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Abstract

Pretargeted positron emission tomography is a macromolecule driven nuclear medicine technique
that involves targeting a pre-administered antigen target-bound macromolecule with a radioligand
in vivo, aiming to minimize the overall radiation dose. This study investigates the use of

antibody based host-guest chemistry methodology for pretargeted positron emission tomography.
We hypothesize that the novel pretargeting approach reported here overcomes the challenges the
current pretargeting platforms have with the /n7 vivo stability and modularity of the pretargeting
components. A cucurbit[7]uril host molecule modified, anti-carcinoembryonic antigen antibody
(M5A; CB7-M5A) and a 88Ga-radiolabeled ferrocene guest radioligand ([43Ga]Ga-NOTA-PEGs-
NMe,-Fc) were studied as potential host-guest chemistry pretargeting agents for positron emission
tomography in BXPC3 xenografted nude mice. The viability of the platform was studied via /n
vivo biodistribution and positron emission tomography. Tumor uptake of [8Ga]Ga-NOTA-PEG;-
NMe,-Fc was significantly higher in mice which received CB7-M5A prior to the radioligand
injection (pretargeted), (3.3 £ 0.7 %ID/g) compared to mice which only received the radioligand
(non-pretargeted), (0.2 £ 0.1 %ID/g).
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INTRODUCTION

The purpose of the pretargeting approach is to decrease the overall radiation dose

received in biomacromolecule-based nuclear medicine procedures. In pretargeted imaging
or radiotherapy, a tumor-targeting macromolecule is administered prior to a radioactive
small molecule (radioligand) which is designed to interact with the macromolecule with
high specificity.1=3 (Figure 1) Several approaches for pretargeting have been investigated in
which the pretargeting interaction occurs via specific intra- or intermolecular forces.

Of the four most prominent pretargeting platforms reported, the two most promising are
based on either click-chemistry (inverse electron demand Diels-Alder, IEDDA) or bispecific
antibody-hapten methodologies. However, in the IEDDA approach, the frans-cyclooctene
(TCO) that is appended to the antibody has a biological half-life of 1-10 days in mouse
models, depending on the chemical structure TCO-conjugate,*® which limits the interval
time between administration of targeting molecule and the radioligand. Using the IEDDA
pretargeting platform, extended interval times have shown to result in compromised tumor
uptake.®” The main drawback of the bispecific antibody (bsAb)-hapten approach is the
lack of modularity, requiring the development of a new modified bsAb for every tumor
antigen.8 Furthermore, in clinical trials of the bsAb-hapten platform, immunogenicity of the
pretargeting agents has been an issue when anti-inflammatory drugs are not used as part of
the pretargeting scheme.%11 The other two platforms that have been reported are based on
streptavidin-biotin binding or oligonucleotide hybridization as the pretargeting interaction.
The clinical viability of the streptavidin-biotin methodology is hindered by problems

with immunogenicity and the need to use clearing agents.12-13 Finally, the nucleotide
hybridization driven pretargeting platform, studied only in preclinical models, has suffered
from poor tumor uptake (%1D/g) when full length antibodies are used for targeting.14-16
While full-length antibodies are currently the primary and most attractive targeting vectors
for pretargeting, the nucleotide hybridization approach has shown encouraging results with
affibody targeting vectors, suggesting they represent a potentially fruitful alternative.17-19
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Here we present a host-guest based pretargeting approach, which we hypothesize overcomes
many of the challenges observed in other pretargeting platforms. Our approach utilizes a
cucurbit[7]uril (CB7) host modified carcinoembryonic antigen (CEA) targeting antibody
(M5A; CB7-M5A) and a 88Ga-radiolabeled ferrocene (Fc) guest radioligand. CB7 is a
macrocyclic host compound that has high affinity for Fc based compounds.2° Fc molecules
with adjacent positively charged substituents form stronger complexes with CB7 (K~1012—
1015 M~1) compared to neutral Fc derivatives (K~10° M~1).20 In contrast to other
pretargeting approaches, the antibody bound pretargeting host moiety (CB7) is stable in
vivo.2! The ferrocene does oxidize to ferrocenium 7 vivo, though this does not hinder

the host-guest complex formation.22:23 Essentially any tumor targeting antibody can be
modified with a CB7-moiety and the Fc-ligand can be modified to carry a variety of different
diagnostic or therapeutic radionuclides.

