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Abstract: Poly (ADP-ribose) polymerase (PARP) enzymes play an important role in the cellular response to DNA
damage and the inhibition of PARP causes synthetic lethality in homologous recombination (HR)-deficient cancer.
Multiple PARP inhibitors have been developed and have shown remarkable clinical benefits. However, treatment-
related toxicities, especially the hematologic toxicities, are common and restrict the clinical applications of PARP
inhibitors. In this study, we designed the first glucuronide prodrug of PARP inhibitor, TSL-1502, based on a novel and
highly potent PARP inhibitor TSL-1502M. TSL-1502M exhibited promising inhibitory activity on PARP1/2, significantly
induced DNA double strand breaks, G2/M arrest and apoptosis in HR-deficient cells, selectively inhibited the prolif-
eration of HR-deficient cancer cells and sensitized both HR-deficient and HR-proficient cancer cells to conventional
chemotherapy. Notably, TSL-1502M was superior to olaparib, the first-in-class PARP inhibitor, in all these processes.
TSL-1502 had no inhibitory effects on PARP1/2 itself, but could selectively liberate the active drug TSL-1502M in
tumor after administration in nude mice. Moreover, TSL-1502 elicited significant more potent inhibitory effects than
olaparib in HR-deficient tumors, and sensitized chemotherapy in both HR-deficient and HR-proficient tumors. No
severe toxicities were caused by TSL-1502 in this study. Based on the encouraging preclinical antitumor activity
and the selective decomposition characteristic of TSL-1502, a clinical phase | study was initiated in China, and an
Investigational New Drug (IND) was granted by the US FDA. TSL-1502 could represent a new potential therapeutic
choice of PARP inhibitors.
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Introduction DSBs, which can normally be repaired by

homologous recombination (HR). But in cells

Poly (ADP-ribose) polymerases (PARPs) are
enzymes that catalyze the addition of polymer
of ADP-ribose (PAR) adducts to their target pro-
teins [1]. Among the PARP family members,
PARP-1, -2 and -3 participate in various DNA
repairing processes, with PARP-1 playing the
major role [1]. Mechanically, after recognizing
single strand breaks (SSBs), PARP catalyzes
the synthesis of PAR by using nicotinamide ade-
nine dinucleotide (NAD+) as a substrate, and
transfers PAR to amino acid residues of various
nuclear proteins [2]. PARsylation leads to the
assembly of repair complex and eventually the
repair of SSBs. If these processes are dis-
turbed, SSBs will be left and finally convert to

with HR defect, such as BRCA1 or BRCA2 loss,
DSBs are highly lethal [3]. This synergistic cyto-
toxicity of PARP inhibition with mutated BRCA
genes was described as synthetic lethality [4].

Based on these concepts, multiple PARP inhibi-
tors have been studied and several clinical tri-
als are currently exploring mono-and combina-
tion therapies in different indications [3, 5].
Among them, olaparib, rucaparib, niraparib and
talazoparib have been approved by the FDA,
and fluzoparib, a PARP inhibitor we previously
reported [6], has been recently approved in
China. PARP inhibitors have drawn increasing
amount of attention due to the remarkable effi-
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cacy. However, it has been reported that PARP
inhibitors also impact hematopoiesis [7], which
leads to severe hematologic toxicity [8]. In
phase 3 trials of these inhibitors, the most
common grade 3 to 4 toxicities were hemato-
logic side effects, such as anaemia in patients
treated with olaparib (19%) [9], rucaparib (19%)
[10], niraparib (25%) [11] or talazoparib (39%)
[12], as well as thrombocytopenia (34%) and
neutropenia (20%) in patients treated with
niraparib [11]. These treatment-emergent ad-
verse events led to high frequency of dose
reduction (olaparib: 25% [9], rucaparib: 55%
[10], niraparib: 66% [11], talazoparib: approxi-
mately 50% [12]), and greatly restricted the
clinical efficacy of PARP inhibitors. Therefore,
developing PARP inhibitors with reduced toxici-
ties, especially hematologic toxicities, is of sig-
nificant clinical values.

To attenuate the adverse effects of PARP inhibi-
tors on hematological system, one of the most
promising approaches is improving drug selec-
tivity toward tumor, such as by developing non-
toxic prodrugs which could be selectively acti-
vated by enzymes in the tumor or tumor micro-
environment. B-glucuronidase, a lysosomal
enzyme that accumulates in the tumor micro-
environment due to release from necrotic tumor
cells and inflammatory cells (macrophages and
neutrophils) [13, 14], can hydrolyze glucuronide
prodrugs to release the active parent drug,
resulting in the increased drug deposition in
tumor [15]. Several glucuronide prodrugs have
been studied, and displayed superior efficacy
but reduced toxicity compared to standard che-
motherapy [15-17]. However, no glucuronide
prodrug of PARP inhibitor has been reported.

