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ABSTRACT
◥

STRO-002 is a novel homogeneous folate receptor alpha (FolRa)
targeting antibody–drug conjugate (ADC) currently being investi-
gated in the clinic as a treatment for ovarian and endometrial cancers.
Here, we describe the discovery, optimization, and antitumor prop-
erties of STRO-002. STRO-002 was generated by conjugation of a
novel cleavable 3-aminophenyl hemiasterlin linker-warhead (SC239)
to the nonnatural amino acid para-azidomethyl-L-phenylalanine
incorporated at specific positions within a high affinity anti-FolRa
antibody using Sutro’s XpressCFþ, which resulted in a homogeneous
ADC with a drug–antibody ratio (DAR) of 4. STRO-002 binds to
FolRawith high affinity, internalizes rapidly into target positive cells,
and releases the tubulin-targeting cytotoxin 3-aminophenyl hemi-
asterlin (SC209). SC209 has reduced potential for drug efflux via
P-glycoprotein 1 drug pump compared with other tubulin-targeting
payloads. While STRO-002 lacks nonspecific cytotoxicity toward
FolRa-negative cell lines, bystander killing of target negative cells
was observed when cocultured with target positive cells. STRO-002 is
stable in circulationwithnochange inDAR forup to21days andhas a
half-life of 6.4 days in mice. A single dose of STRO-002 induced
significant tumor growth inhibition in FolRa-expressing xenograft
models and patient-derived xenograft models. In addition, combi-
nation treatment with carboplatin or Avastin further increased
STRO-002 efficacy in xenograft models. The potent and specific
preclinical efficacy of STRO-002 supports clinical development of
STRO-002 for treating patients with FolRa-expressing cancers,
including ovarian, endometrial, and non–small cell lung cancer.
Phase I dose escalation for STRO-002 is in progress in ovarian cancer
andendometrial cancerpatients (NCT03748186andNCT05200364).

Introduction
In the United States, gynecologic cancers account for more than

10% of all cancers in women and are known for their aggressive
nature at advanced stages (1). Ovarian cancers are often asymp-
tomatic at early stages, resulting in late-stage diagnosis and poor
prognosis with a 5-year survival rate of only 49.1% (2). Endometrial
cancer is the most common gynecologic cancer in the US and is the
only gynecologic cancer that has increased both in incidence and
mortality in recent years (3). Despite the recent progress in targeted
therapies and immunotherapies, surgical removal and chemother-
apy remain the standard of care (SOC) for patients with ovarian and
endometrial cancer (2, 4) and there persists to be an unmet medical
need for treatments in metastatic, recurrent, and chemotherapy-
resistant diseases.
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Folate receptor alpha (FolRa), a glycosylphosphatidylinositol (GPI)-
linked cell-surface glycoprotein, binds and internalizes folic acid to
support DNA and RNA synthesis during cell proliferation (5). While
FolRa is normally expressed at low levels on the luminal surface of
a small number of organs, high levels of FolRa have been observed
in several malignancies, such as ovarian cancer, endometrial cancer,
non–small cell lung cancer (NSCLC), and triple-negative breast cancer
(TNBC; ref. 5). Overexpression of FolRa on solid tumors may regulate
cell growth and signal transductions that leads to a growth advantage for
cancer cells (6). Importantly, FolRa expression is persistent inmetastatic
or recurrent tumors and after chemotherapy (7), which makes FolRa a
clinically relevant target for treatment of ovarian and endometrial
cancers.

Antibody–drug conjugates (ADC) are a rapidly growing class of
targeted therapeutics that combine the favorable pharmacokinetics
profile and tumor targeting properties of antibodies with the potent
cell killing activity of an attached warhead, which results in a more
precise delivery of cytotoxic drugs to the tumor (8). To date, 12 ADCs
have been approved by the FDA, and more than 100 ADCs are at
different phases of clinical development across a range of indica-
tions (9). While early efforts to target FolRa using a monoclonal
antibody (farletuzumab, MORAb-003, in combination with carbopla-
tin and taxane) did not meet the study’s primary end point (10),
mirvetuximab soravtansine (IMGN853), an anti-FolRa ADC,
improved clinical objective response rates to 24% in high FolRa
expressing tumors compared with chemotherapy (10%) in a Phase
III trial for patients with ovarian cancer (11). A second FolRa-
targeting ADC, MORAb-202, is currently in Phase I/II trials for
multiple solid tumor indications including ovarian and endometrial
cancers (12).

Here, we describe the preclinical development of STRO-002, a
homogeneous FolRa targeting ADC with a drug–antibody ratio (DAR)
of 4. STRO-002 was produced using Sutro’s protein expression platform
XpressCFþ and copper-free click chemistry, which enabled the rapid
optimization of an anti-FolRa ADC with favorable stability, in vitro
cytotoxicity, and in vivo antitumor efficacy. STRO-002 displays potent
specific cytotoxicity toward FolRa-expressing tumor cells and bystander
killingofFolRa-negative cellswhen coculturedwith FolRa-positive cells.
With superior stability and a favorable pharmacokinetics (PK) profile in
mice, we have further demonstrated statistically significant suppression
of ovarian and endometrial cancer models in vivo in response to
STRO-002 monotherapy or in combination with approved SOC agents.
Phase I dose escalation for STRO-002 is inprogress inovarian cancer and
endometrial cancer patients (NCT03748186 and NCT05200364).

Materials and Methods
Cell lines

KB, OVCAR3, OV90, A549, SKBR3, MDA-MB-453, MDA-MB-
231, MDA-MB-468, HCT116, HT29, Skco1, NCI-H1703, A549, NCI-
H1651, NCI-H2110, NCI-N87, A431, SU-DHL-6, Daudi, MES-SA,
andMES-SA/MX2 cells were purchased fromATCC.OPM2 cells were
purchased from The Leibniz Institute DSMZ (German Collection of
Microorganisms and Cell Cultures GmbH). OVKATE and OVSAHO
cells were purchased from Sekisui Xeno Tech. Igrov1 cells were
licensed from NCI. Short tandem repeat profiling was conducted for
all cell lines to ensure authenticity.

