
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 8
/1

1/
20

24
 1

0:
51

:4
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Tumor targeted
aSchool of Chemistry and Bio21 Molecul

University of Melbourne, Melbourne, Austra
bTumour Targeting Laboratory, Olivia N

Melbourne, Australia
cSchool of Cancer Medicine, La Trobe Unive
dDepartment of Molecular Imaging and Ther
eDepartment of Medicine, University of M

pauld@unimelb.edu.au

† Electronic supplementary informa
https://doi.org/10.1039/d3sc06365h

Cite this: Chem. Sci., 2024, 15, 3372

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 28th November 2023
Accepted 23rd January 2024

DOI: 10.1039/d3sc06365h

rsc.li/chemical-science

3372 | Chem. Sci., 2024, 15, 3372–33
alpha particle therapy with an
actinium-225 labelled antibody for carbonic
anhydrase IX†

Katherine A. Morgan, a Christian W. Wichmann, bcd Laura D. Osellame, bc

Zhipeng Cao, bc Nancy Guo,b Andrew M. Scott bcde and Paul S. Donnelly *a

Selective antibody targeted delivery of a particle emitting actinium-225 to tumors has significant therapeutic

potential. This work highlights the design and synthesis of a new bifunctional macrocyclic diazacrown ether

chelator, H2MacropaSqOEt, that can be conjugated to antibodies and forms stable complexes with actinium-

225. The macrocyclic diazacrown ether chelator incorporates a linker comprised of a short polyethylene

glycol fragment and a squaramide ester that allows selective reaction with lysine residues on antibodies to

form stable vinylogous amide linkages. This new H2MacropaSqOEt chelator was used to modify

a monoclonal antibody, girentuximab (hG250), that binds to carbonic anhydrase IX, an enzyme that is

overexpressed on the surface of cancers such as clear cell renal cell carcinoma. This new antibody

conjugate (H2MacropaSq-hG250) had an average chelator to antibody ratio of 4 : 1 and retained high

affinity for carbonic anhydrase IX. H2MacropaSq-hG250 was radiolabeled quantitatively with [225Ac]AcIII

within one minute at room temperature with micromolar concentrations of antibody and the radioactive

complex is stable in human serum for >7 days. Evaluation of [225Ac]Ac(MacropaSq-hG250) in a mouse

xenograft model, that overexpresses carbonic anhydrase IX, demonstrated a highly significant therapeutic

response. It is likely that H2MacropaSqOEt could be used to modify other antibodies providing a readily

adaptable platform for other actinium-225 based therapeutics.
Introduction

Treatment of cancers is possible by systemic administration of
either alpha (a2+) or beta (b−)-emitting radionuclides that
selectively target active sites of disease and induce irreversible
damage to DNA. The selectivity for cancer cells can be increased
by attaching radionuclides to molecules or antibodies that bind
to receptors that are over-expressed in tumor tissue compared
to normal tissue. The use of radionuclides that emit b− particles
have been the most studied with respect to radionuclide
therapy. The potential for radionuclide therapy is highlighted
by the recent clinical approval of two radiopharmaceuticals
based on b− emitting lutetium-177, [177Lu]Lu(DOTATATE) and
[177Lu]Lu(PSMA-617), for the treatment of somatostatin
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receptor-positive neuroendocrine tumors and metastatic
castrate-resistant prostate cancer, respectively.1–11

Exposure of DNA and proteins to ionizing radiation causes
lesions to the DNA that initiate downstream cellular signaling
and, ultimately, cell death. Ionizing radiation also leads to the
formation of free radicals, such as the hydroxyl radical that can
hydroxylate biomolecules.12 The formation of reactive free
radical species is enhanced in the presence of oxygen. For
hypoxic tumors, which are characterized by insufficient oxygen
supply relative to the tumor, the low levels of oxygen reduce the
efficacy of therapy with b-emitting radionuclides.13

Radionuclides that emit particles are potentially more
effective in hypoxic environments as their cytotoxicity to solid
tumors is independent of oxygen levels. As few as two a particles
must traverse a cell nucleus to induce lethal lesions.14,15