RESULTS AND DISCUSSION

Development and characterization of host-guest pretargeting components

To test the host-guest, CB7-Fc driven pretargeted positron emission tomography (PET)

in vivo, we first developed a CB7 conjugated M5A antibody (CB7-M5A). M5A

antibody (hT84.66-M5A) is a humanized, CEA-targeting 1gG, whose murine counterpart
has shown minimal internalization?* as have many other CEA targeting antibodies.2

Using the antibody’s surface lysine residues, we first functionalized the M5A with a
N-hydroxysuccinimide dibenzocyclooctyne (DBCO) moiety and followed this by reacting
the DBCO with an azide functionalized CB7 group through click chemistry. Each

antibody molecule was determined to have an average of 0.77 + 0.01 CB7-moieties.

The immunoreactive fraction of the CB7-M5A was determined to be 95.7 + 0.7% by
Lindmo assay2%:27 using the CEA expressing adenocarcinoma cell line, BxPC3.28 As for

the secondary pretargeting agent, the Fc-functionalized radioligand, [38Ga]Ga-NOTA-PEGs-
NMe,-Fc (1) was synthesized in four steps (Figure 2). The overall chemical yield of the
precursor NOTA-PEG3-NMe,-Fc (4) reaction was 20.3% with final chemical purity of
95.6%. The radiochemical yield of the [63Ga]Ga-NOTA-PEG3-NMe,-Fc radiosynthesis, was
78.3 + 10.2% and its final radiochemical purity was determined to be 96.7 + 2.4% (n=4).

The blood half-life, in vitro stability, and distribution coefficient (log D) of the radioligand
(1) was determined using a longer lived analogue of the radioligand, [67Ga]Ga-NOTA-
PEG3-NMey-Fc (5). Compound 5 was synthesized similar to compound 1 (Figure 2)
resulting in 33.9 + 13.2% radiochemical yield with a final radiochemical purity of 95.5

+ 0.4% (n=4). Compound 5 was stable up to four hours, showing 91.2 + 1.5% intact at 2 h
and 86.6 + 0.7% at 4 h in PBS (pH 7.4) at 37 °C. The log D of the radioligand was studied
with the shake-flask method in 1:1 (v/v) of 1-octanol and PBS (pH 7.4) to be -3.2 £ 0.1.
Finally the blood half-life of the radioligand was determined as 10.0 minutes by saphenous
vein blood draw in healthy mice at six timepoints over a 60-minute period (Figure S2).

Establishing the in vivo behavior of the M5A antibody in tumor bearing mice

The pharmacokinetics of the M5A antibody was interrogated in BxPC3 tumor bearing mice
using directly radiolabeled M5A ([89Zr]Zr-DFO-M5A). For this purpose, isothiocyanate
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functionalized deferoxamine (DFO) was conjugated to M5A via the lysine residues. The
modified antibody was produced with an overall yield of 86.0% and was radiolabeled with
[89Zr]Zr(C04), resulting in a radiochemical yield of 81.5 + 7.6%, a radiochemical purity
>999%, and molar activity of 8.2 MBg/nmol (n=3). Immunoreactivity of the [89Zr]Zr-DFO-
M5A was found to be 89.6 + 2.07% (n=3) via Lindmo cellular binding assay using the
BxPC3 cell line.

[89Zr])Zr-DFO-M5A was studied in7 vivo in two cohorts of male nude mice bearing BxPC3
xenografts on their right flank. The experimental cohort received [89Zr]Zr-DFO-M5A (1.85
MBg/nmol, 1 nmol) while the control group received a 2-fold blocking dose of M5A (0.79
MBg/nmol; 2.3 nmol). Both cohorts were sacrificed for ex vivo biodistribution at 72 h post
injection. The biodistribution data (Figure 3A) shows the tumor uptake was significantly
lower in the control group (18.6 £ 5.1 %ID/g) compared to the experimental group (31.8 £
5.8 %1D/g) (p=0.026).

A separate cohort of mice were used for a PET imaging study of [39Zr]Zr-DFO-M5A. The
mice received [89Zr]Zr-DFO-M5A (7.4 MBg/nmol; 1 nmol) via the tail vein 72 hours before
imaging (Figure 3B). The image data corroborated the biodistribution data at 72 h timepoint,
showing the tumor uptake with some residual blood pool signal and also some signal in
clearance organs such as the liver.

