of
2D classification in cryoSPARC, the micro-
graphs containing particles in a set of selected
2D classes were subjected to Manually Curate
Exposures function in cryoSPARC to remove
bad micrographs. This set of particles after
manual curation in cryoSPARC were sub-
jected to another round of 2D classification
in cryoSPARC. A total of 3918 particles from
selected 2D classes were reconstructed into
one 3D class using ab initio reconstruction in
cryoSPARC with no symmetry imposed, max-
imum and initial resolutions set to 6 and 12 A
respectively, initial and final minibatch sizes
set to 1000 images. The resulting C1 ab initio
map and particles then underwent NUR in
cryoSPARC with no symmetry applied or with
I symmetry applied. The NUR map with no
symmetry has a 18.44-A resolution, and the
NUR map with I symmetry applied has a
12.18-A resolution; both maps were similar,
justifying imposing I symmetry for the final
reconstruction.

All resolutions are reported on the basis of
the gold-standard Fourier shell correlation
FSC (GSFSC) = 0.143 criterion (62, 63), and
FSC curves were corrected for the effects of soft
masking by high-resolution noise substitution
(64). A summary of EM data acquisition and
processing is provided in tables S3 and S4.

Computational design of AbCs concurrent with
oligomer design

Given the success in designing AbCs when
using only previously validated oligomers, we
were curious whether we could design struc-
tures with newly designed cyclic oligomers.
This has the advantage of creating oligomer
building blocks for future applications as well
as additional AbCs. First, C3s were generated
by docking helical proteins into cyclic sym-
metries and designing a low-energy de novo
interface (20). Those C3s were used to design
48 AbCs across D3 dihedral (14), T32 tetrahedral
(11), O32 octahedral (15), and 132 icosahedral
(8) symmetries following the same fusion and
design approach described above. From these
designs, 36 were soluble, and two D3 dihedra
(fig. S5A) formed with Fc into structures very
similar to the designed models according to
SEC, SAXS, and NS-EM (fig. S5, B to E).

Stability experiments

Samples were prepared for stability analysis
by mixing equimolar amounts of each AbC-
forming design component with hIgGl Fc do-

2 April 2021

main. These were purified using SEC using a
Superose 6 column, following similar tech-
niques as described above, into TBS (150 mM
NacCl, 25 mM Tris-HCI, pH 8.0) with 50 mM
L-arginine (from a 1 M r-arginine, pH 8.0);
L-arginine was added to all designs as it had
been observed to reduce hydrophobic asso-
ciation for the i52.6 AbCs. After SEC, the
fractions corresponding to the AbC (leftmost
peak) were pooled. These were incubated at
room temperature and analyzed once per
week for up to 5 weeks post-SEC via DLS and
SDS-PAGE. Design d2.3 and d2.4 experiments
were started 3 weeks later than the other
six designs.

Dynamic light scattering

DLS measurements were performed using the
default Sizing and Polydispersity method on
the UNcle (Unchained Labs). AbCs (8.8 ul) were
pipetted into the provided glass cuvettes. DLS
measurements were run in triplicate at 25°C
with an incubation time of 1 s; results were aver-
aged across runs and plotted using GraphPad
Prism. Table S6 provides DLS summary data.

SDS-PAGE

Fc AbCs (10 ul) were diluted to ~0.1 mg/ml and
prepared for SDS by mixing with 2 ul of 6x
loading dye (197 mM Tris-HCl, pH 6.8; 70%
glycerol; 6.3% SDS; 0.03% bromophenol blue);
these were then heated for 5 to 10 min at 95°C
and loaded into the wells of a Tris-Glycine gel
(Bio-Rad, catalog #5678125). SDS running buf-
fer was prepared to a final concentration of
5 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3.
Two to five microliters of ladder was also
added (BioRad 161-0377 or 161-0374). The gel
was run for 25 to 30 min at 180 to 200 V or
until the dye reached near the bottom of the
gel. Gels were stained with Coomassie Brilliant
Blue dye using the GenScript eStain protein
staining system.

