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ABSTRACT

In this study, we present the first reported use of bioorthogonal click chemistry with rhenium-188 (‘28Re) for
radiolabelling of an anti-c-Met V4H Nanobody®. We employed a "chelate-then-click" strategy, wherein a
bifunctional chelator was designed in two parts, which were subsequently joined post-labelling and post-
conjugation via the strain-promoted azide-alkyne cycloaddition (SPAAC) reaction. Cysteine-selective conjugation
of the VyH was achieved through thiol-Michael addition, forming a V4H-DBCO construct. Radiolabelling of the
azide-functionalised chelator with ['8Re]Re(V) was optimised to achieve a radiochemical conversion of ~70%,
despite challenges associated with maintaining the azide functionality under reducing conditions. The final
product, [88Re]Re-VyH, demonstrated high radiochemical purity and good in vitro stability over 48 h. In vitro cell-
binding studies against U87MG and BxPC3 cell lines proved the retention of c-Met binding post-labelling. In vivo
biodistribution studies on mice bearing BxPC3 tumour xenografts, however, exhibited suboptimal tumour uptake,
likely a result of the low molar activity (1.4 — 3.3 MBg/nmol) of the radioconjugate. This work illustrates the
potential of bioorthogonal click chemistry for radiolabelling biomolecules with 1%Re, although further
optimisation or alternative radiolabelling strategies to enhance the molar activity are necessary to improve

pharmacokinetics.
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1. INTRODUCTION

Rhenium-188, with its favourable physical properties and generator production, has often been recognised as an
attractive radionuclide in the targeted treatment of cancer. In addition to its emission of high-energy B~ particles
(Emax = 2.12 MeV, E,, = 763 keV) and relatively short 16.9 h half-life, 1#Re is readily available as no-carrier-added
perrhenate ([!%Re]ReO,) from a !88W/188Re generator.]3 The latter makes the development of
188Re-radipharmaceuticals of particular interest, as generator-based radionuclides can be eluted on demand at
reasonable costs and with high specific activity. %8Re is the group 7 congener of the widely used SPECT imaging
radionuclide, 9™Tc, sharing many chemical similarities and, therefore, chelator systems as well.* Since the ability
to reduce ['®8Re]ReO,” and prevent its oxidation to the +7 oxidation state is more difficult than for [**™Tc]TcO,,
harsher labelling conditions for 1#Re than used with **™Tc (higher temperatures, more reducing agent, etc.) are
often required.>® Additionally, effort needs to be put towards finding a chelator system that ensures a high level
of chemical inertness and stability for 128Re, particularly in vivo. The tetradentate N,S,. chelator system has been
used extensively to coordinate Tc(V) and Re(V) to form well-defined, stable complexes.7-8 In particular, N,S,
monoamine-monoamide dithiol (MAMA) chelators are especially attractive, as MAMA derivatives complexed with
9mTc(V) and 186/188Re(V) are neutral and have been shown to be stable under physiological conditions.? 13
Additionally, the single amine on N,S, MAMA chelators, as opposed to the two amines on N,S,

bis(aminoethanethiol) (BAT) chelators or no amines on N,S, diamido-dithiol (DADS) chelators (Figure 1), allows for

the easy and unambiguous conjugation of a targeting vector such as a small molecule, peptide or biomolecule.13

While antibodies are the biomolecules most frequently used as targeting vectors in targeted radionuclide therapy
(TRNT), the 16.9 h half-life of 188Re makes it more compatible with vectors that have shorter biological half-lives.'*
There has been a growing interest in the use of Nanobodies® (V,H, variable domain of the heavy chain of heavy-

chain only antibodies) as they have several favourable advantages, particularly when it comes to their in vivo
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pharmacokinetics.1416 They are among the smallest known antigen-binding antibody fragments (~15 kDa), which
gives them excellent tumour penetration properties, as well as the ability to pass through the glomerular filtration
barrier for rapid excretion.>16 Their small size, however, often does not allow for sufficient residence time in the
bloodstream, which is a requirement for adequate tumour accumulation.!’ For this reason, the plasma half-life of
a VyH is oftentimes increased by the addition of a biological half-life extending (HLE) group, such as one which
binds to serum albumin!’*8, or tuned by PEGylation.'® This helps to provide a balance between excretion and

unwanted radiation toxicity side-effects for successful therapy.
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Figure 1. Examples of NS, chelators for chelating 2°™Tc(V) and 185/188Re(V), and the [188Re]Re(V)-N,S, complex used in this

study.