To enhance the efficacy and attenuate the seri-
ous adverse effects of existing PARP inhibitors,
we extend the glucuronide pro-drugs strategy
to develop PARP inhibitors. In this study, we dis-
covered a novel, potent PARP1/2 inhibitor, TSL-
1502M, which exhibited typical biochemical
and cytotoxic profiles of PARP1/2 inhibitors at
concentrations much lower than olaparib. We
further designed a glucuronide prodrug, TSL-
1502, based on TSL-1502M. TSL-1502 had no
inhibitory effects on PARP1/2 itself, but could
release TSL-1502M as the main product. After
administration of TSL1502 in nude mice, con-
centrations of TSL-1502M in tumor were re-
markably higher than those in plasma. More-
over, TSL-1502 elicited significant more potent
inhibitory effects in HR-deficient tumors than
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olaparib, and caused no severe toxicity. Be-
cause of the impressive preclinical efficacy of
TSL-1502, a clinical phase | study was initiated
in China, and an Investigational New Drug (IND)
was granted by the US FDA. Here, we present
the first report of the major preclinical pharma-
cological results of TSL-1502.

Material and methods
Reagents and antibodies

TSL-1502 and TSL-1502M was provided by
Tasly Pharmaceutical Co., Ltd (Tianjin, China).
Olaparib was from Selleckchem (Houston, TX,
USA). PARP universal colorimetric assay kit
and anti-PAR antibody were from Trevigen
(Gaithersburg, MD, USA). Anti-RAD51 antibody
was from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Antibodies against yH2AX, cas-
pase 8, caspase 3 and B-tubulin were from Cell
Signaling Technology (Beverly, MA, USA). Anti-
GAPDH antibody was from Protein Tech
(Rosemont, IL, USA). Alexa Fluor 488-conjugat-
ed goat anti-rabbit 1gG was from Molecular
Probes (Eugene, OR, USA).

Cell culture

V-C8 and V-C8#13-5 cell lines were gifts from
Prof. M Zdzienicka (Leiden University, Ams-
terdam, the Netherlands). MDA-MB-436,
UWB1.289, UWB1.289+BRCA1, MX-1 and
SW620 cell lines were from the American Type
Culture Collection (Manassas, VA, USA). Cells
were cultured according to the suppliers’
instructions.

PARP1 enzyme activity

Enzyme activity was determined using PARP
universal colorimetric assay kit (Trevigen Inc.,
Gaithersburg, MD, USA) as reported previously
[18]. The incorporation of biotinylated poly
(ADP-ribose) onto histone proteins was used to
evaluate PARP1 enzyme activity, and the colori-
metric products catalyzed by streptavidin-
horseradish peroxidase was measured at 450
nm using Synergy H4 Hybrid Microplate Reader
(BioTek Instruments, Winooski, VT, USA).

Molecular docking

The PARP1 structure from a crystal of PARP1/
olaparib complex (PDB code: 5DS3) [19] was
used as the template structure. Molecular
docking was performed using Glide version 6.9
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in its SP mode. LigPrep version 3.6 was applied
to pre-process the compound using default
parameters. The obtained docked poses were
analyzed with Maestro, PyMOL and LigPlot [6].

Fluorescence microscopy

After treatment with PARP inhibitors for 24 h,
cells were fixed with 4% paraformaldehyde for
15 min and permeabilized with 0.3% Triton
X-100 for 10 min. Cells were then incubated
with the primary antibody for 1 h and stained
with Alexa Fluor 488-conjugated goat anti-rab-
bit 1gG for 30 min. Finally, cells were counter-
stained with DAPI and imaged with an Olympus
FV1000 confocal microscope (Tokyo, Japan).

Western blotting

After treatment with PARP inhibitors, cells were
lysed in sodium dodecyl sulfate sample buffer,
and Western blot analysis was conducted as
described previously [20]. Proteins were sepa-
rated by SDS-PAGE electrophoresis and trans-
ferred to PVDF membranes by tank blotting.
After incubation with primary antibodies and
secondary antibodies, proteins were visualized
using the Western Blot Imaging System (Clinx
Science Instruments, Shanghai, China).

