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Herein, we report the synthesis of three new bifunctional heptadentate metal ion binding chelates derived
from desferrioxamine B (DFO) linked to a tripeptide unit that comprises of a glutamic acid and two
glycine residues. The three DFO derivatives were also functionalised with a photoactivatable aryl azide
unit for light-triggered labelling of proteins. The chelates were obtained in 3 synthetic steps in good
overall yields by using solid phase peptide synthesis (SPPS). Density Functional Theory (DFT) calculations
were used to estimate thermodynamic formation constants (log ) of the corresponding Zr** complexes.
Quantitative zirconium-89 radiolabelling (>95%) was obtained in <5 min at room temperature, and the
stability of the radioconjugates toward different competitors (human serum, EDTA and Fe**) was assessed
in vitro. One-pot 8°Zr-photoradiosynthesis produced [89Zr]Zr-2-onartuzumab directly from the formu-
lated, clinical-grade sample MetMAb™, without pre-purifying the monoclonal antibody (mAb) com-
ponent, with an isolated decay-corrected radiochemical yield of 36.4 + 2.4%. PET imaging and biodistri-
bution studies were performed in female athymic nude mice bearing subcutaneous xenografts derived
from the MKN-45 human gastric cancer cell line to assess the pharmacokinetic profile and tumour
binding of [8°Zr]Zr-2-onartuzumab. Specific tumour uptake of [8°Zr]Zr-2-onartuzumab was confirmed by
using competitive inhibition (blocking) studies and bone uptake was significantly reduced compared to
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Introduction

Zirconium-89 (half-life: ¢,,, = 78.41 h, positron intensity: I(") =
22.3%) is a positron-emitting radionuclide that has risen to
prominence for radiolabelling monoclonal antibodies (mAbs)
for use in immuno-positron-emission tomography imaging
(immuno-PET)."* At present, more than 100 clinical trials are
underway that utilise or test the performance of **Zr-mAbs as
diagnostic imaging agents (https:/www.clinicaltrials.gov). For
applications in immuno-PET, the metalloradionuclide *°zr**
ion needs to be sequestered by a ligand to form a coordination
complex that is thermodynamically, kinetically, and metaboli-
cally stable in biological systems.

Due to its classification as a hard Lewis acid according to
the Pearson theory, the Zr'" ion has strong affinity for hard
bases, and particular those bearing oxygen-based donors.” In
its cationic form, Zr*" can be engaged in coordination com-
plexes by ligands bearing between 6 to 8 donor atoms.
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Desferrioxamine B (DFO), a natural bacterial siderophore, is
an outstanding hexadentate linear chelator for zirconium-89,
and clinical trials with ®**ZrDFO-radiolabelled antibodies have
proven that the complex is suitable for use in human immuno-
PET."” Nevertheless, preclinical studies have demonstrated
that **ZrDFO-mAbs can suffer from dissociation and metal ion
release in vivo resulting in partial bone uptake in mice.®® The
mechanism of demetallation in vivo remains unknown but is
potentially due to the fact that the coordination sphere of the
metallic cation is not fully completed with the DFO ligand
(coordination number: CN = 6). Over a decade ago, we used
Density Functional Theory (DFT) calculations to illustrate that
the ZrDFO complex can potentially accommodate two
additional water molecules as ligands.’ These water molecules
can bind in either pseudo-axial or pseudo-equatorial sites,
whereby axial binding was predicted to be more stable, leading
to an octadentate cationic complex [Zr(DFO)(H,0),]".° In 2013,
Guérard et al.'® studied the coordination properties of Zr**
ions with bidentate N-methyl acetohydroxamic acid ligand
(Me-AHA) in solution and solid state by the mean of potentio-
metric titration and single crystal X-ray diffraction. The
authors reported that the neutral, octadentate ML, species, [Zr
(Me-AHA),], has a high thermodynamic stability constant
(log p = 45.98) and the single crystal X-ray structure highlighted
the octadentate environment around the metallic cation with a
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cis,trans,trans configuration of the four Me-AHA ligands. We
note that some debate exists regarding the experimental
model used for the potentiometric determination of these
constants.'™"? Similar debate around potentiometric models
derived for more elaborate zirconium complexes, and
especially ZrDFO, has also arisen in the past few years, high-
lighting the need for more work in the field."*""> We simply
note here that the potentiometric modelling work on ZrDFO
species by Toporivski et al. required only the use of classic and
stoichiometrically precise ML species (1:1 ratio of Zr to DFO
complexation), whereas the more elaborate models from
Bianchi et al. required the inclusion of higher order M,L,
species to fit the experimental data. To the best of our knowl-
edge, no experimental evidence has been reported to sub-
stantiate the existence (or otherwise) of these more elaborate
metal ion clusters. Recently, Racow et al. measured the
hydration state of the ZrDFO complex by using variable-temp-
erature mass spectrometry (VI-MS) in the gas phase.'® They
demonstrated that under their analytical conditions, the
monohydrated [ZrDFO(H,O)]" species can be observed. These
experimental data are consistent with the original DFT predic-
tion® that suggested at least one water molecule is tightly
bound to the cation. No empirical evidence of a second water
molecule in the inner sphere was found but this observation
was also consistent with the DFT prediction that the pseudo-
equatorial water ligand is labile. More recent calculations from
our group,'” and experimental data from others'® have also
contributed to the collective understanding of ZrDFO coordi-
nation chemistry. The ZrDFO complex exhibits extensive geo-
metric and stereoisomerism - the hexadentate species alone
can potentially form 8 geometric isomers, each of which is
chiral.'” Addition of one or two coordinated water ligands
expands the number of coordination species, and as Summer
et al.'® reported, one must also consider the formation of the
hydroxide complexes from potential deprotonation of the aquo
ligands.

