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ABSTRACT

Zirconium-89 is the most widely used radioisotope for immunoPET because its physical half-
life (78.2 hours) suits the one of antibodies. Desferrioxamine B (DFO) is the standard chelator
for the complexation of zirconium(IV) and its bifunctional version, containing a
phenylisothiocyanate function, is the most commonly used for the conjugation of DFO to
proteins. However, preliminary results have shown that the thiourea link obtained from the
conjugation of isothiocyanate and lysines is sensitive to the ionizing radiations generated by
the radioisotope, leading to the rupture of the link and the release of the chelator/radiometal
complex. This radiolysis phenomenon could produce non-specific signal and prevent the
detection of bone metastasis, as free zirconium accumulates into the bones. The aim of this
work was to study the stability of a selection of conjugation linkers in *Zr-labeled
immunoconjugates. We have synthesized several DFO-based bifunctional chelators appended
with an isothiocyanate moiety, a bicyclononyne or a squaramate ester. Two antibodies
(trastuzumab and rituximab) were conjugated and radiolabeled with zirconium-89. The effect
of increasing activities of zirconium-89 on the integrity of the bioconjugate bearing thiourea
links was evaluated, as well as the impact of the presence of a radioprotectant. The stability of
the radiolabeled antibodies was studied over 7 days in PBS and in human plasma.
Radioconjugates’ integrity was evaluated using iTLC and size-exclusion chromatography. This
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study shows that the nature of the linker between the chelator and biomolecule can have a strong
impact on the stability of the 3°Zr-labeled conjugates, as well as on the aggregation of the

conjugates.
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INTRODUCTION

Over the past two decades, ¥Zr-ImmunoPET has shown great potential as a diagnostic tool for cancer
imaging.'? The physical half-life of **Zr (78.4 h) matches the biological half-life of IgG1 monoclonal
antibodies (mAbs). **Zr-labeled antibodies can for example be used in preclinical studies to assess the
biodistribution of novel mAbs. More importantly, ¥Zr-ImmunoPET could help in clinical practice, to
help understanding heterogeneity in mAb uptake, predict tumor response and serve as a diagnostic
companion to select patients able to respond to immunotherapies, ADC therapies, targeted
radiotherapies, and to monitor these treatments.>*

Besides the affinity of these radiolabeled antibodies for the target, an obvious requirement to ensure that
PET images accurately reflect the bioconjugates biodistribution is that radioisotope and protein remain
linked together. In this respect, a crucial parameter is the stability of the ®Zr complex, to avoid the
release of ®Zr in vivo, either by transmetallation or transchelation phenomena. The current standard
chelator for ®Zr radiolabeling is desferrioxamine (DFO). However, due to suboptimal coordination
properties, the ®Zr complex formed with this natural siderophore is not highly stable, and this results in
some ¥Zr release in vivo, which was evidenced by significant uptake of radioactivity in bones, at least
in mice, in several preclinical studies.™® This drawback prompted several research groups, including
ours, to design and evaluate new chelators, capable of binding more strongly the radiometal cation.’”
In addition to the inertness of the metal complex, another key point is the chemical stability of the whole
conjugate. In particular, the metal complex must be strongly and stably bonded to the biovector, in order
to prevent a release of the radioactive complex from the targeting vehicle, as this radioactive complex
will distribute differently in vivo and provide erroneous biodistribution results. It is well established that
emissions from the radionuclide can produce reactive oxygen species (ROS) such as hydroxyl or
superoxide anion radicals that can break chemical bonds.'*'* This radiolysis phenomenon is known as
one of the main factors for the degradation of radiopharmaceuticals, and can be partially circumvented
by using radioprotectants such as sodium ascorbate, gentisic acid, N-acetyl-L-cysteine, ethanol or
methionine, either separately or in combination.'> However, the development of these formulations
remains empirical and varies according to numerous parameters such as the nature of the vector, the
radionuclide, the chelator and the linker between the vector and the chelator, but also — if not mostly —
the habits of the research groups. Although the formulation of radiopharmaceuticals used in clinical
practice is well defined, no single solution is valid for all of them."” More surprisingly, there are only
very few studies reporting a potential relation between the extend of radiolysis and the nature of the
bioconjugation link.'"'*'*!7 In order to fill part of this gap, we aimed in this work at comparing the
stability of different conjugation links in *Zr-labeled immunoconjugates. Although not optimal,
Desferrioxamine (DFO) was chosen as **Zr chelator because it is the standard so far for the synthesis of
¥Zr-labeled immunoconjugates. Its bifunctional version containing a phenylisothiocyanate function

(DFO-pPhe-NCS) is the most commonly used for the conjugation to proteins.'* The reaction of NCS
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group with the primary amine of lysines results in the formation of a thiourea bond. Many other
bifunctional versions of DFO have been reported,” among which we chose DFO-squaramate ethyl ester'®
and DFO-bicyclononyne (BCN)," resulting after conjugation in a squaramide link and a triazole ring,

respectively.