Generation and analysis of STRO-002
The anti-FolRa Ab SP8166 was discovered by ribosome display

and the final sequences were listed in patent WO2019055931A1 (13)

as HC variable domain (sequence#362), HC constant domain
(sequence#370), LC variable domain (sequence#367), LC constant
domain (sequence#371). SP8166 was expressed in Xpressþ CF with
para-azidomethyl-L-phenylalanine (pAMF) incorporated at HC-
Y180 and HC-F404 sites using a process previously described (14).

Cell-free reactions are performed at 25�C for 14 hours. Antibody
was captured onMabSelect Sure (GEHealthcare), eluted in 50mmol/L
Sodium Acetate pH 3.3, and neutralized to pH 7 with 1 mol/L Tris
Base, polished by preparative SEC (Superdex 200 Increase 10/300 GL)
and equilibrated in 1xPBS. For the generation of SC239 conjugates,
SC239 in DMSO was incubated with SP8166 (1 mg/mL) at a SC239 to
pAMF ratio of 3 in PBS with 25% of DMSO at room temperature
overnight. Excess free drug was removed by cation exchange. The
conjugates were formulated in 10 mmol/L citric acid, pH 6 with 9%
sucrose, sterilized through a 0.22-mm filter, and stored at 4�C. The
conjugation was verified by LC/MS and DAR was calculated using the
method below.

DAR determined by LC/MS
ADCs were separated using an Agilent PLRP-S HPLC column

(2.1�50 mm, 1,000Å, 5 mmol/L). The mass data was acquired on an
Agilent 6520A Accurate Mass Q-TOF MS. All spectra were extracted
using MassHunter Qualitative (B6.00) from Agilent. The DAR value
was calculated using DAR Calculator B.1.0 (Agilent Technologies).

SPR kinetic analysis
Kinetic analysis was performed using a Biacore T200 (GE Life

Sciences). Anti-human Fc polyclonal antibodies (Jackson ImmunoR-
esearch) were immobilized onto a CM4 chip (GE Life Sciences) using
Amine Coupling Kit (GE Life Sciences). SP8166 was then captured on
the anti-Fc surface. Recombinantly-expressed FolRa extracellular
domain (ECD; Acro Biosystems) at concentrations from 0 to 300
nmol/L was allowed to associate to SP8166 for 540 seconds followed
by a 600-second dissociation phase. Data analysis was performed
using Biacore T200 Evaluation software. The raw data was double
reference subtracted and binding curves in the appropriate range
were globally fit with a 1–1 Langmuir binding model with constant
RI of 0. Binding affinity (KD, M) was determined as a ratio of the
kinetic rate constants (kd/ka, M) calculated from the fits of the
association and dissociation phases.

FACS-based cell binding assay
Cells were harvested usingAccutase (InnovativeCell Technologies),

counted by the Vi-CELL Cell Viability Analyzers (Beckman Coulter)
and resuspended in FACS buffer (PBS buffer supplemented with 1%
BSA, 0.05% sodium azide). Cells were incubated on ice with serial
dilutions of anti-FolRa antibody for 60minutes. After washes with ice-
cold FACS buffer, the cells were incubated with Alexa 647 labeled
donkey anti-humanFc antibody (Jackson ImmunoResearch) on ice for
another 60 minutes. Samples were analyzed using a BD FACS Canto
system and geometric mean fluorescence intensities were fitted using
with one site-specific binding equation on GraphPad Prism.

STRO-002 internalization assay
FolRa-positive Igrov1 and OVCAR3 cells were incubated with

SP8166-Alexa647 at a saturating concentration (100 nmol/L) on ice
for 1 hour. After three washes, internalization was initiated by adding
300 mL warm (37�C) cell culture medium to the cells. The plates were
then covered and incubated at 37�C in a CO2 incubator. At different
time points after incubation, two plates were taken out and the cells
were spun down at 4�C. One plate was kept on ice and used as an
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"unquenched" sample. For the other plate, 200 mL/well of ice-cold
quenching buffer (PBS, pH¼ 3 adjusted by HCl) was added to remove
the non-internalized antibodies (“quenched” samples). After washes,
the unquenched and quenched samples were analyzed using BD FACS
Canto. Percentage of internalization was calculated as (quenched
MFI)/(unquenched MFI). Quenched samples at different time points
were also observed under a fluorescent microscope (EVOS M5000,
Thermo Fisher) to monitor the internalization process.

Free drug– and ADC-mediated cytotoxicity assay
For 2D cytotoxicity assay, cells were plated on TC coated 96-well

cell culture plate the day before the assay and treated with a serial
dilution of ADC or free drug for 120 hours at 37�C in a CO2

incubator. For cytotoxicity assay under 3D cell culture condition,
cells were seeded in a 96-well U bottom ultra-low binding plates for
3 days to allow spheroid formation and treated with a serial dilution
of ADC for 10 days at 37�C in a CO2 incubator. For cell viability
measurement, CellTiter-Glo reagent (Promega) or 3D Titer-Glo
reagent (Promega) was added into each well at equal volume.
Relative luminescence was measured on an ENVISION plate reader
(Perkin-Elmer) and converted to % viability using untreated cells as
controls. Data was analyzed by GraphPad Prism using nonlinear
regression analysis, log (inhibitor) versus response, variable slope,
4-parameter fit equation.