Driven by the goal of increasing the stability of the
coordination complex toward demetallation in vivo, several
groups around the world have explored the synthesis and
coordination chemistry of novel multidentate chelates with
coordination numbers from 6 to 8. Recent progress on
aqueous-phase Zr-coordination chemistry has been reviewed

89Zr4+

Water soluble
linker

O/\O pH 8.0-8.4, rt, <15 min.
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extensively."”>* For new ligands to be useful in *°Zr-radio-
chemistry, the compounds must have a reactive handle that
allows bioconjugation to a protein (or other biologically active
vector) of interest. Classical antibody functionalisation typi-
cally amide bond formation using
N-hydroxysuccinimide (NHS) groups or thiourea synthesis
from chemicals bearing benzyl isothiocyanate (NCS) groups.>?
These methods require a two-step approach where the mAb
must be pre-purified from the formulation buffer prior to the
bioconjugation step and subsequent radiolabelling. Although
successful, these two-step methods are time consuming, cost
intensive, and usually require harsh chemical conditions that
potentially compromise the protein structure and binding pro-
perties. As an alternative method for functionalising mAbs
with radiometal ion complexes, our group has developed a
one-pot photochemical approach.>**® These new PhotoTags
bear a photochemically active aryl azide (ArN;) and can be
used to modify mAbs with radiometal ion complexes for PET,
and with fluorophores for optical imaging in vitro or in vivo.>
Upon irradiation, the ArN; absorbs UV light at wavelengths
where most proteins do not absorb (365-450 nm), hence avoid-
ing photodegradation of the protein. Photon absorption forms
a highly reactive electrophile (ketenimine intermediate) which
further reacts with a nucleophile, such as the primary e-NH,
group of Lys residues present on the surface of antibodies, to
form a new a covalent bond.***° Remarkably, the phenom-
enon is compatible with various formulations buffers and can
be fully automated.**

Here, we synthesised three new heptadentate DFO ana-
logues (Fig. 1) bearing a discrete water-soluble tris-polyethyl-
ene glycol chain, a tripeptide (Gly-Gly-Glu) moiety, and a
photoactivatable ArN; unit for light-induced protein ligation.
The position of the carboxylate donor group was changed on
the tripeptide motif to identify the optimum metal ion
binding chelate based on stability studies in vitro. DFT calcu-
lations were used to predict the thermodynamic stability con-
stants (log ) of the complexes. The proligands were radio-
labelled with ®°Zr*" and the stabilities of the radiocomplexes
were studied against various competitors. Based on the results,
we selected the most stable complex and produced *°Zr-radio-
labelled onartuzumab (the monoclonal antibody component
of MetMAb™ which binds to the human hepatocyte growth-

involves

New covalent
bond

/

Ry = Glu, Ry = Rg = Gly (DFO-Gly-Gly-Glu-PEG3-ArN3, 1)
Ry = Ry = Gly, R, = Glu (DFO-Gly-Glu-Gly-PEG3-ArN, 2)
Ry = R, = Gly, Rg = Glu (DFO-Glu-Gly-Gly-PEG-ArNg, 3)
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3

Fig. 1 Overview of the light-induced photoradiosynthesis to produce 8°Zr-labelled monoclonal antibodies (mAbs) and structure of the proligands

(1-3).
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factor receptor ¢-MET).>* Finally, the pharmacokinetic profile
and ¢-MET targeting of [*°Zr]Zr-2-onartuzumab was evaluated
in vivo and ex vivo by using PET imaging and biodistribution
studies in female athymic nude mice bearing subcutaneous
MKN-45 human gastric cancer xenografts.

