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Abstract

Chemotherapy is almost exclusively administered via the intravenous (IV) route, which has
serious limitations (e.g., patient discomfort, long hospital stays, need for trained staff, high
cost, catheter failures, infections). Therefore, the development of effective and less costly
chemotherapy that is more comfortable for the patient would revolutionize cancer therapy.
While subcutaneous (SC) administration has the potential to meet these criteria, it is
extremely restrictive as it cannot be applied to most anticancer drugs, such as irritant or
vesicant ones, for local toxicity reasons. Herein, we report a facile, general and scalable
approach for the SC administration of anticancer drugs through the design of well-defined
hydrophilic polymer prodrugs. This was applied to the anticancer drug paclitaxel (Ptx) as a
worst-case scenario due to its high hydrophobicity and vesicant properties (two factors
promoting necrosis at the injection site). After a preliminary screening of well-established
polymers used in nanomedicine, polyacrylamide (PAAm) was chosen as a hydrophilic
polymer owing to its greater physico-chemical, pharmacokinetic and tumor accumulation
properties. A small library of Ptx-based polymer prodrugs was designed by adjusting the
nature of the linker (ester, diglycolate and carbonate), and then evaluated in terms of
rheological/viscosity properties in aqueous solutions, drug release kinetics in PBS and in
murine plasma, cytotoxicity on two different cancer cell lines, acute local and systemic
toxicity, pharmacokinetics and biodistribution, and finally their anticancer efficacy. We
demonstrated that Ptx-PAAmM polymer prodrugs could be safely injected subcutaneously
without inducing local toxicity while outperforming Taxol, the commercial formulation of

Ptx, thus opening the door to the safe transposition from IV to SC chemotherapy.



Introduction

Due to population growth and aging, the number of new cancer cases is expected to increase
by approximately 70 % over the next 20 years."? As a result, not only will more and more
patients have to deal with cancer, but hospital organization will be strained while patients and

34 In addition, since

health care systems will face an increasing financial burden.
chemotherapy is mostly administered intravenously (IV), it is usually accompanied by severe
limitations that are directly responsible for patient discomfort and the high cost of cancer
treatments: (i) injectable formulations must be prepared in chemotherapy reconstitution units;
(i1) administration must be performed by qualified workers at the hospital, often via a central
IV route that requires an implantable chamber; (iii) the patient must stay at the hospital during
treatment to be monitored for an early detection of infusion-related toxicities and (iv) catheter
failures and life-threatening infections often occur.®” Therefore, the development of effective
chemotherapy that is more comfortable and less dangerous for the patient and also less costly,
to significantly decrease the financial burden on patients and health care systems, represents
an urgent and unmet clinical need.

To address this challenge, one can turn to the area of subcutaneous (SC) injectables,
which have key advantages over the IV route.® SC administration is indeed much more
comfortable for the patient than IV administration, as it is less invasive and easy to
implement.® Also, no hospital stay is required, making home chemotherapy and even self-
administration possible.”® Compared to the oral route, SC administration offers superior
bioavailability (>80 %), faster and better controlled absorption of the drug, drastically reduced
compliance problems and lower variability between patients.™

The technologies currently developed for the SC administration of small
drugs/therapeutic proteins are mainly based on either their direct administration,**** with

strategies to increase their aqueous stability (e.g., cyclodextrins, Biochaperone)**** or SC



injection volume (e.g., hyaluronidase),™*®

or on the injection of drug-loaded nanoscale
systems (e.g., hydrogels, nanoparticles, liposomes, lipid prodrugs).”*® However, these
approaches cannot be applied to the vast majority of anticancer drugs. The field of SC
injectables for cancer therapy is indeed extremely restricted,™* because most anticancer drugs
(including very effective ones such as taxanes, vinca alkaloids, doxorubicine, etc.) are irritant
or vesicant. They induce prohibitive local toxicity such as severe irritation and necrosis,?
which are triggered by their prolonged retention in SC tissue due to their high lipophilicity.
Anticancer drugs are thus repeatedly internalized by SC cells, causing their death and
preventing the healing process.?®

Herein, we report the first preclinical development of a general strategy for the SC
administration of irritant/vesicant, anticancer drugs. Our idea is based on the design of water-
soluble polymer prodrugs comprising one anticancer drug molecule attached at the extremity
of a well-defined, water-soluble polymer chain (Figure 1a). To demonstrate the proof of
concept, we chose paclitaxel (Ptx), a representative hydrophobic irritant/vesicant anticancer
drug widely used in the clinic. After a preliminary screening of different well-established
polymers used in nanomedicine, polyacrylamide (PAAm) was selected owing to its favorable
physico-chemical, pharmacokinetic and tumor accumulation properties. PAAmM is an

uncharged, highly water-soluble and biocompatible polymer, %

with stealth properties and
also employed as permanent dermal filler (Aquamid®).%° It thus fully meets the criteria for
SC administration as recommended by Mrsny.”” Ptx was bound to PAAm via a cleavable
linker positioned on its C2’ hydroxyl group,?® resulting in inactive Ptx-based prodrugs (Figure
1b). The prodrugs’ characteristics thus: (i) prevent early release of the drug into the SC tissue;
(i) promote their diffusion throughout the SC tissue and absorption into blood/lymph

capillaries to yield high bioavailability and (iii) allow the drug to be released into the

bloodstream where it can exert its therapeutic activity (Figure 1c).
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Figure 1. (a) Schematic representation of the water-soluble polymer prodrug used in this work. (b)
Chemical structure of paclitaxel-linker-polyacrylamide (Ptx-linker-PAAm) polymer prodrugs with
three different linkers (i.e., ester, carbonate and diglycolate). (c) Subcutaneous administration of an
aqueous solution of Ptx-polymer prodrugs (1), followed by their absorption by the blood/lymph

vessels (2) and release of Ptx after linker cleavage (3).

We showed that our strategy is safe as no local toxicity was observed. Precise tuning of the
prodrug structure also allowed us to greatly decrease the peak drug concentration (Cmax),
responsible for systemic toxicity,”® while achieving sustained drug exposure. Importantly, our
approach enabled a 3-fold increase of the maximum tolerated dose (MTD) and therefore a
greater anticancer efficacy when benchmarked against IV-administered Taxol, the most

common commercial formulation of Ptx.



Experimental section

Materials

Acrylamide (AAm, > 99 %) was purchased from Sigma-Aldrich and recrystallized from
chloroform. Azobisisobutyronitrile (AIBN, 98 %) was purchased from Sigma-Aldrich and
recrystallized from ethanol. Hydroxypropyl methacrylamide (HPMA, 99 %), oligo(ethylene
glycol) methyl ether methacrylate (OEGMA, M, ~ 300 g.mol™), 2-methacryloyloxyethyl
phosphorylcholine (MPC, 97 %), 4-cyano-4-[(ethylsulfanylthiocarbonyl)sulfanyl]pentanoic
acid (95 %, CEP), 4-cyano-4-[(dodecylsulfanylthiocarbonyl)-sulfanyl]pentanoic acid
(CDSPA, 97 %), 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanol (CDP), N-
hydroxysuccinimide (NHS, 98 %), 4-dimethylaminopyridine (> 96.5 %, DMAP), 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (> 98 %, EDC.HCI), diglycolic
anhydride (> 96.0 %), triethylamine (TEA, 99 %), RPMI-1640 cell culture medium, insulin
from bovine pancreas, Eagle's Minimum Essential Medium (EMEM) and Dulbecco's
Modified Eagle Medium/Nutrient Mixture F-12 HAM (DMEM F-12 HAM) were purchased
from Sigma-Aldrich and used as received. Cyanine 5.5 (Cy5.5) was purchased from
Lumiprobe and used as received. MeO-PEG-NHS (M, = 23 000 g.mol™) and MeO-PEG-
COOH (M, = 23000 g.mol™) were purchased from Iris Biotech and used as received.
Paclitaxel (Ptx) was purchased from Carbosynth, [*H]-Paclitaxel (3 Ci.mmol™, 1 mCi) was
purchased from Moravek both used as received. Ptx-diglycolate-CDP was synthesized as
described elsewhere.*® Deuterium oxide (D,0), deuterated chloroform (CDCl3) and deuterated
dimethyl sulfoxide (de-DMSQO) were obtained from Eurisotop. Taxol was purchased from

Fresenius Kabi France. All solvents were purchased from Sigma-Aldrich at the highest grade.



Analytical methods

Nuclear magnetic resonance (NMR) spectroscopy. *H NMR and **C NMR spectroscopy of
small molecules was performed in 5 mm diameter tubes in deuterated chloroform (CDCl3) on
a Bruker Avance 300 spectrometer operating at 300 MHz (*H) or 75 MHz (*3C) at room
temperature. 'H NMR spectroscopy of polymers was performed on a Bruker Avance 3 HD
400 spectrometer operating at 400 MHz in 5 mm diameter tubes: (i) in ds-DMSO (70 °C, 128
scans) or in D,0O (70 °C, 128 scans) for PAAm-based polymers; (ii) in D,O (70 °C, 128 scans)
for NHS-PMPC, NHS-PHPMA and NHS-POEGMA polymers and (iii) in CDClI; (25 °C, 128
scans) for Ptx-PEG polymer.

Size exclusion chromatography (SEC). SEC was performed on a set-up from Viscotek
(TDAmax) composed of a TDA 305 Triple Detector Array containing a differential
viscometer, a right-angle laser-light scattering (90°, RALLS) detector, low-angle laser-light
scattering (7°, LALLS) detector and refractive index (RI) detector. The chromatographic
column set consisted of a guard column (PL, 50 x 7.5 mm) followed by two columns (PSS
Gram, 300 x 8 mm; bead diameter 10 um; molar mass range 500-10° g.mol™). The system
was equipped with a triple detection system (Viscotek TDA/GPCmax from Malvern)
comprising a differential refractive index detector, low and right-angle light scattering
detectors, a differential viscometer detector and a UV detector. The GPCmax was composed
of an on-line degasser and a dual piston pump set at a flow rate of 0.7 mL.min* with DMSO
as the eluent, previously filtered through a 0.2 um filter. The TDAmax was thermostated at
50°C. The system was calibrated using a narrow pullulan standard and each polymer sample
was injected at 5 different injection volumes to determine the refractive index increment
(dn/dc = 0.057 mL.g™). Before the injection (100 L), the samples were filtered through a

polytetrafluoroethylene (PTFE) membrane with 0.2 um pore. This allowed the molar mass



(My sec) and the dispersity (B = My/M,) of the polymers to be determined by triple detection
using the OmniSEC software version 4.6.1.354.

