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To address the key challenges in the development of next-generation drug
delivery systems (DDS) with desired physicochemical properties to overcome limitations
regarding safety, in vivo efficacy, and solid tumor penetration, an ultrasmall folate receptor
alpha (FRa) targeted silica nanoparticle (C’Dot) drug conjugate (CDC; or folic acid CDC)
was developed. A broad array of methods was employed to screen a panel of CDCs and
identify a lead folic acid CDC for clinical development. These included comparing the
performance against antibody—drug conjugates (ADCs) in three-dimensional tumor
spheroid penetration ability, assessing in vitro/ex vivo cytotoxic efficacy, as well as in vivo
therapeutic outcome in multiple cell-line-derived and patient-derived xenograft models. An
ultrasmall folic acid CDC, EC112002, was identified as the lead candidate out of >500 folic
acid CDC formulations evaluated. Systematic studies demonstrated that the lead 4
formulation, EC112002, exhibited highly specific FRa targeting, multivalent binding
properties that would mediate the ability to outcompete endogenous folate in vivo,
enzymatic responsive payload cleavage, stability in human plasma, rapid in vivo clearance, and minimal normal organ retention
organ distribution in non-tumor-bearing mice. When compared with an anti-FRa-DM4 ADC, EC112002 demonstrated deeper
penetration into 3D cell-line-derived tumor spheroids and superior specific cytotoxicity in a panel of 3D patient-derived tumor
spheroids, as well as enhanced efficacy in cell-line-derived and patient-derived in vivo tumor xenograft models expressing a
range of low to high levels of FRat. With the growing interest in developing clinically translatable, safe, and efficacious DDSs,
EC112002 has the potential to address some of the critical limitations of the current systemic drug delivery for cancer
management.
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penetration due to their large vehicle size.”> On the other

Inefficient and imprecise delivery of chemotherapeutic drugs to
cancer cells is one of the key contributions to the unwanted
side effects, drug resistance and overall low survival rates of
cancer patients.” To date, liposomes and antibodies are the two
main carriers that have been approved by the United States
Food and Drug Administration (FDA) for improving the toxic
payload delivery efficiency in cancer patient care via systemic
administration.”” While eight liposomal drugs have been
approved for cancer management with improved biodistribu-
tion and reduced toxicity as compared to drug-alone
formulations,” they all rely on enhanced permeability and
retention (EPR) effects in patients with limited solid tumor
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hand, antibody—drug conjugates (ADCs) have shown
considerable success in treating both hematologic and solid
tumors, with a total of 12 ADCs approved in the past two

decades (Table S1).> However, challenges still remain for
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Figure 1. Design and characterizations of EC112002. (A) A schematic illustration of key components of EC112002 folic acid CDC. (B) A
representative TEM image of EC112002. Scale bar: 200 nm. Inset: Photo of EC112002 in the container-enclosure system showing its
characteristic blue color as a result of encapsulated CyS dye. (C) Flow cytometry of EC112002, nontargeted control nanoparticle (with a
similar number of payloads but no folic acid ligands) in human KB (FRa positive). The blocking group used the same EC112002 along with
1 mM of free folic acid. (D) A competitive binding study between EC112002 and free folic acid showed the multivalency effect of EC112002.
Increasing concentrations of EC112002 or free folic acid were selected to compete off the green-dye-conjugated folic acid molecules (10
nM) that previously bound to the KB cells. (E) Confocal microscopy images of EC112002 in human KB (FRa positive) and TOV-112D
(FRax negative) cell lines. Top panel: 1-h exposure group. Bottom panel: 1-h exposure plus washing and additional 24-h incubation.
Lysosomes were stained by using LysoTracker Green, which is a green-fluorescent dye for labeling and tracking acidic organelles in live cells.
The blocking group has 0.1 mM of free folic acid. (F) Drug stability of EC112002 in plasma from mice, rats, dogs, monkeys, and humans was
measured for 48 h at 37 °C under shaking. (G) Cathepsin-B-based cleaving rate of EC112002 with ¢, ,, estimated to be 1.4 h. (H) Long-term
storage stability of EC112002 in normal saline (0.9% NaCl), measured by RP-HPLC. (I) Representative in vivo PET/CT images over 72 h of
89Zr-labeled EC112002 in healthy nude mice (n = 3). White arrowheads point to the heart, bladder, and liver. (J) Biodistribution of *Zr-
DFO-EC112002 in healthy nude mice at 2 and 24 h postinjection (n = 3).

ADCs, which include limited drug-to-antibody ratios (DAR), and CRLX101,'""" as well as tumor-targeted liposomal drugs,

drug-linker instability, unfavorable pharmacokinetics,6 and, e.g, MM-302,"*'® have been unsuccessful and were either
most critically, the heterogeneous distribution of ADCs in being terminated after phase I clinical trials or were associated
tumor tissues.” To date, development of polymeric-based with limited efficacy in phase II clinical trials. Recent advances

nanodrug delivery systems (DDS), e.g., including BIND-014"’ in the understanding of tumor biological barriers and
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evaluation of the varied performance of approved or
investigational new drugs (IND)'*'* have led to the general
acceptance that enhancing solid tumor penetration will be a
critical aspect for the successful design of next-generation
DDS.'® Although delivery platforms in the ultrasmall (<10
nm) size range have long been considered to have the potential
to enhance diffusion and penetration into tumors,’’ major
challenges, e.g, in the design, candidate(s) screening/
identification, chemistry, manufacturing and controls (CMC),
analytical technology, large-scale synthesis and quality control,
and IND-enabling toxicology, have hindered their develop-
ment and clinical translation.

