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Abstract

PARP inhibitors are approved for treatment of cancers with BRCAI or BRCAZ defects. In

this study, we prepared and characterized a very long-acting PARP inhibitor. Synthesis of

a macromolecular prodrug of talazoparib (TLZ) was achieved by covalent conjugation to a
PEG4okpa Carrier via a p -eliminative releasable linker. A single injection of the PEG~TLZ
conjugate was as effective as ~30 daily oral doses of TLZ in growth suppression of homologous
recombination-defective tumors in mouse xenografts. These included the KT-10 Wilms’ tumor
with a PALBZ2 mutation, the BRCAI-deficient MX-1 triple-negative breast cancer, and the
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BRCAZ-deficient DLD-1 colon cancer; the prodrug did not inhibit an isogenic DLD-1 tumor

with wild-type BRCAZ. Although the half-life of PEG~TLZ and released TLZ in the mouse was
only ~1 day, the exposure of released TLZ from a single safe, effective dose of the prodrug
exceeded that of oral TLZ given daily over one month. yPET/CT imaging showed high uptake and
prolonged retention of an 89Zr-labeled surrogate of PEG~TLZ in the MX-1 BRCAI-deficient
tumor. These data suggest that the long-lasting antitumor effect of the prodrug is due to a
combination of its long #, the high exposure of TLZ released from the prodrug, increased tumor
sensitivity upon continued exposure, and tumor accumulation. Using pharmacokinetic parameters
of TLZ in humans, we designed a long-acting PEG~TLZ for humans that may be superior in
efficacy to daily oral TLZ and would be useful for treatment of PARP inhibitor-sensitive cancers in
which oral medications are not tolerated.

Significance: These findings demonstrate that a single injection of a long-acting prodrug of the
PARP inhibitor talazoparib in murine xenografts provides tumor suppression equivalent to a month
of daily dosing of talazoparib.

Introduction

PARP is a key coordinator of the DNA damage response (DDR). The PARP enzymes

bind to single-strand breaks (SSB) of damaged DNA, catalyze transfer of ADP-ribose to
target proteins to recruit DNA repair factors, and reseal SSBs in base excision repair and

in topoisomerase (Topl) cleavage complexes (1, 2). SSBs that escape repair can form
double-strand breaks that require homologous recombination repair (HRR) to avoid cell
death. Hence, cells with defective HRR—arising from deficiencies in repair proteins such as
BRCA1/2and others (3, 4)—are reliant on PARP and may be targeted with PARP inhibitors
(PARPI) to cause synthetic lethality. Thus, PARPI are an important class of therapeutic
agents that target cancers with defective DDR and increase tumor sensitivity to agents
causing DNA damage (5, 6).

From 2014 to present, four PARPI have been approved for every day or twice a day oral

use in treatment of human cancers (Fig. 1A; ref. 4). There is compelling evidence that
continuous PARP inhibition is more beneficial than intermittent inhibition (7, 8). However,
as with any frequently dosed drug, the daily administered PARPi exhibit high Cax values
and high peak-to-trough excursions of drug concentration. Thus, it is reasonable to believe
that the prolonged exposure and lower Cyax and CGax/ Gin that could be afforded by a very
long-acting PARPi might provide a more effective, less toxic therapeutic.

Several putative slow-releasing liposomal nanoparticles of encapsulated talazoparib (9,

10) and olaparib (11, 12) have been studied as potential delivery systems for PARPI.

The liposomal PARPi showed tumor growth inhibition and increased survival in mouse
xenografts compared with controls and daily free PARPI. However, the relatively short £,
of such formulations required one to three injections per week to achieve beneficial effects.
As a result, to date, long-acting formulations of PARPI have not yet achieved their potential
as chemotherapeutic agents.

We have developed a general approach for half-life extension of therapeutics in which a drug
is covalently tethered to a long-lived carrier by a linker that slowly cleaves by p-elimination
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to release the drug (Fig. 1B; ref. 13). The cleavage rate is determined by the nature of an
electron-withdrawing “modulator” (Mod) that controls the acidity of the adjacent C—H bond,
and is unaffected by enzymes or general acid/base catalysts. A carrier used for f-eliminative
linkers is often a long-lived circulating macromolecule—such as high molecular weight
polyethylene glycol (PEG; ref. 13). For this purpose, 4-arm PEG4gxpa—a 15-nm-diameter
nanocarrier—may be optimal because smaller PEGs have shorter half-lives, whereas larger
PEGs all show similar elimination rates. The prodrug is usually eliminated with a #, similar
to that for carrier, and the apparent £, of the released drug is usually similar to the £, of
the conjugate.

There are constraints that make certain small molecules more or less addressable by the
B-eliminative half-life extension technology. First, there are limitations on the amount of
prodrug that can be administered, so the released drug must be sufficiently potent to
maintain target engagement over the desired duration. Likewise, the V4 of the free drug
cannot be so high that wide distribution exceeds the amount the prodrug can supply. Second,
while the £, of the released drug is a function of the linker used, the blood levels of the
released drug are directly related to the #, of the free drug; a free drug with a longer £,
reduces the amount needed to achieve a particular level. Finally, the drug needs to possess

a functional group suitable for attachment of a p-eliminative linker, which thus far includes
primary and secondary amines, hydroxyl/phenolic, or sulfhydryl groups (13-16).

Previously, we studied the p-eliminative PEG4okpa™~SN-38 conjugates PL X038 and
PLX038A (14, 17)—the former of which is in clinical trials (NCT02646852; https://
clinicaltrials.gov/). The conjugates release SN-38—the active metabolite of irinotecan—
which stabilizes the Top1-DNA cleavage complex and inhibits DNA strand ligation. As
amechanism-based DNA damaging agent,the drug targets the DDR and synthetic lethality
in tumors. The favorable properties of these prodrugs are (i) a long £, approximating

the 6-day &, for renal elimination of the PEG,gkp; carrier in humans—with concomitant
benefits of low Gyax and prolonged exposure—and (ii) high accumulation and retention in
tumors (18). The latter occurs because of the long circulating #,, and near-ideal size and
shape of the ~15-nm-diameter nanocarriers to penetrate large pores of tumor vasculature.
Because these propitious properties emanate from the PEG4okpa Nanocarrier and not the
drug, we posited they should be conferrable to other drugs as well—such as a PARPI.

