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d synthesis of antibody Fc
conjugates with concomitant ligand release†

Viktoriia Postupalenko, a Léo Marx, b David Viertl, cd Nadège Gsponer, a

Natalia Gasilova,e Thibaut Denoel, c Niklaus Schaefer, c John O. Prior, c

Gerrit Hagens, a Frédéric Lévy,f Patrick Garrouste,b Jean-Manuel Segura a

and Origène Nyanguile *a

Antibodies are an attractive therapeutic modality for cancer treatment as they allow the increase of the

treatment response rate and avoid the severe side effects of chemotherapy. Notwithstanding the strong

benefit of antibodies, the efficacy of anti-cancer antibodies can dramatically vary among patients and

ultimately result in no response to the treatment. Here, we have developed a novel means to

regioselectively label the Fc domain of any therapeutic antibody with a radionuclide chelator in a single

step chemistry, with the aim to study by SPECT/CT imaging if the radiolabeled antibody is capable of

targeting cancer cells in vivo. A Fc-III peptide was used as bait to bring a carbonate electrophilic site

linked to a metal chelator and to a carboxyphenyl leaving group in close proximity with an antibody Fc

nucleophile amino acid (K317), thereby triggering the covalent linkage of the chelator to the antibody

lysine, with the concomitant release of the carboxyphenyl Fc-III ligand. Using CHX-A00-DTPA, we

radiolabeled trastuzumab with indium-111 and showed in biodistribution and imaging experiments that

the antibody accumulated successfully in the SK-OV-3 xenograft tumour implanted in mice. We found

that our methodology leads to homogeneous conjugation of CHX-A00-DTPA to the antibody, and

confirmed that the Fc domain can be selectively labeled at K317, with a minor level of unspecific labeling

on the Fab domain. The present method can be developed as a clinical diagnostic tool to predict the

success of the therapy. Furthermore, our Fc-III one step chemistry concept paves the way to a broad

array of other applications in antibody bioengineering.
Introduction

Cancer is the second cause of death worldwide.1 The emergence
of precision medicine and the development of new treatment
modalities such as targeted therapies2 and immune checkpoint
inhibitors (ICIs) have resulted in signicantly improved clinical
benets, albeit for a minority of patients.3–5 In the case of tar-
geted therapies, stratifying biomarkers is essential to determine
the choice of the appropriate drug. These biomarkers are oen
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extracted from biopsies taken at various times before the onset
of the treatment and the biopsies are normally sampled from
few tumor lesions in the case of metastatic patients.6,7 For ICIs,
the presence of programmed death ligand 1 (PD-L1)-positive
tumors is determinant for the prescription of currently FDA-
approved antibodies.8,9 Additionally, recurrences emerge for
most patients treated with targeted therapies.10

It would therefore be most useful for the oncologist to benet
from a diagnostic tool that would be antigen-specic and would
enable the non-invasive, whole-body imaging of patients at
different time points just before and during the treatment to
select the best treatment modality and identify as soon as
possible the emergence of resistant tumor lesions.11 This could
be achieved by injecting low doses of the radiolabeled thera-
peutic antibody to the patient to assess binding of the antibody to
the antigen by positron emission tomography (PET) and single
photon emission computed tomography (SPECT) imaging.12

To fulll all these criteria, the following challenges should be
addressed: (i) the technology should be applicable to any
commercial monoclonal antibody (mAb) directly off-the-shelf
without prior purication and/or chemical modication, and (ii)
the labeling procedure should not affect the binding and
Chem. Sci., 2022, 13, 3965–3976 | 3965
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biophysical properties of the mAb. The extent of these challenges
can be best appreciated by considering the bioconjugation
chemistries that are applied to monoclonal antibodies. Most
antibody conjugates developed to date have been prepared using
random conjugation at lysines or cysteines. However, given that
antibodies carry around 40 lysines exposed at their surface and
several cysteines, the ligation of the payload usually results in
a highly heterogeneous mixture.13 This is a major challenge with
regard to process consistency and product characterization in the
context of drug production for medical applications. Random
conjugation may also affect the efficacy, safety, pharmacoki-
netics, and immunogenicity of the conjugated antibody.14 This
well-known issue is directing the eld toward developing means
to attach the payload at a specic site of the antibody. Several site-
specic conjugations have recently been developed.14–28 Although
all these site-specic approaches have been successfully used for
various applications, they all require genetic engineering or
chemical modication of the antibody prior to the conjugation
step, which makes them unsuitable for the development of
a generic antibody labeling method. Therefore, the regiose-
lectivity of the chemical modication should be mediated
through the labeling moiety, and not by engineering or modi-
fying chemically the antibody. Template directed ligation is
emerging as powerful means to site specically label unmodied
antibodies.29,30 Through templating the chemical reaction with
an aptamer,31 a protein,32 a small molecule33 or a peptide,34,35

authors were able to regioselectively label unmodied proteins.
However, several drawbacks still remain to be solved because of
Fig. 1 (A) Schematic representation of the one-step antibody labeling a
reactive site “X–Z”. X in red refers to the electrophilic site, and Z in violet re
to IgG-Fc, the antibody lysine is poised to attack the electrophilic center o
the payload thanks to the engineered leaving group Z. This strategy allow
Representation of the binding of Fc-III to the Fc domain of IgG based on
shown in a green ribbon structure. The antibody K317 is shown with a
a reactivity modulator that jointly ensures high reactivity in the presenc
hydrolysis. The payload (yellow star), typically a fluorescent label (fluores
bound to the other side of the carbonate reactive group via a short linker
using the same color codes as in A and B.

3966 | Chem. Sci., 2022, 13, 3965–3976
the need to use UV irradiation, possible immunogenicity due to
the covalent linkage of the protein or peptide ligand, or addi-
tional chemical steps to remove the ligand.

Here, we report for the rst time a regioselective approach to
attach the radionuclide chelator in a single step chemistry to
the Fc domain of any commercial therapeutic antibody.

