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ABSTRACT
Leucine-rich repeat-containing G-protein-coupled receptor (LGR5)
and LGR6 mark epithelial stem cells in normal tissues and tumors.
They are expressed by stem cells in the ovarian surface and fallo-
pian tube epithelia from which ovarian cancer arises. High-grade
serous ovarian cancer is unique in expressing unusually high levels
of LGR5 and LGR6 mRNA. R-spondins are the natural ligands for
LGR5 and LGR6 to which they bind with nanomolar affinity. To tar-
get stem cells in ovarian cancer, we used the sortase reaction to
site-specifically conjugate the potent cytotoxin monomethyl auri-
statin E (MMAE) via a protease sensitive linker to the two furin-like
domains of RSPO1 (Fu1-Fu2) that mediate its binding to LGR5 and
LGR6 and their co-receptors Zinc And Ring Finger 3 and Ring Fin-
ger Protein 43 via a protease-cleavable linker. An immunoglobulin
Fc domain added to the N-terminal end served to dimerize the re-
ceptor-binding domains so that each molecule carries two MMAE.
The resulting molecule, FcF2-MMAE, demonstrated: 1) selective
LGR5-dependent low nanomolar cytotoxicity against ovarian can-
cer cells in vitro; 2) selectivity that was dependent on binding to

both the LGR receptors and ubiquitin ligase co-receptors; 3) favor-
able stability and plasma pharmacokinetic properties when admin-
istered intravenously with an elimination half-life of 29.7 hours; 4)
selective inhibition of LGR5-rich as opposed to isogenic LGR5-
poor tumors in vivo; and, 5) therapeutic efficacy in three aggressive
wild-type human ovarian cancer xenograft models. These results
demonstrate the successful use of the Fu1-Fu2 domain of RSPO1
as a drug carrier and the ability of FcF2-MMAE to target cells in tu-
mors that express stem cell markers.

SIGNIFICANCE STATEMENT
FcF2-MMAE is a novel cancer therapeutic that exploits the high-
affinity binding domains of RSPO1 to target monomethyl auristatin
E to tumor stem cells that express LGR5. FcF2-MMAE has low
nanomolar LGR5-dependent cytotoxicity in vitro, favorable phar-
macokinetics, and differential efficacy in an isogenic LGR5-poor
versus LGR5-rich ovarian cancer xenograft model when given on a
weekly schedule.

Introduction
The small population of stem cells that sustain epithelia

throughout the body proliferate and subsequently differentiate
in response to growth factors in their niche and their progeny
progress through a series of transcriptional states as they
differentiate and lose proliferative potential (Clarke, 2019).
Signaling in the wingless integration site protein (WNT)

pathways control fate decisions during embryogenesis and in
many adult tissues (Raslan and Yoon, 2019). WNT signaling is
regulated by a combination of WNT ligands that bind to vari-
ous kinds of frizzled receptors, and R-spondins (RSPOs) that
bind to leucine-rich repeat- containing G protein-coupled re-
ceptors (LGRs). Cells in the immediate environment of the
stem cell niche are the major source of the ligands that drive
the WNT signaling and the most effective signaling molecules
appear to be transmitted to stem cells over very short distan-
ces. RSPO1 has a dominant but not exclusive position among
the 4 members of the RSPO family in malignant tissues, and
among the members of the LGR family of receptors, most evi-
dence points toward LGR5 and LGR6 as having pivotal roles
(Yan et al., 2017).
Solid tumors have cell subpopulations that exhibit many of

the characteristics of stem cells, such as the ability to form
spheroids or initiate new tumors. As for stem cells residing in
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organized epithelia, many cancer stem cells (CSCs) require an
RSPO to grow vigorously when cultured (Sato et al., 2009;
Barker et al., 2010). Elimination of the small fraction of cells
in a tumor that are CSCs should eventually stop further tu-
mor expansion by reducing the supply of the more differenti-
ated cells that make up the bulk of the population. Recent
studies have disclosed a level of plasticity that may allow
some cells that have moved out of the transcriptional state of
the CSCs to revert (Gupta et al., 2019), but finding ways of
killing CSCs remains a major therapeutic goal.
High-grade serous ovarian cancer can arise from either the

ovarian surface epithelium or the epithelium of the fallopian
tube, although the latter predominates (Zhang et al., 2019).
Lineage tracing studies in mice suggest that LGR5 marks a
stem cell population in the ovary, and LGR6 marks stem cells
in the mouse and human fallopian tube epithelium (de Lau
et al., 2014; Kessler et al., 2015; Zhang et al., 2019). Review of
data from The Cancer Genome Atlas disclosed that high grade
serous ovarian cancer expresses high levels of LGR5 and
LGR6 mRNA. In addition, with the exception of mesothelioma,
ovarian cancer has the highest median expression of RSPO1
mRNA when compared with all other tumor types in the data-
base (Schindler et al., 2017). This suggested that ovarian can-
cers rely on RSPO1 to support their CSC population and that
they are well equipped to bind and internalize it. Our hypothe-
sis was that we could take advantage of this dependency by
systemically administering the receptor binding domain of
RSPO1 armed with a cytotoxin.
We report here on studies showing that the Fu1-Fu2 receptor-

binding domain of RSPO1 can be used to target monomethyl
auristatin E (MMAE) to ovarian cancer cells rich in stem cell
receptor LGR5. A modified IgG1 Fc domain containing half-
life extending modifications (Lee et al., 2019) was linked to
the N-terminal end of the Fu1-Fu2 domain which bore a sor-
tase recognition sequence on its C-terminal end. During syn-
thesis of this protein in HEK293E cells, the 2 chains are
linked by intermolecular disulfide bonds between the Fc do-
mains, resulting in a dimeric molecule capable of being conju-
gated with 2 MMAE molecules using the sortase reaction to
create FcF2-MMAE (Fig. 1). This molecule displays low nM
cytotoxicity in a panel of human ovarian cancer cell lines and
has a favorable stability and pharmacokinetic profile.

