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De novo protein design enables the precise induction
of RSV-neutralizing antibodies
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Marie-Anne Rameix-Welti, Vicente Mas, Sean Ervin, Jean-Francois Eléouét, Sabine Riffault,

John T. Bates, Jean-Philippe Julien, Yuxing Li, Theodore Jardetzky, Thomas Krey, Bruno E. Correia§

INTRODUCTION: The ultimate goal of de novo
protein design is to create proteins endowed
with new biological functions. From a structural
perspective, this remains a challenge because
most biological functions in natural proteins
are mediated by irregular and discontinuous
structural motifs. By contrast, state-of-the art
techniques for de novo protein design excel at
designing highly regular structures. Thus, most
de novo proteins designed so far are either func-
tionless or present functions that are encoded by
regular, continuous secondary structures.

A promising application for de novo pro-
teins is in vaccine design, more specifically the
design of proteins that mimic a viral epitope

outside the context of the native protein. These
proteins, when used as immunogens, have
shown promise in inducing targeted virus-
neutralizing antibodies (nAbs) in vivo. To date,
epitope-focused immunogens have been lim-
ited to single epitopes that are regular and
continuous, greatly limiting their potential in
the field of vaccine design.

RATIONALE: A major bottleneck for the design
of proteins endowed with complex functional
motifs is the lack of appropriate design tem-
plates in the known structural repertoire. Here,
we propose a strategy to assemble protein
topologies tailored to the functional motif with
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De novo design of a trivalent cocktail vaccine. Structurally complex RSV neutralization epitopes were
stabilized in de novo-designed proteins. The computational tool TopoBuilder builds customized protein
topologies to stabilize functional structural motifs, followed by folding and sequence design using Rosetta. In
vivo, a three-scaffold cocktail induced focused RSV nAbs against the target epitopes in mice and NHPs.
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the ultimate aim of enabling the design of
de novo proteins endowed with complex struc-
tural motifs. We sought to apply this approach
to develop an immunogen cocktail presenting
three major antigenic sites of the respiratory
syncytial virus (RSV) fusion protein (RSVF),
aiming to induce nAbs acting through precisely
defined epitopes.

RESULTS: We developed a novel computational
design strategy, TopoBuilder, to build de novo
proteins presenting complex structural motifs.
TopoBuilder enabled us to define and build
protein topologies to stabilize functional motifs,
followed by in silico folding and sequence de-
sign using Rosetta.

In vitro, the computationally designed pro-
teins bound with high affinity to a panel of
human, site-specific RSV nAbs. High-resolution
crystal structures of the designs confirmed the
atomic-level accuracy of the models and the
presented neutralization epitopes.

In vivo, cocktail formu-
lations of the immunogens
(“Trivax”) induced a bal-
anced antibody response
targeting three defined ep-
itopes, yielding neutraliz-
ing serum levels in mice
and nonhuman primates
(NHPs) after a single boost. Trivax elicited a
remarkably focused immune response toward
the target antigenic sites. Moreover, when used
as a boosting immunogen after prefusion RSVF
administration, Trivax profoundly reshaped the
serum composition, leading to a higher fraction
of epitope-specific antibodies and an increased
quality of the antibody response compared with
prefusion RSVF boosting immunizations. At the
molecular level, monoclonal antibodies isolated
from Trivax-immunized NHPs were epitope spe-
cific, and in one instance resembled those in-
duced by viral infection in humans.

Read the full article
at https://dx.doi.
org/10.1126/
science.aay5051

CONCLUSION: Our work provides a new route to
functionalizing de novo proteins and presents a
blueprint for epitope-centric vaccine design, of-
fering an unprecedented level of control over
induced antibody specificities in both naive and
primed antibody repertoires. Beyond immunogens,
the ability to design de novo proteins presenting
functional sites with high structural complexity will
be broadly applicable to expanding the structural
and sequence repertoires, but above all, the func-
tional landscape of natural proteins.
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De novo protein design enables the precise induction
of RSV-neutralizing antibodies
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Jean-Francois Eléouét?, Sabine Riffault®, John T. Bates'3, Jean-Philippe Julien®’, Yuxing Li%*,
Theodore Jardetzky*, Thomas Krey>'5'61%18 Bruno E. Correia®§