Rheological measurements. All rheological measurements were carried out on a rotational
rheometer ARG2 (TA instruments, New Castle, USA). The geometry was an aluminum
plate/plate (diameter 20 mm) equipped with a solvent trap. The TRIOS software was used for
data analysis. Flow properties of the prodrugs were determined at 20 °C by a stress sweep.
After a 2-min equilibration time, the shear rate was increased gradually from 10 to 1000 s™.
Injectability. Injectability tests were carried out using a custom-built device described
previously.®! This device was coupled to a texture analyzer TAXT2 (Stable MicroSystems,
Godalming, UK) in compression mode which was equipped with a force transducer calibrated
with a 30 kg sensor. 400 pL of solution are taken in a 1-mL syringe (MeritMedical,
Medaillon® Syringe, USA) which is then fitted with a 26 G x '4’” needle (0.45 X 12 mm,
Terumo Neolus, Japan) before injection at a 1 mm.s™ rate.

Fluorescence imaging. Fluorescence was monitored using an IVIS Lumina LT series Il
(PerkinElmer, USA) imaging system. Filters were selected according to the Cyanine 5.5
emission and excitation spectra (640 nm excitation; 695—770 nm emission filter). The imaging
signals were analyzed using the Living Image software (PerkinElmer, USA). The tumors were
selected as region of interest (ROI) and the same ROI in the contralateral anatomical region
were selected as non-specific background signals. The ratio of the total radiant efficiency of
the tumor ROI to the background ROI is calculated and allows comparison of the different
polymers by normalizing to the amounts of fluorescence injected.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS). Liquid chromatography
conditions were as follows: Cig (HILIC) column (Nucleodur, EC 125/2, 100-5-C18,
Macherey-Nagel, Hoerdt, France). Mobile phase: acetonitrile/water (50/50) with formic acid

0.1 %; run time: 8 min; flow rate: 0.3 mL.mL™. ESI-MS/MS Analyses were performed on a



triple quadrupole mass spectrometer detector (TQD) with electrospray ionization (ESI)
interface (Quattro Ultima, Waters, Guyancourt, France). Electrospray and mass parameters
were optimized by direct infusion of pure analytes into the system. ESI parameters: capillary
voltage 3.5kV, cone voltage 35V, source temperature 120 °C desolvation temperature
350 °C, with a nitrogen flow of 506 L.h™. Mass parameters: transitions were monitored as
follows Ptx 854/286; Ptx-ds 859/291. Calibration: Calibration curve was linear in the range 5—
1000 ng.mL'1 (y = 0.0047.x + 0.0838; Rz = 0.9936 in PBS and y = 0.0052.x - 0.0131; R? =
0.9949 in mouse plasma).

Synthesis

Synthesis of NHS-CEP. In a 250-mL round bottom flask, CEP (7.6 mol, 2.0 g), and NHS
(9.12 mol, 1.05 g) were dissolved in DCM (150 mL). The mixture was sonicated for 3.5 min
in an ultrasonic bath. A solution of DCC (7.61 mmol, 1.5715 g) in DCM (40 mL) was added
dropwise at 0 °C. The reaction mixture was stirred overnight at room temperature. A white
precipitate was observed, which was filtered off. The impurities were eliminated by extraction
with water. The organic layer was evaporated and then the crude was triturated with diethyl
ether. The product was crystallized from DCM/cyclohexane (1:1) to give a yellow powder.
Yield = 66 %. *H NMR (300 MHz, CDCls): & 3.38 (q, J = 7.4 Hz, 2H), 3.05-2.78 (m, 6H),
2.77-2.45 (m, 2H), 1.93 (s, 3H), 1.40 (t, J = 7.4 Hz, 3H)."*C NMR (75 MHz, CDCl3): &
216.30, 168.72, 167.00, 118.60, 46.00, 33.70, 33.20, 31.42, 26.84, 25.55, 24.85, 24.75, 12.67.
HRMS (M+H)": 361.0347; found: 361.0350.

Synthesis of NHS-PAAm. In a 25-mL round bottom flask, AAm (46 mmol, 3.279 g), NHS-
CEP (0.165 mmol, 59.3 mg), AIBN (0.033 mmol, 5.5 mg) were dissolved in DMSO (11.5
mL). The mixture was degassed with argon for 15 min under vigorous stirring before being
placed in a 70 °C-preheated oil bath for 24 h under stirring. After the reaction, the polymer

was precipitated twice in methanol (MeOH). The polymer was further solubilized in de-



ionized water and placed in a 3.5 kDa Spectra/Por 3 dialysis bag for dialysis against de-
ionized water for 3 days, with dialysis water changed twice per day. The dialysate was then
freeze-dried to yield a white yellowish solid (NHS-PAAM® ¥). Yield = 66 %. *H NMR (400
MHz, D,0): & 3.45 (CS,-CH,-CHj) 2.65-2.05 (CH,-CH(CONH,)), 2.05-1.41 (CH,-
CH(CONHy)), 1.40-1.27 (CS,-CH2-CH3s). My,nmr (D20) = 19 800 g.mol'1 (by using the 2H
from CS,-CH,-CHj3 at 3.45 ppm and the methine and methylene protons from AAmM). M sec =
30200 g.mol™, D =1.2.

The same procedure was adapted as follows to target different molar masses: NHS-
PAAM’®* [AAm (13 mmol, 0.924 g), NHS-CEP (0.1 mmol, 34.5 mg), AIBN (0.02 mmol,
3.2 mg) and DMSO (3.25 mL), reaction time: 2 h. Mynmr = 7 000 g.mol™, Yield = 70 %] and
NHS-PAAM*? ¥ [AAm (13 mmol, 0.924 g), NHS-CEP (0.2 mmol, 71 mg), AIBN (0.04
mmol, 6.5 mg) and DMSO (3.25 mL), reaction time: 2 h. My nmr = 4 200 g.mol™, Yield = 50
%].

Synthesis of Cy5.5-PAAm. In a 25-mL round bottom flask, NHS-PAAmM? ¥ (0.025 mmol, 503
mg, 1 eq) was dissolved in DMSO (7.5 mL). The mixture was then heated until it becomes
completely soluble and bubbled with argon for 5 min. In a separate 10-mL vial, Cy5.5 (0.029
mmol, 19.35 mg, 1.2 eq) and TEA (7.64 pL, 2 eq) were dissolved in DMSO (3 mL). The
resulting solution was then added dropwise to the former one. The mixture was let under
magnetic stirring for 24 h at room temperature in the dark and then precipitated in cold MeOH
(200 mL). The product was filtered off, dissolved in de-ionized water and placed in a 3.5 kDa
Spectra/Por 3 dialysis bag for dialysis against de-ionized water for 3 days, with dialysis water
changed twice per day. The dialysate was then freeze-dried to give a blue powder Cy5.5-
PAAM? X Yield = 25 %. The Cy5.5 content was determined to be 1.44 mol % by UV

spectroscopy.
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The same procedure was adapted as follows to the synthesis of Cy5.5-PAAM’® ¥

[NHS-PAAM"? ¥ (0.01 mmol, 0.150 g) in DMSO (2.5 mL), Cy5.5 (0.018 mmol, 14.0 mg)
and TEA (4.5 pL) in DMSO (1 mL). Yield = 95 %. Cy5.5 content: 0.05 mol %] and Cy5.5-
PAAM*? ¥ [NHS-PAAM*2 * (0.08 mmol, 0.40 g) in DMSO (6.0 mL), Cy5.5 (0.05 mmol,
40.0 mg) and TEA (24 pL) in DMSO (6.2 mL). Yield = 90 %. Cy5.5 content: 0.03 mol %].
Synthesis of NHS-POEGMA. In a 10-mL vial, AIBN (2.0 mg, 0.012 mmol), CEP-NHS (14.7
mg, 0.041 mmol) and OEGMA (770.2 mg, 0.81 mmol) were dissolved in DMF (1.3 mL). The
vial was closed with a rubber septum and the mixture was degassed under argon bubbling for
15 min, followed by magnetic stirring for 24 h at 70 °C. The mixture was then precipitated in
cold diethyl ether:petroleum ether (1:1). The product was filtered off, dissolved in de-ionized
water and placed in a 3.5 kDa Spectra/Por 3 dialysis bag for dialysis against de-ionized water
for 3 days, with dialysis water changed twice per day. The dialysate was then freeze-dried to
give a yellowish oil. Yield = 42 %. *H NMR (400 MHz, D,0): & 4.31-4.03 (COO-CH,-CH,),
3.89-3.50 (O-CH,-CH,-0), 3.42-3.31 (O-CHg), 2.32-1.68 (CH,-C(COO0)(CHj3)), 1.48-0.70
(C(COO)(CHs3)). My sec = 16 040 g.mol™, B = 1.47.

Synthesis of Cy5.5-POEGMA. In a 25-mL round bottom flask, NHS-POEGMA (215.3 mg,
0.011 mmol, 1 eq) was dissolved in anhydrous DCM (7 mL) and the mixture was bubbled
with argon for 5 min. In a separate 10-mL vial, Cy5.5 (14.4 mg, 0.019 mmol, 1.7 eq) and
TEA (2.9 pL, 0.021 mmol, 2 eq) were dissolved in anhydrous DCM (3 mL). The resulting
solution was then added dropwise to the former one and the mixture was let under magnetic
stirring for 24 h in the dark at room temperature. The mixture was then precipitated in cold
diethyl ether:petroleum ether (1:1). The product was filtered off, dissolved in de-ionized water
and placed in a 3.5 kDa Spectra/Por 3 dialysis bag for dialysis against de-ionized water for 3

days, with dialysis water changed twice per day. The dialysate was then freeze-dried to give a

11



blue solid. Yield = 42 %. The Cy5.5 content was determined to be 0.3 mol % by UV
spectroscopy.

Synthesis of NHS-PMPC. In a 10-mL vial, AIBN (2.4 mg, 0.015 mmol), CEP-NHS (16.3 mg,
0.045 mmol) and MPC (889.8 mg, 3.01 mmol) were dissolved in MeOH (3 mL). The vial was
closed with a rubber septum and the mixture was degassed under argon bubbling for 15 min,
followed by magnetic stirring for 24 h at 60 °C. The mixture was then precipitated in cold
acetone. The product was filtered off, dissolved in de-ionized water and placed in a 3.5 kDa
Spectra/Por 3 dialysis bag for dialysis against de-ionized water for 3 days, with dialysis water
changed twice per day. The dialysate was then freeze-dried to give a yellowish solid. Yield =
68 %. 'H NMR (400 MHz, D,0): & 4.45-4.20 (O-CH,-CH,-O, O-CH,-CH,-0), 4.20-4.02 (P-
0O-CH,-CHy), 3.78-3.62 (P-O-CH»-CH,), 3.38-3.13 (N(CHj3)s), 2.65-2.53 (CO-CH,-CH,-
CO), 2.24-1.78 (CH,-C(COO)(CHj3)), 1.26-0.78 (CH,-C(COO)CHz). My nmr (D20) = 25 000
g.mol™ (by using the NHS protons and the protons from the trimethylammonium group of
MPC).

