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Template-directed methods are emerging as some of the most effective means to conjugate payloads at

selective sites of monoclonal antibodies (mAbs). We have previously reported a method based on an

engineered Fc-III reactive peptide to conjugate a radionuclide chelator to K317 of antibodies with the

concomitant release of the Fc-III peptide ligand. Here, our method was redesigned to target two lysines

proximal to the Fc-III binding site, K248 and K439. Using energy minimization predictions and a semi-

combinatorial synthesis approach, we sampled multiple Fc-III amino acid substituents of A3, H5, L6 and

E8, which were then converted into Fc-III reactive conjugates. Middle-down MS/MS subunit analysis of

the resulting trastuzumab conjugates revealed that K248 and K439 can be selectively targeted using the

Fc-III reactive variants L6Dap, L6Orn, L6Y and A3K or A3hK, respectively. Across all variants tested,

L6Orn-carbonate appeared to be the best candidate, yielding a degree and yield of conjugation of

almost 2 and 100% for a broad array of payloads including radionuclide chelators, fluorescent dyes,

click-chemistry reagents, pre-targeted imaging reagents, and some cytotoxic small molecules.

Furthermore, L6Orn carbonate appeared to yield similar conjugation results across multiple IgG

subtypes. In vivo proof of concept was achieved by conjugation of NODAGA to the PD1/PD-L1 immune

checkpoint inhibitor antibody atezolizumab, followed by PET imaging of PD-L1 expression in mice

bearing PD-L1 expressing tumor xenograft using radiolabeled [64Cu]Cu-atezolizumab.
Introduction

Site-selective conjugation chemistries have become an impor-
tant means of building antibody drug conjugates (ADCs). It is
widely accepted that site-specic conjugation of a payload in
a region of the antibody that is not involved in antigen recog-
nition improves the pharmacodynamic effect and therapeutic
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window of the product, as illustrated by several studies.2–12 In
the ADC eld, site-specic technologies of all types now domi-
nate new ADCs entering into clinical trials. However, the recent
work of ImmunoGen comparing homogenous and heteroge-
nous ADCs that generate the same metabolites, suggests that
site-specic technologies may not always enhance the phar-
macokinetics of the drug and may also detrimentally alter its
toxicity prole.13–15 In fact, several criteria such as the nature of
the payload, the linker, the conjugation chemistry, the drug-
antibody ratio (DAR), the hydrophobicity of the ADC may have
an impact on the in vivo properties of the conjugate, which are
for the time being difficult to predict. The large number of
upcoming clinical studies of site-specically prepared ADCs
may help clarifying if there is a single conjugation chemistry
that will become of widespread use, or whether other methods
will also be applicable. Therefore, developing various technol-
ogies is of interest for further progress in the eld.

Site-specic conjugation to an antibody is challenging due to
the large number of solvent-exposed nucleophilic amino acids,
in particular lysines. Despite this difficulty, the eld has been
very prolic through developing a wide array of technologies
that can be summarized as engineered cysteines, disulde
© 2024 The Author(s). Published by the Royal Society of Chemistry
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rebridging, non-canonical amino acids, C-/N-terminal modi-
cations, transglutaminase, other enzymatic methods and glycan
modication (reviewed by Walsh et al.16). However, all these
methods require to modify the antibody through mutating,
subcloning, reducing or enzymatic reaction that may ultimately
alter the pharmacological properties of the ADCs. To address
these issues, site-selective lysine conjugation methods are
emerging as promising tools.17 Among these, template-directed
methods in which a ligand is used to bring a chemical reactive
site in proximity to an antibody lysine are of particular
interest,18–26 rstly because the ligand is amenable to regiose-
lectivity through binding to the Fc or F(ab′)2 domain, secondly
because the chemistry is engineered onto the ligand and not the
antibody. In the rst-generation technologies, the ligand
remained attached to the antibody resulting in possible loss of
FcRn binding due to the overlap between the binding site of the
ligand and FcRn.19,20 To solve this issue, methods where the
ligand is removed following the conjugation step (traceless
chemistry) were developed,18,25,26 but they usually require several
chemical steps to achieve this goal. We have recently reported
a novel template-directed method, which allows to attach
a radionuclide chelator to the Fc domain of antibodies with the
concomitant release of the ligand, thereby providing an anti-
body Fc conjugate in a single step.1 Following our publication,
another one-pot traceless chemistry was reported.27 Although
our approach was regioselective to the Fc domain, we did
observe some unspecic conjugation to the F(ab)2

′ domain and
could not achieve 100% conjugation. To be applicable to ADCs
site-specic engineering, achieving near 100% modication at
a single lysine residue in the Fc region of the antibody is
required. Here, we wish to improve the efficiency of our meth-
odology with the aim of expanding our approach to a wider
range of payloads.
Fig. 1 (A) Overview of the IgG Fc-III binding site. The IgG surface is highlig
the residues in proximity with Ab Lys 248, His5, Leu6 and Glu8, which are
(shown in black) are substituted with a residue bearing an amino moiety
sufficiently reactive to react with an antibody lysine. The reactivity modu
ligand is released concomitantly with the conjugation of the payload to

© 2024 The Author(s). Published by the Royal Society of Chemistry
Results and discussion

In our original publication describing a ligand-templated
approach, Fc-III was equipped with a PEG spacer at its N-
terminus to bring a carbonate cleavable reactive site linked
to a radionuclide chelator in proximity to a nucleophilic
antibody lysine (K317) located 17–26 Å away from the Fc-III
ligand binding site.1 Using DOTA-PEG10-Fc-III, we were able
to attach DOTA to trastuzumab with a labeling efficiency of
72% and a Fc/Fab selectivity of 4.1. Unspecic conjugation at
the Fab domain may alter antigen recognition and achieving
100%modication at single lysine of the Fc region may create
ADCs with favorable PK properties. We hypothesized that the
non-specic payload conjugation observed at the F(ab′)2
domain (DoC F(ab′)2 of 0.22) may be due to the high exibility
of the PEG spacer, which does not allow the carbonate reac-
tive site to be present at all times in proximity with the anti-
body targeted lysine (K317). Attaching the chemically
cleavable reactive site directly onto the Fc-III ligand without
spacer may restrict exibility and improve regioselectivity
toward the IgG Fc region by increasing the local effective
concentration of the reactive termini, and thereby increasing
the kinetics of the reaction when compared to our previous
spacer approach. In that case, the chemically cleavable reac-
tive site should be attached directly to the N- or C-terminus of
Fc-III, or to one of its amino-acid side chains. Inspection of
the X-ray crystal structure of the Fc-III/IgG Fc bound
complex28 revealed that the N- and C-terminus of Fc-III are
located at the opposite end of the binding site and are
therefore not suitable for this approach. On the other hand,
Fc-III His5, Leu6 and Glu8 appear to be located in proximity to
Lys248 (Fig. 1A), a conserved residue located in the Fc region
of most human IgG antibodies. By substituting His5, Leu6 or
Glu8 with a side chain bearing an amine moiety, the
hted in grey, and Fc-III (tubular structure) is shown in green, except for
color-coded in magenta. (B) Fc-reactive conjugate; His5, Leu6 or Glu8
. The chemically cleavable reactive site is stable in aqueous media, yet
lator fine tunes the reactivity of the reactive site and ensures that the
the antibody and detached from the antibody after acidic treatment.