De novo protein design has been successful in expanding the natural protein repertoire. However, most
de novo proteins lack biological function, presenting a major methodological challenge. In vaccinology,
the induction of precise antibody responses remains a cornerstone for next-generation vaccines. Here,
we present a protein design algorithm called TopoBuilder, with which we engineered epitope-focused
immunogens displaying complex structural motifs. In both mice and nonhuman primates, cocktails of
three de novo-designed immunogens induced robust neutralizing responses against the respiratory
syncytial virus. Furthermore, the immunogens refocused preexisting antibody responses toward
defined neutralization epitopes. Overall, our design approach opens the possibility of targeting specific

epitopes for the development of vaccines and therapeutic antibodies and, more generally, will be
applicable to the design of de novo proteins displaying complex functional motifs.

he computational design of new pro-

teins from first principles has revealed a

variety of rules for the accurate design

of structural features in de novo pro-

teins (I-4). However, the de novo design
of functional proteins remains far more chal-
lenging (5, 6). A commonly used strategy to
design functional proteins is to transplant
structural motifs from other proteins into pre-
existing or de novo protein scaffolds (7-9). In
nearly all cases previously reported, the trans-
planted motifs mediated protein-protein inter-
actions. These structural motifs are common in
the natural protein repertoire, for example, in
linear helical segments, which allows their
grafting without extensive backbone adjust-
ments (7, 8). Most protein functional sites,
however, are not contained within regular sin-
gle segments in protein structures but rather
arise from the three-dimensional (3D) arrange-
ment of multiple, and often irregular, structural
elements supported by the overall architecture
of the protein structure (10-12). Therefore, the
development of computational approaches to

endow de novo proteins with irregular and
multisegment motifs is crucial to expanding
their function and the scope of their application.

Protein design has sparked hopes in the
field of rational vaccinology, particularly to
elicit targeted neutralizing antibody (nAb)
responses (9, 13). Although many potent nAbs
have been identified and structurally charac-
terized in complex with their target antigens,
the design of immunogens that elicit precise
and focused antibody responses remains a
major challenge (14, 15). To date, structure-
based immunogen design efforts have mostly
focused on modifying viral fusion proteins
through conformational stabilization, silenc-
ing of non-neutralizing epitopes, and targeting
the germline precursors of nAbs. (16). Unlike
respiratory syncytial virus (RSV), several major
human pathogens only display a limited num-
ber of broadly neutralizing epitopes that are
surrounded by strain-specific, non-neutralizing,
or disease-enhancing epitopes (17-19). Thus, one
of the central goals for vaccine development is to
elicit antibody responses with precisely defined

epitope specificities and, in some cases, con-
strained molecular features (e.g., antibody lineage,
complementarity-determining region length,
or binding angle) (20-24).

The difficulty in developing immunogens
that can elicit antibodies specific for a restricted
subset of epitopes on a single protein continues
to be a critical barrier to rational vaccine de-
sign. Previous studies have sought to elicit
epitope-specific responses using peptide-
based approaches (25) or epitope scaffolds
(9, 13, 26-28). Leveraging computational
design, the antigenic site II of the RSV fusion
protein (RSVF), a linear helix-turn-helix motif,
was transplanted onto a heterologous protein
scaffold, which was shown to elicit nAbs in
nonhuman primates (NHPs) after repeated
boosting immunizations (9). Despite this proof-
of-principle showing the induction of functional
antibodies using a computationally designed
immunogen, two major caveats have emerged:
the neutralization titers observed in immuno-
genicity studies were inconsistent and the
computational approach was not suitable for
structurally complex epitopes.

To address these limitations, we used de novo
design approaches to engineer epitope-focused
immunogens mimicking irregular and discon-
tinuous RSV neutralization epitopes [sites O
(29) and 1V (30); Fig. 1]. We designed a trivalent
cocktail formulation (“Trivax”) consisting of a
previously published immunogen for site II (13)
and in-house-designed immunogens mimick-
ing sites 0 and IV. In vivo, Trivax induced a
balanced antibody response against all three
epitopes, resulting in consistent levels of serum
neutralization in six of seven NHPs. Upon
priming with RSVF, the computationally de-
signed immunogens boosted site-specific anti-
bodies, resulting in an improved antibody
quality. Our approach enables the targeting of
specific epitopes for the development of vac-
cines and therapeutic antibodies and, more
broadly, will be applicable in the design of
de novo proteins displaying complex func-
tional motifs.

