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SUMMARY
The lack of incorporating epitope information into the selection process makes the conventional antibody
screening method less effective in identifying antibodies with desired functions. Here, we developed an
epitope-directed antibody selection method by designing a directed library favoring the target epitope and
a precise ‘‘counter’’ antigen for clearing irrelevant binders in the library. With this method, we successfully
isolated an antibody, pF7_A5, that targets the less conserved region on the FZD2/7 CRD as designed. Guided
by the structure of pF7_A5-FZD2CRD, a further round of evolution was conducted together with the ‘‘counter’’
antigen selection strategy, and ultimately, an FZD2-specific antibody and an FZD7-preferred antibody were
obtained. Because of targeting the predefined functional site, all these antibodies exhibited the expected
modulatory activity on the Wnt pathway. Together, the method developed here will be useful in antibody
drug discovery, and the identified FZD antibodies will have clinical potential in FZD-related cancer therapy.
INTRODUCTION

Monoclonal antibodies are immunoglobulin molecules secreted

by the immune system mainly to fight invading pathogens.

Because of their exceptional properties, such as high binding af-

finity/specificity and engineerability, monoclonal antibodies

have been widely used in biomedical studies as well as pharma-

cology.1 Especially in recent years, immune checkpoint-block-

ing antibodies have achieved great success in cancer therapy.2

Obviously, in the future, an increasing number of monoclonal an-

tibodies will be explored as therapeutics for the treatment of a

variety of diseases. Currently, three main methods are used for

antibody identification: hybridoma technology, the phage

display platform, and the recently developed single B cell

sequencing.3 For both hybridoma and single B cell technology,

the first step is to immunize the experimental animals with the

target antigens, which is often costly and time consuming.4,5 Af-

ter that, immunized B cells showing antigen-binding activity

were recovered to generate antibodies with desired functions.

In contrast, animal immunization can be skipped for the phage

display platform, as pre-constructed naive libraries can be
directly used for biopanning.6,7 This feature makes phage

display possess special advantages for raising antibodies in a

very short period or against toxic antigens.8

Although high-affinity antibodies could be effectively identified

with the above methods, these binders may not be suitable for

further development into therapeutics, as therapeutic antibodies

often need to recognize a functionally relevant epitope to elicit

the desired outcome.9 For example, targeting the interface

within the ligand-receptor pair to obtain blocking antibodies

and binding at the conserved patch across family members to

generate pan-neutralizers. However, conventional approaches

do not take epitope information into account during the selection

process, and the binding affinity or accessibility/immunogenicity

of the antigenic sites is often the only driving force for enriching

the candidates.10 As a result, candidates from these non-

epitope-directed selections frequently need further detailed

biochemical characterizations, and sometimes even no desired

antibody could be resolved. To address this challenge, novel

strategies have been developed. As a proof-of-concept study,

antibody binding at a predefined epitope on interleukin-17A

was successfully designed in silico on the basis of hundreds of
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existing antibodies.11 In addition to the computational method,

an experimental approach using epitope-directed photocros-

slinking was also developed.12 In this method, the noncanonical

amino acid p-benzoyl-l-phenylalanine (pBpa) was incorporated

around the target epitope to covalently capture the phage dis-

playing the required antibody. Although these methods demon-

strated feasibility, they have drawbacks as well (e.g., losing the

impact of affinity during the design or selection process and

needing to prepare non-natural antigen derivatives). Therefore,

developing alternative epitope-directed selectionmethods is still

worthwhile.

The Wnt signaling pathway plays a key role in cell proliferation

and the self-renewal of stem cells.13 In humans, 10 frizzled (FZD)

subtypes are the main receptors of the Wnt pathway, and their

over-activation is tightly associated with cancers.14,15 For

example, FZD2 is generally overexpressed in cell lines derived

from late-stage mesenchymal-type hepatocellular carcinomas

(HCCs) and can regulate epithelial-mesenchymal transition as

well as metastasis16; FZD5 maintains the growth of RNF43-

mutant pancreatic ductal adenocarcinoma cells (PDACs)17;

FZD7 is upregulated in hepatocellular carcinoma, colorectal can-

cer, and triple-negative breast cancer18–21; and FZD10 is linked

to synovial sarcomas and colorectal cancers.22,23 Although tar-

geting FZDswith antibodies has significant therapeutic potential,

there are great challenges, as the 10 FZDs share high sequence

similarity and the sorted antibodies often yield cross-reactivity

with the FZDs, resulting in undesired side effects.24 Therefore,

using discriminative epitopes on FZD receptors for the identifica-

tion of selective antibodies to block or activate the cognate re-

ceptor involved in a specific physiological process is of great

value. To this end, we developed an epitope-directed antibody

identification method by including antigen design and library

design, with which we successfully obtained FZD-selective

antibodies.

RESULTS

Deriving FZD10 binder from a template antibody
The Wnt signaling pathway is initiated by Wnt binding to the

extracellular cysteine-rich domain (CRD) of FZD receptors. The

10 FZD CRDs share almost identical fold and surface features,

which are the key reason for the pleiotropic effects of Wnt li-

gands. The determined structure of Wnt-FZD8CRD revealed

that Wnt employs a ‘‘thumb finger’’ and an ‘‘index finger’’ to

grasp the CRD domain through two distinct sites, named site I

and site II.25,26 Therefore, antibodies targeting CRD site I or

site II to block Wnt binding yield inhibitory effects on the Wnt

pathway.27,28 Sequence conservation analysis revealed that

the site I region is highly conserved among the FZD1/2/7 and

FZD5/8 subfamilies but shows variations in other members,

especially FZD9/10 (Figure S1A). As a result, a panel of FZD

CRD antibodies recognizing site I could simultaneously bind

FZD1/2/7, FZD5/8, and even FZD4, but not FZD9/10.27,29

Despite not being sequence conserved, the surface shape of

site I from FZD9/10 still shares similarity with those from FZD1/

2/5/7/8 (Figure S1B), which prompted us to explore whether an

FZD9/10 site I antibody could be easily derived from a pre-exist-

ing FZD1/2/5/7/8 site I binder (Figure S2A). As FZD10 is involved

in synovial sarcomas and its specific antibody will have great
34 Structure 31, 33–43, January 5, 2023
therapeutic significance,23 we chose FZD10 as the target for

the first attempt.