Folate receptor alpha (FRa), a member of the folate
receptor family, is a 38—40 kDa glycosyl—phosghatidylinositol
(GPI)-anchored cell-surface glycoprotein'® encoded by
FOLRI. It has a restricted distribution in healthy tissues but
is overexpressed in a number of solid tumors, including
ovarian, endometrial, breast, and lung cancers. This makes FRa
an attractive target for anticancer drug development.'”*’ To
date, there have been several early- and late-phase clinical trials
involving FRa-targeted therapies using ADCs and small-
molecule-drug conjugates, including STRO-002 (phase I
completed), Vintafolide (EC14S, terminated in phase III,
PROCEED trial),”"”* and mirvetuximab soravtansine
(IMGN853). Among these, ImmunoGen’s mirvetuximab
soravtansine is the most advanced with a completed single
agent phase II registrational enabling trial (SORAYA). The
positive top line data were announced in 2021 with favorable
safety and efficacy in the treatment of patients with folate
receptor alpha (FRa)-high platinum-resistant ovarian cancer
who have been previously treated with Avastin (bevacizu-
mab).23_26

In the current study, we describe the development and in
vitro/in vivo characterization of an ultrasmall folate receptor
targeted nanoparticle drug conjugate, referred to as folic acid
(FA) functionalized C’Dot-drug-conjugates, or folic acid CDC.

RESULTS AND DISCUSSION

Design of Ultrasmall FRa-Targeted CDC. In its final
form, folic acid CDC is approximately 6 nm in diameter and is
comprised of three critical components, as shown in Figure 1A
and Figure SI1A:

e Ultrasmall clickable silica carrier: A C'Dot carrier is an
ultrasmall poly(ethylene glycol) surface-functionalized
(PEGylated) silica nanoparticle encapsulating one to two
(~1.8 molecules on average) CyS fluorescent dyes that are
covalently bound to the silica network.”””® The Cy5 dye
facilitates the ultrasmall particle synthesis and characterization
and enables optical detection of the CDC in preclinical studies
and clinical trials. The PEG-based organic shell has been
further functionalized with dibenzocyclooctyne (DBCO)
groups to endow the silica carrier with a clickable surface.

e Multiple noncleavable targeting moieties: The FR-
targeting moiety is a folic acid molecule functionalized with a
noncleavable PEG spacer and an azide terminal group, which is
capable of reacting with the DBCO group on the C’Dot carrier
surface to form a covalent bond (Figure 1A). Folic acid CDC
was designed to conjugate multiple FR-targeting moieties to
enhance its active targeting via multivalency effects.

e Multiple cleavable exatecan drug linkers: Exatecan is the
cytotoxic agent (pharmacologic class: topoisomerase 1
inhibitor) warhead of the molecularly engineered drug linker,
which is composed of a proteolytically cleavable dipeptide

linker and a clickable azide group. The exatecan drug linker is
designed to be labile in the presence of the enzyme cathepsin B
(Cat-B), which is overexpressed in the lysosome of many
cancers. Cat-B hydrolyzes the dipeptide linker to release the
free cytotoxic exatecan payload. Folic acid CDC was
molecularly engineered to conjugate a higher concentration
of payloads than the ADC that have been approved to date, i.e.,
Enhertu (trastuzumab deruxtecan, DAR = 8).”’

Lead Candidate EC112002 Characterizations. Over 70
variants of drug linkers with two different topoisomerase-1
inhibitor warheads, linker types, and cleavage mechanisms and
more than 500 folic acid CDC formulations were developed
and evaluated in vitro. From these studies, a lead folic acid
CDC candidate with promising potency, stability, and
specificity properties was identified and was designated
EC112002. On average, EC112002 was composed of 13 folic
acid and 21 cathepsin-B enzyme cleavable exatecan drug
linkers, respectively. The average particle size of EC112002 as
determined by fluorescence correlation spectroscopy (FCS)
was 6.4 nm (Figure S1B).>>*' UV—vis absorbance spectra of
EC112002 exhibited two characteristic absorption peaks at
wavelengths around 647 and 360 nm, corresponding to CyS
dye and the exatecan payload, respectively (Figure S1C). For
the analysis of EC112002 purity and the nature of impurities,
reverse phase HPLC (RP-HPLC) coupled to a photodiode
array detector was used.”” A representative chromatogram of
EC112002 with a purity >99.0% is shown in Figure S1D.
Figure 1B shows a representative transmission electron
microscopy (TEM) image of EC112002, where each dark
dot represents a single EC112002 nanoparticle—drug con-
jugate. The inset in Figure 1B depicts a photo of EC112002 in
the selected container—enclosure system, exhibiting a charac-
teristic blue color from encapsulated CyS dye.