Tubulin polymerization assay
Porcine MAP-rich tubulin (Cytoskeleton Inc.) was dissolved in

cold GPME buffer (80 mmol/L Na-PIPES, pH 6.9, 1 mmol/L MgCl2,
and 0.5 mmol/L EGTA with 1 mmol/L GTP) at 2.5 mg/mL final
concentration. 10 mL of the testing drugs diluted in GPEM buffer or
DMSO control (0.02% DMSO diluted in GPEM buffer) were
dispensed into each well of a transparent 96-well half area flat
bottom plate. 100 mL of the prepared Porcine MAP-rich tubulin
was rapidly added into each well of the plate. Absorbance at 340 nm
was measured every minute after adding the tubulin buffer for
60 minutes at 37�C on a SpectraMax M5 (Molecular Devices).
Data were plotted as absorbance at 340 nm versus time in minutes
using GraphPad Prism.

Evaluation of in vitro and in vivo stability of STRO-002
For in vitro stability study, STRO-002 was incubated with human or

cynomolgus monkey plasma (Bioreclamation) or PBS at a final
concentration of 100 mg/mL at 37�C in a CO2 incubator for up to
21 days. For in vivo stability, non-tumor bearing (for PK study) or
Igrov1 bearing (for in vivo SC209 release study) female SCID Beige
mice [Charles River Laboratories (CRL)] of 8 to 10 weeks of age were
dosed with a single intravenous bolus of 5 mg/kg STRO-002. Blood
samples (n¼ 3 per time point) were collected at different timepoint for
up to 21 days and processed for plasma.

STRO-002 concentration in plasma was determined by quantitative
ELISA assays. For in vitro stability study, recombinant human FolRa
ECD (R&D System) was coated on Nunc MaxiSorp plates. For PK
analysis, goat anti-human Fcg (Jackson ImmunoResearch) was coated.
Serial dilutions of samples and standard (purified STRO-002) were
added to the ELISA plates and incubated for 1 hour at room temper-
ature. Horseradish peroxidase (HRP)-conjugated goat anti-human
IgG (Jackson ImmunoResearch) was then added as detection antibody
and incubated for another hour at room temperature. SureBlue
Reserve TMB Peroxidase Substrate (KPL Inc) was used for detection
and absorbance at 450 nm was measured on a SpectraMax M5 plate
reader (Molecular Devices).

To determine theDAR, STRO-002 in plasma sampleswere captured
using Streptavidin Mag Sepharose Beads (GE Healthcare) coated with
biotinylated FolRa ECD in HBS-E buffer (0.01 mol/L HEPES pH 7.4,
0.15mol/L NaCl, 3mmol/L EDTA). Captured STRO-002 was released
from the beads with gentle mixing in 25 mL of 1% formic acid at room
temperature for 5 minutes and neutralized with 15 mL 1 mol/L Tris-
HCl (pH 9.0). The 40 mL eluted sample was injected into an Agilent
1200 series LC/MS system to measure the DAR.

STRO-002–mediated bystander killing of cells
FolRa-negative Daudi cells were labelled with Oregon Green cell

tracer (Thermo Fisher) and cocultured with FolRa-positive Igrov1
cells orA549 at 1:1 ratio in 24-well plates (2� 105 cells per well).Mixed
cells were then treated with serial dilutions of tested in triplicates. After
3 days of treatment, the Daudi cells in the cell culture medium were
taken out, stained with fixable viability far-red dyes (Thermo Scien-
tific) and counted on flow cytometer. The bystander effect of STRO-
002 was reported as % of live Daudi cells compared with untreated
controls versus concentration of STRO-002 in nmol/L. Igrov1, A549
and Daudi cells cultured alone were also treated with STRO-002 as
controls.

Cell line–derived xenograft models
All in vivo procedures were conducted in compliance with the

guidelines of the Institutional Animal Care and Use Committee at
Sutro Biopharma or commissioned contract research organization
(CRO). Cell line–derived xenograft studies were conducted with the
following human ovarian tumor models in the indicated mouse
strains: Igrov1 in SCID Beige mice (CRL, Hollister, CA), OVCAR-3
in BALB/c nude mice (study performed at Crown Bioscience CRO),
OV-90 in SCID mice (study performed at CRL CRO). In all studies,
female animals at 6 to 12 weeks of age were anesthetized with
isoflurane and implanted subcutaneously into the right hind flank
with 7.5�106 Igrov1 cells, 1�107 OVCAR3 cells with 1:1 matrigel, or
1�107 OV90 cells. Randomization and start of treatment were initi-
ated when the average tumor size was established (100–150 mm3) or
advanced (� 400 mm3) for OVCAR3 tumors and designated Day 0
posttreatment. Animals (n ¼ 7–10 per group) received a single
intravenous bolus of the test articles at the indicated dose and dosing
schedule in the figures. Body weight and tumor size were monitored
twice per week. Tumor volumes were calculated using the formula
(L ×W2)/2; where length (L) and width (W) are the longer and shorter
values, respectively. The primary study endpoint was designated as the
day when the mean of the vehicle control group was at least >1,000
mm3. Tumor growth inhibition (TGI) is determined on the day the
vehicle group reaches the primary study endpoint. TGI is calculated as
a percentage using the formula [1-{(Tfinal-Tinitial)/(Cfinal-Cinitial)}]�100,
where T is treatment, C is the mean of vehicle control tumors, and
initial size is the tumor size on the first day of treatment. TGI > 100%
indicates tumor regression below the starting tumor size. TGI was
analyzed using a one-way ANOVA test with the Dunnett multiple
comparison test to compare versus vehicle control or Sidaks multiple
comparisons test to compare select groups in combination studies. A
P value of less than 5% (P < 0.05) was considered significant. All data
are presented as mean � SEM. �, P < 0.05; ��, P < 0.01; ���, P < 0.001;
���, P < 0.0001.