Exchange experiments

GFP-Fc and RFP-Fc were produced in Expi293F
cells and purified as described above. GFP-Fc
was mixed with 042.1 tetramer; a premixed
ratio of RFP-Fc and GFP-Fc (at a 25:1 molar
ratio) was separately combined with 042.1
tetramer as a positive control meant to mimic
100% exchange (as the GFP-Fc 042.1 AbC would
be mixed with 25-fold excess RFP-Fc). Fc-GFP
042.1 and 25:1 Fc-RFP:GFP 042.1 were purified
via a Superose 6 SEC column into TBS (150 mM
NacCl, 25 mM Tris-HCI, pH 8.0) with 50 mM
r-arginine. Fc-GFP 042.1 was then incubated
with 25-fold excess Fc-RFP at a final volume
of 2 ml and separated using an autosampler
set to inject 470 ul; the autosampler was nec-
essary to control injection volume (Cytiva ALIAS
autosampler). Time points were taken at 5 min,
2 hours, 4 hours, and 24 hours after mixing and
incubation at 25°C. Controls were GFP-Fc 042.1
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without added Fe-RFP, Fc-RFP without AbC,
and the “pre-exchanged” control normalized
to the GFP-Fc 042.1 molarity. 100 ul from each
peak fraction were then added to a 96-well
fluorescence plate (Corning, black polystyrene).
To measure GFP signal, excitation and emis-
sion wavelengths were set to 485 and 510,
respectively; for RFP signal, excitation and
emission wavelengths were set to 558 and 605,
respectively; fluorescence readings were taken
with the Neo2 Microplate Reader (BioTek).

DR5 and AIF-Fc experiments
Cell culture

Colorectal adenocarcinoma cell line-Colo205
was obtained from ATCC. Renal cell carcinoma
cell line RCC4 (RCC4-pBABE) was a gift from
W. Kaelin (Dana-Farber/Harvard Cancer Insti-
tute) (65). Primary kidney tubular epithelial
cells RAMO009 were a gift from S. Akilesh
(University of Washington). They were derived
from a 52-year-old male. The study (#1297) and
consent forms were approved by the University
of Washington’s IRB. Colo205 cells were grown
in RPMI1640 medium with 10% fetal bovine
serum (FBS) and penicillin/streptomycin. RCC4
cells were grown in Dulbecco’s modified eagle’s
medium (DMEM) with 10% FBS and penicillin/
streptomycin. RAM009 were grown in RPMI
with 10% FBS, ITS-supplement, penicillin/
streptomycin, and nonessential amino acids.
All cell lines were maintained at 37°C in a
humidified atmosphere containing 5% CO,.

Human umbilical vein endothelial cells
(HUVECs, Lonza, Germany, #C2519AS) were
grown on 0.1% gelatin-coated 35-mm cell cul-
ture dish in EGM2 media. Briefly, EGM2 con-
sist of 20% FBS, 1% penicillin-streptomycin,
1% Glutamax (Gibco, #35050061), 1% endo-
thelial cell growth factor (32), 1 mM sodium
pyruvate, 7.5 mM HEPES, 0.08 mg/mL heparin,
0.01% amphotericin B, a mixture of 1x RPMI
1640 with and without glucose to reach 5.6 mM
glucose concentration in the final volume.
Media was filtered through a 0.45-um filter.
HUVECs at passage 7 were used in Tie2 sig-
naling experiments. HUVECs at passage 6 were
used in the tube formation assay.

Caspase-Glo 3/7 and Caspase-Glo 8 assays

Cells were passaged using trypsin and 40,000
cells per well were plated onto a 96-well white
tissue culture plate and grown in appropriate
media. Medium was changed the next day
(100 pl per well) and cells were treated with ei-
ther uncaged o-DR5 AMG655 antibody (150 nM),
recombinant human TRAIL (150 nM), Fc-only
AbCs or 0-DR5 AbCs (150 nM, 1.5 nM, 15 pM
for caspase-3/7; only 150 nM and 1.5 nM were
tested for caspase-8) and incubated at 37°C for
24 hours (caspase-3/7) or 12 hours (caspase-8).
In all cases here and throughout, the anti-
body or AbC concentration refers to the pro-
tein’s asymmetric unit (e.g., the molar unit for
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the antibody is one heavy chain and one
light chain). The next day, 100 ul per well of
Caspase-Glo 3/7 reagent or Caspase-Glo 8 re-
agent (Promega, USA) were added into the
media and incubated for 1 hour (caspase-3/7)
or 2 hours (caspase-8) at 37°C. Luminescence
was then recorded using Perkin EnVision
microplate reader (Perkin Elmer). Statistical
comparisons were performed using GraphPad
Prism (see table S8 for full details).

