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Zinc(II)-dipicolylamine (Zn-DPA) has been shown to specifically identify and bind to phosphatidylserine (PS), which
exists in bulk in the tumor microenvironment. BPRDP056, a Zn-DPA-SN38 conjugate was designed to provide PS-
targeted drug delivery of a cytotoxic SN38 to the tumor microenvironment, thereby allowing a lower dosage of
SN38 that induces apoptosis in cancer cells. Micro-Western assay showed that BPRDP056 exhibited apoptotic signal
levels similar to those of CPT-11 in the treated tumors growing in mice.
Pharmacokinetic study showed that BPRDP056 has excellent systemic stability in circulation in mice and rats.
BPRDP056 is accumulated in tumors and thus increases the cytotoxic effects of SN38. The in vivo antitumor activities
of BPRDP056 have been shown to be significant in subcutaneous pancreas, prostate, colon, liver, breast, and glioblas-
toma tumors, included an orthotopic pancreatic tumor, inmice. BPRDP056 shrunk tumors at a lower (~20%only) dos-
ing intensity of SN38 compared to that of SN38 conjugated in CPT-11 in all tumor models tested. A wide spectrum of
antitumor activities is expected to treat all cancer types of PS-rich tumor microenvironments. BPRDP056 is a first-in-
class small molecule drug conjugate for cancer therapy.
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Introduction

Cancer is a major public health issue worldwide and a leading cause of
death [1]. The anticancer chemotherapeutic drugs have serious systemic
adverse effects, thus limiting their dosages and applications. Among the
conventional cancer treatments, cancer chemotherapeutic drugs are given
systemically and distributed throughout the whole body without specific
targeting the tumors. To design therapeutics specifically targeting the can-
cer cells in tumors is a new strategy of drug development and has shown
great promises [2,3]. Selective tumor targetingmolecules, such asmonoclo-
nal antibodies [4] and specific biomarker-targeted small molecule com-
pounds [5], have been incorporated into conjugates as the delivery
systems for cytotoxic agents in drug development. Antibody-drug conju-
gates (ADCs) that utilize antibodies to deliver potent cytotoxic agents to dis-
eased cells or cancer cells exhibit significant anticancer efficacies with
reduced adverse toxicities of the cytotoxic agents. More than 50 distinct
ADCs that target and utilize different kinds of targeting ligand heads,
linkers, and cytotoxic agents are currently in clinical evaluations Polakis
[6] and 4 ADCs have been approved for cancer patient uses [2,7]. However,
ADCs have limitations such as those related to molecular size, intracellular
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penetration or pharmacokinetic issues as delivery system for cytotoxic
drugs [8,9]. Small molecule drug conjugates (SMDCs) have therefore
been proposed as a viable alternative to ADC for tumor-targeted drug deliv-
ery [10].

A SMDC consists of three components, i.e., a molecule targeting head, a
linker with a cleavable site, and a cytotoxic drug. The molecule targeting
head in SMDC is of low molecular weight that contrasts to the molecule-
targeting antibody in an ADC. An ideal linker is stable to conjugate the cy-
totoxic drug in the circulation system in vivo and preventing the cytotoxic
drug from being released out of the whole conjugate before arriving at
the tumor microenvironment area. Several approaches using SMDCs for
treating cancer diseases are being investigated in preclinical and clinical
studies [10]. Phosphatidylserine (PS) is abundant component phospho-
lipids on the extracellular of dying and dead cells in the tumor microenvi-
ronment and thus serves as a tumor-selective biomarker for a targeting
delivery mechanism [11]. Zinc(II)-dipicolylamine (Zn-DPA) coordination
complexes have been described with strong binding affinity to PS
[12–15]. Fluorochrome-conjugated Zn-DPA and radiolabeled Zn-DPA com-
plexes can specifically accumulate the emitting signals in the xenografted
prostate and mammary tumors in animals [16,17].
to this work.
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CPT-11 (irinotecan, 7-ethyl-10-[4-(1-piperidino)-1-piperidino]
carbonyloxycamptothecin) is an approved drug for the treatment of meta-
static colorectal cancerworldwide, and in some countries for gastric cancer,
non-small cell lung cancer, small cell lung cancer, cervical cancer, and non-
Fig. 1. Schematic illustration of the positive feedback mechanism of antitumor actio
BPRDP060. (A) The diagram showing that BPRDP056 delivered via systemic circulati
targeting to PS molecules on tumor cells; release of cytotoxic SN38 due to enzyme-me
more PS exposed led to more BPRDP056 accumulated and thus more SN38 release
treatment enhancing more PS exposed to recruit more BPRDP056 conjugates; and
shrinkage. BPRDP056 (B) and BPRDP067 (C) share similar chemical structures of whic
PS-specific targeting structure as that of BPRDP056 without the payload SN38.
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Hodgkin's lymphoma. CPT-11 is a water-soluble prodrug that can be con-
verted into SN38 (7-ethyl-10-hydroxycamptothecin), a topoisomerase I in-
hibitor and cytotoxic to cancer cells [18]. CPT-11 causes adverse toxicities
at a higher dosage, which limits its therapeutic safety window [19].
n by PS-targeting BPRDP056; chemical structures of BPRDP056, BPRDP067 and
on, diffused passively into tumor microenvironment and accumulated there in by
diated cleavage in situ; apoptosis of the tumor cells caused by cytotoxic SN38 and
d; tumor shrinkage due to apoptotic tumor cells disappeared after BPRDP056
more tumor cells become apoptotic and eliminated resulting in further tumor
h BPRDP067 lacks of the PS-specific targeting ability. BPRDP060 (D) has the same
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Recently, a liposomal formulation of CPT-11, ONIVYDE® (PEP02, MM-
398) was found to exhibit a longer systemic stability and reduced toxicities
while maintaining its anti-tumor potency as a therapeutic option for
treating pancreatic cancer [20].