Herein, we describe the radiolabelling of a HLE anti-c-Met V,H with ['8Re]Re(V)-N,S, (Figure 1). C-Met is a
membrane receptor protein belonging to the receptor tyrosine kinase family and is commonly activated by
hepatocyte growth factor.2? Once activated, it stimulates cell proliferation and motility, including the invasion and
migration of cancer cells, making it a good target in the treatment of cancer.2® However, the radiolabelling of a
heat-sensitive biomolecule, such as a VyH, with 188Re(V) involves several challenges. The harsh labelling conditions

of the Re(V)-oxo core would effectively destroy any sensitive biomolecule in the process. Additionally, it is

4
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preferred to attach bifunctional chelators to biomolecules in a site-specific manner in order to produce well-
defined conjugates with retained affinity.?! Since this usually involves a cysteine-mediated conjugation and the
chelator of choice, N,S,, contains free thiols prior to radiolabelling, it seemed almost impossible to proceed with
this method. Post-conjugation labelling would destroy the VyH, while pre-conjugation labelling would result in the
free thiols of the bifunctional chelator reacting with the Michael-acceptor needed for bioconjugation. For this
reason, we turned to the efficient method of bioorthogonal click chemistry. With the advent of bioorthogonal
click chemistry, more possibilities than ever before are available in the fields of radioimaging and radiotherapy.??
In particular, the copper-free strain-promoted azide-alkyne cycloaddition (SPAAC) and inverse electron demand
Diels-Alder (IEDDA) reactions have shown promise in the development of radiopharmaceuticals because of their
mild reaction conditions and relatively quick reaction times.?3 In this work, we employed SPAAC in a “chelate-
then-click” approach to effectively radiolabel a VyH with %Re (Figure 2). This method found success with
Lodhi et al. in the labelling of human serum albumin with %™Tc.2* To our knowledge, this is the first reported use

of bioorthogonal click chemistry with 8Re.

... Chelate ... Conjugate |
Q H O/'\)ﬁNl V Q VuH
@ NE_\N/W(NA o |l H O[
000 : WY\MW@

Trt Trt

Figure 2. The “chelate-then-click” labelling strategy employed in this study.
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2. RESULTS AND DISCUSSION

2.1 Synthesis
The N,S, MAMA ligand was chosen as a suitable chelator as it is known to form a stable neutral complex with
Re(V), the most easily accessible oxidation state of Re from perrhenate.?> Additionally, to our knowledge, this
chelator has not yet been investigated for the labelling of a heat-sensitive biomolecule such as a VyH with 88Re.
The trityl-protected N,S, MAMA chelator (1) was synthesised in two steps according to a literature procedure.10
Reaction of the chelator with ethyl bromoacetate (2) and subsequent saponification of the ester yielded the
chelator with a pendant carboxylic acid (3), as described previously.2® This acid allowed for the amide coupling of
H,N-PEG3-N; to produce N,S,-PEG;-N; (4) (Scheme 1A). The dibenzocyclooctyne (DBCO)-functionalised
carbonylacrylic (CA) compound for cysteine VyH modification was synthesised via a series of amide couplings,
resulting in DBCO-PEG,-CA (7) (Scheme 1C). Detailed spectra and characterisation data are provided in the