Results and discussion
Proligand synthesis

The synthesis of the three different photoactivatable hepta-
dentate DFO analogues (1-3) is depicted in Scheme 1. The
synthesis of DFO-PEG;-ArN; (compound 4) which is used as a
hexadentate control is described elsewhere.*® Full characteris-
ation data including 'H and “C{"H} NMR spectra and high-
resolution mass spectrometry (HRMS) are presented in the
ESI (Fig. S1-S277). Each of the three chelates (1-3) were
obtained in 3 steps by using solid phase peptide synthesis

View Article Online
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methodologies. Briefly, sequential addition of either Fmoc-
protected glycine or Boc-protected glutamic acid on 2-chloro-
trityl resin generated the tripeptide units on resin. Then the
photoactivatable ArN;-PEG;-NH-succ®® group was coupled to
the N-terminus. Cleavage from the resin was accomplished by
using 1% TFA in CH,Cl, to avoid deprotection of the tert-
butyl ester. After C18 purification, the linear peptides (6a,
54%), (6b, 52%) and (6c, 28%) were obtained in high chemi-
cal purity (>95% by '"H NMR spectroscopy). In a second step,
the DFO metal binding chelate was introduced at the
C-terminus of the peptides via a HATU-mediated amide coup-
ling reaction to give compounds 5a, 5b and 5c¢ in yields
ranging from 53% to 80%. Finally, the tert-butyl ester depro-
tections were carried out by using TFA/H,O (1/1 v/v) and gave
the final heptadentate metal binding chelates DFO-Gly-
Gly-Glu-PEG;3-ArN; (1), DFO-Gly-Glu-Gly-PEG;-ArN; (2), and
DFO-Glu-Gly-Gly-PEG;-ArN; (3), in 27%, 25% and 20% overall
yield, respectively.

(R; = CH,CH,CO,Bu, Ry = Ry = Hy, 6a, 54%)
(R; = Rg = Hy, Ry = CH,CH,CO,'Bu, 6b, 52%)
(Ry = Ry = Hy, Ry = CH,CH,CO,'Bu, 6¢, 28%)

HNJ_\‘
N
\ 0 Ho U
3\@\(,4 H o R H\)OL Rs ° O 0™ NH
N o N N N N
N \/%/ \n/\/U\H)\n/ ; H)\n/ \/P%\/ OH HC\)\/}
o} o) 0 R, 0 OYN
(Ry = CH,CH,CO,'BU, Ry = Ry = H,, 5a, 66%)

(Ry = Rg = Hp, Ry = CH,CH,CO,'Bu, 5b, 53%)
(R = Rg = H, Rg = CH,CH,CO,Bu, 5¢, 80%)

N
\ O Ho
3@\( H O Ry O R ° O o™ NH
N o N N N.,
2

(Ry = CHCH,CO,H, Ry = Ry = Hy, 1, 76%)
(Rq = Rg = Hy, Ry = CH,CH,CO,H, 2, 90%)
(Rq = Ry = H, Ry = CH,CH,CO,H, 3, 88%)

Scheme 1 General route for the synthesis of compounds 1-3. (a) 2-Chlorotrytil resin, Fmoc-AA-OH (2 eq.), DIPEA (10 eq.), CH,Cl, rt, 60 min. 20%
piperidine/DMF, rt, 20 min. Fmoc-AA-OH (3 eq.), HBTU (2.9 eq.), DIPEA (6 eq.), DMF, rt, 90 min. Fmoc-AA-OH (3 eq.), HBTU (2.9 eq.), DIPEA (6 eq.),
DMF, rt, 90 min. 20% piperidine/DMF, rt, 20 min. ArN3-PEGs-NHsucc (1.5 eq.), HBTU (2.9 eq.), DIPEA (6 eq.), DMF, rt, 90 min. 1% TFA/CH,CL,, rt,
10 min. (b) HATU (1.5 eq.) DIPEA (4 eq.), DFO-mesylate (1.2 eq.), DMF, rt, 24 h. (c) TFA/H,0, 120 min, rt.
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Computational estimates of Zr-complex formation constants