In choosing a PARPI to demonstrate the utility of the p-eliminative technology platform,
talazoparib appeared as an attractive choice. Although PARP catalytic activity is inhibited
comparably by the various PARPI, talazoparib (TLZ) is ~100-fold more potent at trapping
PARP-DNA complexes and much more potent as an antitumor agent (1, 19-21). Indeed,
TLZ requires only 1 mg/day dosing in adults (22) compared with hundreds of mg/day for
other PARPIs, and the Cax of TLZ in humans is ~15- to 50-fold lower than that of other
PARPI.

At the outset of this work, it was unclear whether we could connect a B-eliminative linker
to TLZ and, if so, whether the attachment would be sufficiently stable to support drug
release over long periods. When feasible, the linker—drug conjugates of Fig. 1A are easily
prepared as carbamates by reaction of a basic amine group of a drug with an activated
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carbonate of the linker (13). However, many small-molecule drugs—including TLZ—do not
have nucleophilic amines and require an adaptation of the technology whereby the linkers
are modified for attachment to poorly nucleophilic heteroatoms (Fig. 1C; refs. 14, 15) —
such as the phthalazinone moiety of TLZ. Here, the revised linkers contain a methylene
adaptor that connects the carbamate nitrogen to the heteroatom of the drug (X-Drug), and

an electron-withdrawing N-substituent (Rq) that suppresses spontaneous Sy1 cleavage of
the adaptor—drug heteroatom bond. Upon B-elimination a carbamic acid is released, which
rapidly loses CO, to form a Mannich base intermediate that disassembles to form CH,0, a
primary amine and the free drug.

In this work, we developed novel chemistry that enables attachment of B-eliminative linkers
to TLZ to form long-acting PEG~TLZ prodrugs, characterized several such conjugates and
determined the pharmacokinetics and antitumor activity of one of them. We report that a
single injection of the PEG4okpa™~TLZ provides durable, long-lasting antitumor effects in
HRR-defective mouse xenografts persisting a month or more. We posit explanations for the
remarkable effects of this prodrug. Finally, we modeled the pharmacokinetics of PEG~TLZ
conjugates in humans, and propose a prodrug that could be dosed every two weeks to
continuously maintain TLZ at a concentration within its known therapeutic window.

Materials and Methods

Detailed descriptions of materials and procedures used for syntheses, pharmacokinetic
studies, and tumor xenograft experiments are presented in the Supplementary Information.

Materials
PEG40kpa-[NH2]4 was purchased from NOF America (Sunbright PTE-400PA) and TLZ was
from ApexBio or MedKoo. Other purchased chemicals were of the highest purity available
from commercial sources, and used without further purification.

Chemistry

Synthesis of linkers, connection of linkers to TLZ or olaparib, and coupling of linker—-PARPI
conjugates to PEG followed general approaches (17), and full details of syntheses are
provided in the Supplementary Information. The identity and purity of entities were verified
by HPLC and, where appropriate, NMR and LC/MS. Synthesis of PEG4okpa™~(TLZ)3DFB
and chelation to 89Zr used a slight modification of the method described for the related
PEG4okpa™~(SN-38)3DFB conjugate (18).

In vitro drug release kinetics

Solutions of PEGylated conjugates at pH 1.1 to 9.4 were kept at 37°C in an HPLC
autosampler. At appropriate intervals, aliquots were injected on a C18 HPLC column and
eluted with gradient of H,O and MeCN containing 0.1% TFA. Peak areas measured by
UV-Vis were normalized against an internal standard and data was fitted to a single-phase
exponential equation to determine reaction rates of linker cleavage.
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Pharmacokinetic studies

Male CD-1 mice (4-6 weeks old) were dosed intravenously or intraperitoneally with
solutions of PEG~TLZ. For studies with stable PEG~TLZ, mice (V= 4) were dosed and 40
UL blood samples were obtained at appropriate times by serial micro-sampling via tail-snip
(23) performed at Charles River Laboratories; samples were immediately acidified and
stabilized with 0.1 vol pH 4.5 buffer (14), and centrifuged to provide plasma samples which
were frozen at —80°C until analysis. For studies with releasable PEG~TLZ, larger groups of
mice (V= 20) were dosed and composite sampling was performed in which blood obtained
at sequential time points were taken from different animals (7 = 4), providing sufficient
volume for analyses of both PEG~TLZ and free TLZ; as before, blood samples were rapidly
acidified with pH 4.5 buffer, and centrifuged to provide plasma samples which were kept
frozen at —80°C until analysis.

For analysis of PEG~TLZ, 10 pL plasma was treated with 50 uyL. MeOH/0.5% AcOH.

After vortexing and centrifugation, samples were diluted with 200 pL of H,0/0.5% AcOH,
injected onto a C18 HPLC column, and eluted with a gradient of H,O and MeCN containing
0.1% TFA. PEG~TLZ concentrations were determined by interpolation of peak areas of a
standard curve and plotted versus time. The LLOQ for PEG~TLZ was 16 pmol in 10 pL
serum.

Free TLZ in acidic plasma samples was isolated by solid-phase extraction and

measured by UHPLC/MS-MS using a modification of a reported procedure (24). Briefly,
chromatographic separation was achieved using an Acquity BEH C18 column by gradient
elution with 0.1% HCO,H in H,O and CH3CN as the mobile phase; an AB Sciex QTRAP
5500 mass spectrometer was used to monitor transitions of talazoparib (/772 381.1284.7) and
[13C, 2H4]-TLZ (m/z 386.4286.3) using multiple reaction monitoring (MRM) in the positive
ion mode. Results were linear over the range of 0.50 to 100 ng/mL TLZ, with excellent
accuracy (<3.7%) and correlation to predicted values (/2 = 0.998; Supplementary Tables S1
and S2). The method was reproducible with between-run and within-run precision in the
ranges of 2.0% to 9.1% and 1.9% to 8.7%, respectively.