To this aim, we thought screening FZD10 against a directed li-

brary constructed on the basis of an FZD1/2/4/5/7/8 antibody

with known antigen-antibody interaction details would be the

best method. Hence, we chose F2.I monoclonal antibody

(mAb), as it targeted the FZD5 site I region, and its complex

structure with FZD5was also available.28We inspected the inter-

face of F2.I-FZD5CRD complex and randomized several relevant

residues in the CDRs (Figure S2B). Specifically, those facing the

antigen were randomized with full amino acid coverage to

produce differentiated binding ability, but those inward-facing

residues were kept to maintain the relative conformation (Fig-

ure S2B). The recombinant Fc-tagged FZD10 CRD was then

used to select the phage library. After four rounds of biopanning,

three positive colonies with unique sequences, named F10_A9/

F10_E10/F10_H7, were discovered (Figure 1A). Interestingly, in

addition to the shared FZD10 binding ability, these three anti-

bodies presented varied specificity profiles for the other FZDs:

F10_A9 could also bind FZD5/8, F10_E10 bound FZD9 as well,

and F10_H7 was an exclusive FZD10 binder (Figure 1A).

To verify the binding epitope of these antibodies, we conduct-

ed crystallographic studies. The structure of the F10_A9-

FZD10CRD complex was determined at 2.65 Å resolution

(Table 1). As expected, F10_A9 bound at the site I region of the

FZD10 CRD, and the interaction surface was mediated mainly

by the LCDR3 loop and HCDR3 loop (Figure 1B). Comparison

of the F10_A9-FZD10CRD structure with the template the F2.I-

FZD5CRD structure revealed that although F10_A9 and F2.I

approach CRD with a slightly different angle; they both use

LCDR3 and HCDR3 to engage the hydrophobic cleft spanning

site I (Figure 1B). In addition, the complex structure also provided

insights into the specificity of F10A_A9. E76 of FZD10 forms a

salt bridge with R99 from HCDR3 (Figure 1C). The equivalent

Glu in FZD5/8 probably fulfilled the same role (Figure 1C). How-

ever, the Lys or Gln substitution in FZD1/2/7 or FZD4/9 would

disrupt this key electrostatic interaction, leading to loss of

F10_A9 binding ability (Figure 1C). Interaction tests with the cor-

responding mutant FZDs again supported the structural obser-

vations: Glu-to-Lys mutation in FZD5/8/10 abolished its

F10_A9 binding ability; meanwhile, K91E mutation in FZD7 and

Q81E mutation in FZD9 conferred the F10_A9 binding activity

(Figure S2C).

We also tried to solve the structure of FZD10CRD complexed

with F10_E10 and F10_H7. However, after many efforts, neither

F10_E10 nor F10_H7 crystallized together with FZD10CRD, even

though they possessed an FZD10 binding affinity comparable

with that of F10_A9 (Figures S2D and S2E). To continue

deciphering the binding epitope of F10_E10 and F10_H7, we

performed both competitive ELISAs and molecular docking

analysis. As shown in Figure 1D, the presence of F10_E10 and

F10_H7 greatly reduced the binding signal of F10_A9, demon-

strating that their binding epitope overlaps with that of F10_A9,

which is still the preset site I region. Consistently, the interaction

sites revealed by the docking structures of F10_E10 and F10_H7

matched well with the binning assays (Figure S2F). Together,

these results demonstrate that we can successfully identify anti-

bodies binding to various antigens by screening a directed li-

brary constructed on the basis of a known ‘‘homolog’’ template.



Figure 1. Identification and characterization of the FZD10 antibodies

(A) FZD binding specificity of the isolated antibodies. ELISA of the three anti-FZD10 IgGs (10 nM) on FZDs. Data are presented as mean ± SE of two replicates.

(B) Binding interface of F10_A9 on FZD10. The template antibody F2.I-FZD5CRD complex (right) is viewed by aligning FZD5 with F10_A9-bound FZD10. LCDR3

and HCDR3 are labeled as L3 and H3, respectively.

(C) Structural and sequence comparison of the F10_A9 targeting region in different FZDs. The key residues involved in the specific interaction between F10_A9

and FZD10 are highlighted as sticks. The triangle indicates the position of E76.

(D) Epitope binning results of the FZD10 antibodies. The indicated IgGs (200 nM) were used to compete with FZD10_A9 phage for binding coated FZD10.

See also Figures S1 and S2.
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FZD10-SPECIFIC ANTIBODY YIELDED BY TARGETING A
NONCONSERVED EPITOPE

During the epitope binning assays of the above identified FZD10

antibodies, we used a known FZD10-specific antibody,

B9L9.3.30 Humanized B9L9.3 (hB9L9.3) showed strict FZD10

specificity and competed weakly with F10_A9 for binding to

FZD10 (Figures S3A–S3C), which suggested that it may occupy

an epitope exclusive to FZD10 but not fully overlapping with site

I. Meanwhile, as hB9L9.3 can effectively inhibit the FZD10-medi-

ated Wnt pathway, we thought hB9L9.3 might target a unique

functional epitope on FZD10. To uncover where it engages,

thus providing clues for designing other FZD-specific antibodies,

we solved the structure of the FZD10 CRD bound with the Fab

fragment of hB9L9.3 (Figure 2A) (Table 1). Surprisingly,

hB9L9.3 recognizes a previously unreported epitope, the region

located roughly on the opposite side of site II (Figure 2A).
hB9L9.3 engagement did not affect the accessibility of site I or

site II for Wnt ligand (Figure 2A). However, based on the models

of the determined XWnt8-mFZD8CRD and hWnt3-mFZD8CRD, the

VH region of the bound hB9L9.3 seems to induce steric hin-

drance with the C-terminal subdomain of Wnt (Figure S3D), re-

sulting in the blocking activity of hB9L9.3 on the Wnt pathway.

Analysis of the epitope recognized by hB9L9.3 revealed that it

formed an ‘‘L’’-shaped stretch hugged mainly by LCDR3,

HCDR2, and HCDR3 of hB9L9.3 (Figure 2B). This epitope is

the least conserved region in the FZD CRD, reflected by remark-

able sequence divergences and conformational variations (Fig-

ure 2C). However, compared with the closest homolog FZD9, it

still retains conservation, as of all the residues making contact

with hB9L9.3, only four residues (R135/K136/N144/Y145) are

FZD10 specific (Figure 2C). Interestingly, evenwith these few dif-

ferences, hB9L9.3 can still discriminate FZD10 from FZD9/10

through the corresponding contacts conferred by the paratope
Structure 31, 33–43, January 5, 2023 35



Table 1. Data collection and structure refinement statistics

F10_A9-FZD10CRD hB9L9.3-FZD10CRD pF7_A5-FZD2CRD

Data collection

Wavelength (Å) 0.9792 0.9793 0.9792

Space group P41212 P1 P1

Cell dimensions

a, b, c (Å) 156.45, 156.45, 94.29 75.46, 100.79, 99.15 66.38, 66.66, 90.91

a, b, g (�) 90, 90, 90 110.08, 89.94, 113.79 95.14, 109.15, 115.33

Resolution (Å)a 50–2.65 (2.70–2.65) 50.00–2.50 (2.54–2.50) 27.76–2.24 (2.29–2.25)

Unique reflections 34,538 (1,698) 83,801 (4,163) 59,980 (2,991)