Moreover, FcF2-MMAE produces selective killing of LGR5-
rich tumor cells in vitro and differential inhibition of the
growth of isogenic LGR5-poor and LGR5-rich tumors in vivo.
It exhibits activity in three wild-type human ovarian cancer
xenograft models on a clinically relevant dose schedule, and
at doses that produce only transient adverse events. Al-
though our work has focused on ovarian cancer, given that
stem cells of many other tumor types also express LGR5/
LGR6, there is the possibility that FcF2-MMAE can limit the
growth of additional types of cancer. FcF2-MMAE expands
on the concept of arming an endogenous ligand of a stem cell-
specific receptor to create a novel cancer therapeutic.

Materials and Methods
Reagents and Cell Lines. Antibodies were from the following

sources: anti-RSPO1, clone OTI11A9, OriGene, Inc; anti-MMAE,
clone B11F11, Levena Biopharma; hLGR5/GPR49 antibody Cat#
MAB8078, R&D Systems; PE-conjugated anti-mouse IgG antibody
Cat# F0102B, R&D Systems. Nickel nitrilotriacetic acid (Ni-NTA)
resin was purchased from Qiagen, and SP-sepharose and DEAE res-
ins from GE Healthcare Life Sciences. Propidium iodide was pur-
chased from ThermoFisher (Cat# P3566). All ovarian cancer cell
lines were acquired either from the American Type Culture Collec-
tion or from laboratories in the United States; all cell lines were STR
verified at the American Type Culture Collection. The HEK293 STF
cells were provided by Dr. Karl Willert, University of California, San
Diego. The sortase plasmid vector pet30b-7M SrtA was purchased from
Addgene. Sortase-6xHis containing mutations P94R, E105K, E108Q,
D160N, D165A, K190E, and K196T was produced in Escherichia coli
strain Rosetta and purified using Ni-NTA resin chromatography as
previously described (Yu et al., 2021). (Gly)3-vc-PAB-MMAE was syn-
thesized by Levena Biopharma. Plasma levels of FcF2-MMAE were
determined using an ELISA kit from R&D Systems (DY4645-05).

Synthesis and Purification of FcF2-His. FcF2-His was pro-
duced by transient transfection of a pcDNA3.1 vector containing an in-
sert coding for the IgG Fc domain linked to Fu1-Fu2 domain of RSPO1
into HEK293E cells. Cells were grown in 5% CO2 at 37�C in 300 mL
of HEK293E Culture Media, which consists of 150 mL Gibco FreeStyle
293 Medium (Cat# 12338-026, Thermofisher), 150 mL HyClone
SFM4HEK293 media (Cat# 82003-356), 6 mL Fetal Bovine Serum
(Cat# 26140-079, ThermoFisher), 333 uL G418 Sulfate (Cat# G8168,
Sigma), and 333 mL of anti-clumping agent (Cat# 0010057AE, Ther-
moFisher) in 1 L flasks on a platform rotating at 130 rpm. Cell super-
nates were harvested after 5 days of culture, centrifuged to sediment
debris and then loaded onto a column containing Ni-NTA resin (Cat#
30250, Qiagen) that was equilibrated with buffer containing 150 mM
NaCl, 20 mM Tris, pH 7.6. After washing, the FcF2-His protein was
eluted with buffer containing 300 mM imidazole, 150 mM NaCl,
20 mM Tris, pH 7.6. The eluates were diluted 1:3 with 20 mM Tris,
pH 7.6 and then loaded on a DEAE column. The concentration of the
flow through from the DEAE column was quantified by reverse-phase
high-pressure liquid chromatography (HPLC) analysis using a C4
column.

Conjugation of FcF2-His to MMAE using Sortase. The sor-
tase enzyme recognizes and forms a transient intermediate with the
threonine in the amino acid sequence LPETGG in the C-terminal sec-
tion of FcF2-His. The sortase is then displaced by the (Gly)3-val/cit-
PAB-MMAE linker with the resultant formation of a new peptide
bond between the FcF2-LPETGG and the linker. The sortase reaction
was carried out for 4 hours at 37�C with the FcF2-His immobilized on
SP-sepharose resin (Cat# 17072901, Cytiva); the reaction mixture con-
tained (Gly)3-vc-PAB-MMAE and FcF2-His at a molar ratio of 20:1,
and sortase-6xHis and FcF2-His at a molar ratio of 1:4. After washing
the SP-sepharose to remove the sortase-6xHis and unreacted (Gly)3-
vc-PAB-MMAE, the purified FcF2-MMAE was eluted with phosphate
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Fig. 1. Schematic diagram of FcF2-His and its conversion to FcF2-
MMAE using the sortase reaction.
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buffer containing 1 M NaCl, pH 8.0. FcF2-MMAE was diluted to a
NaCl concentration of 200 mM before being sterilized with a 0.22 mm
filter and stored frozen at -80�C.

