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hilic electrophiles enable highly
efficacious high DAR ADCs with excellent in vivo PK
profile†

Philipp Ochtrop,ac Jahaziel Jahzerah,a Paul Machui,c Isabelle Mai,c

Dominik Schumacher,c Jonas Helma,c Marc-André Kasper*abc

and Christian P. R. Hackenberger *ab

The recent success of antibody–drug conjugates (ADC), exemplified by seven new FDA-approvals within

three years, has led to increased attention for antibody based targeted therapeutics and fueled efforts to

develop new drug-linker technologies for improved next generation ADCs. We present a highly efficient

phosphonamidate-based conjugation handle that combines a discrete hydrophilic PEG-substituent, an

established linker-payload and a cysteine-selective electrophile in one compact building block. This

reactive entity provides homogeneous ADCs with a high drug-to-antibody ratio (DAR) of 8 in a one-pot

reduction and alkylation protocol from non-engineered antibodies. The compact branched PEG-

architecture introduces hydrophilicity without increasing the distance between antibody and payload,

allowing the generation of the first homogeneous DAR 8 ADC from VC-PAB-MMAE without increased in

vivo clearance rates. This high DAR ADC exhibits excellent in vivo stability and increased antitumor

activity in tumour xenograft models relative to the established FDA approved VC-PAB-MMAE ADC

Adcetris, clearly showing the benefit of the phosphonamidate based building-blocks as a general tool for

the efficient and stable antibody-based delivery of highly hydrophobic linker-payload systems.
Introduction

The site-specic and chemoselective modication of proteins
with unnatural functionalities like uorescent dyes or cytotoxic
drugs has become an indispensable strategy to advance the
molecular life sciences and to develop biological therapeutics.1

In particular antibody–drug conjugates (ADCs) receive
increasing attention for the targeted treatment of diverse
malignant diseases, as exemplied by seven new FDA approvals
within the past three years, accumulating to eleven marketed
ADCs in total.2–4 Most of these ADCs are produced via cysteine-
selective bioconjugation strategies that exploit the unique
nucleophilicity of thiols, liberated by reduction of interchain
disuldes of monoclonal antibodies, to yield chemically dened
conjugates.5–7 Strikingly, 9 out of 11 marketed ADCs are man-
ufactured using maleimide functionalized linkers despite their
known instability towards retro-Michael additions and thiol–
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exchange reactions in the presence of external thiols.8–10 In
particular the transfer of cytotoxic payload to endogenous
serum proteins such as albumin was identied as the main
pathway of these undesired decompositions.11 The resulting
drug loss in early days of circulation increases off target toxicity
and reduces the ADC efficacy. To address these stability issues
in the process of developing safer and more efficacious next
generation ADCs, several strategies have been pursued to
improve maleimide-based bioconjugates by promoting hydro-
lysis of the thiosuccinimide linkage to yield stable thio-
ethers.12,13 Beyond that, a set of new cysteine-selective
conjugation platforms including a,b-unsaturated
acrylamides,14–16 unsaturated bissulfones,17,18 sulfonamides,19

vinyl-20 and divinylpyrimidines,21 divinyltriazines,22 as well as
disubstituted maleimides23–25 and pyridazinediones26,27 have
been developed to produce stable bioconjugates. However, most
of these conjugation platforms lack ultimate evaluation in an in
vivo setting, thus falling short their ambition to enable next
generation therapeutics.

Recently, our laboratory contributed to this growing toolbox
for cysteine-selective conjugation methods by introducing
electrophilic vinyl- and ethynylphosphonamidates for the
modication of peptides and proteins (Fig. 1a).28,29 Those
unsaturated phosphonamidates exhibit excellent thiol selec-
tivity and outstanding linkage stability against thiol exchange
and retro addition. Along with these favored characteristics,
Chem. Sci., 2023, 14, 2259–2266 | 2259
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Fig. 1 Cysteine-selective phosphonamidate electrophiles. (a): Thiol-
selective bioconjugation reaction of ethynylphosphonamidates with
cysteine containing proteins yield highly stable conjugates. (b):
Synthesis of ethynylphosphonamidates by chemoselective Stau-
dinger-phosphonite reactions from ethynylphosphonites and azides.
(c): Compact hydrophilic phosphonamidate building blocks that allow
convenient ADC generation from native antibodies.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 1
/2