Antitumor activity of PEG4okpa~(TLZ)4 in murine xenografts

Animal studies were carried out in accordance with UCSF and UT Institutional Animal
Care and Use Committees. All cell lines were authenticated via STR and tested negative
for mycoplasma prior to use. The KT-10 Wilms tumor was established directly from patient
tissue grafted into CB17 scid™~ mice as reported previously (25), and had not been in
culture, and were used tumor on passage 22.TC-71 cells were obtained from the Children’s
Caner Repository, Children’s Oncology group, established as a xenograft in CB17 scid™’~
female mice (25) from a Master Bank of STR authenticated lines that are mycoplasma-free,
and used within 6 months of being established in culture at passage 8. MX-1 cells were
obtained from the NCI and xenografts were established in female NCr nude mice as
reported (17, 26) and used on /7 vivo passage 3. DLD-1 BRCA2VTWT and BRCAZ !~
cells were obtained from Horizon Discovery and were established in female NCr nude mice
by subcutaneous implantation of 5 x 10° cells in 1:1 SFM:Matrigel in the flank in a manner

Cancer Res. Author manuscript; available in PMC 2021 December 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fontaine et al.

Page 6

analogous to previously reported methods (27) at an unknown passage number but were
authenticated by STR and myco tested a week prior to implantation.

When tumors reached ~300 mm3 (MX-1, TC-71, DLD-1) or ~600 mms3 (KT-10) mice
received a single intraperitoneal dose of 4 to 40 umol/kg of PEG4gkpa~(TLZ),4 Or every day
oral gavages of free TLZ (0.4 umol/kg/day; ref. 8). Tumor volumes measured by caliper [0.5
x (length x width?)] and body weights were determined twice weekly. Event-free survival
analyses were performed using Prism 8.0 with an event defined as a two-fold increase in
tumor volume from the day of treatment.

Tumor uptake of PEG4oxpa~(TLZ)389Zr

Results

Chemistry

Mice (/= 4/group) bearing ~80 mm3 MX-1 xenografts were injected with 7 nmol (~145
mCi), of the stable 89Zr-labeled prodrug surrogate via the tail vein. WPET/CT scans were
acquired at intervals from at 2- to 528-hour postinjection. U(PET/CT scans, image analysis
and data modeling were performed as reported previously (18).

Connection of a B-eliminative linker to a drug requires a nucleophilic site on the drug for
attachment. The 2-NH of the phthalazinone moiety of TLZ has a calculated pKj of 12.1
using MoKa (28), which is in excellent agreement with the pK; of 11.9 we determined by
spectrophotometric titration at 310 nm (see below); MoKa did not predict the pKj of the N7
aromatic NH of TLZ, which is beyond the upper limit of ~13 the software can calculate.
Also, aromatic NH groups that are much less basic than the predicted p Ky, of N7 of TLZ
(pKp = —0.85) have pKj; values >17 (29). Hence, we surmised that treatment of TLZ with a
strong base would preferentially ionize the phthalazinone NH of TLZ to its conjugate base
and activate the 2-N position towards alkylation.

First, we prepared a permanent mPEGogkpa~TLZ conjugate 3A to determine the stability
of the attachment chemistry (Fig.2). Treatment of TLZ with NaHMDS followed by the O-
azidohexyl N-aryl-N-chloromethylcarbamate 1A gave a product with the expected mass of
the N3-linker~TLZ 2A. Then, 2A was attached to mPEG,gyp,-dibenzocyclooctyne (DBCO)
by strain-promoted alkyne-azide cyclo-addition (SPAAC) to afford the mPEGogkpa~TLZ
conjugate 3A. The conjugate showed no detectable release of TLZ at pH 5.0 to 9.4 for 15
hours at 37°C, demonstrating stability of the linker attachment to TLZ (Supplementary Fig.
S1A).

We next repeated the synthetic sequence using N-chloromethyl carbamate 1B bearing a
-SO,Me modulator to provide the releasable mPEG~TLZ conjugate 3B (Fig. 2). Unlike the
stable conjugate 3A, at pH 7 to 9 there was a hydroxide-catalyzed cleavage of 3B with

kon = 9.1 +0.75 M~1sec™! and an extrapolated #, of ~80 hours at pH 7.4. However, an
intermediate formed concomitantly with conjugate disappearance and showed a long >

for conversion to TLZ of ~12 hours (Supplementary Figs. S1B and S1C). The intermediate
was identified as the N-arylamino-TLZ Mannich base by mass spectrometry and by UV-VIS
spectrum characteristics showing of conjoined TLZ (Apax = 310 and 350 nm) and aryl
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amine (Amax = 260) moieties (Fig. 1C; Supplementary Figs. S2A-S2C). Because the #, of
the intermediate was longer than the elimination £, of TLZ, we were concerned that in vivo
clearance of an accumulated intermediate might compromise the pharmacokinetics of TLZ.
To mitigate this risk, we sought to modify the linker to increase the rate of collapse of the
Mannich intermediate.

It has been shown that strong electron withdrawing groups at the N-substituent stabilize a
Mannich base (15, 30). To promote breakdown of the intermediate, we reduced the electron
withdrawing ability of the N-substituent by changing the N-aryl group to a methoxyethyl
moiety. Stable N3-linker-TLZ conjugates 2C and releasable 2D bearing N-methoxylethyl
groups were prepared from the appropriate N-methoxyethyl-N-chloromethyl carbamates
1C,D and TLZ (Fig. 2).

Next, MPEGygkpa~TLZ conjugates 3C and 3D were prepared from 2C and 2D, respectively,
and mMPEGgkpa-DBCO as above by SPAAC. Conjugate 3C was stable at pH 5.0 to 9.4

at 37°C for over 1 week (Supplementary Fig. S3A). In contrast, TLZ was released from
conjugate 3D over pH 7.4to 9.4with kg = 5.1 £0.80M~1s72, or #, at pH 7.4 of ~150

hours (Supplementary Fig. S3B). Unlike the analogous N-aryl carbamate 3B, a Mannich
intermediate could not be detected by HPLC during release of TLZ.