Flow Cytometric Analysis. Expression of LGR5 in live cells was
determined by flow cytometry after staining with anti-hLGR5/GPR49
antibody at a final concentration of 12.5 mg/mL for 30 minutes at 25�C
protected from light. Excess anti-hLGR5/GPR49 antibody was removed
with two rounds of PBS wash, and the cells were incubated with PE-
conjugated anti-mouse IgG antibody diluted 1:20 for 30 minutes at
25�C protected from light. Excess anti-mouse IgG antibody was re-
moved with two rounds of PBS wash, and the cells were resuspended
in 300 mL of PBS with 0.5 mg/mL of propidium iodide. The prepared cell
suspension was analyzed on a BD FACSAria II flow cytometer.

Growth Rate Inhibition Assay. The effect of FcF2-MMAE on
cell growth rate in vitro was determined using the CCK8 reagent
(Dojindo, Inc). Cells were seeded in triplicate wells for each drug con-
centration at densities sufficient for control wells to yield an OD450 of
>1.5 after subtraction of the OD determined at the time drug expo-
sure was started. Survival was calculated as percent reduction of the
difference in the T 5 0 and the time the assay was stopped (Hafner
et al., 2016). All data points represent the mean ± S.E.M. of triplicate
cultures for each concentration of the tested drug.

Super TopFlash (STF) Assay. STF cells were seeded at 50,000
cells/well in 0.3 mL of Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum and 1% penicillin/streptomycin in a white 96-
well plate and grown overnight. The medium was replaced with the
sample to be tested and WNT conditioned medium at a final dilution
of 1:6. After a 20-hour incubation, the medium was removed, and cells
were lysed with 20 mL of 1X cell lysis buffer (Promega). Luminescence
was recorded immediately after addition of 100 mL of Luciferase Re-
agent using a Tecan plate reader.

Pharmacokinetic Studies. BALB/c female 8-week-old mice were
injected intravenously with FcF2-MMAE at a dose of 0.1 nmol/g and
blood was collected in EDTA-coated tubes from the cheek or tail vein
at timed intervals. Plasma FcF2-MMAE concentration was deter-
mined by ELISA using capture and detection antibodies specific for
human RSPO1 that recognize the Fu1 and Fu2 subdomains. Pharma-
cokinetic parameters were assessed using Phoenix WinNonlin version
8.1 (Certara Inc., Princeton, NJ, USA).

Efficacy Studies. BALB/c female 6- to 8-week-old nu/nu mice
were obtained from the UCSD breeding colony and inoculated subcuta-
neously with tumor cells harvested from culture and mixed 2:1 vol/vol
with Matrigel prior to injection of 150 mL of the mixture. The number
of cells inoculated varied with the tumor type: OVCAR8/EV and
OVCAR8/LGR5, 2.5 × 106/site; KF-28, 2.5 × 106/site; CAOV3, 5 × 106/site.
Tumor growth rate was determined from measurements of the
crossed diameters measured once or twice a week using the formula
V 5 (w2 x L)/2. Control mice received vehicle alone (phosphate buffered
saline with 0.02% Tween-20) on the same schedule.

Data Presentation. All data are presented as mean ± S.E.M. of
two or more independent experiments each performed with triplicate
cultures.

Results
Design of FcF2-His. The upper portion of Fig. 1 presents

a schematic diagram of FcF2-His. The protein contains a vari-
ant human IgG1 Fc domain (Lee et al., 2019) connected
through two Gly4Ser spacers to the Fu1-Fu2 domains of human
RSPO1. Two further Gly4Ser spacers separate the Fu1-Fu2 do-
mains from the LPETGG sortase recognition sequence which is
followed by an 8xHis tag that facilitates purification. Each
Fc-(Fu1-Fu2)-LPETGG-His (abbreviated FcF2-His) sequence
contains 391 amino acids. The Fc domain causes dimerization
via three intermolecular disulfide bonds, the bond that links
the Fc to the light chain in an antibody and the two bonds that

link the Fc domains together at their hinge region. The result-
ing protein has an overall calculated MW of 85,284 Da. Glyco-
sylation is present on the Fc domain and on residue N137 in
the Fu1-Fu2 domain (RSPO1 numbering).
Sortase-Mediated Conjugation of Monomethyl