2/
20

26
 1

2:
24

:5
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
ethynylphosphonamidates are conveniently accessible from
various azides and diverse phosphonites through chemo-
selective Staudinger phosphonite reactions (SPhR) (Fig. 1b).
Previously, we applied ethynyl phosphonamidates for the
synthesis of ADCs employing commonly used payloads such as
the tubulin inhibitors MMAF and MMAE to generate efficacious
stably linked DAR 4 ADCs.30 In a head-to-head comparison to
the analogous maleimide linked Adcetris, we showed that
a phosphonamidate-based ADC displays a drastically improved
serum stability which translated into a benecial in vivo anti-
tumor activity.30

Aside from improving linkage stability, another strategy to
enhance the in vivo efficacy of ADCs is to increase the drug
loading to a maximum of eight drugs per antibody (DAR 8).
Although such high-loaded ADCs usually exhibit greater
potency in vitro compared to their lower modied analogues,
they are oen inferior in vivo owing to their increased overall
hydrophobicity that triggers accumulation and aggregation in
the liver.31,32 These processes ultimately lead to fast clearance
from blood circulation and decreased payload delivery to the
tumor. Therefore, the four marketed ADCs Adcetris, Polivy,
Padcev and Tivdak, all conjugated with the hydrophobic linker-
payload maleido-caproyl-valine-citrulline-PAB-MMAE (mc-VC-
PAB-MMAE), are limited to an average DAR of 3.5 to 4. To
overcome this limitation, efforts towards more hydrophilic
linker that enable the generation of high DAR MMAE conju-
gates with acceptable pharmacokinetic prole are ongoing. It
has been demonstrated that the replacement of the hydro-
phobic Val-Cit-PAB cleavage site with a hydrophilic glucuronide
linker that contains branched PEG polymers or polysarcosine
had a signicant effect on clearance from circulation in vivo and
2260 | Chem. Sci., 2023, 14, 2259–2266
improved the pharmacokinetic prole of DAR 8 MMAE
ADCs.33–35

In our present study, we introduce a new phosphonamidate
based hydrophilic conjugation handle that allows the straight-
forward modication of monoclonal antibodies with chal-
lenging hydrophobic payloads to yield highly modied antibody
conjugates without impairing their favourable pharmacokinetic
proles (Fig. 1c). To that end, we exploited the intrinsic compact
structure of ethynylphosphonamidates, and designed cysteine-
selective conjugation handles with hydrophilic O-substituents
that are directly incorporated into the phosphorous core of the
electrophile. The resulting compact branched structures
improve the aqueous solubility and conjugation efficiency of
highly hydrophobic linker-payloads as the established Val-Cit-
PAB-MMAE that is part of ve marketed ADCs (Fig. 1c).

In the course of this study, we identied PEG12 and PEG24 as
most suitable hydrophilic substituents that enable the genera-
tion of the rst ethynylphosphonamidate-based ADCs with
eight MMAE payloads per antibody. Most importantly, our
strategy succeeds without changing the VC-PAB cleavage site to
the much more polar glucuronide linker. These promising
bioconjugates display improved in vitro and in vivo efficacy
while maintaining exquisite PK proles.