BPRDP056 is a novel SMDC consisted of a designed linker connecting
Zn-DPA with cytotoxic payload SN38. The linker in BPRDP056 does not
mask the PS-specific tumor targeting ability of Zn-DPA, while simulta-
neously prohibit SN38 from its toxicity before being released free. A posi-
tive feedback of antitumor activities due to the PS-targeting mechanism,
cytotoxic SN38 release, and therefore apoptotic induction has been hypoth-
esized in Fig. 1A. In the present study, the potentials of BPRDP056 as a can-
cer therapeutic SMDC were investigated. Pharmacokinetic studies were
carried out to measure BPRDP056 levels in the circulation system in mice
and rats as well as in the tumors in mice. Antitumor activities of
BPRDP056 were evaluated in human pancreatic, prostate, colorectal, hepa-
tocellular, and breast carcinoma and glioblastoma in subcutaneous tumor
xenograft and orthotopic human pancreatic tumor in mice.
Fig. 1 (cont
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Materials and methods

BPRDP056 and compounds

BPRDP056 (Fig. 1B) consists of three parts: Bis (zinc-dipicolylamine)
(Zn-DPA), which serves as an anchoring group to target PS; SN38, an an-
titumor bioactive compound; and a spacer-bridging moiety, a linker, be-
tween the first two parts. The linker predicts to have an AEBSF-sensitive
enzyme digested cutting site and prevents the cytotoxic SN38 from
being released out of the conjugate before arriving at the tumor micro-
environment area [21]. BPRDP067 (Fig. 1C) is a conjugate of
BPRDP056 analog lacking PS-specific targeting ability of DPA.
BPRDP060 (Fig. 1D) has the same PS-specific targeting chemical struc-
ture as that of BPRDP056 without the payload SN38. CPT-11
(irinotecan, Herocan, Nang Kuang Pharmaceutical Co., Tainan,
Taiwan), SN38 (7-ethyl-10-hydroxycamptothecin, ScinoPharm, Tainan,
Taiwan), paclitaxel (71111AA071, ScinoPharm Taiwan), temozolomide
inued).
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(PHR1437-1G, Sigma-Aldrich), and sorafenib (A10001-100, Adooq Bio-
science LLC, Irvine, CA, USA) were purchased.

Cells and culture medium

Hep G2 (HB-8065) and U-87 MG (HTB-14) cells were from American
Type Culture Collection (ATCC, Rockville, MD, USA). PC-3 (60122),
COLO 205 (60054), MIA PaCa-2 (60139), and MDA-MB-231 (68014)
cells were from the Bioresource Collection and Research Center (BCRC,
Hsinchu, Taiwan). BxPc3-luc2 Bioware® cells were purchased fromCaliper
Life Sciences (Hopkinton, MA, USA). RPMI 1640 (31800-022), phenol red
free RPMI 1640 (11835-030), minimum essential medium (MEM, 41500-
034), Leibovitz's L-15 (41300-039), Dulbecco's Modified Eagle Medium
(DMEM, 31600-034), phenol red free DMEM (21063-029) and horse
serum (16050-122) were all from Thermo Fisher Scientific (Waltham,
MA, USA) and Kaighn's Modification Ham's F-12 (HFP06-10X1LT) was
from Caisson (North Logan, UT, USA). Fetal bovine serum (FBS, 04-001-
1A-US) and Dulbecco's phosphate buffered saline (DPBS, 10×, 02-023-
5A) were from Biological Industries (Beit Haemek, Israel). All cells were
cultured in a humidified CO2 incubator at 37 °C for uses.

Use and care of animals

Animals used for the studies were as follows: 6– 9-week-old male
athymic NU-Fox1nu nude and female severe combined immunodeficient
(SCID) mice for xenograft, pharmacokinetic and micro-Western array stud-
ies; and 6– 9-week-old ICR mice and 6– 9-week-old male Sprague-Dawley
(SD) rats for preliminary toxicity evaluations. All animals were purchased
from BioLasco (Ilan, Taiwan) and housed in sterilized cages equipped
with an air filter and sterile beddings at the AAALAC accredited facility,
Laboratory Animal Center of the National Health Research Institutes
(NHRI). Mice and rats were fed with sterilized water and chow ad libitum
and kept under a 12-h light/12-h dark cycle throughout the study period.
The experimental procedures and care of the animals were approved by
the Institutional Animal Care and Use Committee of NHRI.

In vitro plasma stability study

Male ICRmice of 6-week-old were sacrificed, and themouse blood sam-
ples were collected via cardiac puncture into EDTA tubes placed on ice.
Plasma samples were obtained by centrifugation (3000 rpm for 15 min at
4 °C) and kept frozen at −20 °C until use. The plasma was subjected to
in vitro compound stability study. The plasma aliquots of 70 μLwere distrib-
uted to 0.6 mL microcentrifuge tubes (Basic Life, Taipei, Taiwan).
BPRDP056 was dissolved in a mixture of DMSO and D5W (1:9, v/v) and
70 μL of the mixture each was added into the plasma tubes, followed by a
3-, 6- and 24-h incubation (n = 3 for each incubation time) at 37 °C in a
water bath. The samples were measured for levels of BPRDP056 and
SN38 released from cleavage of BPRDP056 by HPLC analysis.