Next, we studied FRa specific binding, multivalency effects,
enzymatic payload cleavage, plasma stability, in vivo clearance,
and biodistribution of EC112002. The flow cytometry results
in Figure 1C showed highly specific FRar binding of EC112002
(1 nM) to KB cells (human cervical adenocarcinoma
overexpressing FRa) after a 60 min incubation at 4 °C,
while the nontargeted control particles with the same amount
of payload but no FA ligands showed minimal binding under
the same conditions. The specificity of EC112002 for cell
surface FRa was confirmed by the addition of 1 mM free FA,
which blocked EC112002 binding (Figure 1C). Varying the
folic acid CDC drug-to-particle ratios (DPRs) from <10 to
close to 40 showed little impact on the targeting of FRa
(Figure S2A). When more than 10 FA molecules were
conjugated to folic acid CDC, a multivalency effect was
observed, resulting in an over 40-fold enhancement of FRa
binding strength as compared to free FA (Figure 1D).
Increasing the average FA ligand number from 12 to 25 did
not significantly increase the binding strength of the folic acid
CDC (Figure S2B). Specific FRa binding and intracellular
lysosomal trafficking were demonstrated by using confocal
microscopy. After a 1 h exposure of KB (FRa positive) or
TOV-112D (FRa negative) cells with EC112002, specific
binding of EC112002 to the surface of FRa positive KB cells,
but not to the FRa negative TOV-112D cells, was observed
(Figure 1E, top panel). Internalization and lysosomal
trafficking of EC112002 in the KB cells were confirmed by
the reduction of the cell surface membrane signal of EC112002
and colocalization of EC112002 (red color in the image) with
a commercial agent that localizes in the Iysosome of living cells
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Figure 2. Comparison of ex vivo KB tumor spheroid penetration/therapeutic efficacy between EC112002 and anti-FRa ADC. (A) Schematic
illustration of 3D tumor spheroid generation and penetration/efficacy study (created with BioRender.com). Z-stacks of confocal microscopy
images of a KB tumor spheroid treated with (B) FA-C'Dot, (C) EC112002, (D) CyS-mirvetuximab, and (E) CyS-mirvetuximab-DM4 (CyS-
ADC) at 37 °C for 4 h (concentration: 50 nM), followed by washing; scale bar: 100 gm. Both CyS-mirvetuximab and Cy5-ADC were
prepared by reacting CyS-NHS ester with either mirvetuximab or ADC and subsequent purification using a PD-10 column. MIP: maximum
intensity projection. (F and G) 3D KB tumor spheroid cytotoxicity comparison between EC112002 and ADC.

(LysoTracker, green color in the image; Figure 1E, bottom
panel). No obvious membrane binding of EC112002, nor
internalization/lysosomal trafficking, was observed in the FRa
negative TOV-112D cells or in the FRa positive KB cells that
were blocked with 0.1 mM of free FA. Taken together, our
results demonstrate highly specific FRa active targeting,
multivalency effects, internalization, and lysosomal trafficking
of EC112002 in FRa positive cancer cells.

As with ADCs, a balance between the cleaving rate/payload
release in the presence of the Cat-B and linker stability in
storage and in human plasma is critical to the performance of
CDCs. As shown in Figure 1F, the plasma stability of
EC112002 was evaluated in a panel of species. EC112002
was observed to be very stable in plasma with the greatest

stability observed in human plasma with nearly zero percent
exatecan released over a 48-h incubation in vitro with shaking
at 37 °C. The stability in other species in decreasing order was
monkey > rat > dog > mouse with ~10% cleaved exatecan
observed in mouse plasma after 48 h. The latter effect is the
result of the presence of specific enzymes in mouse plasma,
which hydrolyze the dipeptide linker of EC112002. The half
time, t,/,, of the cleaving rate of EC112002 in the presence of a
significant excess of activated cathepsin-B enzyme was
estimated to be 1.4 h (Figure 1G). Additionally, EC112002
was observed to be stable for over 6 months when stored in
sterile saline solution at 4 °C (Figure 1H). To verify that
EC112002 maintained the biodistribution and renal clearance
profiles previously reported for C'Dots, we conjugated chelator
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Figure 3. Ex vivo efficacy comparison between EC112002 and ADC in patient-derived tumor spheroids of platinum-resistant ovarian,
endometrial, non-small-cell lung, breast and triple-negative breast, and head and neck cancers. (A) A schematic illustration of the study
workflow (created with BioRender.com). (B, E, and H) ICH images of FFPE slides from platinum-resistant ovarian with varied FRa
expression levels. (C, F, and I) Flow cytometry histograms of cell suspension digested from the corresponding cancer models. (D, G, and J)
3D tumor spheroid cytotoxicity curves of corresponding cancer models treated with EC112002, free exatecan, anti-FRa ADC, and free DM4.

deferoxamine (DFO) to EC112002 and labeled it with a
zirconium-89 (¥Zr, t,, = 78.4 h) radioisotope for in vivo PET
imaging and biodistribution studies using previously published
protocols.”*” The whole-body PET/CT images presented in
Figure 1I revealed activity in the mouse heart and urinary
bladder activity at 1 h postinjection (p.i.), indicating the
presence of EC112002 in the circulatory system and clearance
through the kidneys into the urine. As is consistent with a rapid
renal elimination and a lack of normal tissue distribution and
retention, a significant reduction was observed in radioactive
signal in the PET images between the 1-h p.. and 24-h p.i.
time points. The quantitative biodistribution profiles of

EC112002 in healthy mice at 2 and 24-h p.i. time points, as
determined by necropsy, dissection, and radioactive counting,
are compared in Figure 1], and results are summarized in Table
S2. This study showed that EC112002 was not significantly
retained in any critical organ.

