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SUMMARY

Many growth factors and cytokines signal by binding to the extracellular domains of their receptors and
driving association and transphosphorylation of the receptor intracellular tyrosine kinase domains, initiating
downstream signaling cascades. To enable systematic exploration of how receptor valency and geometry
affect signaling outcomes, we designed cyclic homo-oligomers with up to 8 subunits using repeat protein
building blocks that can be modularly extended. By incorporating a de novo-designed fibroblast growth fac-
tor receptor (FGFR)-binding module into these scaffolds, we generated a series of synthetic signaling ligands
that exhibit potent valency- and geometry-dependent Ca2+ release and mitogen-activated protein kinase
(MAPK) pathway activation. The high specificity of the designed agonists reveals distinct roles for two
FGFR splice variants in driving arterial endothelium and perivascular cell fates during early vascular develop-
ment. Our designedmodular assemblies should be broadly useful for unraveling the complexities of signaling
in key developmental transitions and for developing future therapeutic applications.

INTRODUCTION

Clustering of cell surface receptors can enhance and sustain
activation in response to an extracellular signal, and there is

considerable interest in technologies to manipulate receptor
clustering.1–6 Designed protein assemblies have previously
been used to drive receptor clustering using naturally occurring
receptor-binding domains,7–9 and geometrically tunable dimeric
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ligands have been used to probe the influence of dimerization
geometry on signaling output.10–13 Higher-order receptor
assemblies are thought to function in a variety of signaling sys-
tems14–16; a tunable oligomeric scaffold presenting receptor-
binding domains would facilitate studies into the effect of
angstrom-level topology on receptor output. Previous design ef-
forts have generated oligomers with a variety of cyclic symme-
tries,17–20 but these proteins were not easily modifiable to pro-
duce distinct receptor-binding configurations.

Fibroblast growth factor (FGF) receptors (FGFRs) are tyrosine
kinases that play critical roles in embryonic development and
cancer. The pathway is complex and highly regulated, with
four FGF receptor genes and two isoforms generated by alterna-
tive splicing of exon 8 vs. exon 9, which alter the third immuno-
globulin (Ig)-like domain (D3), generating receptor isoforms IIIb
and IIIc (referred to as ‘‘b’’ and ‘‘c,’’ respectively, throughout
the text).21–23 Although D3 is part of the FGF-binding region,
and the receptor isoforms have different affinities for the various
FGF ligands, the contribution of the two isoforms to proper tissue
differentiation is not fully understood.24 The c-isoform is ampli-
fied inmany solid carcinomas and hencemay be a target for can-
cer therapy.22

Here, we describe the de novo design of geometrically tunable
cyclic oligomers to overcome the limitations of current scaf-
folding systems and the use of these synthetic scaffolds with
an FGFR c-isoform-specific-designed minibinder21 to probe
and manipulate vascular differentiation.

RESULTS

De novo oligomer design
Cyclic oligomers (Cx, with ‘‘x’’ denoting valency) were designed
using a set of 18 designed helical repeat proteins (DHRs), each
consisting of four identical repeats of a two-helix module
and with high-resolution crystal structures or small-angle X-ray
(SAXS)25,26 spectra consistent with the corresponding design
models (Table S1; Figure S1A). We docked each DHR into C4,
C5, C6, C7, and C8 cyclic oligomeric assemblies and evaluated
them using the protein-backbone-based residue-pair transform
(RPX) metric, which assesses interface designability (Figure
S1B).20,27 For the top-scoring docks, the residue identities and
conformations at the homo-oligomeric interface were
optimized using RosettaDesign to favor oligomer assembly.
We filtered for designs with a high solvent-accessible surface
area (SASA > 700 Å2), favorable free energies of assembly
(DDG between !35 and !70), high shape complementarity
(sc > 0.65), and interfaces with fewer than 2 unsatisfied hydrogen
bonds.28,29 A total of 109 designs were selected for structural
characterization: 15 tetramers, 16 pentamers, 24 hexamers, 24
heptamers, and 30 octamers. A second set of designs using
a computational library of 1,526 5-helix concave scaffolds
(5HCS)30,31 were docked with C2 symmetry, and from 3,747
C2 oligomers, 14 designs were selected for further analysis
(Figure S1C).