Subcutaneous inoculation of tumor cells in mice and tumor size measurements

Cancer cells in culture were suspended in phenol red free medium/
DPBS and mixed with Matrigel™ (356237, BD Biosciences, San Jose CA,
USA) in 1:1 ratio. Individual mixtures of Matrigel™ with COLO 205 (1
× 106 cells), MIA PaCa-2 (1 × 106 cells), PC-3 (1 × 106 cells), Hep G2
(1 × 106 cells), U-87 MG (1 × 106 cells) and MDA-MB-231 (1 × 106

cells) cells were subcutaneously inoculated into the left flanks of mice
using a 1 mL syringe (needle 24G × 1 in., 0.55 × 25 mm; TERUMO).
Tumor dimensions were measured twice a week with an electronic caliper
(FOW54-200-777, PRO-MAX, Newton, Massachusetts, USA) and the vol-
ume of the subcutaneously growing tumor in mm3 was calculated by the
formula: Volume = (length × width^2) / 2. Tumor-bearing mice were
grouped by the averaged tumor sizes for treatments. Compound treatments
were initiated when the mean tumor volume was approximately at
200–300 mm3 for the anti-tumor study, 400–900 mm3 for the
4

measurements of compounds in the tumors study, and 300–400 mm3 for
the micro-Western study, respectively.

Compound treatments in mice with tumors growing subcutaneously tumors

Male nude mice of 6-week-old (Biolasco, Taiwan) were subcutaneously
inoculated with human colorectal COLO 205, pancreatic MIA PaCa-2, pros-
tate PC-3 and brain U-87MG and liver Hep G2 cancer cells and female SCID
mice of 6-week-old (Biolasco, Taiwan) were subcutaneously inoculated
with breast cancer MDA-MB-231 cells to the left flanks, respectively. Treat-
ment compounds were formulated as followings: BPRDP056 in 10%
DMSO/20% Cremophor EL/70% injectable solution of 5% Dextrose
(D5W) for treating COLO 205 and MIA PaCa-2 xenograft tumors;
BPRDP056 in [Solutol HS 15:PEG400:Ethanol/5:2:3]:D5W = 1:4 for
treating all the other tumors; BPRDP067 (a conjugate of BPRDP056 analog
lacking PS-specific targeting ability of DPA) in 10% DMSO/20%
Cremophor EL/70% D5W; BPRDP060 (DPA-linker only conjugate) in
10% DMSO/20% Cremophor EL/70% D5W; SN38 in 10% DMSO/20%
Cremophor EL/10% Na2CO3/60% D5W; paclitaxel in 5% DMSO/20%
Cremorphor EL/75% saline; sorafenib in 10% DMSO/20% Cremorphor
EL/70% saline; and temozolomide in 10% DMSO/90% saline. The tumor-
bearing mice were grouped and compound administrations were initiated
when the mean tumor volume was approximately at 200–300 mm3 in dif-
ferent dose regimens: BPRDP056 of 10 and 20 mg/kg and SN38 of
10 mg/kg at once daily for 5 consecutive days a week for 2 consecutive
weeks with an interval of 2 non-dosing days (days 1–5 + days 8–12);
BPRDP056 of 40 mg/kg, BPRDP067 of 40 mg/kg, CPT-11 of 40 mg/kg,
and BPRDP060 of 33 mg/kg at twice (day 1 and day 4) a week for
2 weeks; paclitaxel of 20 mg/kg at once (day 1) a week for 2 weeks; soraf-
enib of 30 mg/kg orally gavaged daily in days 1–5+ days 8–12; temozolo-
mide of 50mg/kg orally gavaged daily for 5 consecutive days. Body weight
of the mice and tumor volume were measured twice weekly.

Orthotopic implantation of pancreatic BxPc3-luc2 tumor cells in mice

Human pancreatic BxPc3-luc2 (5× 106) cells per mouse were subcuta-
neously inoculated in male nude mice of 6-week-old. The growing tumors
were harvested at a size of 500–600 mm3, washed with cold PBS twice,
minced into small pieces in PBS, mixed with Matrigel™ in a 1:1 ratio, and
then injected orthotopically at 0.1 mL into the pancreas of the nude mice
by using 1 mL syringe (needle 24G × 1 in., 0.55 × 25 mm; TERUMO).
The subcutaneous and orthotopic tumors growing in mice were monitored
for the reporter luciferase activities by an intraperitoneal injection of
150 mg/kg D-luciferin potassium salt (PerkinElmer, Waltham, MA, USA)
to the mice followed bywhole body images taking after 15 min of the lucif-
erin injection by an IVIS Spectrum in vivo imaging system (Caliper Life Sci-
ences, Hopkinton, MA, USA). The whole-body bioluminescence imaging
and body weight of the mice were measured once weekly. The orthotopic
tumor bearing nude mice were divided into 2 groups at 4 mice each
when the luciferin intensity of the tumors inmice reached 5×107–5×10-
8 photon/s on the third week after the BxPc3-luc2 cells implantation.
BPRDP056 dissolved in [Solutol HS15:PEG400:Ethanol/5:2:3]:D5W =
1:4 was intravenously administered at 30 mg/kg twice a week for
4 weeks. A vehicle-administered control group was included for
comparison.

Micro-Western array analysis of MIA PaCa-2 tumors

Male nude mice of 6-week-old were subcutaneously inoculated with 1
× 106 pancreatic cancer MIA PaCa-2 cells in the left flank. When the
mean tumor volume was approximately at 300–400 mm3, the mice were
grouped at 4 mice each and a single intravenous dose of CPT-11 at
40 mg/kg, of BPRDP056 (dissolved in [Solutol HS 15:PEG400: Ethanol/
5:2:3]:D5W = 1:4) at 40 mg/kg, and of vehicle ([Solutol HS 15:PEG400:
Ethanol/5:2:3]:D5W = 1:4) was administered, respectively. The mice
were euthanized at 48 h after the dosing and tumors were harvested



Table 1
Stability of BPRDP056 in mouse plasma.