Enhanced Penetration in 3D Cell-Line-Derived Tumor
Spheroids. The in vitro potency of EC112002 was evaluated
against a panel of commercially available cell lines spanning a
range of FRa expression. In these studies, an anti-FRa-DM4
ADC was employed as a comparator. The comparator ADC
was developed and produced for these studies by Syngene
International Ltd. based upon the published patent profile of

E https://doi.org/10.1021/acsnano.2c05342
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Table 1. Summary of Ex Vivo Tumor Spheroid Treatment Efficacy”

differences in

cytotoxicity ICs, (nM) differences in potency potency
FR alpha positivity (IHC exatecan vs. DM4 vs.
cancer type model score) EC112002 ADC  exatecan = DM4 EC112002 mean ADC mean

ovarian ST004 3+ 2.8 1.8 74.7 37.6 26.6 20.8
ovarian ST3308 3+ 1.8 NR 7.7 76.1 4.4
ovarian ST024 3+ 0.4 NR 3.9 NR 9.6 13.5 20.8
ovarian ST182B 2+ 0.2 2.4 0.7 9.2 4.4 3.9
ovarian ST206 2+ 174 39.8 202.8 87.4 11.7 22
ovarian ST2442 2+ 0.8 159.6 1.7 94.6 22 6.1 0.6 22
ovarian ST182 1+ 0.3 34 2.8 NR 8.5
ovarian ST419 1+ 0.16 171.3 0.34 33.1 2.1 0.2
ovarian ST4321 1+ 0.3 36.4 0.7 43.3 24 4.3 12 0.7
endometrium ST1392 3+ 0.39 3.42 3.44 34.32 8.8 10.0
endometrium ST2043 3+ 36.6 NR 409.5 128.9 11.2
endometrium ST4413 3+ 2.47 5.52 25.82 12.52 10.5 10.2 2.3 6.2
endometrium ST2073 2+ 3.18 58.3 7.9 65.3 2.5 1.1
endometrium ST2136 2+ 6.13 NR 214 NR 3.5
endometrium ST2846 2+ 0.80 57.70 16.67 188.20 20.8 8.9 3.3 2.2
NSCL ST1931 3+ 0.25 40.75 2.13 51.04 8.5 13
NSCL ST1989 3+ 2.4 40.52 174 366.2 7.3 7.9 9.0 S.1
NSCL ST1243 2+ 0.46 6.00 4.74 43.23 10.3 7.2
NSCL ST3647 2+ 0.31 12.45 2.87 41.67 9.3 33
NSCL ST3898 2+ 4.04 634.40 61.6 NR 15.2 11.6 5.3
breast (HR-, ST353 2+ 1.69 NR S.79 139.00 3.4

HER2+)
breast (HR+, ST430 2+ 0.42 NR 1.58 19.94 3.8

HER2+)
breast (HR+, STF040 2+ 3.18 25.11 33.64 33.98 10.6 5.9 14 1.4

HER2+)
TNBC ST1248 1+ 1.93 18.21 161.9 32.7 83.9 1.8
TNBC ST1599 1+ 3.20 25.56 157.5 29.4 49.2 66.6 12 15
head and neck ST1203 2+ 0.22 3.55 2.29 24.88 104 7.0
head and neck ST2216 2+ 121 153.90 9.74 270.40 8.0 1.8
head and neck ST2430 2+ 0.37 68.67 2.0 166.9 5.3 7.9 2.4 3.7

“NSCL, non-small-cell lung cancer; TNBC, triple-negative breast cancer; NR, no response.

mirvetuximab soravtansine (IMGN853, U.S. patent
US9637547B2; ImmunoGen, Inc.).38 This ADC contains a
4-(pyridin-2-yldisulfanyl)-2-sulfo-butyric acid (sSPDB) linker
and the maytansine drug, DM4, at a DAR of ~4:1. Results
presented in Figure S3 revealed that EC112002 exhibited
greater potency than the ADC under nearly all cell lines and
conditions with the exception of a short exposure in the agents
in the KB (high FRa) cell line—possibly due to the differences
in receptor binding and internalization rates.

Next, we generated a three-dimensional (3D) human
cervical adenocarcinoma KB spheroid model for comparison
of the penetration and efficacy of EC112002 and the anti-FRa
ADC. It is generally accepted that a 3D spheroid model (1)
may more accurately reflect the complex in vivo microenviron-
ment of a tumor; (2) may contain proliferative gradients,
hypoxia, and necrosis that occur in naturally occurring tumors;
and (3) can be used to at least partially reproduce, analyze, and
achieve the resolution needed to see penetration/distribution
differences of different drugs and DDS.’” Noting the
challenges in controlling the dosing level, difficulties in
optimizing the tissue collection time window, the potential
loss of fluorescent signal during sample preparation, and the
lack of well-accepted mathematical analysis tools for
penetration comparison, a direct fluorescent-based penetration
comparison between EC112002 and anti-FRa ADC in solid

tumor tissue was not employed in our current research. As
schematically shown in Figure 2A, we used Corning ultralow
attachment surface 96-well spheroid microplates for the
generation of KB spheroids at a cell density of ~10000
cells/well. Formation of the tumor spheroid was achieved
within 24 h of incubation at 37 °C and validated by using
optical microscopy.