CellTiter-Glo cell viability assay

(4-day viability)

Cells were plated onto a 96-well plate at 20,000
cells per well. The next day, cells were treated
with 150 nM of o-DR5 AbCs, TRAIL, and
o-DR5 antibody for 4 days. At day 4, 100 ul of
CellTiter-Glo reagent (Promega Corp. USA,
#G7570) was added to the 100 ul of media per
well, incubated for 10 min at 37°C, and lumi-
nescence was measured using a Perkin-Elmer
Envision plate reader.

AlamarBlue cell viability assay

(6-day viability)

Cells were seeded onto a 12-well tissue culture
plate at 50,000 cells/well. The next day, cells
were treated with a-DR5 AbCs, TRAIL, or a-DR5
antibodies at 150 nM concentration. Three days
later, cells were passaged at 30,000 cells per
well and treated with 150 nM of a-DR5 cages,
TRAIL, and a-DR5 antibody for 3 days. At 6 days,
the media was replaced with 450 ul per well of
fresh media and 50 ul of alamarBlue reagent
(Thermo Fisher Scientific, USA, #DAL1025)
was then added. After 4 hours of incubation
at 37°C, 50 ul of media were transferred into a
96-well opaque white plate and fluorescence
intensity was measured using plate reader ac-
cording to manufacturer’s instructions.

Protein isolation for Western blot analysis

Cells were passaged onto a 12-well plate at
80,000 cells per well and were grown until
80% confluency was reached. Before treat-
ment, the media was replaced with 500 pl of
fresh media. For DR5 experiments, AMG-655
antibody and TRAIL were added at 150 nM
concentration, and Fc-only nanocages or o-DR5
nanocages were added at 150 nM, 1.5 nM, and
15 pM concentration onto the media and incu-
bated for 24 hours at 37°C prior protein isola-
tion; as above, concentrations are calculated
on the basis of the asymmetric unit. For the
caspase inhibition experiment, RCC4 cells
were pretreated for 30 min with 10 uM of zZVAD
followed by treatment with 150 nM 042.1 o-DR5
Ab for additional 24 hours and total protein
isolation.

Media containing dead cells was transferred
to a 1.5 ml Eppendorf tube, and the cells were
gently rinsed with 1x phosphate-buffered saline
(PBS). Trypsin (1x) was added to the cells for
3 min. All the cells were collected into the
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1.5-ml Eppendorf containing the medium with
dead cells. Cells were washed once in PBS 1x
and lysed with 70 pl of lysis buffer contain-
ing 20 mM Tris-HCI (pH 7.5), 150 mM NaCl,
15% glycerol, 1% Triton, 3% SDS, 25 mM
B-glycerophosphate, 50 mM NaF, 10 mM so-
dium pyrophosphate, 0.5% orthovanadate,
1% PMSF (all chemicals were from Sigma-Aldrich,
St. Louis, MO), 25 U Benzonase Nuclease (EMD
Chemicals, Gibbstown, NJ), protease inhibitor
cocktail (PierceTM Protease Inhibitor Mini
Tablets, Thermo Scientific, USA), and phos-
phatase inhibitor cocktail 2 (#P5726), in their
respective tubes). Total protein samples were
then treated with 1 pl of Benzonase (Novagen,
USA) and incubated at 37°C for 10 min. Laemmli
Sample buffer (21.6 ul of 4x; Bio-Rad, USA)
containing 10% beta-mercaptoethanol was
added to the cell lysate and then heated at
95°C for 10 min. The boiled samples were
either used for Western blot analysis or stored
at —80°C.