Incubation time, h BPRDP056:SN38, %

3 99:1a

6 99:1
24 98:2

a Mean (n = 3) of the remaining compounds.
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immediately for being homogenized in the lysis buffer [240 mM Tris-HCl,
1% (w/v) SDS, 0.5% (v/v) glycerol, 5 mM EDTA in H2O] containing
1 mM DTT, 1 mM Na3VO4, 1% protease inhibitors (Sigma, P8340) and
1% phosphatase inhibitors (Sigma, P0044) by an electric homogenizer
about 2–3 times, 10s per time, until homogenized completely. The tumor
tissue lysates were collected by centrifuged at 13,000 rpm for 15 min at 4
°C and subjected to micro-Western Array [22] operated by Protein Chemis-
try Core Laboratory of the National Health Research Institutes, in which β-
actin was used as an internal control. The protein expression levels of
caspase-3, caspase-8, caspase-9, and poly (ADP-ribose) polymerase (PARP),
cytochrome C and BCL-2 associated X (Bax) were measured. Heat map
charts were generated to show the protein levels in ratios to that of β-
actin control, normalized to vehicle control.

Pharmacokinetic study of BPRDP056

Pharmacokinetic study of BPRDP056 with intravenous injection of sin-
gle dose (5mg/kg) to ICRmice, repeated dose (30 and 50mg/kg for 14-day
repeated dose and 20 mg/kg once daily for 5 consecutive days in two con-
secutive dosing cycleswith 2 non-dosed days in between) to SD rats and sin-
gle dose (10 and 30 mg/kg) to tumor-bearing nude mice were studied.
BPRDP056 was formulated in the mixture of [Solutol HS 15:PEG400:Etha-
nol/5:2:3]:D5W= 1:4 (v/v) for all pharmacokinetic studies.

Male ICR mice of 6-week-old (Biolasco, Taiwan) were divided into
groups (n = 3 in each group) and intravenously administered with
BPRDP056 at 5 mg/kg. At 0.003, 0.083, 0.25, 0.5, 1, 2, 4, 6, 8, and 24 h
after dosing, the animals were sacrificed, and the blood sampling from
each animal via cardiac puncture was collected in EDTA tubes and kept
on ice and plasma samples were collected by centrifugation (3000 rpm
for 15 min at 4 °C in a Beckman Model Allegra 6R centrifuge) and kept fro-
zen at−20 °C until use.

BPRDP056 pharmacokinetic study inmale SD rats was conducted using
two different serial dose regimens: 30 and 50 mg/kg once daily for 14 con-
secutive days; and 20 mg/kg once daily for 5 consecutive days in two con-
secutive dosing cycleswith 2 non-dosing days in between (days 1–5+days
8–12). The rats were anesthetized with isoflurane inhalation and the blood
samples were collected at 2–5 min and 30 min from the orbital sinus using
capillary tubes, at 2, 24, 48, 120, and 168 h from the tail vein using a cath-
eter, and at 192 h by cardiac puncture from 100%CO2 euthanized rats after
the last dosing. The rat blood samples were collected in Microtainer tubes
with EDTA and centrifuged at 13,000 rpm for 10min at 4 °C for plasma col-
lection. Plasma samples were stored at −20 °C until use.

Male nudemice subcutaneously bearingMIA PaCa-2 tumors were intra-
venously administered with BPRDP056 (10, 30 mg/kg). The mice were
sacrificed to collect blood and tumor samples at 2, 6, 24, 48, 72, 168, and
336 h after the compound administration. All blood samples collected in
EDTA tubeswere centrifuged at 13,000 rpm for 5min at 4 °C for plasma col-
lection. The harvested tumors were homogenized in water by electric ho-
mogenizer about 2–3 times, 10s/time, until homogenized completely.
The tissue homogenates were collected by centrifuged at 13,000 rpm for
15 min at 4 °C. The collected plasma and tumor homogenate samples
were kept at −80 °C until LC-MS/MS analysis.

LC-MS/MS analysis

The collected plasma or tumor homogenate samples of 50 μL were
mixed with 100 μL acetonitrile completely. Supernatants of the mixtures
were collected by centrifuged at 15,000 rpm for 15 min at 4 °C and 15 μL
of it was injected for LC-MS/MS analysis. The LC-MS/MS system consisted
of anAgilent 1200 series LC system and anAgilent ZORBAXEclipse XDB-C8
column (5 μm, 3.0 × 150 mm) interfaced to an MDS Sciex API 4000Q tan-
dem mass spectrometer equipped with an ESI in the positive-scanning
mode. The MS/MS ion transitions monitored were m/z 901/125 and
393/349 for BPRDP056 and SN-38, respectively. A gradient separation pro-
file was employed; mobile phase A consisted of 10 mM ammonium acetate
aqueous solution containing 0.1% formic acid, and mobile phase B
5

consisted of acetonitrile and eluted as min/% of mobile B: 0–1.5/10,
1.5–4.6/40, 4.7–6/10 with a flow rate of 1.5 mL/min.

Data analysis and statistics

Tumor growth inhibition (TGI) in percentage was determined by the
formula: TGI (%) = (1 – T / C) × 100, where T indicates the mean
tumor volume of the compound-treated group and C indicates the mean
tumor volume of vehicle-treated control. All the data were expressed as
the mean or mean ± standard error of the mean (SEM). Statistical differ-
ences between the tumor volumes of the vehicle-treated control and
compound-treated groups were determined by using ANOVA and followed
by Student-Newman-Keuls multiple comparison test (GraphPad Prism, San
Diego, CA, USA).

Results

In vitro stability of BPRDP056 in mouse plasma

BPRDP056 was highly stable in the mouse plasma in vitro and only 1 to
2% of SN38 was released from BPRDP056 from 3 h up to 24 h of the incu-
bation time (Table 1). The high stability of BPRDP056 in the mouse plasma
suggests that BPRDP056 is not subject to cleavage of any significant levels
by the enzymes resided in the systemic circulation after it is intravenously
administered to the animals.