Figure 2B—E show Z stacks (1 ygm/step) of confocal images
of each KB spheroid (~800 gm in diameter) treated with FA-
C’Dots (payload-free FRa-targeted C'Dots), EC112002, CyS-
Mirvetuximab, and CyS-Mirvetuximab-DM4 (also named CysS-
ADC). Clear differences were observed in drug penetration/
diffusion patterns when comparing FA-C’Dots with CyS-
Mirvetuximab (both payload-free) and EC112002 with Cys-
ADC (both payload-conjugated). The FA-C'Dots without
payload and EC112002 both exhibited uniform penetration
and binding to nearly all of the KB cells throughout each
spheroid (Videos S1 and S2). In stark contrast, both CyS-
Mirvetuximab and CyS-ADC only penetrated a few cell layers
of the spheroid model, leading to a ring-shaped fluorescence
distribution pattern around the rim of the spheroid with a large
nonfluorescent center of the spheroid (Videos S3 and S4).
Considering that both EC112002 and CyS-ADC target cell
surface FRar with a comparable binding strength, the neutral
surface charge of the C’Dots and, possibly more importantly,
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Figure 4. In vivo efficacy comparison between EC112002 and ADC in cell-line- and patient-derived xenograft tumor models. (A) A schematic
illustration of the generation of cell-line-derived and patient-derived xenograft small animal models (created with BioRender.com). (B) Flow
cytometry of EC112002 in human lung (HCC827), ovarian (SK-OV-3), and cervical (KB) cancer cell lines against unstained cell control.
Flow cytometry conditions were 100 nM, 4 °C, and 60 min incubation. KB cell line showed expected high FRa expression, while both
HCC827 and SK-OV-3 showed medium to low FRa expression levels. (C) In vivo maximum tolerated dose study of EC112002 in healthy
nude mice. The dose (mg/kg) was based on conjugated exatecan. (D) In vivo efficacy comparison between free exatecan at about 20-fold
higher dose level (i.e., 10 mg/kg, Q3Dx3) and EC112002 (0.52 mg/kg, Q3Dx3) in KB tumor-bearing mice. (E) In vivo efficacy of EC112002
at MTD (0.48 mg/kg, Q3Dx3) and 2/3 of MTD (0.32 mg/kg, Q3Dx3) in HCC827 human lung cancer bearing mice. (F) In vivo efficacy of
EC112002 at MTD (0.48 mg/kg, Q3Dx3) and 1.5-fold of MTD (0.72 mg/kg, Q3Dx3) in SK-OV-3 human ovarian cancer bearing mice. (G)
In vivo efficacy of anti-FRa ADC (5.0 mg/kg, single dose) in SK-OV-3 human ovarian cancer bearing mice. (H) In vivo efficacy comparison
between anti-FRa ADC (5.0 mg/kg, single dose) and EC112002 (0.50 mg/kg, Q3Dx3) in a platinum-resistant ovarian cancer PDX model
(ST004) with an IHC score of 3+. (I) In vivo efficacy comparison between anti-FRa ADC (5.0 mg/kg, single dose) and EC112002 (0.50 mg/
kg, Q3Dx3) in a platinum-resistant ovarian cancer PDX model (ST419) with an IHC score of 1+.

their ultrasmall particle size may play key roles in achieving the Enhanced Efficacy in 3D Patient-Derived Tumor
observed greater penetration depth in the 3D tumor spheroid Spheroids. In vivo patient-derived xenograft (PDX) small
models. Consistent with the observation of greater tumor animal models are histologically and genetically closer to a

40,41 .
""" and to tumors encountered in

clinical trials than cell-line-derived xenograft (CDX) models.
As such, these models may provide a more predictive
cell tumor spheroid model (Figure 2F,G). assessment of future clinical drug responses. However, as

. . patient’s original tumor
penetration, the cytotoxicity of EC112002 was observed to be

approximately 10-fold greater than that of the ADC in the KB
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compared to CDX models, in vivo PDX models are associated
with a number of significant challenges including their often
extremely slow growth rates, lower rates of successful
implantation in the animals, and comparatively significantly
high costs. Ex vivo 3D patient-derived tumor spheroids can
provide an alternative to 2D-cultured cell line models that
achieve many of the benefits of in vivo PDX models including
the ability to better simulate a more natural in vivo tumor
microenvironment that can have an impact on the potency of a
study drug while simultaneously maintaining a rapid ~1 week
assay.”” As shown in Figure 3A, formalin-fixed paraffin-
embedded (FFPE) tumor tissue slides from >700 patients of
nine different cancer indications that are known to potentially
overexpress FRa were selected for immunohistochemistry
(THC) staining and scoring following published procedures."’
A total of 28 PDX models from different indications (i.e.,
platinum-resistant ovarian, endometrial, non-small-cell lung,
breast, triple-negative breast, and head and neck cancers) were
selected based on drug-resistant profiles and FRa positivity
and were employed in a KIYA-PREDICT (Kiaytec Inc.,
Greenville, SC) 3D tumor spheroid cytotoxicity assay."”

Platinum-resistant ovarian cancer (PROC) was selected as
the primary cancer indication in the current study. FRa is
overexpressed in 70—80% of epithelial ovarian cancers, and
expression has been shown to significantly correlate with
histological grade and stage.”* Women with PROC continue to
have a poor prognosis, and effective and tolerated treatments
for PROC remain a substantial unmet need.* As shown in
Figure 3 and Figure S4, a total of nine PROC models with THC
scores of 1+ (n = 3), 2+ (n = 3), and 3+ (n = 3) were selected
for 3D tumor spheroid model generation and cytotoxicity
assays between EC112002 and anti-FRa ADC. Cytotoxicity
studies of free exatecan (EC112002 warhead) and free DM4
(ADC warhead) were also performed in the same models, to
compare the intrinsic sensitivity of the models to the warheads.
Although a high correlation between the IHC scoring and the
FRa flow cytometry is not always possible when the two
methods were performed by two different contract research
organizations using different anti-FRa antibodies and different
quantification methods, the results of these studies generally
correlated as the models with higher IHC scores showed
higher delta median fluorescent intensity (MFI), indicating
that the enzymatically digested cell mixtures contained cells
with higher FRa expressions (Figures 3, S4, and SSA).