Results
De novo design of immunogens presenting
structurally complex epitopes

The computational design of proteins mimick-
ing structural motifs has been done previously
by first identifying compatible protein scaffolds,
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Fig. 1. Computational design of RSV epitope-focused immunogens. (A) Prefusion RSVF structure (PDB 4JHW) with sites O, II, and IV highlighted. (B) Computational
protein design strategies. Approach 1: Design templates were identified in the PDB, followed by in silico folding and design. Approach 2: A template-free design
approach (“TopoBuilder”) was developed to tailor the protein topology to the motif's structural constraints. At the bottom are computational models of the designed
immunogens. a, alpha helix; B, beta strand; ddG, computed binding energy. (C) Cocktail formulations of designed immunogens displayed on nanoparticles elicit

nAbs focused on three nonoverlapping epitopes.

which then serve as design templates to
graft the motifs (7, 26-28, 31, 32). This ap-
proach, referred to as template-based design,
has been used to transplant functional sites
both to structures from the natural repertoire
(26-28, 31, 32) and to those from de novo-
designed proteins (7). Although most studies
have focused on linear, regular binding motifs,
one study successfully grafted a structurally
complex HIV epitope into an existing protein
scaffold. However, both the overall structure
and sequence of the template remained most-
ly native (31).

Here, we sought to design accurate mimetics
of RSVF neutralization epitopes based on
de novo proteins and evaluate their function-
ality in immunization studies. We chose anti-
genic sites 0 and IV (Fig. 1A), which are both
targeted by potent nAbs and have a high struc-
tural complexity; site O is a discontinuous epi-
tope consisting of a kinked, 17-residue alpha
helix and a disordered, seven-residue loop
(29, 33), whereas site IV presents an irregular,
six-residue, bulged beta strand (30).

In a first effort, we used a template-based
de novo design approach relying on Rosetta
FunFolDes (34) to fold and design scaffolds for
sites IV and 0. Given the structural complexity
of these sites, few structures in the Protein
Data Bank (PDB) matched the backbone con-

Sesterhenn et al., Science 368, eaay5051 (2020)

figuration of the epitopes, even using loose
structural criteria (fig. S1). Briefly, our best
computational design for site IV (S4_1.1),
based on a domain excised from prefusion
RSVF (preRSVF), bound with weak affinity
to the target nAb 101F [dissociation constant
(Kp) > 85 uM]. After in vitro evolution, we
obtained a double mutant (S4_1.5) that bound
101F with a Kp, of 35 nM and was thermostable
up to 65°C (Fig. 2, B to D, and figs. S2 and S3).
For site 0, we used a designed helical repeat
protein [PDB 5CWJ (35)] as a design template.
Our first computational design showed a K, of
14 uM to the target D25 nAb, which we im-
proved to a Ky, of 5 nM upon several truncations,
iterative rounds of computational design, and in
vitro evolution (Fig. 2 and figs. S4 and S5).

This template-based approach led to designs
that presented several desired features (e.g.,
stability and antibody binding). However, im-
portant limitations emerged during the design
process: (i) extensive in vitro evolution optimi-
zation was required, (ii) binding affinities to tar-
get nAbs were one to two orders of magnitude
lower than those of the viral protein (preRSVF),
and (iii) suboptimal template topologies con-
strained the epitope accessibility (fig. S6).

To address these limitations, we developed
a template-free design protocol, TopoBuilder,
which generates tailor-made protein topol-

15 May 2020

ogies to stabilize complex functional motifs.
TopoBuilder consists of three stages (Fig. 3A).
The first stage is topological sampling in 2D
space. To quickly define the fold space com-
patible with the target structural motif, we
used the opa-Form topology definition scheme,
a string-based descriptor that allows the ex-
tensive enumeration of multilayer protein to-
pologies with alternating secondary structure
elements and all possible connections between
the secondary structural elements (36, 37).
Putative folds were then selected according to
basic topological rules (e.g., lack of crossover
loops and chain directionality of the func-
tional motif). This allowed the definition of
the fold space for a given design task, thereby
overcoming a main hurdle in de novo design
approaches. The second stage of TopoBuilder
is 3D projection and parametric sampling. The
selected 2D topologies were projected into the
3D space by assembling idealized secondary
structure elements (SSEs) around the fixed
functional motif. These 3D structures, referred
to as “sketches,” were further refined by coarsely
sampling structural features of the fold (e.g.,
distances and orientations between SSEs) using
parametric sampling. The final stage is flexible
backbone sampling and sequence design. To
refine the structural features of the sketches at

the all-atom level and to design sequences that
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Fig. 2. Template-based computational design. (A) Templates with
structural similarity to sites IV and O were identified by native domain
excision or loose structural matching, followed by in silico folding, design, and
directed evolution. Computational models of intermediates and final designs
(S4_1.5 and SO_1.39) are shown and the number of mutations (N;.) and
truncated residues (Ny.,.) are indicated for each step. (B) CD spectra

stabilize these structures, we used Rosetta
FunFolDes as described previously (9, 34).