Flow cytometry

Cell cycle: After treatment with PARP inhibitors
for 48 h, cells were fixed in 70% ethanol,
stained with propidium iodide (Pl, 50 ug/ml),
and subsequently analyzed by flow cytometry
using a FACScan flow cytometer (BD Bio-
sciences, San Jose, CA, USA).

Apoptosis: After treatment with PARP inhibitors
for 120 h, cells were stained with Annexin V
and Pl using the Annexin V-FITC Apoptosis
Detection Kit (Meilun Biotech, Dalian, China).
Briefly, cells were resuspended in 100 ul bind-
ing buffer containing 5 ul Annexin V-FITC and
10 pl PI. After incubating for 15 min, cells were
analyzed by flow cytometry.

Cell proliferation assay

Cells were treated with PARP inhibitors alone
for 10 days or in combination with temozolo-
mide/SN38 for 5 days. Sulforhodamine B
assays were used to determine the effects on
cells proliferation as described previously [20].
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Briefly, cells were fixed with 50% trichloroacetic
acid and stained with 0.04% Sulforhodamine
B-acetic acid solution. Subsequently, the absor-
bance at 510 nm was measured using Syner-
gy H4 Hybrid Microplate Reader (BioTek In-
struments, Winooski, VT, USA).

Intracellular drug concentration

After treatment with TSL-1502 (1 uM) for 24 or
72 h, cells were rinsed with PBS and collected.
Intracellular drug concentration was deter-
mined by ultra-performance liquid chromatog-
raphy-ultraviolet/quadrupole-time-of-flight ma-
ss spectrometry (UPLC-UV/Q-TOF MS).

Pharmacokinetic/pharmacodynamic studies
in mice

Female Balb/cA nude mice (4-5 weeks old)
were purchased from Shanghai Laboratory
Animal Center, Chinese Academy of Sciences
(Shanghai, China). Studies were conducted by
using a MDA-MB-436 xenografts model in nude
mice. After a single oral (p.0.) administration of
TSL-1502 (30 mg/kg), the blood and tumor tis-
sue of mice were taken at multiple time points
(0,0.5h,1h,2h,4h, 10 h, 24 h) post-dosing.
Concentrations of TSL-1502 and TSL-1502M in
plasma and tumor were determined by HPLC/
tandem mass spectrometry. PAR formation in
tumor was analyzed by Western blotting.

In vivo anti-tumor activity experiments

Tumor models were established by subcutane-
ously inoculating female nude mice with MDA-
MB-436, MX-1 or SW620 cells. When tumors
reached a volume of 100-200 mm?2, mice were
randomized into control (n=12) or treatment
(n=6) groups. Control group received vehicle
alone, and treatment groups received adminis-
tration as indicated in Table 1. Tumor diameter
was measured by vernier calliper. Tumor vol-
ume was calculated as (length x width?)/2, and
body weight was monitored as an indicator of
general health twice a week. Mice were eutha-
nized by cervical dislocation at the end of the
experiments. Tumor growth inhibition (%) was
calculated as 100 - (T, - T)/(C, - C;) x 100,
where T, is the mean volume of treated tumor at
time t, T, is the mean tumor volume immedi-
ately prior to treatment (time 0), C, is the mean
tumor volume of controls at time t, and C is the
mean tumor volume in controls at time 0. All
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Table 1. The dosage regimen of the in vivo anti-tumor activity experiments

Xenograft model Drug Dose (mg/kg) Administration
MDA-MB-436 TSL-1502 5 day 0-14, BID, p.o.
15 day 0-14, BID, p.o.
50 day 0-14, BID, p.o.
olaparib 50 day 0-14, BID, p.o.
MX-1 TSL-1502 25 day 0-13, BID, p.o.
50 day 0-13, BID, p.o.
olaparib 25 day 0-13, BID, p.o.
50 day 0-13, BID, p.o.
carboplatin 60 day 0, 4, 8, i.p.
TSL-1502 + carboplatin 25; 60 day 0-13, BID, p.o.; day O, 4, 8, i.p.
olaparib + carboplatin 25; 60 day 0-13, BID, p.o.; day O, 4, 8, i.p.
SW620 TSL-1502 50 day 0-16, BID, p.o.
olaparib 30 day 0-16, BID, p.o.
irinotecan 10 day O, 4, i.p.
TSL-1502 + irinotecan 5; 10 day 0-16, BID, p.o.; day O, 4, i.p.
15; 10 day 0-16, BID, p.o.; day O, 4, i.p.
50; 10 day 0-16, BID, p.o.; day O, 4, i.p.
olaparib+irinotecan 30; 10 day 0-16, BID, p.o.; day O, 4, i.p.