Synthesis of Cy5.5-PMPC. In a 25-mL round bottom flask, NHS-PMPC (216.2 mg, 0.011
mmol, 1 eq) was dissolved in anhydrous DCM (7 mL) and the mixture was bubbled with
argon for 5 min. In a separate 10-mL vial, Cy5.5 (10.8 mg, 0.014 mmol, 1.3 eq) and TEA (2.9
ML, 0.021 mmol, 2 eq) were dissolved in anhydrous DCM (3 mL). The resulting solution was
then added dropwise to the solution of NHS-PMPC and the mixture was let under magnetic
stirring for 24 h in the dark at room temperature. The crude was placed in a 3.5 kDa
Spectra/Por 3 dialysis bag for dialysis in the dark against de-ionized water for 3 days, with
dialysis water changed twice per day. The dialysate was then freeze-dried to give a blue solid.
Yield = 75 %. The Cy5.5 content was determined to be 0.05 mol % by UV spectroscopy.
Synthesis of NHS-PHPMA. In a 10-mL vial, AIBN (1.17 mg, 0.007 mmol), CEP-NHS (12.87

mg, 0.0358 mmol) and HPMA (715 mg, 4.99 mmol) were dissolved in DMF (1,67 mL). The
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vial was closed with a rubber septum and the mixture was degassed under argon bubbling for
15 min, followed by magnetic stirring for 24 h at 60 °C. The mixture was then precipitated in
cold acetone. The product was filtered off, dissolved in de-ionized water and placed in a 3.5
kDa Spectra/Por 3 dialysis bag for dialysis against de-ionized water for 3 days, with dialysis
water changed twice per day. The dialysate was then freeze-dried to give a yellowish solid.
Yield = 67 %. 'H NMR (400 MHz, D,0): & 4.10-3.85 (CH(CH3)(OH)), 3.40-3.00 (NH-CHy),
2.20-1.70 (CH,-C(CONH)(CHg)), 1.30-0.90 (C(OH)CH3, C(CONH)CHj3)). Mpsec = 15 530
g.mol™, B = 1.57.

Synthesis of Cy5.5-PHPMA. In a 10-mL vial, NHS-PHPMA (202.5 mg, 0.011 mmol, 1 eq) is
dissolved in DMSO (3 mL) and the mixture was bubbled with argon for 5 min. In a separate
10-mL vial, Cy5.5 (9.05 mg, 0.014 mmol, 1.3 eq) and TEA (2.7 pL, 0.021 mmol, 2 eq) were
dissolved in DMSO (1 mL). The resulting solution was then added dropwise to former one
and the mixture was let under magnetic stirring for 24 h in the dark at room temperature. The
crude was dissolved in de-ionized water (30 mL) placed in a 3.5 kDa Spectra/Por 3 dialysis
bag for dialysis in the dark against de-ionized water for 3 days, with dialysis water changed
twice per day. The dialysate was then freeze-dried to give a blue solid. Yield = 63 %. The
Cy5.5 content was determined to be 0.25 % by UV spectroscopy.

Synthesis of Cy5.5-PEG. MeO-PEG-NHS (200 mg, 0.0087 mmol, 1 eq) was dissolved in
DCM (2.5 mL) and the mixture was bubbled with argon for 5 min. In a separate 10-mL vial,
Cy5.5 (9.05 mg, 0.014 mmol, 1.12 eq) and TEA (2.77 uL, 2 eq) were dissolved in DMSO (1
mL). The resulting solution was then added dropwise to former one and the mixture was let
under magnetic stirring for 24 h in the dark at room temperature. DCM was evaporated by
rotary evaporation and the product was dissolved in water. The solution was then placed in a

3.5 kDa Spectra/Por 3 dialysis bag for dialysis in the dark against de-ionized water for 3 days,
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with dialysis water changed twice per day. The dialysate was then freeze-dried to give a blue
solid. Yield = 94 %. The Cy5.5 content was determined to be 0.26 % by UV spectroscopy.
Synthesis of Ptx-ester-CDSPA and [°H]-Ptx-ester-CDSPA. CDSPA (121 mg, 0.30 mmol),
DMAP (40 mg, 0.33 mmol) and EDC.HCI (67 mg, 0.35 mmol) were dissolved in 2 mL
anhydrous CH,Cl, and mixed in a reaction flask under argon at room temperature. After 15
min, a solution of Ptx (100 mg, 0.12 mmol) in DMF (0.5 mL) was added dropwise into the
flask. After stirring at 30 °C for 4 h, an additional 20 mg (0.10 mmol) of EDC.HCI solution in
200 pL anhydrous dichloromethane (DCM) was added. The reaction was stirred at 30 °C for
another 22 h and was poured into 20 mL of ethyl acetate (EtOAc). The organic phase was
washed with aqueous NaHCO3 and brine before being dried over MgSO,. The residue was
concentrated under reduced pressure and purified by flash chromatography (SiO,, from
DCM/EtOAc = 5/1 to DCM/EtOAc = 4/1, viv) to give 88 mg (0.071 mmol) of Ptx-ester-
CDSPA as a yellow, sticky solid. Yield = 61 %. *H NMR (300 MHz, CDCls): 6 =8.17 (d, J =
7.6 Hz, 2H), 7.78 (d, J = 7.5 Hz, 2H), 7.72-7.31 (m, 15H), 6.93 (d, J = 8.9 Hz, 1H), 6.54-6.15
(m, 2H), 6.01 (d, J = 8.9 Hz, 1H), 5.70 (d, J = 7.0 Hz, 1H), 5.51 (d, J = 3.2 Hz, 1H), 5.00 (d, J
= 8.7 Hz, 1H), 4.47 (s, 1H), 4.28 (dd, J = 34.7, 8.5 Hz, 2H), 3.84 (d, J = 6.8 Hz, 1H), 3.34 (t, J
= 9.4 Hz, 1H), 2.51 (d, J = 13.8 Hz, 6H), 2.25 (s, 3H), 1.96 (s, 2H), 1.83 (d, J = 3.1 Hz, 3H),
1.78-1.60 (m, 10H), 1.38-1.13 (m, 20H), 0.90 (t, J = 6.5 Hz, 3H). *C NMR (75 MHz,
CDCl3): 0 = 216.8, 203.8, 171.2, 170.7, 169.8, 167.9, 167.0, 142.6, 136.8, 133.7, 133.5,
132.9, 132.0, 130.2, 129.2, 128.7, 128.6, 127.2, 126.5, 119.0, 84.5, 81.1, 79.1, 76.4, 75.6,
75.1, 74.7, 72.1, 72.0, 58.5, 52.8, 46.3, 45.6, 43.2, 37.1, 35.5, 33.6, 31.9, 29.6, 29.5, 29.4,
29.3,29.1, 28.9, 27.7, 26.8, 24.8, 24.8, 22.7, 22.7, 22.1, 20.8, 14.8, 14.1, 9.6.

For [*H]-Ptx-ester-CDSPA, the procedure was the same except that [°H]-Ptx was
added in the reaction mixture as follows. Ethanol was carefully evaporated under vacuum

from the initial stock solution of [*H]-Ptx. [*H]-Ptx (1 mCi) was then solubilized in 100 pL of
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DMEF prior to addition to the reaction mixture containing non-radiolabeled Ptx (100 mg, 0.12
mmol) and the other reagents in 200 uL of DMF. The vial containing the initial [*H]-Ptx was
further rinsed twice with 100 pL of DMF and these volumes were added to the reaction
mixture. The following steps were identical to those described for the synthesis of Ptx-ester-
CDSPA and a mixture of Ptx-ester-CDSPA/[*H]-Ptx-ester-CDSPA with a total activity of
258 uCi was obtained as a yellow sticky solid. Yield = 19 %.
Synthesis of Ptx-carbonate-CDP. To a solution of Ptx (194 mg, 0.227 mmol) in dry DCM (4
mL) under an argon atmosphere was added 4 drops of pyridine. Then 4-nitrophenyl
chloroformate (273 mg, 1.362 mmol) in dry DCM was added at -50 °C, the reaction mixture
was stirred at -50 °C and after 4 h, 4-nitrophenyl chloroformate (183 mg, 0.908 mmol) was
added again. After 1 h the mixture was diluted with DCM and washed with sodium
bicarbonate (NaHCO3, 0.5 N) and brine and dried over anhydrous sodium sulfate. The organic
layer was separated and evaporated under vacuum. After evaporation of the solvents the crude
was purified by column chromatography (ethyl acetate-cyclohexane, 1:1), to yield activated
paclitaxel. Yield = 45 %. *H NMR (300 MHz, CDCls): & = 8.28 (d, J = 9.2 Hz, 2H), 8.18 (d, J
= 7.2 Hz, 2H), 7.77 (d, J = 7.3 Hz, 2H), 7.69-7.32 (m, 13H), 6.91 (d, J = 9.4 Hz, 1H), 6.33 (d,
J=15.5Hz, 2H), 6.12 (d, J = 9.5 Hz, 1H), 5.72 (d, J = 7.0 Hz, 1H), 5.55 (d, J = 2.6 Hz, 1H),
4.99 (d, J = 8.0 Hz, 1H), 4.54-4.40 (m, 1H), 4.35 (d, J = 8.3 Hz, 1H), 4.23 (d, J = 8.4 Hz,
1H), 3.84 (d, J = 7.0 Hz, 1H), 2.55-2.40 (m, 4H), 2.34-2.17 (m, 4H), 1.95 (s, 3H), 1.89 (d, J
= 16.7 Hz, 1H), 1.81 (s, 1H), 1.71 (s, 3H), 1.67 (s, 2H), 1.28 (s, 3H), 1.17 (s, 3H). *C NMR
(75 MHz, CDCly): 6 = 203.7, 171.2, 169.8, 167.3, 167.1, 154.9, 151.7, 142.3, 136.3, 133.7,
133.3, 133.1, 132.2, 130.2, 129.3, 129.2, 128.8, 128.8, 127.1, 126.5, 125.4, 121.6, 84.4, 81.2,
79.2,75.5,72.5,72.1, 58.5, 52.6, 45.6, 43.2, 35.6, 26.9, 22.8, 22.2, 20.8, 14.8, 9.6.