Design characterization
Synthetic genes encoding the 109 designs of symmetry C4 or
higher were synthesized, expressed as protein in Escherichia

coli, and purified using immobilized metal affinity chromatog-
raphy (IMAC). Of the 60 designs that were soluble, 28 had single
monodisperse peaks on size exclusion chromatography (SEC).
Of these, ten designs were found to have a single oligomeric
state by both SAXS32–34 and SEC with multi-angle light scat-
tering (SEC-MALS). Five of the successes were tetramers, four
were hexamers, and one was an octamer. From the 14 C2 de-
signs, 3 (C2-58, C2-CDX, and C2-Y2D) had soluble expression,
were confirmed to have amonodisperse peak on SEC, and had a
correctly assembled oligomeric state verified by SAXS and SEC-
MALS (Figure S2; Table S2).
The varied topology of the repeat protein building blocks

enabled us to create oligomers with distinct arm orientations.
The starting scaffold DHR71 generated 5 successful designs
(C4-71, C4-717, C6-71, C6-714, and C8-71), with a variety of
interface geometries that permitted this building block to as-
sume 3 distinct valencies. C4-71 and C4-717, for example,
contain changes in different sets of residues that result in distinct
oligomer geometries. In contrast, the designs C4-71, C6-71, and
C8-71 employ a similar backbone region as the oligomeric inter-
face, yet adopt different oligomeric states (Figure S3). C4-181
utilizes DHR18 as the single-chain building block and is docked
together at the C-terminal helices, yielding an inner cavity diam-
eter of 45.6 Å (C-terminal distance of opposing chains, Fig-
ure 1A). C4-717 is tightly docked together at the C-terminal he-
lices, creating a purely hydrophobic core between all four
chains (Figure 1B). C6-714 has an inner cavity diameter of
43.2 Å and its N terminus can be extended to achieve larger dis-
tance spacing, whereas the structure is again docked together at
the C terminus (Figure 1C). C6-46 involves the carboxyl (C)- and
amino (N)-terminal helices at the interfaces to adjacent chains,
where the N terminus points toward the central cavity and the
C terminus toward the outside (Figure 1D). The designed residue
substitutions that generate the oligomeric assemblies from the
original DHR building blocks are listed in Table S3. Six designs
were further selected for characterization by cryoelectron micro-
scopy (cryo-EM) (Tables S4 and S5). The cryo-EMmap for wind-
mill-shaped C4-131 was limited to >10 Å global resolution due to
preferred orientation bias, but shows that the ‘‘blades’’ are ar-
ranged as designed and that the four core C-terminal helices
are tightly packed (Figure 1E). The higher resolution for design
C4-81 allows individual helices to be clearly distinguished, and
following rigid-body fitting using ChimeraX, the design model
closely matched the cryo-EM map (Figure 1F). For C6-79, a
C6-docked assembly matched the SAXS data more closely
than the original C8 assembly as well as the cryo-EM map, and
the 2D classes clearly indicate that it is a hexamer under our
cryo-EM conditions (Figure 1G).

Oligomer extension
An advantage of using modular repeat proteins as building blocks
is that the length of the oligomer arms can be increased or
decreased simply by inserting or deleting repeat units (Fig-
ure 2A).10,20,25 To explore the viability of this approach, three de-
signs (C4-71, C6-71, and C8-71) derived from DHR71 were
selected for repeat extension. Two or four repeat units were
added at the N terminus, creating a 6-repeat variant and an
8-repeat variant of each design. The oligomeric state of each
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extended design was characterized by SEC-MALS, SAXS, and
cryo-EM. Both 2D classes and 3D reconstructions from single-
particle cryo-EM analysis of the extended oligomers show
overall geometry in good agreement with design models, with
sufficiently high resolution in some cases to confirm positions of
individual helices. The C-terminal helix of C4-71 docked as
designed against themid-axis of the neighboring chain horizontal-
ly, yielding a distance of 47.4 Å between opposing-chain C termini
across the inner cavity (Figure 2B; the interface harbors 10 trypto-
phans, which make pi-pi stacking interactions stabilizing the as-
sembly). C6-71, in contrast, has an inner diameter of 72.0 Å be-
tween opposing-chain C termini and harbors a tilted chain-chain
interaction, where the interfacial C-terminal helix is only in contact
with the neighboring chain along half its length. Side-chain orien-
tations can be discerned in the C6-71 8-repeat extension map
despite the low number of total particles used in constructing
this map (Figure 2C). The octopus-like C8-71 structure has N-ter-

minal extensible arms with C-terminal helices of the individual
chains docked together along the full horizontal length of the
structure, resulting in an inner diameter of 55.1 Å and a maximal
distance between opposing N termini of 170.0 Å in the largest
8-repeat extension (Figure 2D).
All cryo-EMmaps were in good agreement with the respective

design models, with the exception of C6-79, which, as noted
above, formed a hexamer instead of the designed octamer.
None of the other designs showed any off-target oligomeric
states in the 2D class averages (Figures S4–S8).

Cryo-EM reconstructions of C6-79 and C8-71
Based on the resolution of the cryo-EM maps, we built models
for C6-79 and C8-71 (Figures S9–S11; Table S6). Both the
C6-79 and C8-71 cryo-EM models align well with the corre-
sponding design models, with pairwise root-mean-square
deviations (RMSDs) of 2.85 and 1.79 Å, respectively (Figure 3).