Chem. Sci., 2024, 15, 1324–1337 | 1325
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chemically cleavable reactive site can be attached to Fc-III via
an amide bond linkage using the chemistry concept we
devised previously1 (Fig. 1B), thereby providing a Fc-III reac-
tive conjugate which should allow to conjugate the payload
selectively to Lys248.
Fc-III lysine scan suggests that Leu6, Glu8 and Ala3 are the
best residues for site selective conjugation

To identify the best Fc-III residues to attach to the chemically
cleavable reactive site, we performed a lysine scanning muta-
genesis experiment. Each Fc-III amino acid was substituted with
a lysine, except at positions Cys2 and Cys12 which are used for
a disulde bridge. The impact of Lys substitution for binding to
trastuzumab was assessed using a biochemical uorescence
polarization (FP) competition assay.1 Briey this assay is based
on the uorescence polarization signal that can be measured
when a uorescently labeled Fc-III probe (Fc-III-FAM) is bound
to trastuzumab. If the binding affinity of the variant peptide is
not affected by the substitution, it should be able to compete
with binding of Fc-III-FAM to trastuzumab and yield IC50 values.
We found that most variants were able to decrease the FP signal
in a similar extent than Fc-III, except for W4K, V10K and W11K,
which displayed IC50 values higher than 3 mM (Table S1†). Since
the addition of the chemically cleavable site and the payload to
Fc-III may also result in higher IC50 values, and the antibody
concentration used during the conjugation step is of 34 mM, it
can be expected that W4K, V10K and W11K will have weak
binding affinities to Fc-III.

Next, the Fc-III lysine variants were converted into Fc-III
DOTA reactive conjugates by coupling the substituted lysine
to compound 1 by HATU coupling (Scheme 1A).1 The resulting
Fc-III-K-DOTA reactive conjugates were then used to conjugate
DOTA to trastuzumab and the antibody-DOTA conjugates were
characterized by LC-FTMS analysis as reported previously.1

Briey, the antibody conjugation efficiency and degree of
conjugation (DoC) was determined by LC-FTMS analysis of the
intact antibody conjugate following deglycosylation of the
trastuzumab-DOTA conjugate with EndoS, and the Fc/F(ab)2

′

selectivity was determined by LC-FTMS analysis of the F(ab)2
′

and Fc subunits following digestion of trastuzumab-DOTA
conjugate with GinghisKHAN. Consistent with the FP compe-
tition data, the W4K, V10K and W11K reactive conjugates
yielded poor conjugation of DOTA to trastuzumab, resulting in
only 20% of labeled antibody and a very low Fc/F(ab′)2 selec-
tivity (Table 1; 0.01, 0.11 and 0.20, respectively). Similarly, the
D1K, G7K, L9K and T13K Fc-III reactive conjugates yielded low
Fc/Fab selectivity (1.01, 1.44, 1.68 and 0.09, respectively). For
simplication, F(ab′)2 is referred to Fab throughout the text.
These results are expected given that D1, G7, L9 and T13 are all
pointing away from the Fc-III binding site. On the other hand,
the antibody labeling efficiency increased signicantly for the
H5K, L6K and E8K Fc-III-DOTA reactive conjugates (Table 1),
consistent with the fact that H5, L6 and E8 are deeply buried in
the antibody binding site in close proximity to K248 (Fig. 1A).28

Surprisingly, the conjugation data of Fc-III A3K-DOTA were
1326 | Chem. Sci., 2024, 15, 1324–1337
also excellent, despite that A3 appears to be located far from
K248. Inspection of the X-ray structure of Fc-III/IgG Fc bound
complex suggests that K439 may be the antibody lysine tar-
geted by this variant. In summary, the best results were
observed with A3K, E8K and L6K yielding a DoC of 1.37, 1.70
and 1.24, and a Fc/Fab selectivity of 25.85, 3.97 and 15.52,
respectively. These data are a signicant improvement in
selectivity over our former approach with DOTA-PEG10-Fc-III
(DoC = 1.2 and Fc/Fab = 4.1).
Fc-III-L6Orn-DOTA, Fc-III-E8Orn-DOTA and Fc-III-A3hK-DOTA
yield excellent antibody labeling efficiency and exquisite Fc
selectivity