Results and discussion
Design of the Fc-III reactive conjugate

Regioselectivity was achieved with Fc-III, a 13-mer cyclic peptide
binding with high affinity to the IgG-Fc domain of antibodies.36,37

The Fc domain hinge region is a consensus binding site found on
the constant fragment (Fc) of immunoglobulin G (IgG), which
interacts with four different proteins: protein A, protein G, rheu-
matoid factor, and neonatal Fc-receptor.36 We designed a strategy
where an endogenous amino acid nucleophile of the IgG-Fc
domain is targeted to react selectively with a chemically reactive
site engineered within Fc-III. In this approach, Fc-III is used as
a bait to bring a chemically reactive site linked to the chelator in
close proximity with an antibody Fc nucleophile amino acid
(lysine – K), thereby triggering the covalent linkage of the chelator
to the antibody lysine, with the concomitant release of the Fc-III
ligand. The driving forces of this reaction are (i) the proximity of
the two reactive moieties, which increases dramatically their local
effective concentration (typically around 30mM, see theMaterials
and Methods) and (ii) the nature of the chemically reactive site
carrying an electrophilic site X and a leaving group Z (Fig. 1A).
pproach. The payload is attached to the Fc-III peptide via a chemically
fers to the leaving group. Upon binding of the Fc-III reactive conjugate
f the chemically reactive site X, and the peptide vector is detached from
s subsequent wash out of the ligand without any additional steps. (B)
the X-ray structure. The surface of IgG-Fc is shaded grey, and Fc-III is
pink sphere. The PEG spacer is linked to a carbonate reactive site via
e of lysine residues and adequate stability of the reactive site towards
cein), a radiolabel, or a chelator (DOTA, DTPA, and DFO), is chemically
. (C) Chemical structure of the payload-PEGn-Fc-III reactive conjugate

© 2022 The Author(s). Published by the Royal Society of Chemistry
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To identify a lysine suitable to react with the Fc-III reactive
conjugate, we performed a molecular dynamics simulation to
explore the dynamics of the solvent-exposed IgG-Fc lysines
based on the available X-ray crystallographic structure of the Fc-
III/IgG-Fc complex (PDB ID: 1DN2). As expected, the solvent-
exposed lysines showed a great extent of exibility around the X-
ray structure. Among the 18 residues studied, the less exible
lysines were at positions 248, 317, 320, 322, 338, and 370
(Fig. S1†). K317 is at a distance uctuating between 17 Å and 26
Å to the active site (Fig. 1B). The salt bridge of K317 with D280
reduces the transient uctuation of this amino acid. As a result,
the addition of a spacer spanning this distance to Fc-III should
bring the chemically reactive site in proximity to K317. The N-
terminal and C-terminal moieties of Fc-III are exposed to the
solvent, thereby suggesting that the spacer can be chemically
attached to both these positions without interfering with the
binding of Fc-III to IgG-Fc.

The Fc-III reactive cleavable conjugate consists of the Fc-III
ligand, a spacer at its N-terminus, to which a reactivity modu-
lator, a carbonate chemically reactive site, a linker, and nally
the payload are covalently attached (Fig. 1B and C). To bring the
chemically reactive site in proximity to K317 a exible PEG20

spacer was introduced at the N-terminus of the Fc-III peptide.
The average length of the PEG spacer was estimated to be 23.8 Å
based on the WLCmodel. The carbonate moiety was selected as
Scheme 1 Synthesis of the FITC-PEG20-Fc-III reactive conjugate: (a) H
compound 4, Et3N in ACN at 40 �C; (d) compound 6, DMAP in DCM at 25
DIEA, DMF, and NH2-PEG20-Fc-III peptide.

© 2022 The Author(s). Published by the Royal Society of Chemistry
the chemically reactive site to confer sufficient stability to the
Fc-III reactive conjugate in water (contrary to succinimidyl
esters) and to yield a carbamate linkage between the antibody
and the payload, which has shown good stability in clinically
relevant ADC drug linkers such as vedotin (estimated half-life of
4 to 6 days in humans).38 Next to the chemically reactive site, a p-
carboxy phenyl reactivity modulator was engineered to jointly
ensure the high reactivity of the carbonate, as well as sufficient
stability towards aqueous hydrolysis. For example, when an m-
nitro moiety was added to the p-carboxy phenyl, the carbonate
reactivity was highly increased, but the susceptibility to water
hydrolysis became too high to be used successfully (data not
shown). Most importantly, the p-carboxy phenyl moiety also
plays the role of a leaving group as it enables the release of the
Fc-III ligand during the ligation of the chelator to the antibody,
and not inversely, a side reaction that would happen otherwise
given the symmetry of the carbonate (Fig. 1C). Altogether, the
Fc-III reactive conjugate presented here is designed to regiose-
lectively label the antibody at K317 with a payload, together with
the concomitant release of Fc-III.

Synthesis and characterization of the FITC-PEG20-Fc-III
reactive conjugate

Fc-III peptide was synthesized by solid-phase peptide synthesis
using standard Fmoc/tBu chemistry. Following cleavage of the
ATU, DIEA, DMF, and then Fc-III peptide; (b) 20% piperidine, DMF; (c)
�C; (e) TFA/DCM (1/3); (f) FITC, DIEA in ACN/DMF 1/1 at 25 �C; (g) HATU,

Chem. Sci., 2022, 13, 3965–3976 | 3967
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Fig. 2 (A) Binding isotherm of Fc-III-FAM to trastuzumabmeasured by
fluorescence anisotropy. The trastuzumab concentration is gradually
increased while the concentration of the Fc-III-FAM labeled peptide
was kept constant (5 nM). The fluorescence polarization signal of the
trastuzumab/peptide bound complexes is reported on the y axis. The
black solid line corresponds to the fit of the data using the Hill equa-
tion, yielding the half-maximal effective concentration (EC50). (B)
Competition assays of Fc-III and PEG20-Fc-III for trastuzumab against
Fc-III-FAM. Black solid (Fc-III) and red dashed lines (PEG20-Fc-III) are
fittings of the data using the Hill equation yielding the half-maximal
inhibitory concentration (IC50).