Abbreviations: BID, twice a day; p.o., oral; i.p., intraperitoneal; day O, the first day of administration.

animal experiments were carried out in accor-
dance with guidelines of the Institutional Animal
Care and Use Committee at the Shanghai
Institute of Materia Medica, Chinese Academy
of Sciences.

Statistical analysis

Data were analyzed with GraphPad Prism soft-
ware. Two-tailed Student’s t-tests were used to
determine the statistical significance of differ-
ences between two groups.

Results
TSL-1502M is a potent inhibitor of PARP1

TSL-1502M (Figure 1A) displayed significantly
more potent PARP1 and PARP2 inhibition
effects than olaparib in a cell-free enzymatic
assay (PARP1IC_: 0.66 + 0.05 nM versus 6.54
+ 0.01 nM; PARP2 IC,,: 0.87 0.17 nM versus
1.04 + 0.07 nM), indicating that TSL-1502M is
a potent PARP1/2 inhibitor. We then explored
the binding sites of TSL-1502M in PARP1 using
structural modeling. As shown in Figure 1B, the
N and O atoms on the isoquinolin-5-one scaf-
fold formed three hydrogen bonds with the
Gly863 and Ser904 residues of PARP-1, which
were also critical in the binding of PARP-1 with
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olaparib and our previously reported fluzoparib
[6]. To generate a non-active glucuronide pro-
drug, we linked a glucuronic acid to the carbon-
yl group in the isoquinolin-5-one scaffold, form-
ing a new compound TSL-1502 (Figure 1A).
Molecular docking revealed that the introduc-
tion of glucuronic acid led to spatial conflict,
and TSL-1502 could not bind to Gly863 and
Ser904 residues as TSL-1502M did. Instead,
the O atoms on the glucuronic acid bound to
Arg878 of PARP-1 (Figure 1B). We then tested
PARP-1 inhibitory activity of TSL-1502 by enzy-
matic assay. Different from the highly potent
inhibitory effects of TSL-1502M, the inhibitory
effects of TSL-1502 on PARP1 and PARP2 were
very weak (IC, >3000 nM), suggesting that the
inability of binding to PARP1 active sites
(Gly863 and Ser904) [21] caused the loss of
inhibitory activity of TSL-1502.

Release of TSL-1502M from prodrug TSL-1502

We next assessed whether the prodrug TSL-
1502 could release the active parent drug TSL-
1502M in cells. To this end, we treated MDA-
MB-436 cells with TSL-1502 (1 uM) and deter-
mined concentrations of TSL-1502 and TSL-
1502M in cells by HPLC/tandem mass spec-
trometry. As shown in Figure 1C, after treating

Am J Cancer Res 2021;11(4):1632-1645
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Figure 1. TSL-1502 is a pro-drug of PARP inhibitor TSL-1502M. A. Chemical structure of TSL-1502M and TSL-1502.
B. Molecular modeling of the PARP1-TSL-1502M/TSL-1502 complex. C. MDA-MB-436 cells were treated with TSL-
1502 (1 uM) for 24 or 72 h. Intracellular drug concentration was determined by UPLC-UV/Q-TOF MS.

cells for 24 and 72 h, the main product detect-
ed was TSL-1502M (24 h: 0.443 uM; 72 h:
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0.281 pM), and the concentrations of TSL-1502
were very low (24 h: 0.004 uM; 72 h: 0.005
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UM). These results suggest that the glucuro-
nide-based prodrug TSL-1502 releases TSL-
1502M as the main metabolite in cells.

TSL-1502 and TSL-1502M induces persistent
DSBs, G2/M arrest and apoptosis in HR-
deficient cells

PARP1 inhibition induces DNA SSBs, which will
be then converted to DSBs during DNA replica-
tion. DSBs are highly deleterious to cells, and
HR is the major pathway to repair these lesions
[3]. We next investigated whether TSL-1502M
showed the typical features of PARP inhibitors.
Firstly, we examined the DNA damage and the
subsequent effects induced by TSL-1502M in
HR-proficient cells. As shown in Figure 2A, TSL-
1502M significantly induced RAD51 foci forma-
tion, the indicator of HR repair, in V-C8#13-5
cells, indicating that HR repair process was ini-
tiated by drug-induced DSBs. Accordingly, lev-
els of yH2AX, the marker of DSBs accumula-
tion, in V-C8#13-5 cells did not show any sig-
nificant change after drug treatment, indicating
that DSBs were repaired by HR (Figure 2B).
Then, we tested these effects in HR-deficient
cells. In contrast, TSL-1502M did not induce
RAD51 foci formation in V-C8 cells (BRCA2-
deficient), confirming the deficiency of HR func-
tion in the cells (Figure 2A). As a result, the lev-
els of yH2AX were significantly increased by
TSL-1502M treatment in V-C8 cells, indicating
that DSBs were left unrepaired in the cells
(Figure 2B). These results were further support-
ed by the induction of yH2AX levels in MDA-
MB-436 cells (BRCA1-deficient) (Figure 2B).
Collectively, these data suggest that TSL-
1502M induced DNA damage, which can be
repaired in HR-proficient cells, but not in
HR-deficient cells, and confirm TSL-1502 as a
PARP inhibitor. Notably, TSL-1502M induced a
significantly more pronounced increase in
YH2AX levels in HR-deficient cells compared
with olaparib (about 10-fold), validating its
potent inhibitory activity on PARP.