Results and discussion

We started our investigation by evaluating the impact of
different water-soluble polar phosphonamidate-O-substituents
to mediate solubility of a hydrophobic cargo. For this purpose,
we chose the uorescent dye cyanine 5 (Cy5) as non-toxic
hydrophobic model and equipped the Cy5-phosphonamidate
with O-substituents such as diethylene glycol (PEG2), dodeca-
ethylene glycol (PEG12) or choline to obtain hydrophilic conju-
gation handles that can compensate for the hydrophobicity of
the uorophore. To that end, bis(diisopropylamino)-
chlorophosphine 1 was alkylated with ethynylmagnesium
bromide, followed by 1H-tetrazole mediated substitution of the
diisopropylamino groups with the respective alcohol to prepare
phosphonites 3a–c (Fig. 2a). The resulting highly hydrophilic
phosphonites, were directly used in a subsequent SPhR with
Cy5 azide 4 (for synthesis refer to ESI†) to give phosphonami-
dates 5a–c. To initially evaluate the solubility enhancing prop-
erties of the different O-substituents we set up a shake-ask
solubility assay and determined the maximum solubility of
phosphonamidates 5a–c in the aqueous system that is usually
used for phosphonamidate bioconjugation reactions. For
comparison we also included the previously reported Cy5
phosphonamidate 5d with ethyl- O-substituent to our
evaluation.29

As expected, ethyl phosphonamidate 5d displayed low solu-
bility under the tested conditions with a saturation concentra-
tion of 36 mM (Fig. 2c). Changing the substituent to the more
polar diethylene glycol signicantly increased the aqueous
solubility of the Cy5 conjugate 5a to 175 mM. Interestingly, the
cationic choline substituent did not signicantly improve the
solubility of the Cy5 phosphonamidate 5c, which is displayed by
the lowest measured solubility of 31 mM. In contrast, the PEG12
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 a): Sequential one-pot synthesis of differently O-substituted Cy5-phosphonamidates. (i): Ethynyl magnesium bromide, THF, 0°C-rt,
30 min.; (ii): R–OH, 1H tetrazole, MeCN, 0°C-rt, 2-3 h; (iii): Cy5-azide 4, DMF, rt, overnight. *Synthesized according to previous report.29 (b):
Scheme for the sequential reduction and alkylation protocol for the modification of brentuximab with Cy5-phosphonamidates 5a–d. Reduction:
DTT, 50 mM sodium borate in PBS (pH 8.0), 37 °C, 40 min. Thiol addition: 50 mM Tris–HCl, 1 mM EDTA, 100 mM NaCl, pH 8.5, 5% DMSO, 14 °C,
16 h. (c): Table summarizing properties of phosphonamidates 5a–d; FAR = fluorophore to antibody ratio.
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substituent drastically increased the solubility of phosphona-
midate 5b to 520 mM. This immense increase in solubility
qualied longer polyethylene glycol substituted phosphonami-
dates as most promising candidates for improving the conju-
gation of hydrophobic cargo to antibodies.

Next, we evaluated the set of uorescent phosphonamidates
in conjugation experiments with the therapeutically relevant
monoclonal antibody (mAb) brentuximab (Fig. 2b). Aer
reduction of intramolecular disuldes, we incubated the mAb
with 10 equivalents excess of Cy5 5a–d for 16 h at 14 °C, using
only a limited amount of DMSO cosolvent. Aer purication we
obtained brentuximab-Cy5 conjugates with uorophore to
antibody ratios (FAR) ranging from 0.1 to 2.8 (Fig. 2c). Under the
tested conjugation conditions, we observed the expected trend
of increasing FAR for differently substituted phosphonamidates
from low soluble ethyl 5d and choline 5c over moderately
soluble PEG2 5a to highly soluble PEG12 5b, conrming the
expected correlation between aqueous solubility and conjuga-
tion efficiency. The low FAR of ethyl- (FAR 0.2) and choline (FAR
0.3) substituted conjugates 5d and 5c is a result of their low
solubility (30 mM) in the reaction buffer, which reduces the
effective concentration to only one equivalent labeling reagent
per antibody. This unfavored stoichiometry is improved when
the more polar PEG2-and PEG12 phosphonamidates 5a and 5b
are used. Especially the PEG12 O-substituent increases aqueous
solubility of the Cy5-phosphonamidate in buffer which allows
the use of 100 equivalent excess during conjugation reactions
yielding in an improved FAR of 5.9.