Supporting Information.
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Scheme 1. (A) Synthesis of the N,S,-PEG;-N; chelator, 4. Reagents and conditions: (i) DIPEA, MeCN, 85 °C, 4 h (84%); (ii)
LiOH, THF/H,0, r.t., 20 h (91%); (iii) EDC, HOBt, DCM, r.t., 20 h (58%). (B) Synthesis of the "**ReO(N,S,-PEG;-N;) complex,
Re-4. Reagents and conditions: (i) TFA, Et3SiH, 0 °C, 20 min. (ii) (PPh3),ReOCl;, NaOAc, MeOH, 75 °C, 18 h (62%); (iii) LiOH,
THF/H,O0, r.t., 2 h (68%); (iv) EDC, HOBt, DMF, r.t., 20 h (30%). (C) Synthesis of the DBCO-PEG,4-CA ligand, 7. Reagents and

conditions: (i) Boc-NH-PEG,-COOH, DIPEA, DCM, r.t., 20 h; (ii) TFA, DCM, r.t., 1 h (81%); (iii) DCM, DIPEA, r.t., 20 h (80%).

The “cold” "*ReO(N,S,-PEG;-N3) complex (Re-4) was synthesised in three steps, starting with the deprotection of
the S-trityl groups on ester compound 2 with TFA and triethylsilane (Scheme 1B). The deprotected chelator 2 was
then reacted with (Ph3P),ReOCl; in the presence of NaOAc to form complex Re-2. Subsequent saponification of
the ester yielded Re-3 and amide coupling with H,N-PEG;-N; thereafter produced the "*ReO(N,S,-PEG;-N;)
complex, Re-4 (Scheme 1B). The synthesis of Re-4 had to be performed over three steps to prevent the Staudinger
reduction of the azide by the PPh; ligands of the (Ph;P),ReOCl; precursor. The *H NMR spectra of all three rhenium
complexes exhibit complex splitting patterns as a result of the chelator backbone protons becoming
diastereotopic upon coordination to the Re(V) oxo core. Additionally, all chemical shifts of the chelator protons
on Re-4 are present downfield upon complexation compared to the trityl-protected ligand, 4, with the exception
of the protons on the carbon alpha to the amine (protons e, Figure S17). These protons experience a dramatic
splitting where one proton shifts upfield (1.57 ppm) and one shifts downfield (3.95 ppm). This is indicative of the

syn isomer of the complex being formed, as previously observed.132% The syn configuration of the isolated Re

complexes was confirmed by the X-ray crystal structures obtained for Re-2 and Re-3 (Figure 3).
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Re-2 Re-3

Figure 3. ORTEP diagrams of the crystal structures of Re-2 and Re-3 (thermal ellipsoids are drawn at the 30% probability

level for both).

2.2 X-ray crystallography
Crystals of Re-2 and Re-3 were analysed by X-ray diffraction (Figure 3). The crystal data for both complexes are
summarised in Table S1. Both complexes have a distorted square-pyramidal geometry as described previously for
similar N,S, complexes.2’—3% The complexes are “distorted” in the way that the rhenium(V) oxo group lies above
the plane of the four basal nitrogen and sulphur atoms. Both structures have the pendant ester (Re-2) or carboxylic
acid (Re-3) functionality on the same side as the apical Re=0 group, confirming the syn isomer was formed.
Additionally, each of the crystals for Re-2 and Re-3 contain both enantiomers of the syn conformation in a 1:1

ratio.

2.3 Cysteine-selective V4H bioconjugation
The bivalent HLE anti-c-Met VyH provided by Sanofi® was engineered at its C-terminus with a terminal cysteine
residue, allowing for cysteine-selective VyH bioconjugation. A carbonylacrylic (CA) moiety was chosen as the
Michael-acceptor for this conjugation as it has been shown to be highly selective for cysteines in stoichiometric

quantities, rapidly forming a stable product under biocompatible conditions.3132 Most importantly, unlike with
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maleimides which have shown instability in vivo33, the thioether product formed by addition of a cysteine onto a