To further improve the antibody conjugation efficiency and
selectivity of our method, we sought to optimize the length of
the side chains A3K, L6K and E8K to bring the chemically
cleavable reactive site as close as possible to the antibody
nucleophilic lysine. Energy minimization was performed§ to
estimate the binding affinity of the Fc-III-K-DOTA reactive
conjugates to the antibody as well as the distance of the anti-
body lysine to the carbonate reactive site. As can be seen in
Table 2, K248 appeared to be at 9.29 and 4.14 Å of the carbonate
reactive site for L6K and E8K, respectively. In the case of Fc-III-
A3K-DOTA, K439 appeared to be at 4.97 Å. Taking into account
that our model may deviate from the actual Fc-III/IgG Fc
interaction seen in the X-ray structure, we devised a limited
combinatorial strategy whereby multiple Fc-III amino acid side
chain lengths were sampled based on our energy minimization
predictions. This was performed by replacing A3, L6 and E8
with Dap, Dab, Orn, hK, DapPEG1, KPEG1, KPEG2 or KPEG3
thereby varying the number (n) of carbon (or heteroatom for
PEG containing variants) of the amine bearing side chain to 1,
2, 3, 5, 8, 11, 14 and 17, respectively (Scheme 1B and C, Table 2).
The resulting Fc-III variants were then converted into Fc-III-X-
DOTA reactive conjugates as described above for the K
substituents and used to conjugate DOTA to trastuzumab as
described above (Scheme 1B). LC-FTMS analysis of the
antibody-DOTA conjugates showed that the A3hK, L6Orn and
E8Orn Fc-III DOTA variants yielded excellent results with
antibody labeling efficiencies of 92%, 99% and 97%, respec-
tively, and negligeable labeling at the Fab domain with DoC
Fab values of 0.03, 0.05 and 0, respectively (highlighted in bold
in Table 2). Overall, the conjugation results were consistent
with the energy minimization data, where the best results were
achieved at the shorter distance of the carbonate center to K248
or K439, and the highest affinity of the Fc-III reactive conjugate-
antibody bound complex. Unexpectedly, when the length of the
L6 variant was extended beyond the most optimal distance to
K248, i.e. L6KPEG1, L6KPEG2 and L6KPEG3, the conjugation
results turned out to be also excellent, however with a decrease
of Fc/Fab selectivity with L6KPEG3. Altogether, we have
discovered 3 variants, A3hK, L6Orn and E8Orn, which allow to
conjugate DOTA to trastuzumab with high degree of conjuga-
tion and efficiency using our Fc-III template directed conju-
gation approach.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Fc-III lysine and variant scan (A) synthesis of Fc-III-L6K-DOTA reactive conjugate. (1) HATU, DIEA, DMF, Fc-III-L6K peptide,
compound 11; (2) TFA/TIS/H2O. (B) Synthesis of antibody-DOTA conjugates; the Fc-III side chains that are varied are color coded in green, the
reactivity modulator and the carbonate reactive center in violet and red, respectively; (3) 34 mM of antibody, 2 equivalents of peptide conjugate,
pH 9, 2 h incubation at room temperature. (C) Chemical structures of variants used in this study. As the amino acids bearing the hydrocarbon side
chains beyond n = 5 are not commercially available, we attached 1, 2 or 3 PEG units via an amide bond to the A3 Dap or L6K variants. The main
and side chain of each variant are shown in black and green, respectively.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 2

/1
1/

20
26

 6
:0

1:
36

 P
M

. 
 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
High plasticity of the Fc-III binding site toward various
conjugation chemistries

To investigate if other conjugation chemistries can be applied
using our approach, we rst replaced the carbonate reactive site
by a thioester reactive site (Scheme 2A). Similarly, to the native
chemical ligation methodology,29 this chemistry has the
advantage to result in a native amide bond following the
conjugation step of the payload to the antibody in contrast to
the carbamate linkage resulting from our original approach. To
ne tune the aqueous stability and lysine reactivity of the
thioester bond, two electro-donating methylenes were added to
the phenyl ring of the reactivity modulator (Scheme 2A). The
© 2024 The Author(s). Published by the Royal Society of Chemistry
same combinatorial strategy described above was applied: Fc-
III-L6 was replaced by Dap, Dab, Orn or Lys and then linked
to compound 004 (ESI†) via amide coupling. As the reactivity
modulator contains two additional carbon atoms when
compared to the carbonate approach, it would be expected that
the best thioester variant would be Dap, given that L6Orn was
the best carbonate variant. As expected, when the Fc-III-L6X-
thioester-DOTA variants were incubated with trastuzumab, we
found that L6Dap-thioester-DOTA gave the conjugation results
yielding an excellent antibody labeling efficiency of 94% and
a Fc/Fab selectivity of 36.24. In fact, all reactive conjugate vari-
ants gave excellent results, except for L6Dab-thioester-DOTA
(Table 3). Energy minimization showed that all these variants
Chem. Sci., 2024, 15, 1324–1337 | 1327
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Table 1 LC-FTMS analysis of DOTA-antibody conjugates obtained with Fc-III-K-DOTA reactive conjugates

Peptide conjugates DoC mAba Labeled mAb Selectivity Fc/Fabb DoC Fcb DoC Fabc

Fc-III-D1K-DOTAd 0.52 42% 0.22 (1.01d) 0.06 0.26
Fc-III-A3K-DOTA 1.37 85% 25.85 (29.40d) 1.16 0.04
Fc-III-W4K-DOTA 0.23 21% 0.01 0 0.31
Fc-III-H5K-DOTA 0.37 33% 3.85 0.37 0.10
Fc-III-L6K-DOTA 1.24 82% 15.52 1.19 0.08
Fc-III-G7K-DOTA 0.66 49% 0.29 (1.44d) 0.08 0.27
Fc-III-E8K-DOTA 1.70 90% 3.97 (5.42d) 1.05 0.26
Fc-III-L9K-DOTA 0.30 27% 0.11 (1.68d) 0.01 0.11
Fc-III-V10K-DOTA 0.19 18% 0.11 0.02 0.19
Fc-III-W11K-DOTA 0.27 24% 0.20 (0.80d) 0.03 0.15
Fc-III-T13K-DOTA 0.20 19% 0.09 0.02 0.20

a The DOTA-antibody conjugates were deglycosylated with EndoS enzyme and then characterized by liquid chromatography coupled with orbitrap
fourier transform mass spectrometry (LC-FTMS) under denaturing conditions, thereby providing the degree of conjugation (DoC) of DOTA
molecules. b For simplication, F(ab′)2 is referred to Fab throughout the text. c To calculate the conjugation selectivity (DoC Fc and DoC F(ab′)2),
the DOTA-antibody conjugates were then treated with GingisKHAN™ enzyme, and the digested fragments were analyzed by LC-FTMS. d When
the sum of DoC of Fc plus F(ab′)2 was much lower than the DoC of intact mAb, the Fc/F(ab′)2 selectivity was extrapolated based on extrapolated
Doc Fc.
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are positioned quite close to the thioester bond, with excellent
binding affinity. This is due to the 2 methylenes that provide the
exibility necessary to nicely t the phenyl ring in the hydro-
phobic pocket (Fig. S1†). Based on the energy minimization, it
would be expected that the thioester approach yields better
results than the carbonate approach. However, despite excellent
selectivity, the thioester chemistry provided a lower degree of
antibody conjugation efficiency (94% versus 99% for L6Dap-
thioester and L6Orn-carbonate, respectively). Additionally, the
thioester Fc-III reactive conjugates appeared to be less stable in
aqueous media than the corresponding carbonate conjugates.