IHC detection of FolRa in patient-derived xenograft models
Formalin-fixed, paraffin-embedded tumor microarrays of human

endometrial/uterine patient-derived xenograft (PDX) models were
procured from South Texas Accelerated Research Therapeutics
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(START) CRO. IHC analysis was performed at Ensigna CRO. Bioti-
nylated anti-FolRa mouse monoclonal antibody (SP9530, Clone,
#26B3.F2) was used at 10 mg/mL with citrate-based pH 6.2 Heat-
Induced Epitope Retrieval (Biocare, catalog no. DV2004); a diluent
only control was used under the same conditions. The sections were
blocked with Biocare Peroxidase Blocker (Biocare, catalog no.
IPB5000/PX968) and Background Punisher (Biocare, catalog no.
BP974), while Avidin and Biotin blockers (Biocare, catalog no. AB972)
were used to block endogenous biotin. One-step 4plus Streptavidin
HRP-Polymer detection system (Biocare, catalog no. HP604) was used
for detection, followed by IntelliPATH FLX DAB chromogen kit
(Biocare, catalog no. IPK5010), IntelliPATH Hematoxylin (Biocare,
catalog no. IPCS5006) and Ventana Bluing Reagent (Ventana, catalog
no. 760–2037) for chromogenic detection and counterstaining.

Endometrial PDX models
Endometrial PDX studies were performed at STARTCRO. For each

PDX model, 1 to 2 mm3 of tumor fragments (passages 4–8) were
implanted subcutaneously into the flank of 6- to 12-week-old female
athymic nude mice (Jackson Labs). Due to different PDX tumor
growth rates, study enrollment for each model was staggered. Start
of treatment was initiated when the average tumor size was approx-
imately 100 to 200mm3 (designated as Day 0 posttreatment). Animals
(n ¼ 3 per group) were randomized and assigned to an untreated
control group or 10 mg/kg STRO-002 intravenous treated group
administered weekly. Body weight and tumor size were monitored
twice per week. The study endpoint was reached when the mean of the
vehicle control groupwas>1,000mm3or until day 45 posttreatment. A
complete response was defined as the absence of measurable tumors
(0 mm3) for at least two consecutive measurements. Statistical analysis
of TGI was performed using an unpaired t test for each PDXmodel. A
P value of less than 5% (P< 0.05) was considered significant. �,P< 0.05;
��, P < 0.01; ���, P < 0.001; ���, P < 0.0001.

Data availability
Raw data for this study were generated at Sutro Biopharma and are

available within the article and its Supplementary Data files. Derived
data supporting the findings of this study are available from the
corresponding author upon request.

Results
STRO-002 is a homogeneous anti-FolRa ADC

We have developed a homogeneous FolRa targeting ADC, STRO-
002, for the treatment of ovarian and endometrial cancers. STRO-002
consists of a high affinity anti-FolRa antibody (SP8166) covalently
conjugated to a novel cleavable 3-aminophenyl hemiasterlin linker-
warhead (SC239) with a DAR of 4 (Fig. 1A).

The anti-FolRa antibody SP8166 was discovered using ribosome
display technology from a synthetic human Fab antibody library
previously described (15). Sutro’s XpressCF protein expression plat-
form allowed rapid selection of anti-FolRa lead antibodies based on
binding affinity, internalization activity, and thermostability. The final
anti-FolRa lead antibody (SP8166) showed high affinity binding to
human FolRa by SPR (KD¼ 2.3 nmol/L, Fig. 1B). In FACS based cell
binding assay, SP8166 binds to human FolRa overexpressed on 293T
cells (Fig. 1C) or cyno-FolRa overexpressed on CHO-cells (Fig. 1D)
with similar high affinity while no nonspecific binding to cells that lack
FolRa expression. SP8166 binding was specific to FolRa and only
showed weak, non-saturating binding to FolRb, a closely related
member of the folate receptor family (Fig.1C).

To generate anti-FolRa ADCs, the nonnatural amino acid pAMF
was incorporated into the anti-FolRa lead antibodies at specific sites
using the in vitro protein expression platformXpressCFþ. Site-specific
conjugation of a linker-payload with a dibenzocyclooctyne (DBCO)
moiety was subsequently achieved through the rapid and specific
reaction to the pAMF residues using copper-free click chemistry. The
specificity and robustness of the XpressCFþ system and conjugation
platform enabled rapid make-test cycles to select the best ADC. SC239
is a novel linker-warhead that consists of a 3-aminophenyl hemias-
terlin warhead linked to a DBCOmoiety through a cathepsin-sensitive
val-cit-PABA linker, which can be cleaved in the lysosome to release
the free warhead 3-aminophenyl hemiasterlin (SC209; Fig. 1A).

To select the best anti-FolRa ADC,multiple anti-FolRa antibodies
were conjugated to SC239 at the same conjugation sites at DAR ¼ 4
and tested in cell killing assays as well as in vivo mouse TGI efficacy
studies (Supplementary Fig. S1A, Supplementary Fig. S2A), two anti-
bodies with best in vivo efficacy were picked for further studies. It has
been previously shown that variations in conjugation sites led to
differences in stability, PK profile as well as in vivo efficacy (16). We
have explored the in vitro and in vivo activity of the two lead antibodies
conjugated to SC239 at different DARs (Supplementary Fig. S1B) and
different sites (Supplementary Fig. S1C, Supplementary Fig. S2B,
Supplementary Fig. S2C). ADCs conjugated to another 3-aminophe-
nyl hemiasterlin cleavable linker payload (SC346) were also compared
with SC239 ADCs in vitro and in vivo (Supplementary Fig. S1D and
Supplementary Fig. S2D). The anti-FolRa antibody H01 conjugated
to SC239 at heavy chain sites Y180 and F404 showed the best in vitro
properties and in vivo efficacy, and later designated as STRO-002.
When analyzed by deconvoluted LC-MS/MS, STRO-002 was repre-
sented by a single predominant species with a calculated DAR of 3.95
(Fig. 1E).