Auristatin E (MMAE). The lower portion of Fig. 1 shows a
schematic of the conversion of FcF2-His to FcF2-MMAE. The
sortase enzyme cleaves the LPETGG sequence between the
threonine and glycine and forms a transient thioester bond
with a cysteine in the active site of the enzyme, which is sub-
sequently attacked by the N-terminal glycine of the protease
sensitive GGG-vc-PAB-MMAE linker. The His tag is lost in
the reaction. This results in the precise covalent loading of one
molecule of MMAE on each arm of the FcF2-His and the pro-
duction of a homogeneous population of conjugated FcF2-
MMAE molecules.
FcF2-MMAE Production, Purification, and Charac-

terization. FcF2-His was produced by transient transfection
of the vector pcDNA3.1-FcF2-8xHis into HEK293E cells and
purified from cell supernates by capture on Ni-NTA resin and
subsequent ion exchange chromatography. The FcF2-His was
then reacted with sortase-His and GGG-vc-PAB-MMAE for
4 hours at 37�C to produce FcF2-MMAE. Across 14 batches,
the average yield of FcF2-His was 23.4 ± 2.3 mg/L, sortase effi-
ciency was 77 ± 8.6%, and the yield of final product was 18.8 ±
3.5 mg/L (mean ± S.E.M.).
Fig. 2 shows the results of characterization of FcF2-His and

FcF2-MMAE by reverse-phase HPLC, size exclusion chroma-
tography, and reducing and non-reducing SDS-PAGE. On re-
verse-phase HPLC analysis using a C4 column both forms of
the molecule run as a single well-defined peak (Fig. 2, A and
D). Analysis on an HPLC 300 size-exclusion column indicated
that FcF2-His and FcF2-MMAE exist in solution both as a di-
mer, and a dimer of the already dimeric molecule (Fig. 2, B
and E), hereafter referred to as the tetramer. A small amount
of higher MW species (7%) eluted just before the major tetra-
mer peak of FcF2-His; FcF2-MMAE contains a third lower
MW peak. The non-reducing SDS-PAGE analysis of FcF2-His
(Fig. 2C) showed that, in the presence of SDS detergent in the
loading buffer, most of the tetramer runs at a MW consistent
with the size of the FcF2-His dimer (85.3 kD). Under reducing
conditions, the bulk of the protein runs as a doublet at
�42–46 kD. To refine understanding of this doublet, the FcF2-
His was treated with PNGase to remove the N-linked sugars.
As shown in Supplemental Fig. 1A, this resulted in the collapse
of the doublet to a single band consistent with the conclusion
that the doublet is attributable to differential glycosylation.
When the single glycosylation site in the Fu2 domain at N137
was mutated to an alanine, the doublet was lost. Extensive
comparison of the wild-type and N137A forms of a molecule
containing just the Fu1-Fu2 domains coupled to MMAE demon-
strated no change in cytotoxicity or plasma pharmacokinetics
indicating that glycosylation at this site had little functional
consequence with respect to these parameters.
Non-reducing SDS-PAGE analysis of FcF2-MMAE (Fig. 2E)

showed that, in the presence of the SDS detergent in the load-
ing buffer, the bulk of the FcF2-MMAE runs at a MW of
72–78 kD and that, when run under reducing conditions, it
runs at 42–48 kD in a manner similar to the behavior of FcF2-
His under non-reducing and reducing conditions. Western blot
analysis of FcF2-MMAE using anti-RSPO1 and anti-MMAE
antibodies indicated that the major bands that stain for
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protein on the SDS-PAGE gels contain all components of the
molecule (Fc, Fu1-Fu2, and MMAE) (Supplemental Fig. 1B)
and this was confirmed also for all the major peaks visible in
the C4 and SEC300 profiles.
In Vitro Cytotoxicity and Selectivity of FcF2-MMAE.

HEK293 cells and the human ovarian carcinoma cell line
OVCAR8 were molecularly engineered to stably express in-
creased levels of LGR5. The parental forms of both of these
lines express variable but poorly defined levels of all 3 LGR re-
ceptors. Flow cytometric analysis using an antibody to LGR5
documented 8.7-fold higher levels of LGR5 in the HEK293/
LGR5 cells than in the HEK293/EV controls; in the case of the
OVCAR8 cells the difference was �25-fold (Supplemental Fig. 2,
A and B, respectively). Cytotoxicity assays were carried out us-
ing a 120-hour exposure to drug and the CCK8 reagent to as-
sess viability. Fig. 3, A and B shows LGR5 receptor-dependent
cytotoxicity in the isogenic HEK293 pair; for two batches tested
the IC50 values of HEK293/LGR5 cells were 21- and 46-fold
more sensitive than the HEK293/EV cells. A large differential
effect was also observed when tested using the OVCAR8/EV
and OVCAR8/LGR5 isogenic pair; the two recent batches dem-
onstrated a 77- and 87-fold differential IC inhibition of cell
growth (Fig. 3, C and D). Across recent batches that met all
release criteria, the mean IC50 for the OVCAR8/EV cells was
4.9 ± 1.1 nM (S.E.M.) and for the OVCAR8/LGR5 cells, it was
0.094 ± 0.038 nM; the mean ratio of IC50 values was 65 ± 12.7
(N5 4).
The question of whether the differential inhibition of growth

of LGR5-poor and LGR5-rich isogenic pairs could be due to dif-
ferences in sensitivity to free MMAE instead of Fu1-Fu2-
directed targeting was addressed by using the same assay to
determine IC50 values for free MMAE. HEK293/LGR5 cells
were 1.6-fold more resistant to free MMAE than the HEK293/
EV cells (19.2 ± 0.4 versus 30.5 ± 2.5, P 5 0.03 N 5 3). The
OVCAR8/LGR5 cells were 1.5-fold more resistant to free
MMAE than the OVCAR8/EV cells (IC50 values 129 versus
85 nM, respectively). Thus, both of the LGR5-rich cell types
were actually slightly resistant to free MMAE providing