Activated Ptx (220 mg, 0.215 mmol) and CDP (83 mg, 0.215 mmol) in dry DCM (12

mL) were reacted at room temperature with DMAP (31 mg, 0.258 mmol). The reaction
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mixture was stirred in the dark for 48 h and was then diluted with DCM. The organic layer
was washed with saturated NaHCO; and dried over anhydrous sodium sulfate. The organic
layers were concentrated and the crude was purified with column chromatography using
cyclohexane/ethyl acetate as eluant (using a gradient from 80/20 to 50/50). The compound
was isolated as yellow powder. Yield 74 %. *H NMR (300 MHz, CDCls): 6 =8.17 (d, J = 7.3
Hz, 2H), 7.78 (d, J = 8.0 Hz, 2H), 7.68-7.34 (m, 11H), 6.95 (d, J = 9.1 Hz, 1H), 6.32 (s, 2H),
6.02 (d, J = 8.5 Hz, 1H), 5.71 (d, J = 7.1 Hz, 1H), 5.44 (s, 1H), 5.00 (d, J = 8.7 Hz, 1H), 4.55—
4.41 (m, 1H), 4.35 (d, J = 8.6 Hz, 1H), 4.23 (d, J = 7.2 Hz, 3H), 3.84 (d, J = 7.5 Hz, 1H), 3.34
(t, J = 7.3 Hz, 2H), 2.58-2.37 (m, 5H), 2.22 (d, J = 19.3 Hz, 5H), 1.96 (s, 4H), 1.89 (s, 3H),
1.71 (s, 8 H), 1.48-1.12 (m, 26H), 0.90 (t, J = 6.5 Hz, 3H)."*C NMR (75 MHz, CDCls): =
203.8, 171.2, 169.9, 167.7, 167.0, 154.0, 142.6, 136.7, 133.7, 132.1, 130.2, 129.2, 128.7,
128.6, 127.2, 126.6, 84.5, 81.1, 79.2, 75.6, 75.1, 72.1, 67.8, 58.5, 57.7, 52.7, 47.2, 46.6, 45.6,
43.2, 37.1, 35.6, 29.6, 28.9, 27.7, 26.9, 24.9, 24.2, 22.7, 22.7, 22.2, 20.8, 14.8, 14.1. MS
(ESI)™: 1291.7 (M+ Na)™.

Synthesis of Ptx-ester-PAAm, Ptx-diglycolate-PAAm and Ptx-carbonate-PAAm. In a 7-mL
glass vial were added AIBN (0.8 mg, 0.005 mmol), the Ptx-functionalized RAFT agents [Ptx-
ester-CDSPA (30 mg, 0.024 mmol, for P3e) or Ptx-diglycolate-CDP (30.18 mg, 0.022 mmol,
for P3d) or Ptx-carbonate-CDP (30.18 mg, 0.024 mmol, for P3c)], AAm (454 mg, 6.39
mmol) and DMSO (1.6 mL). The mixture was degassed with argon for 15 min under vigorous
stirring before being placed in a 70 °C-preheated oil bath for 24 h under stirring. After the
reaction, the polymer was precipitated twice in MeOH. The polymer was further solubilized
in DMSO and placed in a 3.5 kDa Spectra/Por 3 dialysis bag for dialysis against de-ionized
water for 3 days, with dialysis water changed twice per day. The dialysate was then freeze-

dried to yield Ptx-ester-PAAmM (P3e), Ptx-diglycolate-PAAmM (P3d) or Ptx-carbonate-PAAmM
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(P3c), respectively, as a white-to-yellow, spongy solid. Another two polymerizations were
carried out with [AAm]o/[PTX-ester-CDP], = 53 (P1le) and 123 (P2e).

Synthesis of [*H]-Ptx-ester-PAAm. The radiolabeled [*H]-Ptx-ester-PAAm was obtained
following the same procedure as for P3e except that the previously synthesized mixture of
Ptx-ester-CDSPA/[*H]-Ptx-ester-CDSPA was used as the RAFT agent and the purification
only consisted in two precipitations in MeOH. The obtained polymer was thoroughly dried
under vacuum before being dissolved directly in PBS. This solution was then mixed with a
solution of non-radiolabeled Ptx-ester-PAAmM P3e in PBS to the desired Ptx equivalent
concentration and radioactivity for further in vivo studies.

Multi-gram scale synthesis of Ptx-ester-PAAm. Synthesis was performed as described
previously with some modifications. Briefly, in a round bottom flask, CDSPA" (3.86 g,
0.0095 mol), DMAP" (0.84 g, 0.0068 mol) and EDC.HCI* (1.78 g, 0.0093 mol) were
dissolved in 20 mL anhydrous CH,Cl, and 15 drops of anhydrous DMF (“these reagents were
added portion-wise over 20 h), and mixed in a reaction flask under argon at room temperature.
After 15 min, a solution of Ptx (4 g, 0.0046 mol) in DCM (20 mL) was added dropwise into
the flask. After stirring at 30 °C for 29 h. The organic phase was washed with aqueous
NaHCOg3 and brine before being dried over MgSO,. The residue was concentrated under
reduced pressure and purified by flash chromatography (SiO,, from DCM-EtOAc 8:2) to give
Ptx-ester-CDSPA as a yellow solid. Yield = 85%. In a 250 mL round bottom flask were
added AIBN (36 mg, 0.2 mmol), Ptx-ester-CDSPA (1.363 g,1.089 mmol), AAm (2.613 g,
290 mmol) and DMSO (72.5 mL). The mixture was degassed with argon for 15 min under
vigorous stirring before being placed in a 70 °C-oil bath for 3 h under stirring. After the
reaction, the polymer was precipitated twice in MeOH. The polymer was further solubilized
in DMSO and placed in a 3.5 kDa Spectra/Por 3 dialysis bag for dialysis against de-ionized

water for 5 days, with dialysis water changed twice per day. The dialysate was then freeze-
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dried to yield 14 g of Ptx-ester-PAAM (M nvr = 24 000 g.mol™, My sec = 24 780 g.mol™, B =
1.17) as a white-to-yellow spongy solid. Yield = 70 %.

Determination of residual acrylamide. Analyses were achieved by HPLC via isocratic runs
(phosphate buffer mobile phase, 0.6 mL.min™* flow rate) on a RP-C18 column, 5 um particle
size (250 x 4.6 mm) and a guard column (5 x 3.9 mm) at a wavelength detection of 208 nm
and a temperature of 40 °C. Run time was 10 min. Isocratic analyses were performed with a
phosphate buffer mobile phase (0.84 g KH,PO,4 in 960 mL of H,O and 40 mL of MeOH).
Concentrations of 0.1, 0.5, 1, 2, 10, 30, 50 and 100 !.Lg.mL'1 of AAm in deionized water were
used to build the calibration curve. Each concentration was injected 4 times. Samples from
P3e at 25, 50 and 100 mg.mL™ in deionized water were used to determine the residual amount
of AAm. Column washing between each run was performed by 1 wash with distilled-
deionized water and 1 wash with MeOH.

Synthesis of Ptx-PEG. MeO-PEG-COOH (1.0 g, 0.043 mmol) was dissolved in anhydrous
DCM (20 mL). The resulting solution was cooled down to 0 °C before addition of DCC (64
mg, 0.3 mmol), Ptx (252 mg, 0.3 mmol) and DMAP (65 mg, 0.3 mmol). The reaction medium
was slowly warmed to room temperature and allowed to stand overnight under stirring before
being washed with 0.1 N HCI. The organic layer was dried over MgSQ,, filtered through
fritted glass and evaporated under vacuum to yield the product as a white solid. It was then
solubilized in de-ionized water and placed in a 3.5 kDa Spectra/Por 3 dialysis bag for against
de-ionized water for 2 days, with dialysis water changed twice per day. The dialysate was
then freeze-dried to give a white powder. Coupling yield = 97% (by *H NMR in CDCly).

Overall yield = 70 %.

In vitro evaluation
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Drug release. Ptx release experiments were performed in PBS (1X, pH 7.4 with 1 wt %
Tween 80) and in mouse plasma. Free Ptx, P3e, P3d and P3c (Table 1) were incubated in
PBS and plasma at 37 °C at the same equivalent Ptx concentration (1 pg.mL™ eq. Ptx). 200
ML samples were taken at 0, 2, 4, 6, 24 and 48 h, for quantification. The samples were mixed
with 600 pL of acetonitrile and 20 pL of a solution of deuterated Ptx (Ptx-ds) at 1 pg.mL™
(internal standard). Samples were shaken during 15 min and centrifuged at 3000 g for 10 min
before analysis by LC-MS/MS.

Cell culture and cytotoxicity. The cytotoxicity of the different prodrugs was evaluated on two
human breast cancer cell lines (MCF-7 and SK-BR-3), obtained from ATCC (USA). SK-BR-
3 cells were cultured in DMEM F-12 HAM supplemented with penicillin (50 U.mL™),
streptomycin (50 pug.mL™), 20% heat inactivated FBS and 0.01 mg.mL™ bovine insulin.
MCF-7 cells were grown in EMEM supplemented penicillin (50 U mL™), streptomycin (50
ng.mL™), 10% heat-inactivated FBS, 1% non-essential amino acids (NEAA) and 5 mL
glutamine. Both types of cells were maintained at 37 °C and 5% CO, in a humidified
atmosphere and were split twice weekly. The cell viability was evaluated using the 3-[4,5-
dimethylthiazol-2-yl]-3,5-diphenyltetrazolium bromide (MTT) assay. Cells were seeded in
100 uL of culture medium (8 x 10° cells/well for SK-BR-3 cells and 5 x 10 cells/well for
MCEF-7 cells) in 96 well plates (TPP, Switzerland) and pre-incubated for 24 h. 100 uL of a
serial dilution of prodrug solution was then added to the medium. After 72 h of incubation, 20
uL of MTT solution (5 mg.mL™ in PBS) was added to each well. After 4 h of incubation, the
culture medium was gently aspirated and replaced by 200 uLL DMSO to dissolve the formazan
crystals. The absorbance of the solubilized dye, which correlates with the number of living
cells, was measured with a microplate reader (LAB Systems Original Multiscan MS, Finland)
at 570 nm. The percentage of viable cells in each well was calculated as the absorbance ratio

between prodrug-treated and untreated control cells. Data was fitted to a Hill slope model
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with four parameters using GraphPad Prism (version 8.0.2) to determine the ICso. The
different 1Cso values were determined using a one-way ANOVA test with GraphPad Prism

(version 8.0.2).

