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bUniversité de Lyon, Institut de Ch
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dUniversité de Poitiers, Institut de Chimie

(IC2MP), UMR CNRS 7285, Groupe “Syst

Michel-Brunet, TSA 51106, 86073 Poitiers, F
eSeekyo SA, 4 rue Carol Heitz, 86000 Poitier

† Electronic supplementary informa
10.1039/c9sc00285e

Cite this: Chem. Sci., 2019, 10, 4048

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 17th January 2019
Accepted 5th March 2019

DOI: 10.1039/c9sc00285e

rsc.li/chemical-science

4048 | Chem. Sci., 2019, 10, 4048–405
lysarcosine-based highly-loaded
antibody-drug conjugates†
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Sébastien Papot, de Charles Dumontetc and Benôıt Josephb

Antibody-drug conjugates (ADCs) convey highly potent anticancer drugs to antigen-expressing tumor cells,

thereby sparing healthy tissues throughout the body. Pharmacokinetics and tolerability of ADCs are

predominantly influenced by the drug-antibody ratio (DAR) of the conjugates, which is to-date limited to

a value of 3–4 drugs per antibody in ADCs under clinical investigations. Here, we report the synthesis of

monodisperse (i.e. discrete) polysarcosine compounds and their use as a hydrophobicity masking entity

for the construction of highly-loaded homogeneous b-glucuronidase-responsive antibody-drug

conjugates (ADCs). The highly hydrophilic drug-linker platform described herein improves drug-loading,

physicochemical properties, pharmacokinetics and in vivo antitumor efficacy of the resulting conjugates.
Introduction

Antibody-drug conjugates (ADCs) represent an emerging class
of oncology therapeutics, with 4 ADCs already on the market
andmore than 80 currently under clinical evaluation for various
cancer indications.1–3 Expected improvements in this eld rely
on the design of novel drug-linker technologies that strongly
inuence the physicochemical properties of the conjugates.4–6

Key parameters such as (i) plasmatic stability of the drug-
linker,7,8 (ii) Drug-Antibody-Ratio (DAR),9,10 (iii) conjugation
position on the antibody component,11,12 (iv) overall hydropho-
bicity13 and homogeneity14,15 of the conjugates dictates phar-
macokinetics (PK) properties, efficacy and tolerability of ADCs.

Within this framework, it has long been considered that a 2-
to-4 cytotoxic payload per antibody ratio (DAR2–4) achieves the
optimal balance among pharmacokinetics and in vivo
potency.9,10 Higher DAR species are traditionally known to
hamper the therapeutic efficacy of ADCs because of the
increased overall hydrophobicity of the conjugate that is
conferred by the excessive number of highly hydrophobic drug
cargo. In light of this nding, a great emphasis on site-specic
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bioconjugation technologies aiming to deliver homogeneous
DAR2 or DAR4 conjugates is observed in the eld and began to
translate into the clinic.16,17 These techniques require protein
genetic re-engineering and/or the use of one or several coupling
enzymes to gra the drug-linker payload to the antibody. As
a consequence, their implementation is time-consuming,
rather expensive and may prove to be difficult to transpose to
large-scale production.

Recently, hydrophilic drug-linker architectures aiming to
mask or minimize the apparent hydrophobicity of the payloads
and overcome the DAR2–4 limitation have paved the way to
a new generation of highly drug-loaded ADCs.18 These innova-
tions enable improved physicochemical properties, excellent PK
proles, decreased non-specic uptake, protection against
payload metabolism, superior efficacy in low-target expressing
tumors and allow the use of moderately potent drugs as ADC
payloads.2,13,19–22 Furthermore, this approach offers the possi-
bility to obtain homogeneous ADCs without tricky site-specic
conjugation technologies. Underlying all these observations, it
is also admitted that a benecial correlation exists between the
overall hydrophilicity and tolerability of ADCs.13,23

In the present work we envisioned the use of polysarcosine
(PSAR) as a hydrophobicity masking entity that would be
embedded into an ADC drug-linker platform. Thus, we herein
report a novel generation of strongly hydrophilic PSAR-
containing b-glucuronidase-responsive self-immolative drug-
linkers devoted to the preparation of highly-loaded homoge-
neous ADCs having improved physicochemical and pharmaco-
logical properties (Fig. 1). In this pilot study, we designed drug-
linkers that include the potent monomethyl auristatin E
(MMAE) cytotoxin, a glucuronide trigger,24 a self-immolative
linker,25,26 an auto-hydrolyzable maleimide-based bio-
conjugation head27 and a PSAR unit. With this design, we
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Chemical structure of the polysarcosine-based ADC drug-linker platform and schematic representation of homogeneous ADCs with
a Drug-Antibody-Ratio (DAR) of 8. See ESI† for detailed chemical synthetic and bioconjugation procedures.