Radioactive decay by a-emission involves the emission of
helium nuclei (two protons and two neutrons) from the nucleus.
The range of the particles emitted by radionuclides in tissue
depends on their Linear Energy Transfer (LET), a measure of the
amount of energy transferred per unit length along the track of
an ionizing particle (keV mm−1) and the kinetic energy of the
particle. The high LET a particles exhibit an extraordinary
degree of efficacy. The a emitting actinium-225 radionuclide
has the potential to assist in the treatment of unresponsive
refractory tumors and hypoxic tumors.13 Actinium-225 has
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structure of (a) H2Macropa, (b) H2Macropa-NCS from Rad-
chenko and Wilson,39 and (c) H2MacropaSqOEt (this work).
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a radioactive half-life of 9.9 days and decays to bismuth-209 (t1/2
= 1.9 × 1019 years) via the release of a total of four a particles
(Ea2+ = 5.9–8.4 MeV) and two b− particles.11,16

Tumor hypoxia and general cellular oxygen homeostasis are
maintained by the transcription factor hypoxia inducible factor
1 (HIF-1), which controls the expression of hundreds of genes.17

The regulation of HIF involves O2-dependent degradation of
HIF-1a triggered by binding to the von Hippel–Lindau tumor
suppressor protein (VHL).18–22 Mutation and subsequent inac-
tivation of the VHL gene is indicated in the pathogenesis of both
hereditary and sporadic clear cell Renal Cell Carcinoma (ccRCC)
leading to a hypoxic phenotype.23 A downstream consequence of
hypoxia is increased expression of Carbonic Anhydrase IX
(CAIX), a zinc metalloenzyme that plays an integral role in the
adaption of the tumor microenvironment to low-oxygen.
Greater than 75% of primary and metastatic RCC express the
CAIX protein,24 and CAIX is over-expressed in 94% of ccRCC
tumors due to the mutational loss of VHL protein.25–27 Several
other tumors, including glioblastoma, triple-negative breast
cancer, ovarian cancer, and colorectal cancer, also overexpress
CAIX on the tumor surface with relatively low levels or no
expression in other tissues.28,29 The high expression of CAIX on
tumors compared to relatively low levels of expression in other
tissue means the enzyme is a viable target for radionuclide
therapy.

Themonoclonal antibody, chimeric girentuximab (cG250), is
selective for CAIX over different isoforms of carbonic anhydrase
and the antibody binds to the extracellular proteoglycan-like
domain.25,30 Clinical studies with cG250 radiolabeled with
lutetium-177, [177Lu]Lu(DOTA-cG250), (DOTA = 1,4,7,10-tet-
raazacyclododecane-N,N0,N00,N000-tetraacetic acid) demonstrated
a promising response in patients with progressive metastatic
ccRCC.31 High expression of CAIX is oen associated with
a hypoxic tumor microenvironment reducing the formation of
reactive oxygen species upon exposure to a b-emitting radio-
nuclide such as [177Lu]LuIII.

In this work, we aim to use a newly available humanized
variant of girentuximab (hG250) to selectively deliver a-emitting
[225Ac]AcIII to tumors that over-express CAIX and are typically
hypoxic, and therefore more radioresistant. The energy of
a particles is sufficient to directly damage DNA in low oxygen
concentrations.32 The potential of using actinium-225 for radi-
oimmunotherapy was realized in seminal preclinical work.33–36

This initial work, as well as recent work with hG250,37 used
DOTA as a chelator for actinium-225. The thermodynamic
stability of metal ion complexes of DOTA is inversely related to
the ionic radius of the metal ion, meaning that larger cations
such as AcIII are likely to form less stable complexes with
DOTA.38 Complexation of [225Ac]AcIII with DOTA requires heat-
ing above 50 °C which oen denatures antibodies or the use of
high concentrations of antibody conjugate. While it is possible
to radiolabel DOTA-antibody conjugates with [225Ac]AcIII, the
prolonged radiolabeling times required and the low radio-
chemical yields are sub-optimal.