Figure 1. Biophysical characterization of designed protein oligomers
From left to right: design model, size-exclusion chromatogram, and SAXS data comparison of model to experimental data (A) C4-181, (B) C4-717, (C) C6-714, (D)

C6-46, and (E) C4-131 design model, size-exclusion chromatogram, and SAXS data analysis; right: cryo-EM 2D class average, cryo-EM map (EMDB: EMD-

28958) overlay to design model (cyan) top and side view (F) C4-81 design model, size-exclusion chromatogram, SAXS data analysis; right: cryo-EM 2D class

average, cryo-EMmap (EMDB: EMD-28973) superimposed to design model (cyan) top and side view (G) C6-79 SEC characterization and SAXS fit using both the

C8 design model and the C6 dock. Right: cryo-EM 2D class average, cryo-EMmap (EMDB: EMD-28889) superimposed to designmodel top and side view. Scale

bars: 10 nm in (E)–(G).

See also Figures S1, S2, and S5 and Tables S1–S5.
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Figure 2. Modulating oligomer geometry by repeat extension
(A) Depiction of DHR-based repeat extension for oligomers. Each extension unit consists of 2 repeats.

(B) C4-71 4-repeat (EMDB: EMD-28974), 6-repeat (EMDB: EMD-28966), and 8-repeat (EMDB: EMD-28967) cryo-EMmaps superimposedwith designmodel, top

and side-view class averages and SAXS characterization below the cryo-EM maps of the different repeat extension variants. Bottom left: SEC overlay of the

individual structures.

(C) C6-71 4-repeat (EMDB: EMD-28968), 6-repeat (EMDB: EMD-28969, and 8-repeat (EMDB: EMD-28970) cryo-EMmaps superimposedwith design model, top

and side-view class averages and SAXS characterization below the cryo-EM maps of the different repeat extension variants. Bottom left: SEC overlay of the

individual structures.

(legend continued on next page)
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In C8-71, the hydrophobic residues Trp152 and Leu198 on the
adjacent chain are buried in the interface or the core of the struc-
ture, respectively, and are important for interface formation
(Figure S12A). Mutating these residues to hydrophilic residues
(W152E and/or L198D) disrupts oligomer formation, as shown
by broadening of the SEC trace (Figure S12B).

Design of FGFR agonists
We next investigated whether clustering receptor tyrosine ki-
nases in higher-order geometries by presenting receptor-bind-
ing domains on the designed oligomers could drive cross-phos-
phorylation of their intracellular kinase domains and induce
downstream signaling.35 The multiple distinct valencies and ge-
ometries of our oligomeric ligands enable exploration of how the
geometry and valency of tyrosine kinase receptor association in-
fluence signaling output and cell behavior (Figure 4A, left). We
chose as a model system the FGF signaling pathway (Figure 4A,
right) and fused a de novo-designed minibinder (mb7) against
FGFRc (PDB: 7N1J) at either the N or C termini of the designed
cyclic oligomers with a short glycine-serine linker.36 Six oligo-
mers were selected for fusion: C2-58, C4-71, C6-71, C6-79,
and C8-71. Depending on the fusion terminus and the geometry
of the oligomer, the binding domains are displayed at different
spacings on adjacent subunits: for example, C6-79C_mb7 dis-
plays the minibinders 54 Å apart with mb7 on the C terminus of
the oligomer, while C6-79N_mb7 displays the binders 18 Å apart
with mb7 on the N terminus of the oligomer. In SEC experiments,
the fusions eluted at the same volume as the base oligomers,
with the exception of C6-71C_mb7, which eluted significantly
earlier than the base design. 2D EM class averages showed
that C6-71C_mb7 particles were self-associating into dihedral
structures, presumably via the hydrophobic interface of themini-
binder domain being presented in a favorable conformation for
this interaction. The other oligomeric fusions showed little to
no self-association on EM or SEC (Figure S13).

FGFR pathway activation
FGF-mediated FGFR signaling results in stimulation of the Ras
signaling pathway, leading to phosphorylation of extracellular-
signal-regulated kinase 1 and 2 (ERK1/2) and activation of phos-
pholipase C-gamma (PLC-ɣ), leading to intracellular calcium
release.24,37,38 We evaluated the signaling activity of our designs
by screening them in serum-starved Chinese hamster ovary
(CHO) cells stably expressing hFGFR1c (CHO-R1c) at 10 nM
each for 15 min at 37"C. Downstream activation through phos-
phorylation of ERK1/2 and FGFR1 (Y653/654) was analyzed by
western blot. Of the designs, we found that C6-79C_mb7, C6-
79N_mb7, C4-71N_mb7, C4-71C_mb7, and C8-71C_mb7
broadly induced strong FGFR activation and ERK1/2 phosphor-
ylation, comparable to that achieved by native FGF2, while C2-
58-2X_mb7, C6-71C_mb7, C6-71N_mb7, andC8-71N_mb7 dis-
played weaker activity (Figures 4B and S14).