CA moiety has been reported to be irreversible.31,32

Since the free thiols of the VyH constructs are cross-reactive with each other, dimerisation happens readily in basic
or neutral solutions. To free the thiol for bioconjugation, the VyH dimer (VyH-S-S-V,H) was cleaved using
dithiothreitol (DTT) at room temperature to yield the monomer (V,H-SH). This reaction was monitored via size
exclusion high performance liquid chromatography (SEC-HPLC), which showed only one peak corresponding to
the monomer after 1 h (Figure S24). Removal of the excess DTT using a PD-10 desalting column and immediate
reaction with 3 equivalents of DBCO-PEG,-CA (7) for 1.5 h yielded the desired DBCO-PEG,-VH construct (Figure 4).
ESI-MS analysis of the conjugate after a final PD-10 purification showed a single mass after deconvolution
corresponding to the expected mass of the desired V4H-DBCO construct (Figure S26B). The total protein recovery

of the bioconjugation was 71 £ 3% and the purity of the conjugate was determined to be ~97% by SEC-HPLC

(Figure S27).
Albumin-
binding ViH C-terminal
\‘-. cysteine
) L: ‘/
OH
N
——— " o
Anti-c-Met
VuH
DBCO-PEG4-CA (7) 1.5h,37°C,

3 ' HEPES-buffered
(3 equiv) saline (pH 7.4)

2
QYYMVH\/YQ\
YO »

(o]

Figure 4. Schematic overview of the conjugation of the VyH with DBCO-PEG,-CA (7).
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2.4 138Re(V)-radiolabelling of N,S,-PEG3-N; (4)
No-carrier-added [!¥8Re]ReO,~ was eluted from an in-house built 8W/'8Re generator using saline. The
perrhenate was concentrated after elution to provide a sufficient activity concentration for radiolabelling
(~500 MBg/mL). Details on the construction of the generator and quality control of its eluate can be found in the
Supporting Information. To monitor the reaction process and optimise the radiolabelling effectively,
[*88Re]ReO(N,S,-PEG;-N3) was synthesised in two steps (Scheme S1). The aim was first to produce a
[*88Re]Re(V)-citrate precursor by reducing [*#8Re]ReQ, in citrate buffer in the presence of the reducing agent,
stannous chloride (SnCl,)3*3>, and then add an aliquot of this to the freshly-deprotected N,S, chelator (4) to afford
the final labelled compound, [*®8Re]ReO(N,S,-PEG;-N;), after transchelation. Ascorbic acid was also included in
both steps as an antioxidant to keep the %8Re-labelled compounds stable. Initial radiolabelling attempts with the
N,S,-PEG;-N; chelator (4), however, yielded three distinct peaks on the radio-HPLC chromatogram (Figure 5). Upon
further investigation and comparison to the HPLC-UV chromatogram of the "Re(V) analogue, Re-4, it was
determined that the minor peak (retention time 7.4 min) in the radiochromatogram corresponds to the labelled
chelator with the azide group intact. The two largest peaks (retention times 6.4 and 6.6 min), however, were
attributed to reduction products resulting from an excess of SnCl, in the labelling mixture. This was proven by
treating Re-4 with SnCl,, which led to the formation of two additional distinct Re(V) complexes according to ESI-
MS (Figure S31-532). HPLC analysis demonstrated that these products co-elute with the byproducts observed in
the labelling mixture (Figure 5, S33-S35). Increasing the amount of SnCl, resulted in the exclusive formation of
the product corresponding to the peak at 6.4 min (Figure 5), and ESI-MS data enabled the assignment of this peak
to the amine derivative formed via reduction of the azide. Further evaluation of the reduction of Re-4 under
radiolabelling conditions at varying pH values (4, 5, and 5.7) indicated that the formation of the amine is slightly
favoured at lower pH (Figure S33-S35). The identity of the middle peak (m/z = 628.3) at retention time 6.6 min
remains undetermined, however, the available evidence strongly suggests that it represents another Re complex

and a reduction product.
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Figure 5. Radio-HPLC chromatogram of the crude labelling mixture (black) compared to the UV chromatograms of the
natRe(V) complexes, Re-4 (red) and "**ReO(N,S,-PEG;-NH,), produced by the reduction of Re-4 by excess SnCl, in ethanol at

room temperature ( ).