Encouraged by the benecial solubility and conjugation
efficiency of the PEG12 substituted phosphonamidate, we
decided to employ this structural motif to synthesize homoge-
neously modied ADCs from the challenging hydrophobic
linker-payload Val-Cit-PAB-MMAE. In the linker-payload design
of compound 7, depicted in Fig. 3a, the PEG-substituent is
© 2023 The Author(s). Published by the Royal Society of Chemistry
directly incorporated into the electrophilic phosphonamidate
unit for the cysteine addition, which delivers a branched
conjugation handle that introduces hydrophilicity to the
hydrophobic linker-payload without increasing the distance
between antibody and payload. This compact structure limits
exposure of the hydrophobic linker-payload and should reduce
unfavored accumulation and aggregation of highly conjugated
ADCs. To synthesize the respective MMAE-phosphonamidate
we used phosphonite 3b in a SPhR with azido benzoic acid
succinimide ester and reacted the resulting NHS-
phosphonamidate building block 6 with VC-PAB-MMAE
(Fig. 3a). With the resulting compact drug–linker conjugate 7
in hand, we set up an initial screening experiment to identify
optimal conditions for a one-pot reduction and alkylation
protocol that yields a DAR 8 ADC from native antibodies
(Fig. 3b). To that end, we co-incubated brentuximab at 10 mg
mL−1 with 10 equivalents of 7 and increasing equivalents of
TCEP. In this set of experiments, we observed that a maximum
degree of modication with a DAR of 6.9 is reached with 8
equivalents of the reductant (Fig. 3c). Those 8 equivalents were
carried over to a second experiment in which we increased the
stoichiometry of 7 to 12 and 15 equivalents relative to the
antibody. We identied that a slight excess of 12 equivalents of
7 is sufficient to generate a fully modied DAR 8 ADC in a one-
pot reduction and alkylation protocol. Remarkably, this trans-
lates to only 1.5 equivalents 7 per cysteine, which allows
a reagent efficient ADC production.

Next, we started the evaluation of the DAR 8 brentuximab-7
by determining its in vitro potency in a cell-based viability assay
with three CD30-overexpressing cell lines and compared the cell
killing activity to a DAR 4 brentuximab-7 and Adcetris (Fig. 4a–
c). Across all tested antigen positive cell lines, we observed
nearly identical cell-killing behavior for Adcetris and the DAR 4
brentuximab-7. These results indicate that the modication of
Chem. Sci., 2023, 14, 2259–2266 | 2261
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Fig. 3 Synthesis of ethynylphosphonamidate 7 and optimization of conjugation conditions to brentuximab. (a): Synthesis scheme for the
preparation of ethynylphosphonamidate 7. (i): 4-Azidobenzoic-acid-N-hydroxysuccinimide ester, DMF, rt, overnight, 68%; (ii): VC-PAB-MMAE,
DIPEA, DMSO, overnight, 35%. (b): Equivalent screen of TCEP and 7 for one-pot reduction and alkylation protocol of brentuximab. (iii): 50 mM
Tris–HCl, 1 mM EDTA, 100 mM NaCl, pH 8.5, 5% DMSO, 14 °C, 16 h. (c): DAR of brentuximab-7 depending on equivalents of TCEP with 10
equivalents 7; (d): DAR of brentuximab-7 depending on equivalents of 7 with 8 equivalents TCEP.
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brentuximab with PEG12 phosphonamidate 7 has negligible
effect on the recognition, binding, and subsequent internali-
zation. Furthermore, both ADCs had no effect on the HL60
control cell line (Fig. 4d). When we further compared the IC50

values for the DAR 4 ADCs with the high loaded DAR 8 ADC, we
observed a clear increase in potency, which is in-line with the
higher payload loading of the DAR 8 brentuximab-7. To further
evaluate cathepsin B cleavage and the traceless release of MMAE
from the VC-PAB-linker aer ADC internalization, we set up an
indirect bystander assay for which we incubated CD30 positive
L-540 cells with Adcetris, brentuximab-7 DAR4 or DAR8. In this
setting, the ADC is internalized and exposed to intracellular
cathepsin B activity. If the VC-peptide is recognized and cleaved
by cathepsin B, free MMAE can passively diffuse across the cell
membrane into the cell culture medium while uncleaved
cysteine adducts would be trapped intracellularly. The super-
natant of L-540 cells was then transferred to CD30 negative HL-
60 cells and viability was assayed. As shown in Fig. 4e, we
observed the same trend of potency for the three ADCs, indi-
cating that PEG12 substituted phosphonamidate VC-PAB-MMAE
does not inhibit the cathepsin B mediated payload release in an
in vitro potency setting.