Fig. 3 Optimization of the reaction conditions for trastuzumab
conjugation with FITC-PEG20-Fc-III. (A and C) SDS gel electrophoresis
of fluorescently labeled antibody obtained after increasing the incu-
bation time (top panel) and peptide equivalents (bottom panel).
Derivatized mAbs were run under the reducing conditions, and fluo-
rescence was measured using the FluoroM bio-imaging system. The
bands next to the 50 and 25 kDa marker correspond to Hc and Lc,
respectively. (B and D) Quantification of the band fluorescence
intensities of the SDS gels of panels A and C, respectively. The incu-
bation time and peptide equivalents of each band of panels A (from
right to left) and C correspond to the data points of panels B and D ,
respectively (Fig. S2†). The FITC-carbonate data (B and D) were
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amino acid protecting groups and release from the resin, Fc-III
was cyclized under mild oxidizing conditions and puried
using RP-HPLC. Next, a PEG20 spacer was added to Fc-III by
HATU coupling of Fmoc-PEG20-OH to the free N-terminal
amino group of Fc-III, followed by Fmoc deprotection yielding
NH2-PEG20-Fc-III (Scheme 1A). To assess if the resulting
conjugate can efficiently bind to the Fc domain of an antibody,
we developed a uorescence polarization assay using
recombinant trastuzumab and Fc-III labeled with uorescein
(Fc-III-FAM). Briey, when Fc-III-FAM binds to trastuzumab,
the rapid rotation of the uorescein uorophore will be
dramatically reduced resulting in the increase of the uores-
cence polarization signal. The affinity of Fc-III-FAM to trastu-
zumab was measured in a binding isotherm experiment
yielding a Kd of 14 nM (Fig. 2A), consistent with the previously
reported value.36 Next, we used a uorescence polarization
competition experiment to assess whether NH2-PEG20-Fc-III
was able to displace Fc-III-FAM from trastuzumab. As shown in
Fig. 2B, NH2-PEG20-Fc-III competed efficiently with Fc-III FAM
with similar potency to wild-type Fc-III (50% inhibitory
concentrations [IC50], 91� 12 nM and 58� 15 nM, respectively,
Fig. 2B). This conrmed our hypothesis that the addition of
a spacer at the N-terminus of Fc-III should not affect the
binding of NH2-PEG20-Fc-III to IgG-Fc.

Next, NH2-PEG20-Fc-III was converted into a Fc-III reactive
conjugate (Scheme 1) bearing uorescein (FITC) as a model
payload. The payload was equipped with a linker, a carbonate
reactive center, and a reactivity modulator with a carboxylic
function at the end of the molecule to yield compound 9 to
which was coupled the peptide with a spacer via an amide bond
(Scheme 1). The resulting FITC-PEG20-Fc-III reactive conjugate
was puried by RP-HPLC, and the correct mass was determined
using UPLC-MS. The advantage of this strategy is that the
synthetic steps required to prepare the activated payload
carbonate are performed independently (compound 9 in
Scheme 1B) and then the building block can be coupled to Fc-III
in a single step using standard peptide chemistry.
3968 | Chem. Sci., 2022, 13, 3965–3976
Fluorescein labeling of trastuzumab

The reaction conditions to conjugate uorescein to trastuzu-
mab using FITC-PEG20-Fc-III were optimized by varying the
reaction time, peptide equivalents (eq.), and pH. First, a time-
course study was performed at pH 8.5 with FITC-PEG20-Fc-III
and FITC-carbonate (compound 9 in Scheme 1B), the latter
serving as a negative control. Trastuzumab, directly sampled
from the commercial vial, was treated with 1 equivalent of FITC-
PEG20-Fc-III or FITC-carbonate and incubated for 20 min, or 1,
2, 3, or 4 h. Each resulting reaction mixture was then directly
loaded onto a reducing SDS-PAGE gel without any purication
step. As seen in Fig. S2,† the Coomassie-stained SDS-PAGE
showed easily distinguishable bands corresponding to the light
(Lc) and heavy chains (Hc) of the antibody. Fluorescence
imaging was then used to investigate the extent of antibody
labeling. As expected, the Fc-III reactive conjugate yielded
stronger and more rapid labeling of the heavy chain already
aer 1 h of incubation (Fig. 3A, lanes 1–5 and 3B) compared to
the negative control FITC-carbonate, which showed no uo-
rescence except for a very faint signal aer 4 h of incubation,
indicative of a very low level of non-specic conjugation (Fig. 3B
and S2,† lanes 6–10). In support of these data, the amount of
unconjugated uorescent peptide was signicantly more
important at the bottom of the gel (Fig. S2†). Unexpectedly,
a small extent of unspecic labeling of the Lc domain was
observed using FITC-PEG20-Fc-III (Fig. 3A). Altogether these
data conrm that Fc-III increases the reaction kinetics by
extracted from the gels in Fig. S2.†

© 2022 The Author(s). Published by the Royal Society of Chemistry
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bringing the reactive site in proximity to the antibody lysine and
selectively controls labeling of the heavy chain. For further
experiments, 2 h of incubation were selected as the most
optimal time for antibody conjugation (Fig. 3A, lane 3; 3B, 120
min).

Second, we varied the peptide:trastuzumab ratio (from 1 : 1
to 3 : 1), performed the reaction under the same conditions as
mentioned above (2 h incubation), and analyzed the reactions
by reducing SDS PAGE. The gel showed that 2 equivalents of the
Fc-III reactive conjugate were sufficient to bring the reaction to
completion (Fig. 3C, lane 5; 3D, 2 eq.) consistent with the
presence of two Fc-III IgG binding sites.