Scheme 1 On-resin synthesis of monodisperse side-functionalized
polysarcosine oligomers. (a) Fmoc-Sar-Sar-OH, HATU, DIPEA, DMF
then piperidine/DMF. (b) Bromoacetic acid (BAA), diisopropylcarbo-
diimide (DIC), DMF then methylamine in water. This step is repeated
until the desired oligomer length is obtained. (c) BAA, DIC, DMF then 2-
azidoethan-1-amine, DMF. (d) 4-Maleimidophenylacetic acid, COMU,
DIPEA, DMF then TFA, CH Cl .
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View Article Online
anticipated that the presence of both PSAR and glucuronide
hydrophilic moieties would allow the construction of homoge-
nous DAR8 ADCs, programmed for releasing MMAE within
targeted cancer cells upon intracellular b-glucuronidase acti-
vation. Most of the strategies that have been employed to
increase drug-linker hydrophilicity rely on the introduction of
polyethylene glycol (PEG),28–31 which is to-date the gold standard
for improving physicochemical properties of therapeutic agents
but is not exempt of several limitations (non-biodegradable
backbone and reported cases of hypersensitivity or accelerated
blood clearance).32,33 Other approaches use hydrophilic stealth
polymer carriers as drug-linker platforms, thus providing ADCs
reaching DAR10–20.21,34,35 The main drawback of these
approaches is the extreme polydispersity of the nal ADCs,
arising from the polydisperse nature of the polymer-linker and
the heterogeneous coupling procedure to the antibody.

Polysarcosine (PSAR) or poly(N-methylglycine), a polypeptoid
based on the endogenous sarcosine aminoacid, is a rather
underexplored biocompatible and biodegradable polymer that
has been employed as an hydrophilic block in copolymers for
nanosized drug delivery systems,36 as an antifouling polymer for
surface modication37 and in uorophore-conjugate constructs
for imaging purposes.38 Recently PSAR was investigated for
therapeutic protein conjugation purposes, conferring protease
resistance to an interferon conjugate and increasing its circu-
lation half-life.39

To date, only polydisperse polymeric PSAR is available, since
it is prepared via a condensative ring-opening polymerization
reaction.40 These polydisperse PSAR are suboptimal in the
context of ADCs, where developing a drug-linker platform with
absolute chemical homogeneity is highly preferable. Such
a platform would provide chemically homogeneous ADCs
sharing the exact same pharmacological properties (PK and
efficacy), would be more straightforward to characterize and
would allow greater control of the reproducibility of the
manufacturing process.
This journal is © The Royal Society of Chemistry 2019
Results and discussion

As a result, we decided to access monodisperse (i.e. discrete)
PSAR oligomers by a submonomer solid-phase synthesis
method that allowed a strict control over the repeat unit
number (Scheme 1).41 Alternating acylation steps by bromo-
acetic acid and diisopropylcarbodiimide with nucleophilic
displacement steps by methylamine afforded monodisperse
polysarcosine oligomers with excellent purity (Schemes S1 and
S2†). One of the major difficulties faced during this synthesis
was the observation that an almost quantitative diketopiper-
azine formation occurred at the dimeric stage, despite the use of
2 2

Chem. Sci., 2019, 10, 4048–4053 | 4049
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the sterically hindered 2-chlorotrityl solid support (Scheme
S3†). This was avoided by adding the second and third sarcosine
residues as a dipeptoid unit. The PSAR strands were then
functionalized with an azide group for subsequent graing of
a cytotoxic payload and terminated with a maleimide reactive
moiety for nal coupling to the antibody.