To characterize their dose-dependent activity, we titrated a
subset of these designs using phosphoflow39 and western blot-
ting for ERK1/2 phosphorylation in CHO-R1c cells (Figures 4C
and S15). C2-58-2X_mb7, C4-71C_mb7, C4-71N_mb7, C6-
79C_mb7, and C8-71C_mb7 had similar EC50 values of 0.63,
1.33, 0.89, 1.56, and 2.07 nM, respectively, and similar maximal
activation (Emax) values, while C2-58-2X_mb7 had a lower Emax.
To investigate how the geometry of receptor association influ-
ences signaling, the rigid repeat arm length of C4-71N_mb7
was systematically varied, leading to distances between
mb7 N termini of 53, 76, and 96 Å. Phosphoflow experiments
showed that only the shortest separation distance (53 Å)
was able to stimulate ERK phosphorylation (with an EC50 of
1.3 nM), whereas the larger separation distances of mb7 did
not lead to pathway activation (Figure S16).

Receptor clustering on the cell surface
To investigate whether FGFR1c activation was due to induced
receptor clustering, cells were examined by single-particle
tracking with a HaloTag targeting FGFR1c40 to directly visualize
their diffusion in the plasma membrane; receptors engaged in a
signaling cluster should exhibit decreased diffusion, manifesting
in a decreased diffusion coefficient.41 Receptors on cells treated
with C6-79C_mb7 showed slower diffusion than those treated
with FGF1 and heparin (Figure S17), indicating that C6-
79C_mb7 induces an oligomeric state of FGFR1c at the mem-
brane. To probe the presence of local receptor clusters on the
cell surface after ligand treatment, intensity levels of single spots
in HaloTagged CHO-R1c cells labeled with Alexa488 were eval-
uated.42 C6-79C_mb7-treated cells showed signals with an in-
tensity distribution slightly shifted compared with FGF1 supple-
mented with heparin, with intensity peaks at 500, 1,000, and
2,000 a.u., suggesting that multiple receptors are clustered
together by the designed mb7-presenting oligomers. The extent
of signaling correlated with the ability of the designs to cluster re-
ceptors (Figures 4D and 4E).

FGFR1c isoform specificity
FGFRs 1–3 have two alternatively spliced variants, the ‘‘c’’ and
‘‘b’’ isoforms, which have different third Ig-like domains and var-
iable FGF ligand affinities.43 Tissue-specific expression of these
isoforms and their reciprocal signaling play roles in embryonic
development, tissue repair, and cancer.22 Separating the func-
tions of the FGFR b- and c-isoforms in differentiation has been
hindered by a lack of ligands that can selectively bind one iso-
form or the other. The mb7 minibinder was designed to specif-
ically bind the c-isoform of the FGFR, and it selectively inhibits
signaling through this isoform.21 We evaluated the receptor iso-
form specificity of our synthetic agonists by treating serum-
starved L6 rat myoblast cells stably expressing either the c- or
b-isoform of hFGFR1 (L6-R1c or L6-R1b, respectively; overex-
pression was validated with RT-qPCR [Figure S18]) with 10 nM

(D) C8-71 4-repeat (EMDB: EMD-28888), 6-repeat (EMDB: EMD-28971), and 8-repeat (EMDB: EMD-28972) cryo-EMmaps superimposedwith designmodel, top

and side-view class averages and SAXS characterization below the cryo-EM maps of the different repeat extension variants. Bottom left: SEC overlay of the

individual structures. Scale bars: 10 nm in (B)–(D).

See also Figures S3, S4, and S6–S8 and Tables S2–S5.
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of mb7, FGF2, or C6-79C_mb7 for 15 min at 37"C. Although
FGF2 does not discriminate between the two FGFR1 isoforms
and activates signaling in both cell types, C6-79C_mb7 stimu-
lates ERK1/2 and FGFR phosphorylation only in L6-R1c cells.
We reasoned that it should be possible to specifically activate
signaling through the b-isoform by combining FGF2 with the
monomeric mb7 (which blocks signaling through the c-isoform);
to test this, we stimulated both L6 cell lines with a combination of
mb7 and FGF2 at 10 nMeach for 15min.We found that this com-
bination stimulates ERK1/2 phosphorylation in L6-R1b cells only;
thus, our designs enable selective activation of signaling through
either isoform (Figure 4F).

We next investigated the ability of the designs to activate FGF
signaling through the PLC-ɣ downstream branch of signaling by
measuring the levels of intracellular calcium release following
treatment of serum-starved CHO-R1c cells with varying concen-
trations of the designs. These results show a similar trend: C6-
79C_mb7, C4-71C_mb7, and C8-71C_mb7 induce strong intra-
cellular calcium release, with EC50 values of 0.38, 0.72, and 3.09,
respectively, while C2-58-2X_mb7 displays lower activity, with
an EC50 of 26.02 nM (Figures 4G and S19). Although the peak
magnitude of calcium release was similar between FGF2 at
10 nM and the synthetic agonist C6-79C_mb7 at 10 nM, there
was a pronounced difference in the duration of the response:
the higher valency synthetic ligand, C6-79C_mb7, generated
longer-duration calcium transients (Figure 4H), similar to a con-
trol condition in which we supplemented FGF2 together with
heparin. This strong, heparin-independent signaling effect
(Figure S20) of our designed agonist likely reflects the slow off
rates of the high avidity multivalent agonists (Figure S21). To
compare the effects of the agonist C6-79C_mb7 and FGF2 on
the whole proteome, we carried out a (phospho-)proteomic
analysis using mass spectrometry following treatment of
FGFR1c-expressing CHO cells and found very similar changes
in the overall proteome and in phosphopeptide abundance
(Figure S22).