To investigate, if the improved in vitro cell killing of DAR 8
brentuximab-7 is also translated to more efficient tumor growth
inhibition, we assessed the in vivo efficacy of brentuximab-7 in
a Karpas 299 derived tumor xenogra model. To that end, we
adapted a previously reported study design, which revealed high
antitumor activity of a DAR 4 phosphonamidate linked MMAE
brentuximab. In the latter study a dosage of two times 1 milli-
gram per kilogram of body weight (mg kg−1) lead to complete
tumor remission, while a reduced dosing of two times 0.5 mg
kg−1 displayed decreased activity with only partial tumor growth
regression.30 We assumed that the decreased antitumor activity,
observed for the low dosing scheme, would substantially
improve once the DAR is increased from 4 to 8, as long as the
2262 | Chem. Sci., 2023, 14, 2259–2266
high DAR does not trigger accelerated ADC clearance. To chal-
lenge this assumption, we treated four groups of 10 mice with
either brentuximab-7 (DAR 8 and DAR 4), Adcetris (DAR 4) or
PBS as vehicle control. All groups received four doses of 0.5 mg
kg−1 ADC every third day and tumor growth was monitored over
an extended period of 74 days (Fig. 4g). Under these experi-
mental settings we observed only temporary and incomplete
tumor regression for Adcetris with 30% remission rate, which is
in line with earlier reports.31 Remarkably, our DAR 4 brentux-
imab-7 displays improved efficacy compared to Adcetris with
higher remission rate of 60%. This is also in line with our
previous in vivo efficacy experiments and again can be explained
with the high stability of phosphonamidate-linked conjugates
that leads to prolonged payload delivery to the tumor when
compared to less stable maleimide conjugates. The improved
activity of brentuximab-7 is even more pronounced when the
DAR is increased to 8 drugs per antibody. The DAR 8 treated
group showed an excellent response to the treatment and was in
tumor remission already a few days aer ADC treatment. Only
one mouse exhibited a tumor relapse and had to be sacriced at
day 25, while no relapse was observed for the remaining group
over the whole observation period of 74 days, resulting in an
excellent remission rate of 90%. This favored in vivo activity at
a low dosing of 0.5 mg kg−1 of the high loaded brentuximab-7
indicates that its plasma clearance is not affected by the payload
increase and that the here presented compact branched PEG12

phosphonamidate moderates the additional hydrophobicity to
yield a sufficiently hydrophilic ADC. These results are in line
with similar studies that investigated the effect of alternative
hydrophilic linker on in vivo activity of high DAR ADCs.33–35