RESULTS AND DISCUSSION

Synthesis of the immunoconjugates

Starting from a commercially available DFO precursor, DFO mesylate (DFO.Mes), we prepared three
different bifunctional versions: DFO-pPhe-NCS, DFO-squaramate ethyl ester and DFO-BCN, by
reacting DFO.Mes with p-phenylene diisothiocyanate (PDITC), diethylsquarate and bicyclononyne p-

nitrophenyl carbonate, respectively (Figure 1).
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Figure 1. Synthesis of the three bioconjugates

The three bifunctional chelating agents were then conjugated to trastuzumab (Figure 1). Random
conjugation of DFO-pPhe-NCS and DFO-squaramate ethyl ester to lysine residues was performed by
incubating the DFO derivatives with the antibody 1 hour at 37°C. The conditions were optimized to
obtain an average degree of labeling (DOL, or chelator/antibody ratio) close to 2. DFO-BCN was
conjugated site-specifically, via the reaction of the bifunctional chelating agent with the antibody
previously modified with two azide groups using glycan engineering.'**° The strain-promoted azide-

alkyne cycloaddition (SPAAC) results in the formation of a triazole ring.



Radiolabeling

The three immunoconjugates DFO-NCS-trastuzumab, DFO-sq-trastuzumab and DFO-BCN-
trastuzumab, were radiolabeled with ¥Zr to reach a specific activity (SA) at 60 MBg/mg. For DFO-
NCS-trastuzumab, radiolabelings with ®Zr at 15, 30, and 120 MBqg/mg were also performed.

Radiochemical yields and radiochemical purity were determined by iTLC (> 98.5 % for all compounds).

Study of the stability of the radiolabeled immunoconjugates

First we studied the stability of [*Zr]Zr-DFO-NCS-trastuzumab by SEC-HPLC. Whereas the iTLC
method - routinely used for the evaluation of the radiochemical purity and stability of radioconjugates
— is mostly informative on free [**Zr]Zr*" and, to some extent, on small [*Zr]Zr-labeled compounds, the
SEC-HPLC technique allows the separation of the ®Zr-labeled antibody from smaller *Zr-labeled
compounds that could result from the degradation of the conjugate, as well as higher molecular weight
(HMW) species caused by the aggregation of the radiolabeled protein on itself or with plasma proteins
(Figure S1).

At low specific activities (up to SA =30 MBg/mg), the radiolabeled conjugate remained stable after one
week in PBS (Figure 2). However, when increasing the activity, rapid degradation was observed with
only ca. 50% and 25% of the radiolabeled antibody remaining intact after 3 days at SA = 60 and 120
MBg/mg respectively. Interestingly, this phenomenon is not evidenced by iTLC analysis with the
standard elution conditions used for radioconjugates (elution with EDTA pH 5.5), hinting that the small
¥9Zr-labeled species observed by SEC-HPLC are not due to the release of [*Zr]Zr*" from the chelator

(Figure S2). These results suggest that the degradation is due to radiolysis phenomenon.
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Figure 2. Stability of [*°Zr]Zr-DFO-NCS-trastuzumab in PBS by SEC-HPLC with different specific activities
(n=3)

In a second set of experiments, we compared the stability of the three radiolabeled conjugates (SA = 60
MBg/mg) over a period of one week in PBS (Figure 3a). The results showed that [*Zr]Zr-DFO-sq-
trastuzumab and [¥Zr]Zr-DFO-BCN-trastuzumab were much more stable when compared to [**Zr]Zr-
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DFO-NCS-trastuzumab, with only a small amount (ca. 20%) of ¥Zr-DFO complex released after 7 days.
This release was significantly reduced for all conjugates when the PBS was supplemented with the
radical scavenger N-acetyl-L-cysteine (NAC), an antioxidant demonstrating excellent radioprotectant
effect on [*Zr]Zr-labeled antibodies,'’ confirming that the observed degradation is indeed linked to
radiolysis (Figure 3a). The similar behavior of [*Zr]Zr-DFO-sq-trastuzumab and [*Zr]Zr-DFO-BCN-
trastuzumab suggests that the stability is not related to whether bioconjugation is site-specific or not,
and that the increased stability is more likely due to the higher inertness of the chemical link between
the ®Zr complex and the protein compared to [*Zr]Zr-DFO-NCS-trastuzumab.
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Figure 3. (a) Stability of the three radioconjugates in PBS, or in PBS supplemented with N-acetyl-L-cysteine
(NAC, 0.5 g.L"), by SEC-HPLC, SA=60 MBq/mg, n=3 (b) Stability of the three radioconjugates in plasma by
SEC-HPLC, SA=60 MBq/mg, n=3

Stability studies were also carried out with another model antibody, rituximab, a chimeric monoclonal
antibody targeted against CD20, which was randomly conjugated to DFO-pPhe-NCS and DFO-
squaramate ethyl ester. Mirroring the results obtained with trastuzumab, we observed superior stability
of the squaramide derivative versus the phenyldithiourea derivative in PBS with respect to radiolysis

(Figure S3).