In response to DSBs, cells usually undergo
G2/M phase arrest and the subsequent apop-
tosis [22]. TSL-1502M induced typical G2/M
arrest after treatment for 48 h (Figure 2C), and
triggered apoptosis as reflected by caspase
activation (Figure 2D) and Annexin V binding
(Figure 2E) after treatment for 120 h in MDA-
MB-436 cells. It is noteworthy that TSL-1502M
was more potent than olaparib in these pro-
cesses, which was consistent with the previous
results.

1637

Together, these results suggest that TSL-
1502M selectively induces persistent DSBs,
G2/M arrest and apoptosis in HR-deficient
cells, and displays stronger effects than
olaparib.

TSL-1502 and TSL-1502M selectively inhibit
the proliferation of HR-deficient cancer cells

As synthetic lethality provides a conceptual
basis for the development of PARP inhibitors,
we then examined whether TSL-1502M could
cause synthetic lethal effects in HR-deficient
cells. As shown in Figure 3A, TSL-1502M was
preferentially efficacious against cells with
HR-deficiency, such as BRCA2-deficient (V-C8)
and BRCA1-deficient (MDA-MB-436 and
UWB1.289) cells, and was significantly more
potent than olaparib (93, 4 and 2-fold in V-C8,
MDA-MB-436 and UWB1.289 cells, respective-
ly). TSL-1502M had no obvious inhibitory
effects in HR-proficient (V-C8#13-5 and
UWB1.289 + BRCA1) cells. These results sug-
gest that TSL-1502M is a potent PARP inhibi-
tor that exhibits synthetic lethal effects in
HR-deficient cells.

TSL-1502M sensitizes both HR-deficient and
HR-proficient cancer cells to conventional che-
motherapy

The combination of PARP inhibitor with conven-
tional chemotherapy has been taken as a ratio-
nal strategy in the clinic. We thus examined the
combination effects of TSL-1502M with temo-
zolomide (TMZ, DNA-methylating drug [23]) or
SN38 (active metabolite of irinotecan, prevent-
ing religation of DNA strands [23]) in cells with
different DNA repair ability. In MDA-MB-436
cells (HR-deficient), TSL-1502M potentiated the
cytotoxicity of TMZ at low concentration (3 nM),
and olaparib elicited similar effects at 30 nM
(Figure 3B). In SW620 (HR-proficient) cells, TSL-
1502M potentiated the cytotoxicity of SN38 at
3 UM, and these effects were similar to those
produced by olaparib at 3 uyM (Figure 3C).
Collectively, the data suggest that TSL-1502M
potentiates conventional chemotherapy in both
HR-deficient and -proficient cells in vitro.

Pharmacokinetic/pharmacodynamic charac-
teristics of TSL-1502

Given the superior activity of TSL-1502M
against PARP in vitro, we next tested the phar-
macokinetic profiles of prodrug TSL-1502 to
further assess whether TSL-1502 could release
TSL-1502M and elicited activity in vivo. After a
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Figure 2. TSL-1502 displays typical characteristics of PARP inhibitor. A. V-C8 and V-C8#13-5 cells were treated
with TSL-1502M (10 pM) or olaparib (10 pM) for 24 hours. Rad51 was detected by immunofluorescence. B. V-C8,
V-C8#13-5, and MDA-MB-436 cells were treated with TSL-1502M or olaparib for 24 hours. yH2AX accumulation was
assessed by western blotting. C. MDA-MB-436 cells were treated with TSL-1502M or olaparib for 48 hours. Cell cycle
was analyzed by flow cytometry. D. MDA-MB-436 cells were treated with TSL-1502M or olaparib for 120 hours. The
cleavage of caspase 3 and caspase 8 were detected by western blotting. E. MDA-MB-436 cells were treated with
TSL-1502M or olaparib for 120 hours, stained with Annexin V and PI, and analyzed by flow cytometry. **, P < 0.01.