To date, accurate experimental methods to measure the
thermodynamic stability of Zr** complexes remain non-trivial.
Due to its high charge-to-size ratio, Zr** ions form complexes
with exceptionally high thermodynamic stability with for-
mation constants log # > 30.>*7 Direct measurements of the
formation constants of this magnitude are inaccessible to stan-
dard potentiometric titrations. The system is also complicated
by the strong tendency of Zr*" ions to hydrolyse or form poly-
meric oxides by olation under aqueous (and often mildly
basic) conditions.”* Therefore, batch processes and ligand
competition methods are required, which pose the problem
of choosing an adequate competitor ligand that produces
a thermodynamically stable, yet kinetically labile metal ion
complex with a well-defined formation constant for use
as a reference. Another challenge to the experimental deter-
mination of thermodynamic formation constants is that
the titrations often require large amounts (ca. >100 mg) of
material. Synthesis of new chelates on this scale is not always
possible.
To circumvent the aforementioned problems, we developed
a straight-forward DFT-based computational method to predict
the thermodynamic stability of Zr*" complexes.'”” DFT calcu-
lations provide a rapid way of screening the relative stability of
different complexes and can also aid the synthetic design of
alternative new chelates. To simplify the calculations, model
structures were used in which the desferrioxamine-tripeptide—
PEG;-ArN; structure was terminated with a methyl group
instead of the PEG;-ArN; moiety. This substitution is not
anticipated to influence the overall thermodynamic stability of
the complexes because the PEG;-ArN; group is electronically
decoupled from the metal ion centre and is spatially distal
from the first coordination sphere of the Zr*" ion. The model
reaction is given by eqn (1) and the calculation of the esti-
mated log f is given by eqn (2)."”
[Zr(H,0),,]'" + 12~ = [zrL]*™?" 4 19(H,0) (1)
(log p' — 45.48 + 2.47)
1.985 + 0.095

(2)

IOg Pestimated =

The aquated [Zr(H,0),0]*" ion includes 7 coordinated water
molecules in the first coordination sphere and 12 water mole-
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cules in the secondary solvation shell. Full details of the struc-
ture and reference models have been reported in our previous
computational work."” The optimised local structure of the
model anionic ligand was calculated by first optimising the
geometry of the equivalent Zr-complex, then removing the
metal ion from the structure and reoptimising the des-metal
anionic ligand. In all cases, only the most stable N-cis—cis
isomer with respect to the coordination geometry of the DFO
ligand around the Zr*" ion was considered.'”” Based on this
method the most stable 7-coordinate [ZrDFO(H,0)]" complex
had a calculated free energy change for metal ion complexa-
tion of AG = —726.5 kJ mol™", resulting in an estimated for-
mation constant log = 41.20."7 This result is in excellent
agreement with the experimental potentiometric studies of
Toporivska et al. who reported a formation constant of log g =
40.40." The accuracy of the calculated result for the reference
ZrDFO complex lends confidence in the ability of our DFT
model to predict the thermodynamic stablity of other Zr'*
complexes.

Calculated thermodynamic data including the change in
reaction free energy (AG/k] mol™"), enthalpy (AH/k] mol™)
and entropy (AS/J] K~* mol™") on complexation, and the esti-
mated log  values for the formation of the neutral model Zr-
complexes, Zr-1, Zr-2, Zr-3, and also ZrDFO-succinate,'” are
gathered in Table 1. The optimised structures of the model
complexes are presented in Fig. 2.

For the ZrDFO-succinate complex, which is one of the sim-
plest, readily accessible complexes that potentially exhibits
7-coordinate complexation to the central Zr*" ion, the calcu-
lated free energy of complexation gave a value of AG =
-774.9 kJ mol™" resulting in an estimated logf = 45.47.
Coordination of the carboxylate donor in the ZrDFO-succinate
complex resulted in a logf value that is ~4 log unit higher
than the most stable isomer of the 7-coordinate [ZrDFO(H,0)]"
complex (log # = 41.51)."” Based on electrostatic interactions,
the carboxylate donor in the 7™ coordinate site is expected to
form a stronger bond to the highly charged Zr*" ion than an
aquo ligand. In an experimental situation, the chelate effect is
also likely to increase the kinetic stability of the 7-coordinate
complexes formed with heptadentate ligands compared with
the [ZrDFO(H,0)]" species.