STRO-002 releases a novel 3-aminophenyl hemiasterlin
cytotoxic warhead with reduced efflux by P-gP compared
with other tubulin inhibitors

Cell surface FolRa can internalize into cells and recycles between
endosomal and cell surface compartments (17). To investigate the
internalization activity of the anti-FolRa antibody, SP8166 was con-
jugated to a fluorescent dye (DBCO-Alexa647) and its internalization
was tracked in a FACS based assay in FolRa-positive Igrov1 and
OVCAR3 cells (Supplementary Table S1). As shown in Fig. 2A,
fluorescently labeled SP8166 rapidly internalized into cells, with
roughly 20% of bound antibody internalizing in the first 30 minutes
and 70% internalized by 24 hours (Fig. 2A). The internalization of
fluorescently labeled SP8166 was also monitored in Igrov1 cells using
fluorescent microscopy as shown in Fig. 2B. SP8166 was not detected
inside the cells at the start of the internalization assay (0 min). After
incubation at 37�C, fluorescent signal was detected inside the cells at 30
minutes and increased at 60 minutes.

Upon STRO-002 internalization into FolRa-positive cells, 3-ami-
nophenyl-hemiasterlin (SC209) is released by enzymes in the lysosome
as the catabolite. SC209 is a synthetic analogue of hemiasterlin, which
is derived from marine sponges and binds to the Vinca-peptide site of
tubulin to prevent the polymerization of microtubules (18). In an
in vitro tubulin polymerization assay, SC209 effectively inhibited
tubulin polymerization in a dose dependent manner, similar in
potency to another tubulin inhibitor MMAE, but more potent than
maytansine at the same concentration (Fig. 2C). SC209 and STRO-002
treatment on KB cells induced cell cycle arrest in the G2–Mphase after
24 hrs, leading to increased apoptosis after 48 hours of treatment
(Supplementary Fig. S3). In cell proliferation assays, SC209 induced
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potent cytotoxicity across multiple cell lines from different malignan-
cies with EC50 values ranging from 0.2 to 9.2 nmol/L (Table 1). On
FolRa-positive Igrov1 and KB cells, STRO-002 induced more than
10-fold greater cytotoxicity than SC209 alone, suggesting that specific
delivery of SC209 by the anti-FolRa antibody SP8166 results in more
efficient cell killing than the warhead alone (Fig. 2D). Unconjugated
linker-warhead SC239 showed much reduced cell killing activity
compared with SC209.

P-glycoprotein 1 (P-gp), also known as multidrug resistance
protein 1 (MDR1), is an ATP-dependent efflux pump believed
to play a key role in the development of drug resistance (19, 20).
The cytotoxicity of SC209 was evaluated on MES-SA/MX cells

that express high levels of P-gp (Supplementary Fig. S4) and the
parental MES-SA cells that do not express P-gp. Compared with the
parental MES-SA cells, P-gp overexpressing MES-SA/MX cells had
modestly reduced sensitivity to SC209 (8-fold EC50 shift), suggest-
ing that P-gp mediated drug efflux reduced SC209 cytotoxicity
(Fig. 2E). In the presence of GF120918, a commonly used inhibitor
for P-gp, SC209 cytotoxicity returned to levels found in MES-SA
parental cells, indicating the difference observed on these two cell
lines is mediated by P-gp. In the same experiment, the cytotoxicity
of other known P-gp substrates such as DM4 and MMAE was also
evaluated and significant shifts in drug potency was observed in the
presence and absence of P-gP, approximately 20-fold for DM4 and

Figure 1.

STRO-002 is a homogeneous anti-FolRa ADC. A, The structure of STRO-002, which consists of a high affinity anti-FolRa antibody (SP8166) conjugated to a novel
cleavable 3-aminophenyl hemiasterlin linker-warhead (SC239). The released cytotoxicwarhead SC209 is indicated in the redbox.B,Thebinding kinetics of SP8166 to
as determined by SPR shows that the anti-FolRa antibody SP8166binds to the human FolRa ECDwith high affinity.C, SP8166 bindswith high affinity to humanFolRa
overexpressed on 293T cells. Onlyweek bindingwas observed to highly related human FolRb expressedon 293T cells, while nobinding on 293T cells.D, SP8166 binds
to cynomolgus monkey FolRa overexpressed on CHO cells, while no binding observed on CHO- parental cells. E, Deconvoluted LC-MS chromatogram of intact
STRO-002, indicating a single dominant peak with calculated DAR of 3.95.
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Figure 2.

Characterization of the novel cytotoxin
3-amino-hemiasterlin (SC209) released
by STRO-002. A, Internalization time
course of fluorescently labeled SP8166
into Igrov1 and OVCAR3 cells as deter-
mined by FACS-based assay. Total
internalized signal ismeasuredbyFACS
after removing the antibody bound
to the cell surface. Percent (%) internal-
ization is the ratio of FACS signal
after and before cell surface antibody
removal. B, Representative fluorescent
microscopy images of internalized fluo-
rescently labeled SP8166 in Igrov1 cells.
C, In vitro tubulin polymerization assay
shows SC209 is a potent inhibitor
of tubulin polymerization, similar to
other known tubulin inhibitors (MMAE
and Maytansine). D, Cytotoxic activity
of STRO-002 in target positive Igrov1
cells compared with the free cytotoxin
SC209 and the drug-linker SC239.
STRO-002 is highly efficient at deliver-
ing SC209 into the target positive cells.
E, SC209-induced cytotoxicity on P-gP
expressing MES-SA/MX2 cells in the
presence and absence of P-gP inhibitor
GF120918, compared with know P-gP
substrates DM4 and MMAE. Cell killing
EC50 fold change with and without
GF120918 are indicated on the cell kill-
ing curves.
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more than 100-fold for MMAE. Our data indicated that SC209 is a
relatively weaker P-gp substrate for drug efflux, compared with
other commonly used warheads for ADCs, such as DM4 and
MMAE, which implies that STRO-002 will be less susceptible to
drug resistance mediated by P-gp (Fig. 2E).