In another approach, rather than coupling the reactivity
modulator by amide linkage to a Fc-III variant bearing an amine
Table 2 LC-FTMS analysis of DOTA-antibody conjugates obtained with

Peptide conjugate variants

n DoC mAb Labeled mAb Selectivity Fc/F

A3Dap 1 0.29 26% 0.48
A3Orn 3 0.64 47% 8.79
A3K 4 1.37 85% 25.85
A3hK 5 1.54 92% 46.26
A3DapPEG1 8 0.63 46% 4.77
L6Dap 1 1.68 96% 15.49
L6Dab 2 1.11 76% 7.96
L6Orn 3 1.87 99% 41.17
L6K 4 1.24 82% 15.52
L6KPEG1 11 2.22 98% 33.28
L6KPEG2 14 1.68 95% 35.22
L6KPEG3 17 2.29 100% 15.27
E8Dap 1 2.09 97% 5.97
E8Orn 3 1.76 97% Fc selective
E8K 4 1.70 90% 3.97

a Energyminimization was performed usingMolecular Operating Environm
the linker (blue). In all cases the NH2 function pointed away from the Fc
E8Orn showed that the distance to K248 was identical when DOTA wa
measured relative to antibody K439. All other variants were measured rela

1328 | Chem. Sci., 2024, 15, 1324–1337
moiety as described above (Fig. 1B), the Fc-III amino acid side
chain was converted into the reactivity modulator by substitu-
tion with a tyrosine analog (Scheme 2B). We substituted the
positions L6 and E8 with Tyrosine or homo-Tyrosine (hY) to
which was added the carbonate reactive site and the linker
shown in blue in Scheme 2B. Energy minimization of the
resulting peptide reactive conjugates suggested that the L6Y,
L6hY and E8hY might be good candidates for the tyrosine
approach. The Fc-III-Y variants were synthesized, and their
binding affinity to recombinant trastuzumab was assessed
using the FP competition assay described above. We found that
these variants are all capable of competing with binding of Fc-
III-FAM to trastuzumab at concentrations lower than required
Fc-III-X-DOTA reactive conjugatesa

ab DoC Fc DoC Fab Distance to Ab K248 or K439b (Å)
Affinity
(kcal mol−1)

0.06 0.12 9.62 −14.39
0.37 0.04 7.28 −14.96
1.16 0.04 4.52 −14.69
1.50 0.03 3.96 −14.85
0.24 0.05 13.14 −14.36
1.74 0.11 13.17 −13.56
1.09 0.14 5.25 −8.16
1.91 0.05 5.03 −14.08
1.19 0.08 9.29 −15.08
1.74 0.05 15.63 −13.03
1.91 0.05 16.92 −12.77
2.12 0.14 14.72 −13.21
1.69 0.28 3.87 −11.10
1.77 0 4.99 −14.60
1.05 0.26 4.14 −12.75

ent (MOE) with the structure depicted in Fig. 1B up to the NH2moiety of
-III binding site at the solvent exposed face. Energy minimization with
s included (data not shown). b The distance of the A3 variants were
tive to K248.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Schematic representation of other conjugation chemistries. The color codes are green for the Fc-III substituted residue, violet for the
reactivity modulator (green for the tyrosine approach given that both the substituted side chain becomes the reactivity modulator), red for the
chemical reactive center and blue for the linker between the chemical reactive site and the payload (A) Thioester approach; (B) Tyrosine
approach. Only the L6 variants are shown here.
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for the antibody conjugation reaction (34 mM, IC50 values in
Table S1†). Similar to the thioester approach, the Fc-III-Y-
carbonate-DOTA reactive conjugates improved signicantly
the selectivity of the conjugation of DOTA to trastuzumab when
compared to the results we reported previously with Fc-III-
PEG10-DOTA (Table 3). The best candidate Fc-III-L6Y-DOTA
was able to label 92% of trastuzumab with a DoC Fc of 1.56
and a DoC Fab of 0. Note that the conjugation efficiency of this
approach may be lower in part because of the lower stability of
Table 3 Conjugation results with Fc-III reactive conjugates bearing a th

Peptide conjugate variants

n DoC mAb Labeled mAb Selec

L6Dap 1 1.63 94%
L6Dab 2 0.70 55%
L6Orn 3 1.48 94% F
L6K 4 1.37 88%

Peptide conjugate variants

n DoC mAb Labeled mAb Sele

Fc-III-L6Y-DOTA 1 1.42 92% Fc s
Fc-III-L6hY-DOTA 2 0.32 30% 14.9
Fc-III-E8hY-DOTA 1 0.73 60% Fc s

© 2024 The Author(s). Published by the Royal Society of Chemistry
the Fc-III-Y conjugates in aqueous solution as it was observed
during the HPLC purication step (20–40% of hydrolyzed form).

Altogether these data show that the Fc-III binding site is
capable of accommodating a wide array of chemical modica-
tions that can be used successfully with our ligand templated
approach. For all variants and chemistries that were tested,
L6Orn, E8Orn or A3hK carbonate, L6Dap thioester and L6Y
carbonate appeared to be the best Fc-III reactive conjugates
providing excellent antibody conjugation efficiency and Fc
ioester or tyrosine-carbonate chemically cleavable site

tivity Fc/Fab DoC Fc DoC Fab
Distance to
Ab K248 (Å)

Affinity (kcal
mol−1)

36.24 1.52 0.04 4.53 −14.14
2.03 0.34 0.17 4.94 −13.86

c selective 1.39 0 3.36 −14.44
24.56 1.22 0.05 4.18 −16.18

ctivity Fc/Fab DoC Fc DoC Fab
Distance to
Ab K248 (Å)

Affinity (kcal
mol−1)

elective 1.56 0 4.91 −15.22
4 0.33 0.02 5.80 −14.73
elective 0.78 0 3.49 −15.48

Chem. Sci., 2024, 15, 1324–1337 | 1329
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Fig. 2 Intact mass analysis of the trastuzumab-DOTA conjugates by LC-FTMS. The Fc-III reactive conjugate variant used to conjugate DOTA to
trastuzumab is listed above each spectrum. The deconvolved mass spectra of the intact deglycosylated sample is shown after EndoS treatment.
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selectivity, with a DOTA to Fc antibody ratio close to 2. In
comparison, random conjugation of trastuzumab with DOTA-
NHS provided only 73% of labeled mAb and a Fc/Fab selectivity
of 1.46 (DoC = 1.34, Table S4†). In addition to these signicant
Table 4 Middle down MS/MS analysis of trastuzumab-DOTA conjugate