For /n vivo studies, we prepared analogous stable and releasable 4-arm PEG4okpa~(TLZ)4
conjugates, 4C and 4D (Fig. 3). These conjugates have a four-fold higher drug capacity
than 3 and a polymer size optimized to retard renal elimination (13). PEG4gkpa~(TLZ)4 4D
was prepared in 65% yield by SPAAC reaction of N3-linker~TLZ 2D with PEG4qkpatetra-5-
hydroxylcyclooctyne [PEG4gkpa(SHCO)4]. The conjugate showed excellent stability at pH
1 and 5 with >95% remaining after 1 month at 37°C. At higher pH, TLZ was released in

a hydroxide-catalyzed reaction with kop = 4.8 M~1s71 between pH 7.4 and 9.4 and £, of
160 hours at pH 7.4 (Fig. 4A). During yield optimization of 2D, we observed formation

of variable amounts of a N-7 hydroxy methylated linker~TLZ byproduct, likely emanating
from the presence of formaldehyde during alkylation of TLZ by the linker. However, we
found the byproduct could be converted to 2D by treatment with acidic ethylene glycol

or its formation could be completely suppressed by quenching the alkylation reaction with
aqueous Tris pH 7.5 at -78°C.

Linker 2C was used to unambiguously assign the position of attachment of the linker to
TLZ at N2 by 2D NMR (COSY, HSQC, and HMBC; Supplementary Figs. S4-S6). In
addition, spectrophotometric titration of TLZ at pH 9 to 13 shows an increase in absorbance
at 310 and confirms a pKj; of 11.9 (Supplementary Figs. S7A and S7B). However, no
corresponding spectral change characteristic of the ionization of the phthalazinone was
observed for PEG~TLZ 4C (Supplementary Figs. S7C and S7D) supporting the structural
assignment of linker 2C. Finally, the linker could be coupled to olaparib (below), which has
only a single NH at the phthalazinone that could serve as the alkylation site.

Finally, olaparib—which contains only a single potentially ionizable NH at the
phthalazinone moiety—was alkylated with A-methoxyethyl- A-chloromethyl carbamates 1C
and 1D containing either a stable or releasable linker, respectively, via the approach used

Cancer Res. Author manuscript; available in PMC 2021 December 14.
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for TLZ. The Ns-linker~olaparib intermediates were then PEGylated by reactions with
MPEG,okpa-DBCO. Permanently linked olaparib was completely stable for 1 week at pH
7.4 and 9.6, 37°C (Supplementary Fig. S8A). In contrast, the olaparib conjugate with a
B-eliminative linker released the drug with extrapolated £, 235 hours at pH 7.4, 37°C, close
to that of the analogous TLZ conjugate 3D (Supplementary Fig. S8B).

Pharmacokinetics of PEG4okpa~(TLZ)4 4D in the mouse

In this work, we administered PEG4okpa™~(TLZ)4 by intraperitoneally rather than more
conventional intravenous administration of such macromolecular conjugates. However, once
in the central compartment the pharmacokinetics of intraperitoneally- and intravenously-
administered conjugates were essentially identical (Supplementary Fig. S9).

Figure 4B shows the Cversus ¢plots for intraperitoneally-administered 4D and the TLZ
released from 4D, and Table 1 provides pharmacokinetic parameters calculated from these
data. After a short absorption phase, #,  ~1.8 hours, 4Cand 4D reach identical Gy, values
in the central compartment and then diverge in concentrations as TLZ is released from

4D (Supplementary Fig. S9; Supplementary Table S3). We have previously shown that the
pharmacokinetics of a circulating releasable prodrug and the released drug is described by
ks = ki + k3 (13), where Ag is the observed elimination rate, 4; is the rate of linker cleavage,
and kg is the elimination rate of the prodrug. A £, 3 of 23 hours is obtained as the kb of

the stable conjugate 4C. From this, and the #,, g of 21 hours for 4D, the /n vivo linker
cleavage 4o, 1 was determined as ~200 hours, consistent with the /n vitro cleavage 4, of
160 hours at pH 7.4. The TLZ released from 4D has a 2,5 of 32 hours, and represents ~3%
of the concurrent concentration of the prodrug (a replicate experiment of 4D is reported in
Supplementary Fig. S10 and Supplementary Table S4).

Employing the reported pharmacokinetic parameters of TLZ in mice (31), we calculated
Cinax Values of ~200 nmol/L for every day and twice a day oral doses of TLZ used to

treat mouse xenografts (32), and about 270 nmol/L for the MTD of 0.25 mg (0.66 pumol/kg)
twice a day in tumor-free mice (32). The Gnax Of TLZ released from PEG4okpa™~(TLZ)4 is
~26-fold higher than the MTD of twice a day oral TLZ. With a £, for TLZ released from
PEG4okpa~(TLZ),4 of 32 hours, the concentration from a single effective dose of 30 umol/kg
PEG40kpa~(TLZ)4 exceeds Cpax 0r MTD concentrations of oral TLZ for 5 to 6 days yet
shows no toxic effects. Moreover, the AUCyyy of TLZ released from 4D is 30- to 40-fold
higher than that of every day oral TLZ and, remarkably, the AUCyyy is 18-fold higher than
the MTD of oral TLZ. Hence, mice are much more tolerant to TLZ slowly released from 4D
than to every day or twice a day oral dosing of free TLZ.