Pharmacokinetic parameters of BPRDP056 in mice and rats

In vivo systemic pharmacokinetic studies of BPRDP056 were performed
in the ICR mice and SD rats. One single intravenous dose of 5 mg/kg
BPRDP056 was given to the mice. Plasma concentrations of BPRDP056
and the active payload, released SN38 from BPRDP056 in the circulation
were measured and the pharmacokinetic parameters such as clearance
(CL), steady-state volume of distribution (Vss), and area under the plasma
concentration curve (AUC0–24h) were estimated and shown in Table 2.
The small Vss of BPRDP056 at 0.2 L/kg indicates that its systemic distribu-
tion is limited to the circulation. A 43-fold difference in the AUC extremely
high for the intact conjugate BPRDP056 verse the released SN38 within
24 h in circulation and a slow CL of BPRDP056 at 0.5 mL/min/kg, showing
a significantly good in vivo stability of BPRDP056 in mice (Table 2).

Furthermore, plasma concentration profiles of BPRDP056 and its active
payload SN38 after 14 consecutive days of BPRDP056 administration in
rats are shown in Table 1. The concentrations of BPRDP056 and SN-38 (re-
leased from BPRDP056) slowly decreased in plasma and could be detected
until 8 days after the last dosing in rats. Then the areas under the rat plasma
BPRDP056 and SN-38 concentration time profiles (AUC) during the study
were calculated (Table 2). The pharmacokinetic study also revealed a
high AUC ratio of the intact conjugate to SN38 in circulation.

In the MIA PaCa-2 subcutaneously xenografted tumor plug PK study,
after injection of BPRDP056 (10 and 30 mg/kg) and CPT-11 (10 mg/kg)
in MIA PaCa-2-bearing mice, the concentrations of CPT-11 and SN38 re-
leased from CPT-11 rapidly decreased within 48 h in plasma and tumor
(Fig. 2A and B). The concentration of BPRDP056 slowly decreased and
maintained a detectable level up to Day 14 in plasma and tumor (Fig. 2C–
F). SN38 released fromBPRDP056 of 10 and 30mg/kgwas detectedwithin
6 and 48 h in tumors, respectively, but was maintained to 72 h in plasma.
The concentration of DPA-linker conjugate (BPRDP060) also decreased



Table 2
Pharmacokinetic parameters of BPRDP056 in mice and rats.

Species Mouse Rat
Regimen Single dose Days 1–5+

Days 8–12
14-day repeated dose

Dose 5 mg/kg 20 mg/kg 30 mg/kg 50 mg/kg
Parametera CL (mL/min/kg) Vss (L/kg) AUC0–24h (ng/mL × h) AUC0–24h (ng/mL × h) AUC0–24h (ng/mL×h)
BPRDP056b 0.5 0.1 201,324 569,269 ± 12,931 713,852 ± 22,450 1,200,095 ± 50,459
SN38c 0.3 0.1 5119 3489 ± 138 3900 ± 169 5839 ± 239

a Data are expressed as mean or mean ± SEM.
b Parameters estimated based on the plasma concentrations.
c Parameters estimated based on the plasma concentrations of the SN38 released from BPRDP056 into the circulation.
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slowly and maintained a detectable level up to 14 days and was higher in
plasma than tumor.

BPRDP056 is active against growths of tumors subcutaneously xenografted in
mice

The in vivo therapeutic efficacy of BPRDP056 against the growth of
human tumors has been demonstrated in immunodeficientmice subcutane-
ously bearing tumors of the pancreas, prostate, colon, liver, breast, and glio-
blastoma cancer cells and shown in Fig. 3. Both BPRDP056 and CPT-11
Fig. 2. Plasma and tumor levels of BPRDP056 and SN38 after one single dose of BPRD
30 mg/kg) or CPT-11 (10 mg/kg) was given to the nude mice with subcutaneously
collections at the timepoints indicated. The remaining levels of BPRDP056 and co
BPRDP056 in the plasmas (A, C) and tumors (B, D) were determined. The plasma and t
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were conjugates or prodrugs of the anti-cancer payload SN38 and consisted
of SN38 in 18% and 58%, respectively. Therefore, BPRDP056 (40mg/kg, 4
doses at twice per week for two weeks) was given in a total dose of SN38 at
29 mg/kg (i.e., 40 mg/kg/dose×4 doses×18% = 29 mg/kg). Similarly,
BPRDP056 at 10, 20 mg/kg and CPT-11 at 40 mg/kg were equal to total
doses of SN38 given at 18 (10 mg/kg × 10 doses×18%), 36 (20 mg/kg
× 10 doses×18%), and 93 (40 mg/kg × 4 doses×58%) mg/kg, respec-
tively. Furthermore, SN38 itself was given in a total dose of 100
(10 mg/kg × 10 doses) mg/kg. CPT-11 and SN38 did not show signifi-
cantly prolonged antitumor activities (Fig. 3A and B).
P056 in tumor-bearing mice. One single intravenous dose of BPRDP056 (10 and
growing pancreatic MIA PaCa-2 tumors followed by plasma and tumor samples
ncentrations of BPRDP060 (Zn-DPA-linker conjugate) and SN38 released from
umor concentrations of SN38 released from CPT-11 were also measured (E, F).