To present antigenic site IV, we designed a
fold composed of a beta sheet with four anti-
parallel strands and one helix (Fig. 3A), referred
to as the S4 2 fold. Within the S4_2 topology,
we generated three structural variants (S4:_
2_bbl to S4_2 bb3) by sampling three distinct
orientations of the helical element, varying both
orientations and lengths to optimize the packing
interactions with the beta sheet. Sequences gen-
erated from two structural variants (S4_2_bb2
and S4_2_bb3) showed a strong propensity to
recover the designed structures in Rosetta ab
initio simulations (fig. S7).

To evaluate our design approach, we screened
a library of designed sequences using yeast
display and applied two selective pressures:
binding to the 101F antibody and resistance to
the nonspecific protease chymotrypsin (Fig. 3B),
an effective method to digest partially unfolded

Sesterhenn et al., Science 368, eaay5051 (2020)
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proteins (7, 38). To reveal structural and se-
quence determinants of designs that led to
stable folds and high-affinity binding to 101F,
we performed next-generation sequencing of
populations sorted under different conditions,
retrieving stability and binding scores for each
design. We found that S4_2_bb2-based de-
signs were preferentially enriched over the bbl
and bb3 design series, showing that subtle
topological differences in the design template
can have a substantial impact on function and
stability (Fig. 3C). Thirteen of the 14 best-
scoring S4. 2 variants, bearing between one
and 38 mutations compared with each other,
were successfully purified and biochemically
characterized (fig. S8). The designs showed
mixed alpha-beta circular dichroism (CD)
spectra and bound to 101F with affinities
ranging from 1 to 200 nM (fig. S8). The best
variant, S4_2.45, was well folded according
to CD and nuclear magnetic resonance (NMR)

15 May 2020
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measured at 20°C of S4_1.5 (top) and SO_1.39 (bottom) are in agreement
with the expected secondary structure content of the design models.

MRE, mean residue ellipticity. (C) Thermal melting curves measured by CD in
presence of reducing agent. (D) Binding affinity measured by surface
plasmon resonance against target antibodies 101F (top) and D25 (bottom).
Sensorgrams are shown in black and fits in red.

spectroscopy and only showed partial unfold-
ing even at 90°C (Fig. 3E and fig. S9). S4_2.45
showed a Kp of 1 nM to the target antibody
101F (Fig. 3G), consistent with the preRSVF-
101F interaction (Kp = 4 nM).

Similarly, we built a minimal de novo topol-
ogy to present the tertiary structure of the site
0 epitope. The choice for this topology was
motivated by the native environment of site 0
in preRSVF, where it is accessible for anti-
bodies with diverse angles of approach (33)
(fig. S6). We explored the topological space
within the shape constraints of preRSVF and
built three different helical orientations (SO_
2_bbl to SO_2_bb3) that supported the epitope
segments. Rosetta ab initio folding predictions
showed that only designs based on one topol-
ogy (SO_2_bb3) presented funnel-shaped energy
landscapes (fig. S10). A set of computationally
designed sequences based on the SO_2_bb3
template was screened in yeast under the
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Fig. 3. Template-free de novo design strategy. (A) Protein topologies
compatible with each motif are enumerated in the 2D space. Selected
topologies are then projected into the 3D space using idealized SSEs and
their relative orientation is sampled parametrically. Distance constraints are
derived from selected topologies to guide in silico folding and sequence
design using Rosetta. (B) Designed sequences were screened for high-affinity
binding and resistance to chymotrypsin to select stably folded proteins, as
revealed by next-generation sequencing (NGS). (C) For the S4_2 design
series, enrichment analysis revealed a strong preference for one of the

selective pressure of two site O-specific anti-
bodies (D25 and 5C4) to ensure the presentation
of the native epitope conformation. Deep se-
quencing of the double-enriched clones revealed
that subtle sequence variants (e.g., position 28)
are sufficient to change the antibody-binding
properties of the designs, highlighting the chal-
lenges of designing functional proteins (Fig. 3D).
From the high-throughput screening, we bio-
chemically characterized five sequences bearing