Similar results were obtained with the three model com-
plexes, Zr-1, Zr-2, and Zr-3 where the new carboxylate donor

Table 1 Calculated reaction energetics for the formation of four different Zr** complexes with 7-coordinate geometry in the first coordination

sphere of the metal cation

B3LYP/DGDZVP/PCM Calculated reaction energetics for Zr-complex formation
Ae (SCF)/ AZPE/ AG/ AH/ AS/ Calculated Estimated

7-Coordinate complexes (model DFO) kJ mol™" kJ mol™* kJ mol™* k] mol™ JK " mol™ pseudo log f' log 7
[ZI‘DFO(HZO)]+ (ref. 17) —684.0 9.1 -730.0 —681.6 162.3 127.87 41.51
ZrDFO-succinate —-730.8 10.9 —-774.9 —729.5 264.7 135.74 45.47
ZrDFO-Gly-Gly-Glu-C(O)Me (model Zr-1)  —758.9 10.4 ~797.0 ~756.2 264.6 139.61 47.42
ZrDFO-Gly-Glu-Gly-C(O)Me (model Zr-2)  —763.5 7.9 —810.5 —761.9 264.7 141.98 48.61
ZrDFO-Glu-Gly-Gly-C(O)Me (model Zr-3) ~ —749.5 8.0 -798.7 -746.8 264.7 139.90 47.57
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T

ZrDFO-Gly-Gly-Glu-C(O)Me
Zr-1

Fig. 2 Optimised structures of the three model Zr complexes.

atom stabilises the complex with respect to [ZrDFO(H,0)]" by
between —67.0 and —80.5 k] mol™'. In each case, the
additional carboxylate donor ligand occupies the more stable
pseudo-axial site. Complexation of Zr'" ions by DFO-Gly-Gly-
Glu-PEG3-ArN; (1) and DFO-Glu-Gly-Gly-PEG;-ArN; (3) gave
equivalent estimated thermodynamic stability constants of
47.42 and 47.57, respectively. In contrast, DFO-Gly-Glu-Gly-
PEG;-ArN; (2) appears to form a slightly more stable complex
(logp = 48.61) which is even higher than the predicted for-
mation constants for some of the latest octadentate models."”
From the optimised structure analysis (Fig. 2) it is evident that
the extra carboxylate function is tightly bound to the Zr**
cation which further explains the high values obtained for the
calculated thermodynamic stability constants. We note that
since the Zr'" ion is very small, with an ionic radius of
~0.072 nm, it is not universally true that higher denticity (e.g.
octadentate) ligands will form more stable complexes.>?
Rather, for these high denticity ligands where coordination
number range from 6-8, the overall thermodynamic stability of
the Zr*" complex is the result of electrostatic attractions
between the ligand and the metal ion, as well as electrostatic
repulsions induced between the donor atoms of the ligand
and steric strain induced in the complex when wrapping the
ligand around the central metal ion. Solvation factors also play
a role. The destabilising effect of steric strain can be observed
when comparing the estimated formation constants of model
complexes Zr-1 and Zr-3 versus the more stable model Zr-2.
From these calculations, it appears that DFO-Gly-Glu-Gly-PEG;-
ArN; (2) is a potential candidate for the development of **Zr-
radiolabelled mAbs.

897r-Radiolabelling

Next, we explored the *°Zr-radiolabelling of the 3 different
DFO-based chelates (1-3) as well as a hexadentate control com-
pound DFO-PEG;-ArN; (compound 4), the details of which
were reported elsewhere.”®?? Radiolabelling reactions to
prepare [*°Zr]ZrDFO-PEG;-complexes ([*°Zr|zr-1, [*Zr]zZr-2,
[*°Zr]Zr-3, and [*°Zr]Zr-4") were accomplished by the addition