The 4,13-diaza-18-crown-6 ether with two picolinate pendant
arms, N,N0-bis[(6-carboxy-2-pyridil)methyl]-4,13-diaza-18-
crown-6 was shown to be highly selective for the larger, early
© 2024 The Author(s). Published by the Royal Society of Chemistry
lanthanides.40 Pioneering work by Radchenko and Wilson
identied the diazacrown ether, called H2Macropa (Fig. 1a), as
a superior ligand for coordination to [225Ac]AcIII.39 The H2-
Macropa ligand and its derivatives can be labeled with [225Ac]
AcIII at room temperature in 5 minutes using sub-micromolar
ligand concentrations. Addition of an isothiocyanate func-
tional group to one of the picolinate arms to give H2Macropa-
NCS (Fig. 1b) provides a point of functionalization to attach
peptides or proteins to the macrocyclic framework.39 H2-
Macropa is a better ligand than DOTA for [225Ac]AcIII but the
para-isothiocyanate substituted pyridine in H2Macropa-NCS is
susceptible to hydrolysis, as the electron-withdrawing ortho-
carboxylic acid functional group signicantly increases the
reactivity of the isothiocyanate functional group, reducing the
shelf life of the compound.41,42 The reaction of metal-binding
ligands bearing isothiocyanate functional groups with the
amine groups of lysine residues in antibodies leads to thiourea
linkages that are relatively hydrophobic, and this can lead to
aggregation of the antibody and loss of function.

Here, we report the development of a one-pot synthesis of
non-symmetric substituted variants of H2Macropa and the
incorporation of a squaramide ethyl ester functional group
separated from the macrocycle by a short oligo(ethylene glycol)
linker, H2MacropaSqOEt (Fig. 1c). In contrast to iso-
thiocyanates, squaramide ethyl esters are stable with respect to
hydrolysis and have a long shelf life.44 Squaramide ethyl esters
react selectively with amines of lysine residues present in anti-
bodies at room temperature and in aqueous solutions (Scheme
1). The resulting diamide is very stable due to the aromaticity of
the resulting vinylogous amides.

Squaramide functional groups are also considered isosteres
for a variety of carboxylate groups, including carboxylic acids
and amino acids.45 This leads to bioconjugates of increased
stability compared to thioureas formed from the isothiocyanate
coupling. The new H2MacropaSqOEt was then used to conju-
gate the macrocycle to hG250. The new immunoconjugate was
radiolabeled to give [225Ac]Ac(MacropaSq-hG250) and the
Chem. Sci., 2024, 15, 3372–3381 | 3373
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Scheme 1 Schematic representation of the conjugation chemistry of squaramides. The squaramide ethyl ester functional group in H2-
MacropaSqOEt permits bioconjugation to antibodies through selective reactions with the lysine residues of antibodies and forms a stable
vinylogous squaramide linkage.
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therapeutic efficacy of the radioimmunoconjugate was evalu-
ated in a SK-RC-52 animal model of ccRCC.
Results

It is preferable to have a non-symmetric macrocycle with only
one point for conjugation for the conjugation of macrocycles to
antibodies. A challenge in producing non-symmetrical 4,13-
diaza-18-crown-6 ether ligands is the formation of disubstituted
as well as monosubstituted products even when theN-alkylation
reactions are conducted at high dilution (Scheme 2a). In this
work, we followed a similar procedure to Radchenko and Wil-
son following the literature synthesis of methyl-6-chloromethyl-
pyridine-2-carboxylate,43 but replaced the amine/isothiocyanate
functional group on one picolinic acid functional group with an
alkyne-bearing prop-2-yn-1-yloxy functional group in the 4-
position of the picolinate functional group to give compound 3.
This alkyne group was installed for further modication using
copper(I)-catalyzed azide–alkyne cycloaddition (CuAAC)
reactions.

The synthesis of 3 proceeded in four steps. The carboxylic
acid functional groups of chelidamic acid were esteried. Ethyl
esters were chosen based on the solubility of chelidamic acid in
ethanol (76%). To incorporate an alkyne functional group into
the metal chelator, propargyl bromide was reacted with the
hydroxyl group at the 4-position of the chelidamic acid (68%).
Aer incorporating the alkyne functional group, a reduction
with sodium borohydride and chlorination of the resulting
primary alcohol with thionyl chloride yielded 3 (58% yield over
two steps) which would be reacted with diaza-18-crown-6.
During the progress of this work, an independent synthesis of
compound 5 was published.46