In vivo host-guest pretargeting in tumor bearing mice

The purpose of our /n vivo pretargeting experiments was to investigate the ability of
[8Ga]Ga-NOTA-PEG3-NMe,-Fc to bind specifically to CB7-M5A in a xenograft model.
The goals of this study did not include optimization of the pretargeting parameters, but
rather were focused on establishing the feasibility of the CB7-Fc based pretargeting. The
pretargeting studies included four cohorts of BxPC3 tumor-bearing female nude mice. Three
experimental cohorts received CB7-M5A 72 hours prior to the [68Ga]Ga-NOTA-PEG;-
NMe,-Fc administration and the cohorts were sacrificed at 1, 2 and 4 h post radioligand
injection for ex vivo biodistribution. One of the cohorts (4 hour timepoint) was imaged at

2 and 4 h post radioligand injection. The fourth cohort serving as a control group, received
only the [88Ga]Ga-NOTA-PEG3-NMe,-Fc, was euthanized for ex vivo biodistribution study
2 h post radioligand administration. Tumor uptake was significantly higher at 2 hours post
injection in the pretargeting group (3.3 £ 0.7 %ID/g) compared to control (p=0.021) (Figure
4). Uptake in the liver, kidney and small intestine decreased over the 4-hour study period
while uptake in the large intestine rose after 2 hours.

The PET imaging showed excretion through the bladder and hepatobiliary system, which
coupled with the location of the tumor resulted in poor visualization of the tumor 2 hours
post radioligand injection in two of three mice at the 2 hour time point. However, after 4
hours, we were able to observe the tumor mass for all mice (Figure 5 & Figure S7).

In this study we have shown that the pretargeted Fc-radioligand was successfully delivered
to tumor tissue and that it stayed bound to the CB7 during the 4 hour post injection

time period. This also shows that CB7-M5A stayed bound at the tumor site and that

the CB7 moieties were still present 72 hours after administration. There is no murine
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counterpart of human CEA expressed in mice,29 so signal in non-tumor tissue originated
from free radioligand. This was verified by the biodistribution of the non-pretargeted ligand.
Additionally the biodistribution of [89Zr]Zr-DFO-M5A showed significant difference in only
the tumor uptake between blocked and non-blocked cohorts.

The presented pretargeting approach resulted in modest tumor uptake (%I1D/g). However, the
approach could be improved through optimization of different pretargeting parameters (e.g.
interval time and pretargeting agents’ dosing) and further optimization of the radioligand’s
structure. For other pretartgeting approaches, this kind of optimization has resulted in
improved tumor uptake and tumor-to-background.3%-32 Furthermore, [89Zr]Zr-DFO-M5A
had tumor uptake of only 31.8 + 5.8 %ID/g at the pretargeting time point of 72 hours,

which is relatively modest compared to some of the other antibodies that have been used

in pretargeting.6:33 Pretargeting with M5A has yet to be reported with other systems so

this novel approach cannot yet be directly compared to other pretargeting approaches.
Studies to directly comparing this novel approach to others (e.g. IEDDA pretargeting)

are currently underway in our laboratory, as are studies investigating CB7-adamantane
pretargeting, another host-guest pair with the potential for pretargeting applications.3*
Herein, we have substantially expanded upon the reported work and successfully performed
CB7-Fc pretargeted PET imaging in xenograft models. Additionally, we have shown that the
CB7-Fc complex is stable at the tumor site over the course of the 4 hour time period. Further
development of the chemical structure of the Fc-radioligand will be performed to optimize
its pharmacokinetics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Scheme for host-guest pretargeted nuclear medicine imaging: (1) administration of a

cucurbit[7]uril (CB7) modified antibody, (2) administration of the ferrocene (Fc) radioligand
several days later and (3) the imaging is performed hours after the radioligand injection.
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FIGURE 2.
Synthesis scheme of [(8Ga]Ga-NOTA-PEG3-NMe,-Fc (1) and [6/Ga]Ga-NOTA-PEG3-

NMe,-Fc (5).
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FIGURE 3.
Activity biodistribution data of [89Zr]Zr-DFO-M5A in BxPC3 tumor bearing nude mice at

72 h post injection. * p<0.05 (A) A maximum intensity projection image showing [89Zr]Zr-
DFO-M5A biodistribution in a BXPC3 xenografted nude mouse 72 h post injection. Yellow
arrow indicates the location of the tumor. (B)
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FIGURE 4.

Biodistribution data for [(8Ga]Ga-NOTA-PEG3-NMe,-Fc (1) in BXxPC3 tumor bearing
mice. Mice received either CB7-M5A 72 hours prior to the radioligand administration
(pretargeted; green, blue, light blue) or the radioligand without CB7-M5A (non-pretargeted;
black). The time values represent the amount of time after the radioligand administration. *
p<0.05
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FIGURE 5.
Maximum intensity projection images of female BxPC3 xenografted nude mice

administered with CB7-M5A 72 hours prior to [88Ga]Ga-NOTA-PEG3-NMe,-Fc. The time
values represent the amount of time after the radioligand administration and the arrows
indicate the location of tumor (T), liver (LI) and gastrointestinal tract (Gl). In order to
visualize the tumor at both timepoints, different thresholds were used for displaying the

image.
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