In vivo evaluation

Ethic protocols. All animal experiments were conducted according to the European rules
(86/609/EEC and 2010/63/EU) and the Principles of Laboratory Animal Care and legislation
in force in France (Decree No. 2013-118 of February 1, 2013). Toxicity, pharmacokinetics
and biodistribution experiments obtained experimental approval from the Ethical Committee
C2EA-26 (Comité d'éthique en expérimentation animale de I'IRCIV, Authorization number
APAFIS#7756). In vivo efficacy experiments were performed by Oncodesign (Les Ulis,
France) as study N°190015 and was approved by the Institutional Animal Care and Use
Committee of Oncodesign (Oncomet) approved by French authorities (CNREEA agreement
N° 91).

Preliminary screening of different water-soluble polymers. 4T-1 murine breast cancer cells
were harvested using trypsin, centrifuged at 200 x g for 5 min at 4 °C then washed with PBS.
Cells were resuspended in PBS to obtain a final concentration of 2 x 10’ cells.mL™. For tumor
implantation mice were anesthetized with 3 % isoflurane, laid on back, their skin cleaned with
Betadine, and a 5 to 10 mm incision in the skin was performed so the mammary fat pad could
be seen. 50 pL of cell suspension corresponding to 1 x 10° cells was then injected carefully
into the mammary fat pad, after which the incision was sutured, and the mouse monitored
until recovery from anesthesia. Tumor volume was measured twice a week with a caliper and
estimated with the following formula: Volume = (length x width?) / 2 until day 11 where the
tumors measured on average 265 + 55 mm?. At this time, mice were randomly divided into 13

groups of 2 mice, as follows: (i) groups 1-5: Cy5.5-PAAM? ¥ Cy5.5-PHPMA, Cy5.5-
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POEGMA, Cy5.5-PMPC and Cy5.5-PEG. Retro-orbital injection (100 pL, 35 mg.mL™) was
performed at day 0 and fluorescence imaging was performed at different time points (1 h, 4 h,
day 1, day 2, day 3, day 4, day 7, day 10 and day 14). At day 14, mice were sacrificed. Organs
and tumor were collected and imaged for fluorescence; (ii) groups 6-10: Cy5.5-PAAM? ¥,
Cy5.5-PHPMA, Cy5.5-POEGMA, Cy5.5-PMPC and Cy5.5-PEG. Retro-orbital injection
(100 pL, 35 mg.mL™) was performed at day 0. At day 2, mice were sacrificed. Organs and
tumor were collected, and imaged for fluorescence, and (iii) groups 11-13: Cy5.5-PAAmM*?¥,
Cy5.5-PAAM™® ¥ and Cy5.5-PAAM? ¥ Retro-orbital injection (100 pL, 35 mg.mL™) was
performed at day 0 and fluorescence imaging was performed at day 1 and day 2. At day 2,
mice were sacrificed. Organs and tumor were collected and imaged for fluorescence. After
imaging, all the tumors were fixed in PFA 4%. They were then transfer in ethanol 70% for
maximum 1 week before paraffin-embedding (System Logos One, Micro France). After
paraffin embedding, 4 microns thick tissue sections were made using a microtome
(Autosection, Sakura). The slides were then stained (Austostainer XL, Leica) by DAPI (4',6-
diamidino-2-phenylindole) before histopathological examination.

Acute toxicity and histology. Groups of 3 mice were injected subcutaneously at day 0 in the
inter-scapular region. The different groups are: (i) Taxol at 60 and 90 mg.kg™ (positive
control); (i) PAAm at 700, 1400, 2100, 2800, 3500 and 4200 mg.kg™ (polymer alone,
negative control); (iii) Ptx-ester-PAAmM P3e at 90, 120, 150 and 180 mg.kg™ eq. Ptx; (iv) Ptx-
carbonate-PAAm P3c at 90, 120, 150 and 180 mg.kg™ eq. Ptx and (v) Ptx-diglycolate-PAAmM
P3d at 90, 120, 150 and 180 mg.kg™ eq. Ptx. Taxol was also injected intravenously in the tail
vain at 10, 20, 30 and 60 mg.kg™. Visual toxicities at the injection site and body weight were
monitored daily to follow local and systemic toxicities. After 7 days, mice were euthanized by

cervical dislocation and injection site were removed and fixed in PFA 4% (overnight). They

were then transfer in ethanol 70% for maximum 1 week before paraffin-embedding (System

21



Logos One, Micro France). After paraffin embedding, 4 microns thick tissue sections were
made using a microtome (Autosection, Sakura). The slides were then stained (Austostainer
XL, Leica) by HES for histopathological examination. A semi-quantitative scoring system,
ranging from 0 (no change) to 3 (marked change), was applied.

Pharmacokinetics of Ptx by mass spectrometry. Seven-week old female BALB/c OlaHsd mice
(~22 g; Envigo, France) were randomly divided into four different groups: (i) Taxol injected
intravenously (7 mg.kg™); (ii) Ptx-ester-PAAm injected subcutaneously (7 mg.kg™ eq. Ptx);
(i) Ptx-diglycolate-PAAm injected subcutaneously (7 mg.kg™ eq. Ptx) and (iv) Ptx-
carbonate-PAAM injected subcutaneously (7 mg.kg™ eq. Ptx). Each group was composed of
36 mice divided in 9 different time points (0.25, 0.5, 1, 2, 4, 7, 24, 48 and 72 h) leading to 4
mice per group. At each endpoint, mice were euthanized with pentobarbital and blood was
sampled by cardiac puncture before plasma was recovered by centrifugation (5 min; 3000 g).
After centrifugation, sample was prepared following the protocol bellow. Aliquots of 200 uL
were mixed with 600 puL of acetonitrile and 20 pL of deuterated Paclitaxel (Ptx-ds) at 1
pg.mL™? (internal standard). Samples were shaken during 15 min and centrifuged for 10 min
before analysis by LC-MS/MS.

Pharmacokinetics and biodistribution of radiolabeled Ptx. Seven-week old female
BALB/cOlaHsd mice (~22 g; Envigo, France) were used. Radiolabeled Taxol and
radiolabeled [*H]-Ptx-ester-PAAm were injected at 7 mg.kg™ equiv. Ptx (0.93 uCi per mouse)
to perform the pharmacokinetics and the biodistribution. Mice were randomly divided into
four groups: (i) Taxol injected intravenously; (ii) Taxol® injected subcutaneously; (iii) [*H]-
Ptx-ester-PAAm injected intravenously and (iv) [*H]-Ptx-ester-PAAm injected
subcutaneously. Each group was composed of 40 mice divided in 10 different time points
(0.25, 0.5, 1, 2, 4, 7, 24, 48, 96 and 144 h) leading to 4 mice per group. At each endpoint,

mice were euthanized with pentobarbital and blood was sampled by cardiac puncture before
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plasma was recovered by centrifugation (5 min at 3000 g). Livers, kidneys, spleens, lungs and
some SC tissue at the injection site were also collected. All samples were stored in a freezer (-
20 °C) before analysis. For radioactivity-counting, approximately 100 puL of plasma and 100
mg of each organ/tissue were taken and precisely weighted. Organs were first dissolved by
adding 1 mL of solvable (PerkinElmer, USA) and samples were put in an oven at 60 °C
overnight. They were then whitewashed by adding twice 100 puL of H,O, 30% (w/v) and
warmed for 30 min at 60 °C in an oven. Finally, plasma and treated organ samples were
mixed with Ultimagold (PerkinEImer, USA) and radioactivity was measured with a LS 6500
multi-purpose scintillation counter (Beckman Coulter). Radioactive counting allowed access
to total Ptx concentration and metabolites: [Total Ptx] = [Free Ptx] + [Ptx-ester-PAAmM] + [Ptx
metabolites]. Pharmacokinetic parameters were determined using PKSolver.*?

Anticancer efficacy. 52 healthy female BALB/c nude mice, 6-8 weeks old were obtained from
Charles River. After 2 weeks of acclimation, MCF-7 breast tumors were induced by
subcutaneous injection of 10 x 10° MCF-7 cells in 200 uL RPMI 1640 medium into the right
flank of mice. At day 17, when tumors reach a mean volume of 100-150 mm?, 40 animals out
of 52 were randomized into 4 groups 9 animals each. Homogeneity of the mean tumor volume
between groups was tested by an analysis of variance (ANOVA). The treatments started the
day of randomization. Treatment was administered either by SC injection in the inter-scapular
region or by IV injection into the caudal vein. A Q7Dx3 treatment schedule was applied as
follows: (i) PAAm SC at 1520 mg.kg™, once a week for 3 consecutive times (negative
control); (ii) Ptx-ester-PAAm SC at 15 mg.kg™ (Taxol equivalent dose); (iii) Ptx-ester-PAAmM
SC at 60 mg.kg™ (Taxol equivalent dose) which corresponds to Ptx-PAAmM maximal tolerated
dose and (iv) Taxol IV at 15 mg.kg™ (Taxol maximal tolerated dose). Animal viability and
behavior were observed daily, and body weights were measured twice a week. Tumor volume

was measured twice a week with a caliper and estimated with the following formula: Volume
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= (length x width?) / 2. Mice were euthanized by overdosage on gas anesthesia (isoflurane)
followed by cervical dislocation when Humane endpoints were reached.>*3*

Statistics. Statistics were performed using GraphPad Prism (version 8.0.2). Comparison of
tumor growth results between groups were analyzed for statistical significance, using two-

way ANOVA, with Tukey multiple comparisons post-hoc.

Results and Discussion

Preliminary screening of different water-soluble polymers

Knowing that the nature of the polymer would play a key role in the physico-chemical
properties and in vivo fate of the polymer prodrugs, we sought to perform a preliminary
screening in terms of pharmacokinetics and biodistribution of a small library of water-soluble

%37 in order to select the polymer with best

polymers frequently used in nanomedicine,
performances once in the blood circulation. As potential candidates (Figure 2a), we selected:
(i) linear PEG which is the most used polymer in bioconjugation and nanomedicine;® (ii)
POEGMA, as a well-known alternative to linear PEG;* (iii) PHPMA which has been
extensively investigated to prepare polymer prodrugs;*® (iv) PMPC, a stealth, zwitterionic

G41—42

polymer with even better performances than PE and (v) PAAm which is highly water-

soluble, biocompatible and also exhibits stealth properties.?*> %
All polymers were fluorescently labeled by functionalizing them with Cy5.5 (Figure

2b), a near-infrared-emitting dye suitable for in vivo imaging. While Cy5.5-PEG was
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obtained by coupling Cy5.5 to a a-NHS-PEG (M, = 23 kg.mol™) by amidification reaction,
Cy5.5-POEGMA, Cy5.5-PHPMA, Cy5.5-PMPC and Cy5.5-PAAM® ¥ (M, = 15-19
kg.mol™) were obtained by reversible addition-fragmentation chain transfer (RAFT)
polymerization from NHS-CEP as a RAFT agent, followed by coupling to Cy5.5 (see
experimental part). After normalization of the fluorescence, the Cy5.5-polymers were injected
intravenously to breast tumor-bearing mice, and fluorescence imaging was performed at
different time points. From the results, Cy5.5-PAAM? ¥ exhibited both the longest circulation
time and the greatest tumor accumulation (Figure 2c). The latter point was also confirmed by
ex Vvivo biodistribution performed after 48 h and 14 days (Figure 2d and Figure S1), showing

20 k

higher fluorescence intensity in tumors for Cy5.5-PAAmM~ * compared to other polymers.