We investigated two different synthetic routes to form non-
symmetrically substituted diaza-18-crown-6, route one and
route two. In our rst iteration of route one (Scheme 2, method
A) the sequential N-alkylation of the diaza-18-crown-6 with
compounds 2 and 3 required long reaction times (>40 hours per
reaction). Following the rst N-alkylation, the mono-substituted
product (4) was puried by reverse-phase high-performance
liquid chromatography (RP-HPLC). A second N-alkylation with
compound 3 only resulted in low synthetic yields of the desired
compound 5 (Scheme 2b, method A: 7–19%), despite the rela-
tively long reaction time of ∼40 hours due to the hydrolysis of
3374 | Chem. Sci., 2024, 15, 3372–3381
the starting material 3. The low yields using method A moti-
vated us to pursue an alternative approach using microwave
irradiation (method B). The microwave-assisted secondary N-
alkylation of 4 in the presence of N,N-diisopropylethylamine
(DIPEA) proceeded with superior yields (Scheme 2b, method B).
The accelerated reaction time by microwave irradiation ach-
ieved signicantly higher yields without any detectable break-
down of the starting material. Purication of this reaction
mixture by semi-preparative HPLC allowed recovery of precious
starting material and compound 5 in 52% yield.

The synthesis of compound 5was further optimized in a one-
pot synthesis (Scheme 2c, route two). Microwave irradiation of
all three starting materials for 1 hour at 85 °C, followed by
purication by RP-HPLC, isolated the compound 5 in 48% yield.
Semi-preparative HPLC of the crude reaction mixture allowed
for the straightforward separation of the desired macrocycle 5,
as well as a variant that contains two alkyne functional groups
(5_2), (Fig. S1†) and recovery of any unreacted starting mate-
rials. The variant with two alkyne functional groups (5_2) is of
use in preparing bivalent ligands where two targeting agents are
coupled to a single chelator (Fig. S2†) The one-pot, microwave
irradiation route benets from signicantly shorter reaction
times (1 vs. ∼80 hours), one less separation step by RP-HPLC
reduces both the overall time involved and mobile phase
consumption (acetonitrile/triuoroacetic acid) and results in
relatively high isolated yields. The methyl and ethyl esters of
compound 5 were hydrolyzed quantitively with NaOH in
a mixture of dichloromethane and methanol. The crude solu-
tion was neutralized and then puried by semi-preparative
HPLC, which allowed for the isolation of the diacid,
compound 6 in > 85% yield (Scheme 2, route one and two).

The terminal alkyne on the metal chelator (6) was reacted
with the aliphatic azide on the short oligo(ethylene glycol) chain
with a pendant squaramide ethyl ester (7) and proceeded using
a copper(I)-catalyzed azide–alkyne cycloaddition (Scheme
2d).47,48 Copper(II) sulfate pentahydrate was reduced with
sodium ascorbate in situ to the active copper(I) species in the
presence of tris((1-benzyl-4-triazolyl)methyl)amine (TBTA) as an
additive to facilitate the quantitative, regioselective formation
of the 1,2,3-triazole. The remaining copper(I/II) was removed
with excess Na2EDTA, and the crude reaction mixture was
puried via semi-preparative HPLC to give compound 8 H2-
MacropaSqOEt, in 41% yield. The compound was characterized
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Different reaction conditions: including reaction time, solvent volume, and reported yields. (a) Published synthesis and reaction
conditions reported byWilson,39 (b) the original synthetic strategy used in this work with sequentialN-alkylation, method A used reflux, method B
used microwave irradiation (mwave), (c) an improved one-pot microwave-assisted synthesis, (d) the synthesis of H2MacropaSqOEt.
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by RP-HPLC and high resolution ESI-MS where the major peak
is attributed to the doubly protonated [M + 2H]2+ adduct with an
m/z = 465.2161. The 1H NMR spectrum of H2MacropaSqOEt is
as expected with six downeld resonances corresponding to the
ve aromatic hydrogen atoms as part of the two pyridyl rings
and one hydrogen at the 5-position of the 1,2,3-triazole (d
8.24 ppm, Fig. S3†). The presence of isomers due to the vinyl-
ogous ethyl ester is evident in the resonances attributed to the –
CH2–CH3 at d 4.61 ppm, which integrates for two hydrogens and
appears as a multiplet as a consequence of the two overlapping
quartets. The corresponding –CH3 environment integrates for
three hydrogens but exists as a multiplet of two overlapping
triplet signals at d 1.52–1.55 ppm. The ligand, H2MacropaSqOEt
is stable when stored at 4 °C for >18 months as conrmed by
analysis by ESI-MS and RP-HPLC (Fig. S4–S5†).
Conjugation of H2MacropaSqOEt to girentuximab