To support our proof-of-concept study, a family of PSAR-
based drug-linkers was synthesized (Fig. 1, S5 and S6†). We
used the previously described b-glucuronidase-sensitive linker
associated with potent MMAE as the payload unit.24,25 With the
aim to investigate its effects on physicochemical and pharma-
cological properties of the resulting ADCs, length of the PSAR
hydrophobicity masking moiety was incremented from 6 to 24
monomer units. The drug-linker architecture was optimized in
such a way that the hydrophobic payload was the closest as
possible to the antibody and the shielding PSAR moiety was in
an orthogonal orientation to the payload.13 An auto-
hydrolyzable aryl-maleimide was used to prevent premature
deconjugation of the linker-drug in plasma.27

Control drug-linkers were also synthesized (Fig. 2A and S4–
S9†). PSAR12L aimed to assess the impact of linker architecture
(orthogonal versus linear PSAR placement) whereas PSAR0 lacks
PSAR hydrophobicity masking moiety. PEG12 incorporates PEG
instead of PSAR in order to make a side-by-side comparison of
the two hydrophobicity masking entities.

Homogeneous DAR8 conjugates based on clinically validated
antibody trastuzumab (anti-HER2 mAb) were produced (Fig. 2B
and S11–S14†). mAb interchain disulde bonds were totally
reduced with excess tris(2-carboxyethyl)phosphine hydrochlo-
ride (TCEP) and drug-linkers were coupled to the antibody (1.25
molar equivalent linker per mAb cysteine—30 min incubation
time). The resulting ADCs were puried by buffer-exchange
using Sephadex™ desalting columns and incubated 48 hours
at 37 �C in PBS to promote complete maleimide hydrolysis.
Fig. 2 (A) Structures of the negative control drug-linkers used in the
study. See ESI† for detailed chemical synthetic procedures. (B)
Hydrophobic Interaction Chromatography (HIC) profiles of ADCs.

4050 | Chem. Sci., 2019, 10, 4048–4053
We were pleased to observe that a signicant reduction in
hydrophobic interaction chromatography (HIC) retention time
was observed for the ADC-PSAR12 conjugate, compared to its
negative control ADC-PSAR0 (Fig. 2B and S13†). This result
demonstrates that inclusion of PSAR in a parallel orientation to
the drug unit was able to promote satisfactory hydrophobicity
masking and stealth properties to the nal conjugate. Inclusion
of PSAR in a linear conguration between the mAb and the drug
(ADC-PSAR12L) was detrimental to the masking of hydropho-
bicity, as already observed in previous studies.13 At equal length
(n¼ 12 monomer units), PSAR provides slightly better shielding
properties than PEG (ADC-PSAR12 versus ADC-PEG12). Albeit
providing general distinctions between PSAR/PEG hydrophilic
moieties or lack thereof, in silico log D or log S predictions of the
drug-linkers were unable to provide insight on the crucial
impact of the linker architecture on the nal ADC hydrophilicity
(Fig. S10†). We also conrmed that the graing of 8 drug-
linkers, with or without hydrophobicity masking entity, had
negligible impact on antigen-binding affinity compared to the
native antibody (Fig. S15†).

To explore if inclusion of an orthogonal PSAR in the drug-
linker structure would improve PK properties and antitumor
activity, mice PK and xenogra studies were conducted with ADC-
PSAR12 and ADC-PSAR0. Without inclusion of PSAR, a detri-
mental accelerated plasma clearance was observed, as antici-
pated for a DAR8 ADC based on a conventional drug-linker
(Fig. 3A).9,10 PK prole was restored with the inclusion of the
PSAR hydrophobicity maskingmoiety. Antitumor activity of these
two ADCs in a BT-474 breast cancermodel was directly correlated
Fig. 3 (A) Total ADC pharmacokinetic study in SCIDmice after a single
intravenous ADC dose of 3 mg kg�1. Clearance was 15.8 and 37.6 mL
per day per kg respectively for ADC-PSAR12 and ADC-PSAR0, as
calculated by two-compartmental model analysis. (B) Antitumor
activity in SCID/BT-474 breast cancer model following a single intra-
venous ADC dose of 3 mg kg�1. No body-weight changes were
observed during the study. CR ¼ complete remission.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (A) Total ADC pharmacokinetic study in Sprague-Dawley rats after a single intravenous ADC dose of 3 mg kg�1 and (B) associated
clearance rates (two-compartmental model analysis) as a function of the hydrophobicity masking entity length (monomer units). (C) Antitumor
activity in SCID/BT-474 breast cancer model following a single intravenous ADC dose of 2.5 mg kg�1. No body-weight changes were observed
during the study.
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with their observed PK behavior (Fig. 3B and S16†). A single dose
of ADC-PSAR12 at 3 mg kg�1 was curative whereas ADC-PSAR0
induced incomplete tumor regressions. At the same dose, the
currently approved Trastuzumab-DM1 (Kadcyla®) was only able
to promote a negligible tumor growth delay and no cures.