confidence that the selectivity exhibited by FcF2-MMAE is
due to targeting by the Fu1-Fu2 domains.
Further evidence was provided by the observation that treat-

ment of a population of OVCAR8 cells with FcF2-MMAE de-
leted it of LGR5-positive cells. A mixed population of OVCAR8
cells expressing low and higher levels of LGR5 cells were ex-
posed to 10 nM FcF2-MMAE for 96 hours. Prior to treatment
flow cytometric analysis demonstrated a bi-modal distribution
of LGR5-expressing cells (Supplemental Fig. 2C). FcF2-MMAE
treatment caused the loss of a large fraction of the cells express-
ing high levels of LGR5 but produced substantially less effect
on the fraction of cells with low-level LGR5 expression. In addi-
tion to differences in IC50 values, this data provides evidence of
differential killing as a function of LGR5 expression level.
Cytotoxicity to Human Wild-Type Ovarian Cancer

Cell Lines. To assist in the selection of appropriate xenograft
models for efficacy testing, the cytotoxicity of FcF2-MMAE
was determined for a panel of eight human ovarian carcinoma
cell lines. The concentration-survival curves shown in Fig. 3E
indicate that the IC50 values ranged from 3.8 to 29.6 nM; the
IC50 was < 10 nM in seven of eight cell lines. Thus, although
the level of the sum of all LGR expression is not known for
these cell lines, the data indicates that FcF2-MMAE is very
potent across this panel of ovarian carcinoma cell lines.
Determinants of Cytotoxic Selectivity. RSPO1 is a

bispecific ligand. The Fu1 domain of RSPO1 binds to the ubiq-
uitin ligase receptors ZNRF3 and RNF43 and the Fu2 domain
binds to LGR4, LGR5, and LGR6. The relative contribution of
each of these types of receptors to the selectivity of FcF2-
MMAE for the OVCAR8/EV and OVCAR8/LGR5 cells was ex-
plored by introducing mutations in one or the other Fu domain
that were previously documented to disable binding to its cog-
nate receptor (Peng et al., 2013; Xie et al., 2013; Zebisch et al.,
2013; Zhang et al., 2020; Cui et al., 2021). The cytotoxicity of
the mutant forms was tested in the in vitro OVCAR8/EV and
OVCAR8/LGR5 model. The growth inhibition curves pre-
sented in Fig. 4A indicate that both domains contribute impor-
tantly to the selectivity of FcF2-MMAE. The Q71R mutation
in Fu1 reduced the IC50 ratio from 19.5 to 5.1 (P 5 0.05), the

Non-reducing Reducing

Non-reducing Reducing

Reverse –
phase HPLC SEC HPLC

SDS-PAGE

FcF2-His

FcF2-MMAE

Fig. 2. Analytic characterization of FcF2-His and
FcF2-MMAE. A–C, analysis of FcF2-His; D–F, analy-
sis of FcF2-MMAE. A and D, reverse-phase HPLC
analysis (C4 column); B and E, HPLC-based size ex-
clusion analysis (SEC300 column). C and F, SDS-
PAGE analysis under non-reducing and reducing con-
ditions stained with Instant Blue.
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F106R-F110R mutations in Fu2 reduced the ratio to 2.1
(P 5 0.03) and, when both sets of mutations were present, se-
lectivity was abolished. Thus, in this model system, the ability
to bind to both types of receptors is of substantial importance
to the successful internalization of FcF2-MMAE and the liber-
ation of free MMAE.
The effect of disabling the binding of either Fu1, Fu2, or

both was further examined using the STF assay that reports

on the ability of these molecules to activate WNT signaling.
As shown in Fig. 4, B and C, blocking the binding of Fu1 to
ZNRF3 and RNF43 by introducing the Q71R mutation re-
duced the potency of FcF2-MMAE by a factor of 24-fold (P <
0.05). Blocking the binding of Fu2 to the LGR receptors re-
duced the IC50 by 87-fold; no further loss of potency occurred
when both Fu1 and Fu2 were disabled (P < 0.05). These re-
sults are of greater magnitude but still consonant with those

Fig. 3. Cytotoxicity of FcF2-MMAE to cell lines. Potency and selective cytotoxicity of two representative batches of FcF2-MMAE in HEK293/EV
versus HEK293/LGR5 (A and B), and two other representative batches in the OVCAR8/EV versus OVCAR8/LGR5 models (C and D). E, Potency
of FcF2-MMAE against eight human ovarian carcinoma cell lines expressing endogenous levels of LGRs. Each curve represents inhibition of
growth during a 120-hour exposure to increasing concentrations of FcF2-MMAE. Viability was determined using the CCK8 reagent.
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of the cytoxicity assay and again highlight the contribution
made by both domains.
Pharmacokinetics and Pharmacodynamics of FcF2-