Fc-III reactive conjugates

mAb labeled site [distance to carbonate (Å

246a 248a

Fc-III-L6Dap-DOTA 23.1 Å 13.2 Å 28%
Fc-III-L6Dab-DOTA 16.1 Å 26% 5.3 Å 26%
Fc-III-L6Orn-DOTA 14.4 Å 32% 5.1 Å 32%
Fc-III-L6K-DOTA 9.4 Å
Fc-III-L6KPEG1-DOTA 28.1 Å 30% 15.6 Å 29%
Fc-III-L6KPEG2-DOTA
Fc-III L6Y-DOTA 15.5 Å 32% 4.9 Å 32%
Fc-III E8Orn-DOTA 16.4 Å 27% 5.0 Å
Fc-III-E8hY-DOTA 12.3 Å 31% 3.5 Å 31%

Fc-III reactive conjugates

mAb labeled site [distance to carbonate (

392 409c

Fc-III-A3K-DOTA 27.0 Å 24% 24.4 Å 2
Fc-III-A3hK-DOTA 28.7 Å 25.0 Å 2

a Lysines 246 and 248 cannot be discriminated due to the lack of fragmen
analysis b, therefore the same percentile is listed for both positions. b Ly
at 38.54 Å away of the carbonate cleavable site of Fc-III-L6K-PEG2-DOTA

1330 | Chem. Sci., 2024, 15, 1324–1337
improvements, another advantage of our templated conjugation
approach is the low amount of Fc-III reactive conjugate that is
required for the conjugation step (equimolar amount versus 10-
fold excess for the random NHS conjugation methods).30
s

), sequence coverage (%)]

274 392 317b

45.4 Å 24%
40.6 Å 28%
38.2 Å 30%
41.1 Å 22% 8.6 Å 21%
49.9 Å 29%

35.9 Å 100%
39.9 Å 28%
41.0 Å
34.5 Å 31%

Å), sequence coverage (%)]

414c 439

3% 32.4 Å 23% 4.5 Å 21%
8% 31.1 Å 4.0 Å

tation in that specic part of Fc/2 sub-unit during middle-down MS/MS
sine 317 could not be discriminated from Lysine326. Lys326 is located
. c Same remark for Lysines 409 and 414.

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc04324j


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 2

/1
1/

20
26

 6
:0

1:
36

 P
M

. 
 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
In regards of lysine selectivity, comparing the conjugation
results in terms of DoC and percent antibody labeling can be
misleading even if the Fc/Fab ratio is determined, because the
degree of conjugation and efficiency are calculated based on the
average of conjugated species. In an ideal case where conjuga-
tion occurs at a single lysine with 100% conjugation at both Fc
domains, only one species should be detected by LC-FTMS
analysis.

Fig. 2 shows the complete data set obtained by LC-FTMS
analysis and highlighted in bold in Tables 2 and 3. We found
that the L6Orn and E8Orn carbonate variants provided the best
data with the major species being at D2, that is two DOTA
chelators attached to trastuzumab. Conjugates bearing one or
three DOTAs were also detected but to a minor extent (D1 and
D3, respectively). These data suggest that DOTA is conjugated to
at least two lysines using L6Orn- or E8Orn-carbonate. In all
other cases, the amount of the D1 species was more important
and some unconjugated antibody was also observed (D0). Note
that no D3 species was observed when L6Y carbonate was used,
suggesting that this may be the only variant resulting in
conjugation at a single lysine residue. Because the LC-FTMS
analysis obtained using the E8Orn variant showed a slightly
higher amount of D1 species, the L6Orn carbonate variant was
selected as the best candidate for further studies.
Fig. 3 Representation of the antibody conjugation sites identified by
middle-down MS/MS sub-unit analysis. The antibody lysines to which
conjugation is likely to occur are color coded in red, green, blue and
magenta and the respective Fc-III X-DOTA peptide variants used for
the conjugation are shown in brackets (abbreviated as the relevant Fc-
III amino acid variant). K409 is hidden inside the antibody and was
slightly moved at the surface to be visible on this figure.
Middle-down mass spectrometry analysis of trastuzumab
DOTA conjugate

Middle-down mass spectrometry (MS/MS) was used to identify
the antibody conjugation site(s) of DOTA obtained with our Fc-
III carbonate peptide variants as reported previously.1 The
trastuzumab-DOTA conjugates were digested with Fab-
RICATOR™ (IdeS) or GinghisKHAN™ proteases, and the
disulde bonds were subsequently reduced with TCEP, yielding
25 kDa antibody fragments, i.e., Lc, Fd′ and Fc/2. The resulting
sub-units were then analyzed by LC-FTMS/MS with high-energy
collision-induced dissociation (HCD) as a fragmentation tech-
nique (more details in ESI†). Using this approach, we found that
the antibody DOTA conjugation sites were at K246, K248 or
K274 for FabRICATOR™-derived Fc/2 subunit resulting from
the L6Orn, L6Y and E8Orn Fc-III carbonate variants (Table 4).
Since K246 and K248 could not be discriminated due to the lack
of fragmentation in that specic part of Fc/2 sub-unit during
middle-down MS/MS analysis, the D3 species observed in Fig. 2
suggest that conjugation occur at K246/248 and K274. As shown
above (Tables 2 and 3) L6Orn, L6Y and E8Orn position the
carbonate chemically cleavable reactive site in proximity with
Ab K248. On the other hand, energy minimization suggests that
K246 and K274 are located at least 12 Å and 31 Å away from
these variants, respectively. Based on these observations, we
conclude that D2 results most likely from conjugation at K248,
and the minor D3 species from conjugation at K274. It is
noteworthy that DOTA conjugation was observed at K392 for
L6K. Compared with L6Orn, the length of L6K seems to be too
long to position the carbonate reactive site in proximity to Ab
K248 (9.4 Å). Likewise, energy minimization suggests that
L6KPEG1, L6KPEG2 and L6PEG3 variants are too far from K248
© 2024 The Author(s). Published by the Royal Society of Chemistry
(15.6 Å, 16.9 Å and 14.7 Å, respectively) for conjugation to occur
at this lysine. Despite our peptide mapping and modeling
efforts, we were not able to identify the conjugation site of these
longer variants. These data corroborate our hypothesis that
L6Orn, L6Y and E8Orn mainly result in conjugation at K248,
and suggest that it may also be feasible to target a single lysine
beyond the Fc-III binding site with longer spacers, in contrary to
our former ndings when PEG spacers were attached at the Fc-
III N-terminus.