Sesterhenn et al., Science 368, eaay5051 (2020)
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between three and 21 mutations compared
with each other in a protein of 58 residues (fig.
S11). The design with best solution behavior
(S0_2.126) showed a CD spectrum of a predo-
minantly helical protein, with extremely high
thermostability [melting temperature (7,) =
81°C; Fig. 3F] and a well-dispersed hetero-
nuclear single quantum coherence NMR spec-
trum (fig. S9). S0_2.126 bound with Kps of

~50 pM and 4 nM to D25 and 5C4, respective-

15 May 2020
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designed helical orientations (S4_2_bb2, green) to resist protease

digestion and to bind with high affinity to 101F. E, enrichment. (D) To
ensure epitope integrity, SO_2_bb3 was screened for binding to both D25 and
5C4. Sequences highly enriched for both D25 and 5C4 binding show
convergent sequence features in the critical core position 28 of the site 0
scaffold. (E and F) Thermal melting curves measured by CD for best
designs [S4_2.45 (E) and SO_2.126 (F)] showing high thermostability.

(G and H) Kp of S4_2.45 to 101F (G) and SO_2.126 to D25 (H) as measured by
surface plasmon resonance.

ly, which is consistent with the affinities of the
nAbs to preRSVF (~150 pM and 13 nM for D25
and 5C4, respectively) (Fig. 3H and fig. S12).
Across a panel of site-specific human nAbs
(39), S4_2.45 and SO0_2.126 showed large-
affinity improvements compared with the
first-generation designs, exhibiting a geo-
metric mean affinity closely resembling that
of the antibodies to preRSVF (fig. S12). These
results suggest that the immunogens designed
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Fig. 4. Structural characterization of de novo-designed immunogens.
(A) Crystal structure of S4_2.45 (orange) bound to 101F Fab closely matches
the design model (gray, RMSD = 1.5 A). (B) NMR structural ensemble of
S0_2.126 (purple) superimposed on the computational model (gray). The
NMR structure shows overall agreement with the design model (backbone
RMSD of 2.9 A). (C) Crystal structure of S0_2.126 (purple) bound to D25 Fab

using TopoBuilder were superior mimetics of
sites IV and 0 compared with the template-
based designs.

De novo-designed topologies adopt the
predicted structures with high accuracy

To evaluate the structural accuracy of the
computational design approach, we solved
the crystal structure of S4_2.45 in complex
with 101F at 2.6 A resolution. The structure
closely resembled our design model, with a
backbone root mean square deviation (RMSD)
of 1.5 A (Fig. 4A). The epitope was mimicked
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NMR ensemble RMSD =2.9 A

Computational model

RMSD: 1.03 A

180°

with an RMSD of 0.23 A and retained all es-
sential interactions with 101F (Fig. 4, D and E,
and fig. S13). The structural data confirmed
that we accurately presented an irregular beta
strand, a common motif found in many protein-
protein interactions (40), in a fully de novo-
designed protein with sub-angstrom accuracy.
Next, we solved an unbound structure of
S0_2.126 by NMR, confirming the accuracy
of the designed fold with a backbone RMSD
of 2.9 A between the average structure and
the computational model (Fig. 4B). Addition-
ally, we solved a crystal structure of SO_2.126
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RMSD =1.4 A
E value =0.11

Xray structure
Computational model

S4 2.45

101F/peptide complex

closely resembles the design model (gray, RMSD = 1.4 A). (D) Superposition
of the preRSVF sites 0 and IV and designed immunogens. Designed
scaffolds are compatible with the shape constraints of preRSVF (surface
representation). (E) Close-up view of the interfacial side chain interactions
between D25 (top) and 101F (bottom) with designed immunogens compared
with the starting epitope structures.

bound to D25 at a resolution of 3.0 A. The
structure showed backbone RMSDs of 1.4 A
to the design model and 1.03 A over the dis-
continuous epitope compared with preRSVF
(Fig. 4, C to E, and fig. S13). Compared with
native proteins, SO_2.126 showed exception-
ally low core packing because of a large cavity
(fig. S14) but retained a very high thermal
stability. The core cavity was essential for
antibody binding and highlights the potential
of de novo approaches to design small proteins
hosting structurally challenging motifs and
preserving cavities required for function (2).
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Fig. 5. Inmunogenicity of Trivax2 in mice. (A) Three groups of mice (n = 9 to 10) were immunized c
with Trivax2, preRSVF, or heterologous prime boosting as indicated. (B) Binding titers measured ke
against preRSVF using enzyme-linked immunosorbent assay (ELISA). (C) RSV serum-neutralizing E
titers. (D) Serum composition after three immunizations with Trivax2 or preRSVF. Site-specific g
responses were determined from serum at day 56 using competition ELISA. (E) Site-specific responses é
after preRSVF immunization compared with a heterologous prime-boost cohort, as measured by a ?,
competition surface plasmon resonance assay. On average, comparing Trivax2 with preRSVF, the '-g
response against sites O, Il, and IV increased 4.4-, 2.3-, and 5.3-fold, respectively. (F) Ratio of preRSVF o