Last, the inuence of pH on the labeling of trastuzumab was
studied. A 2-fold excess of FITC-PEG20-Fc-III was incubated with
trastuzumab for 2 h. We found that the level of heavy chain
conjugation increased with pH (Fig. S3†). No signicant reac-
tion occurred between pH 6.0 and 8.0. A higher pH (8.5–9.0)
improved substantially the conjugation efficiency (Fig. S3,†
lanes 7–10) without any dependence on the buffer composition
(Fig. S3†). Interestingly no reaction occurred when lysine or
non-acetylated Fc-III peptide was incubated under the same
reaction conditions with FITC-carbonate, while FITC carbonate
remained stable throughout the whole incubation time (17 h,
data not shown). Given the pKa of the a and g-amino groups of
lysine (9.2 and 10.8), the lack of reaction at the g-amino func-
tion is expected, but some reaction would be expected at the a-
amino function both of lysine and Fc-III. This suggests that the
carbonate reactivity is too low to undergo a reaction under these
conditions without a signicant decrease in the pKa value of the
amino group as seen in proteins39 and/or by the increase of the
local concentration as sought by our approach. In summary, we
found that the optimal antibody labeling conditions are 33 mM
antibody, 2 equivalents of the Fc-III reactive conjugate, 2 h
incubation time, and a pH of 9.0. These conditions were used
for all further experiments.

We then conrmed the specicity of the labeling reaction: we
designed two negative controls, PEG20-Fc-III-V10W-W11A and
PEG20-Fc-III-C2A-C12A, where the binding affinity to IgG Fc has
been impaired. The V10W substitution was designed to intro-
duce a steric clash at the antibody binding site, and W11A was
reported previously to decrease the Fc-III binding affinity.40 The
C2A and C12A modications remove the disulde bond, which
should affect the binding of Fc-III to the antibody since the
macrocyclic constraint is lost. The negative controls were
prepared and tested using the uorescence competition assay
described above. As expected, the binding affinity of both
negative controls was abrogated (data not shown). Next, uo-
rescent Fc-III reactive conjugates FITC-PEG20-Fc-III-V10W-W11A
and FITC-PEG20-Fc-III-C2A-C12A were prepared, and a labeling
reaction was attempted with trastuzumab. No uorescent band
could be observed by SDS PAGE, indicating that trastuzumab
could not be efficiently labeled with the Fc-III negative controls
(data not shown). This conrms that the proximity induced by
Fc-III at the IgG Fc binding site is required for efficient antibody
labeling.
© 2022 The Author(s). Published by the Royal Society of Chemistry
DOTA labeling of trastuzumab

DOTA (dodecane tetraacetic acid) is widely used to chelate 111In
and 177Lu and is of particular interest for SPECT imaging41 and
radioimmunotherapy because of the high thermodynamic
stability and slow decomposition kinetics of the DOTA-radio-
nuclide complex. To label trastuzumab with DOTA, the DOTA-
PEG20-Fc-III reactive conjugate was prepared by coupling DOTA-
tris(tBu)ester NHS ester 11 to reactivity modulator 8 yielding
carbonate activated DOTA 12 (Scheme S1†), which was then
coupled to NH2-PEG20-Fc-III 2 as described in Scheme 1 for the
preparation of FITC-PEG20-Fc-III 10. Following the removal of
the tBu protecting groups and RP-HPLC purication of the
DOTA-PEG20-Fc-III reactive conjugate, the antibody DOTA
conjugate was prepared by incubation of trastuzumab with a 2-
fold molar excess of DOTA-PEG20-Fc-III. The Fc-III peptide was
detached from the antibody by acidication with a glycine
solution at pH 2.5, and the labeled antibody was puried by gel
ltration chromatography, followed by neutralization with
phosphate buffer, pH 8.5.42 To determine the extent of labeling
of our one-step method, the DOTA labeled trastuzumab was
deglycosylated with EndoS enzyme to facilitate the intact mass
measurement of the resulting conjugates by liquid chroma-
tography coupled with Orbitrap Fourier transform mass spec-
trometry (LC-FTMS) (Fig. 4A). The antibody conjugate was
characterized by LC-FTMS under denaturing conditions,
providing accurate estimates of the molecule loading prole
and allowing calculation of the average degree of conjugation
(DoC) of the payload. Deconvolution of the FTMS data
conrmed the successful conjugation of DOTA to trastuzumab,
with one, two, three, and four DOTA molecules attached to the
antibody as observed with the +517 Da adducts in D1, D2, D3,
and D4, respectively, the most abundant species being D0, D1,
and D2 (Fig. 4A). The average DoC was found to be 1.09; the DoC
was calculated as a weighted average of each DOTA-load (D1–
D4), based on the relative intensities of each peak in the
deconvolved mass spectra over the total amount of antibody, as
described in the Materials and Methods. The ionization effi-
ciency was assumed to be identical for D0–D4 species. Next, the
deglycosylated sample was reduced with TCEP to yield light (Lc)
and heavy chains (Hc) and then analyzed by LC-FTMS. Analysis
of the deconvolved spectra revealed �1% labeling of Lc and
45% labeling of Hc in the reduced form with various degrees of
conjugation (D1–D2, Fig. 4B and C). To assess the Fc regiose-
lectivity of the conjugation, the intact sample was digested with
GingisKHAN™ or FabALACTICA™ enzymes. These enzymes
are selective towards IgG1 and cleave the antibody in a highly
specic and reproducible manner into Fc and Fab subunits. The
enzymatically digested samples were then analyzed by LC-FTMS
providing a DoC of Fc and a DoC of two Fab subunits (F(ab')2)
(Fig. 4D, E, Table S3 and Fig. S5†), resulting in a Fc/F(ab')2
selectivity of 3.2 or 3.8 with GingisKHAN™ or FabALACTICA™,
respectively (Table S3†).