In vivo evaluation of PEG4gkpa~(TLZ)4

The HR-deficient KT-10 Wilms tumor PDX with a PALB2 mutation is highly sensitive to
TLZ (32, 33). Daily oral doses of 0.17 to 0.33 mg (0.43 to 0.87 pmol)/kg TLZ over 4
weeks produced complete responses (CR) that were maintained for a 12-week study period
(33). Cohorts of mice (= 5) bearing subcutaneous KT-10 tumors were treated with a
single intraperitoneal injection of PEGgxpa~(TLZ), 4D at 5 to 40 pmol/kg of (Fig. 5).1
Tumor volumes were measured weekly, and event-free survival (EFS) was calculated for
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each group, where the event was defined as doubling of the initial tumor volume on the first
day of treatment (25). Dosing 4D at 40 umol/kg caused an average ~17% weight loss at

day 7, but all animals recovered by day 14. The dose-dependent tumor growth responses and
Kaplan—Meier event-free survival distributions of 4D are shown in Fig. 5A and B; control
tumors had a median EFS of 4 days. With 4D at 5 pmol/kg TLZ, three tumors showed

slight regressions and the median EFS was 17 days with all tumors reaching the event. At 10
umol/kg, all tumors regressed >50% and showed a median EFS of 41 days with 4/5 tumors
reaching an event. At higher doses of 4D at 20 and 40 umol/kg, all tumors showed EFS

>8 weeks; there was complete regression with regrowth of four of five tumors in the group
treated with 20 pmol/kg and two of five tumors in mice treated with 40 umol/kg. The EFS
T/C for a dose of 4D at 10 umol/kg was 9.3, which qualifies it as a highly active agent
against this tumor (25).

Next, we treated mice bearing TLZ-sensitive BRCAI-deficient MX-1 tumors (8, 34) with
every day oral TLZ and single intraperitoneal injections of PEG4gkpa~(TLZ)4 4D (Fig. 5C
and D). Control tumors had a median 2x-EFS of 7 days and with 0.4 umol/kg TLZ there was
growth suppression for ~3 weeks, after which, tumors grew and reached median EFS at 35
days (Fig. 5D). Clearly, the MX-1 tumor is not as sensitive to TLZ as KT-10, which shows
maintained CRs over 12 weeks with only 0.1 mg/kg TLZ every day dosing (33). With 4D at
40 umol/kg TLZ, animals lost ~9% weight by day 8 and 2 of 5 died. The remaining 3 mice
regained their initial weight and did not show tumor outgrowth after as long as 50 days;

the censored deceased mice did not allow reliable EFS analysis. Mice tolerated single doses
of 4D at 5 to 30 umol/kg without weight loss. A dose of 4D at 13 pumol/kg resulted in a
median EFS of 31 days, which was similar to the 35-day EFS for free TLZ at 0.4 umol (0.15
mg)/kg/day. The EFS T/C of 4.4 for 4D at 13 umol/kg indicates the drug is highly active at
this low dose (25). Notably, when tumors in six control mice grew to ~1,200 mm3, treatment
with a single injection of 4D at 30 umol/kg resulted in almost complete regression of
tumors in the surviving 2 of 6 mice by 3 weeks (Supplementary Fig. S11A). The antitumor
effects of PEG4okpa™~(TLZ)4 4D were a consequence of the TLZ released from the prodrug
since a single dose of the stable PEG4qkpa~(TLZ)4 4C at 30 pmol/kg showed no tumor
growth inhibition (Supplementary Fig. S11B). Also, effects of 4D on MX-1 tumor growth
dose either intraperitoneally or intravenously were indistinguishable (Supplementary Fig.
S12). Thus, the relevant effects of PEG4qkpa™~(TLZ)4 are the same whether administered
intraperitoneally or intravenously.

We also examined the Ewing sarcoma TC-71 tumor, which is relatively resistant to daily
treatment with oral TLZ and shows low EFS activity (33). As expected, tumor growth was
not inhibited by 4D concentrations as high as 40 pmol/kg, and the EFS curves indicate
insignificant activity (Fig. 5E and F). Thus, a tumor which is not affected by frequently
administered oral TLZ is neither affected by the long acting PEG4qkpa~(TLZ)4 4D.

Finally, we treated an isogenic pair of DLD-1 BRCA™~ and DLD-1 BRCA2//"! wjith daily
oral TLZ at 0.87 umol/kg (0.33 mg/kg) or single intraperitoneal injection of PEG~TLZ.

1Each molecule of 4-arm PEG40kDa~(TLZ)4 conjugates contains four equivalents of TLZ but doses are reported as pmol TLZ in the
conjugate. For example, a dose of 40 umol 4D contains 40 pmol of TLZ.
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In the BRCAZ!~ tumor, one injection of PEG~TLZ 4D at 20 pmol/kg is equi-effective

in suppressing tumor growth as 21 daily doses of 0.87 umol (0.33 mg)/kg/day (Fig. 5G).
Median EFS was increased six-fold for animals treated with 4D at 10 umol/kg and 11- or
13-fold for animals treated with daily TLZ x 21 days or a single dose of 20 umol/kg 4D,
respectively (Fig. 5H). In contrast, the BRCAZreplete DLD-1 tumor is resistant to either
QD oral TLZ or IP PEG~TLZ (Fig. 51 and J); here, there is no increase in median EFS of
treated animals versus controls.

Tumor uptake and pharmacokinetics of PEGagkpa™~(TLZ)389Zr

As described for PEG4opa~(SN-38)389Zr (18), we prepared a surrogate of the stable 4C
that contained TLZ on three arms of four-arm PEG4oxpa and 89Zr on the other. Uptake

and associated kinetic parameters of the 89Zr-labeled nanocarriers were determined in the
MX-1 tumor and normal mouse tissues using WPET/CT imaging (Supplementary Fig. S13;
Supplementary Table S5) as described previously (18).The time-activity curves for normal
tissues showed high levels at early times due to perfused blood which, with exception of
liver, was followed by monophasic loss to background levels; in liver, the radioactivity
plateaued at about ~10% of the initial dose. In tumors, levels were initially low but increased
to ~10% of initial dose over several days and was eliminated with a very long #, of ~17
days.