As detailed in Figure 3, Figure S4, and Table 1, 3D patient-
derived tumor spheroid cytotoxicity assays revealed an
association between the IHC scores and cytotoxicity resulting
from either EC112002 or ADC treatment. In these studies,
higher THC scores (i.e., higher FRa expression) were generally
associated with higher cytotoxic efficacy. Among the nine
tested PROC models, the ICy, of EC112002 ranged from 160
pM (Model ID: ST419) to 17.6 nM (Model ID: ST206). The
high potency of anti-FRa ADC was also observed with a
single-digit IC;, value in the 3+ model (ST004). Interestingly,
anti-FRa ADC showed no response in two (ST3308 and
ST204) of the three 3+ PROC models (possibility due to the
heterogeneity of patient-derived cancer tissue and the reduced
sensitivity of the DM4 warhead in certain models), for which
EC112002 was demonstrated to still be potent with ICs, values
of 1.8 and 0.4 nM, respectively. According to a recent phase III
clinical trial of anti-FRa mirvetuximab soravtansine ADC,26 a
lower level of efficacy was observed in patients with a medium
to low FRa expression in their tumors. This was also

confirmed in our study, where the target/free ratio of
EC112002 was found to be 6-fold higher than the same ratio
from anti-FRa ADC in the 1+ models. In these studies,
EC112002 revealed the ability to potently kill patient-derived
cancer cells with low FRa IHC scores potentially overcoming
cancer heterogeneity via enhanced penetration into, and
diffusion across, solid tumors.

The cytotoxicity of EC112002 and the anti-FRa ADC were
evaluated in patient-derived 3D tumor spheroids from other
cancer indications reported to potentially overexpress FRa
including endometrial, non-small-cell lung, breast, triple-
negative breast, and head and neck cancers. As shown in
Figure S4, Table 1, and Figure S5B, a consistently higher
potency for EC112002 was observed across indications and
FRa THC scores as compared to the anti-FRa ADC (greater
potency in 26 out of 28 selected models). Surprisingly,
EC112002 was found to be highly potent in triple-negative
breast cancer (TNBC, 1+, ST1248, and ST1599) with a > S0-
fold increase in potency for the CDC delivered warhead than
for the free warhead, while in the same models no significant
difference was observed between the anti-FRa ADC and free
DM4. Taken together, the studies presented above demon-
strate the enhanced specific cytotoxicity capability of
EC112002 as compared with an anti-FRe ADC in 3D
patient-derived tumor spheroids.

Enhanced Efficacy in Cell-Line-Derived and Patient-
Derived Xenograft Models. We developed EC112002 for
the treatment of patients who have advanced, recurrent, or
refractory solid tumors that overexpress FRa and are sensitive
to topoisomerase 1 inhibition. The expected mechanism of
action (MOA) in preclinical small animal models and the
ongoing clinical trial involves (1) enhanced tumor penetration
due to the permeation and retention effects of EC112002, (2)
preferential targeted delivery of the drug to the tumor cells via
binding to overexpressed FRq, and (3) effective tumor cell
killing via the enzymatically cleaved/released exatecan. We
hypothesize that the targeted delivery of EC112002 also
affords a mechanism to reduce off-target toxicities in cancer
patients by limiting the exposure of normal tissues to the
cytotoxic exatecan warhead due to the relatively rapid
elimination of EC112002 by the kidneys.

To demonstrate the therapeutic efficacy of EC112002, three
CDX models and two PDX models were generated, as
illustrated in Figure 4A. The levels of FRa expression in the
three CDX models were determined by flow cytometry, where
human cervical KB cells showed high FRa expression, and
human lung HCC827 and human ovarian SK-OV-3 cells
showed medium to low FRa expression (Figure 4B). In the
case of the PDX models, ST004 (IHC 3+) and ST419 (IHC
1+) were selected for in vivo efficacy studies based on the ex
vivo PDX tumor spheroids results (shown in Figure 3). Figure
4C summarizes the in vivo maximum tolerated dose (MTD)
study of EC112002 in heathy nude mice at a dose regimen of
Q3Dx3 (one dose every three days, total of three doses). The
results showed dose-dependent toxicity with less than 1% of
bodyweight loss in mice treated with doses of EC112002
containing up to 0.48 mg of conjugated exatecan/kg of animal
body weight, while >20% bodyweight losses were observed in
mice treated with EC112002 containing 1.44 mg of conjugated
exatecan/kg of body weight on day 9. The MTD was estimated
to be between 0.48 mg/kg and 1.44 mg/kg of exatecan
conjugated to EC112002.
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Table 2. Summary of in Vivo EC112002 Treatment Efficacy in CDX and PDX Models

dose dose (mg/ mean % tumor growth inhibition on the day control group tumor volume was close  safety
model drug regimen® kg)” to or >1000 mm>* level
CDX KB saline Q3Dx3 0 safe
control
exatecan Q3Dx3 10 84.4% on day 16 toxic
EC112002 Q3Dx3 0.52 93.4% on day 16 MTD
HCC827  saline Q3Dx3 0 safe
control
EC112002 Q3Dx3 032 76.8% on day 28 2/3
MTD
EC112002 Q3Dx3 0.48 78.5% on day 28 MTD
SK-OV-3  saline Q3Dx3 0 safe
control
EC112002 Q3Dx3 0.48 78.1% on Day 27 MTD
EC112002 Q3Dx3 0.72 74.7% on day 27 toxic
SK-OV-3  saline Q3Dx3 0 safe
control
ADC single dose S.0 60.6% on day 24 MTD
PDX  ST004, 3+ saline Q3Dx3 0 safe
control
EC112002 Q3Dx3 0.5 86.2% on day 46 MTD
ADC Q3Dx3 5.0 79.4% on day 46 MTD
ST419, 1+ saline Q3Dx3 0 safe
control
EC112002 Q3Dx3 0.5 50.7% on day 52 MTD
ADC Q3Dx3 5.0 MTD

“Q3Dx3 = 3 total doses with each dose given every 3 days. *Dose based on amount of conjugated exatecan in nanoparticle.