The complete removal of the free chelator in the puried
conjugate is a critical parameter in radio imaging to ensure high
radiochemical purity. For this reason, high-resolution electro-
spray ionization mass spectrometry (HR-ESI-MS) was used to
Chem. Sci., 2022, 13, 3965–3976 | 3969
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Fig. 4 Intact mass analysis of the trastuzumab-DOTA conjugate and its subunits by LC-FTMS. The deconvolved mass spectra of the intact
deglycosylated sample (A) and deglycosylated TCEP reduced sample, yielding light (B) and heavy chains (C); GingisKHAN™ derived Fc (D) and Fab
(E) subunits. The D0–D4 peaks correspond to the antibody or antibody fragment with different degrees of conjugation, where Dn is the number
of attached DOTA molecules.
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determine if residual amounts of unconjugated DOTA-PEG20-
Fc-III, cleaved/free DOTA or cleaved residual peptide impurities
remained in the nal product aer gel ltration chromatog-
raphy. HR-ESI-MS analysis indicated that the DOTA-PEG20-Fc-III
conjugate was fully consumed under the conditions of the
conjugation process. No above-mentioned impurities were
found in the nal trastuzumab-DOTA conjugate (data not
shown). In conclusion, the one step labeling method provides
the means to regioselectively label the Fc domain of trastuzu-
mab with DOTA with a DoC value of 1.09 and a Fc/F(ab')2
selectivity of 3.2.
Optimization of the PEG spacer length

Given that the distance of targeted K317 to the Fc-III binding
site was estimated by molecular dynamics simulation and that
the average length of the PEG spacer was calculated with the
3970 | Chem. Sci., 2022, 13, 3965–3976
WLC model, it is uncertain whether PEG20 is the most appro-
priate spacer to reach K317. For these reasons, we synthesized
and evaluated Fc-III reactive conjugates using different spacer
lengths, ranging from 2 to 36 PEG units. DOTA-PEGn-Fc-III
reactive conjugates were prepared as described above for DOTA-
PEG20-Fc-III. The effect of the spacer length was investigated by
labeling trastuzumab with DOTA using the DOTA-PEGn-Fc-III
reactive conjugates and analyzing the resulting labeled anti-
bodies by LC-FTMS. As can be seen in Table S4,† the efficiency
of antibody labeling increased simultaneously with the length
of the spacer (from 2 to 10 PEG units, DoC of 0.33 to 1.40), and
then reached a plateau with longer PEGs (12, 20, and 36 units).
These results indicate that at least 10 PEG units must be used
for maximum labeling. Similarly, the Fc/F(ab')2 selectivity ratio
increased up to 4.1 (corresponding to 10 PEG units) but then
decreased when longer spacer lengths were tested (Fig. 5). As
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effect of the spacer length on Fc/F(ab')2 selectivity. The spacer
length calculated with the WLC model is plotted on the x-axis relative
to the Fc/F(ab')2 selectivity ratio. The number of PEG units is color
coded in the legend box according to its length.
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a result, it was concluded that PEG10 is the optimal spacer for
the highest DoC and Fc/F(ab')2 selectivity ratio and was there-
fore selected for further studies.

To show the universality of our approach, atezolizumab
(IgG1), the ICI targeting programmed death ligand 1 (PD-L1 or
CD274 antigen)43 was labeled using DOTA-PEG10-FcIII under
the same conditions as described above for trastuzumab. LC-
FTMS of the conjugate revealed that atezolizumab was labeled
successfully with similar efficiency (DoC of 1.07 and Fc/F(ab')2
selectivity of 5.5, Table 1).
Middle-down mass spectrometry analysis of the trastuzumab-
DOTA conjugate

The complementary middle-down mass spectrometry (MS/MS)
approach is gaining increasing attention nowadays for anti-
bodies and ADC analysis44–46 and was used to identify the anti-
body conjugation site(s). The trastuzumab-DOTA conjugate was
digested with FabRICATOR™ (IdeS) protease, and the disulde
bonds were subsequently reduced with TCEP, yielding 25 kDa
antibody fragments, i.e., Lc, Fd' and Fc/2. The resulting digests
were then analyzed by LC-FTMS/MS with high-energy collision-
induced dissociation (HCD) as a fragmentation technique
Table 1 Results of the intact mass LC-FTMS analysis of antibody-payloa

Peptide conjugates Antibody DoC mAb Lab

DOTA-PEG10-Fc-III Trastuzumab 1.20 72%
DOTA-PEG10-Fc-III Atezolizumab 1.07 70%
DFO-PEG10-Fc-III Trastuzumab 0.47 39%
DFO-PEG10-Fc-III

a Trastuzumab 1.52 79%
DTPA-PEG10-Fc-III Trastuzumab 0.87 63%

a 6eq. of DFO-PEG10-Fc-III were used. b Fc loading was extrapolated.

© 2022 The Author(s). Published by the Royal Society of Chemistry
(more details in the Materials and Methods). Using this
approach, we found that K317 appeared to be quantitatively
labeled for FabRICATOR™-derived Fc/2 subunits (Fig. S14A†).
These data conrmed our hypothesis and indicated that this
approach could be used to regioselectively label the IgG Fc
domain. However, we also observed the unexpected labeling of
K326 (Fig. S14B†), although this appeared to be a minor
secondary product, as it was observed mostly for the antibody
fractions that were labeled with three DOTAs (two DOTAs
conjugated to two K317 and one to K326). K326 is also located in
the IgG Fc domain; molecular dynamics simulation suggested
that distance uctuations are not large enough to make the
experimentally observed labeling of K326 compatible with the
Fc-III peptide being simultaneously bound in its canonical
binding site (data not shown). Given that K326 displays greater
structural exibility, solvent accessibility, and no involvement
in H-bonding (Fig. S1†), the DOTA-PEG10-Fc-III reactive conju-
gate may preferably react with this amino acid when it is in an
unbound transient state. To further conrm the antibody
labeling site, we also performed a targeted peptide mapping
experiment of the trypsin/Lys-C digested trastuzumab-DOTA
conjugate, which conrmed K317 as the main labeling site
(Fig. S15†).