Figure 3. Cryo-EM structural analysis
(A) C6-79 alignment of design model (gray) with

cryo-EM structure (cyan, PDB: 8F6R) in top and

side view. Structures align well with an RMSD of

2.85 Å (B) C8-71 alignment of design model (gray)

with cryo-EM structure (cyan, PDB: 8F6Q) in top

and side view. Structures are in good agreement

with an RMSD of 1.79 Å.

See also Figures S9–S12 and Tables S4–S6.

Sculpting vascular differentiation
with the designed agonists
FGF signaling plays an important role
during early embryogenesis44,45; the
controlled spatiotemporal expression of
FGFRs and their ligands drives specifica-
tion and development of many cell line-
ages.46–48 In the vasculature, mesodermal
precursors give rise to endothelial and
perivascular cell fates. The role of FGF
signaling and the FGFR isoforms in this
bifurcation is not currently understood.

We investigated the effect of the c-isoform-specific FGFR
minibinder oligomers on vascular development by generating
endothelial cells and perivascular cells from human induced
pluripotent stem cells (iPSCs) through a cardiogenic mesoderm
intermediate (Figure S23A).49 We replaced the #1 nM FGF2
(which engages both b- and c-isoforms of FGFRs50) in a previ-
ously described differentiation media between days 2 and 5
(when mesodermal intermediates first appear) in the protocol
with 1 nM C6-79C_mb7 (the most potent synthetic agonist),
100 nM C2-58-2X_mb7 (the weakest agonist), 10 nM mb7, or
10 nM mb7, in combination with 1 nM FGF2 (to specifically acti-
vate signaling through the b-isoform), and from day 5 onward al-
lowed the cells to differentiate in normal conditions for 28 days;
samples were harvested for single-cell RNA sequencing
(scRNA-seq) analysis at days 0, 5, 14, and 28. The sequencing
datasets were analyzed using Monocle351 and visualized using
uniform manifold approximation and projection (UMAP), which
revealed 5 clusters of cells that segregated predominantly by
time point and cell type (Figure 5A); cell types were annotated
based on the differential expression of previously published ca-
nonical marker genes (Figure S23B).

Endothelial versus perivascular fate specification
All treatments (FGF2 and designed agonists) directed iPSCs to
differentiate and form a common endothelial-perivascular pre-
cursor at day 5. This common precursor population then bifur-
cated to form either endothelial cells or perivascular cells at
day 14. The cellular differentiation trajectory was design-depen-
dent and determined by day 14. Addition of FGF2, C6-79C_mb7,
or C2-58-2X_mb7 generated #60% endothelial cells in all three
cases; the remaining population differentiated into perivascular
cells. In contrast, the differentiation media without any FGF addi-
tion (control) resulted in a population that was only #34% endo-
thelial (endothelial cell formation is weakly driven in the absence
of any supplemented FGF2, presumably because of low levels of
endogenously secreted FGFs; Figure S23C). On the other end
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of the spectrum, cells treated with mb7 showed a marked pref-
erence for perivascular lineage, producing only 28% endothelial
cells. Cells treated with a combination of mb7 and FGF2 were
almost exclusively mesenchymal, producing a population that
was 93% perivascular (Figure 5B). These results suggest that
FGFR c-isoform activity is critical for the development of endo-
thelial cells, and specific activation of the b-isoform instead

biases the cells toward perivascular fate. Immunostainings of
differentiated iPSCs for endothelial (CD31) and perivascular
(PDGFR-B) markers at day 14 confirmed the primary cell fate af-
ter treatment with C6-79C_mb7 (FGFR c-isoform-specific
signaling) or mb7 together with FGF2 (FGFR b-isoform-specific
signaling), which led to the enrichment of endothelial or perivas-
cular cells, respectively (Figure 5C).

Figure 4. Modulation of FGFR signaling by designed agonists
(A) Cartoonmodel of C6-79C_mb7 oligomer (blue and purple) engaging six FGF receptors (gray). Top left: cartoonmodel ofmb7 engaging FGFR4 domain 3 (PDB:

7N1J). Right: natural geometry of signaling competent FGF2 (yellow) with FGFR1c (gray) and heparin (red) (PDB: 1FQ9) together with superimposedmb7 (purple).

(B) Signaling response to a library of oligomers presenting mb7 in CHO-R1c cells, treated at 10 nM each, analyzed through western blot. Top: cartoons of

oligomers presenting mb7 at their N or C termini; distances between neighboring chains are shown above their respective treatments. Total FGFR1 and ERK

loading controls can be found in Figure S14.