The deconvoluted intact protein electrospray mass spectrum
(ESI-MS) of the hG250 antibody has a signal at m/z = 147 568
© 2024 The Author(s). Published by the Royal Society of Chemistry
Daltons with different degrees of glycosylation resulting in
peaks with a sequential increase in m/z of 160 Daltons (Da)
(Fig. 2a). The reaction of H2MacropaSqOEt (∼15 equivalents)
with hG250 in borate buffer (pH 9.0) for 4 hours led to the
conjugation of the macrocyclic chelator to the antibody. An
average chelator : antibody ratio of 4 : 1 was estimated by ESI-MS
with each addition of H2Macropa-Sq resulting in an increase of
882 Da (Fig. 2a). Unreacted H2MacropaSqOEt was removed by
spin ltration with a size exclusion lter, and the antibody
conjugate was recovered in sodium acetate buffer (0.15 M, pH
5.5) that is ideal for radiolabeling with [225Ac]AcIII. Analysis of
the antibody conjugates by size exclusion chromatography
showed no signicant changes in the SE-HPLC of H2-
MacropaSq-hG250 compared to the unmodied antibody
(Fig. S6†). When the antibody conjugate, H2MacropaSq-hG250
was stored at −20 °C, there was no change in the intact
proteinmass spectrum and SE-HPLC for at least 10months. The
binding of H2MacropaSq-hG250 to CAIX was analyzed by an
Enzyme-Linked Immunosorbent Assay (ELISA, Fig. 2b) and the
Chem. Sci., 2024, 15, 3372–3381 | 3375
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Fig. 2 (a) ESI-TOF deconvoluted mass spectra of unmodified gir-
entuximab (hG250) overlaid with H2MacropaSq-hG250 showing
between 1–8 chelator attachments; (b) Elisa assay demonstrates that
modifying the antibody with H2MacropaSq functional groups does not
impact the binding of hG250 to carbonic anhydrase IX (CAIX). The IgG1
control shows no binding to CAIX and is a suitable control antibody for
further in vitro work. (c) SE-HPLC chromatogram of [225Ac]Ac(Ma-
cropaSq-hG250). Radioactive fractions in red, compared to the UV
trace of H2MacropaSq-hG250 in blue (l = 280 nm).
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EC50 value for H2MacropaSq-hG250 (EC50 = 170 ± 23 nM) is
similar to the unmodied antibody, hG250 (150 ±20 nM).
Synthesis of [225Ac]Ac(MacropaSq-hG250)

[225Ac]Ac(NO3)3 (Oak Ridge National Laboratory) as a ‘nitrate
lm’ was reconstituted in HCl (0.2 M) and then neutralized with
sodium acetate buffer (sodium acetate, 0.15 M, pH 5.5).
Neutralized [225Ac]AcIII (370 kBq) was reacted with H2-
MacropaSq-hG250 (10 mg) with a nal antibody concentration of
1.5 mM. The radiochemical purity (RCP) of [225Ac]Ac(MacropaSq-
hG250) was measured aer reaction times of 1, 5, 15, and 30
minutes, at an antibody concentration of both 1.5× 10−6 M and
3376 | Chem. Sci., 2024, 15, 3372–3381
1.5 × 10−7 M in sodium acetate buffer (pH 5.5). At an antibody
concentration of 1.5 × 10−6 M, quantitative radiolabeling was
achieved within 1 minute. At a concentration of 1.5 × 10−7 M,
quantitative radiolabeling was achieved within 5 minutes. An
IgG isotype control, [225Ac]Ac(MacropaSq-IgG1), was also
prepared (Fig. S7†). Both [225Ac]Ac(MacropaSq-hG250) and
[225Ac]Ac(MacropaSq-IgG1) were characterized by comparing
their respective size exclusion-HPLC traces with the unlabeled
antibody conjugates (l = 280 nm) (Fig. 2c).
In vitro stability of [225Ac]Ac(MacropaSq-hG250)