Fig. 3. In vivo activities of BPRDP056 against tumor growths inmice. BPRDP056 is active in a broad spectrum against human colorectal COLO205 (A), pancreaticMIA PaCa-2
(B), prostate PC-3 (C), hepatocellular HepG2 (D) and glioblastomaU-87MG (E) tumor growths inmale nudemice and breastMDA-MB-231 (F) tumor growths in female SCID
mice. BPRDP056 of 10 and 20mg/kg and SN38 of 10 mg/kg at once daily for 5 consecutive days a week for 2 consecutive weeks with an interval of 2 non-dosing days (days
1–5 + days 8–12); BPRDP056 of 40 mg/kg, BPRDP067 of 40 mg/kg, CPT-11 of 40 mg/kg, and BPRDP060 of 33 mg/kg at twice (day 1 and day 4) a week for 2 weeks;
paclitaxel of 20 mg/kg at once (day 1) a week for 2 weeks; sorafenib of 30 mg/kg orally gavaged daily in days 1–5 + days 8–12; temozolomide of 50 mg/kg orally
gavaged daily for 5 consecutive days. Data are expressed as the mean ± SEM. *: p < 0.05, treated vs. vehicle control by ANOVA followed by using the Student-Newman-
Keuls test. Arrows indicate the timepoints of the dosing.
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As shown in Fig. 3A, BPRDP056 in a dose-dependent manner exhibited
significant activities against the growths and thus shrank the sizes of the
human colorectal COLO205 tumors inmale nudemice compared to vehicle
control (n = 4–6 mice per group). BPRDP056 was much more effective
than SN38 and CPT-11 inhibiting the tumor growths in a total amount of
BPRDP056-delivered payload SN38 much lesser than that of CPT-11 and
SN38 itself. On the other hand, BPRDP060 (Fig. 1C), the part of DPA-
linker conjugate of BPRDP056 without the active payload SN38, was intra-
venously given in 4 doses at 33mg/kg each and did not showany antitumor
activity in mice (Fig. 3A). A similar and significant dose-dependent antitu-
mor activity of BPRDP056was observed against the growths of human pan-
creatic MIA PaCa-2 tumors subcutaneously xenografted in male nude mice
compared to vehicle control (n=4–14mice per group) as shown in Fig. 3B.
BPRDP056 exhibited significant antitumor activities compared to vehicle
control by a TGI of 96%, whereas CPT-11 showed a TGI of 75% only.
Again, the total amount of SN38 delivered by BPRDP056 was less than 1/
3 that given by CPT-11, and yet it resulted inmore potent tumor growth in-
hibition, markedly, showing shrinkage in tumor size. BPRDP056 also
caused prolonged tumor growth regression in all tumor-bearing mice, leav-
ing one mouse each in the 2 treatment groups of 10 and 20 mg/kg free of
tumors on day 78 and day 81, respectively, at the end of the observation
7

period. Furthermore, BPRDP067 (Fig. 1C) has a chemical structure similar
to BPRDP056, lacking of the PS-specific targeting ability. However,
BPRDP067 did not exhibit significant antitumor growth activity (Fig. 3B)
though it shares a similar amount of the active payload SN38 to that of
BPRDP056. The in vivo PS-specific tumor targeting ability of an intact Zn-
DPA on BPRDP056 is critical to elicit its in vivo antitumor activities in
mice. BPRDP056 demonstrated similar dose-dependent antitumor activi-
ties in four other human tumors subcutaneously xenografted in immunode-
ficient mice shown in Fig. 3C (prostate PC3 tumor, n = 7 mice per group),
Fig. 3D (liver Hep G2 tumor, n= 8mice per group), Fig. 3E (U-87MG glio-
blastoma, n = 6 nude mice per group), and Fig. 3F (breast MDA-MB-231
tumor, n= 8 female SCIDmice per group). As the dose levels and regimens
of the compound treatments were indicated in the individual figures, a few
other reference drugs were included for comparisons as well such as pacli-
taxel, sorafenib and temozolomide. BPRDP056 showed significantly better
antitumor activity than paclitaxel intravenously given at 20 mg/kg per
week for 2 weeks (Fig. 3C). As noted, the Hep G2 tumors in 2 of the 8
male nude mice in each of the 3 dosing groups (10, 20, and 40 mg/kg) dis-
appeared after BPRDP056 treatments and did not relapse till the end of the
observation period (Fig. 3D). While showing dose-dependent antitumor ac-
tivity, BPRDP056 at 20 mg/kg induced efficacy against human brain U-87
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MGglioblastoma comparable to that by temozolomide at 50mg/kg in nude
mice (Fig. 3E). BPRDP056 intravenously administered at both regimens (20
mg/kg/day on days 1–5 + days 8–12; 40 mg/kg twice per week for two
weeks) significantly shrank tumor size of the treated MDA-MB-231 tumors
growing in female SCID mice (Fig. 3F). Overall, the antitumor activities of
BPRDP056 are dose level-dependent and dose frequency-dependent
against a broad spectrum of human tumor growths.

BPRDP056 inhibited the growth of pancreatic tumors orthotopically xenografted
in mice

An orthotopic pancreatic tumor model was established by using the
human tumor cell BxPC3-luc2 to evaluate the activity of BPRDP056
Fig. 4. In vivo activity of BPRDP056 against the orthotopic growth of human pancreatic
imaging of themice, BPRDP056 treatments significantly shrunk the size of orthotopic gro
bodyweights (B) in nudemice as compared to that of vehicle control. BPRDP056 of 30m
for four consecutive weeks. Arrows indicate timepoints of the dosing. *: p<0.05, BPRD
of tumors of BxPC3-luc2 cancer cells growing in the pancreas of the nude mice were
activities. The whole-body mages were taken at the days indicated with representative
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against pancreatic tumor growth in nude mice. The growing orthotopic
BxPC3-luc2 tumors were monitored in situ by observing the change of
the luciferin intensity in the whole-body imaging of the mice.
BPRDP056 of 30 mg/kg given intravenously at twice a week for
4 weeks induced a delayed on-set (Day 21) and significant decrease
in the luciferin intensity of the orthotopic BxPC3-luc2 tumors
(Fig. 4A). While BPRDP056 significantly suppressed the growths of
the orthotopic BxPC3-luc2 tumors, there was no significant difference
in body weights of the mice compared to vehicle control (Fig. 4B). Rep-
resentative whole body bioluminescence images of the orthotopic
BxPC3-luc2 tumor-bearing mice, obtained by using an IVIS system be-
fore and after vehicle control or BPRDP056 treatments were shown in
Fig. 4C.
tumors in mice. By observing the change in the luciferin intensity of the whole-body
wing pancreatic BxPC3-luc2 tumors (A) without causing significant difference in the
g/kgwas intravenously administered once in thefirst week followed by twice aweek
P056-treated vs. vehicle control by using the Student-Newman-Keuls test. The volume
monitored by the bioluminescence intensity resulted from the reporter luciferase
images shown (C).
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BPRDP056 induced apoptotic cell death in pancreatic tumors growing in mice