Pharmacokinetic modeling of PEG40kpa~(TLZ)4 in the human

We previously described approaches for modeling the pharmacokinetics of drugs released
from a prodrug by B-eliminative linkers (13, 17). To estimate the #, g of the circulating
prodrug and the released drug, one needs to assign the rate of linker cleavage, 4i, the rate

of elimination of the prodrug, A3, and the pharmacokinetics of the free drug in the species

of interest. The elimination #, 3 of PEG4okpa in humans is ~6 days (35) and, as with
PLX038, a PEG4okpa™(TLZ)4 prodrug with 7 vivo cleavage #, 1 of ~12 days in humans
should provide TLZ with a t1/> g ~4 days. We used the pharmacokinetic parameters of

free TLZ in humans (22), and assumed that continuous exposure of PARP between thel10
nmol/L Gyin and the 55 nmol/L Gy,x—the therapeutic window—is required for efficacy.
Perhaps coincidentally, the 10 nmol/L Gy of TLZ in the human is essentially the same

as the 12 nmol/L Gy, of the most effective 0.165 mg/kg ever day dose of TLZ in mice

(8). Simulations show that every 2 weeks administration of PEG4qxpa~(TLZ)4 prodrug
containing 50 mg TLZ to humans would give a steady state concentration of TLZ that is
always above Cyin and within the efficacy/tolerability boundaries defined withdailyl mg
TLZ (Fig. 6). It should be possible to increase the dose of Q2Wk PEG4gkpa~(TLZ)4 1.7-fold
and still maintain TLZ within the presumed therapeutic window which would increase tumor
exposure and could increase efficacy.

Discussion

The objective of this work was to develop a long-acting prodrug of TLZ that benefits

from improved pharmacokinetics and pharmacology. The specific aims were to (i) develop
chemistry that enables attachment of TLZ to long-lived carriers via B-eliminative linkers, (ii)
determine the pharmacokinetics of PEG~TLZ in mice, (iii) ascertain its antitumor activity
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in mouse xenografts, and (iv) design a PEG~TLZ prodrug with pharmacokinetics optimized
for human use.

We first developed chemistry that allows attachment of linkers to TLZ. The drug has

a phthalazinone moiety with a pK; of ~12 at the 2-NH, which we targeted as a

potential attachment site. We first coupled the conjugate base of TLZ with N-aryl-N-
chloromethyl carbamates to provide both stable and p-eliminative releasable azido-linker—
TLZ conjugates. After attachment to mPEGyqkpa, the conjugate with the permanent linker
was stable at pH 5 to 9.4, whereas that with the Mod = MeSO,- B-eliminative linker released
TLZ with a £ of ~80 hours at pH 7.4. However, a relatively stable N-arylamino Mannich
base intermediate formed during TLZ release due to the high pKj of the leaving group and
low pKj of the N-substituent (15, 30).

To avoid possible consequences of an accumulated intermediate, we prepared a linker
containing a weaker electron withdrawing N-carbamate substituent—methoxyethyl—which
was predicted to promote rapid collapse of the Mannich base intermediate (15, 30). We
attached a stable linker containing a N-methoxyethyl carbamate to TLZ and unambiguously
showed it resided at N2. We then prepared the releasable MPEG,qxpa™~TLZ conjugate with
a N-methoxyethyl carbamate and MeSO,- modulator. TLZ was released with a £, of ~160
hours at pH 7.4 but, in contrast to the analogous N-aryl carbamate, no intermediate was
detected during drug release. Finally, we prepared the analogous 4-arm PEG4gkpa~(TLZ)4
conjugate 4D to optimize the drug capacity and renal elimination rate of the conjugate for
anticipated /7 vivo studies.

The #5 g of PEG40kpa™~(TLZ)4 in the mouse was ~20 hours and the £, g of the released
TLZ showed a £, of ~30 hours. Remarkably, the TLZ released from a single, safe, and
effective dose of 30 pmol/kg of the prodrug gave a Cnpax that exceeded the Gy, for the
MTD of twice every day oral TLZ by about 30-fold, and remains above the MTD Gpax Of
oral TLZ for ~5 days. Likewise, the AUC of the released TLZ from a single effective dose
of the prodrug was ~30- to 40-fold higher than efficacious daily or twice every day oral
TLZ over 1 week, and showed ~20-fold higher weekly AUC than that for twice a day oral
TLZ at its MTD. These results clearly show that mice are much more tolerant to TLZ slowly
released from PEG4qkpa~(TLZ)4 than to every day or twice a day oral dosing of free TLZ.

It has recently been proposed (36) that the ratio of the average steady state concentration
(Css) to in vitro cell potency (ICsp) of anticancer agents can be used to guide dosing

in humans. Here, some 25 therapies showed a median Cgs/ICsq of 1.2, indicating a
relatively narrow therapeutic window where higher doses are not tolerated, and lower
doses result in insufficient target engagement. However, drugs that have a high Cy/1Csq
can be administered at higher doses, and lower doses may provide similar efficacy with a
more favorable toxicity profile. Every day oral TLZ showed a Css/1Csgq of 1, indicating a
narrow therapeutic window; however, with a Css/ICsq of ~30 to 40, the TLZ released from
PEG~TLZ achieves a much higher Css. Hence, we posit that the exposure of TLZ released
from the prodrug could be substantially increased over the Cys of daily oral TLZ to achieve
increased efficacy without increased toxicity.
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We tested the antitumor effects of the PEG4qkpa~(TLZ)4 against TLZ-resistant and HRR-
defective TLZ-sensitive mouse xenografts. As expected, the TLZ-resistant Ewing sarcoma
TC-71 tumor (33) was unresponsive toward the TLZ prodrug. In contrast, KT-10, a HRR-
defective, TLZ-sensitive Wilms tumor PDX with a frameshift mutation in PALB2 (33),
MX-1, a BRCAI-deficient TNBC (8, 34) and DLD-1 BRCAZ~, a BRCA2-deficient colon
cancer, were highly sensitive to every day oral TLZ or a single injection of PEG4okpa™
(TLZ)4. In contrast to DLD-1 BRCAZ™!=, DLD-1 BRCA2*"™ an isogenic BRCA2-replete
tumor, was completely resistant to both every day TLZ and single dose PEG~TLZ. Hence,
HRR-defective tumor lines—epitomized by tumors deficient in BRCA1/2—are highly
sensitive to single dose PEG4okpa™~(TLZ)4.