Rmerge (%) 10.5 (87.8) 10.8 (34.5) 9.2 (49.3)

I/s(I) 29.2 (3.8) 10.2 (3.3) 14.5 (2.9)

CC1/2 1.00 (0.90) 0.98 (0.90) 0.98 (0.82)

Completeness (%) 100.0 (100.0) 98.7 (98.0) 98.4 (96.1)

Redundancy 16.6 (16.9) 3.5 (3.3) 3.5 (3.1)

Refinement

Resolution (Å) 36.88–2.65 46.06–2.51 27.76–2.24

Rwork/Rfree (%) 20.51/24.73 17.58/21.49 21.55/24.14

Number of atoms

Protein 8270 16492 8334

Ligand 46

Water 177 1144 315

B factors (Å2)

Protein 50.49 38.47 36.4

Ligand 89.44

Water 37.83 40.54 36.47

RMSDs

Bond lengths (Å) 0.007 0.012 0.007

Bond angles (�) 1.048 1.293 0.969

Ramachandran plot

Favored (%) 97.09 97.12 96.8

Allowed (%) 2.91 2.88 3.2

RMSD, root-mean-square deviation.
aHigh-resolution shell is shown in parentheses.
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(Figures 2B and 2C). Therefore, we conclude that by targeting

the nonconserved epitope in CRDs, even showing few varia-

tions, highly selective antibodies could be generated.

Epitope-directed identification of FZD1/2/7 selective
antibody
Comparison of the two key functional sites (site I and site II) in

FZD CRDs clearly shows that site II is much less conserved

than site I (Figure S4A), which means that the site II region could

serve as the discriminative epitope for isolating antibodies with

FZD subtype specificity. We then tried to explore a method to

accomplish this site II-directed antibody identification, through

which FZD-selective antibodies could be obtained. Inspired by

the successful acquisition of antibodies possessing template-

like epitopes using the above ‘‘homolog’’ library method (Fig-

ure S2A), we thought that redesigning from a site II antibody

would fulfill the goal. However, no site II binder has been re-

ported, so we next borrowed the idea used in the computational

design of FZD binders, that is, docking the alanine model of an
36 Structure 31, 33–43, January 5, 2023
irreverent scaffold onto the target to obtain a desired complex

model according to the surface shape complementarity.31,32

To do this, we chose F2.I and hB9L9.3 as templates and trimmed

the side chains of the CDR residues. As a proof-of-concept

study, we chose the FZD1/2/7 subfamily as the target antigens

because they show similarity as well as differences in the site II

region (Figure S4B), facilitating further specificity tunability study

(see below). Moreover, FZD1/2/7 over-activation has been linked

to several cancers16,19; therefore, their specific antibodies will

have clinical significance. To dock the antibody, site II was set

as the contact site to remove unwanted docking results. When

dockedwith hB9L9.3, FZD2/7 was repeatedly observed to adopt

one highly similar interaction mode with hB9L9.3, suggesting

that this mode was reasonable (Figure S4C). For docking with

F2.I, multiple varied interaction modes were observed (Fig-

ure S4D). We checked all the models and chose the most

commonly observed hB9L9.3-FZD7CRD model, which also had

a larger buried surface and better shape complementarity, for

subsequent studies (Figure S4C). On the basis of this docking



Figure 2. The nonconserved epitope tar-

geted by the FZD10-specific antibody

(A) Position of the epitope targeted by hB9L9.3. The

‘‘thumb finger’’ and ‘‘index finger’’ of XWnt8 are

included for localization comparison after super-

position of XWnt8-mFZD8CRD (PDB: 4F0A) with

FZD10.

(B) Conformation of the FZD10 motif (magenta) and

associated CDRs of hB9L9.3 (cyan for light chain

and green for heavy chain). Several key residues

from the interface are highlighted as sticks.

(C) Structural and sequence comparison of the

hB9L9.3 targeting region in different FZDs. The four

FZD10-specific residues are shown as sticks in the

structure (left) and indicated with black circles in the

sequence alignment (right).

See also Figure S3.
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model, LCDR3 and HCDR3 were engaged in a shallow groove

located around the site II region (Figure 3A). Therefore, we intro-

duced small amino acid compositions at the corresponding po-

sitions in the CDRs. For the positions without obviously required

preference, we used full amino acid convergence.

Next, we thought that even though the library was designed

with site II preference, it should still contain binders recognizing

the undesired regions, and these binders could cause

screening bias, increasing the difficulty of sorting out the

desired target. To solve this problem, we envisioned that pre-

clearing the library with a ‘‘counter’’ antigen sharing all available

epitopes except the target epitope as the ‘‘positive’’ antigen

would be an effective strategy (Figure 3B). To this end, we de-

signed ‘‘counter’’ antigens by introducing mutations to the site

II region on the basis of the docking model (Figure 3C). Two

sets of mutations were tested, and one of the resultant pro-

teins, F7M1, retained robust F2.I binding ability (Figure 3D),

indicating that it should maintain the native feature for the re-

maining epitopes and thus fit for removing the unwanted

binders. We then conducted the biopanning process as shown

in Figure 3E, and after five rounds of selection, we obtained one

clone, named pF7_A5, which could bind FZD1/2/7 but not other

FZDs (Figure 3F).

According to the binding behavior in the ELISAs (Figure 3F),

the epitope targeted by pF7_A5 can distinguish FZD1/2/7 from

10 FZDs but cannot discriminate each member within this sub-

family. To verify whether pF7_A5 binds at the site II region, we

solved the complex structure of pF7_A5-FZD2CRD (Table 1).

The determined structure revealed that pF7_A5 indeed bound

FZD2 at the site II region (Figure 3G). Although LCDR1 main-

tained the predicted configuration, LCDR3 and HCDR3 resided

in different positions, changing from the ‘‘flat’’ conformations

in the docking model to the ‘‘lift-up’’ conformations in pF7_A5
(Figure 3G). However, even though FZD7

was held at a different position in the

pF7_A5-bound structure compared with

the docking model, it was still captured

by LCDR1, LCDR3, and HCDR3 in a way

similar to that in the predicted model (Fig-

ure 3G). Together, these results confirmed

that by using a directed designed library
and ‘‘counter’’ selection strategy, we can successfully identify

antibodies binding to the desired epitope.

Structure-guided tuning of pF7_A5 affinity and
specificity
Asmentioned above, the CD-loop and CT-loop are the structural

elements recognized by pF7_A5, and they are grasped on both

sides by the clip-like LCDR1 and HCDR3 of pF7_A5 (Figure 3G).