The tumor tissues were harvested from the nude mice orthotopically
bearing MIA PaCa-2 tumor in the pancreas of the mice intravenously ad-
ministered with a single dose of BPRDP056 and CPT-11 at 40 mg/kg, re-
spectively, and the protein abundances in the apoptotic pathways were
measured. The apoptosis process in the treated tumors was verified. In
the heat map chart (Fig. 5), black indicates no change, while red and
green indicate increases and decreases, respectively, in the levels of the se-
lective apoptosis-related proteins. In the tumors of BPRDP056 treated, the
levels of caspase-3, caspase-8, caspase-9, and PARP, cytochrome C and
Bax were found to be significantly increased.Micro-Western assays showed
that BPRDP056 exhibited apoptotic cell death signal profiles similar to
those of CPT-11 in the treated tumors in mice as shown in Fig. 5. With
the same active payload SN38 conjugated, BPRDP056 shared the same ap-
optosis mechanism with CPT-11 for their antitumor activities.

Discussion

PS is an anionic phospholipid component of the inner leaflet of the cell
membrane in all eukaryotic cells. Oxidative stress results in the exposure of
PS on the outer surface of the tumor cells and tumor vessel endothelium in
tumor microenvironment. PS has been suggested as a biomarker for a num-
ber of human tumors such as lung, breast, pancreatic, bladder, skin, brain
and rectal adenocarcinoma, but not in healthy cells [22]. Bavituximab is
an unconjugated, chimeric immunoglobulin G1 (IgG1) monoclonal anti-
body directed to bind PS-binding protein beta 2 glycoprotein-1 (β2GP1)
Fig. 5. Expression levels of the proteins related to cell death in BPRDP056-treated
pancreatic MIA PaCa-2 tumors analyzed by micro-Western array. The heat map
chart shows protein abundance in the tumors harvested at 48 h after the
compound administration from the nude mice treated with BPRDP056
(40 mg/kg) and CPT-11 (40 mg/kg), which were normalized against the β-actin
expression level and expressed in ratios to that of vehicle control. Red and green
indicate increase and decrease, respectively, in the expression levels of proteins
compared to that of vehicle control.
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when formed a complex with PS on cancer cells and tumor vessel endothe-
lium [23,24]. The combinations of pemetrexed, carboplatin, or docetaxel
with bavituximab in clinical trials, however, have behaved similarly to
pemetrexed/carboplatin/docetaxel alone [25–27]. To select patients strati-
fied with the serum levels of β2GP1, a glycoprotein required for
bavituximab targeting of PS, and thus to identify a subset of patients likely
to benefit from the treatments of bavituximab has been suggested for its fu-
ture clinical study design. Recently, a PS-targeting protein-drug conjugate
(PDC) designed by fusing PS-binding synaptotagmin 1 (Syt1) C2A domains
to a fusion of human IgG1-derived Fc fragments that are conjugated with 4
toxic monomethyl auristatin E (MMAE) molecules to the hinge cysteines of
the Fc fusion [28]. The cytotoxic MMAE agent on the PDC is efficiently de-
livered and exhibits potent antitumor activities against xenograft tumors in
mice [28]. Therefore, PS is a promising biomolecule for tumor site-specific
targeting therapy to which SMDC may provide another strategy for PS
targeting cancer therapy.

BPRDP056 is the first PS-targeting SMDC here reported with optimal
drug-like properties and a broad spectrum of anticancer activities.
BPRDP056 consists of three parts; Zn-DPA served as an anchoring group
to target PS, payload topoisomerase I inhibitor SN38 active against tumor
growth and the non-active spacer-bridging moiety between Zn-DPA and
SN38. Zn-DPA coordination complexes are well known for their potent as-
sociation with PS [11]. Our previous PS-association studies with DPA had
shown that the linker and payload drug modifications on the Zn-DPA struc-
ture did not alter its PS binding ability in vitro [29]. The present study re-
sults indicate that the PS-specific targeting structure of BPRDP056 is
essential for its anticancer activities in animals. As a PS-targeting into the
tumor site, BPRDP056 achieved greater antitumor efficacies compared to
CPT-11 in inhibiting the growth of xenograft human tumors of colorectal,
pancreatic and breast cancer cells in mice. BPRDP060 comprised of the
same PS-targeting Zn-DPA and linker moieties of BPRDP056 without the
active SN38 payload and does not exhibit antitumor activities. Further-
more, the non-PS-targeting compound BPRDP067 conjugated with SN38
payload is the chemical structure analog of BPRDP056 and still lacks of
any in vivo activity against tumor growth in nude mice. Therefore, both
the tumor-targeting Zn-DPA and active SN38 payload in BPRDP056 are es-
sential for its in vivo anticancer activities.