The immunoreactivity of [225Ac]Ac(MacropaSq-hG250) was
measured over seven days (day 0, 2, 7) in human serum (37 °C,
Sigma Aldrich) and expressed as a percentage of the immuno-
reactivity towards SK-RC-52 cells. Non-specic binding was
measured using an excess of unlabelled antibodies. The
immunoreactivity of [225Ac]Ac(MacropaSq-hG250) decreased
from 99.9% to 86.9% over 7 days. Analysis by radioTLC of
a sample of [225Ac]Ac(MacropaSq-hG250) incubated in human
serum at 37 °C revealed that the radiolabeled complex remains
97.8% intact even aer 7 days (Fig. S8†). The stability of [225Ac]
Ac(MacropaSq-hG250) in the presence of a competing trivalent
metal, LaIII, and a high-affinity metal chelator, ethyl-
enediaminetetraacetic acid (H4EDTA) was determined. An
excess of the trivalent metal LaIII can transchelate actinium,
which would cause the decomplexation of [225Ac]AcIII. The RCP
(measured via radioTLC) of the [225Ac]Ac(MacropaSq-hG250) at
multiple time points (1 hour, day 1, day 2, and day 7) in the
presence of varying excess (5×, 50×, 500×) of LaIII and H4EDTA
was measured. The data indicate that in the vehicle only (PBS),
the radiochemical purity is not affected, with >99% RCP at all
time points. The addition of LaIII and EDTA appears to only
have minor effects on the RCP, and the RCP remains above 99%
for LaIII and above 98% for the competition experiments with
EDTA (Table S1†).
Biodistribution [225Ac]Ac(MacropaSq-hG250) in SK-RC-52
tumor xenogras

The biodistribution of [225Ac]Ac(MacropaSq-hG250) in BALB/c
mice bearing SK-RC-52 renal cell carcinoma tumor xenogras
was measured over seven days (Fig. 3a) and is presented in
terms of the percentage of injected activity per gram of tissue (%
IA g−1). Mice were injected with 14.8 kBq of [225Ac]
Ac(MacropaSq-hG250) supplemented with 30 mg of hG250 or
14.8 kBq [225Ac]Ac(MacropaSq-IgG1) (with 30 mg of IgG1). As
expected, post injection there is initial high uptake in the blood
pool and normal organs.

Three days aer injection there is a high degree of tumor
uptake (21.2 ± 6.5% IA g−1; 3 d post injection) and importantly
with respect to potential therapeutic effects the radioactivity in
the tumor is retained out to seven days aer injection (21.4 ±

10.1% IA g−1; 7 d post injection). The specicity of the tumor
uptake of [225Ac]Ac(MacropaSq-hG250) in SK-RC-52 tumor
xenogras was conrmed by comparison with the isotype
control antibody, [225Ac]Ac(MacropaSq-IgG1), in the same
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Biodistribution in BALB/c nude mice bearing SK-RC-52 tumors (n = 5). Mice were injected with 14.8 kBq of [225Ac]Ac(MacropaSq-
hG250) and sacrificed at days 0, 1, 2, 3, 5, 7; (b) mean tumor volume (mm3) as a function of time post-treatment with [225Ac]Ac(MacropaSq-
hG250) (14.8 kBq, 30 mg), [225Ac]Ac(MacropaSq-IgG1) (14.8 kBq, 30 mg) or hG250 (30 mg) in mice with SK-RC-52 tumor xenografts; (c) [225Ac]
Ac(MacropaSq-G250) induces double-strand DNA breaks in an SK-RC-52 tumormodel. Confocal microscopy of SK-RC-52 tumors harvested on
day 8 post-treatment were stained with DAPI (nuclei – blue) and immunostained with antibodies against gH2AX (ds DNA breaks – green) and F-
actin (actin – red).
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model where the tumor uptake 3 days post injection was only
3.6 ± 0.5% IA g−1 (Fig. S9†).
Therapeutic efficacy of [225Ac]Ac(MacropaSq-hG250) in SK-RC-
52 tumor xenogras