“Mean % Inhibition =

(mean(C) — mean(T))/mean(C) X 100%. T, current group value. C, control group value.
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Figure 5. Kaplan—Meier survival analysis of the EC112002 in two PDX models and related folate receptor alpha IHC staining. Kaplan—
Meier estimates of time to 2X baseline tumor volume or death in PDX models of (A) ST004 and (B) ST419. (C) The H-score of tumors
from mice after the single-cycle treatment. (D) IHC staining images of tumors from ST004(3+) and ST419(1+) PDX models with different

kinds of treatments.

To demonstrate that the C’'Dot drug delivery platform can
improve the therapeutic efficacy of a warhead while reducing
its toxicity as compared to the warhead administered as a free
drug, we compared the in vivo safety and tumor growth
inhibition of EC112002 and free exatecan. Mice bearing
subcutaneous human cervical KB (FRa high) CDX tumors
were generated and treated by intravenous (i.v.) bolus
administration with free exatecan at 10 mg/kg (Q3Dx3) or

EC112002 at nearly 1/20th of the dose of exatecan, i.e., 0.52
mg/kg (Q3Dx3). Figure S6A summarizes the bodyweight
changes over the study period, where the free exatecan cohort
exhibited significant bodyweight losses, indicating the high off-
target side effects of free exatecan. In contrast, only minor
(~5%) bodyweight loss was observed following the admin-
istration of EC112002 (Figure S6A). As depicted in Figure 4D,
mice treated with both free exatecan (at a dose considered to
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be toxic) and EC112002 (at approximately the MTD) showed
significant tumor growth inhibition (Figure S7A) with 84.4 and
93.4 mean % tumor growth inhibition on day 16, respectively
(Table 2), while tumor volume in the saline control group
reached >1000 mm® on the same day. Taken together, the
studies described above demonstrated that EC112002 was
associated with therapeutic efficacy and significantly improved
tolerability as compared with a ~20X greater dose of free
warhead.

The in vivo efficacy of EC112002 was then assessed in mice
bearing tumors with medium to low FRa expression levels. As
summarized in Figure 4E and F, EC112002 mediated potent
tumor growth inhibition (78.5% and 78.1%) on day 28 in
HCC827 (lung) and on day 27 in SK-OV-3 (ovarian) at an
MTD dose of 0.48 mg/kg, administered by iv. bolus on a
Q3Dx3 schedule (Figure S7B,C). Interestingly, similar efficacy
was observed when mice were treated at 2/3 of MTD (in the
case of HCC827, Figure 4E), suggesting a potentially broad
therapeutic window. Mice treated at 3/2 of MTD (in the case
of SK-OV-3) showed >10% bodyweight loss (Figure S6C) but
no significant additional therapeutic benefit (78.1% vs 74.7%
around day 27; Figure 4F and Table 2). Consistent with the in
vitro results presented above, EC112002 showed greater
therapeutic efficacy as compared to the anti-FRa ADC in
SK-OV-3 model tumor-bearing mice with medium to low FRa
expression levels, with a significant reduction in tumor volume
in the mice treated with EC112002 compared with a minimal
reduction of volume and tumor growth delay with the anti-
FRa ADC (Figure 4G). By the conclusion of the study, the %
mean tumor growth inhibition was estimated to be 78.1% and
60.6%, respectively, for EC112002 and the anti-FRa ADC
(Table 2).

Similar therapeutic advantages of EC112002 over ADC were
observed in more clinically relevant PDX models. As shown in
Figure 4H,I and Figure S7E,F, EC112002 administered by i.v.
bolus injection (0.5 mg/kg based upon exatecan concentration,
Q3Dx3) was able to achieve slightly higher % mean tumor
growth inhibition than the ADC administered by iv. bolus
injection (S mg/kg; 86.2% vs 79.4%, Table 2) in the ST004
PDX model with a FRa IHC score of 3+ even though the
ADC was slightly better than EC112002 in the same model in
the in vitro spheroid study (described above). The median
times the 2X baseline tumor volume or death for the vehicle,
EC112002, and ADC were estimated to be 18, 89, and 74 days,
respectively (Figure SA). The pairwise comparison of the
vehicle vs EC112002 yielded a statistically significant difference
of P = 0.0001 (Table S3). In the ST419 PDX model with a
FRa IHC score of 1+, our results suggested no clear
therapeutic response following treatment with the anti-FRa
ADC with very similar median tumor volumes observed for
both the ADC and saline control groups (Figure S6G). In
contrast, EC112002 treatment (0.5 mg/kg based upon
exatecan concentration Q3Dx3) resulted in a significant
tumor growth delay in the 1+ FRa ST419 model with a %
mean tumor growth inhibition estimated to be 50.7% on day
52 (Table 2). The median times the 2X baseline tumor volume
or death for the vehicle, EC112002, exatecan, and ADC were
39.5, 90, 48, and 31 days, respectively (Figure SB). The
pairwise comparison of EC112002 vs ADC yielded a
statistically significant difference of P = 0.0153 (Table S4).
The impact of treatment on FRa expression was determined
by performing IHC on tumor samples collected at the
conclusion of the in vivo PDX eflicacy studies. As shown in