binding to neutralizing antibody titers. Each symbol represents the ratio of binding ICsq to
neutralization ICso for an individual animal; the line represents the mean for each group. Data are
representative of at least two independent experiments. Statistics were computed using Mann-
Whitney U test, where *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Cocktails of designed immunogens elicit nAbs in
vivo and reshape preexisting immunity

Finally, we evaluated the ability of the designed
antigens to elicit targeted nAb responses in vivo.
Our rationale for combining site 0, II, and IV
immunogens in a cocktail formulation is that
all three sites are nonoverlapping in the
preRSVF structure (fig. S15) and thus might
induce a more potent and consistent nAb re-
sponse in vivo. To increase immunogenicity,
each immunogen was multimerized on self-
assembling protein nanoparticles. We chose
the RSV nucleoprotein (RSVN), a self-assembling
ring-like structure of 10 to 11 subunits that was
previously shown to be an effective carrier for
the site IT immunogen (S2_1.2) (13), and for-
mulated a trivalent immunogen cocktail con-
taining equimolar amounts of SO_1.39, S4._
1.5, and S2_1.2 immunogen nanoparticles
(“Trivax1”; fig. S16). The fusion of SO_2.126
and S4_2.45 to RSVN yielded poorly soluble
nanoparticles, prompting us to use ferritin
particles for multimerization with a 50% oc-
cupancy (~12 copies), creating a second cocktail
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comprising S2_1.2 in RSVN and the remaining
immunogens in ferritin (“Trivax2”; fig. S17).
In mice, Trivaxl elicited low levels of
preRSVF cross-reactive antibodies, and sera
did not show RSV-neutralizing activity in most
animals (fig. S18). By contrast, immunization
with Trivax2 (Fig. 5A) induced robust levels of
preRSVF cross-reactive serum levels (Fig. 5B)
and six of 10 mice showed neutralizing activity
(Fig. 5C). In these mice, the serum antibody-
binding responses were equally directed against
all three sites (site 0: 32 + 6%; site II: 38 + 7%;
and site IV: 30 + 6%) (Fig. 5D). This is notable
because in previous studies, mice have been
a difficult model in which to induce serum
neutralization with scaffold-based immuno-
gens (9, 13, 28). Furthermore, Trivax2 presented
only ~14% of the preRSVF surface area to be
targeted by the immune system. Although
serum neutralization titers in mice remained
substantially lower compared with the titers
induced by preRSVF (Fig. 5C), these results
demonstrate that vaccine candidates composed
of multiple de novo proteins can induce phys-
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iologically relevant neutralizing serum levels
[defined as those with similar or higher in vitro
neutralizing activity compared with clinically pro-
tective serum concentrations of palivizumab (41)].
Given the well-defined epitope specificities
induced by the de novo-designed immunogens,
we tested the potential of Trivax2 to boost site-
specific responses after a priming immuniza-
tion with preRSVF (Fig. 5A). We found that
Trivax2 boosting yielded significantly higher
levels of site 0, I, and IV antibodies (4.4-, 2.3-,
and 5.3-fold, respectively) compared with boost-
ing immunizations with preRSVF (Fig. 5E).
Although overall serum neutralization titers
remained inferior to preRSVF boosting (Fig.
5C), Trivax2 boosting resulted in a 4.2-fold
lower ratio of binding to neutralizing anti-
bodies, a common measure to assess vaccine-
induced antibody quality (42, 43) (Fig. 5F).
Therefore, de novo-designed immunogens have
the potential to boost site-specific antibodies
and to increase the quality of the antibody
response compared with repeated boosting
immunizations with a viral fusion protein.
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Fig. 6. Inmunogenicity of Trivaxl in NHPs. (A) NHP
immunization scheme. (B) Trivaxl-immunized NHPs devel-
oped robust titers cross-reacting with preRSVF. (C) Site-
specific antibody responses as determined by competition
surface plasmon resonance. (D) RSV neutralization titers
of group 1. (E) PreRSVF titers and (F) RSV neutralization
titers in groups 2 (gray) and 3 (blue). (G) Dynamics of
site-specific antibody levels. Site O- and site ll-specific
titers were significantly higher in group 3 compared with
group 2 after Trivax1 boosting (*P < 0.05, Mann-Whitney U
test). (H) RSV neutralization curves upon depletion of

day 91 sera with site O-, II-, and IV-specific scaffolds.