Although the £1/2 g of PEG4okpa~(TLZ)4 is 1 day and the ty/o g of free TLZ is only 3 hours
in the mouse (31), a single nontoxic dose of the prodrug suppressed growth of susceptible
tumors for 1 month or more and, in many cases, resulted in maintained complete responses.
The long-acting antitumor effects of PEG4qkpa~(TLZ)4 Were clearly due to the released
TLZ, since the stable surrogate of the TLZ prodrug, 4C, showed no activity. In general,

the amount of TLZ in a single efficacious dose of the PEG4gkpa~(TLZ)4 conjugate was
equivalent to the same amount of free TLZ administered in divided daily doses for 4 or
more weeks. Although we did not investigate multidose scheduling, the data suggest that
administration of PEG4qkpa~(TLZ)4 once every month should be sufficient to suppress
tumor growth for extended periods.

We pondered why the antitumor effects of a single injection of PEG4gkpa™~(TLZ)4 in
PARPI-sensitive mouse xenografts are so long lasting. First, the very high concentrations
over prolonged periods achieved by the released TLZ should have profound antitumor
effects—much greater than daily free TLZ. Second, tumor cells may become significantly
more sensitive to a drug as a function of the time of exposure (37, 38) and, indeed, the
inhibitory potency of TLZ towards chronic lymphocytic leukemia increases after a short
pretreatment with the drug (39); the lower drug concentration requirements of a sensitized
tumor could counter the reduced TLZ concentration that occurs over time. Finally, the large
prodrug accumulates and is retained in tumors, slowly releasing its cargo in the tumor
environment over long periods. Indeed, as observed with an analogous prodrug of SN-38
(18), the surrogate stable PEG4oxpa~(TLZ)389Zr conjugate has a high accumulation of 10%
of the initial dose/mL in the MX-1 xenograft, and very long efflux ty, of 17 days.

Using the pharmacokinetic parameters for TLZ in humans (22), and approaches for
pharmacokinetic modeling of circulating macromolecular prodrugs (17), we simulated

the pharmacokinetics of PEG4oxpa~(TLZ)4 conjugates in humans. Importantly, PEG4okpa
prodrugs have a much longer lifetime in humans than mice because the renal elimination
of the prodrug is much longer—=#,, ~6 days versus <1 day, respectively. We estimated
that Q2Wk dosing of appropriate amounts of a PEG4qkpa~(TLZ)4 prodrug having an in
vivorelease fi5 1 of 12 days could maintain TLZ within its known therapeutic window and
cause the needed continuous inhibition of PARP. Moreover, if—as in the mouse—the TLZ
released from PEG4gkpa~(TLZ)4 is more tolerable than daily TLZ, it should be possible
to achieve higher levels of TLZ with concomitant higher tumor exposure and consequent
higher efficacy. An EPR effect of the prodrug—as observed in mouse tumors with such
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nanocarrier conjugates—should not be essential for its efficacy in the human but, if present,
would provide additional therapeutic benefits of passive tumor targeting. Hence, we posit
that every 2 weeks dose of a properly designed intravenously-administered PEG4okpa™
(TLZ)4 would be at least as efficacious and possibly superior to daily oral TLZ in humans.

If tumor accumulation and retention of PEG4qkpa~(TLZ)4 in @ human tumor occurs to

the extent it does in the mouse MX-1 xenograft, the effects could provide additional
advantages to the prodrug. For example, the EPR effect helps surmount PARPi-resistance
in HRR-deficient mouse tumors that overexpress drug efflux transporter P-glycoprotein
(40). In the same model, a releasable PEG~SN-38 akin to PEG4qkpa~(TLZ)4 Overcomes
drug efflux by concentrating in the tumor and causing a high drug concentration gradient
opposing drug efflux (41). Another benefit of a tumor-targeted PARPi prodrug with a long
tumor efflux £, might be the avoidance of toxicities of combinations with a DNA damaging
agent using a “gapped-schedule” approach (42). Here, the tumor would be first loaded via
EPR with the long-acting PEG4okpa~(TLZ)4, Which is then allowed to clear from normal
tissue; then, the DNA damaging agent would administered within a time window when

the PEG4kpa~(TLZ), is retained in the tumor but not normal tissue. The gapped-schedule
ensures that when the DNA-damaging agent is introduced, the tumor remains loaded with
the PARPI while normal tissue including bone marrow has been cleared of the inhibitor and
hence less susceptible to toxicities of the combination.

An intravenously-administered long-acting PEG4okpa~(TLZ),4 could offer an important
therapeutic option in patients with PARPi-sensitive tumors for whom every day oral

drug administration may be impractical, intolerable, or less effective—as exemplified

by the following. (i) Orally administered PARPi may not be tolerable in patients with
gastric, pancreatic, or hepatic cancer who have had surgical procedures and experience
malabsorption or dumping syndrome. (ii) Functional bowel obstruction in the setting of
peritoneal carcinomatosis following metastasis of pancreatic, ovarian, stomach, or colon
cancers may not allow oral absorption of drugs. (iii) Patients with head and neck squamous
cell carcinoma with esophageal strictures may not be able to swallow oral medications.
(iv) PARPI themselves and drug combinations—in particular, with DNA damaging agents
—can cause significant nausea and vomiting leading to a risk of missing doses of an

oral PARPI. (v) Finally, an intravenously-administered PEG-PARPI prodrug might provide
higher exposure of certain tumors to the released drug than frequent oral administration of
the free PARPI. For example, in addition to systemic treatment of a BRCA1/2 deficient
primary breast tumor, PEG4gkpa~(TLZ)4 is the ideal size nanomedicine to accumulate in
early-stage brain metastasis (43), where it could serve as a slow releasing reservoir of the
PARPI. Supporting this is the observation that NKTR-102—a PEGyqxpa~CPT-11 prodrug
similar to PEG4okpa~(TLZ)s—accumulates in brain metastases from breast cancer and
slowly releases CPT-11 in the tumor microenvironment (44). Thus, in certain situations an
intravenously-administered PARPI prodrug could have significant benefits over an orally
administered PARPI.