STRO-002 antibody and drug linkage are stable in vitro and
in vivo

The serum stability of the drug linker has been shown to have a
significant impact on the off-target toxicity of an ADC (21). The
stability of STRO-002 was evaluated by incubating the ADC in
PBS, human, and cynomolgus plasma at 100 mg/mL at 37�C for
3 weeks. At different time points after incubation, the stability of the
antibody was estimated by an ELISA specific for anti-FolRa anti-
bodies. Antibody levels in human and cynomolgus monkey plasma
were stable over time, similar to antibody levels after incubation in
PBS (Fig. 3A). To measure the stability of the linker-warhead,
STRO-002 in the plasma was captured by beads coated with FolRa
ECD, and subject to LC-MS/MS analysis. The relative DAR was
calculated using a weighted average of deconvoluted peak areas of
DAR0 – DAR4 species. Minimal changes in DAR were observed
over 21 days in PBS, human and cynomolgus monkey plasma
(Fig. 3B). These results suggest that both antibody and linker-
warhead portions of STRO-002 are stable in human and cynomol-
gus monkey plasma.

The in vivo stability of STRO-002 was evaluated in non-tumor
bearing SCID Beige mice with a single intravenous dose at 5 mg/kg.
The total plasma concentration of STRO-002 antibody was measured
over time by a quantitative ELISA specific for human Fc. The phar-
macokinetic profile of STRO-002 antibody is similar to other reported
antibodies with T1/2 ¼ 6.4 days and clearance rate of 9.6 mL/day/kg
(Fig. 3C). The linker warhead stability of STRO-002 was evaluated by
affinity pull-down of STRO-002 from themice plasma followed by LC-
MS/MS analysis to determine the DAR. As shown in Fig. 3D, STRO-
002 drug linkages remained intact in blood circulationwith theDARof
STRO-002 remained at 3.9 over 21 days.

When a single 5 mg/kg dose of STRO-002 was injected into
Igrov1 tumor bearing SCID mice, SC209 was detected predomi-
nantly in the tumor environment, but could not be detected in the
plasma (Fig. 3E, LLOQ ¼ 0.02 ng/mL), which confirmed the tumor
specific release of SC209. This data suggests that STRO-002 may
afford potent efficacy with limited systemic toxicity in treating
patients with FolRa-positive tumors.

STRO-002 induces potent specific cell killing on FolRa-positive
cells and bystander cell killing on FolRa-negative cells

In cell-based proliferation assays, STRO-002 induces potent cell
killing activity on FolRa-positive Igrov1 and OVSAHO cells, while no
cell killing on FolRa-negative A549 was observed (Fig. 4A). Further-
more, neither an anti-GFP control ADC with the same DAR4 con-
struction as STRO-002 nor the unconjugated antibody SP8166 affected
the viability of Igrov1 cells. In addition, STRO-002 cell killing was
inhibited by the presence of 500 nmol/L unconjugated anti-FolRa
antibody SP8166 (Fig. 4A). These results confirm that the cytotoxicity
of STRO-002 is dependent on specific binding of the ADC to FolRa on
the tumor cell surface.

Bystander cell killing of target negative cells is an important
mechanism of action for ADCs targeting tumor antigens that have
heterogeneous expression on tumors (22). In a FACS-based cell
viability assay, we demonstrated that STRO-002 was not cytotoxic to
FolRa-negative Daudi cells, but bystander cell killing was observed
when Daudi cells were cocultured with FolRa-positive Igrov1 cells
(Fig. 4B). Bystander cell killing activity of STRO-002 was dependent
on the presence of FolRa-positive cells in the cell culture system,
because Daudi cell killing was not observed when cocultured with
FolRa-negative A549 cells. Our results indicated that bystander cell
killing could provide an additional mechanism by which STRO-002
controls tumor growth.

The ECD of FolRa is known to be shed from the cell surface and has
been detected in the serum of normal and cancer patients (23).
Circulating FolRa ECD levels in plasma from healthy individuals
and frompatients with ovarian and endometrial cancers wasmeasured
by ELISA. Shed FolRa was detected at levels up to 1.39 ng/mL and
2.33 ng/mL in normal and endometrial cancer patient serum, respec-
tively, but could be detected up to 80.46 ng/mL in serum from patients
with ovarian cancer (Fig. 4C). To investigate the impact of shed FolRa
on the activity of STRO-002, the cytotoxicity of STRO-002 against
FolRa-positive cell lines (Igrov1 and OVCAR3) was measured in the
presence of FolRa ECD at relevant concentrations where shed FolRa
was observed in patient serum samples (10, 30, and 100 ng/mL). At all
concentrations tested, FolRa ECD had little to no impact on the
cytotoxicity of STRO-002 in vitro against OVCAR3 and Igrov1 cells
(Fig. 4C), suggesting that shed FolRa circulating in patient serum
would have minimal effects on the cytotoxicity of STRO-002 on
FolRa-positive tumor cells.

STRO-002 is significantly efficacious as monotherapy or in
combination with SOC agents in ovarian tumor models

Evaluation of STRO-002 in vivo activity was conducted in three
human ovarian adenocarcinoma models, Igrov1, OVCAR3, and
OV90, with FolRa expression levels that are comparable with
those of biopsies from patients with ovarian cancer (Supplementary
Fig. S5). Treatment of established (�150 mm3) Igrov1 tumors with a
single dose of STRO-002 at 10 mg/kg demonstrated potent (107%
TGI indicating tumor regression) and target dependent efficacy
as evidenced by lack of activity with an unconjugated FolRa antibody
or an anti-GFP control ADC conjugated to SC239 (Fig. 5A). STRO-

Table 1. SC209 cytotoxicity on different cell lines.