(I) ELISA binding curves of isolated mAbs C19 and

C57 to preRSVF and site-specific knockouts compared with palivizumab. (J) In vitro RSV neutralization of C19, C57, and palivizumab. (K) X-ray structure of C57
Fab fragment in complex with S2_1.2. (L) Model of C57 bound to preRSVF, as confirmed by negative-stain electron microscopy. Scale bar, 5 nm. (M) Lineage analysis
(Venn diagram) of previously identified site O nAbs from three different human donors (39). The elicited site 0 nAb C19 is a close homolog of the human VH5-51
lineage (blue). Data are representative of three independent experiments.
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In parallel, we performed an immunogenic-
ity study in NHPs to test the trivalent cocktail
in a closer-to-human antibody repertoire (Fig. 6A).
This experiment was designed to test the activity
of Trivaxl in both RSV-naive and preRSVF-
primed animals to provide further insights into
the ability of computationally designed immuno-
gens to elicit focused antibody responses.
The previously designed site II immunogen
showed promise in NHPs, but the induced
neutralizing titers were low and inconsistent
across animals even after repeated immuni-
zations (9). In contrast to mice, all NHPs
immunized with Trivaxl developed robust
levels of RSVF cross-reactive serum titers
(Fig. 6B). Additionally, induced antibodies
were directed against all three epitopes (site
0: 23 + 5%; site II: 51 = 6%; site IV: 25 + 5%)
(Fig. 6C). Six of seven NHPs showed RSV-
neutralizing serum levels after a single boosting
immunization [median inhibitory concentra-
tion (ICso) = 312; Fig. 6D]. Neutralization
titers were maximal at day 84 (median IC;,
=408), and measurements were confirmed
by an independent laboratory (fig. S19).

Beyond naive subjects, an overarching chal-
lenge for the development of vaccines against
pathogens such as influenza virus, dengue
virus, and others is to focus preexisting immu-
nity onto defined neutralization epitopes that
can confer long-lasting protection (13, 22, 44,).
To mimic a serum response of broad specific-
ity toward RSV, we immunized 13 NHPs with
preRSVE. All animals developed strong preRSVF-
specific titers (Fig. 6E) and cross-reactivity with
all the epitope-focused immunogens, indicating
that epitope-specific antibodies were primed
against all three epitopes (fig. S20). Six of those
preRSVF-primed animals did not receive boost-
ing immunizations so that we could follow the
dynamics of epitope-specific antibodies over
time (group 2). Seven of the preRSVF-primed
animals were boosted three times with Trivaxl
(group 3) (Fig. 6A). Although preRSVF-specific
antibody and neutralization titers remained
statistically comparable in both groups (Fig. 6,
E and F), we found that Trivaxl boosting sig-
nificantly increased antibodies targeting site
II and site 0, but not site IV (Fig. 6G). In the
nonboosted control group, site II and site O
responses dropped from 37 and 17% at day 28
to 13 and 4% at day 91, respectively (Fig. 6G).
Compared with the control group, Trivax1 boost-
ing resulted in 6.5-fold higher site II-specific
responses on day 91 (84 versus 13%) and 6.3-fold
higher site O-specific titers (25 versus 4%) (Fig.
6G). By contrast, site IV-specific responses in-
creased to similar levels in both groups, 43 and
40% in groups 2 and 3, respectively.

To evaluate the functional relevance of re-
shaping the serum antibody specificities, we
depleted site 0-, II-, and IV-specific antibodies
from pooled sera. In the Trivaxl-boosted group,
we observed a 60% drop in neutralizing activity
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compared with only a 7% drop in the non-
boosted control group (Fig. 6H). Thus, epitope-
focused immunogens can reshape a serum
response of broad specificity toward a focused
response that predominantly relies on site 0-, II-,
and IV-specific antibodies for RSV neutralization.