Administration of a single dose of [225Ac]Ac(MacropaSq-hG250)
(14.8 kBq, 30 mg hG250) signicantly prolonged survival times
when compared to administration of the radiolabelled control,
[225Ac]Ac(MacropaSq-IgG1) and non-radiolabelled hG250
control (p # 0.0001) (Fig. 3b). The therapeutic effect of the
single administration of [225Ac]Ac(MacropaSq-hG250) meant
that 88% of the cohort were still alive until 84 days so a mean
survival time could not be calculated (Fig. S10†). Eight days aer
administering either [225Ac]Ac(MacropaSq-hG250), the isotype
control [225Ac]Ac(MacropaSq-IgG1), or non-radioactive hG250
the SK-RC-52 tumors were harvested and xed with formalin.
© 2024 The Author(s). Published by the Royal Society of Chemistry
The tumor sections were treated with three different uo-
rophores to allow identication of the cell nucleus (lem 457 nm),
F-actin microlaments (lem 648 nm), and the presence of
gH2AX phosphorylation, a marker of double-strand breaks (lem
568 nm) (Fig. 3c). Tumor sections following administration of
[225Ac]Ac(MacropaSq-hG250) had an average of 14.1 ± 1.6 H2AX
phosphorylation foci per cell nucleus compared with 5.2 ± 0.8
foci per cell when administered the isotype control and 2.4± 0.5
foci per cell nucleus following administration of hG250
(Fig. S11†).

Representative spleen and kidney samples of the mice in
each treatment group were collected seven days aer adminis-
tration as well as day 125 in the mice that were administered
[225Ac]Ac(MacropaSq-hG250) (Fig. S12–S13†). In the sections of
the spleen collected on day 125, all structures are present
(trabecula, white pulp, and red pulp) and are morphologically
similar to the spleen samples acquired on day seven. The
Chem. Sci., 2024, 15, 3372–3381 | 3377
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kidneys have normal morphology in all treatment groups on day
7, and the day 125 kidneys for [225Ac]Ac(MacropaSq-hG250)
treated mice showed intact glomeruli but also some tubular
atrophy (Fig. S13†).

Discussion

A new synthetic methodology for the preparation of non-
symmetrically substituted diazacrown ether ‘H2Macropa’
derivatives has been developed (Scheme 2, route 2). The
advantages of this newmethodology include a one-pot synthesis
of compound 5 facilitated by microwave irradiation leading to
relatively high isolated yields (48%). The optimization of the
synthesis of these macrocycles may have positive implications
for the development of this compound on large-scale synthesis.
It is possible that this approach could be extended to other
alkylation reactions, where microwave irradiation may facilitate
higher yields and decreased reaction times.

The incorporation of the squaramide ethyl ester functional
group to give H2MacropaSqOEt permits bioconjugation to
antibodies through selective reactions with the lysine residues
of antibodies to form stable vinylogous squaramide linkages.
Squaramide ethyl esters are stable with respect to hydrolysis
and have a long shelf life and improved solubility in aqueous
mixtures. The ligand H2MacropaSqOEt is soluble in aqueous
buffers, a signicant advantage when aiming to modify mono-
clonal antibody conjugates. Optimal yields of the reaction of
squaramide ethyl esters with antibodies were obtained aer
a reaction time of four hours. In our experience reactions with
substituted isothiocyanates take less time (1–2 hours).

The reaction of hG250 with H2MacropaSqOEt results in H2-
MacropaSq-hG250 with an average chelator to antibody ratio of
4 : 1 that retains affinity for CAIX as demonstrated by an ELISA
assay (Fig. 2b) and there is no evidence of aggregation as
measured by SE-HPLC (Fig. 2c). H2MacropaSq-hG250 is stable
when stored at −20 °C in radiolabeling buffer. The squaramide
conjugate offers potential advantages over antibody conjugates
prepared with the isothiocyanate derivative, H2Macropa-NCS, as
the presence of the electron-withdrawing picolinate substituent
makes the –NCS functional group signicantly more reactive
and prone to hydrolysis.41

H2MacropaSq-hG250 is radiolabeled quantitatively with
[225Ac]AcIII within one minute at an antibody concentration of
1.5 × 10−6 M. When [225Ac]Ac(MacropaSq-hG250) is stable in
human serum for at least 7 days and when challenged with an
excess of LaIII and H4EDTA. The high stability of [225Ac]
Ac(MacropaSq-hG250) demonstrated here is consistent with
the results reported by Wilson and Radchenko on derivatives of
[225Ac]Ac(Macropa-NCS).39

Administration of [225Ac]Ac(MacropaSq-hG250) (14.8 kBq) to
SK-RC-52 tumor xenogra-bearing mice had a dramatic thera-
peutic effect consistent with high tumor uptake and retention.
Two out of ve mice (40%) experienced a complete response,
with tumor volumes unable to be measured in the two mice
aer day 70 and the other three mice (60%) exhibited a signi-
cant partial response. An overall survival rate of 88% was
demonstrated through the rst 84 days of the study.
3378 | Chem. Sci., 2024, 15, 3372–3381
Furthermore, 74% of the cohort remained alive even at 119 days
aer treatment.