Last, middle-down MS/MS analysis of sub-units suggested
conjugation at K409 only for A3hK. This data is unexpected rst
because A3hK positions the carbonate chemically cleavable site
at 25 Å from K409, and second because D3 was observed in the
intact deglycosylated antibody conjugate, indicating conjuga-
tion to at least two lysines (Fig. 2).

On the other hand, DOTA conjugation was found at K392,
K409, K414 and K439 for Fc-III-A3K-DOTA. A3K is only one
methylene shorter than A3hK and also positions the carbonate
chemically cleavable site in close proximity to A439 (Table 2).
Based on the results, we suggest that the A3 variants conjugate
DOTA at K439 for D2 and at K392, K409 or K424 for D3. Since
the A3 variants expose the carbonate reactive site outside of the
hydrophobic Fc-III binding site where a higher structural exi-
bility is possible, we cannot exclude that another lysine (i.e.
K392, K409 or K424) displays great structural exibility and is
capable of approaching the A3 carbonate variants to a greater
extent as modeled in the Fc-III/IgG Fc X-ray structure. In
conclusion, our middle-down MS/MS experiments with our
various Fc-III carbonate variants are summarized in Fig. 3.

Application to other antibodies/payloads

To investigate the scope of application of our site-selective
templated approach, we tested our conjugation methods on
various antibodies and payloads using the Fc-III-L6Orn
carbonate variant. The payloads shown in Table 5 were
attached via amide coupling to Fc-III-L6Orn-carbonate-NH2 or
Fc-III-L6Orn-carbonate-SH (Scheme 3), and the resulting Fc-III
reactive conjugates (ESI†) were incubated with several
Chem. Sci., 2024, 15, 1324–1337 | 1331
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Scheme 3 Fc-III-L6Orn carbonate derivative used to prepare the Fc-
reactive conjugates with various payloads (mainly through reacting to
–NHS or –SCN payloads).
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monoclonal antibodies. As can be seen in Table 5, DOTA could
be successfully conjugated to human antibodies of all subtypes
(IgG1-4) to an extent of almost 100% with exclusive conjugation
at IgG Fc, as it was observed with trastuzumab in our previous
combinatorial scanning approach (Table 2). Similarly, the
conjugation of radionuclide chelators (DTPA, Bn-TCMC,
NOGADA), uorescent dyes (FITC, AF647), click chemistry
reagents (N3, DBCO, BCN) and reagents for pre-targeted
imaging applications (Tz, TCO)31,32 also yielded excellent
results, despite some decrease of conjugation efficiency for Bn-
TCMC, DBCO, TCO and Tc (83%, 87%, 79% and 70%, respec-
tively), but with no detrimental effect on the selectivity. In
comparison, random conjugation of DOTA-NHS, DTPA-SCN,
FITC-SCN and AF647-NHS to trastuzumab provided a much
lower selectivity with Fc/Fab values ranging between 0.87 and
2.43 (Table S5†).

To further evaluate if our method is also suitable for the
preparation of antibody drug conjugates (ADCs), Fc-III-L6Orn-
carbonate-NH2 was equipped with the cytotoxic agents DM1,
DM4, MMAE and PNU-159682 as described above for the other
payloads. Maytansinoid (DM1 and DM4) and monomethyl
auristatin E (MMAE) are microtubule binding agents that have
Table 5 Conjugation of various payloads to trastuzumab using Fc-III-L6

Payload DoC mAb Labeled mAb

DOTA
Trastuzumab (IgG1) 1.87 99%
Atezolizumab (IgG1) 2.12 100%
Rituximab (IgG1) 1.67 96%
Panitumumab (IgG2) 2.13 99%
Pembrolizumab IgG4) 1.90 98%

Chelators
CHX-A′′-DTPA 2.05 99%
Bn-TCMC 1.44 83%
NODAGA 1.81 97%

Fluorescent dyes
FITC 2.04 95%
AF647 1.67 93%

Click chemistry
N3 2.20 99%
DBCO 1.65 87%
BCN 1.97 92%
TCO 1.34 79%
Tz 0.93 70%

Cytotoxins
VC-PAB-MMAE 1.87 98%
DM1 1.12 73%
PNU-159682 1.05 46%
DM4 1.05 68%

Pegylated Fc-III conjugateb

PEG20-Fc-III-L6Orn-DM4 1.27 78%

a The antibody digestion with GingisKHAN™ or FabRICATOR™ enzymes
leading to a lower DoC of Fc. In these cases, the DoC of Fc were extrapola
used. The acetyl group of Fc-III-L6Orn carbonate-NH2 (Scheme 3) was re
supporting information.

1332 | Chem. Sci., 2024, 15, 1324–1337
been successfully used as payloads for clinically approved
ADCs,33 and PNU-159682 is a DNA damaging agent, an anthra-
cycline analog with more than thousandfold increased cyto-
toxicity compared to doxorubicin.34–36 In contrast to the other
payloads investigated, we found that the antibody labeling with
cytotoxic payloads was less efficient with values ranging from
46% to 98%. Although the Fc/Fab selectivity was still much
Orn reactive conjugates

Selectivitya Fc/Fab DoC Fc DoC Fab

41.17 1.91 0.05
27.15 1.60 0.06
Fc selective 1.48 0
158.60 1.92 0.01
85.40 1.85 0.02

34.72 1.72 0.05
Fc selective 1.54 0
Fc selective 1.77 0

Fc selective 0.96 0
56.15 (81.60) 1.13 0.02

Fc selective 2.01 0
19.46 1.56 0.08
26.47 (64.59) 0.80 0.03
Fc selective 0.64 0
Fc selective 0.45 0

52.00 (73.20) 1.31 0.03
5.70 (13.50) 0.44 0.08
5.40 (24.40) 0.22 0.04
6.80 (16.20) 0.41 0.06

8.59 (14.00) 0.73 0.08

oen caused a cleavage of more hydrophobic payload from Fc subunit,
ted (values in brackets). b 2.8 equivalent of Fc-III reactive conjugate was
placed with PEG20 and then conjugated to SPDB-DM4 as described in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Radio-immunoreactivity assay with [64Cu]Cu-atezolizumab
against the MDA-MB-231 (PD-L1hi-PD-L1 positive) and MDA-MB-157
(PD-L1-negative) cell lines. The specific cell binding is expressed as
a function of the number of cells. The binding curves were fitted by
nonlinear regression and the immunoreactive fraction (Bmax) corre-
sponding to the extrapolation to infinite antigen excess was calculated
to be equal to 99.5% for MDA-MB-231 and to 2.1% for MDA-MB-157.
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greater than our original spacer approach, we found that it was
not as good as for the other payloads (13 to 73). These data were
unexpected and suggest that there must be a unique feature in
some cytotoxins not present in other payloads, that appears to
affect the efficiency and selectivity of our chemistry.