Moreover, ex vivo imaging of tumor sections passing through their centers revealed greatest

tumor penetration of Cy5.5-PAAM? K

compared to other polymers (Figure 2e, f). In fact, a
PAAm of M, ~20 kg.mol™ appeared to be a good compromise in terms of drug loading vs.
circulation time/tumor accumulation, since reduction of its M, to 7.0 kg.mol™ and 4.2 kg.mol’
! led to rapid clearance as early as 24 h (Figure S2) and very little tumor accumulation (Figure
S3-4).

In conclusion of this screening study, we considered that PAAmM had the most
advantageous properties for the intended application that requires high water-solubility,
stealth properties and ideally high tumor accumulation/penetration, and that previously

developed Ptx-POEGMA polymer prodrugs®® would have very likely shown inferior

performances.

25



PAAmM PEG POEGMA PMPC
o}
TSRS QS ¢
0~ 'NH 07 -0 (¢]

0/\9’
+ o =
\/\O/-?‘O/\/

|
T

PAAmM

PEG
POEGMA
PHPMA

PMPC

48 h

(d) Tumor Liver Kidneys == Spleen Lungs

100+
80
60 |
40 ‘

20

o r m - - il
PAAM PEG  POEGMA

Average FLI/ Average BKG

™
PHPMA

()

PMPC

(e)

PAAmM PEG POEGMA PMPC PHPMA

Total tumor fluorescence (Cy5.5) / pixel

o

(b) Polymer
&35, NHSN/\Y/\/
Y
O\JNH Cy5.5
5 ®

Average FLI/ Average BKG

Radiant Efficiency
( Biseciomer |
;AWIcmz

Color scale i
Min =2.00 x 10°
Max = 6.00 x 10°

14d
Tumor Liver Kidneys Spleen Lungs
404
304
204
104
" PAAm PEG POEGMA PMPC  PHPMA

l! PMPC l

Figure 2. (a) Chemical structures of the water-soluble polymers (PAAm, PEG, POEGMA, PMPC and

PHPMA) investigated during the preliminary screening. (b) Schematic representation of the synthesis

of Cyanine 5.5 (Cy5.5)-labeled polymers. (c) Representative in vivo images of fluorescence (Aex = 640

nm; Aem = 695770 nm) at different time points of tumor-bearing mice after SC administration (100
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ul, 35 mg.mL™) of Cy5.5-labeled polymers. The white arrows indicate the localization of the tumor
and the color bar indicates the total fluorescence radiant efficiency (photons.s™.cm?steradian™ per
uW.cm™). (d) Biodistribution obtained by ex vivo fluorescence imaging of different organs (liver,
kidneys, spleen, lungs and tumor) harvested from euthanized tumor-bearing mice after 48 h and 14
days post-SC administration of Cy5.5-labeled polymers (see Figure S1). (e) Total tumor fluorescence
(Cy5.5) obtained by ex vivo fluorescence imaging of tumors sections at day 14. (f) Representative ex
vivo fluorescence imaging of tumor sections at day 14.

Synthesis and characterization of water-soluble Ptx-PAAm polymer prodrugs

After having selected PAAm as the best water-soluble polymer, the polymer prodrugs were
synthesized by the “drug-initiated” method,* which relies on the controlled growth of a
polymer chain from a drug derivatized by a polymerization initiator/controlling agent to
perform controlled polymerization. This strategy was chosen to facilitate clinical translation
because it of its simplicity and scalability, as well as simplified workup since only the
unreacted monomer (which is often volatile) needs to be removed. Conversely, the opposite
strategy which consists in coupling drugs to preformed polymers (termed “grafting to”) often
exhibits incomplete coupling efficiencies and requires tedious purification due to the
difficulty in separating two types of macromolecules (i.e., unreacted polymer and the polymer
prodrugs), and/or removing unreacted drug and coupling agent. The “drug-initiated” method
is also wvery robust and flexible since it is easily applicable to different
drugs/linkers/polymers,®® **' leading to a broad range of different polymer prodrugs with
tunable drug delivery properties.

A small library of well-defined Ptx-PAAmM prodrugs was synthesized by RAFT
polymerization of AAm using Ptx-based, trithiocarbonate chain transfer agents (Figures 3 and
S5). Three different linkers were investigated (ester, carbonate and diglycolate) to find the
optimal balance in terms of linker stability vs. lability to prevent early drug release into the
SC tissue, while ensuring its release into the blood before prodrug excretion (Figure 2b and

3). These linkers were chosen for their sensitivity to circulating enzymes with esterase activity
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and with moderate expression variability in humans, thus ensuring comparable interpatient
drug release patterns.***

Ptx-ester-PAAmM was obtained by coupling Ptx to CDSPA as a chain transfer agent
(Figures 3 and Sb5a), followed by RAFT polymerization at 70°C in DMSO using AIBN as
initiator (Figures 3 and S6). By adjusting the [AAm]y/[Ptx-ester-CDSPA], ratio from 53 to
266, the PAAm chain length was varied to determine the minimal M, that allows for complete
solubilization of the prodrug in water, which is a prerequisite to prevent SC toxicity and
warrant high SC bioavailability. ‘H NMR spectroscopy of the purified prodrugs showed all

expected signals, especially amide, methylene and methine protons from the PAAm backbone

together with aromatic and characteristic protons from Ptx (Figure S6).
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Figure 3. Synthesis of water-soluble, paclitaxel-polyacrylamide (Ptx-PAAm) prodrugs with ester,
carbonate or diglycolate linker by RAFT polymerization of acrylamide (AAm) from Ptx-ester-
CDSPA, Ptx-carbonate-CDP or Ptx-diglycolate-CDP RAFT agent, respectively.
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The prodrugs exhibited M,nmr ranging from 6 200 to 21 600 g.mol™ in rather good
agreement with My sec values (P1le—P3e, Table 1 and Figure S7) and low dispersities (B =
1.07-1.28), thus accounting for a controlled polymerization process. By tuning the PAAmM
chain length, the drug loading varied from ~14 to ~4 wt %. Whereas P1le and P2e were only
partially soluble in water at 3 mg.mL™ eq. Ptx because of the too short PAAm chains, P3e
(Maamr = 21 600 g.mol™) was fully water-soluble at this equiv. Ptx concentration, which
represents a 104-fold increase in solubility compared with free Ptx. Interestingly, since water
solubility is a key parameter for SC administration and since PEG is still considered the gold
standard for water-soluble, biocompatible polymers, we synthesized a Ptx-PEG of 23 kg.mol™
(Figure S8a) and compared its solubility to that of Ptx-PAAm P3e in water at 100 mg.mL™.
After solubilization of the prodrugs and centrifugation at 14 000 rpm, the Ptx-PEG solution
led to important sedimentation, conversely to Ptx-PAAmM whose solution stayed clear and
homogeneous (Figure S8b). Since sedimentation/aggregation must be avoided in the SC
tissue, this experiment further confirmed that PEG, despite its widespread use in
nanomedicine, may not the best polymer compared to PAAm for this type of

application/prodrug system.

Table 1. Macromolecular characteristics and solubility of the different Ptx-PAAmM polymer prodrugs

synthesized in this study.

] Mn MR Mn,SECb b %Ptx° g
Sample  Linker 1 1 b Solubility
(g.mol™) (g.mol™) (wt %)
Ple Ester 6 200 9100 1.07 13.8 Insoluble
P2e Ester 9400 15 200 1.28 9.1 Insoluble
P3e Ester 21 600 29 100 1.12 4.0 Soluble
P3d Digly 27 300 36 000 1.10 3.1 Soluble
P3c Carbonate 23 000 39900 1.09 3.7 Soluble

& Determined by comparing the integration of the doublet at 8 ppm, corresponding to 2 aromatic
protons from one of the Ptx aromatic groups (noted 3 and 7 in Figure S6), and the broad peak at 1.80—
1.29 ppm corresponding to methylene protons of AAm. ® Determined by triple detection SEC. °
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Calculated by M, nwr- d Solubility tests were performed in water at a Ptx equivalent concentration of 3
mg.mL™ to assess the presence of insoluble aggregates or not.
The structure of the RAFT agent was then modified to change the nature of the Ptx-PAAmM

linker. Previous reports have shown that diglycolate-based linkers are highly labile in plasma

30, 46,50 \nhereas carbonate linkers have

with faster release kinetics than the ester counterparts,
shown slower release kinetics.” Therefore, well-defined Ptx-carbonate-PAAm (P3c) and Ptx-
diglycolate-PAAmM (P3d) of similar M, to that of P3e were synthesized (Figures S5-S7, Table
1). They were obtained by following an identical polymerization procedure to that of the Ptx-
carbonate-CDP and Ptx-diglycolate-CDP functional RAFT agents, respectively (Figure 3).
Those were synthesized by activation of Ptx by 4-nitrophenyl chloroformate followed by
reaction with CDP, or by coupling Ptx to diglycolate-CDP.

Successful clinical translation requires simple and robust manufacturing methods that
ensure the preparation of newly developed materials in large scales and with a high level of
purity.>® In this context, we also performed a multi-gram scale synthesis of P3e where 4.8 g of
Ptx-ester-CDSPA and 17.6 g of the corresponding polymer prodrug (Mynwvr = 24 000 g.mol™,
Mnsec = 24 780 g.mol™, B = 1.17) were obtained, with an overall yield of 60%. The high
purity of P3e was assessed by HPLC, leading to residual amounts of free AAm and Ptx both
below 1 ppm, much lower than the average dietary intake of AAm (1 pgkg™ body

weight.day™)®® and below the threshold established by the European Medicines Agency for

AAmM in cosmetics.**

Physicochemical characteristics and in vitro evaluation
Prior to performing biological evaluations, key physico-chemical characteristics were
investigated: (i) the viscosity and injectability of the prodrugs in aqueous solution, to ensure

they can be injected under standard conditions used for SC administration and (ii) the release
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kinetics of Ptx from the prodrugs in different media, to assess its fine tuning depending on the
prodrug’s structure.