Application to other chelators

Slow biological processes, such as the biodistribution of anti-
bodies, are monitored by PET or SPECT using different radio-
metals. PET imaging provides sensitive, quantitative, and non-
invasive images, while SPECT is a more ubiquitous imaging
modality.47 Bioconjugates labeled with 68Ga (t1/2 � 1.1 h), 64Cu
(t1/2 � 12.7 h), and 89Zr (t1/2 � 78.4 h) for PET imaging or 99mTc
(t1/2 � 6.0 h), 111In (t1/2 � 67.4 h), and 177Lu (t1/2 � 6.6 days) for
SPECT represent the most promising tracers in chelator-based
radiopharmaceuticals.41,48 89Zr has raised interest as a potential
isotope to label monoclonal antibodies for in vivo PET
imaging.49 Its long half-life matches well with the pharmaco-
kinetics of monoclonal antibodies that typically show optimal
tumor-to-blood ratios several days aer injection. To date,
desferrioxamine (DFO) is a chelator of choice for 89Zr radio-
labeling in the clinic. The routinely used random DFO conju-
gation approaches involving isothiocyanate/activated ester or
maleimide groups are far from being ideal due to poor solubility
of the DFO derivatives or synthetically demanding conjugation
procedures.49–51 To prepare the DFO-PEG10-Fc-III reactive
conjugate, the reactivity modulator and carbonate cleavable
d conjugates

eled mAb
Selectivity
Fc/F(ab')2 DoC Fc DoC F(ab')2

4.1 0.90 0.22
5.5 0.90 0.16
0.4 (2.4b) 0.05 (0.33b) 0.14
1.3 (9.2b) 0.20 (1.37b) 0.15
3.7 0.37 0.10
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Fig. 6 A constant amount of the radioligand was incubated with an
increasing concentration of SK-OV-3 (HER2-positive) and MDA-MB-
231 (HER2-negative) cells. The specific cell binding is expressed as
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sites were rst attached to NH2-PEG10-Fc-III (Scheme S2†), and
the resulting activated derivative 15 was then coupled to DFO
isothiocyanate, yielding DFO-PEG10-Fc-III (see the ESI†). The
route of synthesis was changed compared to Scheme 1 to avoid
unwanted side reactions caused by the presence of hydroxyl-
amine reactive groups. Next, DFO-PEG10-Fc-III was used to label
trastuzumab using the same one-step procedure as described
above for trastuzumab-DOTA, yielding a DoC of 0.47 (Table 1).
This result was unexpected when compared to the data ob-
tained with DOTA-PEG10-Fc-III (DoC of 1.14). We hypothesized
that this lower value may be due to the instability of the DFO-
PEG10-Fc-III conjugate during the conjugation process due to
hydrolysis of the carbonate linkage by the hydroxylamine of
DFO. Consistent with this, UPLC-MS analysis of a DFO activated
Fc-III conjugate revealed that 73% of the peptide is already
hydrolyzed at t ¼ 0 in the conjugation buffer at pH 9 (data not
shown). To improve the labeling efficiency, an excess of DFO-
PEG10-Fc-III (6 eq.) was added to trastuzumab, resulting in an
increased DoC of 1.52. The conjugate was then cleaved into Fc/2
and F(ab')2 by the FabRICATOR™ enzyme to calculate the Fc/
F(ab')2 selectivity value. Unexpectedly, the sum of the obtained
DoC of Fc and F(ab')2 was much lower than the DoC of intact
mAb, suggesting a cleavage of the DFO molecules from the
antibody conjugate by the FabRICATOR™ enzyme. Taking into
account that the F(ab')2 DoC of DOTA-trastuzumab conjugates
had always been between 0.16 and 0.22, which corresponded
well to the observed value of 0.15 for the F(ab')2 DoC of DFO-
trastuzumab, we hypothesized that the DFO cleavage occurred
on the Fc domain. As a result, the DoC of Fc was under-
estimated, leading to a selectivity of 1.3. Therefore, the Fc DoC
values were extrapolated by subtraction of the F(ab')2 DoC from
DoC mAb, yielding an extrapolated selectivity of 9.2 (Table 1).

Diethylenetriaminepentaacetic acid (DTPA) is an acyclic
chelator that is oen used for labeling with various radiometals
such as 64Cu, 68Ga, 111In, and 177Lu under mild conditions.41 In
this study we used CHX-A00-DTPA, a DTPA derivative with a trans-
1,2-diaminocyclohexane backbone because of its improved
metal chelation stability (DTPA will refer to CHX-A00-DTPA
throughout the text that follows). DTPA was conjugated to
PEG10-Fc-III as described above for DFO, and the resulting
DTPA-PEG10-Fc-III reactive conjugate was used to label trastu-
zumab. A DoC of 0.87 and Fc/F(ab')2 selectivity of 3.7 were found
by HRMS (Table 1). These data are consistent with the DOTA
DoC values and support our extrapolation of the DFO DoC
values. For diagnosis efficacy, the remaining 37% of the unla-
beled antibody is not a problem. In nuclear medicine, cold
antibody is generally injected in combination with the radio-
labeled antibody to saturate the neonatal Fc receptor and
decrease the so called antigen sink effect where antibodies are
withdrawn from the circulation by the hepatocytes.52
a function of the number of cells. A binding curve (dashed line) is fitted
using nonlinear regression, and the immunoreactive fraction corre-
sponding to the extrapolation to infinite antigen excess is calculated
using Graphpad Prism 7 software.34 81% of the immunoreactive frac-
tion of [111In]In-DTPA-trastuzumab for SK-OV-3 showed a conserved
affinity for HER2 after DTPA regiospecific conjugation and radio-
labeling with [111In]indium. The immunoreactivity decreased to 15%
with MDA-MB-231 (HER2-negative).
111In radiolabeling of trastuzumab