Western blotting

The protein samples were thawed and heated
at 95°C for 10 min. Ten microliters of protein
sample per well was loaded and separated on
a4 1o 10% SDS-PAGE gel for 30 min at 250 V.
The proteins were then transferred onto a
nitrocellulose membrane for 12 min using the
semi-dry turbo transfer Western blot appa-
ratus (Bio-Rad, USA). Post-transfer, the mem-
brane was blocked in 5% nonfat dry milk for
1 hour. After 1 hour, the membrane was probed
with the respective antibodies: cleaved-PARP
(Cell Signaling, #9541, USA) at 1:2000 dilution;
Cleaved-caspase 8 (Cell Signaling, #9496, USA)
at 1:2000 dilution; pERK1/2 (Cell Signaling)
at 1:5000 dilution; pFAK (Cell Signaling) at
1:1000 dilution; p-AKT(S473) (Cell Signaling)
at 1:2000 dilution; and actin (Cell Signaling,
USA) at 1:10,000 dilution. Separately, for p-AKT
(S473) the membrane was blocked in 5% BSA
for 3 hours followed by primary antibody ad-
dition. Membranes with primary antibodies
were incubated on a rocker at 4°C, overnight.
Next day, the membranes were washed with
1x TBST (three times, 10-min interval), and the
respective HRP-conjugated secondary antibody
(Bio-Rad, USA) (1:10,000) was added and incu-
bated at RT for 1 hour. For p-AKT(S473), after
washes, the membrane was blocked in 5% milk
at room temperature for 1 hour and then incu-
bated in the respective HRP-conjugated sec-
ondary antibody (1:2000) prepared in 5% milk
for 2 hours. After secondary antibody incuba-
tion, all the membranes were washed with 1x
TBST (three times, 10-min interval). Western
blots were developed using Luminol reagent
(Immobilon Western Chemiluminescent HRP
Substrate, Millipore) for 3 to 15 s and imaged
using Bio-Rad ChemiDoc Imager. Data were
quantified using the ImageJ software to ana-
lyze band intensity.
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Quantifications were done by calculating
the peak area for each band. Each signal was
normalized to the actin quantification from
that lane of the same gel, to allow for cross-
gel comparisons. Fold-changes were then cal-
culated compared with PBS for all samples
except for the pAKT reported for the AlF-Fc
Western blot (there was not enough pAKT sig-
nal for comparison, so 042.1 A1F-Fc was used
for normalization). Statistical comparisons
were performed using GraphPad Prism (see
tables S8 and S9 for full detail). For all sta-
tistical analyses, means were compared with
the PBS condition.

Tube formation assay (vascular stability)

Vascular stability and tube formation were as-
sessed using a protocol modified from a pre-
vious report (66). Briefly, passage 6 HUVECs
were seeded onto 24-well plates precoated
with 150 ul of 100% cold Matrigel (Corning,
USA) at a density of 150,000 cells per well,
along with scaffolds at 89 nM F-domain con-
centrations or PBS in low-glucose DMEM
medium supplemented with 0.5% FBS for
24-hours. At the 24-hour time point, old media
was aspirated and replaced with fresh media
without added AbCs or controls. The cells were
incubated up to 72 hours. Cells were imaged
at 48- and 72-hour time points using Leica
Microscope at 10x magnification under phase
contrast. Thereafter, the tubular formations
were quantified by calculating the number of
nodes, meshes and tubes using the Angiogenesis
Analyzer plugin in Image J software. Vascular
stability was calculated by averaging the num-
ber of nodes, meshes, and tubes, and then nor-
malizing to PBS. Statistical comparisons were
performed using GraphPad Prism (see table S9
for full detail).