To achieve the combinatorial synergism between the PS-targeting ap-
proach and the payload releasing linker design the conjugate shall maintain
stable as possibly be in the systemic circulation. Therefore, in vitro plasma sta-
bility and thus in vivo circulation stability of the conjugate is one of the impor-
tant pharmacokinetic parameters for the design of SMDCs. In the
pharmacokinetic study in mice and rat, AUC for BPRDP056 showed a longer
stability of the conjugate in circulation. In previous pharmacokinetic studies
from literature and tumor-bearing mice PK study in the present study, the re-
sults showed that the plasma concentration of SN38 which is the major me-
tabolite of CPT-11 gave a log-linear decrease [30]. CPT-11 has a large CL
and theoretical Vss of pharmacokinetic parameter in vivo [31,32]. A large
Vss may indicate rapid and extensive uptake into most tissues which may
lead to an off-target toxicity for a cancer chemotherapeutics. However, the
Vss for BPRDP056 injection was small indicating that the concentration of
BPRDP056 in plasma circulation was great. Moreover, the mean plasma
AUC for SN38 after the administration of BPRDP056 was high. The present
study was further to compared to previous study [21]. A compound 13 is an-
other novel PS-targeting drug conjugate.However, the pharmacokinetics pro-
filing of BPRDP056 was improved compared to compound 13. The
pharmacokinetic parameter of CL andVss trended to decrease andAUC signif-
icantly increased compared to compound 13. In the present study, AUC ratio
(AUCSN38/AUCBPRDP056) of BPRDP056 was over than 40 folds [21]. In con-
clusion, BPRDP056 could slowdown the elimination of SN38 and thereby ex-
tend the systemic circulation of BPRDP056 and SN38 in the blood.

The antitumor efficacy spectrum of BPRDP056 is here demonstrated
significant against human tumors of pancreas cancer, prostate cancer,
colon cancer, liver cancer, breast cancer and glioblastoma. With the same
level of doses given, BPRDP056 and CPT-11 exhibited potent tumor growth
inhibition activities, in which the conjugate BPRDP056 has only loaded
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18% of SN38, whereas CPT-11 consists of 58% of SN38, in terms of the mo-
lecular weight fraction of SN38 in BPRDP056 and CPT-11, respectively.
Tumor shrinkage was observed in the BPRDP056 treated mice subcutane-
ously and orthotopically bearing tumors at a lower payload dose of SN38
and better antitumor growth activities with the same dosing schedule.
BPRDP056 show activities significantly superior to that of paclitaxel,
CPT-11, sorafenib and comparable to that of temozolomide on inhibiting
the human tumor growths (Fig. 3). Our observations provide strong evi-
dence that the tumor-targeting Zn-DPA and SN38 on BPRDP056 are both
essential for antitumor activities and a low dose of cytotoxic SN38 payload
delivered by BPRDP056 achieves improved and prolonged antitumor effi-
cacies in animals. The anticancer activity spectrum of BPRDP056 is broad
and most likely to cover the tumors in which the levels of the targeted PS
are high in tumor microenvironments.

Apoptosis can be triggered by external receptor-dependent stimuli or in-
ternal mitochondria-mediated signaling [33,34]. In the extrinsic pathway,
activated caspase-8 can directly cleave and activate caspase-3, thus promot-
ing apoptosis [35,36]. On the other hand, the intrinsic apoptotic pathway is
modulated by sensing different types of cell stress followed by activation of
Bax/Bak signaling machineries at the mitochondrial outer membrane [37],
resulting in increase of the membrane permeability and release of cyto-
chrome C, which activates caspase-9 [38]. Caspase-9 then cleaves and acti-
vates caspase-3 and consequent PARP cleavage, thus triggering apoptotic
cell death [38,39]. Both extrinsic and intrinsic pathways interface at the
caspase-3 activation [40].

Through micro-Western analysis of pancreatic MIA PaCa-2 tumors, the
expression level of several proteins involved in apoptosis signaling events
were examined. The levels of the extrinsic or internal apoptotic factors,
such as caspase-3, caspase-8, caspase-9, and PARP, cytochrome C and Bax
were found to be significantly increased. Further, BPRDP056 exhibited ap-
optotic signal levels similar to CPT-11 in the tumors harvested from the
treated mice. Since BPRDP056 appears to exert the same antitumor mech-
anism of action as the topoisomerase I inhibitor SN38, the active moiety
of both BPRDP056 and CPT-11. Observation of apoptosis profile of
BPRDP056 has been verified on a prototype compound for proof of the con-
cept [21]. Briefly, BPRDP056 delivered and concentrated SN38 couldmore
efficiently trigger apoptotic cascade in situ, leading to sites specific higher
exposure of PS from the inner membrane of cancer cells and tumor vessel
endothelium in tumor microenvironment and subsequent facilitated re-
cruitment more BPRDP056 from circulation through the Zn-DPA and PS as-
sociation and resulted in antitumor efficacy. Since BPRDP056 showed a
longer stability of the conjugate in circulation, BPRDP056 could slow
down the elimination of SN38 and thereby extend the topoisomerase I in-
hibitor effect of SN38. In addition, the amount of SN38 in BPRDP056 was
relatively lower than CPT-11 did at the same dosage administered. Further-
more, a previous study reported that antibodies targeting PS and blocking
PS-mediated immunosuppression may be a novel approach to enhance im-
mune responses against cancer [41]. Whether BPRDP056 has the ability to
enhance the immune responses via binding to PS and thus against cancer-
ous diseases remains to be investigated.

In conclusion, BPRDP056 is an entirely new innovative andfirst-in-class
anti-cancer SMDC in biomolecule-targeted drug conjugate field. Instead of
barriers and challenges associated with ADC development, BPRDP056 of-
fers a good example of tumor site-selective delivery of a drug payload.
BPRDP056 brings a good systemic stability in circulation and a slow clear-
ancemechanism in vivo to shrink tumors at significantly reduced dosages of
drug payload. The PS-specific targeted delivery system of BPRDP056 will
be expected to cover the whole spectrum of tumor types with extracellular
PS enriched in the tumor microenvironments. In this study, BPRDP056 has
shown good potentials as a development drug candidate that provides ther-
apeutic advantages over the current standard-of-care drugs.
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