Increasing the hydrophilicity of Fc-III-L6Orn-cytotoxin
reactive conjugates increases the efficiency of antibody
modication

Most of the challenges of ADCs are linked to the hydrophobicity
of the cytotoxic drugs used, which degrade the pharmacological
properties of the antibody when attached to it.37 We hypothe-
sized that the lower labeling efficiency and selectivity observed
for the cytotoxins may be due to the high hydrophobicity of
these payloads. Additionally, given that Fc-III is a rather
hydrophobic peptide ligand by itself, the addition of highly
lipophilic cytotoxins may further decrease the solubility of the
reactive conjugates, and thereby may not be well soluble in
aqueous media conditions used for the conjugation step.
PEGylation of biological molecules is known to improve the
solubility and other properties of drugs.38 We PEGylated the Fc-
III-L6Orn-DM4 reactive conjugate, where PEG20 was attached to
the N-terminus of the Fc-III prior to activating the peptide
ligand with the carbonate cleavable reactive site and DM4. As it
can be seen in Table 5, we were able to increase the yield of DM4
conjugation to the antibody (68% to 78%) and maintain similar
Fc/Fab selectivity. Other combinations were tested where PEGs
varying in length were attached to the N- or C-terminus of the
Fc-III-L6Orn-DM4 reactive conjugate, and they all yielded
similar conjugation results (data not shown). These data
suggest that it might also be feasible to achieve near 100%
conjugation for the preparation of ADCs using our site-selective
templated approach pending some improvement of aqueous
solubility.

In vitro toxicity studies of ADCs

To compare the in vitro potency of our ADCs to ADCs produced
using other methods, we compared Tmab-VC-PAB-MMAE to
Tmab-Vedotin and T-DM1. Tmab-Vedotin consists of the same
valine-citrulline-payload linked antibody, whose native inter-
chain disulde bonds were partially reduced and reacted with
the maleimide containing auristatin derivative MMAE. As ex-
pected, we found that Tmab-VC-PAB-MMAE, Tmab-Vedotin and
T-DM1 maintained a similar level of toxicity against human
breast carcinoma cell line SK-BR-3 (HER-2 positive) regardless
of the method used to conjugate MMAE or DM1 (Fig. S65,† IC50

= 0.258, 0.126 and 0.145 mM, respectively). However, note that
the cytotoxin distribution per antibody was lower using our
approach (DAR = 1.91 versus 3.28 and 3.5, for Tmab-Vedotin
and T-DM1, respectively).

In vivo biodistribution and PET imaging of PD-L1 expression
with 64Cu-NODAGA-atezolizumab

Immune check-point inhibitors such as PD1/PD-L1 are widely
recognized as a promising approach to counter immune escape
of tumor cells.39 Despite the remarkable clinical responses
© 2024 The Author(s). Published by the Royal Society of Chemistry
observed with three recently approved antibodies (Atezolizu-
mab, Avelumab, and Durvalumab) not all patients respond to
PD1/PD-L1 blockade.

Position emission tomography (PET) of PD-L1 expression in
patients with radiolabeled atezolizumab has been proposed as
a non-invasive method to predict clinical response.40 To eval-
uate our template site-specic conjugation method on a clini-
cally validated target, [64Cu]Cu-NODAGA-atezolizumab was
prepared using Fc-III-L6Orn-carbonate-NOGADA, hereby
referred as [64Cu]Cu-atezolizumab. The radiochemical purity of
[64Cu]Cu-atezolizumab was tested by instant thin layer chro-
matography (iTLC) and found to be higher than 97% (Fig. S43†).

The in vitro stability of the radiotracer was assessed by
incubation of [64Cu]Cu-atezolizumab in human serum at 37 °C
and at different time points (3, 24, and 48 h). iTLC and radio-
SEC analysis conrmed that the radiolabeled antibody conju-
gate was stable under these conditions (>95% for the different
time points). To verify that [64Cu]Cu-atezolizumab retained its
affinity to PD-L1 aer NOGADA conjugation and radiolabeling,
the immunoreactive fraction of the radioconjugate was quan-
tied by cell-binding assays in MDA-MB-231 (PD-L1hi) breast
cancer. A constant amount of [64Cu]Cu-atezolizumab was
incubated with increasing numbers of human breast adeno-
carcinoma PD-L1 positive MDA-MB-231 (PD-L1hi) and MDA-
MB-157 PD-L1 negative cells. The resulting radioactivity of ate-
zolizumab bound to the cells was then plotted as a function of
the number of cells. As it can be seen in Fig. 4, the immune-
reactive fraction of [64Cu]Cu-atezolizumab was 99.5% for PD-
L1 positive MDA-MB-231 and 2.1% for the PD-L1 negative
cells. Together with radiochemical purity, these data suggest
that the integrity of the atezolizumab conjugate and its affinity
to PD-L1 is preserved.

Next, [64Cu]Cu-atezolizumab (0.25 MBq, corresponding to
0.05 mg [64Cu]Cu-atezolizumab plus 49.95 mg cold atezolizumab
to saturate nonspecic Fc receptors involved in the turnover of
Chem. Sci., 2024, 15, 1324–1337 | 1333
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Table 6 Biodistribution of [64Cu]Cu-atezolizumab in mice bearing MDA-MB-231 tumors at different time points and under different conditions.
PD-L1 specificity of tracer accumulation in the tumor was confirmed at 24 hours p.i. By co-injection of an excess of cold atezolizumab (“+
blocking”). The results are expressed as a percentage of injected dose per gram of organs (% ID g−1) and n = 4

Organ

[64Cu]Cu-atezolizumab

2 h [% ID g−1] 24 h [% ID g−1] 48 h [% ID g−1]
+ Blocking
(24 h) [% ID g−1]