Human serum AIF-Fc AbC
incubation experiment

HUVECs (C2519AS, Lonza) were grown to at
least 80% confluence in 24-well plate format
pretreated with attachment factor (S006100,
Thermo Fisher) and cultured in EGM-2 growth
medium (CC-3162, Lonza) according to man-
ufacturer's instructions. The cells were then
starved in DMEM low-glucose serum-free media
(11885084, Gibco) for 24 hours. In parallel, pro-
teins were incubated in 100% human serum
(Sigma, H4522-100ML) at 1.5 uM for 24 hours
at 4° or 37°C; dilutions of AbC into serum were
~1:4 (ADbC to final, v/v). After starvation and
protein incubation, cell media was replaced,
and proteins were added to the cells at a final
concentration of 150 nM for 30 min at 37°C.
Conditions with human serum were all nor-
malized to a final concentration of 10% upon
addition to the cell media. After treatment, the
media was aspirated, and cells were washed
once with PBS before lysis. Cells were lysed
with 60 ul of lysis buffer containing 50 mM
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HEPES, 150 mM Nacl, 10% glycerol, 1% Triton
X-100, 3% SDS, 25 mM B-glycerophosphate,
100 mM NaF, 10 mM sodium pyrophosphate,
1 mM EGTA, 1.5 mM MgCl,, 1% sodium or-
thovanadate, 300 uM PMSF, 25 U DNase, 1%
phosphatase inhibitor cocktail 2 (all chemicals
were from Sigma-Aldrich), and protease inhib-
itor cocktail (PierceTM Protease Inhibitor Mini
Tablets, Thermo Scientific, USA). Cell lysate
was collected in a fresh Eppendorf tube. Lysate
samples were prepared using the Anti-Rabbit
Detection Module for the Jess instrument
(ProteinSimple) and boiled for 10 min at 98°C.
A 12-to 230-kDa 25-capillary cartridge and
microplate were used for the Jess instrument,
using the anti-phospho-Akt (S473) (D9E) XP
rabbit monoclonal antibody (4060, Cell Sig-
naling) with a 30-min incubation time. Replicate
chemiluminescent peak values corresponding
to phospho-Akt (~56 kDa) are reported.

Immune cell activation materials and methods
CD40 luminescence assay

A nonagonistic antibody (clone LOB7/6, pro-
duct code MCA1590T, BioRad), was combined
with the octahedral 042.1 AbC-forming design
as described above and further characterized
by DLS and NS-EM (fig. S10). Negative con-
trol 042.1 AbC was made using a non-CD40-
binding IgG (mpe8), which binds to respiratory
syncytial virus spike protein (54). These two
AbCs, along with uncaged LOB7/6 and a posi-
tive control CD40-activating IgG (Promega,
#K118A) were diluted to make a 10-point,
threefold dilution series for triplicate technical
repeats starting at 1.2 uM; as described above,
concentrations are calculated on the basis of
the asymmetric unit. The positive control
CD40-activating IgG (K118A) is a murine
IgGla antibody, it was not compatible for
assembly with the 042.1 design, likely be-
cause of the low binding interface between
protein A and mIgGla (data not shown). Par-
ticles were filtered using a 0.22-um syringe filter
(Millipore) and AbC formation was assessed
using SEC and DLS using procedures described
above. SEC was used as an analytical technique
to show absence of unassembled components;
owing to the expense of commercial antibodies
and the typical loss of yield using SEC, as would
be expected for any filtration technique, we did
not use SEC as a separation technique here
before DLS measurements or in vitro assays.
SEC and DLS confirm the presence of the
designed assemblies and absence of off-target
or unassembled species; the 042.1 AbCs eluted
in the SEC void of the Superose 6 column as
expected given their designed and verified radii
(~40 nm when formed with IgGs). Postfiltra-
tion concentration readings were taken and
confirmed that there was no sample loss when
using the syringe filter.

To assay CD40 activation, we followed man-
ufacturer’s instructions for a bioluminescent
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cell-based assay that measures the potency of
CD40 response to external stimuli such as
1gGs (Promega, JA2151). Briefly, CD40 effector
CHO cells were cultured and reagents were
prepared according to the assay protocol. The
antibodies and AbCs were incubated with the
CD40 effector CHO cells for 8 hours at 37°C,
5% CO,. Bio-Glo Luciferase Assay System
(G7941) included in the assay kit is used to
visualize the activation of CD40 from lumines-
cence readout from a plate reader. The Bio-Glo
reagent is applied to the cells, and lumines-
cence was detected by a Synergy Neo2 plate
reader every min for 30 min. Data were ana-
lyzed by averaging luminescence between
replicates and subtracting plate background.
The fold induction of CD40-binding response
was determined by the relative luminescent
unit (RLU) of sample normalized to RLU of
no antibody controls. Data curves were plotted
and the median effective concentration (ECs)
was calculated using GraphPad Prism using
the log(agonist) versus response-Variable
slope (four parameters); see table S10 for
ECs0 values and 95% confidence interval
(CI) values.