Interestingly, HCDR3 folds into an antiparallel b-sheet and packs

against the hydrophobic patch of site II (Figure 4A), closely

resembling the mode of the hWnt3 index finger interacting with

the equivalent region on FZD8.26 Whether such a ‘‘b-sheet

covering mode’’ is generally required for associating with site II

remains unknown, but it probably provides an efficient way to

interact with a hydrophobic patch. Overlaying FZD5/7/10 onto

FZD2 shows that only the CD-loop andCT-loop from FZD7 share

almost identical amino acid compositions as well as trajectories

as those in FZD2 (Figure 4B), correlating well with the specificity

profile of pF7_A5 (Figure 3F).

Guided by the structural information, we next tried to

construct a second-generation library to first investigate

whether monospecific binders could be identified and second

to improve the affinity of pF7_A5. Comparison of site II from

FZD2 and FZD7 revealed that only three residues were not

conserved (Figures 4B and S5A): H140, E147, and Q148. As

a result, we introduced complete randomizations for the

corresponding contacting residues in pF7_A5: Y27 and R28

from LCDR1 and L95 from LCDR3 (Figure S5A). In addition,

several additional positions located within the interface

were also limitedly randomized to further tune the specificity

and improve the affinity (Figure S5A). To select the high-

affinity variants, the typical strategy of applying increasing

stringency was employed (Figure S5B). For selection of
Structure 31, 33–43, January 5, 2023 37



Figure 3. Identification of pF7_A5 with the directed designed library and antigen

(A) LCDR3 and HCDR3 design on the basis of the docking model. The highlighted residues shown as sticks in the close-up view are randomized into small amino

acids. The color of the surfaces represents the level of hydrophobicity.

(B) The overall counter selection strategy. The counter antigen will absorb phages displaying undesired antibodies, while the positive antigen enriches target

phages.

(C) Counter antigen containing the mutations. Four residues shown as spheres were mutated to alanine in F7M1 (left), and three residues shown as spheres were

mutated to alanine in F7M2 (right).

(D) Validation of the folding of F7M1. ELISA of F2.I binding to wild-type FZD7 and F7M1. Fc-tagged proteins were used.

(E) Selection strategy for the five rounds. The counter antigen used in each round is indicated in red.

(F) ELISA results of pF7_A5 (10 nM) binding to FZD proteins. For (D) and (F), data are presented as mean ± SE of two replicates.

(G)Mode of pF7_A5 interactingwith FZD2CRD. The dockingmodel of the antibody complexedwith FZD7CRD (right) is presented for comparison in a similar view.

See also Figure S4.
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monospecific binders, the ‘‘counter’’ antigen strategy was

again used: FZD7 was the ‘‘counter’’ antigen for FZD2 and

vice versa (Figure S5B).
38 Structure 31, 33–43, January 5, 2023
After four rounds of affinity-improving selection, we obtained

one antibody, termed pF7_B6, which displayed a subnanomolar

affinity for FZD7 (Figures S6C). As expected, pF7_B6 lacked



Figure 4. Affinity and specificity tuning of pF7_A5

(A) FZD2 interactions mediated by HCDR3 of pF7_A5. FZD2 is shown as the surface mode, and the color of the surfaces represents the level of hydrophobicity.

Key HCDR3 residues (green) are shown as sticks.

(B) Structural (left) and sequence (right) comparison of the CD-loop and CT-loop in different FZDs. The FZD1/2/7 subfamily is highlighted with a yellow back-

ground in the sequence alignment.

(C) SPR sensogram data of sF7_A2 binding to FZD2 and FZD7. The solid black lines represent the ‘‘1:1 binding’’ model fits.

(D) Localization of the converted residues of sF7_A2 in the structure. The pF7_A5-FZD2CRD structure was used to map the position of the varied residues.

(E) SPR sensogram data of sF2_C11 binding to FZD2 and FZD7. The solid black lines represent the ‘‘1:1 binding’’ model fits.

(F) Localization of the converted residues of sF2_C11 in the structure. The pF7_A5-FZD2CRD structure was used to map the position of the varied residues.

See also Figures S5 and S6.
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specificity and bound FZD1 and FZD2 with nanomolar/subnano-

molar affinity (Figures S6A–S6C). For the specificity evolution, no

candidate with particular specificity for FZD7 was recovered.

The best one, termed sF7_A2, exhibited an approximately

6-fold FZD7 binding preference over FZD2 (Figure 4C). Analysis

of the converted residues revealed that the R93 substitution in

LCDR3 was suitable for packing with G157 in FZD7 but less
favorable for the equivalent E147 in FZD2 (Figure 4D). In contrast

to the limited selectivity of sF7_A2, FZD2 selection yielded one

highly specific antibody, termed sF2_C11, and it bound FZD2

with a Kd of 6.5 nM, approximately 100-fold smaller than that

with FZD7 (Figure 4E). Mapping of the converted residues onto

the structure revealed that E28, H93, and R95 in sF2_C11 sur-

rounded the nonconserved FZD2 residues E147 and Q148 and
Structure 31, 33–43, January 5, 2023 39



Figure 5. Modulation of the Wnt pathway with the identified antibodies

(A–D) (A) The inhibitory activity of FZD10 antibodies F10_A9, F10_E10, and F10_H7 on the FZD10-mediated Wnt signaling pathway. The inhibitory activity of the

high-affinity FZD2/7 antibodies pF7_B6 (B), sF7_A2 (C), and sF2_C11 (D) on the FZD2- or FZD7-mediated Wnt signaling pathway. Cells expressing different FZD

receptors were stimulated with 50% Wnt-3A conditioned medium and treated with gradient concentrations of antibodies. The ratios of firefly luminescence to

Renilla luminescence were calculated, background-subtracted (in reference to samples not stimulated with Wnt3A) and normalized to control samples that were

treated with Wnt3A only. The normalized signaling is shown on the y axis.

(E) The activating activity of pF7_A5 FLAg toward different FZD cell lines. For panel E, cells expressing different FZD receptors were treated with gradient

concentrations of pF7_A5 FLAgs. The y axis shows the luciferase signal relative to the signal in the absence of any agonist. Data are presented asmean ± SE of at

least three replicates.

See also Figure S7
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probably produced a complementary shape as well as a polar

interaction network with FZD2 (Figure 4F). However, this

complementarity would be disrupted by the equivalent G157

and E158 substitution in FZD7, resulting in the lower affinity for

FZD7 (Figure 4E). To verify this specificity determinant, we con-

verted G157 and E158 of FZD7 into the corresponding FZD2

residues, and the resultant protein (FZD7G157E/E158Q) indeed

presented a much higher affinity for sF2_C11 (Figures 4E and

S6F). Together, FZD7-preferred and FZD2-specific antibodies

were identified by the combinatorial use of a structure-guided li-

brary and a natural ‘‘counter’’ antigen of FZD2/FZD7.