MMAE. BALB/c mice were given a bolus intravenous injec-
tion of 0.1 nmol/g (9 mg/g) FcF2-MMAE, and plasma samples
were obtained from three mice at each sampling time point.
The concentration of FcF2-MMAE was measured using an
ELISA with monoclonal capture and polyclonal detection anti-
bodies of different species prepared by immunization with
RSPO1 (LLQ 1.5 pmol/ml). Fig. 5A presents the composite
plasma decay curve; analysis with WinNonLin curve-fitting
software yielded estimates of 4.47 hours for the distribution
half-life and 29.7 hours for the terminal half-life. The initial
half-life was shorter than anticipated. One mechanism by
which FcF2-MMAE may be removed from the plasma com-
partment is through binding to red blood cells, white blood

cells or platelets. However, when plasma spiked with FcF2-
MMAE was added to sedimented formed elements to reconsti-
tute their normal respective volumes, there was no significant
removal of drug from the plasma fraction at 4�C over 27 hours
(Supplemental Fig. 3). This suggests that the rapid initial
half-life is largely due to distribution into tissues.
When administered in a large dose, RSPO1 causes a rapid

but transient increase in proliferation of the gut mucosa in
mice. As FcF2-MMAE contains only part of the RSPO1 mole-
cule, we assessed its ability to engage its receptors by measur-
ing relative potency in the STF assay. As shown in Fig. 5B,
FcF2-His and FcF2-MMAE were 12.5 and 9-fold less potent
than full-length RSPO1 (P < 0.05). However, the addition of
MMAE to the FcF2-His molecule did not reduce potency, indi-
cating that the MMAE does not distort the critical sequences
in Fu1 and Fu2 that mediate binding.
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Fig. 4. Relative contribution of the Fu1 and Fu2 do-
mains to the selective cytotoxicity of FcF2-MMAE.
Effect of disabling the binding of either Fu1 (FcF2-
Q71R-MMAE), Fu2 (FcF2-F106R-F110R-MMAE) or
both (FcF2-Q71R-F106R-F110R-MMAE) on selectiv-
ity of growth inhibition when OVCAR8/EV and
OVCAR8/LGR5 cells were exposed for 120 hours.
B–C, Relative potency of FcF2-MMAE variants with
respect to activation of WNT signaling in the STF
assay.
Values in the table in panel C are mean ± S.E.M.
IC50 values from three independent STF experi-
ments each performed with triplicate cultures.
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Efficacy of FcF2-MMAE in Human Ovarian Cancer
Xenograft Models. Xenografts established from the isogenic
pair of OVCAR8/EV and OVCAR8/LGR5 cells were used to ex-
plore both the in vivo efficacy and selectivity of FcF2-MMAE. In
the experiment presented in Fig. 6A, mice were treated with
0.5 nmol/g (42.6 mg/kg) FcF2-MMAE every 4 days for four
doses given by the intraperitoneal route once tumors became
palpable. FcF2-MMAE had a much larger effect on the
OVCAR8/LGR5 than on the OVCAR8/EV tumors. A difference
in the growth rate was apparent by Day 20 and persisted to
Day 61, at which point the FcF2-MMAE-treated OVCAR8/LGR5
tumors averaged only 35% of the size of the vehicle treated tu-
mors (223 ± 58 versus 631 ± 108, N 5 8, P 5 0.0037). FcF2-
MMAE was also effective at slowing the growth rate of the
OVCAR8/EV cells consistent with evidence that they express
some combination of the LGR and/or ubiquitin ligase receptors,
but the curves for the drug and vehicle-treated tumors did not
separate until after 30 days and, at 60 days, the FcF2-MMAE-
treated OVCAR8/EV tumors averaged 63% as large as the con-
trol tumors. It is noteworthy that, for both OVCAR8/EV and
OVCAR8/LGR5 tumors, the reduction in tumor growth rate was
maintained for >1.5 months after the last dose of FcF2-MMAE,
an effect consistent with targeting of stem cells in the tumor from
which it is difficult to recover growth rate.

Fig. 6B shows the change in average mouse weight during
and after the course of four FcF2-MMAE injections at a dose of
0.5 nmol/g (42.6 mg/kg). The first injection caused a transient
loss of mean body weight but it rapidly recovered and overall
mice gained weight over the treatment period. There were no
deaths in the animals treated with 0.5 nmol/g prior to sacrifice
due to tumor burden in either the control or treatment groups.
No observable adverse events, including diarrhea, change in ac-
tivity level, posture or grooming or reduction in food consump-
tion occurred after the first dose of FcF2-MMAE.
The OVCAR8/LGR5 model was used to explore the efficacy

and toxicity of FcF2-MMAE as a function of dose using the
more clinically relevant every 7-day schedule. The growth
curves presented in Fig. 6C document an increase in efficacy as
the dose was increased from 0.125 to 1.0 nmol/g. Even a dose of
0.125 nmol/g (10.6 mg/kg) produced a significant decrease in
growth rate (final tumor volume 66% of untreated control). As
shown in Fig. 6D, this dose produced no weight loss. Efficacy
and maximal weight loss increased with dose up to 0.75 nmol/g;
no further increase in either parameter was observed at 1.0 nmol/g.
This experiment suggests a therapeutic window over an eight-
fold dose range but FcF2-MMAE produced under GMP condi-
tions will be required to refine this estimate.
Efficacy of FcF2-MMAE in Wild-Type Human Ovarian