This journal is © the Partner Organisations 2022

ZrDFO-Gly-Glu-Gly-C(O)Me
Zr-2

View Article Online

Research Article

ZrDFO-Glu-Gly-Gly-C(O)Me
Zr-3

of an aliquot of neutralised [**Zr][Zr(C,0,)4]*" stock solution
(10 pL, ~5 MBQ) to an aqueous solution of the corresponding
DFO compound (1-4, 10 pL of a 3.32 mM stock [10% DMSO in
H,0]). The reactions were diluted to 50 pL by the addition of
metal ion free (Chelex-treated) water and the pH was adjusted
to 8.0-8.4 by adding aliquots of 0.1 M Na,CO; (aq.). Reactions
were stirred gently at room temperature for 5 minutes and
897r-radiolabelling was characterised by using radioactivity
measurements combined with both instant thin-layer chrom-
atography (radio-iTLC) and high-performance liquid chromato-
graphy (radio-HPLC) methods (Fig. 3). Quantitative *°Zr-radi-
olabelling yields were obtained in <5 min, and in all cases, the
radiochemical purity (RCP) of the product was >95%
(measured by integration of the decay-corrected HPLC
chromatograms).

Stability studies in vitro

To gain further information about the effect of introducing a
new coordinating carboxylate donor group at different posi-
tions on the stability of the radiocomplexes toward demetalla-
tion, we performed several challenge experiments. First, the
stability of the radiometallated complexes towards decom-
plexation in human serum at 37 °C for 72 h was investigated.
In addition, we performed classic ligand challenge experi-
ments with excess EDTA (100 eq., pH7.4), and transmetallation
challenge experiments using FeCl; (1 eq., pH7.4).*® The
complex stability was measured by radio-iTLC after incubating
the solutions in PBS (pH7.4) for 72 h incubation. Experiments
were performed in triplicate and a bar chart summarising the
results is depicted in Fig. 4 (see also ESI Table S17).

All radiocomplexes showed similar stability in the human
serum challenge. [**Zr]Zr-1 was slightly less stable with respect
to loss of the metal ion from the chelate but remained 91.4 +
1.88% intact after 72 h. In comparison, [*°Zr]|zr-2, [*°Zr]Zr-3,
and [*°Zr]Zr-4" were found to be 92.8 + 1.66%, 93.7 + 2.54%
and 95.4 + 1.34% intact, respectively. Interestingly, for the
ligand challenge experiments [*°Zr]Zr-1 suffered from highest
degree of instability with 64.8 + 15.4% transchelation to give

Inorg. Chem. Front,, 2022, 9, 3071-3081 | 3075
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Fig. 3 Radioactive chromatography showing: (A) radio-iTLC chromatograms of [®°Zr]Zr-1 (black trace), [5°Zr]Zr-2 (blue trace), [5°Zr]Zr-3 (red trace),
and [89Zr]Zr-4" (green trace). The elution profile of [®9Zrl[Zr(DTPA)I~ (purple trace) is shown as a control. (B) Radio-HPLC chromatograms of

[89Zr1Zr-1 to [8°Zr]Zr-4" (black to green traces).
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Fig. 4 Bar chart showing the stability of the ®°Zr-radiolabelled com-
plexes (formed from chelates 1-4) under different challene conditions.
The plot shows the percentage of the intact radiocomplex (n = 3)
measured by radio-iTLC.

the [*°Zr][Zr(EDTA)]” after 72 h. The three other complexes
were equivalently stable with only an ~7% loss of *°Zr-activity
after 72 h incubation. Finally, all the radiocomplexes possess
similar stability with respect to transmetallation with Fe*
ions. In each case, after 72 h incubation with 1 equivalent of
Fe** ions, only a minor fraction of ~13% of the **Zr** ion was
released. One point to note is that the measured stability of
the ZrDFO complex (and indeed other Zr-complexes that
feature hydroxamate donors) is highly dependent on the pH of
the test samples.’® Hydroxamate groups have pKa values
around 6-9, whereas most carboxylic acids have pKa values in
the range 3.5-4.5.">"! Hence, if the pH of the ligand challenge
experiment is not tightly controlled, a slight decrease below ca.
pH7 will lead to transchelation in the presence of excess EDTA
(or DTPA). In our hands, and in contrast to some recent
reports,*>*? the hexadentate ZrDFO complex is stable at pH7.4
in PBS. These experiments indicate that Zr-complexes formed
with the new heptadentate chelates 1-3 show similar kinetic
stability toward metal ion release, transchelation or transme-
tallation to that of a classic ZrDFO-species (here represented
by Zr-4").
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One-pot photoradiolabelling of MetMAb™