Unfortunately, having the azide reduced would prevent the SPAAC click reaction from taking place with the
DBCO-PEG,-V4H construct in the subsequent step. Switching the click reagents (i.e. the DBCO and N;) between
the two halves would also not work as the DBCO is unstable in the presence of the excess TFA required to remove
the protecting groups of the chelator.3® Having the azide on the half with the CA is additionally unfavourable as
azides have been reported to react with a,B-unsaturated carbonyl compounds.3? It was therefore decided to keep
the azide on the chelator and optimise the radiolabelling. Careful optimisation of the radiolabelling conditions to
maximise the ratio of azide to amine and perrhenate were performed, testing factors such as SnCl, concentration
(0.0 - 1.5 pg/uL), chelator amount (0.01 — 0.5 umol), reaction volume (0.1 — 1.0 mL), temperature (40 °C or 90 °C)
and reaction time (15 — 60 min), as well as the influence of having a N, atmosphere. The results of these
optimisations are displayed in Figure 6. The ultimate goal was to decrease the amount of SnCl, to a concentration

low enough to prevent azide reduction but high enough to reduce Re(VII) to Re(V).
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Figure 6. Radiolabelling optimisation of [128Re]ReO(N,S,-PEG;-N3). Conditions tested: (A) influence of N, atmosphere; (B)

SnCl, concentration; (C) chelator quantity; (D) reaction volume; (E) reaction temperature and time. The fixed values for

(cc)

each variable during the optimisations were as follows: activity (20 MBq), SnCl, concentration (0.1 ug/uL), volume (100 pL),

chelator quantity (0.1 umol), temperature (90 °C) and time (60 min). RCC = radiochemical conversion.

SnCl, concentration and influence of N,.
It is known that in comparison to Tc(VII), a large excess of Sn(ll) is usually required to sufficiently reduce Re(VIl) to
its lower oxidation states. This is as a result of the lower standard reduction potential of Re(VIl) over Tc(VI1).38

Performing the reduction in an acidic citrate solution significantly increases the ease of reduction of [%8Re]ReO,~
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by an effect known as the “expansion of the coordination sphere,” leading to an increase in the standard reduction

potential and thus a decrease in the concentration of Sn(ll) required.3%40

Initially, our radiolabelling experiments were conducted in the presence of air with no N, purging of the citrate
buffer. These experiments showed that over 1.0 pg/puL of SnCl, was necessary to achieve a radiochemical
conversion (RCC) to ['88Re]Re(V)-citrate greater than 95% (Figure 6A, pink curve). However, when the resultant
[*88Re]Re(V)-citrate was reacted with the N,S,-PEG;-N; chelator (4) in the presence of air, the RCC to
[*88Re]ReO(N,S,-PEG;-N;) was only about 50% (Figure 6B, pink curve). This prompted further optimisation of the
radiolabelling conditions to improve the yield. Subsequent experiments were performed in a N, atmosphere using
N,-purged citrate buffer while varying the concentration of SnCl, (0.025 — 1.50 pg/uL). The activity (20 MBq),
volume (100 pL), chelator quantity (0.1 umol), temperature (90 °C) and time (60 min) were kept constant. The
results indicate that under a N, atmosphere, the required SnCl, concentration could be reduced by ten times
(0.1 pg/ul) to achieve a RCC greater than 95%, compared to the reaction in the presence of air (Figure 5A). In fact,
to our knowledge, we were able to reach a concentration of SnCl, per MBq of activity lower than any recorded
concentration in literature for the reduction of 88Re(VII) to 88Re(V). This was oftentimes 15 to 20 times lower
(and sometimes up to 200 times lower) than published values3**174>, bringing it closer to the concentration range
of SnCl, used for the reduction of [**™Tc]TcO,~. This was an important outcome for the labelling of our chelator
bearing a reducible azide. Figure 6B shows that by maintaining a constant chelator concentration and adjusting
the SnCl, concentration, the maximum RCC to [*8Re]ReO(N,S,-PEG;-N;) was increased to over 70% using 0.1 ug/ulL
of SnCl,. At concentrations lower than this, more ['8Re]ReO,” was present, while higher concentrations resulted
in more azide reduction to amine, thereby lowering the yield. Ensuring an inert atmosphere is therefore crucial to

achieving the highest possible RCC in this labelling process.
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Chelator concentration and reaction volume