(C) Dose-response curves of selected designs via phosphoflow for pERK1/2 stimulation. Error bars represent SEM from three independent biological repeats.

(D) Single-particle tracking of FGFR1 molecules on the cell surface.

(E) Intensity histograms of receptor clusters on the cell surface reveals receptor clustering induced via oligomerization.

(F) Signaling response (pERK and pFGFR1) to FGF2, mb7, C6-79C_mb7, or mb7 + FGF2 in L6-R1c (top) or L6-R1b (bottom) cells, analyzed through western blot.

(G) Dose-response curves of selected designs, assessed through intracellular calcium release. Error bars represent SEM from three independent biological

repeats.

(H) Comparison of a calcium intensity signaling trajectory after treatment with FGF2 (with or without heparin) or C6-79C_mb7 at 10 nM each. Right: exemplary

images comparing the calcium response exhibited in CHO-R1c cells following treatment with FGF2 or C6-79C_mb7 at 10 nM across three different time points

(0:00, 2:20, and 7:30 min). Scale bars: 2 mm in (D) and 50 mm in (H).

See also Figures S13–S22.
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Figure 5. Control over vascular differentiation with designed agonists and antagonists
(A) UMAP embeddings of all sequenced cells colored by day of harvest, along with given cluster annotations.

(B) Proportion of endothelial or perivascular cells generated at day 14 following treatment with FGF2, C2-58-2X_mb7, C6-79C_mb7, mb7 alone, or mb7 in

combination with FGF2. Error bars represent SEM from 3 independent biological repeats.

(C) Immunohistochemical characterization of differentiated cells treated with C6-79C_mb7 or mb7 in combination with FGF2, with PDGFR-B and CD31 to

specifically mark perivascular and endothelial cells, respectively. Scale bars: 200 mm.

(D) Quantitative analysis of a select panel of endothelial (VE-cadherin, CD31, and CLND5) and perivascular (PDGFR-B, ACTA2, and NG2) markers using flow

cytometry. Left: representative 2D scatterplots; Right: summarized results with mean and SEM from 3 independent biological repeats.

(E) F-actin assembly. Left: representative immunofluorescence images from FGF2, C6-79C_mb7 and mb7 + FGF2-derived cells (PDGFR-B, perivascular cells;

PHAL, F-actin). Scale bars: 100 mm. Right: summarized per-cell phalloidin (PHAL) intensity from 3 independent biological repeats (7 randomly chosen field of

views from each).

(F) 2D network formation. Normalized count of nodes, segments, and meshes after 24 h, summarized from 3 independent biological repeats (5 randomly chosen

fields of view from each).

(G) Cell migration. Percentage closure of inflicted scratch area after 6 and 24 h, summarized from 3 independent biological repeats (3 randomly chosen field of

views from each).

(H) LDL uptake. Representative flow cytometry of fluorescently labeled LDL uptake by cells generated using FGF2, C6-79C_mb7, and mb7 + FGF2 after 4 h of

treatment. Mean and SEM are reported from 3 independent biological repeats.

(legend continued on next page)
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We used flow cytometry with endothelial and perivascular cell
surface markers to further characterize the cells harvested at
day 14 of differentiation. Populations derived using FGF2 or
C6-79C_mb7 were similar in composition, consisting primarily
of endothelial cells (VE-cadherin+ cells: 81.2% and 69.9%,
respectively; CD31+ cells: 70.1% and 87.2%, respectively;
CLND5+ cells: 34.9% and 41.2%, respectively), whereas cells
derived using mb7 in combination with FGF2 were overwhelm-
ingly perivascular in identity (PDGFR-B+ cells: 76.2%; NG2+

cells: 33.9%; ACTA2+ cells: 16.2%) (Figure 5D). These results
agree with the trend seen in the transcriptomic data—signaling
of FGFRs through their c-isoform is critical for the development
of endothelial cells, while b-isoform-specific signaling instead
promotes the perivascular lineage.
Perivascular cells are contractile cells that are known to play a

role in capillary blood flow regulation through the assembly of
F-actin bundles52,53; we characterized our cell populations by
measuring intracellular actin (using fluorescently labeled phalloi-
din) at day 14 of differentiation. Cells derived using mb7 + FGF2
exhibited#4-fold increase in F-actin assembly over cells derived
using FGF2 or C6-79C_mb7 (Figure 5E) owing to the robust
formation of stress fibers in these perivascular cells. To charac-
terize the functional maturity of the endothelial populations,
we used tube formation,54 cell migration,55,56 LDL uptake,57