Measuring the viscosity and injectability (i.e., force required for injection) of the
prodrugs in aqueous solution is of crucial importance as the maximum volume generally
accepted for a SC injection is ~2 mL, thus requiring administration of the relatively
concentrated solutions to reach the same dose regimens as the 1\VV-administered counterparts.
Whereas the viscosity of PAAM (M, sec = 37 000 g.mol™, = 1.10) synthesized by the same
procedure was close to that of water (< 10 cP) at 50 mg.mL™, viscosity of P3e was ~200 cP at
50 mg.mL™ and increased to ~1x10* cP at 200 mg.mL™? (Figure S9). This is due to the
presence of strongly hydrophobic Ptx moieties that induce the formation of hydrophobic
domains, via Ptx-Ptx and likely Ptx-C, alkyl interactions, decreasing the mobility of the
polymer chains.

The injectability of aqueous solutions of P3e, P3d and P3c was measured as the
function of the concentration with a 26 G x '4’’ needle, as the preferred needle size for
humans is ~25-27 G. Up to 50 mg.mL™, injection of the polymer prodrugs required a very
low force of ~1 N, which was comparable to that of PAAm (Figure S10). Despite an increase
in viscosity with the polymer prodrug concentrations, a concentration as high as ~130 mg.mL"
! was achieved (corresponding to ~6 mg.mL™ in Ptx) at 30N, which is the maximum
acceptable injection force for SC administration.*

The release of Ptx from the prodrugs P3c, P3d and P3e was then monitored in PBS
and in murine plasma at 37 °C to investigate the influence of both the nature of the linker and
of the medium (i.e., hydrolytic vs. hydrolytic + enzymatic cleavage) on the release kinetics.
The diglycolate moiety of P3d showed a dual hydrolytic/enzymatic susceptibility resulting in
the fastest release of Ptx in both media (~50% in PBS after 20 h and ~90% in plasma after 5

h) (Figure 4a and 4b). By comparison, P3e and P3c were both stable in PBS up to at least 70
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h and gave comparable Ptx release Kinetics in plasma (~40% after 24 h). Release kinetics

were not monitored beyond 24 h in plasma due to the documented degradation of Ptx under

these conditions.>®>’
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Figure 4. Ptx release profiles from P3e, P3d and P3d (Ptx is plotted as the reference) in: (a) PBS at
37°C and (b) murine plasma at 37°C. Cell viability (MTT test) with increasing concentrations of Ptx,
P3e, P3d, P3d and PAAm on: (c) MCF-7 cells with (d) the corresponding 1Cs, and (e) SK-BR-3 cells
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with (f) the corresponding ICs, values. The values are expressed as the means + SD. Unpaired
two-tailed t test; **** (p < 0.0001).

To assess whether the drug release profiles observed in plasma correlate with the cytotoxicity
of the prodrugs, cell viability experiments were performed by measuring the mitochondrial
activity via MTT assay on two breast cancer cell lines (MCF-7 and SK-BR-3), corresponding
to clinically relevant cancer models for Ptx. Importantly, all prodrugs led to significant
cytotoxicity on both cell lines and their I1Cs values were in the following order: P3d < P3e <
P3c. While PAAmM was not cytotoxic (> 75% cell viability) up to 500 nM on both cell lines,
free Ptx gave an ICsp as low as 5 nM (Figure 4c-4f). Since Ptx must be released from the
prodrug before passively diffusing through the cell membranes to reach the microtubules,
slow release in plasma might be correlated with a high 1Cso. It is also interesting to note that:
(1) due to the high lability of the diglycolate linker, P3d has the same ICsg as that of free Ptx
and (ii) despite similar drug release profiles for P3c and P3e in PBS and plasma, P3e led to
much lower ICsq than that P3c, possibly due to differences in the enzymatic composition of

murine plasma and cell culture medium.

Systemic and acute local toxicity
The systemic toxicity of the prodrugs was then examined in mice to evaluate the MTD (i.e.
the threshold at which all animals survived with a body weight loss lower than 10%) to find
optimized treatments, followed by evaluation of the acute local toxicity at the injection site
(Figure 5).

Increasing concentrations of free PAAm and prodrugs P3e, P3d and P3c were SC
injected (PAAM®®, P3¢, P3d°C and P3c>, respectively) to healthy mice (single injection),
followed by monitoring of their body weight and their behavior for 7 days (Figure 5a). The

same protocol was applied to SC and IV injections of Taxol (Taxol*® and Taxol",
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respectively). Whereas Taxol" led to a MTD of 60 mg.kg™, Taxol*“ allowed to reach 90
mg.kg™, probably due to a decrease in Crmax compared with IV administration and thus a dose-
limiting reduction in Cpacrelated.”® Mice treated with free PAAM®® showed no sign of
systemic toxicity up to a concentration as high as 6000 mg.kg™, in good agreement with its
well-documented biocompatibility/safety. Importantly, all prodrugs were successfully SC
injected up to at least 180 mg.kg™ equiv. Ptx without exceeding a body weight loss of 10%.
Neither mortality nor noticeable modification in terms of feeding and behavior were observed,
thus suggesting absence of systemic toxicity. Notably, the MTD was increased at least by a

factor 3 and 2 compared to Taxol" and Taxol®, respectively.
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Figure 5. (a) Relative body weight change of mice as a function of time after IV injection of Taxol
(Taxol") and SC injection of Taxol (Taxol*%), PAAmM (PAAM™), P3e (P3e*°), P3d (P3d°°) and P3c
(P3c®). The values are expressed as the means + SD (n = 3). (b) Representative pictures of mice (n =
3) 7 days after injection of Taxol' at 60 mg.kg™, Taxol*® at 60 mg.kg™, PAAM®® at 4.2 g.kg™, and
P3e°¢, P3d°° and P3¢ at 180 mg.kg™ (equiv. Ptx). The black arrows indicate necrotic areas. (c)
Representative HES-stained sections of skin samples from mice removed at the injection site after
injection of Taxol*® at 90 mg.kg™, PBS, PAAM®*® at 4.2 g.kg™, and P3e°¢, P3d* and P3c* at 180
mg.kg™ (equiv. Ptx). The black/white arrows indicate the severe cutaneous necrosis, only observed
after SC injection of Taxol at 90 mg.kg™ (d) Histopathological scoring (H-Score) of
degenerative/necrotic changes and tissular inflammation in mice after injection of Taxol*® at 90
mg.kg?, PAAM®® up to 4.2 g.kg™?, and P3e°¢, P3d*° and P3c*° up to 180 mg.kg™ (equiv. Ptx). The
values are expressed as the means + SD. Unpaired two-tailed t test between Taxol*® group and
PAAM®®, P3e>°, P3d*° or P3¢ group; * (p < 0.05). See all pictures and individual scores in Figure
S11 and Table S1.

Similarly to free PAAmM®®, none of the prodrugs showed local toxicity at and near the
injection site up to 180 mg.kg™ equiv. Ptx (Figure 5b). This observation likely ruled out early

dSC

Ptx release in the SC tissue from the prodrugs even from P3d>~ that contains the most labile

IV and Taxol*° led to significant ulceration and necrosis of the mice

linker. Conversely, Taxo
skin tissue at 60 mg.kg™ (see black arrows in Figure 5b), in agreement with the literature.>
Histopathological examination of HES-stained sections of skin samples removed at the
injection site confirmed the above-mentioned macroscopic observations (Figure 5b). SC
administration of the different polymer prodrugs evidenced a preserved architectural structure
of the skin/SC tissue, with only focal small granulomatous lesion along needle tract. Neither
significant degenerative or necrotic tegumentary changes were observed, nor inflammatory
reaction, associated with the polymer prodrugs injection. On the contrary, Taxol" and

especially Taxol*®

induced marked to severe ulcerative dermatitis with epidermal changes
including hyperplasia and hyperkeratosis or severe epidermal-dermal necrosis replaced by a
sero-cellular crust. Deep dermal and hypodermal inflammation was observed, granulomatous

and/or granulocytic, associated with pannicular cytosteatonecrosis. Altogether, these results
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establish for the first time the possibility to safely administer a vesicant/irritant anticancer

drug by SC injection.

Pharmacokinetics and biodistribution
The biological fate of the prodrugs was then evaluated in terms of pharmacokinetics and
biodistribution in mice. A first pharmacokinetic study based on LC-MS/MS allowed to follow

I'V' or released from the

the evolution in time of the Ptx concentration coming from Taxo
prodrugs at 7 mg.kg™ equiv. Ptx after SC administration. Taxol" exhibited a high Cpax Of 4
660 ng.mL™ 15 min post-administration (tnax) followed by rapid clearance with undetectable
amounts in plasma after 24 h (Figure 6a), in good agreement with previous pharmacokinetic
studies of Taxol.?® Conversely, the Crna values of P3d°¢, P3e3 and P3¢ were lowered by at
least an order of magnitude, to reach 310, 105 and 41 ng.mL™, respectively (Table 2). These
results are in agreement with the MTD of the prodrugs from the toxicity study (Figure 5), as
lower Cpax Values led to decreased toxicity and thus enabled a higher MTD than Taxol.>® 6162
Interestingly, the Crax values were observed at ~1-2 h (tmax) for all prodrugs. This delayed tmax

compared to that of Taxol'"”

is attributed to the time required for the prodrugs to be absorbed
into the blood or lymphatic capillaries, combined with the prolonged release of Ptx from the
prodrugs once they reach the bloodstream. Notably, P3e>© showed a very different PK profile
to the other prodrugs and Taxol'". Whereas the elimination half-lives (t;,) of P3d°®, P3c©

I were in the range of 1.5-1.7 h, ty, of P3e°° approached 14 h and it was

and Taxo
detectable for more than 3 days. The mean residence time (MRT) was also much higher for

P3e%¢ (22.2 h vs. 0.9-3.3 h).
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Figure 6. (a) Plasma concentration of free Ptx with time after injection of Taxol', Taxol*®, P3¢,
P3d°° and P3c®° at 7 mg.kg™ equiv. Ptx determined by LC-MS/MS (insert: zoomed-in region in the
0-10 h range). The values are expressed as the means £ SD (n = 4). (b) Plasma concentration and (c)
biodistribution (in the liver, lungs, spleen, kidneys and SC tissue) with time of total Ptx after injection
of Taxol*"V, Taxol**¢, P3e*'"V and P3e*°° at 7 mg.kg™ equiv. Ptx determined by radioactive counting.
The values are expressed as the means + SD (n = 4). The horizontal dashed line represents the limit of
quantification (0.14%)

Table 2. Main pharmacokinetic parameters of free Ptx determined by LC-MS/MS after IV injection of
Taxol (Taxol") at 7 mg.kg™ and after SC injection of P3d*°, P3eC and P3c*° at 7 mg.kg™ (Ptx

equiv.).