Notably, in these studies the highly validated but hydrophobic
Val-Cit-PAB cleavage site had to be replaced with a glucuronide-
cleavage site to achieve similar results. Thus, brentuximab-7 is
the rst example of a stable conjugated Val-Cit-PAB-MMAE
based DAR 8 ADC with improved in vivo efficacy.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 In vitro and in vivo efficacy evaluation of brentuximab-7. (a–c): In vitro cell viability of different CD30 overexpressing cell lines in response
to increasing concentration of ADC brentuximab-7DAR 4 (orange) and DAR 8 (violet) in comparison to Adcetris (black). (d): In vitro cell viability of
CD30 negative control cell line HL-60 in response to increasing concentration of ADC brentuximab-7 DAR 4 (orange) and DAR 8 (violet) in
comparison to Adcetris (black). (e): In vitro cell viability of CD30 negative cell line HL-60 in response to supernatants of L-540 cells pre-incubated
with increasing concentration of ADCs brentuximab-7DAR 4 (orange) and DAR 8 (violet) in comparison to Adcetris (black). (f): Table summarizing
IC50 for cell viability of the tested ADCs. (g): Anti-tumor activity of ADC brentuximab-7 DAR 4 (orange) and DAR 8 (violet) in comparison to
Adcetris (black) and vehicle control (PBS, grey) in Karpas 299 tumor xenograftmodel in SCID mice. Treatment of 0.5 mg kg−1 was administered 4
times on day 0, 3, 6 and 9 post randomizations. Data are mean of n = 10 animals per group. (h): Kaplan–Meier survival plot of anti-tumor activity
study shown in (g).
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In the nal part of our study, we focused on the pharmaco-
kinetic behaviour of Val-Cit-PAB-MMAE based ADCs and set out
to investigate if the here presented compact hydrophilic
conjugation handle can compensate the additional hydropho-
bicity of a DAR 8 ADC to sufficiently ensure ADC circulation
without enhanced clearance in comparison to the established
DAR 4 Adcetris. As one can anticipate that the relative clearance
of an ADC can be predicted from its overall hydrophobicity, we
analyzed brentuximab-7 by hydrophobic interaction chroma-
tography (HIC) and compared it to Adcetris (Fig. 5b). In contrast
to the heterogeneously modied Adcetris, that is mainly
comprised of zero-, two-, four- and six-times modied mAb,
brentuximab-7 is a highly homogeneous ADC, eluting in
a single narrow peak at a similar retention time as the DAR 6
Adcetris and thus signicantly earlier than the Adcetris DAR 8.
This reects a reduced hydrophobicity of high loaded
brentuximab-MMAE conjugates when the PEG12 phosphona-
midate 7 is used for ADC preparation. To estimate if these
benecial properties of PEG12 phosphonamidates can be
© 2023 The Author(s). Published by the Royal Society of Chemistry
further optimized, we prepared another brentuximab-MMAE
conjugate with a PEG24-substituted phosphonamidate 8. The
HIC analysis of brentuximab-8 displays a similar narrow peak
shape as observed for brentuximab-7 with a shi to even lower
retention times, corresponding to a homogeneous and signi-
cantly more hydrophilic species in the range of a DAR 5
Adcetris. These results indicated that a brentuximab-8 might
exhibit a similar PK prole as the marketed DAR 4 Adcetris.

Finally, we wanted to investigate if the decreased hydro-
phobicity is sufficient to translate into an advantageous PK
prole with slow plasma clearance. To that end, we focused on
the most hydrophilic DAR 8 ADC discovered in this study and
treated female Sprague-Dawley rats with 5 mg kg−1 of brentux-
imab-8 or Adcetris. The levels of total antibody and intact ADC
were determined by ELISA at different time points. As displayed
in Fig. 5c, both curves for total antibody show a slow decrease of
blood concentration during the rst 7 days of the study,
pointing towards slow clearance and acceptable blood circula-
tion. Remarkably, the high loaded brentuximab-8 shows very
Chem. Sci., 2023, 14, 2259–2266 | 2263