single oral administration of TSL-1502 at 30 TSL-1502M were detected at different time
mg/kg, the concentrations of TSL-1502 and points. As shown in Figure 4A, TSL-1502 was
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Figure 3. The inhibitory effects of TSL-1502M on cell proliferation. A. Cells were treated with different concentra-
tions of drugs for 120 hours. B. MDA-MB-436 cells were treated with TMZ combined with TSL-1502M or olaparib
for 120 hours. C. SW620 cells were treated with SN38 combined with TSL-1502M or olaparib for 120 hours. Cell
proliferation was measured using sulforhnodamine B assays. Data shown represent mean + SD of 3 independent

experiments. *,
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P <0.05.", P<0.01.
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3 = TsL-1s02m O = TSL-1502M shown in Figure 5A, TSL-1502
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PAR *.‘ ’ tumor regression (2/6 mice,
B-tubulin day 21) and complete tumor

Figure 4. Pharmacokinetic/pharmacodynamic characteristics of TSL-1502.
Mice bearing MDA-MB-436 xenografts were given a single oral dose of TSL-
1502 (30 mg/kg). A. Concentrations of TSL-1502 and TSL-1502M in plasma
and tumor were determined. B. PAR formation in tumor was analyzed by

western blotting.

mainly distributed in plasma, and the C__ and
AUC__ in plasma (C__: 5285.0 ng/mL, AUC__:
13392.2 h*ng/mL) was 14.5- and 11.9-fold
higher than that in tumor (C__: 363.0 ng/g,
AUC__: 1121.8 h*ng/g), respectively. In con-
trast, TSL-1502M was mainly distributed in
tumor, and the C__ and AUC__ in tumor (C__:
665.0 ng/g, AUC__: 5397.7 h*ng/g) was 22.9-
and 101.1-fold higher than thatin plasma (C__:
29.9 ng/mL, AUC__: 53.4 h*ng/mL), respec-
tively. The tumor concentrations of TSL-1502M
were persistently higher than those of TSL-
1502, and the tumor C__ of TSL-1502M was
2216.7-fold higher than the in vitro IC_, (0.9 nM
or 0.3 ng/mL, Figure 3A) for inhibiting prolifera-
tion of MDA-MB-436 cells. These data suggest
that TSL-1502 liberates the active component
TSL-1502M mainly in tumor, resulting in a high-
er steady state concentration in tumor.

We further examined the effects of TSL-1502
on PAR formation, a pharmacodynamic marker
reflecting the activity of PARP [24], in tumor. As
shown in Figure 4B, TSL-1502 significantly
inhibited PAR formation in a time-dependent
manner in MDA-MB-436 xenografts, suggest-
ing that TSL-1502 could inhibit the activity of
PARP in tumor.

In vivo anti-tumor activity of TSL-1502 in tumor
xenograft models with distinct genotypes

We first investigated the antitumor effects of
TSL-1502 in MDA-MB-436 (BRCA1-deficient)

1640

regression (6/6 mice, day 21)
was achieved by treatment of
15 and 50 mg/kg of TSL-
1502, respectively. Olaparib
also inhibited tumor growth,
but was less potent than TSL-
1502. 50 mg/kg of olaparib
led to an inhibition rate of 190% (day 21), and
caused partial tumor regression in 1/6 mice
and complete tumor regression in 5/6 mice
(day 21). Neither TSL-1502 nor olaparib result-
ed in significant loss of body weight (Figure 5A).

We then further evaluated the antitumor effects
of TSL-1502 alone and in combination with car-
boplatin in MX-1 (BRCA1-deficient, BRCA2-
mutated) xenografts model. In the monothera-
py groups, mice were treated with TSL-1502 at
25 and 50 mg/kg (p.o., BIDx14), or olaparib at
25 and 50 mg/kg (p.o., BIDx14). In the combi-
nation groups, mice were treated with carbopl-
atin at 60 mg/kg (i.p., day O, 4, 8) combined
with TSL-1502 at 25 mg/kg (p.o., BIDx14) or
olaparib at 25 mg/kg (p.o., BIDx14). As shown
in Figure 5B, TSL-1502 inhibited the growth of
tumor with inhibition rates of 71 and 91% (day
21) at 25 and 50 mg/kg, respectively. Partial
tumor regression (2/6 mice, day 21) was
achieved by treatment of 50 mg/kg of TSL-
1502. Olaparib led to inhibition rates of 42 and
72% (day 21) at 25 and 50 mg/kg, respectively,
but no tumor regression was observed. When
combined with carboplatin, TSL-1502 exhibited
profound anti-tumor activity with an inhibition
rate of 200% (day 21) at 25 mg/kg, and led to
complete tumor regression in all mice (day 37).
Olaparib displayed similar antitumor effects as
those of TSL-1502 when combined with carbo-
platin. No tumor recurrence was found in com-
bination groups at the end of this experiment