In summary, we have developed a novel method of conjugating linkers to the phthalazinone
moiety of PARPI inhibitors such as TLZ and olaparib. We prepared a PEG49kpa™~(TLZ)4
prodrug that provides TLZ with a long in vivo &, g of ~30 hours and extremely
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high exposure in the mouse—far surpassing those achievable with daily oral TLZ. In
mouse xenografts of tumors with defective HRR, a single nontoxic dose of PEG4qkpa™
(TLZ)4 suppresses tumor growth for about one month, and is equi-effective to daily
administration of TLZ over that period. We suggest that the long-lasting effect is due to

the long &2 of PEG4okpa~(TLZ)4, the remarkably high exposure of TLZ released from

the prodrug, increased sensitivity of the tumor upon continued drug exposure, and/or tumor
accumulation of the macromolecular prodrug with local drug release. Finally, using known
pharmacokinetic parameters of TLZ in humans, we designed a long-acting PEG~TLZ

for human therapeutics that may be superior to daily oral TLZ, and would be useful for
treatment of PARPI-sensitive cancers in which oral medications are poorly tolerated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

A, Structures of the four approved PARPI. Heteroatoms compatible with covalent attachment
to B-eliminative linkers are indicated in red. B, General mechanism for release of amine
containing drugs mediated by p-elimination. C, Schematic showing the strategy for
conjugation and mechanism of release of drugs containing poorly nucleophilic heteroatoms
such as the phthalazinone of TLZ. Here, the R1 group stabilizes the carbamate favoring the
B-eliminative pathway over spontaneous Sy1-mediated release.
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Figure 2.
Preparation of PEGygkpa~TLZ conjugates 3A,B bearing an N-aryl stabilizing group and

3C,D bearing an N-alkyl stabilizing group.
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Figure 3.
Preparation of PEG4qkpa~(TLZ)4 conjugates 4C and 4D.
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Figure 4.
In vitroand in vivo characterization of 4D. A, /n vitro release of TLZ from PEGaqkpa™

(TLZ)4 4D at pH 9.4 (@), pH 8.4 (W), pH 7.4 (A), pH 5.0 (¥), and pH 1.1 (#) at 37°C;
inset is the pH-log Agpsq plot for TLZ release, m= 1.00, R2 =0.998. B, Plasma Cvs. tplot
for PEG-TLZ conjugate 4D (®) and released TLZ (M) after an intraperitoneal dose of 30
umol/kg in mice. Data are mean + SD.
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Vehicle

PEG~TLZ 40 pymol/kg
PEG~TLZ 20 pmolkg
PEG~TLZ 10 umolkg
PEG~TLZ 5 pmol/kg

TLZ orally every day for 28 days
0.43 pmol/kg twice a day M-F +
0.87 pmol/kg SID Sa-Su

trted

Vehicle
PEG~TLZ 40 pmol/kg

PEG~TLZ 13 pmol/kg
TLZ every day 0.4 pmol/kg

b

Vehicle

PEG~TLZ 5 pmol/kg
PEG~TLZ 10 pmol
PEG~TLZ 20 pmolikg

TLZ orally every day for 28 days
(0.165 mg/kg twice a day
or 0.33 mg/kg SID)

Fted

Vehicle

PEG~TLZ 20 pmol/kg

PEG~TLZ 10 pmolkg

TLZ orally every day for 21 days 0.87 pmol/’kg

-o- Vehicle

=+ PEG~TLZ 20 pmol/kg

=%~ PEG~TLZ 10 pmol/kg

-4 TLZ orally every day 0.87 pmol/kg

Antitumor effects of PEG4okpa™~(TLZ)4, 4D. Response of KT-10 (A and B), MX-1 (C and
D), TC-71 (E and F), DLD-1 BRCAZ~ (G and H), and DLD-1 BRCA2¥/! (| and J)
xenografts to 4D. Relative tumor volume mean + SEM vs. (A, C, E, G, and ) and %

EFS over study duration (B, D, F, H, and J), where an event is a two-fold increase in tumor
volume from day 0. On d'= 0, mice (n=5 for A, C, and E; 8 for G; and 7 for I) received

a single intraperitoneal dose of vehicle, or 4D or every day doses of TLZ. In D, two mice
treated with 40 umol/kg 4D were censored at &= 8 because of death, and the remaining
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three did not reach event. Primary data in A and E for TLZ are from ref. 33. In G, three mice
treated with 4D at 20 pmol/kg died by day 14 and at 10 umol/kg two mice died by day 19.
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Figure®6.

Simulation of the pharmacokinetics of a PEG4qkpa~(TLZ)4 With a release 4, of 12 days
in humans at steady state. Cvs. ¢plots of simulated pharmacokinetic parameters of 1 mg

every day TLZ (22) and TLZ released from every 2 weeks 50 mg (—) or 84 mg (- - -)

PEG4okpa™~(TLZ)3.
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Table 1.

Pharmacokinetic parameters of PEG~TLZ 4D and TLZ in the mouse.”

TLZ,oraIb 4D, intraperitoneal TLZ from 4D

Dose, mmol/kg 0.87 every dayc 0.66 twice a dayd 30
C max 0.21 0.27 260 + 28 70+1.1
b o, hours N/A N/A 22+04 N/A
42,8, hours 3 3 21+1 32+3
t21, hours N/A N/A 200 N/A
t2,2, hours N/A 3_017
fyp.3, hours N/A N/A 236' N/A

6.3 15 11,000 270

AUC\y, umoI/L-hf

laErrors are = SE.
b .

Calculated using data from ref. 31.
CEvery day dose used here and in ref. 8.
dReported MTD in tumor-free mice (32).

eVaIue based on #1/2,8 of 4C (Supplementary Fig. S9; Supplementary Table S3).

fOn the basis of AUC(Q—-24h for PO TLZ and AUCQ-120h for 4D and TLZ released from 4D.
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