The influence of the chelator quantity (0.01 — 0.5 umol) and reaction volume (0.1 — 1.0 mL) on the RCC of
[*88Re]ReO(N,S,-PEG;-N;3) was determined (Figure 6C and 6D). The activity (20 MBq), SnCl, concentration
(0.1 pg/uL), temperature (90 °C) and time (60 min) were kept constant. The maximum RCC (~70%) was reached
at a chelator quantity of 0.1 umol, after which no further increase in conversion is observed. This equates to a
relatively low apparent molar activity of 0.2 MBg/nmol, meaning that a post-labelling purification step is
necessary. Lowering the amount of chelator in this labelling results in an increase in the percentage of [*®8Re]ReO,~
and [*®8Re]Re(V)-citrate in the product mixture, thus reducing the overall yield. The maximal conversion of ~70%
was also observed at the lowest reaction volume tested (0.1 mL), with an increase in the volume of citrate buffer
leading to a steady decrease in RCC. This is as a result of the increase in the amount of [*®8Re]ReQ, present in the

final product mixture as the volume increased.

Reaction temperature and time

Finally, the reaction temperature (40 °C or 90 °C) and reaction time (15 — 60 min) were optimised for the labelling
of N,S,-PEG;-N; (Figure 6E). The activity (20 MBg), SnCl, concentration (0.1 pg/pL), volume (100 uL) and chelator
quantity (0.1 umol) were kept constant. At a temperature of 40 °C, the RCC was poor, only reaching ~50% after
1 h. At a temperature of 90 °C, however, the maximum RCC of ~70 % was already reached after 15 min. These
results confirm what is already known about the high temperatures required for producing %8Re(V)-labelled

compounds.*®
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The final reaction conditions for the transchelation from ['88Re]Re-citrate (~ 140 MBq) to [*®8Re]ReO(N,S,-PEG;3-Ns)
are as follows: 0.1 pg/uL SnCl,.2H,0 (from the first step), 0.1 umol N,S,-PEG5-N; (4), 100 pL total volume, 90 °C,
15 min. The pH of the reaction was kept around 5 using 1.0 M citrate buffer, as it has been shown that

188Re(V)-radiolabelling is most efficient at a slightly acidic pH, likely because it prevents hydrolysis of the SnCl,.#748

The final RCC of ['88Re]ReO(N,S,-PEG3-N3) was ~70%, which was then purified by prep-HPLC to yield a single peak
in the radio-HPLC chromatogram (Figure 7). Breakthrough of the unlabelled chelator during prep-purification was
determined to be unlikely, as shown by the separation between the chelator and "**Re(V) complex, Re-4, when
studied by HPLC (Figure S36). Additionally, the presence of a single peak and the fact that the reaction proceeds
at a high temperature suggests there was complete conversion to the syn product with no anti diastereomer

observed, a finding reported previously in literature.*?