Am J Cancer Res 2021;11(4):1632-1645
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Figure 5. Antitumor activity of TSL-1502 against xenografts. Nude mice bearing MDA-MB-436 (A), MX-1 (B) and

SW620 (C) xenografts were randomized into control (n = 12) or treatment (n =

6) groups, and were given treatment

as indicated. Top panels, dosing schedule; bottom panels, tumor volume and body weight. Error bars represent

mean + SEM.

(day 37). Mice were generally tolerated to all
these treatments. TSL-1502 combined with
carboplatin caused body weight loss with a
maximum of 3.8% (day 6), and olaparib com-
bined with carboplatin caused body weight loss
with @ maximum of 9.3% (day 9) (Figure 5B).
Together, TSL-1502 is more potent than olapa-
rib alone, and both TSL-1502 and olaparib
enhanced the anti-tumor activity of carboplatin
in MX-1 xenografts model.
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The antitumor effects of TSL-1502 alone and
in combination with irinotecan in SW620
(HR-proficient) xenografts model were also
investigated. As HR function of SW620 cells
was proficient, SW620 xenografts model was
supposed to be insensitive to PARP inhibitors.
Therefore, high doses of PARP inhibitors were
used in monotherapy groups: TSL1502 at 50
mg/kg (p.o., BIDx17) or olaparib at 30 mg/kg
(p.o., BIDx17). In the combination groups, mice
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were treated with irinotecan at 10 mg/kg (i.p.,
day O, 4) combined with TSL-1502 at 5, 15 and
50 mg/kg (p.o., BIDx17), and irinotecan com-
bined with olaparib at intermediate dose (30
mg/kg, p.o., BIDx17) was used as the refer-
ence. As shown in Figure 5C, TSL-1502 (50
mg/kg) alone had no apparent inhibition on
tumor growth, but was extremely effective
when combined with irinotecan. TSL-1502 sen-
sitized irinotecan in a dose-dependent manner
with inhibition rates of 79, 82 and 89% (day 17)
at 5, 15 and 50 mg/kg, respectively. Olaparib
(30 mg/kg) also enhanced the efficacy of irino-
tecan, leading to an inhibition rate of 89% (day
17). No enhanced toxicity was observed in
either combination group (Figure 5C).

Collectively, TSL-1502 elicited significant more
potent inhibitory effects in HR-deficient tumors
than olaparib, and sensitized conventional che-
motherapy in both HR-deficient and -proficient
tumors. The superior in vivo antitumor efficacy
of TSL-1502 underscores the potential use of
TSL-1502 as a novel PARP inhibitor.

Discussion

PARP inhibitors have emerged as one of the
most exciting new treatments for cancer.
However, the clinical use of PARP inhibitors is
often associated with severe hematologic side
effects such as anaemia, thrombocytopenia
and neutropenia [25]. In order to improve the
therapeutic index and toxicity profile of PARP
inhibitors, we designed the first glucuronide
prodrug of PARP inhibitor, TSL-1502. A remark-
able characteristic of TSL-1502 was that it
exhibited superior anti-tumor activity than the
classical PARP inhibitor olaparib in vivo, and
had a favorable toxicity profile. These superiori-
ties of TSL-1502 may come from the two below
facts:

First, the active parent drug, TSL-1502M, was a
highly selective and potent PARP inhibitor. TSL-
1502M significantly inhibited PARP1 enzyme
activity with a potency of approximately 10-fold
higher than olaparib. Moreover, TSL-1502M sig-
nificantly increased yH2AX levels, induced
apoptosis, and caused cytotoxicity at much
lower concentrations than olaparib in HR-
deficient cells. TSL-1502M did not cause appar-
ent cytotoxic effects in HR-proficient cells (simi-
lar with olaparib). Thus, TSL-1502M possessed
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selective and superior antitumor activity, which
may be associated with a large therapeutic win-
dow between HR-deficient and -proficient mod-
els. This superiority of TSL-1502M provided a
basis for the significant anti-tumor activity and
tolerable toxicity of the prodrug TSL-1502.