Cancer Xenograft Models. The efficacy of FcF2-MMAE was
explored in a total of three ovarian cancer xenograft models es-
tablished from cell lines that had not undergone any genetic mod-
ification to increase LGR5 and which contain very few cells that
express detectable levels of LGR5. Single doses of 1.0 nmol/g
(85.2 m/kg) given intraperitoneally at the time tumors became
palpable produced long delays in tumor growth in the KF-28 and
CAOV3 models in the absence of dose-limiting weight loss (Fig. 7,
A and B). A dose of 0.25 or 0.5 nmol/g FcF2-MMAE given on a
q4dx4 (OVCAR8) or q7dx4 schedule was active against CAOV3,
and KF-28 xenografts (Fig. 7, C–E) in the absence of significant
toxicity in the form of weight loss (Supplemental Fig. 4). These
data provide evidence for efficacy even in tumor models in
which LGR5-positive cells are rare. FcF2-MMAE was effective
in these three different human ovarian cancer models at low
doses in the absence of molecular engineering to increase LGR5
expression. It is not currently possible to accurately define the
level of expression of LGR4, LGR5, and LGR6 in these models
so sensitivity cannot be linked to the expression of any one of
these. However, the data are consistent with the concept that
stem-like cells in each of these tumors express, in sum, enough
of these receptors in their stem cell population to be responsive
to FcF2-MMAE.

Discussion
The hypothesis driving interest in selectively targeting stem

cells in tumors is that their destruction will limit tumor ex-
pansion and metastatic capacity. The rationale for using the
receptor-binding Fu1-Fu2 domain of RSPO1 to achieve this
goal is based on its high affinity for LGR5 and LGR6 (�3 nM)
(Carmon et al., 2011) and evidence that expression of these re-
ceptors mark stem cells in tumors as they do in normal epithe-
lia. This approach is of particular interest in the case of
ovarian cancer because LGR5 and LGR6 mark stem cells in
the ovarian surface and fallopian epithelia from which ovarian
cancers arise (Zhang et al., 2019) and after transformation
these tumors exhibit unusually high levels of expression of
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LGR5 and LGR6 (Schindler et al., 2017; Lee et al., 2020). The
fact that the Fu1-Fu2 domain binds in a bispecific manner to
both an LGR and either ZNRF3 or RNF43 favors specificity
and, as part of a normal human protein, there is a reduced
risk of immunogenicity.
The development of FcF2-MMAE was informed by our prior

experience with the R1FF-MMAE molecule which consisted of
just the Fu1-Fu2 domain of RSPO1 linked to MMAE through a
cleavable linker (Yu et al., 2021). Although R1FF-MMAE ex-
hibited LGR5-dependent cytotoxicity and in vivo activity, it
did not have optimal pharmaceutical properties. The modifica-
tions made to create FcF2-MMAE increased production yield,
resulted in dimerization such that there were two rather than
one MMAE per molecule, prolonged plasma half-life, and in-
creased the number of Fu1-Fu2 receptor binding domains per
molecule from one to two, potentially enhancing the avidity of
binding to the LGRs and ZNRF3/RNF43 (Lee et al., 2019).
FcF2-MMAE produces LGR5-dependent killing in vitro and

differentially depletes cells with the highest levels of this re-
ceptor. The mean difference of 76-fold in IC50 values was suffi-
cient to yield substantially greater in vivo efficacy against the
LGR5-rich OVCAR8/LGR5 cells. The results of the cytotoxicity
assays indicate that engagement with both the LGR and ubiq-
uitin ligase receptors is important for optimum selectivity.

Given its terminal half-life of 27.4 hours, it was of interest
that efficacy was better when injected every 7 rather than every
4 days. Consistent with its sub-nanomolar potency in vitro, in vivo
activity was detected at a dose of just 0.125 nmol/g (10.6 mg/kg).
Efficacy increased with dose up to a level approaching a
maximum tolerated dose, yielding an estimate of an 8-fold ther-
apeutic window, which is substantially higher than that of
many of the chemotherapeutic agents used for the treatment of
ovarian cancer. Most importantly, FcF2-MMAE demonstrated
cytotoxicity at <10 nM in all but one member of a panel of ovar-
ian cell lines and had in vivo activity in three additional ovarian
xenograft models established from cells expressing only endoge-
nous un-manipulated levels of the LGRs. Although the sum to-
tal of expression of each individual member of the LGR4-6
family cannot be accurately determined due to differing affini-
ties of available antibodies, and of the affinity of each LGR for
the RSPO1 Fu1-Fu2 domain in its dimeric form, this provides
substantial assurance that they are high enough to allow FcF2-
MMAE to be effective. LGR5 and LGR6 are expressed in the
stem cells of many other types of cancer, suggesting the possi-
bility of activity in multiple types of malignancies.
Ablation of LGR5-expressing cells in the mouse intestine does

not destroy its epithelial integrity, and recent studies suggest
that this is due to the plasticity of transiently amplifying cells to
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regenerate cells with full stem cell capabilities (Tian et al., 2011;
Azkanaz et al., 2022). However, the extent to which ovarian or
other types of cancer retain such plasticity remains to be defined.
Studies with organoid-derived colon cancer xenografts indicate
that ablation of LGR5 can produce a relatively long-lasting