Indications Cell lines
SC209 cell
killing EC50

Ovarian Igrov1 2.2
Ishikawa 1.6
OVKATE 2.8

Breast cancer SKBR3 1.42
MDA-MB-453 1.8
MDA-MB-231 1.7
MDA-MB-468 0.74

Colon cancer HCT116 9.18
HT29 3.18
Skco1 3.59

Lung cancer NCI-H1703 0.24
A549 7.9
NCI-H1651 9.2
NCI-H2110 0.84

Skin cancer MDA-MB-435 2.29
A431 1.4

Gastric cancer NCI-N87 2.1
Cervical KB 2.2
Multiple myeloma OPM-2 2.42
Lymphoma SU-DHL-6 1.42
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002 dose-dependent tumor suppression was established in Igrov1
tumors with significant growth inhibition (68% TGI) starting at
a single dose of 2.5 mg/kg (Fig 5B). Tumor stasis until day 26
posttreatment was achieved with 5 mg/kg STRO-002, and the
highest dose tested (15 mg/kg) induced tumor regression accom-

panied by sustained growth suppression for >50 days (Fig. 5B).
Similar dose-dependence and effective growth inhibition was
observed in OVCAR3 tumors which express 10-fold lower FolRa
compared with Igrov1 (Supplementary Table S1). A single dose of
2.5 mg/kg and 5 mg/kg STRO-002 resulted in 44% and 81% TGI,

Figure 3.

In vitro and in vivo stability of STRO-002. A, STRO-002 antibody stability in human plasma and cyno plasma measured by anti-FolRa ELISA shows STRO-002
antibody is stable up to 21 days in plasma.B,Drug linker stability of STRO-002 in human and cyno plasmameasured by LC/MS demonstrates STRO-002DAR is stable
up to 21 days in plasma.C,PKprofile of STRO-002 total antibody in non–tumor-bearingmice. STRO-002displayedPKprofile similar to other antibodies.D,STRO-002
drug linker is stable for up to 21 days in mice indicated as DAR determined by LC/MS. E, Release of SC209 in Igrov1 tumors bearing mice dosed with a single
intravenous bolus dose of 5 mg/kg STRO-002. SC209 is only detected in tumor, and not in plasma (LLOQ, 0.02 ng/mL).
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Figure 4.

Specific cell killing activity of STRO-002 on FolRa-positive cells and bystander cell killing activity on FolRa-negative cells. A, STRO-002 showed potent cell
killing activity in FolRa-positive Igrov1 and OVSAHO cells, while no killing was observed in FolRa-negative A549 cells. The specific killing of Igrov1 and
OVSAHO cells can be competed off by adding unconjugated anti-FolRa antibody SP8166. B, Bystander killing of FolRa-negative Daudi cells observed when
cocultured with target positive Igrov1 cells, but no killing observed when cocultured with FolRa-negative A549 cells. C, FolRa ECD concentration in the patient
serum samples was detected by ELISA. STRO-002 cytotoxicity was not affected by FolRa ECD at concentrations higher than what have been detected in
patient blood samples.
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respectively, in established (150 mm3) OVCAR3 tumors (Fig. 5C),
while in advanced (�400 mm3) OVCAR3 tumors, slightly higher
doses at 5 and 10 mg/kg elicited comparable TGI at 54% and 86%,
respectively (Fig. 5D). At the highest dose 10 mg/kg STRO-002
induced OVCAR3 tumor regression without regrowth for up to
60 days post dose (Fig. 5D).

Furthermore, STRO-002 combined with approved SOC agents
for ovarian cancer patients demonstrated added benefit. Coad-
ministration of a single dose of 2.5 mg/kg STRO-002 with
60 mg/kg carboplatin (q7dx2) resulted in significantly smaller
Igrov1 tumors (87% TGI) compared with carboplatin alone (51%
TGI; P ¼ 0.0003; Fig. 5E). In another ovarian model, OV90, the

Figure 5.

In vivo efficacy of STRO-002 as monotherapy and in combined with approved SOC therapies in ovarian models. In all studies, treatment was initiated in established
tumors [�100–150mm3with a single dose of STRO-002 or specified test article at the indicated dose unless otherwise noted. A, Single dose of 10mg/kg STRO-002
induced tumor regression in Igrov1 tumors. Equivalent doses of control test articles had no activity. B, Dose-dependent STRO-002 efficacy is observed in Igrov1
tumors starting at 2.5 mg/kg. C and D, OVCAR3 tumors showed similar dose responsiveness to STRO-002 in established (C) and advanced [400 mm3 (D) tumors.
STRO-002 combination treatment with carboplatin (E) or anti-VEGF antibody Avastin (F) improved efficacy in Igrov1 and OV90 tumors, respectively.

MCT FIRST DISCLOSURES

Mol Cancer Ther; 22(2) February 2023 MOLECULAR CANCER THERAPEUTICS164

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/22/2/155/3266295/155.pdf by Sutro Biopharm
a user on 07 February 2023



Figure 6.

Robust STRO-002 monotherapy efficacy in endometrial PDXmodels with different levels of FolRa expression. A, Representative IHC images of FolRa expression in
endometrial PDXmodels.B,Bar graph showsmean TGI for 20 endometrial PDX tumors in response toweekly 10mg/kgSTRO-002 treatment.Models are color coded
based on FolRa expression levels and lines indicate 50% and 100% TGI. C, Table summarizes the number of models with statistically significant TGI and incidence of
response for PDXmodels grouped by expression level.D,Representative tumor growth curves of endometrial PDXmodels that express negative, low,moderate, and
high FolRa with significant efficacy in response to STRO-002 treatment.
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combination of a single dose each of 5 mg/kg STRO-002 plus
5 mg/kg Avastin significantly improved the TGI to 96% versus
STRO-002 (29% TGI, P < 0.0001) or Avastin (68% TGI, P < 0.0054)
alone (Fig. 5F).