Second, the non-toxic prodrug TSL-1502 liber-
ated the active component TSL-1502M mainly
in tumor. TSL-1502 was a glucuronide prodrug,
and had no inhibitory effects on PARP1/2 enzy-
matic activity itself. Therefore, TSL-1502 may
have no cytotoxic effects of PARP inhibition
before hydrolysis by B-glucuronidase, which
presents at high levels in the tumor microenvi-
ronment [15]. As expected, TSL-1502 exhibited
weak inhibitory effects on cell proliferation
compared with TSL-1502M (660-fold weaker in
V-C8 cells and 517-fold weaker in UWB 1.289
cells) in vitro, but displayed remarkable anti-
tumor activity in vivo. 50 mg/kg of TSL-1502
could induce complete tumor regression (MDA-
MB-436 xenografts) or partial tumor regression
(MX-1 xenografts) in mice, and was more potent
than olaparib. These results indicated that TSL-
1502 was mainly activated in vivo. Indeed, TSL-
1502 could release the active component TSL-
1502M in MDA-MB-436 xenografts bearing
mice, and primarily, in tumor. After a single oral
administration of TSL-1502 at 30 mg/kg, the
C,.. and AUC__ of TSL-1502M in tumor was
22.9- and 101.1-fold higher than those in plas-
ma, respectively. In contrast, the C__ and
AUC__, of olaparib in tumor was about 0.37- and
0.67-fold of those in plasma, respectively, after
being administrated at 100 mg/kg once daily
for 5 days in MDA-MB-436 xenografts bearing
mice [26]. The selective activation of TSL-1502
in tumor may make it possible that TSL-1502
could be administered at relatively high doses
without inducing severe toxicity.

PARP inhibitors were primarily effective against
cancers in people with BRCA mutations in the
clinic. To expand the indications of PARP inhibi-
tors, great effects have been made to explore
novel treatment strategies, such as combina-
tion therapies [27]. Mechanically, as PARP
plays a critical role in the repair of DNA SSBs,
PARP inhibitors may potentiate chemotherapy,
especially DNA-damaging agents [27]. In this
study, TSL-1502 significantly increased the
antitumor efficacy of topoisomerase | inhibitors
both in vitro (TSL-:1502M in combination with
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SN38) and in vivo (TSL-1502 in combination
with irinotecan) in HR-proficient models. Be-
sides, it was reported that PARP inhibitor veli-
parib combined with topotecan demonstrated
a manageable safety profile and early signs of
activity in a phase 1 clinical trial [28], and a
phase 2 clinical trial is underway (NCT-
01012817). These results collectively support-
ed the further exploration of TSL-1502 in com-
bination with irinotecan in the clinic. Moreover,
PARP inhibitors also exhibited synergistic
effects when combined with antiangiogenic
agents. Our previous study has shown that
PARP inhibitor fluzoparib in combination of apa-
tinib, an inhibitor of vascular endothelial growth
factor receptor 2, elicited significantly improved
anti-tumor responses [18], and these results
were further confirmed in a phase 2 clinical
trial (NCTO4517357). Besides, several studies
reported that PARP inhibitors also enhanced
immunotherapy responses [29, 30]. Interes-
tingly, chemotherapy, antiangiogenic agents
and immunotherapy could induce immune cell
infiltration in tumor microenvironment, which
may lead to increased secretion of B-glucu-
ronidase [31]. Indeed, it was reported that anti-
angiogenic agents and immunotherapy could
enhance glucuronide prodrug antitumor activity
[13, 32]. As TSL-1502 is a glucuronide prodrug
of PARP inhibitor, combination of TSL-1502 with
chemotherapy, antiangiogenic agents and
immunotherapy may have the dual advantages
of PARP inhibitor and glucuronide prodrug, and
further investigation is warranted.

PARP inhibitors are an exciting breakthrough in
cancer treatment. However, severe hematolog-
ic side effects greatly limit the clinical use of
PARP inhibitors. In this study, we developed the
first glucuronide prodrug of PARP inhibitor, TSL-
1502, and demonstrated that TSL-1502 could
selectively liberate the active drug TSL-1502M
in tumor and elicited robust in vivo anti-tumor
efficacy without severe toxicity. Based on the
encouraging preclinical results, a phase | open-
label dose-escalation study is currently being
conducted in patients with advanced solid
tumor to evaluate the safety, tolerability, and
pharmacokinetics of TSL-1502 in China, and an
IND was granted a green light by the US FDA in
April 2019. Taken together, our results impli-
cate TSL-1502 as a novel promising PARP
inhibitor.
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