Parameter Taxol" P3d°© P3e°© P3c®©
tu (h) 1.7 15 13.9 16
tmax () 0.25 1 1 2
Crmax (Ng.mML™) 4 657 310 105 41
AUC,_... (ng.mL_h) 4631 986 1299 186
MRT (h) 0.9 2.5 22.2 3.3
Apparent bioavailability? (%) 100 21 28 4

® Determined according to AUC,_,.. / AUC,_,., IV.

The apparent bioavailability of Ptx for P3d>¢, P3¢ and P3¢>© amounted to 21%, 28%, and
4% relative to Taxol 1V, respectively (Table 2). This makes P3¢ the best candidate as it
possessed both the most suitable PK profile and the highest apparent bioavailability. Despite
similar apparent bioavailability for P3e>© and P3d*¢, P3d>C exhibited a lower MRT and rapid
release of Ptx once in the blood, leading to a too rapid clearance of the drug. For P3¢, Ptx
was released too slowly and the prodrug was therefore excreted before it could effectively
release its payload. The optimal performance of P3¢ could be explained by its intermediate
Ptx release profile in vivo (probably due to the presence of specific enzymes such as
esterases), combined with the stealth properties provided by PAAm.?** * This resulted in a

long circulating prodrug acting as a slow-release reservoir of Ptx. These results are important
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not only because they confirm that the nature of the linker plays a key role in the
pharmacokinetics of Ptx, but also because they show that bioavailability does not correlate
linearly with the drug release pattern and thus screening each prodrug in vivo was necessary.
P3e was then selected for further study. A radiolabeled counterpart (P3e*) was
synthesized from [H%]-Ptx and used in a second pharmacokinetic study at the same dose to
monitor the whole amount of Ptx in comparison to that of radiolabeled Taxol* (Figure 6b).
Since quantification is performed by radioactivity counting, free [H]-Ptx, P3e* and their
metabolites were dosed all together, which allows the fate of the prodrug to be followed. Free
[H%-Ptx administered intravenously (Taxol*"V) was rapidly cleared from the blood
compartment (<1% of the injected dose still circulating at 30 min post-injection, Figure 6b)
and exhibited most of the pharmacokinetic parameters similar to those previously observed by
LC-MS/MS (Table 2). In comparison, Taxol**¢ showed a delayed entrance into the blood
circulation, as shown by its very low Cnax (< 1% of the injected dose) and bioavailability of
25%. Ptx from IV-injected P3e* (P3e*'Y) has a prolonged circulation time with ty, 10 times
and an AUC 100 times greater than Taxol*" (Table S2). Remarkably, Ptx from SC-injected
P3e* (P3e*°°) exhibited a high bioavailability (84% relative to P3e*'Y) and a total dose
slowly increasing over time, from 3% of the injected dose 15 min post-injection up to 46%
after 4 h. Once in the blood compartment, the prodrug remained in circulation for a prolonged
period of time (MRT ~36 h), with a final Ptx blood concentration of still ~1% of the injected
dose 6 days after injection, similarly to that of P3e*'V. It is worth noting that P3e*>“ and
P3e*'Y exhibited the same ty, value of ~25 h, revealing that absorption rate is not significant

after 24 h, suggesting quantitative absorption of P3e*>¢

into the blood within this period of
time.
From the biodistribution study into key organs, both P3e*“ and P3e*'V showed very

limited accumulation in the liver (< 10% of the injected dose) 48 h post-injection, compared
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to 30% of the injected dose for Taxol*"

after 30 min, presumably as a result of the stealth
properties of the prodrugs (Figure 6c). For other organs (lungs, spleen, kidneys), the total
concentrations of Ptx from P3e*>¢, P3e*"V and Taxol*" were low and in the same range
(except a modest accumulation of P3e*'V in the spleen), revealing no noticeable acute
toxicity. The total amount of Ptx from P3e*>¢ was also monitored in the SC tissue. It
decreased sharply over time, in parallel with an increase in the bloodstream, as shown from
the pharmacokinetic profile (Figure 6c). The SC data further prove the rapid blood passage of

the hydrophilic prodrug from the SC tissue. Overall, taking into account the PK/BD data and

the toxicity study, these results argue for efficacy studies of P3e> in mouse tumor models.

Anticancer efficacy

An efficacy study was then designed to address two important points. Will P3e¢ be as

v
I IIV

efficient as Taxol' at the same dose? And if yes, can P3e> outperform Taxol'" at a higher
dose thanks to its higher MTD?

In this context, mice bearing MCF-7 xenografts were treated with: (i) PAAM® at 1520
mg.kg™, which would correspond to 60 mg.kg™ equiv. Ptx for the prodrug counterpart; (ii)

IV at 15 mg.kg™, determined to be the MTD for a weekly injection repeated over three

Taxo
weeks and (iii) P3¢ at two different doses; either 15 mg.kg™ equiv. Ptx (to have the same
dose as for Taxol') or at a four-time higher dose of 60 mg.kg™ (determined to be the MTD in
equivalent Ptx of P3e°¢ for such a dose regimen). The antitumor efficacy of the different
treatments was evaluated by following the tumor growth (Figure 7a), from which two key
metrics used to characterize the antitumor activity were extracted:*® the tumor volume over
control volume (T/C) (Figure 7b) and the tumor growth inhibition (TGI) (Figure 7c¢). The

overall survival of mice (Figure 7d) during the study and the mice body weight evolution

(Figure 7e) were also monitored.
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Figure 7. (a) Tumor growth evolution with time [the values are expressed as the means + SEM (n =9
per group). 2-Way ANOVA, with Tukey correction for multiple comparisons between groups at day
28 and 32; *** (p < 0.002), **** (p < 0.0001)]; (b) mean tumor volume over control volume (T/C)
and (c) mean tumor growth inhibition (TGI) ten days after treatment termination (d = 24 after 1%
injection); (d) survival percentage evolution with time [Mantel-Cox test; * (p < 0.05), ** (p < 0.01)]
and (e) weight evolution with time [the values are expressed as the means £ SEM (n = 9 per group)] of
mice bearing MCF-7 xenografts after injection of Taxol", PAAM* at 1520 mg.kg™, P3e*° at 15
mg.kg™? (P3e5“™%) and P3e°° at 60 mg.kg™ (P3e°“*°) equiv. Ptx, on days 0, 7 and 14 (black arrows).

PAAM®-treated mice exhibited rapid tumor growth with an average tumor volume exceeding
1500 cm?® ~40 days post-tumor induction (Figure 7a and S12). Conversely, Taxol" and P3e>°
at 15 mg.kg™ both showed similar anticancer activity as attested by reduction on tumor
growth compared to PAAM®® (Figure 7a and S12), together with similar T/C (59-64%) and
TGI (40-46%) values ten days after treatment termination (Figures 7b and 7c, Tables S2 and
S3). This first result is of crucial importance as, despite the lower apparent bioavailability of

Ptx from P3e°C (Table 2), the efficacy study revealed that it had a similar antitumoral activity
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as Taxol' at the same dose. In combination with the toxicity data, this suggested a successful
and safe transposition from IV-injected Taxol to SC-injected Ptx in the form of a water-
soluble polymer prodrug.

Remarkably, when P3e> was administered at a higher dose of 60 mg.kg™ equiv. Ptx,

IV (Figure 7a and

it displayed a dose-dependent anticancer activity and outperformed Taxo
S12) with a T/C as low as 35% and a much higher TGI value of 73% ten days after treatment
termination (Figures 7b and 7c, Tables S2 and S3). Consequently, not only was SC
administration of P3e successful, but it could also induce greater anticancer activity than
Taxol" thanks to its higher MTD.

In terms of overall survival of mice (Figure 7d), P3e°© administered at 60 mg.kg™
equiv. Ptx led to the highest survival rate of 78%, 25 days after treatment termination,
whereas it was 44% for P3e>° at 15 mg.kg™, only 33% for Taxol" and 0% for the control
group (PAAM®). As a result, P3e>© more than doubled the survival rate compared to Taxol'".
The evolution of the relative body-weight loss in P3e>“-treated mice also revealed that the

treatment was well tolerated as mice lost no more than 10 % of their body weight throughout

the efficacy study (Figure 7e).

Conclusion

In this work, we presented a novel and general approach for the SC administration of
irritant/vesicant anticancer drugs via the design of well-defined hydrophilic polymer prodrugs
constructed by the “drug-initiated” method. To validate our strategy, it was applied to the
anticancer drug Ptx as a worst-case scenario due to its high hydrophobicity and
vesicant/irritant properties. After a preliminary screening of well-established polymers used in

nanomedicine, we selected PAAmM as a water-soluble polymer owing to its greater water-
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solubility, pharmacokinetic profile and tumor accumulation/diffusion. A small library of Ptx-
PAAmM polymer prodrugs was then synthesized by varying the nature of the linker (ester,
diglycolate and carbonate) and choosing the appropriate chain length (M, ~20 kg.mol™) to
obtain fully water-soluble polymer prodrugs. We then performed a comprehensive preclinical
development of these polymer prodrugs by studying their physicochemical properties, drug
release kinetics on two different cancer cell lines and acute local and systemic toxicity, as
well as their pharmacokinetic and biodistribution profiles, and anticancer efficacy in tumor-
bearing mice of the most promising candidate (i.e., Ptx-ester-PAAm). We demonstrated that
SC injection of hydrophilic polymer prodrugs based on Ptx as a representative
vesicant/irritant anticancer drug allowed sustained release of Ptx in the bloodstream and
outperformed the anticancer efficacy of Taxol, the commercial formulation of Ptx, without
inducing local toxicity.

Given the flexibility of the synthetic approach, these achievements pave the way for
SC administration of a wide range of anticancer drugs, including irritant and vesicant ones,
and make it possible to safely consider the translation of many IV chemotherapies to SC
chemotherapies. From a more general perspective, this new drug-delivery platform could also
represent an important step towards self-administration and chemotherapy at home, which
would greatly increase patient comfort and reduce the high cost of cancer treatment; the latter
being crucial for low- and middle-income countries.

From a more general point of view, even if PAAm has already been investigated a
little in nanomedicine as an alternative to PEG, we think that its use should be revisited,
because of its advantageous properties such as its high solubility in water, its stealth features
and its ease/flexibility of synthesis notably via reversible deactivation radical polymerization

techniques that allow fine-tuning of its macromolecular characteristics.
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