STRO-002 demonstrated significant activity in endometrial
PDX models with a range of FolRa expression

The in vivo activity of STRO-002 was also assessed in endome-
trial carcinomas in which FolRa is expressed at lower intensity
and frequency compared with ovarian tumors (Supplementary
Table S2). Twenty endometrial PDXmodels with FolRa levels ranging
from negative, weak (FolRaþ), moderate (FolRaþþ), and high
(FolRaþþþ) were selected, to correlate expression with response
to STRO-002 treatment. Fig. 6A shows representative images of PDX
tumors with different levels of FolRa expression (top row). The IHC
staining was specific to the anti-FolRa antibody, given the absence
of stainingwith the diluent control (bottomrow). Results demonstrated
that weekly treatment with 10 mg/kg STRO-002 led to significant
antitumor activity in 9 out of 17 (53%) FolRa-positive models (Fig. 6B
and C). Statistically significant (P < 0.05) efficacy was observed
starting at 53% TGI compared with control group (Fig. 5B). In four
models with high (FolRaþþþ) and moderate (FolRaþþ) expres-
sion, treatment with STRO-002 induced tumor regression and
achieved complete responses with no palpable tumors (as indicated
by TGI >100%; Fig. 6D). One additional model with high FolRa
expression (PDX Model #16) exhibited 93% TGI and also induced
tumor regression, but was not statistically significant likely due
to tumor growth variability in the control treated animals. A
positive correlation was observed between STRO-002 response and
FolRa levels with the greatest incidence of significant responders
(71%) in the FolRaþþþ models (Fig. 6C). It is notable that some
models with moderate FolRaþþ (50%) and weak FolRaþ (25%)
expression also exhibited significant activity (Fig. 6C and D).
STRO-002 did not elicit meaningful activity in PDX tumors without
FolRa expression as expected (Fig. 6B and C).

In summary, STRO-002 exhibited antitumor activity in endometrial
carcinomas with FolRa expression ranging from FolRaþ to
FolRaþþþ with a positive correlation between TGI response and
FolRa expression.

Discussion
We report here the discovery of STRO-002, a homogeneous FolRa

targeting ADC consisting of a high affinity human anti-FolRa anti-
body site specifically conjugated to a novel linker payload with a DAR
of 4. Rapid empirical evaluation of multiple ADC lead molecules was
enabled by XtractCFþ and copper-free click chemistry, which allowed
the identification of a potential best in class anti-FolRaADC based on
conjugation sites, linker-warhead stability, and potent in vitro and
in vivo antitumor activity.

Traditional stochastic conjugation methods generate ADCs con-
taining a mixture of heterogeneous molecules with varying DARs and
sites of conjugation. These heterogeneous species can display signif-
icant differences in binding affinity, stability, and pharmacokinetics
and pharmacodynamics profiles, leading to variability in toxicity and
efficacy in patients. Sutro’s XtractCFþ expression system enables the
site-specific incorporation of the nonnatural amino acid pAMF in the
antibody. Copper-free click chemistry enabled rapid and specific
covalent conjugation, which resulted in the consistent production of
a homogeneous ADC product optimized for the delivery of a cytotoxic
hemiasterlin payload to FolRa expressing tumors.

The Xpress CFþ platform enables the incorporation of pAMF at
previously intractable sites of an IgG1 and at multiple sites in the
same polypeptide chain. Previously, we reported the rapid and
parallel synthesis of numerous variants to identify the optimal sites
for pAMF incorporation in an antibody (16). The sites of pAMF
incorporation in STRO-002 were carefully selected on the basis of
efficiency of pAMF incorporation, SC239 conjugation efficiency and
stability, as well as in vivo pharmacokinetic profile and efficacy. The
resulting STRO-002 clinical lead maintains a similar pharmacoki-
netic profile as other approved antibody therapies and demonstrates
linker-payload stability in plasma. STRO-002 is linked to a cytotoxic
3-aminophenyl-hemiasterlin payload through a cathepsin-sensitive
linker that can be cleaved in the tumor microenvironment or upon
internalization into tumor cells, lending a specific delivery and
cytotoxic profile in tumor cells. In addition, the stability of the
linker-warhead in circulation and fast clearance of released small
molecule warhead SC209 are predicted to limit the systemic
toxicity induced by the free warhead.

STRO-002 contains a novel 3-aminophenyl hemiasterlin, SC209,
which is a potent tubulin polymerization inhibitor. In addition, SC209
is a weaker substrate for the cellular efflux pump P-gp, supporting the
use of STRO-002 in cancers with increased P-gp that are refractory to
other chemotherapies such as platinum agents, PARP inhibitors or
some tubulin inhibitors. The release of SC209 by FolRa-positive tumor
cells can induce bystander killing of FolRa-negative tumor cells,
further increasing STRO-002 efficacy in tumors with heterogeneous
or low expression of FolRa.

STRO-002 demonstrated reproducible and significant therapeutic
benefit in multiple FolRa expressing xenograft models. In several
ovarian adenocarcinoma models with FolRa expression reminiscent
of patient levels, a single dose of STRO-002 demonstrated robust, dose
dependent, and target dependent antitumor activity. In addition, our
results provide encouraging evidence to support beneficial STRO-002
combination strategies with chemotherapy or VEGF blockade. In
endometrial PDX tumors, STRO-002 demonstrated significant activ-
ity including in models with FolRaþþ (moderate) and FolRaþ
(weak) expression.

On the basis of our preclinical findings, we believe the optimized
and homogeneous STRO-002 molecule affords potent efficacy in
FolRa-positive tumors and minimizes systematic off-target toxicity,
providing the potential for increased therapeutic index in the clinic and
a best-in-class FolRaADC. The clinical safety and preliminary activity
of STRO-002 is currently being assessed in phase I clinical trials in
ovarian and endometrial cancer patients (ClinicalTrials.gov Identifier:
NCT03748186 and NCT05200364).
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