In order to gain some insight on structure–activity relation-
ship of the drug-linkers, more thorough in vivo investigations
were conducted (Fig. 4). The impact of PSAR length on ADC PK
properties was investigated in Sprague-Dawley rats, as it has
been shown that magnitude of ADC PK differences are more
important in rats than in mice.13 We observed that ADC expo-
sure increased as a function of PSAR length up to 12 monomer
residues, eventually reaching a point where further PSAR
extension had little inuence on the clearance rates of the
conjugates (Fig. 4A, B and S17†). In accordance with their
observed hydrophobicity (Fig. 2B), ADC-PSAR0 and ADC-
PSAR12L showed unfavorable PK characteristics. These results
clearly show that inclusion of a hydrophobicity masking entity
in an orthogonal orientation to the drug is mandatory to effi-
ciently restore PK properties. It was also observed that at equal
length, PSAR more efficiently improve clearance rates when
compared to PEG (respectively 38.9 and 47.3 mL per day per kg
for ADC-PSAR12 and ADC-PEG12).

Antitumor activity of these ADCs was investigated in the
breast cancer model BT-474, at a single 2.5 mg kg�1 dose
(Fig. 4C). Complete tumor regressions were only observed for
conjugates having low clearance rates (ADC-PSAR12 and ADC-
PSAR18), validating that a 12 monomer PSAR length appears to
be an optimized value, at least for this MMAE-based drug-
linker. In other experiments conducted in our labs, we
observed that the optimized PSAR length is a payload-
dependent value that can be more carefully optimized
depending on the hydrophobic character and the number of
payloads attached to one drug-linker. Interestingly we observed
This journal is © The Royal Society of Chemistry 2019
that the ADC-PSAR24 compound had a suboptimal activity,
despite its excellent clearance prole. As already observed28 and
because ADC hydrodynamic diameter increases as a function of
the hydrophilic shielding entity size, it can be hypothesized that
a 24 monomer PSAR length ultimately yields an overlarge and/
or hindered conjugate. Such a conjugate may partially impede
tumor penetration, interfere with internalization or b-glucu-
ronidase digestion processes and ultimately lead to the
observed loss of efficacy.

ADCs having unfavorable (ADC-PSAR12L) or suboptimal
(ADC-PSAR6 and ADC-PEG12) clearance proles were only able
to promote delayed tumor growth at the tested dose (Fig. 4C).
These results conrm the rational orthogonal placement of the
PSAR hydrophobicity masking entity and show that, at equal
length, PSAR more efficiently improve ADC antitumor activity
when compared to PEG (ADC-PSAR12 versus ADC-PEG12).
Conclusions

In summary, we report the use of monodisperse polysarcosine
as a hydrophobicity masking entity for the formulation of high
drug-load ADCs having improved physicochemical properties,
excellent pharmacokinetic characteristics and remarkable
antitumor potencies. Owing to its simplicity, this straightfor-
ward approach allows the formulation of optimized plasma-
stable homogeneous ADCs without the requirement of hard-
to-implement bioconjugation technologies. Our approach can
be tailored to obtain ADCs incorporating very hydrophobic
payloads known for their aggregation propensity or highly-
loaded ADCs bearing conventional or more moderately potent
payloads with new mechanisms of action.1,2 Ongoing efforts
focusing on the application of this platform to the preparation
of homogeneous DAR8/16 ADCs based on differentiated
payloads will be reported elsewhere.
Chem. Sci., 2019, 10, 4048–4053 | 4051
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