2.5 SPAAC click reaction
After purification of the labelled chelator, [*28Re]ReO(N,S,-PEG;-N;), and removal of the volatiles, the residue was
redissolved in 25 plL of a 0.3 M sodium citrate solution (pH 8), which acted to neutralise any residual TFA and bring
the final solution to a pH of 5.5. To this solution, the DBCO-PEG,-VyH was added in HEPES buffer (enough to have
an apparent molar activity of ~5 MBg/nmol), and the reaction was allowed to proceed for 30 min, after which
time the extent of the click reaction was evaluated by iTLC (Figure S37). The yield of SPAAC click reaction ranged
between 30-65%, resulting in a final apparent molar activity of between 1.4-3.3 MBg/nmol. Attempts at reaching
a higher molar activity were not successful, likely due to the slower reaction kinetics of the SPAAC reaction. After
30 min, the [*®Re]Re-V,H was purified from any non-V,H-associated activity using a PD MiniTrap™ column,
yielding the pure #Re-labelled VyH-construct with a radiochemical purity (RCP) >99%. In an effort to try to
improve the yield of the click reaction between the #Re-labelled N,S, chelator and VyH conjugate, the inverse
electron demand Diels-Alder (IEDDA) reaction was adopted (Page S49 in the Supporting Information). Since the
chelator bearing a tetrazine was also easily reduced in the presence of excess SnCl,, this method was abandoned.
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2.6 In vitro stability
When stored in saline without the addition of a quencher (i.e. ascorbate), the ['%8Re]Re-VyH radioconjugate
exhibited a dramatic time-dependent decrease in radiochemical stability due to the release of %8Re from the
complex, dropping to ~8% RCP after 24 h (Figure 8). This was shown to be prevented by the addition of ascorbate
at a slightly acidic pH of 5.5, whereby >96% of the conjugate was still intact after 24 h and >93% after 48 h.
Radio-HPLC chromatograms of this solution show the decrease in RCP is as a result of the release of perrhenate
from the conjugate over time without signs of VyH or chelator degradation (Figure S38). Interestingly, the same
concentration of ascorbate added at pH 7 did not keep the radioconjugate as stable as at pH 5.5, with the RCP
gradually dropping to >80% and >71% after 24 h and 48 h, respectively. This indicates that having a slightly acidic
environment aids in ensuring the stability of the ['®8Re]Re(V)-N,S, complex. Finally, upon incubation of the
radioconjugate in human serum at 37 °C with the addition of ascorbate, the results mirrored those seen with the

test in saline at pH 7. After 24 h, a moderate RCP of ~85% was observed.

Saline —— Saline + ascorbate, pH 5.5
—— Serum + ascorbate —=— Saline + ascorbate, pH 7.0
100 -
— 00000
80
< 60-
3]
ﬂ: 40-
20
0 T T T 1
0 12 24 36 48
Time (h)

Figure 8. In vitro stability of [*®8Re]Re-V,H in physiological saline (r.t.) or human serum (37 °C) over 48 h. Also included in
the study is the influence of ascorbate and the pH of the solution. All solutions were monitored by iTLC and all saline

solutions were also monitored by radio-HPLC over time. RCP = radiochemical purity.
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2.7 In vitro cell-binding of [183Re]Re-V,H
To verify the c-Met binding affinity of the ['#Re]Re-VyH construct, cell-binding experiments were performed with
both a U87MG (glioblastoma) cell line and a BxPC3 (pancreatic cancer) cell line. Both cell lines are known to
express c-Met.**=! Owing to our low molar activity, this experiment was performed with the cells in suspension
to provide a greater surface area for binding compared to surface-adhered cells. After 2 h of incubation at 37 °C,
only 3.17 £ 0.06% and 12.37 + 0.19% of the radiolabelled V,H was found to be associated with the U87MG and
BxPC3 cells, respectively (Figure 9). Receptor blocking studies to assess the specificity of the binding were
performed by co-incubating cells with a 1000-fold excess of VyH conjugated to N-ethylmaleimide (NEM). This
decreased the binding by over 90% and 96% for the U87MG and BxPC3 cell lines respectively, proving the binding

specificity of the V4H.

=== Total bound

0.15+
mmm  Total bound + VyH-NEM block (1 nmol)

0
3 0.10-
o
o
<«
S
O
2 0.05-
=
c

0.00 -

T
U87MG BxPC3

Cell line

Figure 9. In vitro cell-binding experiments with ['88Re]Re-V,H against c-Met expressing U87MG and BxPC3 cell-lines.