Based on the stability studies and the high calculated thermo-
dynamic formation constant of the Zr-complex formed with
DFO-Gly-Glu-Gly-PEG;-ArN; (2), we decided to perfom the
light-induced ®*°Zr-radiolabelling reaction using MetMAb™ (a
fully formulated clinical grade solution containing the one-
armed monoclonal antibody onartuzumab; Scheme 2).*?
Initially, we evaluated the complexation of [*°Zr][Zr(C,0,)4]*"
with compound 2 by using radio-iTLC (radio-iTLC, Fig. 5A,
orange trace). As shown above, a radiochemical conversion
(RCC) >99% to give [3°Zr]Zr-2 was obtained in <5 min at room
temperature and at pH 8.0-8.4. Then, an aliquot of MetMAb™
(21.2 nmol of onartuzumab protein, MW 99.16 kDa, and con-
taining all formulation components in their native concen-
trations: 10 nmol L™ histidine succinate, 106 nmol L™* treha-
lose dihydrate, 0.02% polysorbate 20, pH 5.7) was added. The
initial chelate-to-protein ratio was fixed at ~1.05:1.0 and the
reaction pH was checked (8.0-8.4) before adjusting the final
volume to 150 pL by using metal ion free water. The reactions
were gently stirred and irradiated at 395 nm at room tempera-
ture for 15 min. No change in the temperature of the reaction
mixture was observed during the irradiation. Aliquots of the
crude reaction mixture were kept for analysis and fractions
were purified manually on a size-exclusion chromatography
(SEC) gel filtration (PD-10) column. Crude and purified
samples were analysed by radio-iTLC (Fig. 5A), analytical
PD-10-SEC (Fig. 5B), and automated SEC-HPLC coupled to a
gel filtration column (Fig. 5C). In the analysis of the crude and
purified samples of [*°Zr]Zr-2-onartuzumab, radio-iTLC con-
firmed that the ®Zr activity did not dissociate from the metal
binding chelate, as shown by retention of activity at the base-
line (Rf = 0.0, Fig. 6A black and blue traces). In this set of
experiments, the purification of [**Zr]Zr-2-onartuzumab lacked
optimal separation when using manual PD-10 columns
(Fig. 5C, green trace) and gave a RCP of 61%. Therefore, crude
samples of [*°Zr]zr-2-onartuzumab were purified by using
spin-filtration (Amicon spin filters equipped with permeable
membranes with a molecular weight cutoff of 100 kDa) to

This journal is © the Partner Organisations 2022
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Fig. 5 Radioactive chromatography data showing: (A) radio-iTLC chromatograms of [¥°Zr]Zr-2 (organe trace), the crude (black trace) and purified
(blue trace) samples of the protein labelled [8°Zr]Zr-2-onartuzumab, and the control [2°Zr][Zr(DTPA)I™ (purple trace). (B) Analytical SEC (PD-10)
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tion HPLC chromatograms acquired by using automated SEC gel-filtration showing analysis of the crude (black trace) and purified (green and blue
radiotraces) samples of [39Zr]Zr-2-onartuzumab. As a reference, the chromatogram of the stock solution of MetMAb is also presented (red trace).
Note (*) corresponds to a protein aggregate fraction; (A) corresponds to the small-molecule byproducts obtained after photolysis of [8°Zr]Zr-2

(mainly assigned to the hydrolysis product [8°Zr]Zr-2-azepin-2-ol).**
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Fig. 6 Coronal and axial PET images taken through the centre of the tumours showing the spatial distribution of [3°Zr]Zr-2-onartuzumab over time
after intravenous administration in mice bearing subcutaneous MKN-45 tumours on the right flank. T = Tumour, H = Heart, L = Liver, K = Kidneys.

remove the radiolabelled small-molecule components (labelled
as A, and mainly assigned to the hydrolysed by-products pro-
duced after photolysis of the ArN; group™). After spin-fil-
tration, [*°Zr]Zr-2-onartuzumab was obtained with a decay-cor-
rected (d.c.) radiochemical yield of 36.4 + 2.4% (n = 2 indepen-
dent measurements) and a RCP >90%, which was sufficient to
allow further evaluation in vivo.