T cell proliferation and flow cytometry

Mosaic AbCs were formed by mixing a-CD3
(clone name: OKT3, BioLegend) and a-CD28
(CD28.6, #16-0288-85, Thermo Fisher) anti-
bodies together first, and then combining with
excess 042.1 AbC-forming design. Mosaic a-CD3/
28 042.1 cages were purified via SEC into PBS
as described above. SEC and DLS confirmed
the assembly of 042.1 AbCs, which eluted as
expected into the void volume in SEC given the
particle’s size.

Primary human PBMCs were obtained upon
written informed consent from the Virginia
Mason Medical Center in Seattle, Washington,
USA. All studies were approved by the Institu-
tional Review Board of the Benaroya Research
Institute (Seattle, WA). Naive CD4" conventional
human T cells (CCR7"CD45RA*CD127"CD25%)
were isolated from PBMC by cell sorting to >99%
purity. PBMCs were first labeled with 2.5 uM
Cell Proliferation Dye (CPD) e670 (Thermo
Fisher) according to manufacturer instructions,
then rested for 1 hour at 37°C and 5% CO..
CPD-labeled cells were harvested, incubated
with viability dye ef780 (Thermo Fisher), and
stained in buffer containing HBBS + 0.3% BSA
with indicated fluorescently labeled surface
markers. Cell sorting and analysis were per-
formed on a FACSAria Fusion (BD Biosciences)
using an 85-uM nozzle at 45 psi. Sorted T cells
(1 x 10° ml) were incubated in the presence
of indicated stimulation conditions (0.01 uM)
in ImmunoCult-XF T Cell Expansion Medium
(Stem Cell). After 4 to 5 days, cells were har-
vested and restained with fluorescent antibodies.
Data were analyzed using FlowJo software (Tree
Star, Inc.)
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Viral neutralization

CV1, CV3, and CV30

0-CoV-2 S cages using CV IgGs were prepared
by mixing a-CoV-2 S IgGs with a 1:1 molar
ratio of 042.1 design component and purifying
via SEC into TBS, following similar protocols
to those as described above for AbC assembly.

HIV-1-derived viral particles were pseudo-
typed with full length wild-type SARS-CoV-2 S
(67). Briefly, plasmids expressing the HIV-1
Gag and pol (pHDM-Hgpm2, BEI Resources,
#NR-52517), HIV-1Rev (pRC-CMV-revlb, BEI
Resources, #NR-52519), HIV-1 Tat (pHDM-tatlb,
BEI Resources, #NR-52518), the SARS-CoV-2
spike (pHDM-SARS-CoV-2 Spike, BEI Resources,
#NR-52514) and a luciferase/GFP reporter
(pPHAGE-CMV-Luc2-IRES-ZsGreen-W, BEI Re-
sources, #NR-52516) were cotransfected into
203T cells at a 1:1:1:1.6:4.6 ratio using 293 Free
transfection reagent (EMD Millipore, #72181)
according to the manufacturer’s instructions.
Transfected cells were incubated at 32°C for
72 hours, after which the culture supernatant
was harvested, clarified by centrifugation, and
frozen at —80°C.

HEK293 cells stably expressing ACE2 (HEK-
293T-hACE2, BEI Resources, #NR-5251) were
seeded at a density of 4 x 10? cells per well in a
100 pl volume in 96-well flat- and clear-bottomed
black-walled plates (Greiner Bio-One, #655090)
(67). The next day, IgG alone, or in complex
with cage components, was serially diluted in
30 ul of complete DMEM (cDMEM) in 96-well
round-bottomed plates in triplicate; as described
above, concentrations were calculated on the
basis of the asymmetric unit.

An equal volume of viral supernatant was
added to each well and incubated for 60 min
at 37°C. Meanwhile, 50 ul of cDMEM contain-
ing 6 pug/ml polybrene was added to each well
of 293T-ACE2 cells (2 pug/ml final concentra-
tion) and incubated for 30 min. The media was
aspirated from 293T-ACE2 cells, and 100 pl
of the virus-antibody mixture was added. The
plates were incubated at 37°C for 72 hours. The
supernatant was aspirated and replaced with
100 ul of Steady-Glo luciferase reagent (Promega),
and the plate was read on a Fluorskan Ascent
Fluorimeter. Control wells containing virus but
no antibody (cells + virus) and no virus or anti-
body (cells only) were included on each plate.