VyH-NEM was used as a blocking agent.
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2.8 Ex vivo biodistribution of [18Re]Re-VH
Biodistribution studies were performed in order to evaluate the pharmacokinetic profile of the radioconjugate by
injecting BxPC3 xenograft mice intravenously with ['8Re]Re-VyH. Full biodistribution results are provided in the
Supporting Information. Overall, low standardised uptake values (SUV) were calculated for all tissues of interest,
including the blood, consistent with the rapid pharmacokinetics associated with V,Hs (Figure 10). Moderate
excretion from the body was observed over time with 32.98 + 6.06% of the injected activity being excreted after
4 h, climbing to 98.47 + 0.22% after 48 h (Figure $S39). 17 Figure 10 shows that a high uptake was observed in the
kidneys (SUV,4, = 1.32 + 0.24%) and liver (SUV,, = 1.12 + 0.34%), which slowly washed out of these organs by 48 h
p.i. (SUV,4gn = 0.26 + 0.04% and 0.083 + 0.02%, respectively). The higher kidney uptake was expected, as unbound
VyHs are small enough to pass through the glomerular filter (~60 kDa) to be cleared from the bloodstream.17:52
High uptake in the liver and intestines (Figure S39) indicate that there is some hepatobiliary clearance in addition
to renal excretion. This could be a result of the lipophilicity of the chelator and SPAAC linker, as similarly high
intestinal and liver uptakes were observed with a 18Re-labelled N,S, chelator®® as well as a **™Tc-labelled HSA
containing a SPAAC linker.24 [188Re]Re-VyH exhibited minimal tumour uptake, which was at maximum at 4 h p.i.
(SUV =0.71 £ 0.27%) and slowly decreased over the subsequent timepoints. After 24 h p.i. however, only limited
retention of the radioconjugate was observed in the tumour compared to other organs as the activity cleared
from the bloodstream (tumour-to-blood ratio = 1.31 £ 0.51 ). Tumour-to-blood ratios for each timepoint can be

found in Table S5.
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Figure 10. Ex vivo biodistribution over time expressed as a standard uptake value (SUV) of [*%8Re]Re-VyH in male NMRI nude

mice bearing BxPC3 tumour xenografts (n=4). p.i. = post-injection

3. CONCLUSION

In what we believe to be the first reported use of bioorthogonal click chemistry with 188Re, we have successfully
radiolabelled a HLE anti-c-Met V,H with #Re(V) by employing a “chelate-then-click” approach. This was
performed by designing and synthesising a bifunctional chelator in two halves which were joined post-labelling
via SPAAC click chemistry. Cysteine-selective thiol-CA conjugation was achieved efficiently with the Michael-
addition of the VyH-SH monomer onto the DBCO-PEG,4-CA (7) half, resulting in the desired V4H-DBCO construct.
The radiolabelling of the N,S,-PEG;-N; (4) chelator half, however, proved to be challenging as the excess SnCl,
required to reduce the Re(VIl) to Re(V) also reduced the azide on the chelator to an amine. Careful optimisation
of the reactant quantities and conditions required for the labelling was performed, with the final optimised
conditions resulting in a high RCC to ['#Re]ReO(N,S,-PEG;-N;) of ~70%. This was achieved by ensuring an inert
atmosphere during the radiolabelling, thereby allowing the concentration of SnCl, used to be lowered

dramatically. Reaction of the purified labelled chelator, [*8Re]ReO(N,S,-PEG;-N3), with the V4H-DBCO conjugate
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resulted in the final SPAAC product, [*®Re]Re-V4H, in high radiochemical purity and which displayed good in vitro
stability over 48 h. Proof-of-concept studies for [*%8Re]Re-V4H as a c-Met targeting agent demonstrate specific
binding in vitro, though suboptimal tumour uptake in vivo. Overall, this research displays the potential for the
labelling of a biomolecule, such as a VyH, with '8Re by making use of the approach of bioorthogonal click

chemistry.

4. DATA AVAILABILITY

Electronic supplementary information (ESI) is available containing full experimental, characterisation and X-ray
crystallographic details. Crystallographic data for Re-2 and Re-3 has been deposited at the CCDC under 2384422

and 2384423 respectively, and can be obtained from www.ccdc.cam.ac.uk/structures.
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