Figure 5C, post-treatment FRar expression in vehicle controls
was consistent with prestudy expectations, ie., ST004
exhibited high FRa 3+ expression and ST419 exhibited low
FRa 1+ expression. Post-treatment FRa expression was
consistent between the vehicle control and treatment groups,
suggesting that EC112002 and ADC treatment did not result
in a reduction in FRa levels. This suggests that additional
cycles of treatment would have been successful. The results
above demonstrate that EC112002 is effective in both the
setting of high (3+) FRa expression (model ST004) and low
(+1) FRa expression (model ST419), while the FRa ADC was
effective only in the PDX model with high FRa expression.
Taken together, our in vivo efficacy studies demonstrated the
superiority of EC112002 over the anti-FRa ADC in both CDX
and PDX preclinical animal models. For the in vitro and in vivo
studies described above, we opted to employ an anti-FRa ADC
with a DM4 maytansine warhead in order to better compare
our potency/efficacy with mirvetuximab soravtansine, which is
the furthest advanced anti-FRa ADC in clinical development.
A direct comparison of a CDC and an ADC using the same
warhead (e.g,, both conjugated to exatecan) targeted against
the same tumor associated antigen will be considered for future
studies.

CONCLUSIONS

In conclusion, an approximately 6-nm-sized ultrasmall folate
receptor targeted CDot drug conjugate, EC112002, was
developed with ~13 folic acid tumor targeting moieties and
~21 exatecan warheads conjugated via a cathepsin-B cleavable
linker. EC112002 demonstrated highly specific FRa targeting,
multivalent binding to FRa expressing tumor cells, specific
enzymatic warhead release, stability in human plasma, and
favorable in vivo clearance/normal organ distribution profiles.
When compared with an anti-FRa ADC based upon
mirvetuximab soravtansine, EC112002 showed significantly
better penetration in 3D cell-line-derived tumor spheroids,
FRa-dependent cytotoxicity in patient-derived tumor sphe-
roids across multiple cancer indications, and significant
therapeutic efficacy in multiple CDX and PDX preclinical
animal tumor models. With the growing interest in developing
clinically translatable, safe, and efficacious DDSs, EC112002
has the potential to address critical challenges in systemic drug
delivery for cancer management.

MATERIALS AND METHODS

Synthesis of Folic Acid CDC. All folic acid CDCs in this research
were produced by Elucida Oncology. The detailed synthesis of CyS-
C’Dot is described in our previous publication.””*®

Cells and Cell Culture. Human KB (CCL-17), SK-OV-3 (HTB-
77), A549 (CCL-185), BT-549 (HTB-122), and TOV-112D (CRL-
11731) cell lines were purchased from ATCC (Manassas, Virginia).
The IGROV-1 (SCC203) human ovarian carcinoma cell line was
purchased from EMD Millipore (Burlington, Massachusetts). Cells
were maintained in folic acid free RPMI 1640 media/10% FBS and
1% penicillin/streptomycin, unless otherwise specified.

Cytotoxic Efficacy Study in 3D Patient-Derived Tumor
Spheroid. The cytotoxic efficacy comparison among EC112002, free
exatecan, ADC, and DM4 was performed by KIYATEC using the
KIYA-PREDICT assay. The FRa immunohistochemistry (IHC)
scoring of tumor tissue from platinum-resistant ovarian, endometrial,
non-small-cell lung, breast, triple-negative breast, and head and neck
cancer patients were conducted by XenoSTART by using the Biocare
Medical FRa IHC Assay Kit (CAT# BRI4006KAA), following the
manufacturer’s protocol. A total of 28 PDX models from different
indications were selected based on the ITHC scores and provided to
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KIYATEC for the KIYA-PREDICT assay. Briefly, cryopreserve PDX
tumors were thawed and enzymatically dissociated to single cells and
plated into 384-well spheroid microplates (Corning). Flow cytometry
was also performed to assess the FRa levels among different PDX
models. Following the 24 h of spheroid formation, test agents and
controls were added at the designed concentration range and
incubated for 7 days at 37 °C. After that, the cell viability was
measured by CellTiter-Glo 3D (Cat# G9681, Promega, Madison,
Wisconsin). The results were analyzed using KIYATEC’s proprietary
software. ICsy’s were determined using nonlinear regression
(normalized to untreated control) in GraphPad Prism 9.0.

In Vivo Efficacy Studies in Platinum-Resistant Ovarian
Cancer Patient-Derived Xenograft Model. The PDX studies
were performed at XenoSTART according to the guidelines approved
by the Institutional Animal Care and Use Committee (IACUC) of
XenoSTART. The doses and treatment regimens for each group are
described in detail in the respective figures. Tumor fragments
(approximately 70 mg, ST004 and ST419) were implanted
subcutaneously into the flank region of 6—12 weeks old female
athymic nude J:NU mice (The Jackson Lab). Mice were stratified into

study cohorts when mean tumor volume reached 150—300 mm®.

Saline control and EC112002 (0.5 mg/kg) were administered via
intravenous injection on days 0, 3, and 6. Anti-FRa ADC was
administered on day 0 at 5 mg/kg (consistent with the preclinical
dose/schedule employed for mirvetuximab soravtansine®®) via
intravenous bolus injection. Mice were monitored for overall health
status daily, and their tumor volumes were measured twice a week
using a digital caliper throughout the experiment.
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