WNT SIGNALING MODULATION BY FZD
SUBTYPE-SELECTIVE ANTIBODIES

On the basis of the specificity of each antibody toward FZDs, we

next evaluated their ability to modulate the cognate signaling

pathway in cells. We first generated an F127-knockout (KO)

cell line as previously described33 and verified that the activation

of the individual exogenously transfected receptors could be

monitored in these cells (Figure S7A). As mentioned above, all
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FZD10 antibodies, F10_A9, F10_E10, and F10_H7, are site I

binders and should antagonize Wnt signal transduction by pre-

venting Wnt binding to FZDs. As expected, F10_A9, F10_E10,

and F10_H7 could effectively inhibited the beta-catenin-depen-

dent signaling mediated by FZD10 (Figure 5A). Meanwhile,

F10_A9 could partially inhibit FZD5/8-mediated Wnt signaling

(Figures S7E and S7F) but not other FZDs, and F10_E10/

F10_H7 could not block FZD2/4/5/7/8-mediated Wnt signaling

(Figures S7B–S7F), which correlated well with their FZD binding

profile (Figure 1A). The FZD2/7 antibodies also exhibited the ex-

pected inhibition profiles (Figures 5B–5D and S7D–S7G). Among

them, the high-affinity FZD2/7 cross-reactive antibody variant

pF7_B6 blocks both FZD2- and FZD7-mediated beta-catenin-

dependent signaling with slightly higher potency for the former

(Figure 5B). In contrast, sF7_A2 presents higher inhibition effi-

cacy toward FZD7-mediated signaling (Figure 5C), correlating

well with its FZD7 binding preference (Figure 4C). Similarly, the

FZD2-specific antibody sF2_C11 only inhibited FZD2-mediated

signaling (Figure 5D).

In addition to the potential in cancer therapy through antago-

nizing the Wnt signaling pathway, FZD antibodies also hold
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promise for curing degenerative diseases by activating the

pathway, as they could be converted into agonists by integrating

into FLAgs (Frizzled and LRP5/6 agonists).34 We then tested the

agonistic activity of pF7_A5 in the FLAg form. As expected,

pF7_A5 FLAg could activate both the FZD2- and FZD7-mediated

beta-catenin-dependent signaling pathways but not others (Fig-

ure 5E). The lower potency for the FZD7 pathway is probably due

to the relatively lower affinity of pF7_A5 for FZD7 (Figures S7H

and S7I). Together, we demonstrated that the identified anti-

bodies could execute specific antagonistic or agonistic modula-

tion of the Wnt signaling pathway.

DISCUSSION

To date, developing effective antibody drugs remains chal-

lenging, and one of the reasons is the indeterminacy of the

targeting region of these antibodies under development.

Accordingly, integrating epitope information into the selection

process would greatly increase the success rate. Here, we

developed an epitope-directed antibody isolation method by

incorporating both directed library design and antigen design.

Briefly, the desired region was first set as the contact site

with the scaffold antibody for docking analysis, and on the ba-

sis of the resultant model, an antibody library favoring the

target epitope was designed with human intelligence. This is

different from the previously proposed computational approach

where sequence design completely relied on computers or the

photocrosslinking approach where unbiased libraries were

used.12 In addition to the directed library, a precise ‘‘counter’’

antigen was designed and used in our system to remove irrel-

evant binders from the library, thus promoting the enrichment

of the target antibody. Because of the use of the designed li-

brary and antigen, our method can not only fulfill the goal of

isolating target epitope binders, as the previously proposed ap-

proaches did but also presents additional advantages, for

example, allowing affinity as a driving factor for enriching the

candidate (Figure 3B). Of note, although the FZD10 library

was built on the basis of a ‘‘homolog’’ antibody, using a scaf-

fold antibody recognizing an original site without obvious simi-

larity with the target epitope still succeeded in the case of

FZD7, suggesting that this method should be applicable for a

broad range of antigens without pre-identified antibodies or ho-

mologous antibodies. In this respect, our method is in common

with the means involved in de novo design by starting with an

irrelevant antibody.11 Furthermore, the relevant concept in the

current method can be easily integrated into other antibody

identification platforms, such as hybridoma technology. Mono-

clonal antibodies derived from clonal hybridoma could be

tested for binding to both the wild-type (WT) antigen and site-

specific mutant, and those showing strong binding signals for

the WT antigen rather than the mutant could be ideal candi-

dates. As a result, antibodies possessing the required activities

could be sorted out at the early stage, facilitating further affinity

optimization and developability tests.

Wnt signaling plays an important role in developmental

biology and stem cell maintenance14; however, the genetic

redundancy of Wnt and FZD genes, as well as the promiscu-

ous Wnt-FZD interaction, have impeded elucidation of the

functional role of individual FZDs in those processes.35 Using
specific tools to modulate the activity of the cognate receptor

would be an effective way to solve this problem. Therefore,

developing FZD-selective antibodies will not only have clinical

significance in established FZD-related cancer therapy but will

also help clarify the determinant role of individual FZDs in vivo.

Attempts have been constantly made using the antibody, pep-

tide, and synthetic scaffold DARPins.31,36 However, although

some have achieved subfamily discrimination, none of the

rationally designed modalities accomplishes strict subtype

specificity. For example, a selective peptide inhibitor that rec-

ognizes FZD1/2/7,36 DRPB_Fz8 binds specifically to FZD5/8,

and DRPB_Fz7 binds to FZD1/2/7.31 The main reason is that

all these binders target site I or nearby regions on CRDs; as

a result, it is difficult for them to discriminate each member

within the subfamily. In contrast to the conserved feature of

site I, the site II region displays more variations and thus could

serve as the discriminable epitope for identifying FZD subtype-

selective antibodies. Therefore, we set site II as the target

epitope and applied the epitope-directed method to develop

FZD2/7-selective antibodies. After two generations of design

and selection, we identified an FZD2-specific antibody

sF2_C11. For FZD7, we obtained the FZD7-preferred antibody

sF7_A2. The reason may be because the current library design

was more fit for the varied residues of FZD2 but not for those

of FZD7. We believe that further evolution on the basis of

sF7_A2 could yield an FZD7 exclusive antibody. Altogether,

we established an epitope-directed antibody identification

method with which several FZD subtype-selective antibodies

were derived, providing potential tools for specific Wnt

pathway modulation.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-M13 Antibody (HRP), Mouse Monoclonal sinobiological Cat#11973-MM05T-H

Anti-HA tag Antibody (HRP), Mouse Monoclonal sinobiological Cat#100028-MM10-H

HRP-conjugated Monoclonal mouse anti-human

Ig kappa chain antibody

hepengbio Cat#C030243

Bacterial and virus strains

E.coli DH5a NEB Cat#C2987H

E.coli XL1-Blue In house N/A

E.coli SS320 In house N/A

Chemicals, peptides, and recombinant proteins

DMEM Cytiva Cat#SH30262.01

FBS LONSERA Cat# S711-001S

Penicillin–streptomycin Cytiva Cat#SV30010

Union 293 Cell Cuture Medium Union-Biotech (shanghai)