and cytokine challenge58 assays. The capacity to assemble
into capillary-like tubules is a hallmark phenotype of endothelial
cells,59 and the cells derived via FGFR c-isoform activation
demonstrated a robust 2D network formation capacity
(measured by numbers of nodes, segments, and meshes in a
tube formation assay) (Figures 5F and S24A). In addition, these
cells readily migrated, completely sealing an inflicted scratch
within 24 h (Figures 5G and S24B). Low-density lipoprotein
(LDL) uptake is a critical process observed in endothelial cells
to acquire cholesterol,60 and we found that endothelial cells
derived using FGF2 and C6-79C_mb7 (but not mb7 + FGF2) ex-
hibited high and comparable levels of receptor-mediated uptake
of fluorophore-labeled LDL (Figure 5H). Finally, endothelial cells
are known to upregulate vascular cell adhesion molecule 1
(VCAM-1) (for adhesion and trans-endothelial migration of
leukocytes) in response to inflammatory cytokines,61,62 and we
observed that endothelial cells derived using FGF2 and C6-
79C_mb7 (but not mb7 + FGF2), upon exposure to tumor necro-
sis factor alpha (TNF-a), displayed a significant increase in
VCAM-1 expression (Figure 5I). These results suggest that the
endothelial cells generated via c-isoform activity are functional
and mature, with increased endothelial functionality compared
with cells derived using the FGFR c-isoform antagonist (mb7 +
FGF2), which exhibit more of a perivascular identity.

Arterial versus venous endothelial cell fate specification
Sub-clustering of the day-14 endothelial expression data sug-
gested that arterial and venous endothelial cells emerged in
different ratios with the different treatments.63 In order to charac-

terize these sub-populations, we compared our endothelial
expression data with a previously published RNA-seq dataset
from arterial and venous endothelial cells generated from human
pluripotent stem cells.64 We used the genes identified as differ-
entially expressed in arterial and venous cells in this dataset to
assign an arteriovenous specificity score for each cell in our
endothelial dataset, and classified cells that scored above the
median specificity score as arterial, and cells below the score
as venous. We found that endothelial cells generated with or
without added FGF2 primarily adopted the venous cell fate
(68% or 86% venous, respectively), while C6-79C_mb7 induced
a strong bias toward an arterial-like endothelial cell fate (64%
arterial-like) (Figure 6A).
We hypothesized that the clear emergence of endothelial sub-

types at the protein level would require further maturation of the
iPSC-derived endothelial cells. To this end, we adapted a previ-
ously described protocol for creating self-organizing 3D blood
vessel organoids (BVOs) from pluripotent stem cells65 (Fig-
ure S25A). These organoids contain the major cell types (endo-
thelial and perivascular cells) that assemble into capillary-like
networks, and, importantly, these organoids can be grown and
matured for more than 60 days in culture. We replaced FGF2 in
the protocol with an equivalent concentration of C6-79C_mb7
between days 5 and 13, which mimics days 2–5 in 2D culture in
respect of the emergence ofmesodermal intermediates and pro-
motion of vascular lineages.66 Organoids were harvested at day
37 and stained for VE-cadherin (to observe the formation of
vascular networks) and EFNB2 (to detect arterial-like endothelial
cells). Cells in organoids derived using C6-79C_mb7 exhibited
significantly higher average expression of EFNB2 (Figures 6B
and S25B), suggesting that c-isoform activation of FGFRs biases
endothelial cells toward an arterial fate following maturation.
BVOs can form stable vascular networks upon transplantation

into immunodeficient mice.65,66 To investigate whether
organoids generated using C6-79C_mb7 could replicate this
phenotype, we transplanted day 21 C6-79C_mb7-derived and
FGF2-derived organoids under the kidney capsule of immunode-
ficient mice and harvested tissues after 3 weeks. Immunohisto-
chemical analysis revealed the emergence of human vascular
endothelial (hVE-cadherin+ or hCD31+) networks with out-
growths into the surrounding stroma that formed connections
withmouse (mCD31+) vascular cells (Figures 6C andS26). These
results highlight the potential of designed proteins as tailored ag-
onists for differentiation of cells into highly specific lineages.

DISCUSSION

The extensible star-shaped oligomers designed in this work
considerably expand the tools available for clustering cell sur-
face receptors and other targets with different valencies and ge-
ometries. The designed scaffolds are highly expressed in E. coli
and the spacing of attached binding domains can be systemat-
ically varied simply by adding or deleting the modular repeat

(I) Cytokine challenge assay. Representative immunofluorescence images of cells treated with TNF-a (10 ng/mL) for 24 h, summarized from 3 independent

biological repeats (5 randomly chosen fields from each) (VCAM1, vascular cell adhesion molecule 1). Scale bars: 100 mm. *p < 0.05, **p < 0.01, Student’s two-

tailed t test.

See also Figures S23 and S24 and Table S7.
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units. C8-71 and its extensions are the first designed scaffolds
offering both a defined octameric symmetry and a stepwise vari-
ation in diameter through repeat units. The highest success rate
was achieved with the DHR71 building block, perhaps because
the designmodel (used in the docking protocol to avoid issues of
missing terminal residues or imperfect repeat unit symmetry in
the crystal structure) was closer to the crystal structure (0.67 Å
RMSD),25 leading to greater accuracy of the oligomer computa-
tional models.