Small-animal PET imaging. Small-animal PET imaging
studies were performed in female athymic nude mice bearing
subcutaneous MKN-45 human xenografts on the right
shoulder (Fig. 6). Maximum intensity projection images are
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shown in ESI Fig. S28.f Two groups of animals corresponding
to a normal (n = 3 mice) and a competitive inhibition or block-
ing experiment (n = 3) received between 0.18 and 0.22 MBq of
[#Zr]Zr-2-onartuzumab via intravenous tail-vein injection. The
normal group received between 59-72 pg of onartuzumab per
animal while the blocking group received the same activity
dose but a ~15 fold higher protein dose to modulate the
tumour uptake by saturating the available c-Met receptors in
the xenograft. PET images were recorded at multiple time
points between 0-72 h postradiotracer administration.
Quantitative volume-of-interest (VOI) analysis from the PET
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Fig. 7 Bar chart showing ex vivo biodistribution data (%ID g™?) for the uptake of [8°Zr]Zr-2-onartuzumab (normal group, white; blocking group,
blue) and the control compound [8°Zr]Zr-4-onartuzumab (normal group, red; blocking group, green) in mice bearing MKN-45 tumours. Note: Data

obtained for [¥°Zr]Zr-4-onartuzumab were originally reported in ref. 33.
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images (Fig. S297) revealed accumulation of the radiotracer in
the tumours of the normal group which reached 9.02 + 0.31%
ID em™ by 72 h post-injection. The tumour uptake in the
blocking group decreased by ~44% to 3.96 + 0.89%ID cm >
(P-value <0.001). The blocking effect was clearly visualised
in the tomographic and maximum intensity PET images
(Fig. 6 and Fig. S28%) which provided confirmation that
[#°Zr]Zr-2-onartuzumab remained biologically active in vivo
and specific toward the c-Met biomarker. The results obtained
here are similar to the in vivo behaviour of the hexadentate
[#°Zr]ZrDFO-PEG;-azepin-onartuzumab (corresponding to the
[®°Zr]Zr-4-onartuzumab control compound) reported previously.*

Biodistribution studies ex vivo. After the final imaging time
point, animals were euthanised and biodistribution studies
were performed at 72 h post-injection (Fig. 7, ESI Table S2 and
Fig. S30, 31f). Ex vivo analysis demonstrated accumulation
of the tracer in the tumours of the normal group reaching
7.69 + 1.23%ID g~ compared with 4.18 + 0.64%ID g~*
for the blocking group (~45% decrease; P-value <0.05).
Biodistribution data were consistent with the quantitative VOI
analysis from the PET images. Bone uptake remained extre-
mely low in both groups, with only 1.01 + 0.34%ID g~ ' and
1.80 + 0.53%ID g ' for the normal and blocking group,
respectively. As a comparison, the bone uptake of the control
compound [*°Zr]Zr-4-onartuzumab was ~2.5 times higher
(normal group: 2.77 + 1.07%ID g~ [P-value <0.05], and block-
ing group: 2.46 + 1.07%ID g~ '), which highlights the improved
stability of [*°Zr]Zr-2-onartuzumab in vivo.** With the excep-
tion of radioactivity accumulation in the kidneys, which
showed uptake that is dependent on the adminsitered protein
mass, accumulation in other background organs was relatively
low (<2%ID g~ ") for both tracers. Overall, [**Zr]Zr-2-onartuzumab
provides specific tumour targeting and high tumour-to-organ
contrast on the PET pictures and from the biodisitrbution ana-
lysis. The results confirm that heptadentate complexes of *°Zr
display improved stability in vivo and are promising candidates
for future **Zr-radiotracer design.

Conclusion

In this study, we developed a versatile tripeptide (Gly-Gly-Glu)
scaffold using solid-phase peptide synthesis for synthesising
bifunctional DFO conjugates with the possibility to expand the
donor atom set to 7. We used DFT calculations to predict the
thermodynamic stability constants of the Zr-complexes with
the new heptadentate chelates. These calculations highlighted
that introducing a carboxylate group as a 7™ donor atom in a
pseudo-axial coordination site resulted in higher thermo-
dynamic stability constants than for the hexadentate [ZrDFO
(H,0)]" species. Experiments in vitro revealed that the intro-
duction of a 7™-coordinating group does not significantly
impact the stability of the radiocomplexes. However, we
demonstrated that the stability of [**Zr]Zr-2-onartuzumab was
superior to the control compound bearing the hexadentate
DFO chelate, giving reduced bone uptake in vivo. Based on

This journal is © the Partner Organisations 2022
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these data, we propose that new Zr-chelate design should not
be restricted to octadentate systems but that scientists should
also consider exploring the potential of heptadentate ligands.

Materials and methods

Full details on the materials and methods used, as well as
characterisation data are provided in the electronic ESL.f
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