Co., Ltd

Cat#UP1000

PolyJet� In Vitro DNA Transfection Reagent signagen Cat#SL100688

PEI Polysciences, Inc Cat#24765

Index Hampton Research Cat#HR2-144

PEG/Ion Screen I&II Hampton Research Cat#HR2-126 & HR2-098

Crystal Screen I&II Hampton Research Cat#HR2-110 & HR2-112

ProPlex Molecular Dimensions Cat#MD1-38

TMB Substrate beyotime Cat#P0209-500

Critical commercial assays

TransDetect� Double-Luciferase Reporter Assay Kit TransGen Biotech,

Beijing, China

Cat#FR201-02

Deposited data

Frizzled10 CRD in complex with F10_A9 Fab This paper PDB ID: 7X8Q

Frizzled10 CRD in complex with hB9L9.3 Fab This paper PDB ID: 7X8T

Frizzled2 CRD in complex with pF7_A5 Fab This paper PDB ID: 7X8P

Crystal structure of Frizzled 5 CRD in complex

with F2.I Fab

(Raman et al., 2019) PDB ID: 6O39

Crystal structure of Frizzled 7 CRD (Nile et al., 2017) PDB ID: 5T44

Crystal structure of Frizzled 2 CRD in complex

with Clostridium difficile toxin B

(Chen et al., 2018) PDB ID: 6C0B

Crystal structure of Frizzled 4 CRD - Crystal Form I (Chang et al., 2015) PDB ID: 5BPB

CRYSTAL STRUCTURE OF THE FAB FRAGMENT FROM

THE HUMAN MYELOMA IMMUNOGLOBULIN IGG

(Strong et al., 1991) PDB ID: 8FAB

Crystal structure of XWnt8 in complex with the

cysteine-rich domain of Frizzled 8

(Janda et al., 2012) PDB ID: 4F0A

Crystal structure of a mammalian Wnt-frizzled complex (Hirai et al., 2019) PDB ID: 6AHY

Experimental models: Cell lines

Expi293F� Cells Thermo Fisher Cat#A14527

HEK293T ATCC Cat#CRL-3216

L Wnt-3A, a gift from Professor Linzhao Cheng Procell Life Science&Technology

Co.,Ltd.

Cat#CL-0375

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Primers for FZD1/2/7 KO plasmid I, forward: atttcttggcttta

tatatcttgtggaaaggacgaaacaccGGCGATGTCCGTGCACAGC

GenScript F127KO-I-F

Primers for FZD1/2/7 KO plasmid I, reverse: ggactagccttat

tttaacttgctatttctagctctaaaacGCTGTGCACGGACATCGCC

GenScript F127KO-I-R

Primers for FZD1/2/7 KO plasmid III, forward: tttcttggctttat

atatcttgtggaaaggacgaaacaccgATCTCCATCCCGCTGTGCA

GenScript F127KO-III-F

Primers for FZD1/2/7 KO plasmid III, reverse: gactagccttatt

ttaacttgctatttctagctctaaaacTGCACAGCGGGATGGAGATc

GenScript F127KO-III-R

Primers for directed library construction, see Table S3 GenScript N/A

Software and algorithms

HKL3000 (Minor et al., 2006) https://www.hkl-xray.com/hkl-3000

PHENIX Version 1.20 (Adams et al., 2010) https://phenix-online.org/

COOT Version 0.8.9.2 (Emsley et al., 2010) https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot/

CCP4 V7.0 (Winn et al., 2011) https://www.ccp4.ac.uk/

AlphaFold (Jumper et al., 2021) https://alphafold.com/

PyMOL(TM) Molecular Graphics System, Version 2.5.0. Schrödinger, LLC https://pymol.org/2/

HADDOCK 2.4 (van Zundert et al., 2016) https://www.bonvinlab.org/software/

haddock2.4/

HDOCK (Yan et al., 2020) http://hdock.phys.hust.edu.cn/

OriginPro 2018C originlab https://www.originlab.com

Biacore T200 Evaluation Software Cytiva https://www.cytivalifesciences.com/

en/us/support/software/biacore-

downloads/biacore-t200-software

Other

QIAquick PCR Purification Kit Qiagen Cat#28104

rProtein A Sepharose Fast Flow Cytiva Cat#GE17-1279-01

Ni Sepharose� 6 Fast Flow Cytiva Cat# 17531802

Superdex� 200 Increase 10/300 column Cytiva Cat#28990944

Maxisorp immunoplates Thermo Fisher Cat#44–2404

Amino acid sequences of the identified antibodies,

Table S3

This paper N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yuyong

Tao (taoyy@ustc.edu.cn).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completedMaterials Transfer Agreement.

Data and code availability
The atomic coordinates and structure factors for the crystal structures reported in this article have been deposited in the PDB. Acces-

sion numbers are listed in the key resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

HEK 293T cells and LWnt-3a cells used for functional assayweremaintained at 37�C in a humidified atmosphere comprising 5%CO2

in Dulbecco’s minimal essential medium (DMEM) containing 10% (v/v) heat-inactivated fetal bovine serum (FBS) and 100 U/mL of
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penicillin–streptomycin. Expi 293F cells used for protein expression was cultured in Union 293 Cell Cuture Medium (Union-Biotech

(shanghai) Co., Ltd) supplemented with 5%CO2 for maintenance. Escherichia coliDH5a used for vector amplification was cultured in

LB media with appropriate antibiotics. Escherichia coli XL1-blue and Escherichia coli SS320 used for phage display were cultured in

2YT medium with appropriate antibiotics.

METHOD DETAILS

Protein constructs, expression, and purification
The genes encoding FZDCRDs, including FZD1 (residues 73–253), FZD2 (residues 29–168), FZD4 (residues 42–164), FZD5 (residues

27–167), FZD6 (residues 19–153), FZD7 (residues 33–165), FZD8 (residues 25–172), FZD9 (residues 23–160), and FZD10 (residues

21–161), were cloned into the pME vector (derived from AbVec2.0-IGHG1)37 with a N-terminal human trypsinogen-2 signal peptide

and a C-terminal Fc tag (hIgG1). Site-directed mutagenesis was performed to generate F7M1 and F7M2mutants. For full-length IgG,

the VL and VH domains of the corresponding antibody sequence were obtained by DNA synthesis (for hB9L9.3) or overlap PCR and

were further cloned into mammalian expression vectors designed for the production of light chain or IgG1 heavy chain. In addition, an

HA epitope tag was attached to the C-terminus of the light chain of hB9L9.3 and pF7_A5 for detection.