FGFR homodimerizes upon FGF binding, and hence attention
has focused on activation of the FGFR pathway by receptor ho-
modimerization and heparin-based oligomerization.67 The multi-
valent binders stimulate FGFR activation by dimerizing FGFRs or
by driving higher order assemblies. We observed pathway acti-
vation by C2, C4, C6, and C8 FGFR engaging ligands, which var-
ied when the geometry of presentation was tuned by varying the

length of the radially extending arms. The C4 extension series re-
vealed a strong distance dependence for activation: mb7 tem-
plated 53 Å apart showed strong pERK signaling, whereas the
larger constructs with extension lengths of 76 and 96 Å did
not signal, consistent with the FGF2-FGFR1 dimer complex
structure (PDB: 1FQ9)68 in which themembrane proximal termini
are 48 Å apart. Direct measurement of FGFR diffusion in the
membrane (Figure S17) and of the oligomerization state of the re-
ceptor in the membrane (Figures 4D and 4E) suggest that syn-
thetic ligands drive FGFR clustering.
Commercially available naturally occurring signaling mole-

cules (such as FGF2) often have pleiotropic effects and it can
be difficult to use these to promote differentiation of highly spe-
cific cell subpopulations; small molecule treatments can have
similar limitations. Our designed proteins not only recapitulate
classical aspects of FGF signaling but also have a number of

Figure 6. Control over endothelial subtype fate via isoform-specific agonism
(A) Left: UMAP embeddings of sub-clustered endothelial cells, colored by arteriovenous cell specificity. Middle: density plots showing specific endothelial

subtype populations enriched by the individual treatments. Right: proportion of arterial or venous endothelial cells generated at day 14 following treatment with

No FGF, FGF2, or C6-79C_mb7.

(B) Top: representative immunofluorescence images of blood vessel organoids (BVOs) generated using FGF2 or C6-79C_mb7. Vascular networks are marked

with VE-cadherin and arterial-like endothelial cells are marked with EFNB2. Scale bars: 200 mm (whole) and 50 mm (inset). Bottom: per-organoid quantification of

EFNB2, summarizing 10 independently generated organoids from each treatment.

(C) Immunohistochemical characterization of BVOs transplanted under the mouse kidney capsule. Scale bars: 200 mm (whole) and 100 mm (inset). *p < 0.05,

Student’s two-tailed t test.

See also Figures S25 and S26.
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distinct advantages in sustained signaling, promotion of vascular
differentiation, and ease of production. Likely because of the
slow off rate of mb7 for FGFR, and the avid binding of the multi-
valent constructs, the calcium transients elicited by our synthetic
agonists have longer duration than those elicited by FGF. The
specificity of mb7 for the c-isoform21 enables specific activation
of signaling through the c-isoform receptor, while addition of
mb7 to FGF enables activation of signaling exclusively through
the b-isoform. These and perhaps other subtle differences in
proximal signaling result in distinct outcomes at multiple devel-
opmental stages in vascular differentiation. Our designed scaf-
folds provide a means to control the prevalence of endothelial
or perivascular cells by taking advantage of the capability to
activate signaling through just the b- or just the c-receptor iso-
forms (Figure 7). In subsequent endothelial cell differentiation,
C6-79C_mb7 promotes the arterial cell fate. Although the tissue
distributions of different FGFR splice forms have been exten-
sively characterized,24 our work goes beyond previous studies
by delineating their functional roles in vascular endothelial differ-
entiation. Our splice-variant-specific designs can promote either
the endothelial cell or perivascular fate, and can elicit specific
subtypes of vascular endothelial cells, and should be useful
for both probing biological mechanisms and therapeutic
applications.

Limitations of the study
Here, we used flexible fusion of the FGFR-binding domain to pre-
existing oligomers; rigid fusion to custom-generated oligomers
using methods such as RFDiffusion18 could provide tighter
control of receptor architecture and fine-tuning of signaling
outcome.10 On the biology side, we were unable to carry out ge-
netic knockouts of FGFR1/2c to further test the role of this variant
in the developing iPSC-derived endothelium because FGFR1/2c
appears to be essential earlier during human pluripotency. De-
signed agonists and antagonists with receptor-isoform-depen-
dent specificity provide an approach for probing the roles of

different isoforms in developmental bifurcations when genetic
knockouts are not feasible due to early essentiality. The de-
signed-oligomer-based approach described here provides a
versatile way in which to promote receptor clustering and shape
pathway activation with multiple levels of control compared with
the native signaling molecules: the receptor-binding domains
can have higher receptor subtype specificity, the on and off rates
for receptor subunits can be tuned, and the valency and geom-
etry of receptor engagement can be systematically varied. We
envision that such customized synthetic agonists will have broad
applications in both ex vivo and in vivo control of cellular
differentiation.
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Figure 7. Control over vascular differentiation
At the first bifurcation, the designs enable selective formation of endothelial or

perivascular cells, and in subsequent endothelial cell differentiation, synthetic

agonist treatments bias toward arterial fate.
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