In order to probe for detrimental repercussion in vivo, these stability studies were then repeated in
plasma. Interestingly, we observed a very limited release of low molecular weight radioactive species,
regardless of the nature of the linker, almost all ¥Zr remaining protein bound (Figure 3b). The plasma
probably contains certain species, such as vitamins, enzymes and glutathione, which behave as natural
radicals scavengers and prevent radiolysis effects that are responsible of the cleavage of the link.*'*

However, we noticed the progressive formation of high molecular weight species (reaching ca 20% after
7 days) for trastuzumab-NCS-DFO, suggesting aggregation of this product in plasma, possibly with
endogenous plasma proteins (Figure 4). No such phenomenon was observed for the other two
conjugates. Thus, in addition to their better resistance to radiolysis, the use of triazole and squaramide

linkers is beneficial compared with the phenyldithiourea group.
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Figure 4. Formation of high molecular weight species (HMW) in plasma for the three radioconjugates, by SEC-
HPLC, SA=60 MBq, n=3

Liu et al. hypothesized a release of *’Y-DOTA complex resulting from the radiolysis of a DNA analog
conjugated to p-SCN-Bz-DOTA.!” More recently, Aluicio-Sardy et al. observed the radiolysis of a
PSMA targeting agent (DUPA) radiolabeled with a '*?'*La-macropa complex, while the same ligand
conjugated to a DO2Apic chelator was stable.'® The chelating agents macropa and DO2Apic were
attached to the ligand through a thiourea bond and an amide bond respectively. The authors suggested
that the decomposition products arise from the radiolysis of the aromatic thiourea linkage, although this
was not further investigated. In a head-to-head comparison of four different *Zr bifunctional chelating
agents conjugated to trastuzumab (using two different chelators, DFO and DFO*, and two different
conjugation groups, NCS and squarate), Chomet et al. reported a relative instability of [*Zr]Zr-DFO-
NCS-trastuzumab, with a radiochemical purity dropping to ca. 70% after incubating 24 h in pH 7

buffer.”® This can be partially solved by using the superior chelating agent DFO*, but the conjugates are



still less stable than the analogs conjugated through the squaramate. Last but not least, in the first article
reporting DFO-pPhe-NCS, the authors warned on the need to store the conjugate under specific
conditions, to avoid its radiolysis.'* These results from the literature support our findings that the
thiourea bond is not as stable as amide bonds or other linkages such as the triazole ring towards
radiolysis. In fact, this is not so surprising since it has been shown that thiourea derivatives are prone to
radiolysis** and early articles reported the use of thiourea as a radioprotectant due to its role as a
scavenger of ROS.*

In order to try to understand why such instability of the thiourea bond towards radiolysis in
radioconjugates has not been reported more extensively so far, we decided to investigate the stability of
the three radioconjugates by iTLC using EDTA 0.1 M solution as eluent. Unlike what was observed by
SEC-HPLC, all tested radioconjugates seem stable after a one-week incubation in PBS (Figure S2). This
is due to the inability of this iTLC method to separate the ®Zr-labeled conjugate from the cleaved ¥Zr
complex, both remaining at the spotting site.

As iTLC has long been the standard method for assessing the radiochemical purity of
radiopharmaceuticals, this could explain why the cleavage of the bioconjugation bond was not
systematically observed in previous work, and why the NCS group is still so commonly used nowadays
for the synthesis of radioconjugates.?® Besides the fact that alternatives to the thiourea bond should be
preferred for the design of radiopharmaceuticals, these results show that SEC-HPLC is a more reliable

method than iTLC for the evaluation of radiochemical purity and stability of radiolabeled compounds.

CONCLUSION

Although the effect of radiolysis on the stability of radiolabeled immunoconjugates can be effectively
mitigated by the use of radioprotectants, the optimization of anti-radiolytic formulation is still empirical.
Therefore, it is of major importance to synthesize conjugates as stable as possible, and particular
attention must be paid to the antibody labeling, not only to the choice of the chelator but also to the
selection of the bioconjugation method. In this work, we have demonstrated that the isothiocyanate
group, which is currently the standard method for the random conjugation of various cargos to lysine
residues of antibodies, can be advantageously replaced with a squaramate ester for the attachment of
radiometal chelators to lysines. We have also shown that the triazole ring resulting from the SPAAC
reaction between an azide and a constraint alkyne is resistant towards radiolysis, which is very positive
since click chemistry has proven to be a powerful tool for site-specific labeling of antibodies to construct
more homogenous bioconjugates. It has also been proven that this relative instability of the thiourea
bond towards radiolysis was apparently not antibody-dependent. Finally, we have also noticed that the
conjugate prepared using DFO-pPhe-NCS was more prone to aggregation phenomena when compared
to the other two conjugates. We believe that these findings should help in the future to design optimized

87r labeled mAbs for immunoPET.



MATERIAL AND METHODS
A detailed description of experimental procedures — including synthetic protocols, bioconjugation
techniques, radiolabeling methods, and analytical techniques can be found in the Supplementary

Information.
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