All Fc-tagged human FZDCRDs or full-length IgGwere expressed by transient transfection in Expi 293F cells (Thermo Fisher) using

PEI (Polysciences, Inc). For full-length IgG, the corresponding heavy chain and light chain plasmid pair was cotransfected at a molar

ratio of 3:2. The Fc-tagged antigens or antibodies were purified by protein A chromatography from cell culture media. Briefly, the

collected supernatant was added with 1/10 supernatant volume of 103PBS to improve the binding to protein A resin, and was sub-

sequently incubated with protein A resin (Cytiva), which was pre-equilibrated in PBS. After incubating for 2 hours, the resin was

washed with 10 column volumes of PBS, then the protein sample bound to the resin was eluted with 10 mL of elution buffer

(0.2 M arginine, pH 2.7). Immediately after elution, 1 mL of tris-HCl (1 M, pH 8.0) was added to adjust the pH. The eluted proteins

were buffer-exchanged into PBS by spin concentration and stored in aliquots at �80�C.
To prepare F10_A9-FZD10CRD and hB9L9.3-FZD10CRD complexes, FZD10 (residues 24–152 with the N48Q mutation) along with

the antibody heavy chain (VH-CH1, with a C-terminal histidine tag) and light chain were co-transfected into Expi 293F cells (Thermo

Fisher) at a ratio of 1.5:1:1. To prepare the pF7_A5-FZD2CRD complex, FZD2 (residues 24–152 with a C-terminal histidine tag) along

with the heavy chain and light chain were co-transfected into Expi 293F cells (Thermo Fisher) at a ratio of 1.5:1:1. The antigen-Fab

complexes were purified using Ni-NTA affinity chromatography (Cytiva) from cell culture media. Briefly, the collected supernatant

was added with 1/10 supernatant volume of buffer A (400 mM NaH2PO4, pH 8.0, 1.0 M NaCl), then CaCl2 was added to a final con-

centration of 2mM to remove the chelating agents. The supernatant was isolated by centrifugation at 12,000 3 g for 30min and incu-

batedwith Ni Sepharose� 6 Fast Flow resin (Cytiva) at 4 �C. After incubating for 2 hours, protein was elutedwith elution buffer (20mM

Tris, pH 7.8, 300 mM NaCl, 200 mM imidazole), followed by gel filtration chromatography (Superdex 200 Increase 10/300 column,

Cytiva) in 20 mM Tris, pH 7.8 and 100 mM NaCl buffer. The complex fractions were collected and concentrated using a 10-kDa mo-

lecular weight cutoff concentrator (Millipore) for crystallization trials.

Docking and directed library design
To obtain the FZD10 site I antibody, the FZD10 CRD model from AlphaFold38,39 was aligned with F2.I-FZD5CRD crystal structure

(PDB: 6O39) and interface design were performed on F2.I to obtain antigen contacting CDR residues (Figure S2B). These residues

were fully randomized by introducing degenerate NNK codons.

To obtain the template for the FZD2/7 site II binder, molecular docking was utilized to obtain the original model. F2.I and hB9L9.3

were chosen as the templates for docking against the FZD7 CRD site II region. Before docking, residues at LCDR3, HCDR1, HCDR2,

HCDR3 of F2.I and LCDR1, LCDR2, and HCDR3 of hB9L9.3 were manually mutated to alanine to eliminate potential side chain

clashes during sampling according to a previous report. The potential binding models were generated by HADDOCK 2.440–42 and

HDOCK43 to dock the mutated complementarity determining regions against the site II region of the FZD7 CRD (PDB: 5T44).44

The cluster with the highest score was examined visually for further analysis. For each docking model, the buried surface area

and shape complementarity score were calculated with the AreaIMol and Sc programs from the CCP4 program suite.45 Based on

the dockingmodewith the hB9L9.3 template, residues 93–95 in the light chain and residues 104–111 in the heavy chain weremutated

to small hydrophobic residues; thus, the VBC codon was employed. The remaining residues, including residues 26–31 (LCDR1), res-

idues 49 (LCDR2), residues 91–92 (LCDR3) in the light chain and residues 101–103 (HCDR3) in the heavy chain, were fully randomized

by introducing NNK codons.

To fine tune the specificity and binding affinity of pF7_A5, a second-generation library was constructed according to Table S1. In

addition, we manually prepared some mutations at residue S31 in the light chain. All the primers designed for directed library con-

struction are listed in Table S2.

Directed phage display library construction
For library construction, a scFV backbone was first constructed by joining the corresponding VL and VH regions with an 18-aa linker.

Then, according to the desired directed library design, forward and reverse primers (GenScript) containing degenerate codons and

flanking regions were annealed to the scFV backbone to initiate PCR. The first round of PCR products was combined by overlapping

PCR. The purified PCR products along with the restriction enzyme-digested phagemid vector were integrated by Gibson assembly.
e3 Structure 31, 33–43.e1–e5, January 5, 2023
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The Gibson reaction products were purified by a QIAquick PCR Purification Kit (QIAGEN) and transformed into E. coli SS320 (pre-

infected with M13KO7 helper phage) by electroporation. After electroporation, the cells were immediately recovered in SOC media

and were further transferred to 2YT medium supplemented with ampicillin and kanamycin for phage propagation.

Phage selection against FZD CRDs
Phage panning was performed according to previously established protocols46 with somemodifications. All antigens for counter se-

lection or positive selection were coated in Maxisorp immunoplates (Thermo Fisher) at 4�C overnight. Then the plates were blocked

with 200 mL PBT buffer (PBS containing 0.5% bovine serum albumin and 0.05% Tween-20) for 2 hours at room temperature. For

FZD10CRD site I antibody identification, the phage pool was first cleared by incubation with Fc tag proteins for 1 hour. The unbound

phagewas then incubatedwith Fc-tagged FZD10CRD for 1 hour. After washing 10 timeswith PT buffer (PBSbuffer containing 0.05%

Tween-20), the bound phage was harvested with 100 mM HCl and then neutralized with Tris-HCl buffer (1 M, pH 11). The eluted

phage was used to infect actively growing E. coli XL1-Blue cells (OD600<0.8) in 2YT media for propagation. In total, four rounds

of biopanning were performed, and individual phage clones from the fourth round of selection were tested by phage ELISA.

For FZD7 site II binder screening, different selection strategies were employed (as shown in Figure 3E). In round I, previously re-

ported F2.I Fab was used to block the site I epitope of the FZD7 CRD. Thus, the F2.I-FZD7CRD complex was used for positive selec-

tion, F2.I Fabwas used for negative selection. Round II-Round Vwas performed using F7M1-Fc for counter selection andWT antigen

for positive selection. Individual phage clones from the fifth round of selection were tested by phage ELISA.

To obtain FZD2/7 high-affinity and specific antibodies, combinatorial screening strategies were employed (Figure S5B). To obtain

high-affinity antibodies, the Fc protein was used for counter selection. In round III and round IV, fewer antigens were coated, and a

kinetics selection protocol was used. After counter selection with Fc protein, the phage pool was first incubated with antigens. The

unbound phage was washed away with PT buffer. Subsequently, the bound phages were incubated with 1 mM free cognate antigen

to remove phages with high Koff. To obtain specific antibodies, a counter selection strategy was used. For the FZD2-specific binder,

FZD7was used for counter selection. In round IV, the phage pool was further purified by adding excessive FZD7CRD for competition.