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc05678j


Fig. 5 a): Chemical structures of the different ADCs and their linker architectures compared in this study. (b): UV-traches of analytical hydro-
phobic interaction chromatography (HIC) of homogenous DAR 8 ADCs brentuximab-7 (orange) and brentuximab-8 (violet) in comparison to the
heterogeneously modified DAR4 ADC Adcetris (grey). (c): Plasma pharmacokinetics of brentuximab-8 in female Sprague-Dawley rats. Data are
mean of n = 3 animals per group and time point.
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similar clearance compared to the total antibody of Adcetris.
This slow clearance behavior indicates that the compact PEG24-
phosphonamidate compensates for the additional hydropho-
bicity introduced by increased DAR and that our here presented
conjugation handle can improve the pharmacokinetic prole of
high loaded ADCs, even when challenging hydrophobic linker-
payloads, such as Val-Cit-PAB-MMAE are used. Looking closer
at the intact ADC fraction of both conjugates, we see a clear drop
for Adcetris during the rst 7 days of circulation, reecting
a loss of payload, while the curve for intact brentuximab-8
perfectly correlates with its total antibody curve. This observa-
tion again conrms that the phosphonamidate linkage is highly
stable in vivo, leading to higher concentration of intact ADC for
longer periods of time while maleimide linked conjugates suffer
from early drug loss and lower concentration of intact ADC.
From day 7 onwards until the end of our observation period,
both curves for total antibody and intact ADC of brentuximab-7
keep decreasing slowly to the level of intact Adcetris. This is
a remarkable PK prole for a stable conjugated Val-Cit-PAB-
MMAE based DAR 8 ADC, especially when keeping in mind
that at this time of circulation the remaining Adcetris has a DAR
far less than 4 due to linker payload loss caused by retroMichael
addition. Moreover, those results conrm the excellent stability
of the phosphonamidite linkage that has been measured in ex
vivo settings, previously.29
Conclusions

With this study, we demonstrate how the modular synthesis of
ethynylphosphonamidates via chemoselective Staudinger-
phosphonite reactions allows the straightforward preparation
of hydrophilic labeling reagents that are suitable for the
conjugation of challenging hydrophobic cargo molecules to
non-engineered antibodies in a one-pot reduction and alkyl-
ation protocol. We identied ethynylphosphonamidates
2264 | Chem. Sci., 2023, 14, 2259–2266
substituted with hydrophilic PEG12 as ideal conjugation handle
that increases the aqueous solubility and conjugation efficiency
of hydrophobic Cy5 dyes and employed the compact PEG12

substituted ethynylphosphonamidate for the streamlined
synthesis of homogeneously modied ADCs with eight drugs
per antibody. Here, we chose the established linker-payload VC-
PAB-MMAE as challenging hydrophobic model drug and
demonstrated that the branched PEG12 substituted ethynyl-
phosphonamidate allows the generation of a DAR 8 brentux-
imab with only slight excess of 1.5 equivalents labelling reagent
per cysteine. The resulting DAR 8 brentuximab-7 displays
increased in vitro potency when compared to DAR 4 ADCs and
most importantly maintains this advantage in an in vivo xeno-
gra tumor model.

Here, the DAR 8 brentuximab-7 outperformed its DAR 4
analogue and the DAR 4 Adcetris, displaying an excellent in vivo
efficacy, which indicates that the introduced hydrophilicity
compensates for the overall hydrophobicity of 8 VC-PAB-MMAE
units and sufficiently inhibits accumulation and aggregation of
the ADC during circulation. Finally, we showed that the
hydrophilicity of phosphonamidate linked ADCs can be further
increased when longer PEG is incorporated into the conjugation
handle and showed that a PEG24 substituted VC-PAB-MMAE
ethynylphosphonamidate delivers a DAR 8 brentuximab-8 that
displays a remarkable pharmacokinetic prole with slow
clearance from blood, which is in the range of lower modied
Adcetris. In conclusion, the here presented PEG substituted
compact phosphonamidate conjugation handle combines
outstanding linkage stability and a branched hydrophilic
architecture that enables the generation of highly efficacious
DAR 8 ADCs from challenging hydrophobic payloads and native
antibodies without impairing the favorable pharmacokinetic
prole of monoclonal antibody conjugates. To the best to our
knowledge, we here present the rst example of a Val-Cit-PAB-
based MMAE linker-payload that is applicable to generate
© 2023 The Author(s). Published by the Royal Society of Chemistry
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DAR 8 ADCs without enhanced clearance in vivo, emphasizing
the potential of branched PEG phosphonamidates to conjugate
even more hydrophobic and therefore demanding payloads to
antibodies in high DAR. Consequently, we highlight how
adequate linker design opens synthetic pathways to well
dened protein-conjugates with improved properties that may
help to develop future biological therapeutics with benecial
therapeutic indices.
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