Next, the antibody-DTPA conjugate was radiolabeled with [111In]
indium (170 Mbq of [111In]indium chloride in 0.02 M HCl solu-
tion) by incubation in 0.4 M acetate buffer pH 5.5 at 37 �C for 1 h,
and [111In]In-DTPA-trastuzumab was obtained without further
3972 | Chem. Sci., 2022, 13, 3965–3976
purication with >99% radiochemical purity as measured by
instant thin-layer chromatography (iTLC, Fig. S20†). No aggrega-
tion was observed by radio-SEC (Fig. S21†) or SEC (data not
shown). The stability of radioimmunoconjugates is an important
parameter to assess, rst because of the long circulation time of
the antibody in vivo and second because free 111In circulating in
the blood (due to decomplexation of 111In) will negatively affect
the specicity of the signal. In vitro stability experiments were
performed in human serum at different time points (24, 48, 72,
and 144 h) by incubating [111In]In-DTPA-trastuzumab at 37 �C
under agitation, and the stability of the activated antibody was
measured by iTLC and radio-SEC. We found that the radio-
chemical purity of the activated antibody was 91% aer 48 h
(Fig. S22†) and 87% aer 6 days. These results are consistent with
the reported value for [111In]In-DTPA-trastuzumab and [177Lu]Lu-
DOTA-trastuzumab53 and support in vivo applications.
The immunoreactivity of [111In]In-DTPA-trastuzumab is not
affected by the radiolabeling procedure

To verify that [111In]In-DTPA-trastuzumab retained its affinity to
the HER2 antigen aer DTPA conjugation and radiolabeling,
the immunoreactive fraction of the radioconjugate was quan-
tied by cell-binding assays in human ovarian carcinoma SK-
OV-3 (HER2-positive) and human breast adenocarcinoma MDA-
MB-231 (HER2-negative) cells using an innite antigen
excess.54,55 The binding specicity of [111In]In-DTPA-trastuzu-
mab to SK-OV-3 and MDA-MB-231 cells was measured aer
incubating a constant amount of [111In]In-DTPA-trastuzumab
(15 ng mL�1) with increasing numbers (0.25–8 � 106) of cells.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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We found that the immunoreactive fractions were 81% for the
HER2-positive SK-OV-3 and 15% for the HER2-negative MDA-
MB-231 (Fig. 6), thereby conrming that the immunoreactivity
of [111In]In-DTPA-trastuzumab is preserved with the DTPA
conjugation and under radiolabeling conditions used in this
study (buffers, pH and temperature, consistent with previous
studies).56,57 These data suggest that the integrity of trastuzu-
mab was not affected by the reaction conditions used to
conjugate DTPA. Together with the radiochemical purity and
stability results, these data warrant further studies of [111In]In-
DTPA-trastuzumab in vivo.
[111In]In-DTPA-trastuzumab biodistribution study

[111In]In-DTPA-trastuzumab (20 kBq, corresponding to 0.05 mg
[111In]In-DTPA-trastuzumab completed with 49.95 mg cold
trastuzumab to saturate nonspecic Fc receptors involved in the
turnover of antibodies) was administered by intravenous
injection to mice bearing SK-OV-3 tumor xenogra implanted
subcutaneously. Mice were sacriced at different time points (2,
72, and 144 h), and selected organs were collected for radioac-
tivity measurement to further study the level of antibody bio-
distribution (Table 2). As expected, we observed a high
distribution of [111In]In-DTPA-trastuzumab in blood (36.6 �
5.4% IA per g) at 2 h and well-vascularized organs (lungs 19.3 �
9.5% IA per g, kidney 11.6 � 2.2% IA per g and heart 9.67 �
0.9% IA per g for example). These data are consistent with the
pharmacokinetics of antibodies. Accumulation of [111In]In-
DTPA-trastuzumab in the SK-OV-3 xenogra increased over
time, reaching maximal accumulation (39.9 � 15.4% IA per g)
aer 72 h. At 144 h, the antibody accumulation in normal
organs was at least 3.9 times lower than in the engraed tumour
(Table 2). At 144 h the tumour to blood ratio was better than that
Table 2 [111In]In-DTPA-trastuzumab biodistribution in organs at differen
(corresponding to 0.05 mg radiolabelled antibody completed with 49.95
(HER2-positive) or MDA-MB-231 tumours (HER2-negative). Specificity
injection of cold DTPA-trastuzumab in excess. The results are expresse
deviation (n ¼ 3)

Organ

SK-OV-3 [%IA per g] (HER2 positive)

2 h 72 h

Tumor 7.16 � 2.1 39.9 � 15.4
Liver 8.4 � 2.0 5.0 � 0.7
Kidney 11.6 � 2.2 7.1 � 0.7
Adrenal glands 14.0 � 3.9 7.3 � 1.8
Lungs 19.3 � 9.5 12.0 � 1.0
Spleen 8.1 � 2.3 6.2 � 0.8
Heart 9.7 � 0.9 5.8 � 0.7
Muscle 1.8 � 0.2 2.0 � 0.3
Bone 3.7 � 0.5 3.1 � 0.3
Skin 3.5 � 0.6 5.2 � 0.8
Stomach 1.4 � 0.5 1.3 � 0.3
Small intestine 4.6 � 1.0 1.9 � 0.2
Large intestine 4.3 � 1.1 1.4 � 0.1
Pancreas 3.8 � 1.8 2.7 � 0.6
Uterus 5.2 � 2.2 7.0 � 3.3
Blood 36.56 � 5.4 18.7 � 2.3

© 2022 The Author(s). Published by the Royal Society of Chemistry
at 72 h (2.1 and 3.9, respectively) giving potentially the best
signal to noise ratio. In contrast, [111In]In-DTPA-trastuzumab
accumulated to much lower extent (20.7 � 7.7% IA per g) in
mice engraed with the HER2-negative MDA-MB-231 xenogra
tumour at 72 h (1.9-fold less than the SK-OV-3 tumours), and the
biodistribution of [111In]In-DTPA-trastuzumab was higher in
the blood (27 � 8% IA per g) and well-vascularized organs such
as liver (18.0 � 8.5% IA per g), indicating a higher circulation of
[111In]In-DTPA-trastuzumab and lower specic uptake by the
HER2-negative tumour.