The energy released in the decay of a-particles can induce
double strand breaks in DNA that are harder to repair than
single-strand breaks.49–54 Exposure of DNA to ionizing radiation
leads to phosphorylation of the H2AX histone serine-139 to
form gH2AX which is a marker of double-strand breaks.55,56 The
phosphorylation is rapid and occurs withinminutes of exposure
to ionizing radiation and typically reaches a maximal level one
hour aer irradiation. These gH2AX foci are proportional to the
number of DNA breaks.57 Due to the signaling of downstream
DNA repair factors, the number of foci generally decreases aer
24 hours. Aer this time, the remaining foci presumably
represent unrepairable double-strand breaks.58–61 Tumor
sections treated with 14.8 kBq of [225Ac]Ac(MacropaSq-hG250)
show signicant DNA damage, evident by the presence of
many gH2AX foci, including complex clustered DNA damage
Fig. 3c.59,62

An ongoing challenge in the clinical implementation of a-
particle therapy is to effectively balance therapeutic efficacy
with off-target toxicity caused by exposure of healthy organs to
the potent cytotoxic radionuclide. Weight loss in mouse models
is a common and oen dose-limiting side effect of anti-cancer
therapies.63 Administration of [225Ac]Ac(MacropaSq-hG250)
(14.8 kBq) initially led to a small decline in body weight but
ten days post injection the mean body weight of the mice
returned to their approximate initial weight. In comparison,
administration of a similar amount of radioactivity of the DOTA
conjugate, [225Ac]Ac(DOTA-hG250) (15 kBq) in non-tumor
bearing mice led to four out of six mice (66%) being culled
due to signicant weight loss (>18%).37 A signicant contribu-
tion to the off-target toxicities of a-particle therapy is radiation
induced damage to the kidneys. Histologic analysis of kidney
samples at day 125 of [225Ac]Ac(MacropaSq-hG250) treated mice
revealed some tubular atrophy but less pronounced than what
was reported following administration of a similar dose of the
DOTA variant, [225Ac]Ac(DOTA-hG250).37 Kidney toxicity
following administration of [225Ac]AcIII is oen attributed to
accumulation of unchelated daughter radionuclide [213Bi]Bi in
the organ.37 It is speculated that in this work the use of H2-
MacropaSq rather than DOTA as a chelator for [225Ac]AcIII led to
a reduced accumulation of [213Bi]Bi in the kidneys, but conr-
mation of this hypothesis requires further study.

Conclusions

A new high yielding one-pot microwave assisted synthetic
approach for the preparation of non-symmetric functionalized
diazacrown ether ligands has been developed. This new meth-
odology was used to prepare a new bifunctional variant of H2-
Macropa with a pendant diethyl squarate ester,
H2MacropaSqOEt. The new bifunctional ligand H2-
MacropaSqOEt was used to chemically modify the monoclonal
antibody hG250, that binds to CAIX. Tumors that over-express
CAIX are typically hypoxic and more resistant to conventional
radiation therapy, and therefore candidates for a-particle
therapy. The antibody conjugate, H2MacropaSq-hG250 can be
© 2024 The Author(s). Published by the Royal Society of Chemistry
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radiolabeled with [225Ac]AcIII at room temperature within 1
minute to give [225Ac]Ac(MacropaSq-hG250) in excellent radio-
chemical yields. Treatment of mice with SK-RC-52 tumor
xenogras with [225Ac]Ac(MacropaSq-hG250) (14.8 kBq) resul-
ted in a dramatic therapeutic response coupled with little signs
of overt toxicity. In this context, H2MacropaSq could be
considered a superior chelator to DOTA for [225Ac]AcIII based
immunotherapy. Further toxicology and dosimetry studies are
required to guide potential translation to the clinic. It is likely
that H2MacropaSqOEt could be used to modify other anti-
bodies, providing a readily adaptable platform for actinium-225
based immunotherapy.
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