Tumo (MDA-MB-231) 5 � 1.2 11.4 � 1.8 5.5 � 2.1 4.3 � 1
Liver 8.2 � 0.1 11.8 � 1.9 8.5 � 1.6 5.3 � 0.6
Kidney 11.8 � 1.3 11.9 � 1.3 8 � 1.8 4.2 � 0.1
Lung 14.3 � 1 14.2 � 1.9 6.6 � 0.7 6.4 � 0.7
Spleen 28.1 � 4 42.8 � 10.7 21.3 � 6.5 17.9 � 0.1
Heart 7.8 � 0.6 6.8 � 0.5 3.8 � 0.6 4 � 0.3
Muscle 1.3 � 0.1 2.8 � 0.6 1.1 � 0.1 1 � 0.2
Bone 2.5 � 0.4 4.2 � 1.7 2.2 � 0.4 1.7 � 0.1
Skin 1.1 � 0.3 2.7 � 0.7 2 � 0.8 2.5 � 0.4
Stomach 1.6 � 0.6 4.5 � 2.3 2.1 � 0.5 1.5 � 0.3
Small intestine 3.8 � 0.9 8.7 � 0.9 4.8 � 1.3 2.6 � 0.1
Large intestine 1.2 � 0.5 6.1 � 0.9 3.7 � 1 2.7 � 0.2
Pancreas 1.8 � 1.6 9.6 � 3.6 3.1 � 0.2 3.6 � 0.2
Blood 6.3 � 3.8 3.1 � 1.7 2 � 1.2 10.9 � 0.9
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antibodies) was administered by intravenous injection to mice
bearing MDA-MB-231 (PD-L1hi) tumor xenogra implanted
subcutaneously. Mice were sacriced at different time points (2,
24 and 48 hours) post-injection, selected organs were collected,
and the radioactivity and weight of organs was measured to
further study the level of antibody biodistribution (Table 6). The
specicity of [64Cu]Cu-atezolizumab for its antigen was estab-
lished at 24 hours by co-injecting an excess of “cold” atezoli-
zumab (2 mg per mouse) in combination with [64Cu]Cu-
atezolizumab (0.25 MBq; 0.05 mg).

MDA-MB-231 tumor uptake was of 11.4 ± 1.9 % ID g−1 at 24
hours post injection and was specic, as conrmed by a reduc-
tion of tumor uptake to 4.3 ± 1.0 % ID g−1 upon coinjection of
an excess of cold atezolizumab). Similar levels of activity were
observed at 24 hours post injection in liver (11.8± 1.9% ID g−1),
kidney (11.9 ± 1.3 % ID g−1), lungs (14.2 ± 1.9 % ID g−1) and
pancreas (9.6 ± 3.6 % ID g−1), while activity levels in blood and
heart quickly decreased aer 2 hours. Tumor to muscle ratio is
equal to 4.0 at 24 hours. The spleen displayed the largest uptake
Fig. 5 Coronal volume rendered (MIP) microPET/CT images of [64Cu]Cu
hours post injection. Mice were injected with 9 MBq of [64Cu]Cu-atezo
accumulation by co injection of 2 mg cold atezolizumab are shown (+
located by white arrows. The % ID g−1 for the tumors are reported.

1334 | Chem. Sci., 2024, 15, 1324–1337
of [64Cu]Cu-atezolizumab at 24 hours with 42.8± 10.7 % ID g−1.
The detailed results are reported in Table 6 and are expressed in
percentage of injected dose per gram of tissue (% ID g−1) (n = 4
animals/group).

Last, in vivo PET/CT imaging of MDA-MB-231 xenogra
bearing mice was performed using an Albira Si PEC/SPECT/CT
small animal scanner following i.v. injection of [64Cu]Cu-
atezolizumab (9 MBq; 50 mg total dose of atezolizumab). PET/
CT scans were acquired at 2, 24, and 48 hours post-injection.
The specicity to PD-L1 was demonstrated by accumulation of
the tracer in the tumor following co-injection of 2 mg of unla-
beled atezolizumab. Aer acquisitions, PET/CT images were
analyzed using PMOD 4.3. MDA-MB-231 tumors were delin-
eated, and the activity in the corresponding volumes of interest
(VOI) were expressed in % ID g−1 (Fig. 5). The specic tumor
uptake of the antibodies increased over time, whereas the
background activity decreased, resulting in an increased
contrast of the tumor over time with an optimum at 24 h
consistent with the biodistribution experiments. As already
-atezolizumab in mice bearing MDA-MB-231 xenograft at 2, 24 and 48
lizumab. At 24 and 48 hours mice blocked for PD-L1-specific tracer
blocking). Tumors are delineated in white ovals, liver and spleen are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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found in the biodistribution study, an important uptake of the
radiotracer was observed in liver and in spleen.

Site-selective conjugation of NODAGA to atezolizumab with
Fc-III-L6Orn-NODAGA provides an excellent means for the
robust and high-yield preparation of [64Cu]Cu-atezolizumab.
The resulting radiotracer displays an unbiased immunoreac-
tivity and enables to visualize PD-L1 expressing tumors in vivo
using PET/CT imaging. The biodistribution and PET imaging
studies reported here using [64Cu]Cu-atezolizumab are consis-
tent with previous reports using similar models.41,42

Conclusions

Progress in drug linkers and site-selective conjugation tech-
nologies may result in better clinical efficacy of antibody drug
conjugates. The recent approval of Enhertu, an ADC targeting
HER2, shows that conjugating Deruxtecan homogenously to
Trastuzumab (DAR = 7.5) improves patient survival signi-
cantly compared to its predecessor Kadcyla.43 This is mainly due
to a better therapeutic index of Enhertu, as the ratio between the
dose required for efficacy versus the dose resulting in toxicity is
increased in comparison to Kadcyla.44 In this work, we have
demonstrated that our template-based approach can be used to
conjugate payloads with high efficiency and selectivity at
a single lysine of the antibody Fc region. Through sampling
various Fc-III variants of A3, H5, L6 and E8, we have shown that
the Fc-III DOTA reactive carbonate of A3hK, L6Orn, L6Y and
E8Orn results in site selective conjugation of DOTA to trastu-
zumab. We have also shown the exibility of our method by
replacing the carbonate chemically cleavable site with a thio-
ester moiety, thereby resulting in the formation of a native
amide bond following the conjugation step. Using middle-down
mass spectrometry analysis of the antibody conjugates, we have
demonstrated that the Fc-III L6Orn carbonate reactive peptide
provides the best conjugation results with almost all payload
conjugated to K248 of each Fc domain. Last, L6Orn carbonate
was exemplied with a broad array of payloads including cyto-
toxic small molecules. In comparison with other technologies
available, the method is quite convenient as the conjugation is
performed in a single step simply by mixing the antibody with
the Fc-III reactive conjugate and does not require prior modi-
cation of the antibody. For a successful ADC application, the
selected drug linker may need to be optimized in order to reach
100% conjugation and a DAR of 2.
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