Looking further into the molecular basis
of the neutralizing activity triggered by the
epitope-focused immunogens, we isolated two
epitope-specific monoclonal Abs (mAbs) from
Trivaxl-immunized (group 1) animals using
single B cell sorting. Using a panel of binding
probes, we confirmed that one mAb targeted
antigenic site II (C57) and the other site 0
(C19) (Fig. 61 and fig. S21). Both C57 and
C19 neutralized RSV in vitro (IC5, = 0.03 and
4.2 ug ml™, respectively). Although C19 was
less potent, antibody C57 neutralized RSV
with approximately one order of magnitude
higher potency compared with the clinically
used antibody palivizumab, which is similar
to the potency of motavizumab and previously
reported antibodies induced by a site II epi-
tope scaffold (9) (Fig. 6J).

To elucidate the molecular basis for the
potent site II-mediated neutralization, we
solved a crystal structure of C57 in complex
with S2_1.2 at a resolution of 2.2 A (Fig. 6K
and fig. S13). C57 recognizes the site II epitope
in its native conformation, with a full-atom
RMSD of 1.21 A between the epitope in S2_1.2
and site IT in preRSVF. Negative-stain electron
microscopy of the complex C57-preRSVF further
confirmed binding to site II, allowing binding of
three Fabs per preRSVF trimer (Fig. 6L).

RSV nAbs are not known for a strictly con-
strained VH usage as has been described for
certain influenza- and HIV-broadly neutraliz-
ing antibodies (45, 46). However, an impor-
tant milestone for computationally designed,
epitope-focused immunogens is to elicit nAbs
similar to those found in humans upon nat-
ural infection or vaccination. In one of the
largest RSV antibody isolation campaigns,
30 site 0-specific RSV nAbs were isolated
from three human donors (39) derived from
11 different VH genes (Fig. 6M). Of these
nAbs, VH5-51 was the only lineage shared
among all three donors, suggesting that itis a
common precursor for site 0 nAbs in humans.
We found that the closest human VH gene to
C19 is indeed the VH5-51 lineage (89% se-
quence identity). Thus, computationally de-
signed immunogens can elicit nAbs with
properties similar to those found in humans
after viral infection (fig. S21).

In summary, the computational design
strategies that we have developed enable the
design of scaffolds presenting epitopes of un-
precedented structural complexity and atomic-
level accuracy. Upon cocktail formulation,
the de novo-designed proteins consistently
induced RSV neutralization in naive animals,
mediated through three defined epitopes. In
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addition, the designed antigens were functional
in a heterologous prime-boost immunization
regimen, inducing more focused antibody re-
sponses toward selected, bona fide neutrali-
zation epitopes and an overall increase in the
quality of the antibody response.

Discussion and conclusions

Here, we showcased two de novo design strat-
egies for engineering protein scaffolds to present
epitopes with high structural complexity. Using
template-based de novo design, irregular and
discontinuous epitopes were successfully sta-
bilized in heterologous scaffolds. However,
this design strategy required extensive opti-
mization by in vitro evolution, and the designs
remained suboptimal in their biochemical and
biophysical properties. Moreover, this approach
lacks the ability to control the topological
features of the designed proteins, constitut-
ing an important limitation for functional
protein design.

To overcome these limitations, we developed
TopoBuilder. Compared with other approaches,
TopoBuilder has specialized features and ad-
vantages to design de novo proteins with
structurally complex motifs. First, it assembles
topologies tailored to the structural require-
ments of the functional motif from the start of
the design process, rather than through the
adaptation (and often destabilization) of a
protein structure to accommodate the func-
tional site. Second, the topology assembly re-
sults in designed sequences that stably fold
and bind with high affinity without requiring
iterative rounds of optimization through directed
evolution, as is often necessary in computational
protein design efforts (8, 47, 48).

As to the functional aspect of our design
work, we have shown that computationally
designed immunogens targeting multiple epi-
topes can induce physiologically relevant levels
of functional antibodies in vivo. The elicitation
of antibodies targeting conserved epitopes that
can mediate broad and potent neutralization
remains a central goal for the development of
vaccines against pathogens that have frus-
trated conventional efforts (75). For RSV, the
development of a prefusion-stabilized version
of RSVF has yielded a superior antigen com-
pared with its postfusion counterpart (42, 49),
largely attributed to the fact that most preRSVF-
specific antibodies are neutralizing (39, 50).
Given that Trivax only presents a small frac-
tion (14%) of the antigenic surface of preRSVF,
the substantially lower serum titers and con-
sequently lower bulk serum neutralization
elicited by Trivax may be expected and will
likely require substantial optimization in
terms of delivery and formulation to increase
the magnitude of the response.

Nevertheless, we have shown that a cocktail
of de novo-designed proteins induced relevant
levels of serum neutralization in most naive
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