response, and antibody-drug conjugates (ADCs) targeted to LGR5
produce good responses in colon cancer xenograft models (Junttila
et al., 2015; Gong et al., 2016). This is consistent with the long
duration of growth inhibition produced in the KF-28 and CAOV3
models by a single dose of FcF2-MMAE.
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FcF2-MMAE produced unexpectedly little toxicity in mice at
doses that had anti-tumor activity. The differential effect on
tumors versus normal tissues is likely to be due to multiple
factors beyond a possible difference in the expression of LGR5
and LGR6 by tumor stem cells versus normal stem cells. First,
normal epithelia may be more tolerant to loss of LGR5-posi-
tive cells as shown for the intestine (Tian et al., 2011; Junttila
et al., 2015; Gong et al., 2016). Second, in normal tissues stem
cells reside in highly structured protected niches surrounded
by cells that provide support in the form of WNTs, RSPO1,
and cytokines. FcF2-MMAE may have much better access to
tumor stem cells than stem cells in a normal epithelial niche
due to differences in microanatomy and physiology. To the ex-
tent that LGRs and ZNRF3/RNF43 are expressed on the lumi-
nal rather than basal surface of stem cells when they are in a
normal polarized niche, the ability of RSPO1 in plasma to ac-
cess the stem cell may be limited (de Vreede et al., 2022).
However, polarization is lost after transformation and FcF2-
MMAE can be expected to have better access to diffusely dis-
tributed receptors on cancer stem cells once the drug arrives
in the stem cell environment. Finally, FcF2-MMAE contains
only the Fu1-Fu2 domain of RSPO1 and is missing the long
C-terminal TSP-BR domain that has been shown to mediate
binding to proteoglycans that favors accumulation in the niches
of normal tissues (Lebensohn and Rohatgi, 2018). The missing
TSP-BR domain has also been reported to limit the ability of
the remaining Fu1-Fu2 part of the molecule to activate WNT
signaling via a non-LGR-dependent pathway, a potential cause
of toxicity (Dubey et al., 2020).
While FcF2-MMAE produced very few clinically observable

adverse events in mice at therapeutically effective doses, there
is a general concern that any drug containing the Fu1-Fu2 do-
main would drive unwanted proliferation of both normal and
tumor tissues. Systemic administration of a large dose of full-
length RSPO1 produces rapid but quite transient up-regulation
of WNT signaling in the small intestine as detected by in-
creases in AXIN2 and Ki-67 expression. A response is detect-
able at 3 hours, peaks at 24 hours, and has largely resolved by
48 hours (Kim et al., 2005). However, this produces no adverse
clinical consequences. Repeated large daily doses produce a
proliferative response in the stem cells of the jejunum (Zhou
et al., 2013; Sun et al., 2021), liver (Sun et al., 2021), and skin
(Weber et al., 2020), but this too is well-tolerated. Indeed,
RSPO1 facilitates recovery from both radiation- and chemi-
cally-induced enteritis (Zhao et al., 2007; Zhao et al., 2009;
Zhou et al., 2013). The STF analysis indicated that FcF2-
MMAE is 9-fold less potent than full-length RSPO1. However,
if FcF2-MMAE produces an increase in WNT signaling in vivo,
the response is likely transient and not sustained when the
drug is administered on a weekly schedule.
Historically it has been very difficult to develop high affinity

antibodies selective for LGR5 and LGR6. Nevertheless, several
investigators have explored the use of ADCs that target LGR5
to deplete stem cells in gastrointestinal tumors (Junttila et al.,
2015; Gong et al., 2016; Azhdarinia et al., 2018). While good
responses were observed, the magnitude of LGR5-mediated se-
lectivity was modest. RSPO targeting has several important
advantages over ADCs and, in any case, ADC development
has not gone well and anti-LGR5 ADCs have not entered clini-
cal trials. First, FcF2-MMAE uses the natural ligand which
binds with nanomolar affinity and is rapidly internalized by
endocytosis so that its cargo is delivered intracellularly.

Second, Fu1-Fu2 armed with a cytotoxin has the potential to
target all three of the LGR family members (LGR4, LGR5,
and LGR6) and the two ubiquitin ligase receptors ZNRF3 and
RNF43 at the same time, whereas an ADC can target only a
single LGR at a time. Thus, an Fu1-Fu2 domain armed with a
cytotoxin has the potential of killing cells that have a low ex-
pression of one type of LGR or ubiquitin ligase receptor but
substantial expression of another. Third, the precision with
which the sortase reaction conjugates MMAE results in a
more homogeneous population of molecules than is attained
with conjugation to cysteines or amines. Fourth, to the extent
that ZNRF3/RNF43 are also expressed on CSCs, the bispecific
binding of the Fu1-Fu2 domain favors selectivity and an en-
hanced rate and extent of internalization. Fifth, there are tu-
mors that overexpress ZNRF3 and RNF43 independently of
the LGRs. Since the Fu1 domain binds to these two receptors,
it can target this type of tumor as well. Sixth, and very impor-
tantly, the Fu1-Fu2 domain simultaneously engages both an
LGR and ZNRF3 or RNF43. In essence, this is the equivalent
of a bispecific ADC; this type of ADC is currently of great in-
terest because of their enhanced avidity, specificity, and ability
to cluster receptors and mediate enhanced internalization
(Shim, 2020). Overall, there is a strong rationale for the fur-
ther exploration of FcF2-MMAE and of the approach of using
Fu1-Fu2 as a targeting ligand.
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