Percent neutralization for each well was
calculated as the RLU of the average of the
cells + virus wells, minus test wells (cells +
IgG + virus), and dividing this result difference
by the average RLU between virus control
(cells + virus) and average RLU between wells
containing cells alone, multiplied by 100. The
1C5, was interpolated from the neutralization
curves determined using the log(inhibitor)
versus response-Variable slope (four param-
eters) fit using GraphPad Prism Software.
Experiments were performed in duplicate. See
table S4 for IC5, values and 95% CI values.

Divine et al., Science 372, eabd9994 (2021)

Fc-ACE2

Murine leukemia virus (MLV)-based SARS-
CoV-2 S-pseudotyped viruses were prepared
as previously described (43). Briefly, human
embryonic kidney 293T (HEK293T) cells were
cotransfected with a SARS-CoV-2 S encoding-
plasmid, an MLV Gag-Pol packaging plasmid,
and the MLV transfer vector encoding a lucif-
erase reporter using the Lipofectamine 2000
transfection reagent (Life Technologies) accord-
ing to the manufacturer’s protocols. Transfec-
tion mixtures were added dropwise to HEK293T
cells. Cells were then incubated in the trans-
fection mixture and OPTI-MEM for 5 hours at
37°C with 8% CO, before the medium was
exchanged into DMEM containing 10% FBS.
After 72 hours, the pseudovirus-containing
supernatant was collected, centrifuged for
10 min at 3000g to clear cell debris, and fil-
tered using a 0.45-um filter with PES-membrane
(MilliporeSigma). The pseudoviruses were
concentrated using 30 kDa cut-off concen-
trators (Amicon) and stored at —80°C until
further use.

HEK-293T-hACE2 (BEI Resources, #NR-5251)
were cultured in DMEM containing 10% FBS
and 1% PenStrep (67). Sixteen to twenty-four
hours before infection, cells were plated into
white-sided clear-bottomed 96-well plates
coated with Poly-L-Lysine solution (Sigma
Aldrich, #P4707). Briefly, 25 ul Poly-L-Lysine
solution was added to each well. The plate was
incubated at room temperature for 10 min be-
fore removal of Poly-1-Lysine and washing with
tissue culture grade water. The Poly-1-lysine-
coated plate was dried for 10 min before the
cell plating step. Before transfection the HEK-
293T-hACE2, 96-well plates were washed three
times with DMEM. Fc-ACE2 (Sino Biological,
#10108-HO2H), 042.1 Fc, and 042.1 Fc-ACE2
were purified via SE,C as described above, and
serially diluted 2x in DMEM starting from
800 nM; all concentrations are calculated on
the basis of the asymmetric unit. Equal vol-
umes of concentrated pseudovirus and serial
dilution of treatments (Fc-ACE2, 042.1 Fc par-
ticles or 042.1 Fc-ACE2 particles or DMEM)
were combined and incubated for 30 min and
then added to the cells. After 2 to 3 hours,
DMEM containing 20% FBS and 2% PenStrep
was added to the cells. Forty-eight hours after
infection, One-Glo-EX (Promega) was added
to the cells, and cells were incubated in the dark
for 5 to 10 min before reading on a Varioskan
LUX plate reader (Thermo Fisher). As above,
1C5, was interpolated from the neutralization
curves determined using the log(inhibitor)
versus response-Variable slope (four parame-
ters) using GraphPad Prism Software. The dif-
ference in ICy5, was compared using the extra
sum-of-squares F-test function in Prism with a
P-value cutoff at 0.05. Experiments were per-
formed in technical duplicate. See table S11 for
1Cs0 values and 95% CI values.
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Designed proteins assemble antibodies into modular nanocages
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Integrating form and function for design

Antibodies are broadly used in therapies and as research tools because they can be generated against a wide
range of targets. Efficacy can often be increased by clustering antibodies in multivalent assemblies. Divine et al.
designed antibody nanocages from two components: One is an antibody-binding homo-oligomic protein and the other is
the antibody itself. Computationally designed proteins drive the assembly of antibody nanocages in a range of
architectures, allowing control of the symmetry and the antibody valency. The multivalent display enhances
antibody-dependent signaling, and nanocages displaying antibodies against the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) spike protein effectively neutralize pseudovirus.
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