Finally, the specicity of [111In]In-DTPA-trastuzumab was
conrmed by an inhibition competition experiment (blocking)
where mice bearing SK-OV-3 tumors were concomitantly injec-
ted with a vast molar excess of cold trastuzumab (2 mg) in
addition to [111In]In-DTPA-trastuzumab. Under these condi-
tions, the uptake of [111In]In-DTPA-trastuzumab in the SK-OV-3
tumour at 72 h was reduced to 11.9 � 2.4% IA per g (3.4-times
less than that without blocking) conrming the in vivo speci-
city of [111In]In-DTPA-trastuzumab for HER2 (Table 2).
Consistent with the immunoreactivity experiment, the bio-
distribution and inhibition competition experiment suggest
that the integrity of trastuzumab was not affected by the DTPA
conjugation conditions. These data are consistent with the
previously published study of Lub-de Hooge et al.56 and there-
fore, conrm that the site-specic chelator conjugation
approach used in this study shows comparable results with
conventional conjugated DTPA antibodies.
[111In]In-DTPA-trastuzumab SPECT/CT imaging study

SPECT and CT images of mice bearing a SK-OV-3 xenogra
tumour were acquired using an Albira Si PEC/SPECT/CT. [111In]
In-DTPA-trastuzumab (18 Mbq corresponding to 26 mg of [111In]
t time points and under different conditions. 20 kBq of the radioligands
mg of cold antibody) was injected in mice bearing SK-OV-3 tumours
of [111In]In-DTPA-trastuzumab for SK-OV-3 tumors was tested by
d as a percentage of injected activity per gram of organs � standard

MDA-MB-231 [%IA
per g] (HER2 negative)

144 h Blocking (72 h) 72 h

30.3 � 6.7 11.9 � 2.4 20.7 � 7.7
2.5 � 0.1 4.9 � 2.8 18.0 � 8.5
2.8 � 0.7 4.4 � 1.1 11.0 � 4.6
5.0 � 0.7 6.5 � 1.5 12.5 � 3.6
4.0 � 1.2 6.6 � 1.9 14.6 � 3.1
2.7 � 1.0 5.0 � 2.3 15.2 � 6.5
2.6 � 0.7 3.7 � 1.2 8.59 � 4.3
1.0 � 0.2 1.3 � 0.4 2.8 � 0.6
1.5 � 0.3 1.8 � 0.5 5.0 � 2.7
2.4 � 0.7 3.4 � 1.1 12.9 � 2.3
0.7 � 0.2 0.8 � 0.1 1.8 � 0.0
0.9 � 0.2 1.3 � 0.4 5.4 � 0.3
0.7 � 0.1 1.6 � 0.6 5.6 � 1.8
1.1 � 0.0 1.5 � 0.5 6.0 � 0.4
2.1 � 0.9 2.8 � 1.1 15.3 � 1.8
7.7 � 2.6 9.4 � 1.9 27.2 � 8
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Fig. 7 Coronal MIP fused SPECT and CT images at 3, 72, and 144 h post-injection of 18 MBq [111In]In-DTPA-trastuzumab in the same mouse
bearing an SK-OV-3 tumour (HER2-positive). Uptake of [111In]In-DTPA-trastuzumab was observed in the tumour (T) and liver (L). The longer
blood circulation of [111In]In-DTPA-trastuzumab leads to an increased specific tumour uptake over time.
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In-DTPA-trastuzumab completed with 24 mg of cold DTPA-tras-
tuzumab) was injected intravenously, and mice were visualized
by SPECT and CT scans at 3, 72, and 144 h post-injection. As can
be seen in Fig. 7, the specic tumour uptake of the antibodies
increased over time, whereas the background activity decreased,
resulting in an increased contrast of the tumour over time with
an optimum at 144 h consistent with the biodistribution
experiments. This preclinical SPECT/CT study is a proof of
concept that the same approach could be used in a clinical
context to obtain an image of tumours by nuclear medicine
technologies. The present data conrms that a non-invasive
method can be used to measure the specic uptake of anti-
bodies by tumors and suggest that the method is applicable in
the clinics.
Conclusions

Here, we have developed a generic technology to label any
antibody with a radionuclide chelator in a single step chemistry.
Through engineering the Fc-III peptide ligand with a carbonate
reactive site, a PEG10 spacer, and a chelator, we have shown that
the resulting preactivated Fc-III conjugate is capable of effi-
ciently and selectively labelling trastuzumab with the concom-
itant release of Fc-III. Successful labeling was achieved with
FITC, DOTA, DFO, and DTPA payloads. We demonstrated that
our radionuclide chelator approach leads to homogeneous
labeling of trastuzumab with a DoC in the range of 1 to 2, and
the regioselective labeling of the IgG-Fc domain mainly at K317.
This will greatly facilitate the analytics required by the regula-
tory authorities to approve GMP production of the API for
clinical applications.

In comparison to the many other site-specic conjugation
chemistries that have been developed to date, we believe that
our one step Fc-targeted labeling approach is a major
advancement in the eld because (i) it requires no prior puri-
cation or modication of the antibody, (ii) the chemical reac-
tion occurs spontaneously upon mixing the antibody with the
Fc-III-reactive conjugate and is completed within 2 hours, and
(iii) there is no need of any additional chemical step. Given that
Fc-III binds to any antibody isotypes in a region that is not
3974 | Chem. Sci., 2022, 13, 3965–3976
involved in antigen binding, we believe that this will greatly
facilitate bioconjugation, since any chelators, and as a matter of
fact any payload, can be chemically pre-activated with Fc-III.
This paves the way to a broad array of applications in antibody
engineering such as diagnostics, ADCs, Fc-fusion proteins, and
so on. Other important perspectives of this technology may be
the in vivo non-invasive determination of tissue distribution,
tumor accumulation and retention, and target engagement.
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