Accordingly, the FZD2 CRD was used for counter selection for FZD7-specific antibody identification. Individual phage clones from

the fourth round of selection were tested by phage ELISA. The amino acid sequences of all identified antibodies were summarized in

Table S3.

Enzyme-linked immunosorbent assay
Antigen (0.1 mg) in 100 mL of PBSwas coated inMaxisorp immunoplates (Thermo Fisher) at 4�Covernight. The plate was blockedwith

200 mL PBT buffer (PBS containing 0.5%bovine serum albumin and 0.05%Tween-20) for 2 hours at room temperature. After washing

three times with PT buffer, samples (antibodies or phages) diluted in PBT buffer were incubated for 1 hour. For competitive ELISAs,

competitors were added and incubated for another 1 hour. Wells were washed five timeswith 200 mL PT buffer. Subsequently, horse-

radish peroxidase (HRP)-conjugated secondary antibody was added at a dilution in PBT buffer and incubated for 30 min at room

temperature. Wells were then washed seven times with 200 mL PT buffer. Then, 100 mL TMB substrate (Beyotime) was added to

each well and incubated for 3 to 10 min. The reaction was quenched by adding 50 mL of 2 M H2SO4, and the absorbance at

450 nm was measured using a Synergy H1 microplate reader (BioTek). The data were analyzed by OriginPro (Origin Lab). For phage

ELISAs, HRP-conjugated anti-M13 antibody (1:10000, Sino Biological, Inc., Beijing) was used. For binding assays of hB9L9.3 and

pF7_A5, HRP-conjugated anti-HA tag antibody (1:5000, Sino Biological, Inc., Beijing) was used. For binding assays of F10_A9,

F10_E10, F10_H7 and F2. I, HRP-conjugated anti-kappa chain antibody (1:10000, hepengbio) was used.

Surface plasmon resonance
Surface plasmon resonance measurements were performed by a Biacore T200 instrument (Cytiva) with PT buffer as the running

buffer. Fc-tagged FZD CRDs (60–100 RUs) were immobilized by amine coupling to a CM5 sensor chip. Analyte proteins serially

diluted in PT buffer were subjected to the chip with a flow rate of 30 mL/min. The chip surface was regenerated after each injection

with 10 mM NaOH. For binding kinetics, sensorgrams were fitted to a ‘‘1:1 binding’’ binding mode for Fab fragments and to a ‘‘biva-

lent analyte’’ mode for IgG using Biacore T200 Evaluation Software (Cytiva).

Crystallization and structure determination of Fab-FZDCRD complexes
All the Fab-FZDCRD complexes were set up for crystallization at concentrations of 10–20 mg/mL. Complexes were mixed with con-

ditions from a commercial screening kit (Hampton and Molecular Dimension) at a 1:1 ratio. The F10_A9-FZD10CRD complex crystal-

lized in a condition containing 0.1 M HEPES (pH 7.0), 30% Jeffamine�ED-2001 (pH 7.0) and diffracted to a resolution of 2.65 Å. The

hB9L9.3-FZD10CRD complex crystallized in a condition containing 0.1 M Na citrate (pH 5.0), 15% PEG 8000 and diffracted to a res-

olution of 2.5 Å. The pF7_A5-FZD2CRD complex crystallized in a condition containing 8% TacsimateTM (pH 4.0) and 20% PEG 3350

and diffracted to a resolution of 2.25 Å. All the data were collected at the BL18U beamline of Shanghai Synchrotron Radiation Facility.

The data were processed and scaled by HEK3000.47 Structures were determined bymolecular replacement using Phaser-MR48 with

FZD4 (PDB ID: 5BPB)49 or FZD2 (PDB ID: 6C0B)50 and Fab (PDB ID: 8FAB)51 as search models. Iterations of model building and

refinement were performed using Coot52 and phenix.refine.48 Data collection and refinement statistics are summarized in Table 1.

The molecular graphic figures were prepared with PyMOL.53
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Generation of the F127-KO cell line
To investigate Wnt signaling activation mediated by individual FZD receptors, an FZD1/2/7 knockout cell line was constructed using

the CRISPR–Cas9 system as previously described.33 Briefly, oligonucleotides containing sgFZD1,2,7-I (50- GGCGATGTCCGT

GCACAGC-30) or sgFZD1,2,7-III (50-gATCTCCATCCCGCTGTGCA-30) with flanking sequences were annealed and cloned into the

BbsI (Thermo Fisher) digested pSpCas9 (BB)-2A-Puro plasmid (PX459; Addgene, Cambridge, MA, USA). HEK293T cells were tran-

siently transfected with the plasmid using Polyjet (Signagen) following the manufacturer’s instructions. After 48 h, selection with

2 mg/mL puromycin for 48 h was performed. The cell pools of HEK293T cells were grown for 7 d with 0.5 mg/mL puromycin before

experiments.

FZD-specific modulation using luciferase assay
Wnt transcriptional activity was assessed using the TOPflash assay. In brief, 23106 cells were seeded in 6-cm cell culture dishes on

the first day. On the second day, the cells were transfected with 1 mg FZD receptor, 950 ng TCF/firefly luciferase reporter and 50 ng

Renilla luciferase (control reporter) using PolyJet (Signagen) following the manufacturer’s instructions. On the third day, the trans-

fected cells were collected and re-plated in 96-well plates (83104 cells per well). For the inhibition assay, the cells were incubated

with 50% Wnt3a-CM (generated from L-cells stably expressing Wnt3a) and gradient concentrations of antibodies for 24 h. For the

activation assay, the cells were stimulated with gradient concentrations of FLags for 24 h. These cells were washed with PBS buffer

and lysed as instructed in the TransDetect� Double-Luciferase Reporter Assay Kit (TransGen Biotech, Beijing, China) user manual.

Luminance signals were recorded by a Synergy H1microplate reader (BioTek). The ratios of firefly luciferase toRenilla luciferasewere

calculated, background-subtracted (in reference to samples not stimulated withWnt3A) and normalized to control samples that were

treated with Wnt3A only.36 The data were analyzed by OriginPro (Origin Lab). The IC50 and inhibition efficacy of all identified anti-

bodies were summarized in Table S4.

QUANTIFICATION AND STATISTICAL ANALYSIS

Average and standard deviation values were determined using AVERAGE and STDEV functions in Microsoft Excel. Sample sizes

(n) and data processing details are provided in figure legend. The statistical analysis and data plotting were performed on

OriginPro (Origin Lab) and GraphPad Prism software. Details for the statistical analysis of X-ray crystallography data are provided

in Table 1.
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